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Conference Chair’s Opening Message 
 

The first International Conference on Electric Contacts was organised by Dr. Ragnar Holm and Prof. R. E. 

Armington in 1961 and held at the University of Maine, in Orono, USA. Since then the Conference has been held 

every two years at venues around the world. The Conference Series has become recognised as the principal 

worldwide gathering of electrical contacts scientists and engineers giving a forum for the presentation of research 

on contact phenomena, developments in technologies and advancement in manufacture of a whole range of 

connective devices.  

“A forum for the presentation and discussion of the latest research and 

development in the field of electric contacts from the nano scale to high power.” 

 

The Conference has previously visited the UK on two occasions, in 1968 at the University of Wales, Swansea, 

and in 1992 at Loughborough University, Loughborough. And now it is Scotland’s turn...  

 

Welcome to Edinburgh! It's one of the world's great cities offering culture and history in a socially alive and 

visually stunning environment. The centre of Edinburgh has been awarded UNESCO World Heritage Site status 

in recognition of its stunning urban landscape in the medieval Old Town and the Georgian New Town. Visit the 

castle, climb a volcano and then relax by dining at one of the Michelin-starred restaurants. 

 

Edinburgh and region has continually built on its science and engineering heritage. John Napier, James Watt, 

Alexander Bell, James Clerk Maxwell and Peter Higgs are just some who have played a pivotal role in building 

our modern society. Today, Edinburgh boasts four universities and Scotland 15 universities pioneering research 

and innovation. The key business sectors are Science and Technology with strengths in microelectronics/MEMs, 

nanoscience/nanotechnology, and oil & gas; and Renewable Energy with strengths in hydroelectric, wind (onshore 

and offshore), marine (wave and tidal), biomass, hydrogen and fuel cell, solar and geothermal energy. 

 

As for the four days at the Conference, we have 80 oral and poster presentations from 14 different countries. Truly 

an international forum. We start with a special invited lecture in memory of the Rev’d Dr John Brian Peter 

Williamson who sadly died last year. I use both of his titles to illustrate Brian’s wide interests and gifts. Dr J.A. 

Greenwood will highlight in the invited lecture some of Brian’s technical achievements which for many started 

with the seminal publication in 1966.  However, Brian was also ordained in the Church of England and had a love 

of the Bible which he could quote at length.  

 

It was Brian that was eager for the Conference to return to the UK. Have you noticed that the Conference has been 

called “The International Conference on Electric Contacts” and “The International Conference on Electrical 

Contacts” at different times down through the years - but which is correct? Well, Brian pointed out the correct use 

is “Electric” - according to IET and IEEE, an object which is “Electric” makes, uses or passes electricity such as 

a transistor or motor; whereas, an object which is “Electrical” is only associated with electricity such as an 

electrical engineer. So, strictly speaking since contact materials and interfaces pass 

electricity, the Conference is properly entitled “The International Conference on Electric 

Contacts” - but we all know what you mean if you happen to call it “The International 

Conference on Electrical Contacts”. 

 

 

Welcome to Edinburgh! 

Jonathan Swingler 
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Special Invited Lecture in Memory of Dr Brain Williamson 
50 Years since the Greenwood & Williamson (GW66) Paper 

J.A. Greenwood 

In the 1950s, the Bowden & Tabor theory of contact reigned supreme: because surfaces are 

rough, contact occurs only at asperities, and these are crushed down until the contact pressure 

reaches a limiting value related to the bulk hardness.  Then the real area of contact is found as 

/
m

A W p= , and hence Amontons’ laws of friction. Surface roughness did not need to be measured: 

it merely had to exist. 

Then came Archard’s challenge: that plastic deformation cannot be indefinitely repeated as 

would be necessary for this mechanism to apply to real machinery.  In practical applications, 

contact must be elastic. Archard’s explanation of how the proportionality between contact area and 

load could be elastic still needed only the qualitative property of roughness, along with his 

prescient version of the fractal concept of surface features. 

Williamson believed that surface roughness needed to be measured, and quantified: and so 

it all began! This presentation will address both the rather simplistic approach that led to GW66 

and the reason for the special importance of this paper in the field of surface roughness 

characterization, particularly in view of earlier important works by Ling (1958), Tallian et al 

(1964) and others.  The simple theory expounded in GW66 triggered advances and applications: 

ellipsoidal asperities, elastic-plastic asperities, adhesive contacts, contacts through a lubricant film; 

and to Nayak’s theory of surface roughness predicting the peak and summit height distributions.  

But then also followed the Archard-Whitehouse work, showing that roughness parameters depend 

crucially on the sampling interval, so throwing doubt on the rationality of characterizing surface 

roughness digitally! 

This presentation will commemorate Brian Williamson’s contribution not only to GW66 

but also to other important areas of contact resistance.  In particular, I shall refer to our joint paper 

of 1958 (GW58) relating to the temperature of an ohmic-heated contact spot and how Holm’s 

melting voltage concept sometimes does not apply.  I will also describe how the Greenwood-

Williamson partnership began. 

Greenwood 1.11
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In memory of Dr. Brian Williamson

I met Brian in 1982 at the IEEE Holm Conference/Current Collecting Conference
and we became close friends. In 1984, he was invited by the Chinese Minister of
Ministry of Electronic Industries to give a series of lectures on the science of electrical
contacts in Beijing and Xian. More than 300 engineers, many executives from the
electronic component industries and professors attended to his lectures. I was
assigned as his interpreter during his lectures. Brian worked with great effort and
enthusiasm in order to help the Chinese scientists to receive as much knowledge as
possible in this field. It was a great event in China, because that was the very first time
this particular and important field of science was introduced to China.
He emphasized to me that the tiny dust particles flowing in air could cause enormous
damage to the electrical contact, and he encouraged me to study the dust problems in
China. I took his advice and started to carry on the research of dust and tiny wear
particles contamination since then. In 1988 Brian recommended me to become
member of the International Advisory Group representing China. With his
encouragement, in 1989, the first International Conference on Electrical Contacts
and Electrical Components was successfully held in Beijing. In 1994 the 10th
National Conference on Electrical Contacts granted Brian the " International
Friendship Award" in Beijing, China.
We had received generous support from AMP Inc. on the research of dust and
corrosion. This was also initiated by Brian.
As a great scientist in this field, he was always anxious to attend conferences held in
China and gave important suggestions to the meetings. Brian supported the
26th.ICEC held in Beijing and gave the closing remarks at the conference.
It was very sad that we lost him in 2015. But his great contributions to the Chinese
people will forever be remembered. As his close friend, his image and many
important advices will always be remained in my memory.

Ji Gao Zhang
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Temperature Distribution in a Constriction Heated 
by a High Frequency Electrical Current 

Roland S. Timsit 
Timron Advanced Connector Technologies 

Toronto, ON, Canada M5M 1L6 
rtimsit@timron-inc.com 

Andrea Luttgen 
Department of Electrical and Computer Engineering 

University of Toronto, ON, Canada M5S 2G4 
luttgen@ecf.utoronto.ca

Abstract— In classical contact theory, the temperature T of 
contact spots in an electrical interface passing a DC current is 
determined by the voltage drop V across the contact, i.e. the V-T 
relation.  This paper explores the temperature rise in contact 
spots heated by an AC current.  We report on the evaluations of 
the temperature distribution in a single circular constriction in a 
copper-copper contact heated by an AC current, under steady-
state conditions.  The maximum temperature was computed 
numerically for an AC electrical current of fixed amplitude and a 
frequency ranging from 100 Hz to 100 MHz.  The computed 
temperatures are found to be consistent with the predictions of 
the conventional V-T relation, up to relatively high AC 
frequencies.   

Keywords—contact resistance; high frequencies; contact 
temperature 

I. INTRODUCTION 
In a clean electrical interface between two solids, contact 

resistance arises from the constriction of electrical current at 
micron-size spots (i.e. a-spots) formed from the contact of 
roughness micro-asperities on the mating surfaces [1-3].  
Because a-spots are small and current density in them is large 
(often labeled “current crowding” [4-8]), ohmic heating can 
rapidly lead to a high temperature rise in these spots.  This 
temperature rise is important to the performance of electrical 
contacts ranging from railguns [6] to flip chips and nanoscale 
devices [7,8] and may trigger electrical contact degradation 
from the action of thermally-activated mechanisms.  Such 
mechanisms include local interdiffusion and electromigration 
[5,8,9] in the contacts, local metal creep and softening 
[3,10,11], local differential thermal expansion leading to 
mechanical breakup of a-spots etc. or even local melting in 
MEMS [12-14].   

The temperature of contact spots is independent of a-spot 
shape [15] and cannot be measured directly.  For DC 
conduction, the steady-state a-spot temperature is inferred from 
the electrical potential drop across the contact [1-3,16].  Under 
this condition, the maximum steady-state temperature TM of a-
spots is routinely evaluated from the voltage-drop VC across the 
contact using the classical voltage-temperature (V-T) relation 
[1-3,16]  

 
0

2
2

0 4L
VTT C

M +=    (1) 

where T0 is the temperature of isothermal surfaces located far 
from a-spots, and L0 is the Lorenz constant (2.45 x 10-8 V2 K-2).  
Equation (1) was derived for a single a-spot located in a planar 
interface between two semi-infinite solids and assumes that the 
a-spot is thermally insulated [1].  The V-T relation is also 
based on the simplifying assumption that the Wiedemann-
Franz law  

 TL0=λρ    (2) 

holds, where λ and ρ are the thermal conductivity and electrical 
resistivity of the metals in contact [1-3,16], respectively.  
Despite this simplifying assumption, Eq.(1) predicts with 
reasonable accuracy the voltage drop across a contact at which 
a-spots melt and has been validated experimentally for DC 
conduction [3,17].  One remarkable property of Eq.(1) 
stemming from both the use of Eq.(2) and the property that 
electric and thermal currents in the conductors follow similar 
flow fields in DC ohmic heating [1,2], is that TM is independent 
of conductor material and depends only on the voltage drop VC 
across the contact.   

There is no relation equivalent to Eq.(1) for the steady-state 
AC case.  Equation (1) is not expected to hold for AC 
conduction since the skin effect leads to a concentration of 
current toward external conductor surfaces without a similar 
effect on thermal flow.  In addition, under AC conditions, the 
characteristic thermal risetime τ of an ohmic-heated a-spot of 
radius a, given as [3]

λ
τ

4

2Ca
=

where C is the heat capacity of the conductor, may be much 
smaller than the inverse of the signal frequency f.  As a 
consequence under AC steady-state conditions, the constriction 
temperature never reaches a constant value but fluctuates 
between stationery values defined by the minimum and 
maximum temperatures reached, at twice the signal frequency. 
For example, for a circular a-spot with a = 10 µm in a copper-
copper contact, τ is evaluated as 2.2 x 10-7 s.  Under steady-
state conditions, the temperature in this a-spot would thus vary 
at twice the frequency of the imposed current up to ~ 10 MHz. 
Beyond this frequency, temperature fluctuations within the 
constriction are diminished, thus affecting the maximum and 
minimum a-spot temperature. 

Timsit 2.13
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 The present paper evaluates numerically the effect of 
signal frequency on the average steady-state temperature of a 
constriction based on a simple contact model i.e. one circular 
a-spot, located in a copper-copper contact and heated by an 
AC current at frequencies up to 100 MHz.   The evaluations 
also use the following two assumptions:  (1) the Wiedemann-
Franz is assumed to hold in order to confirm that temperatures 
evaluated at very low frequencies tend to those calculated 
from Eq.(1) (also based on Eq.(2)), and (2) the skin effect is 
introduced artificially via an effective electrical resistivity, as 
will be described below.  Despite these simplifying 
assumptions, we believe the results of this investigation 
provide useful insights into the thermal response of a-spots to 
ohmic heating under AC conditions.   

II. COMPUTER SIMULATION
The evaluation of steady-state temperature was carried out 

using the commercially-available COMSOL Multiphysics 
finite element method (FEM) software using the AC/DC 
module [18].  The model geometry consists of a single circular 
constriction of radius a located between two end-butted 
cylindrical conductors of radius R and length L, where R >> a, 
as illustrated in Fig. 1.  The cylindrical symmetry reduces the 
problem to two dimensions with the boundary conditions 

Rraforz
z
V

<≤==
∂
∂ 0,0 ,  Rrforz

z
T

≤≤==
∂
∂ 00,0    (3)  

LzforRr
r
T

≤≤==
∂
∂ 0,0 , T0 = 293.16 K (200C) at z = + L.(4) 

Figure 2 shows a close-up view of the mesh in the 
constriction area.   With increasing frequency the mesh size 
was decreased due to the smaller wavelength to obtain 
sufficient resolution for spatial variations of the electric 
potential and current within the constriction.  The top and 
bottom ends of the conductor corresponded to the input 
terminal (top) carrying a current of amplitude I0, and the exit 
ground (bottom) terminal, respectively.  The temperature T0 of 
the input and exit terminals was assumed constant as 293.16 K 
(200C).  In all simulations R and L were taken as 10 mm and 5 
mm, respectively, with a constriction radius of 5 µm or 10 µm.  
The input current amplitude I0 was 50 A for all simulations. 
The resistivity of copper was taken as  

  ρ = 1.67x10-8 [1 + 0.0039(T – 298.16)] Ωm.   (5) 

The software takes into account the dissipative and self-
inductance components in current conduction but ignores the 
skin effect.  Reactive components do not affect temperature 
rise due to ohmic heating.  In calculating the current 
distribution, the skin effect was taken into account 
approximately by defining an effective resistivity of copper as  

( ){ }δρρ /,min rRz
se e −=   (6) 

within the cylinders, where ρ is calculated from Eq,(5), and as 

 
( )[ ]







 +−

=
δ

ρρ
/

2/122 zra

se e  (7) 

within the constriction with T in Kelvin, where δ is the skin 
depth given as    

 
f0µπ

ρδ =   (8) 

where µ0 is the permeability of free space (4π x 10-7 Hm-1). 

 The evaluations of  ρ, δ and ρse in the computer simulations 
are interrelated and require a detailed description.  The first 
iteration in the simulation was carried out by assuming T = 
298.16 K throughout and the electrical resistivity ρ was 
evaluated at that temperature from Eq.(5).  The thermal 
conductivity λ in each cell of the mesh was then calculated 
from the Wiedemann-Franz law [Eq.(2)].  The value of δ  in 
the first iteration was then determined on the basis of these 
values of ρ and T.  Using these values of ρ, λ and δ, the current 
distribution was determined using the effective resistivity ρse 
defined by Eqs.(6) and (7), which allowed a first evaluation of 
the ohmic heat generated in each cell of the mesh, and hence a 
re-evaluation of the temperature in each cell.  The revised 
temperature distribution was then used in the second iteration 
and the values of ρ, λ and δ in each cell were re-computed on 
the basis on Eq.(5), Eq.(2) and Eq.(8), respectively.  The 
current distribution was then re-calculated using the revised 
values of the effective resistivity in Eqs.(6) and (7).  To obtain 

Fig. 1. Diagram of the electrical contact assembly used in the computer 
simulations.  

Fig. 2. Example of an FEM mesh structure in the constriction region. 
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amplitudes of electric potential and time-average values of 
temperature, a typical simulation consisted of running the 
software for a sufficient number of iterations to generate a 
steady distribution of the time-averaged temperature in the 
entire contact assembly. 

III. CONSTRICTION TEMPERATURE
Curves 2-4 in Fig. 3 show the steady-state temperature 

distribution along the z-axis passing through the constriction 
center at z = 0, for a 10 µm-radius constriction and at 
frequencies of 100 MHz, 10 MHz and 1 MHz, respectively. 
Referring to curve 2, the time-averaged temperature reaches a 
maximum of 325 K at 100 MHz, and 311 K and 307 K for 10 
MHz and 1 MHz, respectively.  The temperature distributions 
from 100 kHz down to 100 Hz are nearly identical to curve 4, 
reaching a peak of about 305 K.  Curve 1 shows the 
temperature distribution at 100 MHz for the 5 µm constriction.  
Here the temperature reaches a peak of 393 K.  For the data in 
Fig. 3, the spatial distribution extends over approximately 10 
constriction diameters on each side of the peak.  This result is 
consistent with the early analytical evaluation by Williamson 
and Greenwood [19] of the steady-state temperature 
distribution in an a-spot heated by DC current.     

Curves 1-3 in Fig. 4 show the steady-state average radial 
temperature distribution within a constriction with  a = 5 µm 
for various frequencies.  Curve 1, corresponding to 100 MHz, 
reaches a maximum of 398 K at the constriction edge and 
decreases to 393 K at the center.  This small temperature dip is 
attributed to non-uniform ohmic heating of the constriction due 
to the skin effect since the current penetration depth (δ = 6.6 
µm) is nearly the same as the constriction radius. The 
temperature dip at the constriction center is not clearly defined 
in curve 2 corresponding to 10 MHz, since the penetration 
depth δ ~ 11.4 µm is now larger than the constriction diameter.  
The temperature dip is not observed at frequencies smaller than 
1 MHz since the skin depths significantly exceed the 
constriction radius.  The temperature distributions at 100 kHz 
and below are nearly identical and all represented by curve 4, 
tending to a constant value within the constriction.  This trend 
at low frequencies also agrees with the analytical data of 
Williamson and Greenwood [19] under DC conditions.   

Curves 1-3 in Fig. 5 show the steady-state average radial 
temperature distribution within a constriction with a = 10 µm 
for various frequencies.  Curve 1, corresponding to 100 MHz, 
reaches a maximum of 328 K at the constriction edge and 
decreases to 325 K at the center.  A similar effect is observed 
in curve 2 at 10 MHz.  As was indicated in relation to Fig. 4, 
this temperature dip is attributed to the non-uniform ohmic 
heating of the constriction due to the skin effect since the 
current penetration depths for 100 MHz and 10 MHz are 
smaller and comparable to the constriction radius, 
respectively.  Due to larger skin depths at lower frequencies, 
the temperature dip is not observed at frequencies of 1 MHz 
and below.  The temperature distributions at 100 kHz and 
below are nearly identical and all represented by curve 4, 
tending  to  a  constant  value  within  the   constriction.   As   

Fig. 3. Distribution of average steady-state temperature along the z-
axis passing through the constriction center, for various AC 
current frequencies. Curve 1 shows the distribution for the 
constriction with a = 5 µm.  Curves 2-5 relate to a = 10 µm. 

Fig. 4. Distribution of average steady-state temperature along the 
radial direction from the constriction center for a = 5 µm.  

Fig. 5. Distribution of average steady-state temperature along the 
radial direction from the constriction center for a = 10 µm.  
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indicated earlier, this trend at low frequencies agrees  with  the 
analytical data of Williamson and Greenwood [19] under DC 
conditions. 

IV. ELECTRIC POTENTIAL
Examples of amplitude variations of the steady-state 

electric potential along the z-axis for the case of a = 10 µm are 
shown in Fig. 6.  The abrupt change in slope of curves 1 and 2, 
associated with frequencies of 100 MHz and 10 MHz, 
respectively, at z-locations of about 150 µm and 520 µm stems 
from a combination of spreading of current lines and non-
uniform ohmic heating associated with the skin effect.  This 
slope change is not visible in curve 3, associated with 1 MHz, 
over the z-distances shown in Fig. 6.  The curves relating to 
100 Hz-100 kHz are similar and represented by curve 4 which 
does not display the change in slope either.  Similar data were 
obtained for the case of a = 5 µm.   

The electric-potential distribution information generated in 
the simulation was used to determine the steady-state 
amplitude of the voltage drop VC between any two 
equipotential surfaces on opposite sides of the constriction, as 
shown later.  Using the values of VC and T0 on the z-axis at 
intersections with selected equipotential surfaces, it was 
considered useful to compare the temperature data of Figs. 3-5 
with the predictions of Eq.(1) for these same values of VC and 
T0.  Since the data of Figs. 3-5 represent time-averaged values, 
a valid comparison with the predictions of the V-T relation at 
low frequencies also requires an evaluation of the average 
temperature Tavg = (TM + T0)/2 from Eq. (1).  The comparisons 
between Tavg and the maximum constriction temperatures 
evaluated from the computer simulations for the case of a = 10 
µm are summarized in Fig. 7.   

In Fig. 7, curve A shows the maximum average steady-state 
temperature in the constriction at various frequencies as 
evaluated by the simulation.  The temperature rises smoothly 
from about 296 K at 100 Hz to about 328 K at 100 MHz as 
already indicated in Figs. 3 and 5.  Curve B shows values of 

Tavg evaluated from Eq.(1) using  the  amplitude  VC  of  the 
potential difference between the top and bottom cylinder 
surfaces at r = 0 and at the frequencies considered, with T0 = 
293.16 K.  These locations for VC were selected empirically for 
the sake of simplicity since VC varied only by ~ 10% across the 
top and bottom surfaces of the cylinders.  There is excellent 
overlap  between   curves  A and B  at  100 Hz – 30 kHz.   This 
result is unexpected and indicates that Eq.(1), which is valid 
only for DC conduction, also provides useful temperature 
estimates for signal frequencies up to a few tens of kHz.  This 
surprising  agreement suggests that Eq.(1) becomes a useful 
empirical expression relating steady-state time-averaged 
constriction temperature and voltage amplitude in an AC 
contact at low frequencies.   

 The good agreement at low frequencies is attributed in part 
to the fact that at these frequencies the entire voltage drop 
between the top and bottom cylinder surfaces is largely due to 
the voltage drop across the constriction.  This condition no 
longer holds at higher frequencies, due to the skin effect, which 
probably accounts for the divergence between curves A and B 
starting at 30 kHz.  At frequencies above 30 kHz the skin effect 
becomes more significant and the voltage drop along the 
cylinder walls contributes increasingly to the voltage drop 
between the cylinder ends, and thus contributes to the value of 
VC used in Eq.(1).  We surmise that the steep rise of curve B 
starting at ~ 10 MHz also arises in part from the assumption in 
Eq.(1) that the maximum temperature TM  is actually reached at 
frequencies above 10 MHz.  As mentioned earlier, at these high 
frequencies the thermal risetime τ ~ Ca2/4λ of the constriction 
region is too long compared to f--1 to allow the temperature 
predicted by Eq.(1) to be reached.  Hence Eq.(1) overestimates 
the maximum steady-state temperature.  The divergence 
between curves A and B above 30 kHz is thus attributed to a 

Fig. 6. Variations of the average steady-state electric potential 
distribution along the z-axis for the case a = 10 µm, for 
various AC current frequencies..   

Fig. 7.   Dependence of the average maximum constriction 
temperature on AC current frequency for the case a = 10 µm.  
Curve A was obtained from the computer simulation.  Curve 
B shows the temperature evaluated from Eq.(1) using the 
potential drop between the surfaces located at  z = + L where 
T0 = 293.16 K.  Curve C shows the temperature evaluated 
from Eq.(1) using the potential drop between surfaces 
crossing the z-axis at  z = + 20a where the average 
temperature was slightly higher than  293.16 K. 
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combination of an “unduly large” value of VC in Eq.(1), and a 
relatively long thermal risetime (for f > 10 MHz). 

This presumed cause of the temperature overestimate of 
curve B in the 30 kHz - 10 MHz range was confirmed by 
calculating Tavg on the basis of equipotential surfaces located 
symmetrically across the constriction plane but closer to the 
contact, thus reducing the contribution of the voltage drop 
along the conductor side to VC.  The values of Tavg evaluated 
on the basis of equipotential surfaces crossing the z-axis at z = 
+ 20a (i.e. 10 constriction diameters from each side of the 
constriction plane), and using the average temperature on 
these surfaces as T0 (~300 K), are represented by curve C in 
Fig. 7.  Agreement between curves A and C extends to nearly 
10 MHz.   

Data similar to curves A-C were obtained for temperatures 
associated with the 5 µm constriction, but with all the curves 
shifted to higher temperatures, as illustrated in Fig. 8.  Curve 
A shows the maximum average steady-state temperature in the 
constriction as evaluated by the simulation.  The temperature 
rises smoothly from about 346 K at 100 Hz to about 400 K at 
100 MHz.  Curve B shows values of Tavg evaluated from 
Eq.(1) using the amplitude VC of the potential  difference 
between  the   top   and   bottom   cylinder surfaces at r = 0 
and at the frequencies considered, with T0 = 293.16 K.  As was 
noted for  the case a = 10 µm, there is good overlap  between 
curves  A and B  at  100 Hz – 30 kHz.  The values of Tavg 
evaluated on the basis of equipotential surfaces crossing the z-
axis at z = + 20a, and using the average temperature on these 
surfaces as T0 (~300 K), are represented by curve C.  As in 
Fig. 7, agreement between curves A and C also extends to 
nearly 10 MHz.   

In summary, the simulation data indicate that the 
constriction temperature increases significantly at frequencies 
larger than about 10 MHz and that the magnitude of this 
increase depends on the constriction radius.  The data also 
suggest that Eq.(1) represents an empirical relation relating the 
steady-state constriction temperature and the AC voltage 
amplitude up to tens of kHz, and can be useful at higher 
frequencies if the two conditions that (1) the voltage drop is 
measured between surfaces located close to the constriction 
plane and (2) the condition τ < Ca2/4λ is satisfied.  

For the input current of 50 A, Fig. 9 shows the resistance 
calculated as VC /50 for a constriction radius of 5 µm and 10 
µm, where VC is the potential difference at steady-state 
between equipotential surfaces crossing the z-axis at z = + 
20a.   At frequencies between 100 Hz and about 100 kHz, the 
resistance for the smaller constriction is ~ 1.6 mΩ and in good 
agreement with the value of 1.67 mΩ evaluated from the 
classical formula ρ/2a [1-3] for the DC case.  For the larger 
constriction, the resistance of ~ 0.75 mΩ at low frequencies is 
slightly smaller than the value of 0.87 mΩ evaluated from the 
classical formula at a constriction temperature of 305 K.  The 
smaller value from the simulations may be due to a larger 
impact of the skin effect on constriction resistance  for  the 

larger constriction.  In all cases, the contact resistance increases 
rapidly for frequencies higher than ~ 1 MHz.  This increase 
contrasts with the results of earlier work indicating a decrease 
in constriction resistance with increasing frequency [20].  
However, the earlier evaluations assumed the absence of ohmic 
heating.  The rise in resistance in Fig. 9 is attributed to 
increased ohmic heating in the constriction at higher 
frequencies.  

V. SUMMARY AND CONCLUSIONS 
The results of the present investigation indicate that for an 

AC electrical current of given amplitude the maximum steady-
state temperature of a-spots increases rapidly with increasing 
frequency.  This temperature also increases both with 

Fig. 9. Dependence of the electrical constriction resistance on AC 
frequency for a current amplitude of 50 A, calculated as VC/50 
where VC is the steady-state potential difference between 
equipotential surfaces crossing the z-axis at z = +20a. 

Fig. 8.   Dependence of the average maximum constriction 
temperature on AC current frequency for the case a = 5 µm.  
Curve A was obtained from the computer simulation.  Curve 
B shows the temperature evaluated from Eq.(1) using the 
potential drop between the surfaces located at  z = + L where 
T0 = 293.16 K.  Curve C shows the temperature evaluated 
from Eq.(1) using the potential drop between surfaces 
crossing the z-axis at  z = + 20a where the average 
temperature was slightly higher than  293.16 K. 
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increasing VC as indicated in Eq.(1) and with decreasing 
constriction radius (Figs. 3-5).  Under conditions where the 
skin depth is δ < a, the temperature increase is largest at the 
constriction edge due to intense ohmic heating  ensuing  from 
the skin effect in that region.  Surprisingly, the classical V-T 
relation   for   DC  conduction  provides   useful   estimates   of 
maximum a-spot temperature at frequencies up to several MHz 
under two conditions: (1) if the reference surfaces between 
which the voltage drop is measured are separated by about 20 
constriction diameters and (2) if the thermal risetime is τ < f -1.  
For AC conditions, Eq.(1) should be viewed as purely 
empirical.  For the particular case of a thin-film interface [21] 
where access to the contact region is possible, the evaluation of 
the steady-state contact temperature from Eq.(1) should be 
straightforward since VC and T0 can be measured   in  the 
immediate  vicinity  of  the  contact.    Such measurements near 
the contact minimize errors stemming from contributions to VC 
of voltage drops in the bulk of the contacting films that lead to 
an artificially high Tavg, as was illustrated by curves B and C in 
Fig. 7. 
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Abstract—Rolling Contact Connector (RCC) is a new 

technology utilized in high performance electric power transfer 

systems with one or more rotating interfaces, such as radars, 

satellites, wind generators, etc. Rolling contacts components are 

used in the RCC instead of traditional sliding contact to transfer 

electrical power and/or signal. Since the requirement of the 

power transmission increasing in these years, the rolling 

electrical contact characteristics become more and more 

important for the long-life design of RCC. In this paper, a RCC 

prototype with a novel rolling contact structure is presented. 

Experimental investigation is carried out to study the 

degradation process of the rolling electrical contact 

characteristics during its life-time. Scanning electron microscope 

and confocal laser scanning microscope are utilized to obtain the 

gradual changes of the microscopic morphology and elemental 

composition on the contact surfaces. An electrical contact 

resistance theory based on fractal geometry is introduced to 

describe the contact behavior of RCC which is found with 

typical fractal features. Numerical analysis results illustrate 

the dependence of the electrical contact properties on the 

fractal parameters. The mechanism of rolling electrical contact 

degradation is discussed in detail. 

Keywords—rolling contact; fractal; surface morphology.  

I.  Introduction 
Rotating interfaces commonly exist in robotic or 

mechanical systems such as radars, satellites, wind generators, 
medical CT machines and other automotive devices. Most of 
these interfaces are required to transfer electrical power and/or 
signal [1]. The task of electrically coupling the rotating and 
the stationary components of a mechanism can be achieved in 
a variety of ways. Most traditional is by the use of slip rings in 
which sliding interfaces are established between the two 
members, which is provided by a spring loaded conductive 
brush attached to one member with sufficient compliance as to 
maintain electrical contact with the other. 

Rolling contact connector (RCC) is a promising new 
technology [2]. A RCC consists of one or more circular 
flexures captured by their own spring force in the annular 
space between two concentric conductors or contact rings. 
These inner and outer contact rings are rigidly mounted to the 
rotating and fixed sides, respectively, of the rotating axis. As 

the RCC inner ring rotates, the flexures will be guided to roll 
along a semicircular groove track on the outer circumference 
of the inner ring and the inner circumference of the outer ring, 
like planets. In the case of more than one flexures, idlers are 
usually applied between the flexures to avoid sliding friction 
and wear between adjacent flexures.  

Since it was invented by Peter Jacobson and applied 
successfully to the international space station [3], RCC shows 
great potential especially in some occasions that are extremely 
difficult or expensive to maintain. Previous studies have 
investigated the relationship between the rolling contact status 
and the power transmission characteristics of RCC during its 
life-time based on a series of experimental test [4,5]. It must 
be recognized that the research on electrical contact 
phenomena is a multidisciplinary field due to the randomness 
of imperfect engineering rough surfaces [6]. To gain a 
comprehensive understanding about the physics of electrical 
contact, there was a continuous effort for completing the 
multiphysics contact theory for rough surfaces in recent 
decades. Early electrical contact model is attributed to 
Greenwood and Williamson which approximates the surface 
topography by asperities possessing spherical summits with 
uniform radius of curvature and Gaussian height distribution 
and assumes purely elastic deformation of the interacting 
asperities [7]. Fractal geometry has been first brought  to 
attention by Majumdar who observed statistically similar 
surface images at various magnifications [8]. It was reported 
that the surface roughness could be characterized by a 
Weierstrass-Mandelbrot (W-M) fractal function [9,10]. Based 
on fractal geometry, Komvopoulos has established a 3-D 
electrical contact resistance theory for conductive rough 
surfaces through a series of research work [11-13]. 

In this paper, a RCC prototype with a novel coupled 
rolling contact structure is presented. Experimental work is 
carried out to study the degradation process of the rolling 
electrical contact characteristics during its life-time. Scanning 
electron microscope and confocal laser scanning microscope 
are utilized to obtain the gradual changes of the microscopic 
morphology and elemental composition on the contact 
surfaces. An electrical contact resistance theory based on 
fractal geometry is introduced to describe the contact behavior 
of RCC. The mechanism of rolling electrical contact 
degradation is discussed in detail. 
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II. Methodology 

A. Experimental Conditions 

1) Rolling contact structure 
Fig. 1 shows the coupled rolling contact structure of the 

RCC device tested in this paper. The inner ring and outer ring 
are a pair of coaxial electrically conductive members provided 
with complementary, semicircular groove tracks and are 
relatively rotatable about a common axis thereof. A pair of 
opposing coupler halves with 3 μm fine gold plating and track-
adapted profiles are rotatably confined between the tracks, 
enabling electrical transmission between the inner ring and 
outer ring. A pair of opposed-pole permanent magnet are 
located at the center of the coupler halves to provide an 4 N 
contact force between coupler halves and inner/outer ring. The 
magnetic repulsive force also enables the coupler halves to be 
flexibly retained between the tracks. 

 

2) Experimental apparatus and test procedures 
The experimental test apparatus used in this study is 

shown in Fig. 2. The RCC device is placed in a sealed 
chamber to maintain the vacuum environment during the test. 
Inner ring of the RCC device is driven by a 750 W servo 
motor installed on the bottom of the chamber and rotating at a 
fixed speed of 960 r/min. The shaft passes through the bottom 
flange cover of the chamber and is sealed by a magnetic liquid 
seal bearing with it leakage rate below 10-12 Pa.m3/sec. A 
precision linear DC power supply is introduced to provide the 
required 80 A DC current in the test. A liquid metal (67% Ga, 
20.5% In, and 12.5% Sn by volume) connector is fixed in the 
center of the inner ring to electrically connect the rotating 
inner ring and the DC supply. A 1 ohm high power load 
resistor is used in the test circuit to ensure the stability of the 
current output of the DC supply. 

The value of voltage drop and circuit current is recorded 
during the test by a Fluke 2638A data collector. The dynamic 
temperature distribution in the sealed chamber is recorded 
during the tests using an infrared thermographic system with 
an accuracy of ±1.5 ◦C, through a germanium viewport at the 
top of the chamber. To study the degradation process of the 
electrical contact, the test is stopped at several predefined time 
points for the measurement of the surface morphology and 3D 
profile of the electrical contact region on the coupler halves, 
through a scanning electron microscope and a confocal laser 
scanning microscope. The measured surface profile data by 

the end of each test stages are applied for the fractal modeling 
of the electrical contacts afterwards, utilizing the theory 
introduced in the next section. More experimental details are 
provided in [4]. 

 

B. Theoretical Background 

1) Fractal surface modeling 
A three-dimensional fractal surface topography can be 

represented by the modified two-variable Weierstrass-
Mandelbrot (W-M) function that is given by [11] 



where L is the sample length, G is the fractal roughness, D 
is the fractal dimension (2<D<3), γ is a scaling parameter 
(γ>1), M is the number of superposed ridges used to construct 
the surface profile, n is a frequency index (with nmax 

=int[log(L/Ls)/logγ] representing the upper limit of n, where Ls 
is the cutoff length, of the order of about six lattice distances), 
and φm,n is a random phase. 

The scaling parameter γ controls the density of frequencies 
in the surface profile. Surface flatness and frequency 
distribution density considerations lead to γ=1.5 [11]. The 
fractal roughness G is a height scaling parameter independent 
of frequency. The magnitude of the fractal dimension D 
determines the contribution of high- and low-frequency 
components in the surface function z(x,y). Thus, high values of 
D indicate the dominance of high-frequency components in 
the surface profile. profiles. For isotropic surfaces to be 
characterized, the value of G and D can be determined from 
the intercept and slope of the log–log plot of its power 
spectrum, respectively [14]. 

2) Contact modeling 

 
Fig. 2. The experimental test apparatus. 

 

 

Fig. 1. Coupled rolling contact structure of the RCC device. 

Chen 2.210

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



As shown in Fig.3, The problem of two rough deformable 
surfaces in contact with each other can be represented by an 
equivalent system of a flat rigid surface in contact with a 
deformable rough counter-surface with a roughness equivalent 
to the effective roughness of the two original surfaces and 
effective Young’s modulus E = [(1−ν1

2 )/E1+(1−ν2
2 )/E2]−1, 

where v1 , ν2 and E1 , E2 are the Poisson ratios and elastic 
moduli of the two original surfaces, respectively. For fractal 
surfaces, this implies that the power spectrum of the 
equivalent rough surface is equal to the sum of the power 
spectra of the two surfaces [14]. It is assumed that surface 
contact yields numerous circular asperity microcontacts, 
which are sufficiently apart from each other in order for 
asperity interactions to be neglected.  

 

Based on these assumptions and the knowledge of the 
mean contact pressure at asperity microcontacts and real 
microcontact area, the total contact load and total real contact 
area can be obtained using an integration procedure. For the 
simple cases of elastic and fully plastic asperity deformation, 
the contact load F and contact area a of a single circular 
asperity microcontact with truncated area a' are given by [11] 

  ,             (2a) 

   ,                                                                     (2b) 

,                                                                   (3a) 

,                                                                        (3b) 

where the subscripts e and p denote the elastic and fully plastic 
deformation, respectively. The ratio of the hardness of the 
softer material to the corresponding yield strength Y is 

represented by c (typically c = 2.8). The critical truncated 
contact area ac' demarcating the elastic and fully plastic 
deformation regimes is [11] 

,           (4) 

in which b=(πk/2)2 and k=0.454+0.41v1, where v1 is the 
Poisson’s ratio of the softer material. Asperities with a'>ac' 
and a'≤ac' are in the elastic and fully plastic deformation 
regimes, respectively. Since the truncated area of 
microcontacts follow the size distribution function n(a') given 
by [11] 

,                            (5) 

the total contact load F and real contact area A can be 
determined by integrating the contribution of the elastic and 
plastic asperities as follows [13]: 

,          (6) 

,             (7) 

where as' and aL' are the smallest and largest truncated 
microcontact areas, respectively. By substituting (2), (3) and 
(5) into (6) and (7), the nondimensional F and A are 
formulated as [13] 

 

.   (9) 

3) Electrical contact resistance 
The electrical contact resistance at each microcontact is 

attributed to the constriction resistance Rc due to the 
convergence and divergence of current flow. The size-
dependent constriction resistance is the solution of a Laplace 
equation with appropriate boundary conditions [15] 

,(10) 

Where ρ1 and ρ2 are the specific resistivities of the two 
contacting surfaces, λ is the average electron mean free path, 
and r is the radius of the contact area a. Specifically, in case of 
r>>λ such as the contact phenomena analyzed in this paper, 
the constriction resistance is dominated by a scattering 
mechanism, and Eq.(10) reduces to the Maxwell spreading 
resistance given by [16] 

 
Fig. 3. Schematic of rough surfaces in normal contact and the 
equivalent system. 
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.                                   (11) 

Thus, following the analytical procedure leading to Eq.(6) 
and combining the appropriate contact area relations [Eq.(2b) 
and (3b)], the nondimensional total electrical conductivity CH 
can be obtained as [13] 

.   (12) 

It can be seen form Eq.(8), (9) and (12), for contacting 
surfaces of known surface topography and electromechanical 
properties, the only unknown parameter is aL'* , which can be 
found implicitly from Eq.(8) as a function of the external 
contact load F*. The value of aL'* found from Eq.(8) can be 
then substituted into Eq.(9) and (12) to obtain the total real 
contact area and Holm constriction resistance correspondingly. 

III. Results and Discussion 

A. Degradation Process of Electrical contact 

 

The rolling electrical contact test on the coupled rolling 
contact structure of RCC device has performed for more than 
12 million revolutions under vacuum environment, before the 
finally contact failure. The degradation process of electrical 
contact resistance of RCC device with the corresponding 
variation of temperature of outer ring is shown in Fig.4. The 
test is stopped at four predefined time points for the 
measurement of the surface morphology, which divide the 
whole test procedure into five stages. Stage I last for 1.8 
million rev, beginning with remarkable fluctuations in the 
contact resistance from 0.82 to 2.47 mΩ. After about 1 million 
rev of run-in period, the contact resistance decrease to a stable 
value around 1.15 mΩ. The rolling electrical contacts seem to 

keep in a steady state in a long period of time since then, that 
the contact resistance value increase almost linearly from 1.33 
mΩ by the end of stage I, to 2.18 mΩ at 9 million rev. A 
similar growth trend is observed on the value of temperature 
of outer ring, which increase and reach to a plateau around 

70℃ since 4 million rev. However, the fluctuation in the value 

of contact resistance begin to rising up after 9 million rev. 
Irregular peaks up to 3.2 mΩ in contact resistance are 
observed with increasing density during stage V. Continuous 
erosion on the contact surfaces results in the final contact 
failure occurs at 12 million rev. Compared with the flexure 
rolling contact structure in previous study [4], the coupled 
structure appears to have lower contact resistance and longer 
life-time. 

B. Surface Morphology Characterization 

 

The surface morphology and EDX analysis of the contact 
surface of coupler halves by the end of each test stages is 
shown in Fig. 5. A SEM image of a brand new coupler sample 
with fine gold plating covering over the contact surface is 
shown in Fig. 5(a) for comparison. Shallow slip scars scattered 
over the center contact area on the surface of the gold plating 
after 1.8 million rev of test, as presented in Fig.5(b). EDX 
pattern indicates the presence of an appreciable amount of 

 
Fig. 4. Degradation process of electrical contact resistance of RCC 
device with its corresponding variation in temperature. 

 

 
Fig. 5. Surface morphology and EDX analysis of the contact surface of 
coupler halves: (a) brand new; (b)-(f) the results by the end of stage I 

to stage V, respectively; (g)-(h) magnification of the corresponding 

region in (c). 
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residual gold (60.31 wt.%). The contact surface morphology 
by the end of stage II is shown in Fig. 5(c), which appears to 
be characterized by two distinct regions. Numerous coarse 
wear debris are found to be accumulated in the blue square 
region (magnified in Fig. 5(g)), accompanying with 
delamination of the surface layer. The wear debris is of 32 μm 
average diameter, and mainly composed of brass and a small 
quantity of gold (9.48 wt.%). Typical adhesive scratches are 
observed in the red square region  (magnified in Fig. 5(h)), 
imply that the high temperature between the contact interfaces 
contribute to the softening and delamination of the gold 
plating. The presence of plating materials in the center contact 
area is undetectable by the end of  stage III and the brass 
substrate surface is exposed to electrical contact, shown in Fig. 
5(d). Since then, without the lubrication of soft gold particles 
between the contact interfaces, the degradation process of the 
contact surface on the coupler is greatly accelerated under the 
erosion of hard brass wear debris, as depicted Fig. 5(e). The α-
spots on the worn contact surface cannot sustain the 
transferred electrical current, and local welding occur more 
and more frequently, as shown in Fig. 5(f), which results in 
the contact failure eventually. 

C. Numerical Analysis 

 

 

To get a better understanding about the mechanism of 
degradation and failure of the electrical contact in RCC device, 
the 3D topographies of contact surfaces on the coupler halves 
by the end of each test stages are measured using a confocal 
laser scanning microscope, as presented in Fig.7. The power 
spectrum density (PSD) of the measured 3D surface profiles 
are then calculated using a Fourier transform method. By 
plotting the PSD as a function of frequency on a log-log plot, 
and fitting it with a straight line, the fractal dimension D and 

 
Fig. 7. Comparison between measured and simulated topographies: (a) 
brand new; (b)-(f) the results by the end of each stages, respectively. 

 
Fig. 6. Numerical analysis results of the electrical contacts based on the 

fractal theory and measured surface profile data. 
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fractal roughness G can be obtained from the slope and 
intercept of the fitting line, respectively. As shown in the right 
side of Fig.7, the simulated surfaces are generated to represent 
the original engineering surfaces by W-M function with the 
corresponding fractal parameters. 

Based on the known material parameters of the contact 
pairs and the fractal parameters obtained above, the variations 
in Holm constriction resistances, total real contact area, area of 
the largest α-spot and number of α-spot by the end of each test 
stages are calculated using the electrical contact theory 
introduced in part II. The numerical analysis results are shown 
in Fig.6. As we can see, the calculated Holm constriction 
resistance at the initial state is 0.994 mΩ, and increase 
gradually to 4.189 mΩ at the end of the test. The calculated 
contact resistance value is smaller than the experimental 
results, with a maximum relative error of 26.6%. This 
discrepancy probably on account of the sample resolution of 
the measured contact surfaces, the extraction of the fractal 
parameters and the film resistance that didn’t included in the 
theoretical approach introduced in this paper. According to the 
calculation, there are the maximum amount of α-spots at the 
initial state, and the number of α-spots reduced rapidly to 
about 78 by the end of the test. This tendency is also implied 
by the fractal parameters of the contact surfaces, that the brand 
new gold plating surfaces have the highest value of fractal 
dimension D. As mentioned before, higher value of D means 
more high-frequency components in the surface profile, and 
naturally more small microcontacts on the surface. The results 
indicate that, the wear process during the rolling electrical 
contact test characterize the surface morphology of the contact 
region, leading to the reduction of the number of 
microcontacts that electrical current actually pass through, 
which results in a unreliable state of electrical contacts 
gradually. The reduced true contact area accompanying with 
higher electric current density cannot sustain the temperature 
caused by Joule heat, and local welding on top of the asperity 
between the contact interfaces begin to occur, which 
contribute to the electrical contact failure eventually. 

IV. Conclusion 
In this paper, a rolling contact connector prototype with a 

novel coupled rolling contact structure is presented. 
Experimental work is carried out to study the degradation 
process of the rolling electrical contact characteristics during 
its life-time. An electrical contact resistance theory based on 
fractal geometry is introduced to describe the contact behavior 
of RCC. The variations in Holm constriction resistances, total 
real contact area, area of the largest α-spot and number of α-
spot are calculated. The numerical results show acceptable 
correspondence with the experimental results. 

It is found that the wear process during the rolling 
electrical contact test characterize the surface morphology of 
the contact region, leading to a reduction in the number of α-
spots, which results in a unreliable state of electrical contacts 
gradually. The local welding on top of the asperity because of 

the reduced true contact area accompanying with higher 
electric current density contribute to the final electrical contact 
failure. 

The coupled rolling contact structure appears to have 
lower contact resistance and longer life-time compared with 
the flexure rolling contact structure in the previous study. 
However, it suffers from a much more serious wear problem 
under the present structural parameters. It’s imperative to have 
more experimental test under various of conditions. 

Acknowledgement 

This work was supported by the National Natural Science 
Foundation of China under Grant Nos. 51307129, 51577144, 
and 51221005, and the Fundamental Research Funds for the 
Central Universities. 

References 
[1] Chris Santoro, Ron Hayes, and Jason Herman, “Brushless slip ring for 

high power transmission,” AIAA SPACE 2009 Conference & 
Exposition, California, 2009. 

[2] J. Batista, J. Vise and K. Young, “Roll ring assemblies for the space 
station,” Washington DC: NASA, 1994, N94-33294. 

[3] Terry. S. Allen, Peter. E. Jacobson, “High current transfer roll ring 
assembly,” US Patent:US1983/4372633, 1983-02-08. 

[4] J. Chen, F. Yang and K. Luo, “Experimental investigation on the 
electrical contact behavior of rolling contact connector,” Review of 
Scientific Instruments, vol. 86, pp. 125110, 2015. 

[5] J. Chen, F. Yang and K. Luo, “Experimental investigation of the 
electrical contact characteristics in rolling contact connector,” 
Proceedings of the 61th IEEE Holm Conference on Electrical Contacts, 
pp. 235-240, 2015. 

[6] L. Kogut, “Electrical performance of contaminated rough surfaces in 
contact,” Journal of Applied Physics, vol. 97, pp. 103723, 2005. 

[7] J. A. Greenwood and J. B. P. Williamson, “Contact of nominally flat 
surfaces,” Proc. R. Soc. London, Ser. vol. A295, pp. 300, 1966. 

[8] A. Majumdar, and C. L. Tien, “Fractal characterization and simulation 
of rough surfaces,” Wear, vol. 136, pp. 313–327, 1990. 

[9] F. M. Borodich, and D. A. Onishchenko, “Similarity and fractality in the 
modelling of roughness by a multilevel profile with hierarchical 
structure,” Int. J. Solids Struct., vol. 36, pp. 2585–2612, 1999. 

[10] M. V. Berry, and Z. V. Lewis, “On the Weierstrass-Mandelbrot fractal 
function,” Proc. R. Soc. London, Ser. A, vol. 370, pp. 459–484, 1980. 

[11] W. Yan and K. Komvopoulos, “Contact analysis of elastic-plastic fractal 
surfaces,” Journal of Applied Physics, vol. 84, pp. 3617, 1998. 

[12] K. Komvopoulos and N. Ye, “Three-dimensional contact analysis of 
elastic-plastic layered media with fractal surface topographies,” Journal 
of Tribology, vol. 123, pp. 632-640, 2001. 

[13] L. Kogut and K. Komvopoulos, “Electrical contact resistance theory for 
conductive rough surfaces,” Journal of Applied Physics, vol. 94, pp. 
3153, 2003. 

[14] A. Majumdar and B. Bhushan, “Fractal model of elastic-plastic contact 
between rough surfaces,” Journal of Tribology, vol. 113, pp. 1-11, 1991. 

[15] A. Mikrajuddina, F. G. Shib and H. K. Kimb, “Size-dependent electrical 
constriction resistance for contacts of arbitrary size: from Sharvin to 
Holm limits,” Materials Science in Semiconductor Processing, vol. 2, pp. 
321-327, 1999. 

[16] R. Holm, “Electrical Contacts,” 4th ed. (Springer, New York, 1967), pp. 
9–16. 

 

Chen 2.214

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



Visualisation and Characterisation of 3D 

Electrical Contact Asperities for Different Current 

Loading Using an X-ray Computed Tomography 
 

Constantinos C. Roussos*, Jonathan Swingler 

School of Engineering and Physical Sciences 

Heriot-Watt University 

Edinburgh, UK 

*cr83@hw.ac.uk  

 

 

Abstract—Real surface geometries show minima and maxima 

presenting asperities with different shapes on the microscopic scale. 

When the asperities of two surfaces are brought together they 

influence mechanical contact which occurs only in a specific 

number of areas (contact spots). The structures above and below 

these areas or contact spots are called contact asperities. X-ray 

Computed Tomography (CT) is a powerful visualization method to 

characterize the condition of contact asperities. The main 

advantage of this method is that is non-destructive with no need to 

dismantle the contact system parts and thus destroying any features 

of interest. In this work, the visualization method is demonstrated 

by calculating the contact area and volume as well as the surface 

area (exposed to air) in each of the 3D contact asperities which are 

held between the conductors of a 16 A rated AC single pole switch 

after two different current loading tests (0 A and 16 A). The total 

contact area, the total surface area which is exposed to the air and 

total volume for whole 3D contact asperities in each current loading 

test are also calculated and presented after each current loading 

test. 

Keywords—contact asperities; contact spots; electrical contact; 

X-ray CT 

I. INTRODUCTION 

The real flat surfaces of solid bodies in macroscale have been 
discovered to be rough in the microscale and more rough to the 
subscale, a fact that attracted the interest of many researchers [1-
6]. In the case of the surfaces of two bodies brought together, 
their roughness results in mechanical contact which arises in a 
precise number of areas on the apparent area of contact. The 
roughness of each surface consists of peaks and valleys whose 
shape, height variation, average separation and other 
geometrical characteristics depend on the manufacturing process 
and material used [7]. In this work, the peaks of the rough 
surfaces which are in mechanical contact are called contact spots 
while their structures above and below to the two bodies in 
mechanical contact are called contact asperities. 

The study of electrical contact spots and electrical contact 
asperities has been a fruitful area for researchers due to the fact 
that they are an integral part of all electrical and micro-electronic 

devices [8-10]. Understanding the phenomena which occurs in 
the contact spots and contact asperities helps to achieve better 
performance and long term reliability of electrical devices. 

The contact spots and contact asperities attract the interest of 
many researchers to visualise them using different numerical 
approaches [11, 12] or visualisation (destructive [13, 14] or non-
destructive [15, 16]) methods. The non-destructive visualisation 
methods are of more of interest compared with destructive 
visualisation methods and numerical approaches because they 
offer the possibility to acquire 2D and 3D views of the sample 
without dismantling the component parts and destroying any 
features of interest. In this work, the visualisation of the contact 
spots and contact asperities is made with the use of X-ray CT 
which belongs to the non-destructive visualisation methods as 
described in previous works [7, 17]. 

The work presented in this paper focuses on the calculation 
of the contact spot area and the volume of each 3D contact 
asperity (which is located between the conductors of a 16 𝐴 rated 
AC single pole rocker switch) as well as the surface area of it 
which is exposed to the air. In addition, the total area of contact 
spots and the total volume as well as the total surface area 
exposed to air for all the 3D contact asperities are also 
calculated. All the calculations are repeated after two different 
current loading tests at 0 𝐴 and 16 𝐴 AC. 

 

II. EXPERIMENTAL METHOD 

A. The Sample 

The sample is a contact arrangement from a single pole 
rocker switch rated at 16 𝐴 AC. The contact material is made of 
a silver alloy while the other conductors are made from copper 
alloy. The internal view of the metalwork of the 16 𝐴 rated AC 
single pole rocker switch is illustrated in Fig. 1 which consists 
of the two conductors (A and B) and the contact force spring. 
The geometry of the contact pair is flat on flat with surface 
roughness measured to be 𝑅𝑎 = 0.42 ± 0.11 μ𝑚 for Conductor 
A and 𝑅𝑎 = 0.25 ± 0.04 μ𝑚 for Conductor B [7]. In addition, the 
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force of the contact force spring is measured to be 1.89 ± 0.07 𝑁 
[17].  

Fig. 2 shows the closed-up view of the contact pair of Fig. 1 from 
different angle of view. The closed-up view of the contact pair 
represents the volume of interest. 

 

 

Fig. 1. Internal view of the metalwork of 16 𝐴 rated AC single pole rocker 
switch 

 

 

 

Fig. 2. Closed-up view of contact pair of  the 16 𝐴 rated AC single pole rocker 
switch 

 

B. Data Acquisition 

The technique for the visualisation of 3D contact asperities 
has been previously presented in more detail in [7]. The research 
presented in [7] discusses the X-ray CT scanning procedure and 
highlights in detail the Contact Analysis Techniques (CAT*) 
which are used for the development and visualisation of 3D 
contact asperities. 

For the scan and data acquisition of the16 𝐴 rated AC single 
pole rocker switch an HMX 225 μCT system is used. This 
system, operates using X-ray tomography processing designed 

by XTek Group. The X-ray source is set to 175 k𝑉, 133 μ𝐴 
which gives 3 μ𝑚 focus capability. 

The X-ray CT system could be divided in three main parts: 
the X-ray source, the turntable and the detector. The sample (in 
this work, the16 𝐴 rated AC single pole rocker switch) takes 
place on the turntable and illuminated with X-rays from the 
source. The turntable every time rotates the sample in small 
equal intervals (0.147o) and a 16-bit 2D X-ray image is acquired 
from the detector. This procedure is repeated until the sample 
makes a full rotation of 360o (2439 16-bit 2D X-ray images are 
acquired). 

In the process, the 16-bit 2D X-ray images are reconstructed 
as 3D model using the ‘‘CT-Pro’’ software. The software 
‘‘VGStudioMax’’ is then used in order to create 16-bit 2D cross-
section slice images from the 3D model with pixel resolution of 
5 μ𝑚 × 5 μ𝑚 and an area resolution of 25 μ𝑚2 (791 16-bit 2D 
cross-section slice images are created). The steps of scanning 
procedure are illustrated in Fig. 3. 

 

 

Fig. 3. Scanning procedure 

 

Fig. 4 illustrates an example of a 16-bit 2D cross-section 
slice image of the sample where its two conductors can be 
clearly seen. The various intensities of pixel illuminations 
related to the level of X-ray absorption indicate different 
materials at the voxel (1 𝑣𝑜𝑥𝑒𝑙 = 125 μ𝑚3). The more highly 
absorbing silver alloy (lighter grayscale) is shown with less 
absorbing copper alloy metal, likened to minimally absorbing air 
(black on the grayscale). The blacker area between the 
conductors is showing an air gap. The resolution of these 16-bit 
2D cross section slice images using a suite of CAT* [17] to 
render the 3D is contact map which identifies the contact spots 
[17] and contact asperities [7] between the two conductors. 

 

 

Fig. 4. 16-bit 2D cross-section slice of the 16 𝐴 rated AC single pole rocker 
switch 
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III. RESULTS AND ANALYSIS 

A. 3D Contact Maps 

Fig. 5 illustrates two different 3D contact maps of the 
contacting interface (black areas) between the two conductors of 
the 16 𝐴 rated AC single pole rocker switch with pixel length 
equal with 5 μ𝑚. These maps are from the same switch which is 
scanned twice after two different current loading tests at 0 𝐴 and 
16 𝐴. The first scan (for the 3D contact map of Fig. 5a) is 
conducted after non-current loading and the second (for the 3D 
contact map of Fig. 5b) is conducted after current loading at 16 𝐴 
for 24 hours. 

 

 

 

Fig. 5. 3D contact maps of the 16 𝐴 rated AC single pole rocker switch after 
different current loading tests  

 

B. Contact Spot Area Distribution 

Fig. 6 is a set of graphs showing the contact spot area 
distribution after the two different current loading tests at 0 𝐴 
and 16 𝐴 AC. The data are taken from the 3D contact maps of 
Fig. 5. The area of each contact spot is defined as the sum of 
pixels within the contact spot and multiplied by 25 μ𝑚2 (the area 
of each pixel). The smallest area of contact spot indicated on the 
graphs is 1 𝑝𝑖𝑥𝑒𝑙, which is the resolution of the X-ray CT system 
(1 𝑝𝑖𝑥𝑒𝑙 = 25 μ𝑚2) and the largest area, 𝐴𝐿 of contact spots 
indicated are several m𝑚2 in the area. Where 𝐴𝑙, is the largest 
contact spot in area across the fit-line. 

 

C. 3D Contact Asperities 

Fig. 7 illustrates the 3D contact asperities between the two 
conductors of the 16 𝐴 rated AC single pole rocker switch after 

the two different current loading tests at 0 𝐴 and 16 𝐴 AC. These 
3D contact asperities are developed using the 3D contact maps 
of Fig. 5 as explained in previous work [7]. The largest 3D 
contact asperity (the structures above and below the largest 
contact spot in 3D contact map) of the 16 𝐴 rated AC single pole 
rocker switch after each current loading test is not presented in 
Fig. 7 because it hides the rest 3D contact asperities.  

Fig. 8 shows two 3D contact asperities 𝑗 and 𝑘 with their 
contact spots. These 3D contact asperities are the closed-up 
views of the 3D contact asperities 𝑗 and 𝑘 of Fig. 7 at 16 𝐴 
current loading test.  

 

 

 

Fig. 6. Contact spot area distribution of the 16 𝐴 rated AC single pole rocker 
switch after different current loading tests 

 

 

 

Fig. 7. Contact asperities of the 16 𝐴 rated AC single pole switch after different 
current loading tests with bounding box dimensions of 2.52 × 0.31 × 2.82  m𝑚 
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Fig. 8. 3D contact asperities with bounding box dimensions of 0.12 × 0.11 × 
0.11 m𝑚 

 

D. 3D Contact Asperities Volume Distribution 

Fig. 9 is a set of graphs showing the 3D contact asperity 
volume distribution after the two different current loading tests 
at 0 𝐴 and 16 𝐴. The data are taken from the 3D contact 
asperities of Fig. 7. The volume of each 3D contact asperity is 
defined as the sum of voxels within the 3D contact asperity and 
multiplied by 125 μ𝑚3 (the volume of each voxel). The smallest 
volume of 3D contact asperity indicated on the graphs is 1 
𝑣𝑜𝑥𝑒𝑙, which is the resolution of the X-ray CT system (1 𝑣𝑜𝑥𝑒𝑙 
= 125 μ𝑚3) and the largest volume, 𝑉𝐿

′′ of 3D contact asperities 
indicated are several m𝑚3 in the volume. Where 𝑉𝑙

′′, is the 
largest 3D contact asperity in volume across the fit-line. 

 

 

 

Fig. 9. 3D contact asperity volume distribution of the 16 𝐴 rated AC single pole 
rocker switch after different current loading tests 

 

E. 3D Contact Asperities Surface Area Distribution 

Fig. 10 is a set of graphs showing the 3D contact asperity 
surface area distribution after the two different current loading 
tests at 0 𝐴 and 16 𝐴 AC. The data are taken from the 3D contact 

asperities of Fig. 7. The surface area of each 3D contact asperity 
is defined as the sum of pixels of the 3D contact asperity which 
are exposed to the air and multiplied by 25 μ𝑚2 (the area of each 
pixel). The smallest surface area of 3D contact asperity indicated 
on the graphs is 100 μ𝑚2, which is four times the resolution of 
the X-ray CT system and the largest surface area, 𝐴𝐿

′′ of 3D 
contact asperities indicated are several m𝑚2 in the volume. 
Where 𝐴𝑙

′′, is the largest 3D contact asperity in surface area 
across the fit-line. 

 

 

 

Fig. 10. 3D contact asperity surface area distribution of the 16 𝐴 rated AC single 
pole rocker switch after different current loading tests 

 

IV. DISCUSSION 

The results show that the X-ray CT is a powerful system for 
viewing and characterising the contact spots and contact 
asperities without dismantling the contact system keeping its 
features intact. The data acquired with the X-ray CT system give 
a pixel resolution of 5 μ𝑚 × 5 μ𝑚 and an area and volume 
resolution of 25 μ𝑚2 and 125 μ𝑚3 respectively. 

The X-ray CT system is found to be appropriate for the 
consideration of scale dependency of contact spots which are 
presented in 3D contact maps using a suite of CAT* [7, 17-19]. 
According to Jang and Jang [20], the scale dependency is 
important for the consideration of contact spots because they are 
formulated by rough surfaces at different scales resulting in 
different morphologies. 

The graphs of contact spot area distribution in Fig. 6 show 
that the contact spots follow the same distribution after each 
current loading test at 0 𝐴 and 16 𝐴. These graphs can be 
compared with the corresponding graphs in Swingler and 
Lalechos work [21] which visualised the contact area in 2D 
contact maps under different contact forces. The results show 
that the area of contact spots follow the same distribution in both 
situations. The smallest contact spot indicated on the graphs of 

Roussos 2.318

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



Fig. 6 is 25 μ𝑚2, which is the resolution of the technique (when 
a pixel length is 5 μ𝑚) and the largest contact spot indicated is 
several m𝑚2 in area. 

Moreover, it can be seen that each graph of Fig. 6 consists of 
two regimes. The first one where the contact spot area 
distribution follows a power relationship with a slope of 3.659 
at 0 𝐴 at and 3.334 at 16 𝐴. The second one is for a small number 
of particular large contact spots in area with a slope 
approximately equal with zero. The slope is given by (1).  

 

   q

ii CAAn    (1) 

 

Table I presents the slope (𝑞) and constant (𝐶) of (1) after 
each current loading test at 0 𝐴 and 16 𝐴 for the first regime of 
graphs of Fig. 6. In addition, the graphs of contact spot area 
distribution show that the transition between the two regimes in 
each current loading test at 0 𝐴 and 16 𝐴 occurs at 775 μ𝑚2 and 
875 μ𝑚2 respectively. 

 

TABLE I.  CHARACTERISTICS OF THE FIRST REGIME OF CONTACT SPOT  AREA 

DISTRIBUTION 

Current test 0 𝑨 16 𝑨 

Slope (𝒒) 3.659 3.334 

Constant  (𝑪) 100× 106 40× 106 

   

Fig. 7 shows the 3D contact asperities of the 16 𝐴 rated AC 
single pole rocker switch after the two different current loading 
tests at 0 𝐴 and 16 𝐴 which are visualized using the CAT* 
described in previous work [7]. These 3D contact asperities 
present the structures above and below the contact spots of Fig. 
5 to the two conductors of the contact system of Fig. 2. In 
addition, the 3D contact asperities are discovered to have 
different sizes, shapes and their contact spots vary. It is 
important to mention that the total number of 3D contact 
asperities after each current loading test is equal with the total 
number of contact spots of the corresponding 3D contact map of 
Fig. 5. The total number of contact spots (𝑛) of 3D contact maps 
after each current loading test is calculated to be 407 at 0 𝐴 and 
492 at 16 𝐴. Fig. 7 illustrates one 3D contact asperity less from 
the total number of 3D contact asperities for each of the current 
loading tests. The largest 3D contact asperity of the contact 
system (this is the 3D contact asperity with the largest contact 
spot after each current loading test) is not presented in the Fig. 7 
because it would hide the remaining 3D contact asperities. 

The graphs of 3D contact asperity volume distribution in Fig. 
9 show that the 3D contact asperities follow the same 
distribution after each current loading test at 0 𝐴 and 16 𝐴. The 
results show that the volume of 3D contact asperities follow 
similar distribution with the area of contact spots of Fig. 6. The 
smallest 3D contact asperity indicated on the graphs of Fig. 9 is 
125 μ𝑚2, which is the resolution of the technique (when a pixel 
length is 5 μ𝑚) and the largest 3D contact asperities indicated 
are several thousands μ𝑚3 in volume. 

Moreover, it can be seen that each graph of Fig. 9 consists of 
two regimes. The first one where the 3D contact asperities 
volume distribution follows a power relationship with a slope of 
0.893 at 0 𝐴 at and 1.035 at 16 𝐴. The second one is for a small 
number of particular large 3D contact asperities in volume with 
a slope approximately equal with zero. The slope is given by (2). 
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Table II presents the slope (𝑞) and constant (𝐶) of (2) after 
each current loading test at 0 𝐴 and 16 𝐴 for the first regime of 
graphs of Fig. 9. In addition, these graphs show that the 
transition between the two regimes in each current loading test 
at 0 𝐴 and 16 𝐴 occurs at 12,130 μ𝑚3 and 10,880 μ𝑚3 
respectively. 

 

TABLE II.  CHARACTERISTICS OF THE FIRST REGIME OF 3D CONTACT 

ASPERITIES  VOLUME DISTRIBUTION 

Current test 0 𝑨 16 𝑨 

Slope (𝒒) 0.893 1.035 

Constant  (𝑪) 4,615 14,816 

 

The graphs of 3D contact asperity surface area exposed to 
the air distribution in Fig. 10 illustrating that the 3D contact 
asperities follow the same distribution after each current test 0 𝐴 
and 16 𝐴. The smallest surface area exposed to the air of 3D 
contact asperity indicated on the graphs of Fig. 10 is 100 μ𝑚2, 
which is four times the resolution of the technique (when a pixel 
length is 5 μ𝑚) and the largest contact spots indicated are several 
thousands μ𝑚2 in the area. 

Moreover, it can be seen that each graph of Fig. 10 consists 
of two regimes. The first one where the 3D contact asperity 
surface area exposed to the air distribution following a power 
relationship with a slope of 0.782 at 0 𝐴 at and 0.914 at 16 𝐴. 
The second one is for a small number of particular large 3D 
contact asperities in volume with a slope approximately equal 
with zero. The slope is given by (3). 

 

     q

ii ACAn


 ''''
  (3) 

 

Table III presents the slope (𝑞) and constant (𝐶) of (3) after 
each current loading test at 0 𝐴 and 16 𝐴 for the first regime of 
graphs of Fig. 10. In addition, the graphs of Fig. 10 show that 
the transition between the two regimes in each current loading 
test at 0 𝐴 and 16 𝐴 occurring at 4,275 μ𝑚2 and 3,675 μ𝑚2 
respectively. 

Table IV presents the total contact area of contact spots and 
the total volume and surface area of all the 3D contact asperities 
after each current load test at 0 𝐴 and 16 𝐴. The total contact area 
is defined as the sum of the contact area of each contact spot. 
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The total volume of 3D contact asperities is defined as the sum 
of the volume of each 3D contact asperity while the total surface 
area exposed to the air is defined as the sum of surface area of 
each 3D contact asperity. 

In addition, the results presented in Table IV show that the 
values of volume and area of contact spots and 3D contact 
asperities are bigger at 16 𝐴 current loading test. However, more 
current loading tests are needed to extract any conclusion.  

 

TABLE III.  CHARACTERISTICS OF THE FIRST REGIME OF 3D CONTACT 

ASPERITIES  SURFACE AREA DISTRIBUTION 

Current test 0 𝑨 16 𝑨 

Slope (𝒒) 0.782 0.914 

Constant  (𝑪) 656 1,793 

   

TABLE IV.  VOLUME AND AREA CHARACTERISTICS OF 3D CONTACT 

ASPERITIES AND CONTACT SPOTS 

Current test 0 𝑨 16 𝑨 

Total contact area, 𝛍𝒎𝟐 1.8210 2.0052 

Total volume of contact asperities, 𝛍𝒎𝟑 766,750 814,500 

Total surface area of contact asperities, 𝛍𝒎𝟐 73,125 81,845 

 

 

V. CONCLUSION 

The X-ray CT visualisation method has been used to acquire 
2D and 3D views of the contact system of 16 𝐴 rated AC single 
pole rocker switch without the need to dismantle it. Using this 
visualisation method, the contact spots and 3D contact asperities 
which are located between the conductors of the contact system 
are visualised after two different current loading tests at 0 𝐴 and 
16 𝐴. The X-ray CT visualisation method is demonstrated by 
calculating the characteristics of contact spots and 3D contact 
asperities. These characteristics include the calculation of the 
area of each contact spot as well as the volume and the surface 
area exposed to air of each 3D contact asperity. The area and 
volume calculations of contact spots and 3D contact asperities 
are presented with their distributions after each current loading 
test. In addition, the total contact area, the total surface area 
which is exposed to the air and the total volume of the 3D contact 
asperities are also calculated after each current loading test. 
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Abstract— There are contact systems, in which a primary 

contact arrangement is responsible for separating circuits and a 

secondary, sliding contact arrangement connects the moving 

electrode to a fixed point. Both of these circular contact 

configurations consist of a cylindrical conductor surrounded by 

contacts, like finger contacts or spring type contacts used in load 

break switches, disconnectors or earthing switches in 

switchgears. A lifting force acts on the contact system when a 

current flows in the conductors. This force can act in the opening 

or closing direction that is, it can help or oppose the driving 

mechanism of the switching device during switching operations. 

The paper describes a filamentary current segment model and 

provides analytical formulae to calculate the lifting force. The 

results of the analytical expressions were compared to results 

from 3D filamentary current models of a specific finger contact 

configuration. 

Keywords— Contacts, Force, Switchgear, Switches, Finite 

element methods 

I.  INTRODUCTION 

Medium voltage switchgear developers are trying to make 
their equipment smaller and smaller to satisfy market demands. 
On the one hand, they apply new insulation technologies to 
reduce the distance between conductors; on the other, they 
change the arrangement of the conductors, including the 
switching devices as well. For instance, instead of the widely 
used blade-type contacts in load break or earthing switches, 
they apply other contact configurations, like tulip contacts with 
axial motion.  

We must keep in mind that the contact configuration highly 
influences the forces acting on the moving contact when 
current is flowing in the system, and consequently the 
necessary power of the driving mechanism during current 
making or breaking. If we can reduce the force, then we need 
less energy stored in the mechanism, hence we can achieve 
smaller mechanism size and smaller overall unit size.  

In case of blade type contacts or double-break contacts, 
significant opening or closing Lorentz forces can act on the 
moving blade. These forces have been widely investigated in 
the technical literature [1 – 5]. Forces arise also from the 
contacting surfaces due to the current constrictions [6 – 12], 
which, in case of some contact arrangements, like butt contacts, 
must also be counteracted by the driving mechanism.  

In case of finger contacts in a circular configuration, the 
compressing Lorentz forces between the fingers might 
counteract the repelling forces from the constrictions [13]. As 
both these forces act in other direction as the direction of 
contact motion, they do not directly affect the driving 
mechanism. With respect to the necessary mechanism power, 
they change the sliding force only. 

The connection of the moving finger contacts to the supply 
circuit is still a question. One might solve the connection with 
flexible conductor strands, although in this case the driving 
mechanism must be able to overcome the significant Lorentz 
force acting on the flexible conductor. Another solution might 
be the use of sliding contacts (Fig. 1). These can be fingers, or 
canted spring contact elements [14]. Spring contacts are 
becoming more and more popular in similar applications due to 
their relatively low price and good performance. 

In this paper, we share our experience with the circular 
contact system of Fig. 1. Hereafter, we refer to the 
opening/closing contact as primary, and the sliding contact as 
secondary. The paper discusses the theory behind this practical 
problem, explains why and when the Lorentz forces can be 
significant in similar arrangements, and provides simple 
analytical formulae that can be used for calculating the 
resulting force in such contact systems.  
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Fig. 1. Example of a finger type earthing switch with sliding secondary 

connection. 

II. ANALYTICAL CURRENT SEGMENT DESCRIPTION 

A. Magnetic induction from separate contact points 

Fig. 2 shows an example of finger contacts together with 
their filamentary current segment representation. The contact 
system consists of n pieces of contact points distributed 
uniformly around a circle, corresponding to the number of  
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Fig. 2. Example of finger contacts (a) and their filamentary current 

representation (b). 

fingers. The same filamentary model might represent spring 
type contacts too, where the number of contact points equals 
the number of spring turns. 

In our model, a horizontal current filament in plane xy (Fig. 
3) represents one contact of the circular contact system. Let 
assume that a vertical (z-direction) semi-infinite current 
filament carries a current into the contact point at a distance of 
rin from the axis of symmetry (O), and another semi-infinite 
current filament at the other end of the horizontal contact 
filament carries the current away in direction z at a distance of 
rout from the axis of symmetry. All the current filaments carry 
the same current It/n, where It is the total current flowing 
through the contact system. 

All the conductor filaments carrying the same current It/n 
generate a magnetic induction in point P situated between the 
end points of one of the contact filaments Ain and Aout. Because 
of the uniform distribution of the contacts around a circle, the 
geometry is symmetric to any of the planes including the 
symmetry axis O and a contact filament. It is easy to see that, 
due to this symmetry, the resulting magnetic induction B in 
point P has neither x nor z components:  
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Here, Bixin, and Bixout are the x-components of the magnetic 
inductions generated in point P by the inner (Ciin) and the outer 
(Ciout) vertical current filaments belonging to the i

th
 contact, and 

Biz is the z-component of the magnetic flux density generated 
by the i

th
 horizontal contact filament. Consequently, it is 

enough to focus our attention on the y-component of the 
magnetic flux.  

By applying the Biot–Sawart law in the plane xy to the i
th
 

semi-infinite current filament carrying a current It/n and having 
its endpoint in Ciin in plane xy [1], the magnitude of the y-
component of Bi can be expressed as 
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where μ0 is the vacuum permeability. From Fig. 3c, it is clear 
that 


 .coscos  inrrc 

 

where α=2π/n.  By substituting (3) into (2), the resultant 
magnetic flux density from all the inner vertical filaments: 
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A similar formula can be deduced for the magnitude of the 
magnetic flux density generated by the outer current filaments 
at point P: 
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The total magnetic induction in point P: 
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Fig. 3. Filamentary current model of the circular contact system: a) side view of current segments belonging to a single contact point and force directions acting 

on the current filaments, b) 2D geometric representation, c) magnetic induction in point P from filaments Cin and Cout. 
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B. Magnetic induction from a continuous contact 

Let assume that there are no separate contact points: there is 
a continuous contact circle between the inner and outer 
conductors. This means that n→∞ in the previous formulae and 
in Fig. 3. The current is uniformly distributed along any circle 
having a radius r’ between rin and rout. Considering a dα 
segment of such a circle, the current flowing through this 
segment is 
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By replacing It/n to Iα in (4) and (5), the sum becomes an 
integral: 
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In the range rin<r<rout, both integrals can be expressed in closed 
forms and BoutC=0. This yields: 
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This corresponds well to Ampere’s law applied outside and 
inside of a current carrying semi-infinite tube. Equation (10) 
implies that higher the number of contact points, less is the 
effect of the outer conductor on the inner magnetic flux 
density, consequently on the lifting force. Fig. 4 shows the 
distribution of the relative magnetic flux density B(r)/BC(rin) 
along a contact segment for different contact numbers. In this 
example, rin=10 mm and rout=15 mm.  

It is also clear from the graphs that less the number of the 
contact points, higher the maximum flux density close to the 
corners, implying larger local force. The direction of the flux 
that is, the direction of the force is opposite at the opposite 
corners. The position of the contact point between rin and rout 
determines the total flux, consequently the total force on the 
inner and outer conductors. By increasing the number of 
contact points or the uniformity of current distribution in the 
inner and mostly in the outer conductor, the negative flux, 
namely the opposite force in the outer one can be reduced. 

It is worthy of notice that in a real situation the current is 
not concentrated into filaments. Its distribution is more uniform 
both in the inner and in the outer conductors than in our model, 
resulting in less influence of the outer conductor on the lifting 
force. 
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Fig. 4. Distribution of B along a contact segment for different contact 

numbers. 

C. Force on contact members 

The opening or lifting force tries to move the contacting 
inner and outer conductors, therefore its direction is vertical (z). 
In our model, vertical Lorentz force can appear where both the 
directions of the current and of the magnetic flux have 
horizontal components. This occurs at the contact current 
segments in plane xy. The force tries to straighten the current 
bends where the direction of current changes that is, close to 
the contact points. Therefore, the direction of the local force 
components points away from the endpoints of the vertical 
current segments (see Fig. 3a). We could see in the previous 
section that the magnetic flux generated by the inner segments 
can dominate, reducing the force resulting from the outer 
conductor (fingers). 

Assuming a contact point P at a radius of rC, where rin < rC 
< rout, the magnitude of the force on the inner conductor from 
(6): 
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By solving the integral: 
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where – to avoid infinite magnetic flux density and force at the 
corner point of the current path – ε represents an infinitesimal 
distance around Ain (see Fig. 3c). A similar equation can be 
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Fig. 5. Relative lifting force from analytical filamentary current model acting on the inner and the outer contact parts with different number of contact points; (a) 

with fixed size, (b) as function of rin. 

obtained for the force acting on the outer conductor or 
fingers, with ε applied at Aout: 
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From (10), if n→∞: 
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The positive force points away (up in Fig. 3a), the 
negative towards the inner vertical current segment (down in 
Fig. 3a), as the graphs in Fig. 5a indicate for different 
number of contact points. According to the filamentary 
current segment model, depending on whether the inner or 
the outer contact part is fixed, the resulting force can act 
either in opening or closing direction. If the outer conductor 
is the fixed and the inner one is the moving part, then the 
force always points upwards trying to close the contacts. If 
the inner conductor is fixed and the outer one can move, then 
with small number of contact points the force acts 
downwards toward the fixed conductor (closing), whereas 
with more contact points it acts upward (opening). The same 
phenomenon can be observed in the graphs in Fig. 5b, 
plotting the relative force values versus the inner radius rin 
for different number of contact points. It is clear that less the 
diameter, higher the force we can expect. The plots in Fig. 5a 
belong to a fixed geometry: rin=10 mm, rout=15 mm and 
rC=12.5 mm. Whereas in Fig. 5b the same contact and outer 
conductor distances from rin were assumed, rC being halfway 

between rin and rout: rC=rin+2.5 mm, rout=rin+5 mm. Both 
diagrams indicate relative force values compared to the force 
acting on the inner conductor from continuous circular 
contact (F/FinC) with rin=10 mm. 

III.  3D AND ANALYTICAL CONTACT SYSTEM MODELS 

The analytical formulae of the previous section described 
the force acting on a single circular contact configuration, 
where an inner cylindrical conductor contacted an outer 
conductor tube (or several conductor fingers) through a given 
number of contact points. Either the inner or the outer 
conductors could be fixed or moving. However, as we have 
discussed in section I, usually there are no such standalone 
contact systems, since the moving part must also be attached 
to a fixed point. In our case, a similar circular arrangement 
(see Fig.1) formed this secondary connection. Consequently, 
those arrangements were interesting for us, which consisted 
of two circular contact configurations, probably with 
different diameters.  

We have seen in the previous section that forces acting in 
the direction of contact motion do occur at the contact points. 
If exactly the same configurations form both the primary and 
secondary contacts then we do not expect any resulting force. 
The two configurations generate the same force but in 
opposite directions. With different diameters however, the 
forces will not compensate each other. During a short-circuit 
making process, their magnitude can be significant. 

According to the analytical considerations based on the 
current segment model, the number of contact points might 
influence the results. However, we must not forget that the 
filamentary current model is an abstraction: in reality, the 
current is not constrained into infinitesimal filaments. At the 
contact points, where the current is constricted and flowing 
through A spots [6], this approximation might better 
represent reality, but farther from these spots, the current 
spreads out over the cross section of the conductors. 

This section compares the results from a 3D current 
segment model, and the analytical models based on the 
discussion above. 
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A. 3D Current segment model 

The analytical formulae can represent only parallel 
conductor filaments. To see the influence of tilted current 
paths (e.g. fingers) on the total forces, we tested 3D current 
segment models as well. 

Just like in the analytical formulae of section 2, 
infinitesimally thin current filaments (see Fig. 2) represented 
the conductors in this model and provided magnetic 
induction and force values by applying the Biot-Sawart law. 
Because of its simplicity, this calculation method is still used 
today to assess forces acting on or the magnetic field 
distribution around conductors [15 – 17]. The force acting on 
a small filament vector dlj carrying a current ij can be 
expressed as 
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where nf is the number of all current carrying filaments, dij is 
the displacement vector between filaments dli and dlj 
carrying currents ii and ij. Defining straight current filaments 
with finite lengths, the magnetic force per unit length acting 
at an arbitrary point Pj on segment j can be expressed as 
follows [1]: 
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where αi1 and αi2 are the internal angles of the triangle 
formed by the endpoints of current segment i and the point Pj 
at the endpoints of current segment i, hi is the shortest 
distance between Pj and the line containing segment i, and ni 
is a unit vector in the direction of the magnetic induction 
generated by current segment i in point Pj. By integrating 
(17) along the length of segment j, the total force on segment 
j can be obtained. An own computer code solved this 
integration numerically. 
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Fig. 6. Current filaments in plane xz in 3D current segment models (a) 

with tilted fingers, (b) with vertical fingers. 

Our aim was to see how the tilting of the contact fingers 
affects the resulting lifting force. We varied the secondary 
contact diameter ds with two model types: with tilted and 
with vertical current paths representing the fingers. Fig. 6a 
and 6b show the current segment models of the two contact 
systems together with the forces acting on the segments of a 
single finger (moving part). The difference between the 
resultant forces of the two cases is hardly detectable in Fig. 7 
showing the resulting lifting force acting on the whole 
contact system as function of the secondary contact radius 
(“3D vertical seg.” and “3D tilted seg.”). 

B. Analytical representation 

It was clear that the tilted position of the fingers (the 
outer current segments) also added a lifting force to the 
contact system resulting practically in the same force as with 
a vertical segment model. The difference between the forces 
of the two arrangements of Fig. 7 was negligible. Therefore 
we could treat both the primary and secondary contacts as if 
the outer current segment was vertical and was at the same 
distance from the center (routp=routs=rout). We could apply 
(13) to the primary (lower) and secondary (upper) 
configurations and subtract them to get the resulting lifting 
force: 
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where p and s in the indices refer to the primary and 
secondary contacts. It is worthy of notice that ε does not 
appear in the resulting formula of Flift. 

This assumption does not consider the finite length of the 
outer current segments (the fingers), but we have already 
seen that the outer segments has less influence on the forces, 
especially with many contact points. We have seen that in 
case of a continuous contact model, the outer part has no 
influence at all. From (15), the resulting force acting on the 
system with continuous contacts: 
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This formula is similar to the one derived by Dwight [2] for 
current constrictions.  

Although the 3D models correspond only to the finger 
arrangement, it is worthy of checking the configuration of 
Fig. 1 as well. Here, contact springs form the secondary 
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contacts, and the inner conductor is moving. With similar 
considerations to the case described previously, and by 
assuming that routp=rins=rk, the lifting force from (12) and 
(13): 
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From (14) and (15), it is easy to see that the continuous 
contact model provides exactly the same formula as (19) for 
this case too.  

C. Comparison of 3D and analytical results 

In case of the 3D and analytical (18) current segment 
models, we fixed the positions of the segments: rCp–rinp=rCs–
rins=dC=2 mm; routp=rCp+6 mm (tilted); routs=rCs+6 mm; or 
routp=routs=rCs+6 mm (vertical and analytical). 

In Fig. 7, the results from the 3D current segment models 
and the analytical models can be compared (It=10kA). The 
difference between forces obtained with the analytical 
formula and with the 3D segment model was negligible.  
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Fig. 7. Lifting force acting on the finger contact system versus secondary 

contact radius. 

IV. CONCLUSIONS 

The analytical formulae of the paper can provide a good 
estimation of the forces in contact systems, in which a 
primary, circular contact arrangement is responsible for 
separating circuits, and a secondary, sliding circular contact 
arrangement connects the moving electrode to a fixed point.  

The paper showed that the main cause of the resulting 
force is the difference between the incoming and outgoing 
conductor diameters (dp and ds) of the primary and secondary 
contacts. The force acts toward that contact which has a 
larger diameter. 
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Abstract—Historically silver is used in the manufacture of 

electrical contacts for low voltage switchgear, including home 
automation and industry market (circuit breakers, contactors, 
relays, switches). For contactors, silver is the basis of a great 
majority of electrical contacts components: the contact material 
itself pseudo allied with metallic oxides (usually tin oxides), the 
under layer often in pure silver, the brazing alloy to weld the 
contact material on the supports, and sometimes the silver 
plating of the whole contact.    

Although the market price of the silver metal is divided by 
three since 2011 (year of its highest peak), growth of the 
industrial demand combined to a rarefaction of this metal will 
result in a steady increase of its cost. 

Currently Metalor offers some solutions to reduce the part of 
silver in electrical contacts. With our electrical laboratory tests, 
we can evaluate these solutions directly in some contactors of the 
market. This paper presents the results of these tests. 

Keywords— contact material, contact supports, assembling, 
AC durability tests, temperature rise test, cost reduction. 

I. INTRODUCTION 

Silver is the best electrical and thermal conductor of all 
metals. That’s why it is used in many electric and electronic 
industrial applications. In 2014, the global industrial need was 
close to 17000 tons. This represents a little more than half of 
total requirement of this metal (fig. 1); the other half was used 
as precious metal. The stock of silver metal on earth is 
estimated between 270000 and 380000 tons according 
available sources [1]. At the present rate of consumption 
(30000 tons in 2014), reserves could be exhausted around 
2029; the most optimistic prevision is 2037, while the most 
pessimistic, issued of the United States Geological Survey, 
projected a silver shortage as early as 2021.  

Recycling represents 20% of the world’s yearly production 
only (Fig. 2); silver recycling is a cost effective operation but 
the collection of waste which contains silver is difficult. In fact 
silver is used in very tiny quantities, dispersed in many 
applications, and the recovery sector of waste which contained 
silver is poorly developed.  

  
Fig. 1. [2]             Fig. 2. [2] 

The most important source of growth of the industrial silver 
demand regards photovoltaic industry.  In 2014, the silver 
demand of this sector represented only 10% of the industrial 
global request (Fig. 3); According to the International Energy 
Agency, this demand will represent 18% in 2017. This agency 
also tells us that the share of photovoltaic energy will reach 
16% in 2050 against only 1% in 2014 [3]. For example, during 
the COP21 of Paris in December 2015, India has given a 
commitment to multiply by 5 its solar energy production in the 
next 15 years; in this country, the Cochin International Airport 
is the first one in the world to be entirely solar powered. This 
airport has 46150 solar panels, the equivalent of one ton of 
silver. In France, the construction of 1000km of photovoltaic 
roads is expected by 2020 (vehicles will run on solar panels).  

 
    Fig. 3. [2] 

In industry, the manufacturing of electrical contacts really 
took off in the 1920s, especially with the invention of the 
electromechanical contactor by Télémécanique; this industrial 
revolution has enabled the development of remote electrical 
control functions, and the automation of production processes. 
All these new automated machines have required more and 
more electrical devices, so more and more electrical contacts. 
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II. METALOR FRANCE LABORATORY 

Metalor has an electrical tests laboratory of contactors since 
2004. These test capacities are: 

 AC1, AC3 and AC4 normalized tests; nominal 
currents up to 500A, powered at 400V/50Hz. 

 Temperature rise tests up to 700A, with terminals and 
moving contacts measurements; calculation of contact 
resistances. 

 Verification of contactors making and breaking 
capacities up to 3kA. 

Thanks to this laboratory, we are able to: 

 Develop new contact materials. 

 Benchmark commercial available contactors. 

 Improve our knowledge in electrical behaviour to 
better advice our customers. 

 Participate to new contactors development. 

 Create and test prototypes of assembled contacts. 

The quality of a contactor depends both on electrical 
contacts and the quality of the device’s design. That’s why we 
also study the influence of different parameters such as 
contacts and supports materials, their geometry, the welding 
assembly processes of contacts, the contact force and the 
design of the contactor.  

III. REMOVAL OF CONTACTS’ SILVER-PLATING 

Before its use, a contactor can be confined in a cupboard 
for months; a surface treatment of these connection terminals is 
performed to protect them against oxidation, in particular with 
copper terminals. Contactors manufacturers generally prefer 
silver-plating instead of tin-plating, because silver offer a better 
thermal dissipation and a lower contact resistance [4].    

With the goal of a reduced cost and a guarantee of 
protection against oxidation, Metalor recommends the use of 
CuZn15 brass. This metal has a high resistance to corrosion 
and difficult environment such as sea air. It doesn’t require 
surface treatment. However CuZn15 has a resistivity 2.7 times 
higher than copper, and a thermal conductivity reduced in the 
same ratio, which can increase temperature rises of contactors.   

We realized a complete study with a contactor recently 
commercialized (2013); these current characteristics are: 

  Rating 75kW under 400V, IAC3=140A. 

 AgSnO2 14% Metalor tips, 8*8*1mm. 

 CuA1 fixed supports, 3mm thick, 6µm silver plating. 

 CuZn15 moving supports, 3mm thick. 

A. Verification of heating (compliance with the standard) 

The temperature rise test is performed with 12 contactors; 
their contacts are identical (tips material, moving supports 
material, assembly process). We only change the fixed supports 

material. We have tested 4 contactors with silver plating copper 
terminals, 4 others with copper terminals, and the 4 remaining 
with CuZn15 terminals.   

According to the IEC60947-1 standard [5], temperature 
rises shall not exceed values indicated below: 

 60K with copper terminals. 

 65K with brass terminals (Fig. 4.). 

 70K with silver plating terminals (Fig. 5). 

  
Fig. 4. CuZn15 terminals                        Fig. 5. Silver plated copper terminals 

With our temperature rise test bench, we can test 3 
contactors simultaneously (Fig. 6); contactors are tested under 
the thermal current specified by the manufacturer (200A). 

 
   Fig. 6. Temperature rise test bench on working 

We check temperature rise data with 3 thermocouples fitted 
on the 3 upper terminals R, S and T (Fig. 7.). According to the 
IEC60947-1 standard, the temperature rises test time shall have 
duration between 20min and 8h; it’s a very wide interval. Our 
test time is 90min, until having stabilized values.  

 
Fig. 7. Example of temperature rise curves on one contactor 

Temperature rise test results are shown in the Table I next 
page. Each version is represented by 4 contactors; we calculate 
the average with 12 values. 
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TABLE I.  Temperature rise test results @200A 

Terminals material Temperature rises (K) IEC60947-4-1 limit 
(K) Average Max 

Silver plated copper 54.4 66 70 
Copper 52.5 60 60 
Brass CuZn15 58.5 63 65 
 

As expected, we see an increase of temperature rises of 
contactors which are equipped with CuZn15 fixed supports. 
However all contactors respected the standard even if some 
values are close. The maximum value recorded on silver 
plating copper terminals is near the standard limit, but in 
average we have a comfortable margin. This margin is divided 
by 2 with CuZn15 terminals, but the results are acceptable. 

B. Verification of the AC3 electrical durability  

 We know that the modification of supports material of 
electrical contacts can affect contactors behaviour in electrical 
reliability [6]. That’s why it is necessary to check if the 
transition of the fixed supports material from silver plating 
copper to CuZn15 brass doesn’t affect the electrical 
performance of contactors.  

We choose the AC3 electrical test, the longest test, but the 
most representative of industrial applications. We use the same 
12 contactors which have passed the temperature rise test. They 
are wired on the test bench as shown in Fig. 8. 

 
Fig. 8. AC3 test bench on working  

The test bench is supplied with 3*400V, 50Hz. Contactors 
coils are energized with 230V/51Hz to balance poles erosion. 
Test parameters are shown below: 

 Closing: U=400V, I=840A, cos φ=0.35. 

 Opening: U=67V, I=140A, cos φ=0.35. 

 300 cycles per hour (manufacturer catalogue). 

Table II below summarizes the AC3 test results. 

TABLE II.  AC3 electrical durability @400V/140A 

Terminals material Number of AC3 cycles 
Average mini maxi 

Silver plated copper 404847 370386 427041 
Copper 422549 398259 440161 
Brass CuZn15 466302 399689 563868 

The substitution of copper terminals by CuZn15 terminals 
improves the average electrical durability of contactors, at 
around 15%. The progression is not exceptional but real. The 
goal of this test was to check if the modification of the 
terminals material did not affect the electrical performance of 
contactors; we observe the opposite trend.   

C. Potential gain in silver metal 

 We have seen for this contactor that the substitution of 
silver plating copper terminals by brass terminals have reduced 
the safety margin we had during temperature rise test, without 
exceeding the standard, but we have increased the AC3 
electrical durability.  

 The removal of silver plating for 1000 fixed supports will 
save 128g of silver; it may seem small but when 200000 
contactors are manufactured yearly (2014, producer’ source), 
this represents 153.6kg of silver. Of course all this silver metal 
we save on these contacts represents a financial substantial 
gain, quantified at 63000€ (silver exchange, January 2016) and 
this rate exchange is deemed low. This gain comes from the 
only saving of silver metal; for having the complete gain, we 
must add the manufacturing cost of silver plating.   

IV. VOLUME REDUCTION OF THE CONTACT MATERIAL 

 Since the early 2000s, most of the contactors manufacturers 
have engaged reduction cost programs for their contactors. As 
a first step, their studies have been conducted on the reduction 
of contactors size (Fig. 9.), without specific attention to the 
electrical contacts while they represent usually one third of a 
contactor’s price.   

 
Fig. 9. Two examples of 18.5kW/400V contactors size reduction 

From 2010, the sharp increase of the silver metal price has 
changed manufacturer’s attitude about this subject; the 
decrease of the silver proportion in electrical contact has 
become a major priority. Electrical contacts producers are 
regularly solicited to obtain immediate price reductions, while 
commercial and marketing services of contactors 
manufacturers don’t want to degrade their contactors 
performances.  

Since 2012, we have noted a continuous decline of the 
metal silver price (Fig. 10.), very strong during the first year. 
Logically, all silver proportion reduction projects have moved 
backward in manufacturers’ priority order. However we can 
easily foresee an unavoidable increase of its cost, as a result of 
its shortage. Then, manufacturer’s contactors will refocus their 
attention on this problem.  
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Fig. 10.  Silver price evolution (2000-2015) 

Since Metalor has possessed its own electrical tests lab, 
several studies have been carried out to improve performances 
of commercial available contactors [6][7]. The cost reduction 
of electrical contacts combined with a decrease of silver 
consumption is the main goal of these researches, while 
respecting electrical performances asked by manufacturers. For 
this, our investigations do not relate only on contact materials, 
but also in its all environment (supports material, brazing 
process, contact force, mechanical clearance).   

To illustrate this, the Metalor electrical tests lab has done a 
complete study with an available commercial contactor. It has 
been sold for decades; its most recent version is dated from 
2001. The goal of this study is to reduce the silver volume in 
the electrical contacts without decreasing electrical durability 
of this contactor. The contactor specifications are as follows: 

 Rating 250kW under 400V, IAC3=500A. 

 AgSnO2 14% Metalor tips, 18*18*2.5mm. Flame 
brazing. 

 Fixed and moving supports in CuA1 copper. 

 Tin plated copper terminals. 

All tests are performed in AC3. The test bench is supplied 
with 3*400V, 50Hz. Contactors coils are energized with 
230V/51Hz to balance poles erosion. 

A. Modification of the contact material 

From 1996, new AgSnO2 materials were developed with 
powders obtained by chemical process [8]. In the early 2000s, 
an AgSnO2 contact material, called CCB, and produced by die 
compaction of this powder was approved for this contactor. 
Some electrical tests carried out at this time [9][10] have 
shown a better behaviour of this material, compared to others 
commercial AgSnO2, obtained by extrusion process, with hot 
cladded silver layer.  

Metalor produced AgSnO2 extruded contacts with hot 
cladded silver layer for many years; electrical performances of 
contactors fitted with this contact material were inconsistent 
because of random problems due to a split (delamination) 
between AgSnO2 and silver under-layer (Fig. 11.).  

Metalor solved this problem a decade ago. We developed 
an innovating process called bi-extrusion. In contactors, bi-

extruded AgSnO2 (or EMB) gives better results than extruded 
AgSnO2 with cladded silver under-layer [6]. 

400µm 40µm

 
Fig. 11. Examples of delamination between AgSnO2 and silver under-layer 

We have carried out an AC3 test to check if bi-extruded 
AgSnO2 can substitute the actual CCB material in this 250kW 
contactor. We recall tips size: 18*18*2.5mm; to evaluate a 
significant silver quantity reduction, we reduce their volume by 
one third (thick 2.5mm to 1.8mm).  

We have tested 7 contactors; 3 of them are fitted with 
AgSnO2 CCB14 tips and the 4 others with AgSnO2 EMB14 
tips (14 represent the metallic oxide percentage). Tips 
dimensions are 18*18*1.8mm. All contacts have been flame 
brazed, which is the current brazing process. 

The reduction of the tip’s thickness modifies the gap and 
the contact force of contactors at new state. To compensate this 
variable, each fixed support is raised by 1.4mm (the differential 
value of 2 tips).  

Before starting the AC3 test, we have realized a heating test 
at new state to check the IEC60947-1 standard. Temperature 
rise tests (Fig. 12.) are done under the thermal current specified 
by the manufacturer (700A).  

 
Fig. 12. Temperature rise test bench on working @700A 

We record temperatures rise data with 3 thermocouples 
fitted on the upper terminals R, S and T. The test time is 
90min. Contactors have tin plated copper terminals so 
temperature rises shall not exceed 65K. We present results in 
the Table III below: 

TABLE III.   Temperature rise test results @700A 

Contact material Temperature rises (K) IEC60947-4-1 limit (K) 
Average Max 

AgSnO2 CCB14 51.4 56 65 
AgSnO2 EMB14 56.3 60 65 
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We see a 5 degrees increase of the average temperature 
rises on contactors prepared with AgSnO2 EMB14 contacts 
material.  There is a reduction of the margin to the standard, 
but it is always respected.  

After this heating test, these 7 contactors are wired on the 
AC3 test bench (Fig. 13.). Test parameters are shown below: 

 Closing: U=400V, I=3000A, cos φ=0.35. 

 Opening: U=67V, I=500A, cos φ=0.35. 

 300 cycles per hour (manufacturer catalogue). 

 
Fig. 13. AC3 test bench on working 

We present AC3 results in Table IV. We show the electrical 
durability obtained by each contactor. 

TABLE IV.  AC3 test results @400V/500A (material comparison) 

Contactor  Tips material AC3 cycles Average per material 

KM1 AgSnO2 CCB14 232205 
272983 KM2 AgSnO2 CCB14 304123 

KM3 AgSnO2 CCB14 282621 
KM4 AgSnO2 EMB14 349216 

389721 KM5 AgSnO2 EMB14 403281 
KM6 AgSnO2 EMB14 438064 
KM7 AgSnO2 EMB14 368323 
 

The only change of the contact material increases the 
average electrical durability by 40%. Erosion curves (Fig. 14) 
effectively demonstrate a better wear resistance of AgSnO2 
EMB14 in this contactor; curves on this graph represent the 
average wear evolution of one pole (1 moving contact and 2 
fixed contacts). 

 
Fig. 14. Erosion evolution @AC3 400V/500A test 

 We notice on this graph a relatively low average weight 
loss compared to tips ‘weight at new state (about 6g, so 24g for 
each pole). Contacts erosion on a three phases’ contactor is not 
linear, and we cannot predict its electrical durability by 
extrapolation of erosion curves; moreover the electrical 
durability depends only of one pair of contacts because of the 
wear variation of each contact [11]. 

In addition to obtain better electrical performances, the 
manufacturing of EMB material is less expensive than CCB 
thanks to the use of another type of silver powder. So the 
potential gain is very significant.     

The volume reduction of tips inevitably leads to a decrease 
of the contactor’s lifespan. This decrease cannot be 
compensated by the only change of the contact material. The 
manufacturer’s brochure specifies an AC3 durability of 600000 
cycles with actual size of tips; the goal is to achieve this 
performance with reduced tips. 

B. Modification of the brazing method 

 Contacts which equip these 250kW contactors are brazed 
with flame process.  With this process, the quality of the 
bonding area is rarely perfect, while respecting a minimum of 
75% which is the quality criterion generally accepted by 
everyone. Even if this criterion is respected, the variation of the 
bonding area inevitably affects contactors performances 
[12][13]. Moreover the brazing time, several tens of seconds, 
has the effect of annealing completely contact supports which 
causes vibratory phenomenon in contactors.  

A new brazing process, recently developed by Metalor and 
named “NBT” in this paper, ensures a quality of bonding areas 
close to 100% (Fig. 15.), with a shortened brazing time which 
limits the annealing of contact supports (Fig. 16.).  

 
Fig. 15. Welded linear quality comparison  

 
     Fig. 16. Vickers hardness comparison (HV0.5) 

The flame brazing process needs the use of soldering flux 
to protect the interface between the tip and the support from 
oxidation. The use of flux becomes more and more restrictive 
because of fluoride contents. The NBT process, which deletes 
the need of soldering flux, is a RoHS process.  
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We have tested 6 another contactors in AC3, 3 equipped 
with AgSnO2 CCB14 and the 3 others equipped with AgSnO2 
EMB14. All contacts are brazed with NBT process. AC3 test 
parameters are the same as paragraph A. Table V summarizes 
the test results, and compares the 2 contact materials brazed 
with NBT process and flame process. 

TABLE V.           AC3 test results @400V/500A (brazing method comparison) 

Contactor  Tips material AC3 
cycles 

Average 
(NBT) 

Average 
(flame) 

KM8 AgSnO2 CCB14 371927 
378800 272983 KM9 AgSnO2 CCB14 373925 

KM10 AgSnO2 CCB14 390547 
KM11 AgSnO2 EMB14 607444 

559877 389721 KM12 AgSnO2 EMB14 545374 
KM13 AgSnO2 EMB14 526812 
 

 With any contact material, the AC3 electrical durability 
increases by 40% with NBT process. The use of reduced tips 
requires modifying the contact material and the brazing process 
to approach the electrical durability specified by the 
manufacturer. However, the goal of 600000 AC3 cycles is not 
guaranteed and other improvements are necessary.  

C. Modification in the contactor 

When contactors reach the end of their lifetime, we 
disassemble them to analyse their failure causes. We note 
systematically the destruction of steel arcing horns which 
surround fixed contacts (Fig.17.). This destruction is due to a 
contact between the extremity of the moving support and the 
fixed steel arcing horn.  

  
Fig. 17. Short circuit beetween extremity moving support and fixed steel horn 

During the AC3 test, we perform controls with a thermal 
camera that allows us to identify the problem. For example, the 
thermography picture (Fig. 18.) identifies an abnormal heat of 
the contactor’s “W” terminal; a disassembling of this contactor 
after the control shows us an erosion of the steel arcing horn 
due to the contact with the moving support. 

  
Fig. 18. Thermography picture of a contactor during AC3 test 

The arcing horn is a steel part, with a “U” shape,   which 
surrounds the contact material. Only a few tenths of millimetre 
of the fixed contact tips are above the arcing horn: during the 
electrical tests, tips are being eroded and lose thickness until 
the moving support extremity comes into contact with the 
arcing horn (Fig. 19.); when this occurs, the contactor still 
works and generates extra electric arcs, a most important 
heating and as a consequence a reduced lifespan, although 
AgSnO2 is still present on the supports.     

 
Fig. 19. Schematic presentation of a pair of contacts in the contactor 

Ideally, we would redesign steel arcing horns so that tips 
are entirely above them. Because of cost and planning reasons, 
we have chosen a radical solution: removing the upper part of 
the arcing horn with a hacksaw (Fig. 19.). We have made an 
AC3 test (test parameters are the same as paragraphs A and B) 
to evaluate the impact of this modification.  

  
Fig.  19. Steel arcing horn without and with modification 

Of course we know that this arcing horn is useful to have a 
good functioning of contactors (in overload or short circuit 
conditions). That’s why it will be necessary to redesign this 
arcing horn in case of AC3 good results.  

We have tested 4 contactors, 2 with AgSnO2 CCB14 
material, and 2 with AgSnO2 EMB14 material. All contacts are 
brazed with NBT process. Table VI summarizes all AC3 
results. 

TABLE VI.  AC3 test results @400V/500A 

Contactor  Tips material AC3 
cycles 

Average 
(modified 

horns) 

Average 
(standard 

horns) 
KM14 AgSnO2 CCB14 417205 435468 378800 
KM15 AgSnO2 CCB14 453730 
KM16 AgSnO2 EMB14 659764 665175 559877 
KM17 AgSnO2 EMB14 670585 
 

There is a significant increase of the electrical durability. 
With modified arcing horns, the end of contactors service life 
normally occurs by a total erosion of one contact’s tip.  There 
is no short circuit between the extremity of moving supports 
and steel arcing horns.  
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D. Potential gain in silver metal. 

 Let’s summarize the works described in this chapter. We 
have chosen a commercial contactor with electrical contacts 
produced by Metalor. Tips dimensions are 18*18*2.5mm. The 
goal was to reduce their size by 30% (thickness diminished to 
1.8mm), while guaranteeing the service life specified in the 
manufacturer’s brochure. To achieve this, we have: 

 Changed the contact material (Paragraph A). 

 Used another brazing process (Paragraph B).  

 Modified a contactor’s component (Paragraph C). 

 Basic tips (18*18*2.5mm) are 810mm3. This represents 
721mm3 of silver (or 7.57g). With its reduced size 
(18*18*1.8mm), each tip contains 5.45g of silver, a difference 
of around 2g. When 60000 contactors are produced yearly 
(2012 and 2013, manufacturer ‘source), so 720000 tips, we can 
save 1526kg of silver. The financial gain reaches 625k€ (silver 
exchange, January 2016), simply with the economy of silver 
metal, and for only a single contactor’s grade of a single 
manufacturer. 

V. CONCLUSIONS  

We have seen that the economy of silver metal is possible: 

 By suppressing the silver plating of contactors 
terminals; copper supports material can be substituted 
by brass, of course after checking the temperature rise 
and electrical lifespan of contactors. 

 By reducing the volume of the contact’s material. In 
our specific study, carried out on one contactor, the 
reduction of the quantity of silver metal in tips is 
possible with some improvements: contact material, 
brazing process and a contactor’s component. 

 Because of the multitude of parameters involved for the 
good functioning of contactors, the reduction of the silver 
quantity required for their power contacts required almost a 
study contactor by contactor. That’s why a stronger 
collaboration between contactors manufacturers and contacts 
producers is necessary to achieve this goal.    

 The substitution of the AgCdO toxic material by AgSnO2 
is another great example. AgCdO is still used as contact 
material by Asian and American contactors manufacturers; 
these contactors were optimised for AgCdO contacts and using 
AgSnO2 as a “drop in” replacement is often a cause of failure 
[14][15]. This work requires a close coordination between 
contactors and contacts manufacturers. 
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Abstract — Dur ing a short-circuit in a miniature circuit 
breaker, the electric arc is driven towards a stack of metal plates 
called deion with enough strength to split the arc into several 
arcs. The total voltage then increases, resulting in a limitation of 
the current. A high and stable arc voltage is therefore essential 
for the performance of the circuit breaker. This overall arc 
quenching process is fairly complex and, unfortunately, difficult 
to study because of the challenge of carrying out non-intrusive 
arc observations. To gain a better understanding of arc 
behaviour from its splitting up to extinction, a high current 
electric arc is triggered between two metal plates in conditions 
similar to those of a miniature circuit breaker arc chamber, but 
allowing for an easier diagnostic.  

Keywords — Miniature circuit breaker; Arc interruption; 
Short-circuit; High-current; Deion; Arc voltage; Molten bridge 

I.  INTRODUCTION 

In today’s commercially available miniature circuit 
breakers (MCB), the arc chamber layout is still based on the 
original design proposed by Slepian in 1927 [1]. Almost a 
century later, the many improvements made to the MCB have 
allowed it to fulfil very strict service requirements, as detailed 
in [2], for example. Yet improving an existing arc chamber or 
designing a new one is not a straightforward task and requires a 
substantial amount of empirical work. The main reason for this 
is the involvement of many different areas of physics 
(electromagnetism, plasma physics, solid state physics, thermal 
physics, fluid mechanics, metallurgy, etc.) and the strong 
interaction between them. Thus any slight modification of the 
design has an impact on several aspects of the behaviour of the 
arc. Another practical reason is the existence of very few non-
intrusive live diagnostic tools, other than for measuring voltage 
and current. 

Fortunately, there is precious information to help infer arc 
behaviour during short-circuit tests available in a large volume 
of scientific literature. Some authors focus on a particular 
aspect of the arc behaviour: arc between static contacts [3], 
movement (or not) between opening contacts [4, 5], 
commutation across a gap [6], movement between two rails 
parallel or not [7, 8], back-commutation [9], pressure 
effects [10], arc splitting [11, 12], degassing of plastic 
materials [13]. Other authors study the overall behaviour of the 
arc in simplified arc chambers, equipped with different type of 
probes. More recently, multi-physics simulations have started 

to emerge. They are based on experimental data (anode and 
cathode fall voltage, arc root current density, thermodynamic 
and transport plasma properties) and aim to predict the 
behaviour of the arc in a given arc chamber geometry under 
short-circuit current conditions. 

Surprisingly, the fate of the arc after splitting, in particular 
its strong interaction with the steel plates, seems to have roused 
little interest. This paper therefore proposes a brief insight into 
the arc behaviour after splitting with a view to 1) better 
understand arc behaviour in order to improve arc chamber 
design, 2) be able to pre-select plates materials according to 
their intrinsic arc-electrode interaction performance, and 3) 
determine the arc root conditions necessary for arc chamber 
simulation. 

II.  ARC IN DEION 

When experiencing a short-circuit, the MCB must not only 
detect the fault, switch off the current and ensure post arc 
dielectric recovery but also limit the thermal constraint (∫i(t)²dt) 
that the electric lines will have to endure. By rapidly increasing 
the product voltage above the line voltage, the MCB is able to 
damp the current intensity to zero well before the next line zero 
crossing. An efficient limiting situation would typically be a 
500 V product voltage. The state-of-the-art technology to reach 
such a high voltage consists in splitting the electric arc into 
several arcs by throwing it against a stack of steel plates, called 
deion. An arc voltage can be decomposed in the following 
manner: UARC = UF + E.d, where UF is the electrodes fall 
voltage, E the average electric field in the arc column and d the 
arc length. Considering typical values UF ≈ 30 V and 
E ≈ 2 V/mm gives a good idea of how efficient the splitting of 
the arc is when multiply the number of electrodes falls. 

Fig. 1 shows a typical arc chamber design for a one module 
phase MCB and fig. 2 the corresponding experimental curve 
for a 6 kA short-circuit test. The main arc break phases, 
corresponding to the arc position and voltage as indicated in 
fig. 1 and 2 respectively, are as follows: 

1) The contact opens to give rise to the arc, with the 
current already over 1 kA and voltage at approximately 30 V.  

2) After a first commutation on the left side arc runner, the 
arc moves along the arc runners to reach the entrance of the 
deion. Arc voltage is now approximately 100 V and peak 
current slightly more than 3 kA. 
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Fig. 1: Typical MCB arc chamber design highlighting the principal 
components and arc break phases (see text).  

 
Fig. 2: Typical MCB experimental curves for a 6 kA short-circuit test 
according to [2]. Definitive splitting in deion occurs at t = 1.65 ms as 
indicated by the pink vertical line. Inset : Dynamic voltage-current single arc 
characteristic after splitting, linear dependency outlined by green line fit 
according to (1). 

  
(a)    (b) 

Fig. 3: Deion aspect after a 10 kA short-circuit test (peak current approx. 
4 kA) showing severe melting of steel plates (a) and induced topographic 
effects locally reducing distance between plates (b). 

3) At t = 1.65 ms, the splitting process takes place and in 
this design a new commutation is needed on the arc horn side 
to fully split the arc. Voltage then reaches approximately 
450 V.  

4)  Dielectric recovery on line voltage 

As illustrated on fig. 2, product voltage in deion slightly 
decreases with time, not taking into account the few restrikes. 
Dividing product voltage by number of arcs in the deion and 
neglecting the impedance of the MCB current leads gives a 
rough idea of single arc voltage in a MCB. This voltage, 
plotted as a dynamic voltage-current characteristic (U-I) as 
shown in the inset of fig. 2, exhibits a remarkably linear 
tendency and can be expressed as: 

 uARC(t) = U0 + α.i(t)  (1)  

where U0 = 29.3 V and α = 1.2 V/kA. Here, this voltage-
current characteristic is called dynamic as it is a time 
parametric u(t) versus i(t) plot and must be read as current 
decreases, i.e. from right to left. 

From a more general standpoint, based on a benchmark 
analysis of different European suppliers of one-module MCB 
with a short-circuit breaking capacity of up to 10 kA:  

• The extinction delay ranges from 2.5 ms to 3.5 ms, 

• Mean single arc voltage in MCB ranges from 30 to 

40 V, 

• Arc voltage decreases with time, as current decreases, 
except for lower current (as visible in the inset of 
fig. 2), but coefficients U0 and α may vary depending 
on device and test parameters. 

Rare arc voltage values reported in the literature for steel 
and nickel are significantly lower (about 20 V), but none of 
them corresponds to pertinent experimental configurations 
concerning deion plates [14, 15], except maybe [16]. The 
higher values that were found are most probably due to 
confinement by polymers [13]. 

The linear U-I characteristic is more enigmatic and raises 
the following question: is there a direct dependence of voltage 
upon current or is the voltage affected by a phenomenon whose 
time constant is similar to the current damping time constant? 
Of course the quenching of the short-circuit arc is not a 
stabilized process where only the arc current varies; on the 
contrary it is a very transitory and destructive situation. For 
example, it seems relevant to consider the following 
macroscopic phenomena as having a potential influence on arc 
voltage when the arc hits the steel plates and splits: pressure 
enhancement; temperature rise and metal evaporation of plates, 
and; degassing of plastic casing. 

Indeed, unlike Slepian’s original design, the arc does not 
run along the splitter plates to avoid melting the surfaces but is 
mostly static in the deion, confined by the plastic casing and 
electrodynamic forces. One of the consequences of this 
situation is the severe melting of the surfaces mostly in the 
centre of the plates, as shown on fig. 3a. Even though this zone 
has limited erosion depth (typically less than 0.1 mm for a 
0.8 mm plate thickness), the modification of surface 
topography limits the dielectric withstand by reducing locally 
the distance between plates (see fig. 3b). For if the short-circuit 
current is too high, welding of the splitter plates can occur, 
leading to dramatic situations such as dielectric failure on line 
voltage recovery or arc splitting failure on a second short-
circuit test, both resulting in a loud destruction of the device. 

III.  EXPERIMENTAL SETUP 

To re-create an arc similar enough to one in a MCB, but on 
a setup that allows for an easier diagnostic, the main 
requirements are: 1) thin parallel electrodes, made of a suitable 
material; 2) thermally insulated electrodes at the correct gap 
distance; and 3) a similar current waveform. 
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            (a)     (b) 

Fig. 5:  (a) Diagram showing the three branches of the electrical circuit with 
typical values, from left to right: high-voltage pulse generator, high current 
current source and arc setup. (b) Current waveforms for approx. peak current 
I0 = 1, 2 and 3.5 kA (red lines) and damping time-constant τ0 ≈ 1.65 ms 
compared to a typical 6 kA short-circuit curve (blue line), as shown in fig. 2. 

 

Fig. 4: Diagram of the electrodes configuration showing the electrodes facing 
each other (cathode on left), the arc location (in red), axial leads with 
compression springs and the location of the voltage probes (Vc and Va). The 
insulating holder is partially shown on the right (in blue).  

As a first approach, it seems reasonable to limit the setup to 
only one single arc instead of more than 10. But then it must be 
noted than one electrode will only be cathode or anode, 
whereas in a MCB each splitter plate is cathode on one side 
and anode on the other. An open air configuration allows for a 
visual diagnostic of the arc and arc roots, but also simplifies the 
system under study by excluding effects linked to confinement 
as plastic ablation and pressure enhancement. In a MCB, the 
arc is created by a molten bridge explosion at the contact and 
then transferred into the deion. To further simplify the system 
and depend only on the electrodes material, the arc is triggered 
between static electrodes by a high voltage pulse. Lastly, a 
slight bending of the electrodes helps localize the high voltage 
discharge and then the arc, and axial current leads limit the 
electrodynamic loop effects. Details of the experimental setup 
are provided below. 

A. Electrodes configuration 

Electrodes are 15 x 50 mm metal sheets bent in the middle 
at a 160° angle. They are maintained vertically face-to-face by 
an insulating holder at a 90° angle in order to create the narrow 
minimal distance zone necessary to localise the high-voltage 
pulse and stabilise the arc (as shown in fig. 4). One of the 
electrodes is movable, allowing adjustment of gap distance. 
The current leads are two 6 mm diameter brass rods of 250 mm 
in length. They are pressed against the back of the electrodes 
with a 30 N force by a spring so that the current flows through 
the electrodes. Arc voltage probes are located outside the 
current path (as shown in fig. 4) in a four-wire measurement 
configuration. 

The very simple electrode shape allows easy sample 
preparation, including directly from full-scale industrial 
process raw material strips used for deion plates.  

B. Triggering device and current source 

A 1 nF capacitor is slowly charged up to 10 kV and quickly 
discharged through a 10 Ω resistance as dielectric breakdown 
occurs in the electrode gap (see fig. 5a, left branch). This very 
short discharge is enough to trigger the arc. A low voltage 
aperiodic RLC circuit (fig. 5a, middle branch) with a damping 
time constant τ0 ≈ 1.65 ms and an adjustable peak current I0 
results in an arc current waveform similar to the short-circuit 
current waveform during arc extinction in the deion as shown 

in fig. 5b. Power diodes are required to couple the two circuits. 

C. Diagnostic 

Current intensity is measured by a PEM CWT30 Rogowski 
current probe. A x10 passive voltage probe is used for 
measuring arc voltage. A Zener diode protects the oscilloscope 
from the high-voltage pulse, but in return brings an artefact 
lasting 0.5 ms after the pulse. The first 0.5 ms of arc voltage 
measurement has therefore been removed from the curves 
below. Both probes have a 3 dB bandwidth at least equal to 
1 MHz and are connected to a Pico 5243 16-bit oscilloscope. 

A Photron Fastcam SA 1.1 high-speed camera is used to 
visually observe the arc column and roots. The camera is 
placed perpendicular to the arc. The frame rate is 30,000, 
shutter opening time is taken to the maximum so each image 
represents an average of 33 µs of the arc life. The diaphragm is 
fully closed and neutral density filters are used to adjust 
luminosity for the different expected peak current intensities, 
and avoid saturation of the camera sensor.  

IV.  RESULTS 

The results are presented below in three parts: arc 
behaviour at 1 kA, impact of electrolytic coating at 1 kA, 
impact of peak current up to 3.5 kA and premature arc 
extinction by metal molten bridge. They aim to assess the 
relevance of this setup as a first step to understand the arc 
behaviour in deion. 

At least six measurements are taken for every testing 
configuration, each set of two electrodes being subjected to 
only one arc. Given the reasonably repeatable nature of arc 
behaviour, and in the interest of clarity, only one experimental 
curve is shown for each configuration. 

A. Arc behaviour at 1 kA 

The first experiment is for low-carbon steel electrodes 
0.8 mm thick with a 5 µm nickel electrolytic coating. The gap 
distance is 1 mm. 

The arc appears in the centre of the electrodes gap where it 
remains throughout the discharge. Its overall behaviour is 
remarkably repeatable. Based on a high speed video analysis, 
three life phases of the arc can be distinguished:  
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Fig. 6: Arc voltage and current for low carbon steel electrodes of thickness 
0.8 mm with a 5 µm nickel electrolytic coating. Inset shows same experiment 
plotted as an U-I characteristic. Green lines are fitted curves according to (1) 
and (2), coefficients given in text. 

1) Arc growing phase (t < 1 ms): arc roots are initially 
solid and steadily grow – along with the arc column – as they 
melt; numerous very bright dots are visible on the cathode, 
while the anode seems more passive, 

2) Stable arc phase (1 < t < 4 ms): the arc radius is 
constant (about 2.5 mm), the arc luminosity decreases, 

3) Unstable arc phase (t > 4 ms): the arc quickly contracts 
and, the arc roots being much smaller than the previously 
impacted zones, starts to randomly move on the impacted 
zones until extinction. 

Post-arc electrode analysis reveals a superficially affected 
melted zone on both the cathode and anode, which means that 
the metal vapour present in the arc column is mostly nickel. 
Respective radii are 2.8 mm and 2.1 mm. 

As shown in fig. 6, the arc voltage exhibits a decaying 
exponential tendency and can be adjusted by a time-dependent 
expression: 

 UARC = U0 + U1.exp(- t / τ1) (2)   

where U0 = 22.2 V, U1 = 6 V and τ1 = 1.4 ms. As shown in the 
inset of fig. 6, the same experiment plotted as a dynamic 
voltage-current characteristic exhibits a linear tendency, τ1 
being close to τ0, with a slope α = 4.3 V/kA according to (1).  

Most of the arc voltage values reported in the literature 
correspond to measurements taken at a given current in a 
stabilised situation, voltage-current characteristics being the 
compilation of multiple experiments. In contrast, the curve in 
inset fig. 6 is highly dynamic, and the dependence of voltage 
on current must be put in perspective with other variable 
system conditions, the most obvious being the electrode 
temperature, ranging from ambient temperature at the 
beginning of the discharge, up to at least melting temperature at 
the end of the arc growing phase. It would therefore seem a 
safer option to consider voltage as a time-dependent value and 
to use the dynamic voltage-current characteristic as a practical 
way to visualise and compare data. 

Previous work carried out on the same setup, with the same 
low-carbon steel electrodes of 0.8 mm thickness without 

coating, at the same gap distance, but at a reduced peak current 
(I0 = 0.1 kA) and longer time constant (τ0 = 40 ms) showed that 
arc voltage was almost constant with decaying current, except 
at the very beginning of the discharge. A time-dependent arc 
voltage expression as (2) was used to fit the experimental data 
with the following coefficients: U0 = 22.6 V, U1 = 2.4 V and 
τ1 = 2.0 ms [17]. The voltage decrease after arc ignition was 
explained by the temperature rise of electrodes whose time 
constant τh was estimated at some milliseconds. In the present 
work, given the duration of the arc growing phase, the melted 
arc roots spreading and column expansion time constant – 
somehow linked to the heating process of both electrodes – can 
be estimated at roughly τh ≈ 1 ms. As it has the same order of 
magnitude as the arc voltage time constant τ1 and the current 
time constant τ0, it is difficult to link τ1 (voltage decrease) to 
either τh (temperature rise) or τ0 (arc current decay). Clarifying 
this point will require further investigations. 

Recently published data shows similar experimental voltage 
curves for an arc between copper electrodes, with a decaying 
current of peak intensity I0 from 0.5 to 2 kA, a time constant τ0 
from 24 to 91 ms and a gap distance of 4 mm. The voltage-
current characteristic was not fully linear and voltage variation 
was also considered to be a time-dependent value linked to the 
temperature rise of the system [18]. 

Compared to the MCB single arc voltage, the arc voltage is 
lower, possibly due to the absence of confinement, and U0 
closer to the values found in the literature. The dynamic 
voltage-current arc characteristic follows a similar linear 
tendency, but with a slightly higher slope. The time decaying 
voltage observed in the MCB after splitting is then not only 
due to the confinement of the arc, but also corresponds to an 
intrinsic behaviour of a single arc between two plates in open 
air, initially at ambient temperature and for a decaying current. 

B. Impact of nickel coating 
The second experiment is for electrodes of the same base 

material and dimensions, at the same gap distance, but without 
electrolytic coating.  

The most striking differences shown by the video analysis 
are that: 

• Arc is less stable during phase 1 and moves slightly 
away from the centre of the electrodes before coming 
back  

• Arc radius is smaller during phase 1 and 2 (about 
1.8 mm without coating against 2.5 mm with coating), 
but comes back to a similar value during phase 3,  

• Instead of the wide superficially-affected melted zone 
with numerous mobile bright spots at the cathode root, a 
narrower molten pool is created. A molten bath is also 
visible on the anode. The two arc root molten pools are 
animated with violent surface movements, and evidence 
of a gas release indicates that the temperature is locally 
above steel boiling temperature. These movements 
generate a high number of molten metal droplet 
projections.  
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(a) With coating  (b) Without coating 

Fig. 7: Metallographic cross-sections of electrodes submitted to a I0 ≈ 1 kA 
arc (see fig. 8). Cathodes and anodes on first and second line respectively. 

Fig. 8: Arc voltage for low carbon steel electrodes of thickness 0.8 mm with 
and without a 5 µm nickel electrolytic coating. Inset shows same experiments 
plotted as an U-I characteristic. Green lines are fitted curves according to (1) 
and (2), coefficients given in text. 

 
(a)                       (b)                        (c)                        (d) 

Fig. 9: Key moments extract from high speed video of an I0 = 3.5 kA arc: 
(a) arc ignition; (b) end of arc growing phase; (c) molten pools growing closer 
and reducing gap distance; (d) molten metal bridge after molten pools 
coaslescence. Electrodes surfaces are outlined by yellow dashed lines, the 
cathode is on the left. 

Post-arc electrodes analysis confirms the presence of a 
solidified molten pool on the cathode and anode, as shown in 
fig. 7. Radii are 1.7 mm and 2.0 mm respectively. The cathode 
radius is therefore much smaller than with coating (2.8 mm), 
which is consistent with the formation of a molten pool due to 
an increased cathode power density. 

As shown in fig. 8, the arc voltage for electrodes without 
coating seems to have simply shifted down by about 4 V, 
which corresponds to a lower U0 value but to the same time 
dependent parameters α, U1 and τ1. 

It would then appear that the major effect of the nickel 
coating is to spread the cathodic arc root and prevent the 
formation of molten pools on both electrodes. As a result, the 
metal vapour released to the arc is mainly nickel rather than 
iron. These changes significantly raise the constant arc voltage 
component U0, but leave the time-dependent component mostly 
unchanged. 

C. Behaviour at 3.5 kA and extinction by molten metal bridge 

The third experiment is on the same electrode material and 
at the same gap distance as in part A. The current waveforms 
correspond to fig. 5b. 

Compared to 1 kA, arc life phases are similar, except for: 

1) Arc growing phase: melting is much more severe, 

2) Stable arc phase: arc radius is much bigger (≈ 5 mm vs. 
2.5 at 1 kA). Melted surfaces show evidence of intense boiling 
at both arc roots. Molten pools start to inflate, growing closer 
to each other, reducing the 1 mm electrode gap to about 0.1 or 
0.2 mm (as shown in fig. 9c). 

3) Unstable arc phase: electrodes surfaces briefly touch 
each other leading to very short arc extinction followed by 
immediate explosive reignition, projecting a high number of 
molten metal droplets. Eventually, the surfaces bond and weld, 
switching off the arc (as shown in fig. 9d). 

An appreciation of the impact of these phenomena is visible 
on the 3.5 kA arc voltage characteristic curve of fig. 10. The 
following key events are indicated with purple vertical lines: 

• t = 0.5 ms: arc voltage right after ignition is higher for 
higher peak current I0 (U1 = 11 V instead of 6 V), 

• t = 2 ms: arc voltage curve comes back to a value 
similar to the 1 kA curve (i.e. similar U0 value 
according to (2)) 

• t = 3.5 ms: arc voltage is shifted down, as the electrode 
gap is drastically reduced, 

• t = 5.7 ms: evidence of brief momentary arc extinction 
is given by noise appearing at lower voltage values, 

• t = 7 ms: voltage is reduced to a very low value 
corresponding to the molten bridge voltage drop.  

The dynamic voltage-current characteristic (see inset of 
fig. 10) shows that the tendency remains linear when the peak 
current increases, indicating a similar time-constant τ1, and also 
that slope α decreases as peak current increases. For 
I0 = 3.5 kA, α = 2.2 V/kA, which is close to the MCB value.  

In addition to being able to withstand such high-current 
arcs and enabling a similar arc voltage behaviour, this setup 
offers the possibility to reproduce a type of short-circuit test 
failure sometimes encountered during arc chamber 
development: when the peak current is raised above a certain 
value, two or more splitter plates are welded after arc 
quenching. 
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Fig. 10: Arc voltage for low carbon steel electrodes of 0.8 mm thickness with 
a 5 µm nickel electrolytic coating for two peak current values I0. Vertical 
purple lines indicate key events detailled in text. Inset shows same experiment 
plotted as an U-I characteristic.  

Nevertheless, the present current waveform is not realistic 
at the end of the arc discharge, which is precisely the moment 
when this premature extinction occurs. This point needs to be 
improved for future investigation. Furthermore, while this 
extinction phenomenon is shown here to appear with an 
increasing peak current, its dependence on other parameters – 
such as gap distance, current damping time constant, but also 
electrode material – can be expected and therefore also requires 
further investigation. 

V. CONCLUSION 

By making concessions on the arc environment, this 
original setup allows for interesting observations of a short-
circuit arc up to 3.5 kA, and leads to the following statements: 

• Arc voltage is about 10 V lower than in the MCB. This 
difference is mainly due to the absence of confinement, 

• The spreading of the melted arc roots takes place in the 
first milliseconds of the discharge, 

• Arc voltage decreases with time and decaying current, 
as observed in the MCB. A time-dependent arc voltage 
characteristic is put forward as being more relevant with 
regard to the transient phenomena involved: 
uARC(t) = U0 + U1.exp(-t/τ1), were typical coefficients 
U0, U1 and τ1 are 20 V, 5 V and 1 ms respectively, 

• Nickel coating on steel plates at ≈ 1 kA peak current 
limits the formation of molten pools on both electrodes. 
Impact on voltage is a higher U0 but no major variation 
on transient term U1.exp(-t/τ1), 

• In contrast, increasing peak current shows mostly no 
impact on U0 but gives a higher U1 value, 

• Plotted as a dynamic voltage-current characteristic arc 
voltage shows an increasing linear tendency 
uARC(t) = U0 + α.i(t), with a typical slope α of few volts 
per kA, similar to value found for MCB, 

• For high peak currents, depending on specific 
conditions (e.g. gap distance, current time-constant, 
material), strong movements of molten pool reduce the 
gap distance, thus reducing arc voltage. Towards the 

end of the discharge, these movements can lead to the 
coalescence of the surfaces of electrodes causing 
extinction of the arc by molten metal bridge.  

Of course, understanding better the different phenomena 
mentioned in this paper will require further research. 
Nevertheless, from a practical point of view, this experimental 
setup seems sufficiently representative for deion plate material 
comparison and pre-selection.  
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Abstract— Arc modelling is an efficient tool for predicting the 
switching performance of low-voltage switching devices (LVSDs) 
prior to testing real products. Moreover, it offers a valuable 
design aid in the improvement and optimization of LVSDs.  This 
paper focuses on the investigation of evaluators that predict re-
ignition phenomena and the numerical simulation of arc 
characteristics in LVSDs. It is found that the probability of re-
ignition depends strongly on the ratio of the system voltage to the 
exit-voltage. The implemented 3-D arc model is based on 
conventional magnetohydrodynamics theory and takes into 
account the properties of air that vary with temperature and 
pressure, motion of the contact, arc root formation and plasma 
radiation. The simulated results are compared with experimental 
data to validate the proposed arc model and the voltage trends 
show agreement.  

Keywords—arc modelling, re-ignition, low-voltage switching 
devices, magnetohydrodynamics (MHD) 

I.  INTRODUCTION 
Low-voltage switching devices (LVSDs) are essential to 

turn on and off electric current and to protect humans and other 
connected equipment against overload or short circuit accidents 
in the power distribution network. A quenching chamber of a 
LVSD is the main volume for switching current and consists of 
a movable and fixed contact, magnetic yoke, arc runner, splitter 
plates and vents, as shown in Fig. 1. When the movable contact 
separates from the fixed contact, an arc is established between 
the contacts that elongates as the contact gap increases. Gas 
flow and the magnetic Lorentz force then drive the arc toward 
the splitter plates. Concurrently, there is a dramatic increase in  

 
Fig. 1. Half symmetric schematic structure of a quenching chamber.  

the arc voltage between contacts due to the multiple anodic and 
cathodic voltage drops in the splitter plates. Ideally, the arc is 
extinguished at the first current zero moment, however the arc 
can re-ignite beyond this point. During this breaking process, 
the arc parameters have a great influence on interruption 
performance of the LVSD [1]. If parameters such as the 
voltage, current and motion of the arc can be accurately 
calculated and evaluators of re-ignition determined, we can 
predict and improve the switching performance of LVSDs 
through an arc simulation. 

There has been several reports on correlations between the 
experimentally observed behaviour of the arc and predicted 
performance of LVSDs. McBride et al. carried out 
experimental studies of the influence of contact opening 
velocity and material, wall material and venting condition on 
the arc motion in a miniature circuit breaker (MCB) using a 
fibre optic imaging system, pressure gauges and spectrography 
[2]. Balestrero et al. introduced several ‘microscopic 
evaluators’ that can predict re-ignition by measuring the arc 
current or arc voltage over a 10 μs time period near the current 
zero event, when ion recombination and non-equilibrium 
phenomena dominate [3]. Hauer et al. found that the 
probability of re-ignition after the current zero event is heavily 
dependent on the ‘exit-voltage’ (the arc voltage immediately 
prior to the current zero event) [4], which can be calculated 
through an arc simulation. Hauer’s methodology can be used in 
a 2-step design procedure: firstly, to establish the arc threshold 
voltage and secondly, to simulate the arc characteristics up to 
the current zero moment. The advantage of such an approach is 
that the complex simulation of plasma processes during arc re-
ignition is not required.  

Arcs are non-linear phenomena and their characteristics are 
strongly dependent on the length, temperature, pressure and 
attachment points of the arc. For the reliable prediction of the 
switching performance of LVSD, the arc behaviour should be 
accurately modelled. In terms of the arc simulation, Karetta et 
al. analyzed the arc motion with a 3-D magnetohydrodynamics 
(MHD) model incorporating heat conduction, gas and current 
flows and magnetic force [5]. Lindmyer et al. proposed arc 
modelling method that includes the arc root formation on the 
splitter plates by using a thin layer of current-dependent 
resistive material [6]. Rong and Ma et al. conducted numerical 
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analysis on the influence of metal erosion and wall ablation on 
arc behaviour in a LVSD [7], [8].  

Although technology available for the design and analysis 
of LVSDs has been notably developed thanks to the previous 
experimental and numerical studies, there are still limitations in 
the prediction of the switching performance and optimization 
of LVSDs. The experimental approach is very expensive and 
time-consuming. Moreover, it is difficult to obtain 
experimentally internal arc parameters such as gas velocity, 
current density and temperature that are useful in improving the 
design of LVSDs. Most previous numerical methods have 
focused on the behaviour of the arc plasma prior to the current 
zero moment without evaluating the probability of re-ignition 
following the current zero moment, even though avoiding re-
ignition is a key goal when designing the quenching chamber 
of a LVSD.  

This paper presents a reliable evaluator which can predict 
re-ignition following the current zero point and the numerical 
simulation of arc behaviour prior to the current zero event 
based on 3-D MHD arc modelling. The model presented in this 
paper takes into account the properties of air that vary with 
temperature and pressure, contact motion, arc root formation 
and plasma radiation. The simulation results are compared with 
the experimental data to validate the proposed arc model.  

II. EXPERIMENTS ON ARC RE-IGNITION 

A. Experimental Setup 
The experimental investigation for predicting re-ignition is 

carried out by two types of interruption tests. One is a low 
power test of a single pole MCB with 10 kA current and 252 V 
phase voltage.  The other is a higher power test for a three pole 
moulded case circuit breaker (MCCB) with 20 kA current and 
483 V line-to-line voltage. Fig. 2 shows an equivalent test 
circuit for a single pole MCB and three pole MCCB. Energy is 
supplied via a 13.8 kV commercial power line whose voltage 
and current are adjusted by a transformer, resistors and reactors 
to the test circuit. For single pole tests, only two phases of the 
test circuit are used as shown in Fig. 2 (a). The current and 
voltage waveforms are collected on every interruption test by 
an oscilloscope.   

B. Experimental Results 
Fig. 3 shows the voltage and current waveforms for both a 

successful and failed interruption of the two types of MCBs 
under the same test condition, when the system voltage is 252 
V, the prospective current is 10 kA and the power factor is 
0.45. The successful interruption means that short circuit 
current is interrupted at the first current zero point whereas 
failed one indicates there is re-ignition after the first current 
zero. During a successful interruption, the arc voltage reaches a 
relatively high value (> 400 V) compared to the voltage in a 
failed interruption, and remains high until the current zero 
point. In contrast, a failed interruption has a lower and 
significantly less stable arc voltage and notably lower exit-
voltage. If the LVSD fails to interrupt the short circuit current 
at the first current zero (shown in Fig. 3 (b)), the arc current 
continues to flow until next current zero and the large current 

and a long arcing duration cause severe damage to the device. 
It is clear from Fig. 3 that the switching performance of LVSDs 
is affected by arc characteristics and there is a distinct 
difference in the arc voltage waveforms between successful 
and failed tests.  

 

 

(a) Single phase test for a MCB 

 
(b) Three phases test for a MCCB 

Fig. 2. Equivalent test circuits for the MCB and MCCB: (1) back-up circuit 
breaker, (2) three phase transformer, (3) making switch, (4) resistor, (5) 
reactor, (6) test MCB, (7) test MCCB.  

 

 

(a) Successful interruption test 

 

(b) Failed interruption test 

Fig. 3. Voltage and current waveforms during interruption operation of 
MCBs. 
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Fig. 4. Relation between interruption performance and exit-voltage. 

 

Fig. 5. Relation between interruption performance and voltage ratio.  

Figs. 4 and 5, respectively, illustrate the interruption 
performances of MCBs and MCCBs that are analysed by the 
exit-voltage and the voltage ratio, which is calculated by the 
exit-voltage and system voltage at the first current zero instant 
as given (1)  

 

Voltage ratio = Vsystem(t0) / Vexit ,                   (1) 
 

where t0 is the instant of the first current zero, Vexit is the exit-
voltage and Vsystem is the system voltage, obtained through 
extrapolation from the first zero point of the system voltage 
after t0. Re-ignition in interruption tests can be further 
classified as one of two types [4]: ‘instantaneous’ re-ignition, 
which occurs immediately after the current zero event causing 
the short circuit current continue to flow in reverse polarity and 
‘delayed’ re-ignition, where there is a pause between the 
current zero moment and re-ignition. In addition, there are two 
possible cases: arc voltage and system voltage may have the 
same (shown in Fig 3 (a)), or opposing polarities. 

In Fig. 4, it can be seen there is a different threshold of the 
exit-voltage that distinguishes successful interruption from 
failed interruption in MCB and MCCB tests. For the MCB test 
if the exit-voltage is above 86 V, the arc can be interrupted at 
the first current zero. However, for the MCCB test, the 
threshold is 134V. These results illustrate that re-ignition 

phenomenon is strongly correlated to the exit-voltage and its 
value varies with the interruption test condition.  

The voltage ratio is an alternate evaluator as shown in Fig. 
5. If the exit-voltage is higher than the system voltage and their 
polarities are the same, the interruption test is always 
successful. This situation happens only when the arc moves 
quickly towards splitter plates and the arc voltage is high 
enough to make the current zero moment occur prior to the 
zero point of the system voltage. In addition, there is a global 
threshold evaluator that predicts re-ignition under the two 
interruption regimes (single pole MCBs under 10 kA, 252 V 
and three pole MCCBs under 20 kA, 483 V) tested in this 
study. If the voltage ratio is higher than -1.3 and less than 0, the 
probability of the successful interruption is around 96%. 
However, of the 26 interruption trials a single delayed re-
ignition was observed that was not predicted by this evaluator.  

III. NUMERICAL MODEL AND SIMULATION RESULTS 

A. Assumptions and Simplifications for Arc Model  
To reduce the complexity of the arc model in a LVSD, the 

following assumptions and simplifications have been adopted. 

• The arc column is considered to be in a state of local 
thermodynamic equilibrium (LTE). 

• The arc is modelled initially as a hot channel in a small 
gap between contacts which has a homogenous 
temperature distribution.  

• The arc gas motion is regarded as a laminar flow.  

• Metal erosion and wall ablation are not taken into 
account in the arc model.   

• The splitter plates are considered to behave as linear 
ferromagnetic materials. 

B. MHD Equations in Arc Column 
The arc column is electrically neutral and a mixture of 

electrons and heavy particles (ions, atoms and molecules) in 
thermal equilibrium at high temperature. If the assumption of 
LTE holds in the arc column, the arc can be treated as a single 
fluid and the mass, momentum and energy conservation 
equations can describe the relation between the velocity, 
pressure, temperature in the arc column as given below [5], 
[10], 

( ) 0V
t
ρ ρ∂
+∇ ⋅ =

∂



 ,                        (2) 

( ) ( ) ( ) ( )i
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In the previous equations, ρ is the density (kg/m3), t is the time 
(s), V



 is the velocity (m/s), vi is the velocity component in i 
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direction, p is the pressure (Pa), η is the dynamic viscosity 
(kg/(m·s)), J



 is the current density (A/m2), B


 is the magnetic 
flux density (T), H is the dynamic plasma enthalpy (J/kg) 
expressed by 2 / 2h V+



, h is the static enthalpy (J/kg) 
determined by pc dT∫ , λ is the thermal conductivity (W/(m·K)), 
cp is the specific heat capacity (J/(kg·K)), σ is the electrical 
conductivity (S/m), E is the electric field intensity (V/m), Srad is 
the radiation energy source (W/m3) and Sη is the heat due to 
viscous dissipation (W/m3).  

The electric field E


, which determines the ohmic heating 
source in the energy equation, is calculated from Gauss’s law, 
(5) and (6),   

( ) 0σ∇ ⋅ ∇Φ = ,                               (5) 

                   E = −∇Φ


 ,                                    (6) 

where Φ is the electric scalar potential (V).  

Moreover, J


 and B


, which are used to calculate the 
Lorentz force in the momentum equation, are obtained from the 
following equations,   

J Eσ=
 

 ,                                       (7) 

    2 A Jµ∇ = −
 

 ,                                  (8) 

    B A= ∇×


  ,                                   (9) 

where A


 is the magnetic vector potential (Wb/m) and μ is the 
permeability (H/m).  

The simplified net emission coefficient method is employed 
in this work to calculate the radiation energy losses due to its 
simplicity, and the net emission coefficients are computed from 
(10), 

( ) ( )( )1 2 2exp exp rC C T C Tε = −  ,                  (10) 

where C1 and C2 are the constant coefficients 300 W/m3 and 
0.0011 K-1 respectively, Tr is the ambient temperature and T is 
the arc temperature [10]. 

C. Numerical Model for Arc Root 
The arc root is a thin region between the arc column and the 

metal surface of the cathode or anode. Before entering the 
splitter plates, the arc gradually bends and stretches around the 
plates generating excessive voltage that is necessary to form 
arc roots on the splitter plates [6]. The voltage drops in the arc 
roots on the cathode and anode are relatively high compared to 
that in the arc column. This arc root formation plays an 
important role in the arc behaviour before the current zero and 
the value of the exit voltage used to calculate the evaluator for 
re-ignition after the current zero point. In order to consider the 
arc root area, special arc root modelling method is needed 
because LTE condition does not hold in the arc root and 
ordinary MHD theory cannot simulate the arc root phenomena 
[10]. 

The relationship between voltage and current density as 
shown Fig. 6 (a) is modelled as nonlinear in the arc root region 
in order to take into account the arc splitting phenomenon on 
the splitter plates and the high arc voltage in the arc root [6]. 
Moreover, the resistivity in the arc root is modelled to vary 
with distance from the cathode or anode surface as shown in 
Fig. 6 (b). 

D. Simulation Results 
The arc modelling process (Fig 7) comprises of procedures 

of arc ignition, MHD simulation of the plasma, contact motion 
and evaluating the probability of re-ignition. The MHD 
calculation includes subroutines for the computation of 
radiation losses and formation of the arc root. The arc 
modelling is performed in the Ansys CFX commercial software 
package used in previous studies [6], [10].  

 

 

(a) Relation between voltage and current density 

 

(b) Relation between resistivity and distance 

Fig. 6. Modelling method for the arc root. 

 
Fig. 7. Diagram of the arc modelling process. 
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(a) 0.05ms                                         (b) 0.5ms 

      

(c) 3.5ms                                          (d) 6.5ms 

Fig. 8. Temperature distribution in the quenching chamber of the MCB. 

 

Fig. 9. Comparison between experimental and simulation results of the 
MCB. 

Fig. 8 illustrates the predicted arc temperature distribution 
on the symmetry plane in the quenching chamber of the MCB 
when the measured current flows through the MCB (see Fig. 9 
for comparison with experiments). At the beginning of the 
simulation, the arc is modelled as a hot cylinder channel 
between contacts, with 1mm radius and 10,000 K temperature, 
and then it moves from the ignition contact area toward the 
splitter plates by the gas convective flow and the Lorentz force. 
Afterward, the arc is divided into multiple segments by the 
plates and a high arc voltage is generated between the contacts. 
The simulated results illustrate that the arc roots on the fixed 
contact stays at the ‘A’ site without moving to ‘B’ site (Fig. 8 
(d)). This leads to a low arc voltage and long arcing duration, 
as shown in Fig. 9. If the arc root rapidly relocates from the ‘A’ 
to the ‘B’ site, the increase in arc voltage is greater and the 
simulated switching performance is enhanced. This indicates a 
potential ways for the design modifications. 

E. Validation of Arc Simulation 
Fig. 9 shows the comparison between experimental and 

predicted electric characteristics of the arc while the measured 

current flows through the MCB. In general, the computed and 
experimental voltages show the same trend although there are 
some differences at the initial stage and at the end of the 
interruption process. These discrepancies could be caused by 
the simplification of the ignition process or the absence of wall 
ablation and metal erosion in the arc model.  

IV. CONCLUSIONS 
The experimental investigations of evaluators for re-

ignition and the numerical modelling on arc behaviour in 
LVSDs have been studied in this paper. The following 
conclusions can be drawn: 

• The interruption test results support the concept that re-
ignition phenomenon after the current zero moment is 
strongly correlated to the ratio of the exit-voltage to 
system voltage.  

• The arc simulation based on the 3-D MHD approach 
and the arc root model has been implemented and 
validated.  

• Accurate arc modelling on splitter plates and especially 
around the current zero moment are necessary to 
reliably predict the switching performance. It is a part of 
ongoing research. 

REFERENCES 
 

[1] P. Freton and J.J. Gonzalez, “Overview of current research into low-
voltage circuit breakers, ” The Open Plasma Physics Journal, Vol. 2, pp 
105–119, 2009. 

[2] J. W. McBride, K. Pechrach, and P. M. Weaver, “Arc motion and gas 
flow in current limiting circuit breakers operating with a low contact 
switching velocity, ” IEEE Transactions on Components and Packaging 
Technologies, Vol. 25, no. 3, pp 427–433, 2002. 

[3] A. Balestrero, L. Ghezzi, M. Popov, and L. Van Der Sluis, “Current 
interruption in low-voltage circuit breakers, ” IEEE Transactions on 
Power Delivery  Vol. 25, no. 1, pp 206–211, 2010. 

[4] W. Hauer and X. Zhou, “Re-ignition and post arc current phenomena in 
low voltage circuit breaker,” Proceedings of the 27th International 
Conference on Electrical Contacts, pp 398–403, 2014. 

[5] F. Karetta and M. Lindmayer, “Simulation of the gasdynamics and 
electromagnetic processes in low voltage switching arc,” IEEE 
Transactions on Components, Packaging, and Manufacturing 
Technology, Vol. 21, no. 1, pp 96–103, 1998. 

[6] M. Lindmayer, E. Marzahn, A. Mutzke, T. Rüther, and M. Springstubbe, 
“The process of arc splitting between metal plates in low voltage arc 
chutes,” IEEE Transactions on Components and Packaging 
Technologies, Vol. 29, no. C, pp 310–317, 2006. 

[7] M. Rong, Q. Ma, Y. Wu, T. Xu, and A. B. Murphy, “The influence of 
electrode erosion on the air arc in a low-voltage circuit breaker,” Journal 
of Applied Physics, Vol. 106, no. 2009, 2009. 

[8] Q. Ma, M. Rong, A. B. Murphy, Y. Wu, and T. Xu, “Simulation study of 
the influence of wall ablation on arc behaviour in a low-voltage circuit 
breaker,” IEEE Transactions on Plasma Science, Vol. 37, no. 1, pp 261–
269, 2009. 

[9] F. Yang, Y. Wu, M. Rong, H. Sun, A. B. Murphy, Z. Ren, and C. Niu, 
“Low-voltage circuit breaker arcs - simulation and measurements,” 
Journal of Physics D: Applied Physics, Vol. 46, no. 27, 2013. 

[10] A. I. Aio, “Modelization and analysis of the electric Arc in low voltage 
circuit breakers,” PhD thesis, Universidad del País Vasco Euskal 
Herriko Unibertsitatea, 2013. 

Shin 3.345

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



46

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



 

 

Mathematical model of the arc erosion in 

bimetallic electrical contacts 
 

S.N. Kharin 
Kazakh-British Technical University 

KBTU 

Almaty, Kazakhstan 

staskharin@yahoo.com 

 

H. Nouri 

University of the West of England 

Bristol, UK 

 
B. Miedzinsky 

Institute of Innovative Technologies EMAG, 

Katowice, Poland 

 

 
Abstract-The mathematical model describing the non-

stationary temperature field in a bimetallic contact 

consisting of a basic material and a covering is 

presented. It is based on the axially symmetric heat 

equation with the boundary conditions including an arc 

heat flux entering the covering surface and the ideal 

heat contact on the interface between covering and the 

basic material. The arc heat flux consists of the several 

components relating to the heating due to the electron 

and ion bombardment, arc radiation, inverse electrons, 

and cooling due to the electron emission, melting and 

evaporation. The dynamics of all these components is 

calculated for the brass contacts with the AgCdO  

covering. It is found that the transition from the 

metallic arc phase to the gaseous arc phase occurs due 

to dynamical redistribution of the arc heat components. 

The resulting temperature fields in the basic contact 

and the covering enable us to choose the parameters for 

the optimal thickness of covering. 

 

Keywords - electrical contacts; surface coating; arc 

erosion; mathematical model 

 

 
I   INTRODUCTION 

 
   Bimetallic electrodes and electrical contacts 

consisting of a basic material and thin covering find 

an application for plasma generators, electrical 

apparatus, micro-electronics and many other fields. 

The problem of the optimal choice of the parameters 

of a covering is discussed in many papers. One of the 

first important parameters is the thickness of a 

covering which rational minimization enables one to 

provide saving of a noble and deficit material. The 

problem of the limiting thickness of a covering from 

noble metals (gold, platinum, palladium) providing 

reliable protection against aggressive surroundings 

and fretting-corrosion has been discussed in the 

papers [1]-[2]. The influence of a current range on 

this limiting thickness is considered in the paper [3]. 

It was found [5]-[6] that it is important for the silver-

based coverings (Ag, AgCdO, AgCu) not only the 

condition of the contact surface but also the quality of 

the interface surface between the covering and the 

basic material (copper, brass, nickel etc.). However 

the covering problem is considered in all mentioned 

above papers only with relation to corrosion and the 

surface fretting, while the not less important factor of 

the arc erosion of a covering at the current 

commutation remains to be not considered practically 

except for some publications for solely specific cases 

[7]-[8]. The experimental investigations of dynamical 

phenomena in this direction which are of very short 

duration involve difficulties. Therefore the 

mathematical modeling of such phenomena seems to 

be very important.  

 

II.       MATHEMATICAL MODEL 

 

Fig. 1  Temperature field in a bimetallic contact 

 

 

Fig. 1 depicts the temperature field (axial section) in 

a bimetallic contact with coating 1D  of the thickness 

h  and the basic material 2D . The arc heat flux 

entering the contact is P  and the arc contact spot is

0r . This field is described by the heat equation 
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with the boundary conditions 
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The main problem of this model is the determination 

of the arc heat flux entering the anode

( , ) ( , )aP r t P r t and the cathode

( , ) ( , )cP r t P r t . This flux can be found from the 

equation of the arc energy balance 
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where   

                                                 

( , ) ( , ) ( , )A J LP r t P r t P r t 
 

is the total heat flux generated by the arc, 
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 are its inductive power and Joule components 

entering anode and cathode. These components 

should be calculated taking into account the electron 

and ion bombardment of electrodes, their heating due 

to arc radiation and cooling due to melting and 

evaporation, and also cathode heating due to inverse 

electrons from the arc column and it’s cooling due to 

electron emission [9]. All these heat flux components 

can be represented in the axial symmetric model in 

the form of normal distribution: 
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( , ) ( )exp[ ]

( )
i i
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r
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r t
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with unknown functions ( ),  ( )i iP t r t which should 

be found in the course of solution.  

The corresponding components of the power can be 

defined by integration of the expressions (6) along 

the contact plane: 
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III.      RESULTS OF SOLUTION 

 

The calculation is carried out for the brass electrical 

contacts with AgCdO  coating for the following 

parameters:  thickness of coating 1 h mm , opening 

velocity 0.2 /V m s ,  current 10I A , voltage  

40 U V and  inductance 10 L H  as shown in 

Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Electrical circuit 

 

The dynamics of the current, the voltage and the 

components of the arc power are given 

 in Figs. 3 to 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3   The arc current and voltage 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

      

 

Fig.4   Dynamics of the arc power components 
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Fig. 5   Heat fluxes into anode and cathode 

 

The following analytical expressions for the arc 

voltage and current are obtained: 
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where the constant k can be found from the solution 

of the transcendent equation 
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Here At is the arc duration, ,m mI U  are minimum 

threshold values of the arc current and voltage  

(for      0.4 ,    12 m mAgCdO I A U V  ). 

Also, it was found also that the arc duration 

8 At ms . 

From inspection of Fig. 5 one can conclude that the 

inductive component of the power is relatively small 

in comparison with the Joule component for the 

considered case. However the calculation shows that 

already at 50 L mH the situation is inversed and 

essentially the arc duration increases. 

   The dynamics of the heat fluxes into anode and 

cathode shown in Fig. 5 depicts two arc phases, the 

anodic arc phase with the material transfer from 

anode to cathode (the metallic mode of the ion 

current) and the cathodic arc phase with the inverse 

material transfer (mainly the gaseous mode of the ion 

current). The point of intersection act t corresponds 

to the transition from anodic to cathodic arc phase. 

The temperature of the gas ionization reaches a little 

bit later, thus the cathodic phase begins at the 

metallic mode although its duration is small. A 

certain time after this moment is required for the 

inverse material redeposition from the cathode to the 

anode. 

The determination of the time crt t when the purely 

cathode losses begin is very important for the 

minimization of the arc erosion, which can be 

attained at the arc switching off at this time.  

   The results of calculation of the dynamics of the 

cathode loss and gain given in Fig. 6 are in a good 

agreement with the experimental data [10]-[11].  The 

results of the calculation of the temperature fields 

into cathode are shown in Figs. 7 to 9 which reveals 

its dependence on the time and the thickness layer.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Dynamics of the cathode erosion                          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 The temperature at the centre of the 

          arc spot on the cathode      

 

                                                                                       

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 8  The temperature inside the covering                 
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 Fig. 9 Dependence of erosion  on the thickness of the 

covering and on its interface with the electrode                           

 

Fig. 7 shows that the temperature at the centre of the 

arc spot on the cathode decreases very quickly due to 

a good heat transfer inside the brass electrode. The 

calculation shows that for electrode with a worse heat 

conductivity (nickel, iron) the decrease of 

temperature   is essentially slow, that leads to the 

increase  of the arc erosion. The thickness layer for 

such materials should be about 30% greater in order 

to provide the same level of erosion like for the brass 

contacts. The rate of change of the temperature on the 

interface between the base material and layer  

2 (0, , )T h t and inside layer 1(0, , )mT z t  ( mz is the 

point where temperature is measured by the 

thermocouple) is shown in Fig. 8 which is essentially 

low. These calculated data are in a good agreement 

with the results of measurements [10]-[11].  

   The results of calculation presented in Fig. 9 show 

that the dependence of erosion on the thickness layer 

is considerable in this case for the values of thickness 

which are not greater than 0.6 mm only. This 

threshold value can be considered as the main 

criterion for the choice of the lower limit of the 

thickness covering.  Another criterion is the 

temperature limit on the interface between the layer 

and the base material. It should not be greater than 

the threshold temperature of phase transformation 

(softening and stress of the material). The 

corresponding upper limit is determined by the 

corrosion process on the outside surface during 

performance of the contact system. 
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The Threshold Welding Current for Closed Vacuum Interrupter Contacts with ‘n’ Regions of 

Contact for Short Duration, High Fault Currents  

Paul G. Slade, LFIEEE (Consultant) 

Erik D. Taylor and Andreas Lawall (Siemens AG) 

A model is developed to calculate the threshold welding current for the two designs of large area vacuum interrupter contacts: 
the transverse magnetic field (TMF) contact and the axial magnetic field (AMF) contact. The model considers: (1) that large 
area, closed, vacuum interrupter contacts have more than one region, i.e. ‘n’, regions of contact; (2) the total contact resistance 
of the closed contacts by including the expected constriction resistance as well as the resistance resulting from the high 
temperature of the contact regions; (3) the effect of the ‘blow-off’ force from the passage of the current through the contact 
regions; (3) the attractive force generated by the magnetic field of the AMF contacts; and (4) the reduction of the hardness of 
the contact metal in the vicinity of the high temperature at the contact regions. A discussion of the model shows how it can be 
used as a design tool to analyze not only welded contact structures, but also to determine the contact force required to 
minimize the effect of welding during the passage of overload and short-time withstand currents.  

1. INTRODUCTION 

Vacuum circuit breakers contain vacuum interrupters 

with large area contacts. Figure 1 shows the two designs 

in common use (a, b) the Transverse Magnetic Field 

(TMF) contact and (c, d) the Axial Magnetic Field (AMF) 

designs [1]. Each design has relatively flat contact faces 

and is subjected to high, closed contact forces. One often 

neglected design consideration is that these contacts 

usually have multiple contact regions.                          

       

(a) Spiral TMF Contact (b) Contrate Cup TMF Contact                                                

                     

(c ) Cup AMF Contact        (d ) Half Circle AMF Contact 

Fig. 1: Contact designs used in high current vacuum 

interrupters. 

Thus it has been observed for at least 25 years that when 

these contacts open, two or more parallel arcs form before 

coalescing into one arc as the contacts open further [2 – 5]. 

In fact, one experimental, vacuum interrupter, contact 

structure [6] shows up to 7 parallel arcs forming as the 

contacts open, see Fig. 2 

 

Fig.2: The opening sequence of an experimental vacuum 

interrupter with Cu-Cr contacts, showing multiple initial 

contact spots. The left-hand and right-hand images are 

taken perpendicular to each other (Fig.12 from Reference 

[6]). 

For high current interruption, the TMF contact relies upon 

moving a columnar vacuum arc rapidly across the contacts’ 

surfaces [1]. The AMF design ensures a diffuse vacuum arc 

even at high currents [1]. When closed the total force 

contact force to the TMF contact is supplied by the design 

force of the mechanism in which it is housed, plus the force 

from atmospheric pressure acting on the vacuum 

interrupter’s bellows. The AMF deign has an extra holding 
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force from the magnetic field developed by the current 

flowing through the coil structure behind the contact faces. 

If a simple structure  

                      

Fig. 3: The current flowing between two coils. 

shown in Fig. 3 is analyzed for two coils spaced ‘d’ apart, 

with radius ‘r’ with a peak current ‘i’, the extra holding 

force is:  

                    𝐹𝐴 =
𝜇𝑜×𝑟×𝑖2

𝑑
                        (1) 

where FA is in Newtons when 𝜇0 = 4𝜋 × 10−7  𝑁 𝐴2⁄  and 

d & r are in meters. Thus in the analysis that follows  

                               𝐹𝐴 = 𝑘𝑖2                                  (2) 

In this paper, models are presented for the expected 

withstand current for a given contact holding force for both 

a TMF and AMF contacts.  

2. ANALYSIS: THE THRESHHOLD WELDING 

CURRENT FOR AMF CONTACTS 

The development of these equations requires certain 

assumptions: 

(a) Although each region of contact is made up from a 

number of micro contact spots, the contact resistance 

in each region is determined by an average contact 

spot radius ‘a’, the “Holm Radius” [7,8]. 

(b) The regions of contact are located a sufficient distance 

apart that they can be considered independent of each 

other [9,10]; i.e. large area contact regions are similar 

to separate contact paths in parallel. 

(c) The duration of the overload or fault current is short 

enough to not significantly increase the bulk 

temperature of the contacts: e.g. a few ac half cycles. 

(d) When current flows across closed contacts there is a 

repulsion or blow-off force given by [11]: 

𝐹𝑏 = 𝛽 ∙ 𝑖2                                (3) 

where 𝛽 = 4.45 × 10−7  
𝑁

𝐴2 

(e) The Hardness at the contact regions just before the 

contacts melt and weld is given by [11]: 

𝐻 = 0.1 × 𝐻0                                                (4)  

where H0 is the contact material’s hardness at 20° C.  

 

When passing the switch’s rated current, the total contact 

force is Ft = F + ki2 where F is the switch’s designed 

contact force plus the force on the contacts exerted by 

atmospheric pressure acting on the vacuum interrupter’s 

bellows (Fb being negligible). For one region of contact: 

 

                        𝐹 = 𝐻𝜋𝑎2                                    (5) 

where H is the contact material’s hardness. If there are ‘n’ 

contact spots then for the same contact force: 

     𝜋𝑎2 = 𝑐1𝜋𝑎2 + 𝑐2𝜋𝑎2 + ⋯ + 𝑐𝑛𝜋𝑎2      (6) 

i.e.          𝜋𝑎2 = ∑ 𝑐𝑛
𝑛
1 𝜋𝑎2                               (7) 

Where c1  ,c2 …….. cn are less than 1 and 

      .                   ∑ 𝑐𝑛
𝑛
1 = 1                                   (8)  

If F1, F2,……, Fn are the contact forces experienced by 

contact regions 1, 2 to n respectively then for the AMF 

contact structure: 

                 𝐹 + 𝑘𝑖2 = 𝐹1+𝐹2+……..+𝐹𝑛               (9) 

If the Holm radius at contact region 1 is a1 then: 

              𝐹1 = 𝐻𝜋𝑎1
2 = 𝐻𝑐1𝜋𝑎2 = 𝑐1𝐹            (10) 

Similarly:   𝐹2 = 𝑐2𝐹,……, 𝐹𝑛 = 𝑐𝑛𝐹                 (11)  

The contact resistance R1 for contact region 1 is:    

    𝑅1 =
𝜌

2𝑎1
=

𝜌

2
√

𝜋𝐻

𝐹1
=

𝜌

2
√

𝜋𝐻

𝑐1(𝐹+𝑘𝑖2)
          (12)                   

Similarly for contact regions 2,…., n:                                    

𝑅2 =
𝜌

2
√

𝜋𝐻

𝑐2(𝐹+𝑘𝑖2)
  to  𝑅𝑛 =

𝜌

2
√

𝜋𝐻

𝑐𝑛(𝐹+𝑘𝑖2)
    

If the total peak circuit current is i and if the currents 

through regions 1, 2……n are i1, i2………in respectively, 

then: 

                          𝑖 = 𝑖1 + 𝑖2 + ⋯ + 𝑖𝑛             (13) 

i.e.                    𝑖 = ∑ 𝑖𝑛
𝑛
1                                  (14) 
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The voltage drop across each contact region must be the 

same, so that: 

                          𝑖1𝑅1 = 𝑖2𝑅2 = ⋯ = 𝑖𝑛𝑅𝑛    (15) 

  𝑖1
𝜌

2
√

𝜋𝐻

𝑐1(𝐹+𝑘𝑖2)
= 𝑖2

𝜌

2
√

𝜋𝐻

𝑐2(𝐹+𝑘𝑖2)
= ⋯ =

𝑖𝑛
𝜌

2
√

𝜋𝐻

𝑐𝑛(𝐹+𝑘𝑖2)
                                                (16) 

Using Eqs. (14), (16) and (17)  

𝑖1 =
𝑖√𝑐1

√𝑐1 + √𝑐1 + ⋯ + √𝑐𝑛

 

𝑖. 𝑒.  𝑖1 =
𝑖√𝑐1

∑ √𝑐𝑛
𝑛
1

              𝑖2 =
𝑖√𝑐2

∑ √𝑐𝑛
𝑛
1

 

through             𝑖𝑛 =
𝑖√𝑐𝑛

∑ √𝑐𝑛
𝑛
1

                    (17)  

When the overload or fault current flows, each contact spot 

experiences a blow-off force Fb1, Fb2 ……. Fbn from each 

contact region with the total blow-off force Fb: 

              𝐹𝑏 = 𝐹𝑏1 + 𝐹𝑏2 + ⋯ + 𝐹𝑏𝑛            (18)  

i.e.                     𝐹𝑏 = ∑ 𝐹𝑏𝑛
𝑛
1                           (19) 

Thus the total contact force at each contact spot from Eqs. 

(8) and (9) is:  

                      𝐹𝑡1 = 𝑐1(𝐹 + 𝑘𝑖2 − 𝐹𝑏)   

𝐹𝑡2 = 𝑐2(𝐹 + 𝑘𝑖2 − 𝐹𝑏) 

through      𝐹𝑡𝑛 = 𝑐𝑛(𝐹 + 𝑘𝑖2 − 𝐹𝑏),        (20)                     

i.e.               𝐹𝑡1 = 𝑐1(𝐹 + 𝑘𝑖2 − ∑ 𝐹𝑏𝑛
𝑛
1 )  

                     𝐹𝑡2 = 𝑐2(𝐹 + 𝑘𝑖2 − ∑ 𝐹𝑏𝑛
𝑛
1 )     

 through    𝐹𝑡𝑛 = 𝑐𝑛(𝐹 + 𝑘𝑖2 − ∑ 𝐹𝑏𝑛
𝑛
1 )   (21)                        

When contact welding occurs the total welding current iw is 

given by the sum of the ‘n’ currents passing through each 

of the contact spots, i.e. 

          𝑖𝑊 = 𝑖𝑊1 + 𝑖𝑊2 + ⋯ + 𝑖𝑊𝑛                         (22) 

i.e.                  𝑖𝑊 = ∑ 𝑖𝑊𝑛
𝑛
1                                       (23) 

From Eq. 3 the blow-off forces for contact regions 1,2 to n: 

                  𝐹𝑏1 = 𝛽 ∙ 𝑖𝑊1
2                 

                   𝐹𝑏2 = 𝛽 ∙ 𝑖𝑊2
2       

through    𝐹𝑏𝑛 = 𝛽 ∙ 𝑖𝑊𝑛
2                      (24) 

Then using Eqs. (20) and (23) for contact spot 1: 

   𝐹𝑡1 = 𝑐1(𝐹 + 𝑘𝑖𝑊
2 − 𝛽 ∙ ∑ 𝑖𝑊𝑛

2𝑛
1 )   (25)           

                                                                                    
Similar expressions can be developed for Ft2 through Ftn. 

Using the relationships shown in Eq. (18) 

𝐹𝑡1 = 𝑐1 (𝐹 + 𝑘𝑖𝑊
2 − 𝛽

∙ 𝑖𝑊
2   [

𝑐1

(∑ √𝑐𝑛
𝑛
1 )

2 +
𝑐2

(∑ √𝑐𝑛
𝑛
1 )

2 + ⋯

+
𝑐𝑛

(∑ √𝑐𝑛
𝑛
1 )

2])                  (26) 

𝐹𝑡1=c1 (F+𝑘𝑖𝑊
2 − β∙iW

2   [
∑ 𝑐𝑛

𝑛
1

(∑ √𝑐𝑛
𝑛
1 )

2])          (27)                                                                                      

From Eq. (6),  ∑ 𝑐𝑛
𝑛
1 = 1 so:                         

𝐹𝑡1 = 𝑐1 (𝐹 + 𝑘𝑖𝑊
2 −

𝛽∙𝑖𝑊
2

(∑ √𝑐𝑛
𝑛
1 )

2 )                    (28) 

Assuming that contact welding occurs when the voltage 

across each contact spot reaches the contact material’s 

melting voltage, Um, [6] then for each contact spot: 

          𝑈𝑚 = 𝑖
𝑊1

𝑅1 = 𝑖𝑊2𝑅2 = ⋯ = 𝑖𝑊𝑛𝑅𝑛        (29) 

where iW1, iW2 through iWn, are the currents at which each 

contact spot melts. So for contact region 1: 

            𝑈𝑚 = 𝑖𝑊1 ×
𝜌

2
√

𝜋𝐻

𝐹𝑡1

                         (30) 

A similar equation can be determined for contact spots 2 

through n.  The average resistivity for a contact whose spot 

temperature is T1 close to the contact’s melting temperature 

is [14]: 

                  𝜌𝑇1 = 𝜌0 (1 +
2

3
𝛼[𝑇1 − 𝑇0])       (31) 
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where ρ0 is the contact’s bulk resistivity at temperature T0, 

which will not increase appreciably for a very short 

duration current of a few milliseconds and 𝛼 = 3.5 ×

10−3  1 ° 𝐾⁄  is the temperature coefficient of resistivity.  

The hardness H at a temperature close to the contact 

materials melting point is 0.1 x H0 where H0 is the hardness 

at temperature T0.Thus, substituting Eqs. (16), (27), (30) 

and the value for H in Eq.  (29), the expression for Um 

becomes: 

                𝑈𝑚 =
𝑖𝑊√𝑐1

∑ √𝑐𝑛
𝑛
1

×
𝜌0 (1 +

2
3

𝛼[𝑇1 − 𝑇0])

2 √

𝜋(0.1𝐻0)

𝑐1𝐹 + 𝑐1𝑘𝑖𝑊
2 −

𝑖𝑊
2 𝑐1 × 𝛽

(∑ √𝑐𝑛
𝑛
1 )

2

                    (32) 

giving               

       𝑖𝑊 =
2𝑈𝑚(∑ √𝑐𝑛

𝑛
1 )√𝐹

[{𝜌0 [1 +
2
3

𝛼(𝑇1 − 𝑇0)]}
2

𝜋(0.1𝐻0) + 4𝑈𝑚
2 (𝛽 − 𝑘{∑ √𝑐𝑛

𝑛
1 }

2
 )]

1
2⁄

                           (33) 

In a practical world, for a single large contact the values of 

“cn” are not usually known. Thus it is not usually possible 

to calculate a value of iW from Eq. 33. It has been shown 

[12] that even for a gross range of values different from 

equal values of “cn” there is only about a 10% variation in 

the ∑ √𝑐𝑛
𝑛
1  value of contact resistance.  So a switch 

designer switch designer is forced to use Eq. (33) where the 

“cn” values are equal. Thus, if 𝑐1 = 𝑐2 = ⋯ = 𝑐𝑛 =
1

𝑛⁄     then     √𝑐1 + √𝑐2 + ⋯ + √𝑐𝑛 =
𝑛 

√𝑛 
  𝑠𝑜  ∑ 𝑐𝑛

𝑛
1 =

√𝑛. This gives:  

   

                     𝑖𝑊 =
2𝑈𝑚(√𝑛)√𝐹

[{𝜌0 [1 +
2
3

𝛼(𝑇1 − 𝑇0)]}
2

𝜋(0.1𝐻0) + 4𝑈𝑚
2 (𝛽 − 𝑘𝑛)]

1
2⁄

                (34) 

For the TMF contact structure k = 0 so as shown previously [12]: 

                     𝑖𝑊 =
2𝑈𝑚(√𝑛)√𝐹

[{𝜌0 [1 +
2
3

𝛼(𝑇1 − 𝑇0)]}
2

𝜋(0.1𝐻0) + 4𝑈𝑚
2 (𝛽)]

1
2⁄

                            (35) 

3. CALCULATION OF ‘k’ VALUES FOR A 

PRACTICAL AMF CONTACT DESIGN 
 

The first step for estimating the value of ‘k’ in Eq. (33)   is 

to use a two dimensional axi-symmetric model.  This 

modeling includes some aspects of the physical size of an 

actual AMF coil, as well as the effects of eddy currents in 

the contacts between the two coils: see Fig. 4. For initial 

comparison to the analytic formula Eq. (1), the two 

dimensional modeling is first performed with a constant 

current (0 Hz).  This model shows the effects of the 

physical dimensions of the coils and their positions.  The 

main effect is a reduction of the attractive force.  An 

improved analytic model solves for the attractive force of 

two current carrying rings.  The attractive force is [13]:  

𝐹𝐴 =
𝜇0𝑖2𝜅 ∙ 𝑑

4𝑟
∙ [

2 − 𝜅2

1 − 𝜅2 ∙ 𝐸(𝜅) − 2𝐾(𝜅)]      (36) Fig. 4:  Structure used for two-dimensional axi-symmetric 

modeling, specific example is for 62mm diameter.   
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𝜅 = √
4𝑟2

4𝑟2 + 𝑑2        (37) 

𝐾(𝜅) & 𝐸(𝜅) are elliptical integrals of the 1st and 2nd kind 

𝐾(𝜅) = ∫
𝑑𝛼

√1 − 𝜅2 ∙ 𝑠𝑖𝑛2𝛼

𝜋 2⁄

0

      (38) 

𝐸(𝜅) = ∫ √1 − 𝜅2 ∙ 𝑠𝑖𝑛2𝛼𝑑𝛼      (39)
𝜋 2⁄

0

 

and 𝑖 is the current, 𝑟 is the radius of the coils, and 𝑑 is the 

axial distance between the coils.  Although Eqs. (36) to 

(39) appear complicated, it is straightforward to program 

these equations into any of a variety of symbolic 

calculation programs to determine 𝐹𝐴 using Eq. (36).   

The 3-D FEA model includes the actual structure of the 

AMF coils, the contacts, support post behind the contacts 

and the portion of the terminals near to the coils. The AMF 

coils have the cup coil arrangement with six arms, as 

described in [14]: see Fig. 5.  The force in the axial 

direction on the coil, contact, support post and terminal on 

one side is calculated to determine the attractive force.  The 

net force on all parts is also calculated to be zero, thereby 

helping to verify the model setup.  The attractive force is 

modeled for two contact diameters, 62 and 90 mm. A peak 

current of 56.6 kA (40 kA rms) is used for each model. In 

order to compare 3-D model with the two dimensional 

model, the peak current is divided by the number of arms of 

the actual AMF contact structure (i.e. 6) for the two 

dimensional model: the current flowing in the 2-D ring is 

(56.6 𝑘𝐴 6⁄ = 9.4 𝑘𝐴). 

The results of the analytic formulas and the two 

dimensional modeling are shown in Fig. 6, which plots the 

attractive forces as a function of the external diameter of 

the AMF. Since Eqs (1) and (36) treat the AMF coils as if 

they were a thin wire, the radius and coil spacing should at 

the center of the current distribution in the coil.  For 

example, the coil structure in Fig. 4, the external coil radius 

𝑟 is 31 𝑚𝑚 (𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 62 𝑚𝑚), and the diameter used 

to calculate the radius is reduced by 10 𝑚𝑚 [𝑟 =

(𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 − 10 𝑚𝑚) 2⁄ ].  With this correction to 𝑟, the 

analytic model in Eq. (36) of current rings agrees very well 

with the two dimensional modeling at 0 Hz.  

The results of the three dimensional modeling at 50 Hz for 

the 62 and 90mm AMF coils are also plotted in Fig. 6. The 

attractive forces for the 3-D AMF model are higher than the 

values from either the analytic formulas or the two 

dimensional modeling. These calculated values are  259 𝑁 

and 271 𝑁 respectively.  The 𝑘 values are in turn 8.1 ×

10−8  𝑁 𝐴2 ⁄ and 8.5 × 10−8  𝑁 𝐴2⁄ . 

A deeper analysis reveals the source of this difference.  The 

attractive force in the axial direction comes from the 

azimuthal current density and the radial magnetic field 

integrated over the coil 

𝐹𝐴 = ∫ 𝑗𝜃 ∙ 𝐵𝑟 𝑑𝑉   (40) 

Looking at a single coil in open space, the magnetic pinch 

force acts on the coil.  This generates a force that attempts 

                   

Fig. 5: The AMF contact structure with diameter of 62mm, 

used for three-dimensional FEA modeling. 

   

 

 Fig. 6: The calculated attractive force as a function of coil 

diameter for the peak of 40 kA rms, using Eq.(1), two 

dimensional modeling, Eq. (36) and 3-D  modeling of 

actual AMF contacts. 

to compress the coil towards the center of the current path.  

Although the magnitude of the force can be significant near 
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the surface the coil (where Br is largest), the net force on 

the coil averages to zero, giving no overall motion for the 

coil.  The addition of a second coil gives an additional Br 

component in the first coil, thereby leading to the attractive 

force from Eqs. (1) and (36) and the two-dimensional 

modeling.  However, the distance between the coils 𝑑 

reduces the magnitude of the resulting attractive force.  In 

realistic AMF coils, features like the overlapping coil arms 

in cup-shaped AMF coils can create an additional 𝐵𝑟 term, 

which then modifies the attractive force. Other contact 

structures that could modify the attractive force include 

non-axisymmetric features and portions of the current path 

where the current flow area expands or contracts. 

The attractive force can provide a non-trivial increase in the 

threshold welding current for a given design contact force. 

Using Eqs. (34) & (35) for Cu-Cr contacts with 3 regions of 

contact, a diameter of 62 mm and 𝜌 = 33 𝜇Ω ∙ 𝑚𝑚, 𝛼 =

3.5 × 10−3, n = 3, 𝑈𝑚 = 0.43 𝑉 and 𝐻0 = 700 𝑁 𝑚𝑚2⁄ . 

The design force is 4020N and the added force from 

atmospheric pressure on the vacuum interrupter’s bellows 

is 230N giving F = 4250N for a fault current of 40kA (rms).  

For example: For the TMF contact iW = 56.7 kA, but for the 

AMF contact iW = 59.5 kA, an increase of 1.8 kA. 

 

 

5. CONCLUSIONS 

1) The attractive force resulting from the design of 

the AMF vacuum interrupter contact design 

results in an increase in the threshold welding 

current for closed contacts carrying a fault 

current. 

2) This force scales with the current squared and is 

given by 𝐹𝐴 = 𝑘𝑖2 where ‘k’ is a constant which 

depends on the geometric arrangement of the 

coil. 

3) Straightforward analytical formulas and/or two 

dimensional modeling seem to give an easily 

determined estimate ‘k’  

4) A three dimensional FEA model of realistic AMF 

coil demonstrates that 𝑘 critically depends on the 

structure of the radial magnetic field Br. 

Therefore, three dimensional modeling is 

necessary to accurately determine the exact value 

of ‘k’ 
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Abstract—In order to investigate influences of surrounding 

atmospheres on breaking arc duration characteristics of 

electrical contacts, breaking arc durations were measured in 

several kinds of atmospheres (N2, Ar, He, air, O2 and CO2) under 

different voltage and current conditions, respectively. A 

quantitative mathematic model, which aims to explain 

dependences of breaking arc durations on gas parameters such as 

specific heat capacity, molecular mass, electronegativity, and 

thermal conductivity, was searched through data fitting processes. 

Obtained results indicated that appropriate selections of a 

function for the data fitting processes as well as their 

optimization is critical to realize a satisfactory mathematic model. 

Keywords—break arc; atmosphere; arc duration; data fitting 

I.  INTRODUCTION  

Appropriate selections of surrounding atmospheres or gases 
in DC switching devices provide us with improved quenching 
abilities of break arcs, which in turn can realize improved 
electrical lifetimes of electrical contacts.  This is because 
ignition and quenching of break arcs are likely to be greatly 
influenced by surrounding gases.  Previous researches on arc 
quenching abilities of several gases can be divided into two 
categories:  experimental studies and data simulation studies. 

Many experimental studies on influences of surrounding 
gases have been reported.  For example, Xin studied arc 
characteristics under 270VDC and 6 to 130A, and found that 
arc durations in H2 were much shorter than those in air or N2 
[1].   Hasegawa carried out breaking arc experiments in air, Ar 
and N2 at 0.1MPa, and showed that the average breaking arc 
duration in Ar (0.360ms) was closed to that in air (0.375ms), 
but longer than that in N2 (0.260ms) [2].  Zhou conducted 
breaking arc experiments with applied magnetic field of 30mT 
in air and N2 at atmospheric pressures from 0.1 to 0.25MPa, 
and concluded that the average breaking arc duration in air was 
longer than 3.3ms, while that in N2 was shorter than 3ms under 
the condition of 300VDC and 100A [3].  Takahashi studied 
influences of organic compound atmospheres on electrical 
endurance characteristics of AuAg alloy contacts, and found 
that contact life in several atmospheres at 15VDC and 0.53A as 
follows: tetrahydrofuran < methanol< 2-propanol < formic acid 
[4]. 

On the other hand, several studies about numerical 
simulations on influences of surrounding gases have been also 
reported.  For example, Yan studied densities of multiple 
particles such as N2, N2

+
, N, O2, O2

+
 and O with different 

proportions of oxygen and nitrogen mixtures at different arc 
temperatures through emulation [5].  Specifically, under 
different breaking speeds, arc characteristics in nitrogen were 
simulated at 28DCV and 20 to 60A, and the obtained results 
showed that existence of silver vapors can make arc durations 
longer [6].  Liu calculated breaking capacity in SF6-N2 
mixtures with Patankar-Spalding method, and pointed out that 
the breaking capacity in the mixture of 60% SF6 and 40% N2 
becomes about 80% of that in pure SF6 condition [7]. 

Although several results have been reported, it is often 
difficult to determine accurate compositions of various 
particles in contact operations, because gas components in the 
surrounding atmospheres can be decomposed, combined, 
ionized and re-ionized due to arcing.  Thus, clear and sufficient 
understandings on influences of surrounding gases on break arc 
durations have not yet been made clear.  In addition, any 
quantitative mathematical models for explaining roles and 
influences of several physical parameters of the surrounding 
gases on breaking arc durations have been rarely reported. 

In view of the above, in this paper, serious of experiments 
for breaking operations of electrical contacts in N2, He, CO2, 
O2, Ar and air were conducted at conditions of 14 to 42VDC 
and 37 to 80A.  Possible mathematical models explaining 
relationships between breaking arc durations and physical 
parameters of the surrounding gases, such as specific heat, 
thermal conductivity, dissociation potentials, density, 
electronegativity, or viscosity coefficient, were discussed 
through data fitting procedures. 

II. EXPERIMENTAL METHOD 

A circuit diagram of the experimental circuit employed in 
this study is shown in Fig.1.  A schematic diagram of 
make/break operation mechanism for test contact pair is shown 
in Fig.2.  Table 1 shows the experimental conditions employed 
in this study.  Table 2 shows the load circuit conditions 
(voltage and current levels) employed in this study. 

Li 3.657

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



This circuit includes DC power supply E of 270V/100A, a 
pair of test electrical contacts K (please also see Fig.2), two 
adjustable resistors R and R1, and another DC power supply E1 
of 24VDC.  Voltage divider 1 and 2 are also provided in the 
circuit to respectively measure voltage levels UB1 and UB2 at 
the points B1 and B2.  The voltage measurement at B1 was 
conducted because the voltage level UB1 at B1 may not be equal 
to a voltage level supplied from the power supply E because of 
line impedances.  A current I = (UB1-UB2)/R can flow because 
the voltage level UB1 at B1 is not equal to the voltage level UB2 
at B2. 

 

 

 

 

 

 

Fig. 1. Experimental circuit. 

 

 

 

 

 

 

 

Fig. 2. Schematic diagram of make/break operation mechanism for test 

contact pair[8]. 

TABLE I.  EXPERIMENTAL CONDITIONS. 

Gap 
length 

Maximal 
contact force 

Stable 

contact 

force 

Maximal 
open speed 

Maximal 

close 

speed 

2.7mm 100N 25N 20mm/s 25mm/s 

TABLE II.  LOAD CIRCUIT CONDITIONS. 

E (V) 14 28 42 

I (A) 

39.5 37.8 39.9 

54.5 51.4 44.0 

88.5 62.0 56.5 

 80.2 64.7 

  77.2 

 

An operating cycle was set as 1 second on and 2 seconds 
off.  A moving contact was set as an anode.  Make/break 
operations of test contact pair were energized with a spring and 
an electrical coil, respectively. 

The total of 18 pairs of rivet-type AgCdO contacts were 
used, which were named as 1# - 18#, respectively.  Those 18 
pairs of test contacts were divided into 6 groups (with 3 pairs in 

each group).  Each of the 6 groups were used for experiments 
in N2, He, O2, Ar, CO2 and air, respectively.  More specially, 
the respective contact pairs were used for operations in the 
gases as follows: 1#-3# in air; 4#-6# in N2; 7#-9# in Ar; 10#-
12# in He; 13#-15# in CO2; and 16#-18# in O2. 

Before starting the respective experiments, the make/break 
operation mechanism shown in Fig.2 was put into a chamber, 
and the air in the chamber was evacuated with an adsorption 
pump up to 10

-4
 Pa.  Thereafter, the chamber was filled with 

one of the surrounding gases to the atmospheric pressure level 
and then sealed well until the end of the experiment. 

Each of the test contact pairs was operated to conduct break 
operations in Fig.1 up to 50 times under each of the load 
conditions (combinations of the voltage and current levels) 
listed in Table 2, starting from 14V-39.5A and then 
successively with the two other current levels at 14V, then 
28V-37.8A and further until 42V-77.2A.  Once a contact 
welding happened, the break operations were ended.  
Otherwise, the break operations were successively repeated 
until the 50 operations at 42V-77.2A were safely finished.  
During the operations, contact voltage waveforms and current 
waveforms were recorded by virtual instrumentation based on a 
contact simulation test device.  Average arc durations in the 
respective test conditions were calculated by way of a 
calculation program that was prepared based on LabVIEW 
software after the experiments. 

III. EXPERIMENTAL RESULTS 

Average breaking arc durations can be calculated by Eq. 

(1) below, in view of the facts that the 3 pairs of test contacts 

were operated in each of the test conditions (combinations of 

the surrounding gases, voltage levels and current levels). 
50 50 50

m i,1 i,2 i,3

1 1 1

1 1 1

3

1

50 50 50i i i

t t t t
  

 
  

 
                     

In this equation, ti,1，ti,2 and ti,3 represent the breaking arc 

duration of the i-th operation of the first, second and third test 
contact pairs in the corresponding gas, respectively.  Table 3 
shows the obtained average breaking arc durations at each of 
the test conditions. 

Exemplary actual measured values of breaking arc 
durations during the 50 operations under certain voltage and 
current conditions for sample 3# in air and sample 4# in N2 are 
shown in Fig 3.  As shown there, at each of the voltage and 
current conditions, the breaking arc durations are not likely to 
show any trends of monotonous rise or decrease with the 
increased number of operations.  The actual measured values of 
breaking arc durations were likely to fluctuate around the 
corresponding average value.  This means that influences of 
different surrounding gases on the breaking arc durations can 
be discussed without considering influences of the number of 
operations. 
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TABLE III.  OBTAINED AVERAGE BREAKING ARC DURATIONS IN EACH OF THE TEST CONDITIONS. 

voltage/V current/A Air N2 Ar He CO2 O2 

14 

39.5 9.60 8.09 29.18 3.34 5.54 4.37 

54.5 14.53 8.88 30.84 4.59 6.55 4.83 

88.5 17.92 10.43 31.65 5.99 8.05 6.10 

28 

37.8 34.36 18.01 74.56 15.08 19.44 20.67 

51.4 36.95 19.34 161.17 16.76 21.02 22.13 

62 46.72 20.17 - 17.73 21.80 23.50 

80.2 45.30 21.23 - 17.91 23.51 26.10 

42 

39.9 54.06 26.26 - 45.42 - - 

44 60.98 27.61 - 82.69 - - 

56.5 - 44.61 - - - - 

64.7 - 46.14 - - - - 

77.2 - 46.99 - - - - 

 

Note : the mark ”-” means that the welding appears in this condition, and therefore, there are no further experimental data. 

 

 

 

 

 

 

 

 

 

(a) 3# in air 

 

 

 

 

 

 

 

 

(b) 4# in N2 

Fig. 3. Exemplary actual measured values of breaking arc durations during 

the operations. 

As shown in Table 3, in different surrounding gases, the 
average breaking arc durations at 14V can be ordered in a 
sequence as follows: He < O2 < CO2 < N2 < air < Ar.  However, 
at 28V, the average breaking arc durations in the same 
surrounding gases can be ordered in a different sequence as 
follows: He < N2 < CO2 < O2 < air < Ar.  Such results suggest 
that arc quenching ability of N2 can be enhanced at higher 
voltage levels, while that in O2 is reduced.  With 42V, N2 
exhibited the best arc quenching ability among the six 
surrounding gases in this study.  Possibly related to such an 
enhanced arc quenching ability, no welding was observed in N2, 
while welding was often observed in the other five gases. 

IV. RELATIONSIPS BETWEEN GAS PARAMETERS AND 

BREAKING ARC DURATIONS 

As shown in Table 3, the breaking arc durations were 
influenced by the surrounding gases even with the same 
voltage and current levels.  Such tendencies are likely to be 
related to physical parameters of the respective gases. 

Surrounding gases can be decomposed, combined, ionized 
and re-ionized through interactions with arc discharges.  
Degrees of such interactions with arc discharges will vary with 
arc energies.  This means that the physical parameters of 
surrounding gases will vary with current and voltage levels of 
arcs.  Table 4 summarizes several physical parameters of the 
six gases, employed in this study, at room temperature.  In the 
table, Ui, m, η, Cv, κω and χ represents molecular ionization 
potential, relative molecular mass, viscosity, specific heat, 
thermal conductivity electronegativity, respectively. 
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TABLE IV.  PHYSICAL PARAMETERS OF THE SIX GASES AT 25 DEGREES CELSIOUS [9]. 

   N2 Air Ar He CO2 O2 

m/1 28 29 40 4 44 32 

η/(10
-7

Pa·s) 175.44 183.7 224.42 186.4 137.3 201.74 

Cv/J/(g·K) 0.741 0.72 0.312 3.116 0.684 0.661 

κω/W/(m·K)  0.0248 0.0259 0.0179 0.1426 0.01645 0.02571 

χ/eV 7.95 7.97 8.01 6 8.64 9.62 

Ui/V 15.5 15 15.7 24.6 13.7 12.8 

TABLE V.  VALUES OF LG(T) TO EQ.(5) IN THE CONDITIONS OF TABLE 3. 

voltage/V current/A   N2 Air Ar He CO2 O2 

14 

39.5 -1.5230 -1.7771 -1.1661 -1.9485 -1.7993 -1.7727 

54.5 -1.5230 -1.7771 -1.1661 -1.9485 -1.7993 -1.7727 

88.5 -1.5230 -1.7771 -1.1661 -1.9485 -1.7993 -1.7727 

28 

37.8 -1.5230 -1.7771 -1.1661 -1.9485 -1.7993 -1.7727 

51.4 -1.5230 -1.7771 -1.1661 -1.9485 -1.7993 -1.7727 

62 -1.5230 -1.7771 - -1.9485 -1.7993 -1.7727 

80.2 -1.5230 -1.7771 - -1.9485 -1.7993 -1.7727 

42 

39.9 -1.5230 -1.7771 - -1.9485 - - 

44 -1.5230 -1.7771 - -1.9485 - - 

56.5 - -1.7771 - - - - 

64.7 - -1.7771 - - - - 

77.2 - -1.7771 - - - - 

 
Note : the mark ”-” means that the welding appears in this condition, and therefore, there are no further experimental data. 

  

Based on the arc quenching principle as well as the results 
of numerical computation, eight parameters were selected, 
which include the current I and the voltage U in the circuit in 
addition to the previously-mentioned six physical parameters 
of the gases in order to establish a possible mathematical model 
for explaining relationships between breaking arc duration T 
and physical parameters of the surrounding gases.  As a 
candidate of function form, T = f(U, I, m, η, Cv, κω, χ, Ui) was 
selected, and data fitting processes were performed by using 
the following three different data fitting forms Eqs.(2) to  (4), 
with considerations of possibilities whether some physical 
parameters are influenced by the voltage U and the current I. 

( , , , Cv,kw,x,Ui)T f U I m η,                               
Every parameter is independent variable. 

 

( , , , Cv(U,I),Kw(U,I),x,Ui(U,I))T f U I m η(U,I),     

 

The parameters of η, Cv, Kw, and Ui are composite 

variables of the voltage U and the current I. 

 

( , , , Cv(U,I),Kw(U,I),x,Ui)T f U I m η(U,I),        

 
The parameters of η, Cv and Kw are composite 

variables of the voltage U and the current I. 
 

 

Gas 

Parameters 
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TABLE VI.  VALUES OF LG(T) TO EQ.(6) IN THE CONDITIONS OF TABLE 3. 

voltage/

V 

current/

A 
  N2 Air Ar He CO2 O2 

14 

39.5 -18.6353 -18.8437 -17.9405 -19.0531 -19.2176 -19.0139 

54.5 -19.0168 -19.2316 -18.3405 -19.4249 -19.6076 -19.3744 

88.5 -19.9878 -20.2172 -19.3536 -20.3887 -20.5979 -20.2978 

28 

37.8 -28.9352 -29.3129 -27.7769 -29.2490 -30.0897 -28.9495 

51.4 -29.2744 -29.6579 -28.1329 -29.5834 -30.4366 -29.2696 

62 -29.5613 -29.9494 - -29.8667 -30.7295 -29.5418 

80.2 -30.0820 -30.4779 - -30.3811 -31.2605 -30.0370 

42 

39.9 -39.3246 -39.8732 - -39.5330 - - 

44 -39.4247 -39.9749 - -39.6316 - - 

56.5 - -40.3061 - - - - 

64.7 - -40.5357 - - - - 

77.2 - -40.8988 - - - - 

                                      

Note : the mark ”-” means that the welding appears in this condition, and therefore, there are no further experimental data. 

TABLE VII.  VALUES OF LG(T) TO EQ.(7) IN THE CONDITIONS OF TABLE 3. 

Voltage 

/V 

Current 

/A 
  N2 Air Ar He CO2 O2 

14 

39.5 -23.0795 -23.2615 -22.6363 -23.5276 -23.5295 -23.3734 

54.5 -23.1606 -23.3477 -22.6807 -23.6022 -23.6374 -23.4487 

88.5 -23.4509 -23.6494 -22.8877 -23.8775 -23.9882 -23.7259 

28 

37.8 -25.9812 -26.2283 -25.0702 -26.3238 -26.7795 -26.2006 

51.4 -26.0480 -26.2998 -25.1037 -26.3847 -26.8705 -26.2623 

62 -26.1228 -26.3780 - -26.4547 -26.9641 -26.3329 

80.2 -26.2791 -26.5405 - -26.6030 -27.1528 -26.4822 

42 

39.9 -28.8962 -29.2098 - -29.1317 - - 

44 -28.9142 -29.2291 - -29.1478 - - 

56.5 - -29.3088 - - - - 

64.7 - -29.3735 - - - - 

77.2 - -29.4851 - - - - 

 
Note : the mark ”-” means that the welding appears in this condition, and therefore, there are no further experimental data. 
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The results corresponding to the respective data fitting 
forms of Eq. (2)-(4), each obtained by actually fitting the 
experimental data shown in Table 3, are indicated as Eqs. (5) to 
(7), as follows.  Tables 5-7 respectively shows the calculation 
results of T for each of Eqs (5) to (7).  The data fitting 
processes were done by calling a regress function in MATLAB 
and using least square method. 

 
1.69 0.3941 10.8349 11.5012 7.0469

2.6053 2.1487 2.013
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The value T in Eqs. (5) to (7) represents the relative value 
of breaking arc durations in the different surrounding gases, 
which becomes smaller when actual breaking arc durations 
become shorter.  From the calculations, the voltage U seems to 
exhibit much influences on the breaking arc durations than the 
current I in the respective data fitting forms.  For example, the 
values of U and I are 1.69 and 0.3941 in Eq.(5), respectively, in 
which the former is 4.28 times larger than the latter.  Similarly, 
the value of U is 24.9 times larger than that of I in Eq.(7).  In 
addition, the parameters m and Kw are positively related to the 
value T, while Cv and X are negatively related to the value T. 

As shown in Table 5, with increased voltage levels, the 
value of T, calculated by Eq. (5), fails to indicate the sequence 
of the arc quenching abilities in the respective gases.  The 
experimentally determined sequence of the arc quenching 
abilities was changed as the voltage level became larger.  For 
example, the order of the experimentally determined breaking 
arc durations with 14V was He <O2 < CO2 < N2 < air < Ar, 
while that with 28V changed as He < N2 < CO2 < O2 < air <Ar. 

As shown in Table 6, with Eq.(6), although the value of T 
changes with the increased voltage levels, the degree of 
consistency between the calculated sequence and the 
experimentally determined sequence were not satisfactory.  
The calculated relative sequence of the arc quenching abilities 
was conformed to the experimentally determined sequence 
only with respect to He, air and Ar.  Thus, the degree of 
consistency can be expressed as about 50%. 

As shown in Table 7, with Eq.(7), the value of T changes 
with the increased voltage levels.  The degree of consistency 
between the calculated and experimentally determined 
sequences were better than the previous results.  The calculated 
relative sequence of the arc quenching abilities was conformed 
to the experimentally determined sequence with respect to He, 
N2, O2, air and Ar.  Thus, the degree of consistency in this case 
can be expressed as 83.3%. 

Therefore, Eq (7) shows the most reasonable results among 
the three different types of data fitting forms examined for the 
purpose of showing influences of the surrounding gases the 
breaking arc duration characteristics. 

V. CONCLUSIONS 

(1) N2 exhibited the best arc quenching ability with larger 
voltage level.  For example, the sequence of the average 
breaking arc durations with 14V was O2 < CO2 < N2, while 
with 28V, the sequence was N2 < CO2 < O2. 

(2) The experimental results and the fitting results show 
that the relationship between the surrounding gases and the 
average break arc durations is complex and nonlinear.  The 
sequence of the arc quenching abilities of different gases is 
likely to change with the increased voltage levels. 

(3) A new mathematical model was introduced to explain 
the relationships between the physical parameters of a 
surrounding gas and the breaking arc durations. 

It should be noted that the introduced mathematical model 
between the physical parameters of the surrounding gas and the 
breaking arc durations has to be further examined and 
appropriately revised in further investigations. 
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Abstract— Automotive electrical connectors are critical for 

safe and efficient operation of a vehicle. However, their 

durability is limited by fretting-corrosion. This type of surface 

damage is observed between two mated surfaces subjected to 

vibrations and thermal cycling. Such conditions occur during 

normal vehicle operation causing two parts of an electrical 

contact to move in relation to each other with high frequency and 

small displacement amplitude - typically tens or hundreds of 

microns. This generates damage of both surfaces, wear particles 

are produced and subsequently oxidised in air atmosphere. As a 

result, an oxide film is formed at the interface, which isolates 

both surfaces and increases electrical resistivity leading to the 

contact failure. It is shown in this study, how electrical contact 

durability can be extended by a surface design approach, which 

controls the metallic interface and assures low contact resistance. 

The approach links imposed surface geometry to the progressive 

process of interface oxidation. A relationship between surface 

roughness and electrical contact durability has been observed. 

Keywords—fretting; surface texture; oxidation; tribologically 

transformed structure; 

I.  INTRODUCTION 

Over the last few decades electronic systems have become 
an integral part of all types of vehicles. New features, 
equipment and the increased complexity of electronics require 
hundreds of meters of wires, connecting individual devices and 
assuring integrity of the entire system. This results in a large 
number of electrical connections with some high specification 
vehicles having more than 400 connectors with 3000 electrical 
contacts on board [1]. Comfort and safety of vehicle users rely 
on reliability of electronics and durability of electrical contacts. 
Failures do, however, take place and it has been estimated that 
up to 60% of all car electrical problems relate to degradation of 
electrical contacts by fretting-corrosion [2]. 

Fretting-corrosion is a specific damage process observed 
between two mated surfaces subjected to vibrations and 
thermal cycling [3]. Such conditions occur during normal 

vehicle operation causing two parts of an electrical contact to 
move in relation to each other with a high frequency and small 
displacement amplitude - typically tens or hundreds of 
micrometers [4]. This generates damage of both surfaces, wear 
particles are produced and subsequently oxidised in air 
atmosphere. As a result, an oxide film is formed at the interface 
which isolates both surfaces and increases electrical resistivity 
leading to the contact failure. Such situation can cause a safety 
hazard and very often requires a few hundreds/thousands of 
dollars-worth of repair resulting from a 2-cent component 
failure. 

In an attempt to overcome the above challenges, surface 
physicists and tribologists have been putting their efforts in 
gaining a basic understanding of the performance of 
automotive electrical contacts for decades. The earliest theory 
of electrical interface resistance linked to resistivity of the 
contact surfaces and the diameter of the junctions within the 
contact was introduced by Holm in 1967 [5]. Since that time, 
measurement of electrical contact resistance has become the 
primary method to investigate aspects of metallic contacts. In 
the early eighties, two review papers were published by the 
research groups of Rabinowicz’s from the Illinois Institute of 
Technology [6] and Antler’s from AT&T Laboratories [7]. 
These papers summarised the existing knowledge highlighting 
the fact that noble metals are more resistant to fretting-
corrosion and provide low contact resistance for a longer time 
than non-noble metals. Noble metals, mainly gold, have been 
used in F1 cars and some other high performance racing 
vehicles, however their cost is prohibitive for the rest of the 
automotive sector.  

Since the ‘80s, several research groups have been studying 
different aspects of the durability of non-noble electrical 
contacts trying to extend their lifetime. The research group in 
Lyon, France, focused on looking at loading conditions under 
fretting, showing the relationship between the sliding regime at 
the interface and electrical contact durability [8,9]. In the UK, 
McBride’s electromechanical group in Southampton has been 
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studying widely the relationship between surface damage and 
intermittent contact resistance faults [10,11]. This group also 
carried out unique in-situ measurements of temperature, 
humidity and pressure in automotive connectors, which gave 
an insight into the real operating conditions of those 
components [12]. Over the last few years a research group at 
Yonsei University in South Korea, has been very active in the 
field publishing about a dozen papers on tin coated contacts, 
covering aspects of loading conditions, wear analysis, 
lubricants, current load, contact temperature and numerical 
methods [13-24]. All this research has enabled a much better 
understanding of fretting-corrosion degradation of automotive 
electrical contacts; however, the overall performance of non-
noble surfaces is still not satisfactory. In this paper, we are 
looking at the impact of intentional surface texturing on 
fretting-corrosion performance of electrical contact 
components. 

II. METHODOLOGY 

A. Materials 

C101 copper alloy was selected for fretting experiments, 
and two types of samples shown in Fig. 1 were used in this 
project. Upper-moving sample (Fig. 1-top) was a 
20x20x0.5mm copper sheet deformed in the centre using 1.5kN 
force on 6mm radius solid steel ball to form a hemispheric 
shape for point contact between the samples during the test. 
Same type of upper-moving sample was used in each test. 
Bottom-stationary sample (Fig. 1-bottom) was 20x12x10mm 
copper coupon with different surface textures applied. Six 
different types of bottom-stationary coupons were used in the 
experiments, each characterised by a different texture and 
corresponding surface roughness. Two of those coupons were 
prepare by surface polishing and further four by intentional 
surface texturing using a milling process carried out at the 
University’s of Sheffield Advanced Manufacturing Research 
Centre (AMRC). Figure 2 compares surface morphology of the 
smoothest and the roughest coupons. Surface measurements 
were carried out using WYKO White Light Interferometer. 
Figure 3 shows surface profiles of flat (bottom) coupons and 
gives details of the surface finish process used.  

 

Fig. 1. The hemispherical (top) and flat (bottom) samples used in fretting 

experiments. 

a) b)

 

Fig. 2. Surface morphology of a) sample polished with 1200 grade sand 

paper and mirror finished with a diamond paste - surface roughness Ra = 

0.09µm; b) sample milled - surface roughness Ra = 13.76µm. 
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Fig. 3. Surface profiles of flat (bottom) coupons used in the fretting 

experiments; a) sample polished with 1200 grade sand paper and mirror 

finished with a diamond paste - surface roughness Ra = 0.09µm; b) sample 

randomly polished with 120 grade sand paper - surface roughness Ra = 
0.75µm; c) sample milled - surface roughness Ra = 2.09µm; d) sample milled 

- surface roughness Ra = 5.94µm; e) sample milled - surface roughness Ra = 

9.51µm; f) sample milled - surface roughness Ra = 13.76µm. Note different 
scales of both axes. 

B. Experimental Setup 

A dedicated, shaker powered fretting setup built in School 
of Mechanical Engineering at the University of Leeds was used 
in this study (Fig. 4). All experiments were carried out at 30Hz 
frequency, under 7N normal load, in ambient laboratory 
conditions at the temperature of 22°C and relative humidity 
between 40% and 55%. The tests were performed under three 
different displacements of ±10μm, ±20μm and ±30μm. The 
bottom sample was positioned in the way that the sliding of the 
top specimen occurred across the surface texture. 
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Fig. 4. Shaker powered fretting setup. 

C. Contact Resistance Measurements 

Four-wire resistance measurement technique (also known 
as Kelvin sensing) was utilized in this study to measure contact 
resistance during the fretting experiments. Constant current of 
5mA was supplied to the fretting rig circuit. Schematic diagram 
of the fretting circuit setup is illustrated in Fig.5.  

Contact resistance as a function fretting cycles was recorder 
for each test, and 100mΩ was the point assigned as the failure 
criterion (electrical contact failure), and the tests were stopped 
when the resistance exceeded this value. 
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Fig. 5. The geometry of the hemispherical and flat samples and the circuit 

used to measure the contact resistance. 

III. RESULTS AND DISCUSSION 

Figures 6-8 show the results of fretting experiments at three 
different displacement amplitudes. Results shown in Fig.6 were 
collected from tests at ±10μm displacement amplitude for six 
coupons with different surface roughness applied. 
Consequently, data presented in Fig.7 was gathered from 
±20μm experiments and data presented in Fig.8 from ±30μm 
displacement tests. 
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Fig. 6. Number of fretting cycles to failure (100 mΩ failure criterion) as a 

function of bottom coupon surface roughness. Displacement amplitude 

applied ±10μm. 

Figure 6 shows that the coupon with the greatest roughness 
performed better than the other samples under ±10μm 
displacement amplitude tests. Higher peaks and wider valleys 
provided more space for wear debris to accumulate without 
separation of mated surfaces, resulting in the delay of contact 
resistance increase. It can be also observed that spread of 
experimental data is proportional to the surface roughness. 
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Fig. 7. Number of fretting cycles to failure (100 mΩ failure criterion) as a 

function of bottom coupon surface roughness. Displacement amplitude 

applied ±20μm. 
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Fig. 8. Number of fretting cycles to failure (100 mΩ failure criterion) as a 

function of bottom coupon surface roughness. Displacement amplitude 

applied ±30μm. 

Fretting experiments under ±10μm displacement amplitude 
resulted in better performance of the electrical contacts 
comparing to ±20μm and ±30μm tests. Lower displacement 
amplitude resulted in less energy dissipated in the contact and, 
as a consequence, less wear debris generated. 

It has been shown that metallic materials subjected to 
alternating sliding tend to generate a specific transformed layer 
on the top surface [25]. This layer, called a tribologically 
transformed structure (TTS), has a particular nanocrystalline 
structure corresponding to the chemical composition of the 
primary material. Under successive fretting cycles TTS is 
fragmented and a wear scar becomes saturated with debris. 
Wear debris is then subjected to the progressive oxidation 
process and, as a result, sliding surfaces are separated by a film 
of fully oxidized particles leading to an increase of contact 
electrical resistance. 

Based on the analysis of the role of metallic debris in the 
fretting-corrosion process, an approach can be proposed, which 
explores the relationship between imposed surface geometry 
and the dynamics of tribologically transformed structure (TTS) 
formation. Impact of surface geometry on the fretting-corrosion 
process has not been widely studied; it is known however that a 
high surface finish promotes fretting damage [26]. It has been 
reported by Kubiak et al. [27], that surface geometry has an 
effect on fretting sliding conditions due to increased contact 
pressure on rough surfaces. Hence, it is possible to control 
fretting sliding conditions between partial slip (only the 
external zone of the contact is subjected to sliding while the 
central zone remains in stick condition) and full slip (the entire 
contact area is subjected to sliding). For electrical contact 
durability, the full slip case with larger displacement 
amplitudes is not desired as much more energy is dissipated in 
the contact area promoting intensive wear debris generation. 

IV. CONCLUSIONS 

This initial study proved that it is possible to control the 
lifetime of the electrical contact under fretting-corrosion 
conditions by the applied surface texture. It has been 
demonstrated that the surface with applied texture maintains 
low electrical resistance for longer than relatively flat 
(polished) surface. Specifically, for fretting displacement 
amplitude of ±10µm the number of cycles to failure has been 
increased more than 20 times for textured sample (13µm Ra) 
comparing to flat samples (0.09 and 0.75µm Ra surfaces). 

Increase of amplitude from ±10µm to ±20µm and ±30µm 
accelerated fretting-corrosion degradation of components with 
applied textures. Higher displacement amplitude is associated 
with more wear debris generated in the contact area, which 
results in accelerated build-up of the insulating oxide layer 
between the surfaces. 

Knowledge about the impact of the surface texture and 
displacement amplitude on interface resistance, can be 
effectively used in the design process of electrical connectors 
subjected to fretting-corrosion degradation. 
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Abstract-Fretting corrosion phenomenon is known as the 

main cause of contact voltage fluctuation in tin, Ag and 

Au coated materials contact at low level. Until now, 

these investigations were done with low current (a few 

milliamps), an unrealistic value for some higher current 

automotive applications. Indeed, in these cases, the joule 

effect due to fretting voltage increases, leading to heat 

the contact zone with some consequences like increasing 

oxidation, or softening Sn coating. Furthermore, higher 

voltage (up to 14V), induces large voltage fluctuations 

and subsequent arcing occurrence are observed.  

In this work, we will determine the relationship between 

the coating nature and fretting voltage characteristics, 

especially fluctuation and level evolution. For this aim 

an experimental study was done on sphere/plan contacts 

made with cooper, coated with tin, silver and gold. 

These contacts are submitted to vibration amplitudes up 

to 100 micrometers at frequencies of a few 50Hz, under 

a current of 10A and a voltage of 16VDC. The average 

contact fluctuations are measured during one cycle 

while fast fluctuations inside the cycles are measured by 

oscilloscope.  

Indeed, the analysis of the voltage fluctuations in term 

of level and time appearance is a very useful tool to 

analyze in-situ fretting behavior. Upon analysis of 

experimental data, it is found that noble coating (Ag, 

Au) show lower and delayed average voltage 

fluctuations over the cycle. Moreover, fast fluctuations 

can reach arc voltage with variable occurrences and 

time. 

 

Keywords— Fretting corrosion, mechanical wear, 

contact resistance, micro-arc, bounds arc, coating, under-

caoting. 

 

 

I. INTRODUCTION 

Due to repetitive micro-displacements, fretting 

phenomenon is defined as an electrical and 

mechanical degradation of the electrical contact 

interface within telecommunications and more 

recently in power automotive connectors.  

Commonly, an electrical degradation is quantified by 

the increase of contact resistance [1]–[4] deduced by 

average contact voltage. To explain the appearance of 

arcs and an increasing of contact voltage, the authors 

focused their investigation on the effect of coating 

[5], [6] on various steps of fretting appearance and 

subsequent temperature [7]. Using the analysis of 

average voltage (DC) and temperature in real time 

during fretting, we study the conjointly both voltage 

and temperature evolution during aging by vibration. 

In the second part of this paper, we analyse the 

contact voltage fluctuations with high speed 

oscilloscope with current of 10A and voltage of 16V 

(higher than minimum arc voltage and current) in the 

three phases of fretting [8], [9]. We attach special 

attention (3D graph) to the appearance of arcs and 

their distribution on the track and their evolution 

during successive phases of fretting. 

II. EXPERIMENTAL METHOD AND 

TESTED MATERIALS 

The U-shaped samples are produced in our 

laboratory from cooper alloy of 0.8 mm thickness and 

coated by different materials (Sn, Ag, Au) with 3µm 

of thickness. Two contact parts are produced, the 

upper part with a spherical shape of radius 2 mm and 

a plane part Fig.1.  
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Fig. 1.Sample geometry equipped with thermocouple for tests 

 

In order to simulate actual operating conditions of 

the connectors, vibrations are imposed directly on the 

lower contact as shown in Fig 2. On one side the 

sample is firmly attached to a vertical linear stage 

which is fixed to the ground while the lower part is 

fixed to the shaker. We use a horizontal linear stage 

to ensure a perfect translation of the shaker. The 

contact force of 3.5N is applied by a weight (Fc=mg). 

The vibrations are a typical sinus oscillation with a 

frequency of 50Hz and displacement amplitude of 2a 

= 50μm p-p (peak to peak). This movement is 

checked and measured on the sample with a 

displacement sensor by laser triangular technics 

(resolution of 0.1 microns). 

 

Fig. 2.Fretting devices allowing displacement, voltage and 

temperature of contact measurements 

 

 

III. TEST CONDITIONS 

The power supply voltage and current are set at 16 

V DC and 10A with lamp loads circuit. Using 16V 

instead 14V is better to discriminate arc voltage 

(12V) than open circuit voltage (16V) and do not 

affect significantly the results.  

Contact voltage VC is measured with a micro-

voltmeter in DC mode which gives the mean voltage 

during one cycle of vibration TC of 20ms: 

  

During vibration the first term VS expresses the static amount while 

Vd expresses the dynamic of the potential. This last part evolution is 

progressive and can reach minimum arc voltage 12V when the 

current is above the minimum arc of 0.3A [10], [11].  The Fig.3 

illustrates the shape and the signification of the voltage 

measurement. 
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Fig. 3.Fretting devices allowing displacement, voltage and 

temperature of contact measurements 

 

To detect arcs, we use a trigger mode of the 

oscilloscope (4ns of resolution, 1 GHz of bandwidth). 

Indeed, the characteristic of an arc is that its voltage 

goes instantly from few hundred millivolts to 12 

volts, the minimum arc voltage for silver or cooper. 

This value depends on the nature of the contact 

material. So the trigger value is set to 6V and at each 

occurrence of arc, we acquire the arc voltage. The 

addition of numbers of voltage track allows us to 

make a histogram of voltage levels.   

In order to make the difference between the arc 

voltage and the circuit voltage, we use a voltage of 

16V.  

During the vibration test, contact voltage is 

continuously sampled and the histogram is plotted in 

real time. A displacement sensor is used to acquire 

the position of the contact on the track during a 

fretting, when the arc occurs, we can determined its 

position on the track.  

To determine the arc duration, we set a histogram 

window from 10V to 14V to plot the sum of 

appearances of arc voltage, and then multiply by the 

resolution of the oscilloscope.    
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IV. CAOTING EFFECT ON MEAN 

VOLTAGE 

 

Voltage versus number of cycle is plotted for 

different coatings in Fig.4. As it was expected the 

saturation voltage around a few hundred millivolts 

appears earlier when the coating is composed with 

non-noble materials.  
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Fig. 4.Average contact voltage during cycles of vibration of 

different coating (Sn, Ag, Au) 

 

Conjointly contact temperature is measured during 

fretting of sample with different coating used in our 

test Fig.5. We note that temperature remarkably 

follows the variation of contact voltage during 

fretting. So after the initial phase at ambient 

temperature, it increases with delay compared to 

voltage increase because of the thermal inertia. The 

similar maximum of temperature was reached for the 

tree materials at the final stage of fretting 

corresponding to voltage evolution.   

No doubt this good correlation between temperature 

and voltage is due to the heating of the contact 

interface by three sources, (i) Joule effect and 

subsequent power P=VC IC dissipated in the contact 

interface as related in the literature [5], (ii) arcing 

power (Pa=VaIa) and (iii) friction energy Pf= µFCv 

(where µ friction coefficient, Fc: contact force, v: 

speed of displacement V=a2πf.cos(2πft) ). Rough 

calculation shows that joule effect dominates the 

contribution of heating while arc temperature (6000 

°K) contributes very shortly to overheating. 
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Fig. 5.Contact temperature during cycles of vibration of different 

V. ARC PHENOMENON DURING 

DISPLACEMENT 

A- Arc Types during Fretting Phases 

In this section we describe different arc duration 

and theirs origin observed during fretting. As in 

switching phenomenon, breaking arc and closing arc 

need minimum electrical conditions of voltage 

Vm=12V and a minimum arc current Im=0.3A. In our 

condition test of 10A and 16V, these arcs may occur 

during vibration by mechanical rupture or metallic 

bridge explosion from the debris produced mainly in 

the second and third phase of fretting. 

In Fig.6 we plot conjointly contact voltage 

evolution and arc durations during the three phases of 

fretting. These plots shown that arc occurred during 

fretting at the end of the second phase and during the 

third one. This means that arcs need damaged areas 

and accumulation of debris to appear. We note that 

materials effect is not well established. However, we 

note that gold coating produces shorter and rarer arcs 

than tin and silver. 
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Fig. 6.Duration of arc occurrence during cycles of vibration. 

a: Sn  b: Ag  c:Au 

 

As example, we focused our investigation of arc types 

on silver coating. In this case, the second phase of 

fretting corresponding to 80 KCyc of vibration, debris 

are produced with conductive particles (Ag) and 

oxidized particles of Cu. We assume that this mixture 

of particles with conducting debris facilitates the 

transfer of electric loads by creating a conducting 

path in these debris. This effect can explain the origin 

of ignition of short arcs (lower than a few µs) shown 

in Fig 7.a and 7.b. An example illustrates these short 

arcs in this figure (200ns and 3.5µs). 
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Fig. 7. A micro-opening arc of 3.5 µs 200ns occurred during 

fretting, (voltage oscillation is due to the parasitic inductance) 

a) Short arc (nano arc) of duration to 200 ns 

b) Short arc of 3.5 µs 

 

At the third phase corresponding to 200KCy of 

vibration, the debris are fully oxidized and create an 

insulating film between the two surfaces. We assume 

that topography of the contact surface induces a micro 

mechanical separation with a vertical displacement of 

the upper contact part. During this mechanical 

separation two types of arcs are ignited: 

- The first one shown in Fig 7.a has a medium 

duration of few tens µs. These arc types are 

similar to the arcs encountered in switching 

relay at closure, and corresponding to the 

mechanical bounce. This medium arc can 

also occurred in the second phase.  

- The second arc type shown in Fig 7.b has a 

longer duration of a few hundred µs and can 

exceed 1ms. It is similar to the arc 

encountered in switching relay breaking and 

corresponding to the mechanical opening. 

These longer arcs mainly occurred in the 

third phase when the debris amounts are 

more and more important. We note that these 

arc durations are ten times higher than those 

reported in the literature [10] for breaking 

arcs. This is due to the much lower speed of 

separation between the two parts on contact 

(estimated at few cm/s) during these random 

breaks. 

b) 

a) 
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Fig. 8.A short bounce arc of 400Ns occurred during fretting 

a) Bounce arc with medium duration of 22 µs 

b) Break arc of 150 µs 

 

 

 

B- Arc Distribution in the track of fretting 

We expect that the debris are distributed on the 

track but some accumulations take place 

progressively at both of the end of the track. So, the 

main question is: what is the relation between arcs 

occurrence and localisation on the track regarding 

debris distribution on the track? 

For this aim, we present 3D graph of arc duration 

versus position in the track and fretting cycles Fig.9. 

We observe that arcs are randomly distributed in the 

track but numerous arcs occurred at the end of the 

two sides of the track. In addition, shorts arcs are 

distributed in the middle of track. 
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Fig. 9.3D arcs duration and distribution in the track during fretting. 

VI. CONCLUSION 

This work confirms the well-known three steps of 

DC voltage during fretting and attributes the delay of 

their appearance time to the presence of the noble and 

no oxide material coatings such as silver and gold. 

The voltage fluctuations commonly defined as 

intermittent voltage include a static part which is due 

to the poor conduction of the generated debris in the 

interface in the first and mostly in the second phase. 

In addition variable part of the electrical potential 

which reach the arc voltage and induces arc ignition 

with short and medium duration (few tens of 

nanosecond to few ms) mainly at the third phase of 

damaged contact. 

The attempt made to localize the arc ignition in 

the track during vibration has demonstrated a random 

occurrence. But high appearance probability at the 

ends of displacement has been observed. This means 

that some bounces at these areas may take place when 

the direction of displacement is reversed. 

Finally the effect of coating and thickness are not 

clearly determined but some experiments in progress 

will clarify the situation with bulk material. 

 

 

 

 

a) 

b) 
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Abstract—Connector is composed of a female and male part
which induced vibrations from the vehicle might lead to relative
movement between these two parts. A relative movement of
the contact zone between the pin and the spring can lead to
the formation of an irreversible mechanical degradation and
electrical perturbation by the formation of third-body layer at the
interface.This is the fretting corrosion phenomenon in electrical
contact, it depends of the contact materials used, the atmosphere
and many others physico-chemicals parameters like moisture,
force contact...
Commonly, tin is used, for economic reasons, to coat and protect
the substrate made of copper. Oxygen reacts with soft tin and
formed hard and brittle layer of tin oxides at the surface,
which become remains under vibrations stresses. This causes
high degradation until reach the substrate and formate oxidized
copper remains. The conduction of current could be disturbed
through this granular layer composed of insulated (oxide) and
also conductive remains (non-oxides).
This study is about the measurement of electrical behaviour of
metallic connectors under two kinds of atmospheres: air and
nitrogen as an inert gas. The use of air atmosphere shows a
typical augmentation of the amplitude of the contact voltage,
than the introduction of nitrogen gas flow directly at the interface
induces a diminution of the contact voltage. This behaviour is
fast and highlights the evacuation and the production of remains
which is not so well understand. This dynamism of contact voltage
provides new information about degradation, to understand the
fretting-corrosion phenomena.

Index Terms—fretting-corrosion, nitrogen gas, tin, remains

I. INTRODUCTION

In automotive field, vehicle vibrations induce movement
on hundreds of connectors which are located near the motor,
inside the seat and many other places. These vibrations could
induce displacement between the male and female part i.e. the
pin and the clip and could generate electrical failure due to the
well-know fretting-corrosion phenomenon [1]-[2]. A relative
motion of 5 µm is enough to create formation of remains at
the interface and set intermittent failure at the interface[3]. It
represents 60 % of electrical failure within a car [4]
Electrical contacts are made of a substrate of copper alloy
plated with a thin protective layer of non-noble metals. Tin is
usually used as a protective layer of the substrate in order to
combine a good conductivity, reliability and cost. Pur tin is
malleable and react with oxygen to formate hard and brittle
remains which cause high surface damages. The substrate
could be reach and generate copper oxides remains at the
interface [5]. In electrical contact field, fretting-corrosion is a

mechanical degradation which is irreversible and avoid good
conduction of current. Several analysis has been performed to
understand this phenomenon and how the current is conducting
through the interface for static and dynamic contacts [6] [7].
Numerical simulation provide interesting results but can not
predict life time of a connector due to the multi-parameters
(Force, materials used, type of vibration...) which influence
fretting-corrosion [8].
The aim of this work is to give further information to under-
stand oxygen influence on current conduction of a tin-plated
contact and oxidized remains. An experimental bench has been
created by injected an inert gas at the interface of a tin-plated
connector in order to avoid formation of insulating remains due
to oxygen in air. Nitrogen gas has been chosen because it is
chemically inert with tin and copper, furthermore it represents
79 % of the atmosphere, so it is a natural candidate for this
experiment. Three kinds of atmosphere conditions have been
realised: changing the atmosphere from air to nitrogen under
a chamber, injected nitrogen gas directly at the interface and
alternated air atmosphere and nitrogen gas flow.

II. EXPERIMENTAL SETUP

The used bench is composed of a piezo-electric actuator
which provide a controlled movement between the clip and the
pin. A generator provide a stable current through the interface,
measurement of contact voltage are performed with voltmeter
and scope for real-time analysis [6]. the Bench is mounted on
an anti-vibration table in order to avoid external vibration, see
figure 1.

Fig. 1: Schematisation of experimental setup

Three experiment are performed, see table I. The first one
use a chamber in order to see the electrical behaviour by
introducing nitrogen gas on a volume of 15 l. The second
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experiment use Teflon pipe to see the electrical behaviour by
injected nitrogen gas in a small volume where the interface is
situated. The flow has not been measured but is sufficiently
low to not disturbed the experiment, confirmed with results
of the first experiment. The third experiment alternates air
atmosphere and nitrogen gas flow in order to study dynamism
of contact voltage when the oxidized remains formation is
stopped. Nevertheless, V-I and real-time measurements take
too much time in acquisition (5 seconds) to analysed the
dynamism, a second sample has been analysed for this last
experiment with a time resolution of 500 ms, see table I.
Sample are typical terminals of connector. Substrate material
is copper alloy which is plated with a thin layer of tin. The
impose movement has a sinusoidal type with an amplitude of
60 µm peak-peak at 50 Hz. The current is fixed at 1 A. V-I
measurement are realised from -1A to +1A with a step of 100
mA.

TABLE I: List of the samples analysed.

Sample Measurement Nitrogen Flow
test injection

A contact voltage chamber none
B contact voltage flow continuous
C contact voltage flow alternated
D V-I flow alternated

III. RESULTS

A. Under a chamber, electrical characteristics without flow of
an inert gas on the contact- sample A

This first experiment has been realised under a chamber.
The figure 2 indicates the contact voltage follow the time,
nitrogen gas is injected at 500s to an inlet port into the
chamber, air is evacuated from an outlet port. From 500s
to 610s, contact voltage value fluctuate around 0,4 V. These
fluctuations highlight a degraded interface (third layer, oxi-
dized remains) where oxygen is still present. From 610s to
650s, the contact voltage decreases until reaching an almost
null value. The conduction stay stable and is increasing so is
the conduction area. At this point, the formation of remains
is stopped, only the evacuation process is undertaken. The
transition from a high and fluctuated contact voltage to a low
an stable contact voltage take time with 2 different conditions
linked to the presence/non-presence of oxygen and formation-
evacuation/evacuation of remains.

Fig. 2: Contact voltage measurement of a clip/pin system
inside a chamber where nitrogen gas is injected.

B. Electrical characteristics under a continuous inert gas flow
- sample B

Under a continuous neutral gas flow on the sample, the
contact tension stay stable with a mean value of 10 mV which
indicates a good conductivity during all the experiment. The
contact voltage has a 5 mV drop from 80 s to 120 s then
increase slowly until 12 mV, see figure 3. The injection of
nitrogen gas into a small volume i.e. the volume around the
interface induced a good conductivity at the interface. Some
similarities can be done with noble metal like silver as a
protective layer at this point, [7].

Fig. 3: Contact voltage measurement on a clip/pin system with
a nitrogen gas flow.

C. Dynamic characteristics of contact voltage by alternate
nitrogen gas flow and air atmosphere - sample C

This third experiment alternates two atmospheres into a
small volume i.e. at the interface without transition process: air
and injection of nitrogen gas (see results III-A). Four periods
of nitrogen gas injections have been performed, four times
when contact voltage decreases instantly until a low and stable
value. The contact voltage increases and fluctuates quickly
when the gas flow is stopped by re-introducing oxygen at the
interface, see figure 4.

Fig. 4: Contact voltage follow the time, sample C. Dashed
areas indicate injection of nitrogen gas flow at the interface
during 2 minutes.
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Each decreasing of the contact voltage has been analysed
during the first 40 seconds, maximum time to reach a value of
contact voltage almost null, see figure 5. Dash curves represent
fit of the experimental results with an exponential decay,
see equation 1. This a solution of a first order differential
equation which mean the value variation of the contact voltage
depend of this value i.e. the degraded surface, linked to the
presence/population of remains.

V = V0.e
−t
λ (1)

Time constant parameter λ is calculated from the expo-
nential decay, it represents the velocity of evolution of a
physical quantity. From the second to the fourth nitrogen gas
supply, this coefficient increases but the first nitrogen injection
indicates higher values compare to the seconds and doesn’t
fit with the trend, see table II. this difference is explained
that the first injection has been done just after a fluctuate and
low contact voltage, the material contact is tin-tin. The other
injection was done after a high and low contact voltage due to
a copper-copper contact materials. The amplitude V0 at t0 i.e.
just after the injection is increasing from the first to the fourth
gas injection. Over the same contact material, more the contact
the contact voltage is high, more it will take time to recover
a low and stable value, more it will take time to evacuate the
remains at the interface.

Fig. 5: Contact voltage between the clip and the pin just
after the injection of the nitrogen gas, dash lines represent
the associated fitting curves.

TABLE II: Amplitude values, time constants and correlation
coefficients linked to the exponential decay of the fit of contact
voltage after stopping the formation of oxidized remains.

1st 2nd 3rd 4th
Contact voltage at t0 [V] 0.12 0.65 0.80 1.10
Time constant Uc [s] 1,91 0,85 3,12 7.25
Correlation R 0,979 0,998 0,983 0,961

D. Electrical characteristics by alternating nitrogen gas flow
and air atmosphere - sample D

This experiment alternate air atmosphere and nitrogen gas
flow as the previous experiment with the same contact voltage

behaviour, see figure 6. the crosses indicates specifics mo-
ments chosen by the experimental user. Blue crosses indicates
moments when the contact voltage is almost null and under
nitrogen gas flow, cyan crosses indicates moments when the
contact voltage is low and stable just after the gas flow is
injected, orange crosses indicates moments when the contact
voltage is low and stable under air atmosphere, red crosses
indicates moments when the contact voltage fluctuated under
air atmosphere. The acquisition are realised each 5 seconds by
measuring V-I characteristics for the conduction characteristics
and real-time measurement [6].

Fig. 6: Contact voltage of the sample C. The dash area
indicated the moment when the nitrogen gas flow is injected
on the sample during 2 minutes.

Over the 14 moments, 4 of them has been chosen, repre-
sentatives of the different types of conduction : before, at the
beginning, after and during the second injection of the nitrogen
gas flow representing by red, cyan, orange and blue crosses,
see figure 6. At 710s, V-I curve shows a non-linear shape by
attending levels about 125 mV at high-currents (-1A and +1A)
and a slope of 500 mV/A at low current values. At 744s and
923s, IV curves shows linear behaviours, slopes of the linear
parts are respectively 89 mV/A and 136 mV/A . At 820s, V-I
curve has a perfect linear behaviour with a slope of 0,9 mV/A,
see figure 7.

Fig. 7: IV curves made at different moments: 710, 744, 820
and 923 seconds.
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The changing of conduction from air atmosphere to nitrogen
gas flow is fast and is getting better by being ohmic with a
slope which decreased until being very low when the contact
voltage is stable. These IV characteristics have been calculated
for each points, listed in tables IV and V in the appendix.
it shows that slopes of IV-curves at the beginning and after
injection of nitrogen gas flow are increasing from the first to
the third injection. This is linked to an interface which is more
and more degraded. By oxygen evacuation, remains formation
is stopped than the only degradation process comes from the
existing remains and the actual surface characterisation.

E. Real-time measurement before and after nitrogen gas in-
jection - sample D

Real-time measurement represents contact voltage and dis-
placement curves with a time resolution of 4 µm during 20
ms, the displacement on the fretting trace is indicate by the
one-way from 0 et 10 ms and the return-way from 10 to 20
ms. The figure 8 shows four moments just before the injection
of the nitrogen gas, three under air atmosphere at 289 s, 294
s, 299 s and one under nitrogen gas flow at 304 s. Under
air atmosphere, similarities are observed with a plateau at low
contact voltage level is observed from 0 to 4 ms, than a period
of fluctuation from 4 to 9,3 ms, than a plateau at a higher
contact voltage plateau from 9,4 to 13,4 ms, fluctuations from
13,4 ms to 18,3 ms and a plateau at low contact voltage level at
the end. the introduction of nitrogen gas induced a low, almost
null, contact contact voltage on the one-way and return-way
in few seconds.

Fig. 8: Real-time measurement of the contact voltage at the
beginning of the first nitrogen gas injection - sample D

By stopping the injection of nitrogen gas flow, the real time
measurement shows similar shapes from 394 s to 434 s. There
are a plateau at a higher contact voltage from 0 to 2,7 ms,
fluctuations from 2,7 ms to 9,3 ms, a plateau at higher contact
voltage from 9,3 ms to 12,3 ms and fluctuations until 20 ms.
The changing from nitrogen gas flow to air atmosphere is
longer than air-nitrogen but it stay fast, fluctuations appears 20
seconds after stopping the supply of gas. some similarities are
observed before and after nitrogen injection with fluctuations
and the plateau at high level at the beginning on the return

way. Some changing are also observed at the beginning of
the trace by changing the low level plateau from a high level
plateau on the one-way and changing the low level plateau to
fluctuations on the return way, see figure 9.

Fig. 9: Real-time measurement of the contact voltage after the
flow of nitrogen

F. Contact voltage behaviour in real-time measurement before
and after nitrogen gas injection - sample D

Each curves are divided into the previous explained shape:
fluctuation (red), incline/high level plateau (orange), high level
plateau (yellow) and low level plateau (green), these 4 different
shape are introduced follow the distance one the one-way
aand the return way before and after the injection of nitrogen,
see figures 10 and 11. Electrical contact one the one way
is less degraded than the return way. Some similarities are
highlighting with a good conduction at the beginning of the
trace, a high level plateau at the end and fluctuation at he
end/middle part. By stopping and re-introducing the formation
of remains, the level of degradation is higher after due to a
surface subjected to constrain under nitrogen gas flow. Some
similarities before and after the outer-circle trace like the high
level plateau at the end is observable.

One-way Return-way
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Fig. 10: Graphics about behaviours of contact voltage in real-
time follow the distance over the trace before nitrogen injec-
tion. the colors green, red and yellow represents respectively
a low level plateau, fluctuations and high level plateau.
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Fig. 11: Graphics about behaviours of contact voltage in real-
time follow the distance over the trace after nitrogen injection.

G. Surfaces analyses - Samples A and B

EDX analysis has been performed after experiment on the
samples A and B. The first one endure mechanical degradation
due to oxidized remains under air atmosphere whereas the
second one endure mechanical degradation under nitrogen gas
flow (see results III-A and III-B). For each, copper appears on
the trace related also by the absence of tin. the concentration of
copper outside the trace is higher on the sample A than sample
B. Oxygen is present on the fretting trace of the sample B due
to the presence of copper oxide which is not visible on the
trace of the sample B due to the use of nitrogen gas. Nitrogen
appears outside the trace of the sample B, his concentration
is nor significant but it could come from a reaction with
tin oxide. concentration of copper outside the trace is higher
concentration on sample B than A, see figure 12. Remains
production is highlighting by their presences all around the
trace due to air atmosphere.

IV. DISCUSSION

Remains are witnesses of a degraded interface characterised
by the contact voltage (third-layer and degraded surface due to
the presence of oxides). Injection of nitrogen replace oxygen
within the volume which surround the trace by an inert
gas, it stops formation of remains, only their evacuation is
permit. At this moment, the contact voltage remain stable and
decrease quickly, this dynamism follow an exponential decay,
a response to a first order differential equation, the decay of
contact voltage is directly dependent of the degradation level.
higher is this level, longer it will take to get a low and stable
value of contact voltage.

For a far advanced degradation under air atmosphere, V-I
results shows insulating behaviour due to a degraded interface
and a continuous formation of remains. by introducing a
nitrogen gas flow, the conduction is getting directly and
instantly better. Real-time measurements shows that it takes
place all over the trace, one way and return. The conduction is
getting better without oxides and could be compare to silver
conduction type at this time [7]. Re-introduction of oxygen
on sample B after the first injection imply a worst conduction
later. Remains formation over a copper surface is instantaneous
due to the oxygen reactivity.

Fig. 12: MEB and EDX analyses of tin-plated contact surface
under air (sample A - left pictures) and under a nitrogen gas
flow (sample B - right pictures).

Nevertheless, by studying the real-time before and after
the nitrogen gas injection, some part of track length get the
same shape of contact voltage: fluctuations or plateau shape.
Fluctuation not only depends of the remains but also of
the surface morphology. Oxidized asperities stay at the same
place. About formation of dynamism of fluctuation follow the
displacement along the track, the graphic at the top-left of the
figures 10 and 11 indicate a plateau at end of the one way
which become larger in the return way so is the fluctuation
place. this tendency last 45 seconds after the nitrogen gas flow
due to the morphology of the surface. On the one-way, the
formations of remains at the end of the track is evacuated
at the end of the trace and spread on the return way which
explain this high length of fluctuations and evacuated on the
second one way and so on.
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V. CONCLUSION

The experiment by using nitrogen gas in order to study
fretting-corrosion indicates interesting results about the
processing by stopping the formation of remains. Under air
atmosphere, the contact voltage is different follow we are on
the one-way or the return-way but some similarities about
contact voltage are observed and stay the same during a long
time due to surface characteristics. Under a neutral gas, the
contact drops with an impressive and fast dynamics linked to
the evacuation of the remains on both ways. After evacuation
of the remains and stopping the neutral gas flow, the contact
voltage increase instantly due to the reactivity of oxygen,
more its degraded, more their is asperities, more the surface
of reaction is getting higher and improve the formation of
remains.

Analysis of real-time measurement shows difference
between the one-way and return way which are repeatable
within the time. This behaviours might indicates information
about surface/interface morphology during fretting-corrosion
phenomenon like the motion of remains at the interface.

This type of experiment has been undertaken for the first
time to study electrical behaviour of fretting-corrosion of tin-
plated contact. Further experiment should be experiment by
changing some parameters (frequency, amplitude of vibration)
in order to get further explanations.

REFERENCES

[1] C.Chen, G.T.Flowers, M.Bozack and J.Suhling Modeling and analysis of
a connector system for prediction of vibration-induced fretting degrada-
tion, IEEE Holm conference on electrical contact, pp.129-135, 2009.

[2] J.Labbe ,E.El Abdi, E.Carvou, F.Le Strat and C.Plouzeau Vibration
induced at contact point of tighten-up conenctor system, IEEE Holm
conference on electrical contact, pp.200-204, 2014

[3] A.Bouzera, E.Carvou, L.Tristani and E.M. Zindine Minimum fretting
amplitude in medium force for connector coated material and pure
metals,IEEE Holm conference on electrical contact, pp.101-107, 2010

[4] U. Stocker, G. Bonisch ATZ Automobiltech Z, 93:7-10, 1991
[5] Y.W.Park, T.S.N.S.Narayanan and K.Y.Lee fretting corrosion of tin-plated

contacts: Evaluation of surface characteristics, Tribology International
journal, vol.40, pp.548-559, 2007

[6] N.Ben Jemaa, E.Carvou Electrical contact behaviour of power connector
during fretting vibration, IEEE Holm conference on electrical contact,
pp.263-266, 2006

[7] P.Jedrzejczyk, S.Fouvry, P.Chalandon Quantitative description of the elec-
trical contact endurance under fretting condition: comparison between tin
and silver, IEEE Holm conference on electrical contact, 2008, pp.272-277

[8] S.Tsukiji, S.Sawada, T.Tamai, Y. Hattori and K.Iida Direct observations
of current density distribution in contact area light emission diode wafer,
IEEE Holm conference on electrical contact, pp.62-68, 2001

VI. APPENDIX

TABLE III: Values of coefficients and time constants linked
to exponential decay of the contact voltage under nitrogen gas
flow.

Uc1 = A.e−Bt + Ct+D
λ = 1

B
λU AU1 BU1 CU1 DU1

1,91 0,120 0,523 1, 02.10−5 0,0035
0,85 0,657 1,17 −6, 5.10−6 0,012
3,12 0,797 0,320 1, 79.10−5 0,0030
7,25 1,094 0,138 -0,0001 0,0140

TABLE IV: Slope values of linear V-I curves at different
points. The conduction is Ohmic type.

Time [s] Slope [V/A] Nitrogen

blue
440 0, 64.10−3 Yes
820 0, 89.10−3 Yes
1240 0, 92.10−3 Yes

cyan
380 9, 36.10−3 Yes
744 89, 01.10−3 Yes
1160 117, 59.10−3 Yes

orange

60 1, 25.10−3 No
352 12, 52.10−3 No
556 57, 68.10−3 No
928 136, 34.10−3 No
1300 114, 11.10−3 No

TABLE V: Slope and intercept values of non-linear V-I curves
at different points. The conduction is electrically degraded.

times [s] Slope [V/A] intercept [V]

red
712 511, 16.10−3 149, 16.10−3

1060 349, 30.10−3 208, 89.10−3

1364 565, 7.10−3 220, 58.10−3
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The Gold Capped Silver (GCS) reel-to-reel plating system is 

developed to replace gold and gold flash over palladium-nickel 

(GF-PdNi or GXT) plating in connector applications to take 

advantage of silver’s technical properties to enhance 

performance of power connectors and/or provide an economical 

advantage for signal connectors. GCS plating is a silver plating 

based system that uses a matte hard silver as the foundation 

layer. A gold flash layer protects the silver plating layer against 

tarnishing, sulfidation and oxidation which may lead to increased 

electrical contact resistance. The top layer is either a special 

PolyAlphaOlefin (PAO) or a PerFluoroPolyEther (PFPE) high-

performance lubricant to ensure good tribological performance. 

The GCS plating system has improved performance compared to 

conventional silver plating but with much lower silver plating 

thickness and it can be applied to power and signal connectors. 

Connectors plated with GCS are better for applications requiring 

higher number of mating and un-mating cycles than typical soft 

silver plating, which has serious limitations. This paper presents 

detailed investigations and characterizations of the GCS plating 

system and describes its application to several different types of 

connectors. Thorough performance and surface analysis data are 

provided to demonstrate the stability, reliability and robustness 

of this plating system. 

Keywords— GCS; silver; gold; electroplating;connectors 

I.  INTRODUCTION 

A. Bacgkround 

 “Gold plating” and “Gold Flash over Palladium-Nickel 
alloy” (GF-PdNi or GXT®) are historically the most widely 
used finishes in the electronic connector industry for the past 
30 years, while the automotive connector industry uses 
conventional Tin plating.  Silver plating usage in this field has 
been moderate for several decades, but since the early 1990’s 
silver has become more favored by the increased use of 
automotive power connectors.  

Silver enjoys a number of technological benefits as it is one of 
the best electrical and thermal conductors, which makes it the 
“metal of choice” for a variety of electrical end-uses, 
including switches and connector contacts. Consequently 
silver has been used for years in both high and lower current 
separable connector power applications. Nevertheless, the 
placement of silver on electronic components and connector 

products has always been a source of concern due to silver 
tendency to migrate between isolated conductors (silver 
migration), leading to unintended electrical short-circuits [1], 
as well due to silver sensitivity to sulfidation (formation of 
Ag2S products on the surface) in the presence of sulfur 
contaminant compounds, in a liquid or gaseous phase, in its 
near environment. 

The migration of silver is driven by its propensity to undergo 
an oxidation reaction in the presence of moisture and an 
electric field [2,3]. Silver-sulfides cause the typical ‘black’ 
color tarnishing of silver plated surfaces. This surface reaction 
takes away from the beauty of the silvery colored surface, 
however it does not severely degrade performance till failure, 
as the tarnish compounds are electrically conductive [4]. 
Evidently this is still critical for power connectors as Silver 
sulfide electrical resistivity is nearly 17.3 Ω.cm which is much 
more resistive than Silver (1.59 mΩ.cm). Despite these two 
drawbacks, more and more applications are using silver 
plating as a lower or moderate cost connector finishing coating 
in automotive connectors, electrical components and a limited 
number of electronic connectors where Silver is very suitable 
for signal connectors with higher normal force and lower 
durability requirements. Plating chemical suppliers have 
developed many anti-tarnishing agents to protect Silver 
surfaces against corrosion, sulfidation and oxidation to 
mitigate the aforementioned two risks. These chemical 
solutions allow silver plated based applications to increase, 
although they are not yet the best solutions and further 
improvements need to be achieved [5,6] in order to make their 
performance equivalent to inorganic anti-tarnish or protection 
layers [7]. 

B. Current approaches for application of Ag as plating for 

connectors 

 Beside the usage of the organic or inorganic anti-tarnishing 
systems, other alternative approaches, such as alloying silver, 
are used to make Silver plating acceptable in specific 
applications. We can find Silver-Palladium alloys where it is 
demonstrated that a minimum of 10% to 15% Pd is sufficient 
to greatly retard silver migration and inhibit sulfidation 
reaction for a long time [8,9,10].  Silver-Tin alloys (Sn content 
between 10% and 30%) were also developed with the same 
objectives [11,12,13], but most of these alloys, including 
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recently developed and commercialized chemistries, are not 
really convenient for high speed reel-to-reel connector 
terminals plating.  These alloyed silver plating solutions have 
not shown, yet, wide commercial use due to their complex 
plating baths formulations, the difficulties to achieve 
reasonable plating line speed, the weak stability of the plating 
process itself or the cost issues in some cases.  

Other (simpler) approaches have been utilized such as using 
lubricated conventional Silver coatings [14] for power 
connectors, or a lubricated special nanocrystalline hard silver 
system [15] for power and signal connectors. The objective of 
this paper is to present a new approach to enlarge the usage of 
silver based coatings for electrical contact terminals, the 
Amphenol-FCI developed Gold Capped Silver or GCS™ 
plating system. 

II. GOLD CAPPED SILVER (GCS™) 

A. Brief description of the GCS™ plating system 

 We have developed the GCS™ plating system to replace 

Gold and Gold Flash over Palladium-Nickel (GF-PdNi or 

GXT®) plating in some connector applications to take 

advantage of Silver’s technical properties to enhance 

performance of power connectors and/or provide an 

economical advantage especially for signal connectors. As 

represented in Fig. 1, the  GCS™ plating system is a silver 

plating based system that uses a matte hard silver replacing 

conventional soft silver. A gold flash layer protects the silver 

plating layer against tarnishing and operates partially as a solid 

lubricant layer. It avoids silver layer oxidation and sulfidation 

which usually leads to increased electrical contact resistance. 

The top layer is a special polyalphaolefin (PAO) or a 

PerFluoroPolyEther (PFPE) high-performance  lubricant and is 

conferring a self healing function to this protection layer which 

ensures that the wear track during mating/un-mating cycles is 

always lubricated and protected. The Nickel underplating is a 

nanocrystalline highly corrosion resistant layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Technical Background of the GCS™ plating systems 

Plating gold over silver has been known for decades in the 
jewelry industry and it is even regulated in many countries for 
quality purposes [16]. In the field of passive electronic 
components, plating gold over silver has been mainly used for 
switches [17,18] where Gold, Silver and Gold over Silver are 
the three most common contact materials. Gold plating is 
usually dedicated for low current and/or low voltage switches 
where any surface oxidation or tarnishing cannot be tolerated. 
Conventional soft Silver plating is usually used for switches 
and circuits where an electrical arc is expected. Gold plating 
over Silver is typically used in double pole switches 
applications in order to obtain some of the advantages of both 
materials; added to the fact that gold will remain intact and 
will provide tarnish free contacts for high reliable long term 
switching [19,20].  

In summary, Gold plating over Silver plating finishes have 
been used for several years in some passive electronic 
components [21] but not yet used for separable interfaces such 
as connectors which have completely different performance 
requirements in terms of durability cycling. Transposing the 
“Gold over Silver” process to connectors, as used currently in 
switches, does not work if it is not optimized and adapted 
properly. GCS™ is a performance optimized multi-layer 
plating system and the four layers are required to make the 
contact interface resistant to corrosion, sulfidation and ensure 
durability. Hereafter several detailed experimentation results, 
demonstrating the suitability of using the GCS™ system for 
both Power & Signal connector applications, are shown. 

III. EXPERIMENTAL 

Several characterization techniques are used to assess the 
properties of the GCS™ plating system. Fretting-Corrosion 
and Durability testing with continuous low-level electrical 
contact resistance (LLCR) measurements were made using 
Bruker UMT3 universal mechanical testers equipped with a 
mechanical reciprocating module and a separate piezzo 
module.  A flat real connector header contact or a flat plated 
specimen were fixed on these lower modules. The upper 
module has a ball holder or a special hemispherical coupon 
with variable radius (between 0.8mm and 1.6mm) allowing to 
simulate different connector terminals receptacle geometries 
under different contact pressures. SIMS (Secondary Ion Mass 
Spectrometry) analyses were performed as qualitative and 
semi-quantitative composition elemental profiles in depth 
from the top surface down to the bulk of the silver plated 
layer. The used instrument is TOF-SIMS V equipped with one 
Bi gun (25 KV) and another Cs gun (2 KV). All the metallic 
hemispherical caps and flat substrates were made of the same 
phosphor-bronze copper base metal or the same high 
conductivity copper base metal as the tested real connectors. 

IV. RESULTS 

A. Electrical Contact Resistance 

Tarnishing is a long–established challenge in the silver 
plating industry. Tarnishing is predominantly caused by 
airborne sulfur, which reacts with the surface of silver and 

 
 

Fig. 1  Schematic representation of GCS plating system. 
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produces black silver sulfide (Ag2S). This sulfide layer affects 
the plating’s excellent electrical properties. Unlike most other 
corrosion films, the growth of the silver sulfide layer is linear 
over time. When there is a thick enough layer of Ag2S and an 
enough high temperature, an additional process of thin 
filament growth (whiskers) begins [22]. In the GCS™ plating, 
the Gold flash layer is used to act primarily as an inorganic 
anti-tarnish film replacing organic post-treatments which 
cannot withstand 105°C or 125°C temperature ageing tests, 
nor typical three lead-free reflow cycles. In fact, it’s extremely 
detrimental for electrical contact resistance to use organic anti-
tarnish agents beyond their operating thermal range as this will 
lead to decomposition of the organic layer and significant 
increase of resistance (Rc) at the terminal-contact interface 
[14]. Taking into consideration the typical electrical resistivity 
values for the mostly used plated deposits in connectors (see 
Table I) it is evident that both Gold and Silver exhibit 
excellent electrical conductivity and we would not expect, in 
theory, any electrical drawback when super-imposing these 
two layers.  

 

 

 

 

 

 

Technical literature [23,24] demonstrates clearly that 
interdiffusion between Gold and Silver occurs, which will 
change the top layer composition and thus change the 
resistivity. Fig. 2 shows the Low level Contact Resistance 
(LLCR) variation according to normal load for a system 
consisting of a bronze hemisphere (see Fig. 3), coated with 
0.76µm hard Gold, against a power type connector flat contact 
coated with 2.5µm freshly plated GCS™. The second flat 
contact was also plated with 2.5µm GCS but was subject to 12 
days of thermal treatment at 105°C to accelerate silver-gold 
(AuAg) interdiffusion. Values are given for measurements 
without any “wipe” between hemispherical caps and flat 
samples to avoid removing any specific top layer formed due 
to interdiffusion, although in reality there is always at least 
one mating cycle, which is a more favorable case.  

 

 

 

 

 

 

 

 

 

 

Varying the normal force between 0.2N and 5N for this 
Sphere-Flat system corresponds to varying the contact 
pressure between 300 MPa and 1000 MPa according to Hertz 
stress calculations. 

 

 

 

 

It is important to note that reported electrical contact 
resistance (ECR) values include bulk-copper resistance due to 
the wiring configuration in the tribology equipment. The 
curves show that as plated GCS™ is slightly less resistive than 
the thermally aged GCS™ for the lower normal loads 
corresponding to lower contact pressures. These results are in 
agreement with technical literature describing that thermal 
ageing induces a faster interdiffusion rate between Silver and 
Gold leading to an alloy with higher resistivity [25]. 
Nevertheless, we can see clearly on Fig. 2 that both curves are 
overlapping quite quickly. The fact that the two GCS™ curves 
tend to have equivalent contact resistance values with 
increasing normal load (so with increasing contact pressure), 
suggests that interdiffused AuAg layer is very thin. 
Consequently, and except for the very low contact pressure 
interfaces, the superficial thin interdiffusion layer has minor 
influence on the system ECR. In other words, the AuAg 
interdiffusion layer is protecting the silver layer against 
tarnishing while having minimal impact on its ECR. In all 
cases we have always low ECR values which are suitable for 
all electronic connector applications and the slight increase in 
GCS™ resistivity is not significant. 

B.  Validation of Gold and Silver interdiffusion on GCS™ 

plated power connectors 

We performed interdiffusion evaluations on High Power 
Edge Card connector (HPCE®). The connector contacts are 
GCS™ plated using a reel-to-reel plating line under industrial 
conditions and assembled.  Connectors were mounted on test 
printed circuit boards and thermal ageing was conducted at 
105°C up to 2000 hours. LLCR measurements were made 
every 500 hours. Fig. 4 shows the LLCR variations for the 
twelve different rows of the connector. We can see the 
maximum average LLCR increase is 0.3mΩ after 2000h while 
the maximum LLCR increase among all the individual values 
measured does not exceed 0.47 mΩ.  
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Fig. 2  GCS contact resistance variation acording to normal force 
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Fig. 4  Contact resistance variation of GCS™ plated HPCE® 

connector according to thermal ageing   

TABLE I.  ELECTRICAL RESISTIVITY OF TYPICAL MATERIALS AND 

 PLATED DEPOSITS ON CONNECTORS CONTACTS 

Material Resistivity 

(mΩ.cm) 

Material Resistivity 

(mΩ.cm) 

Copper (Cu) 1.68 Gold (Au) 2.44 

Silver (Ag) 1.59 Tin (Sn) 10.91 

Aluminum (Al) 2.82 Nickel 6.99 

Palladium (Pd) 10.78 PdNi (80/20) ~9.5 to 11.5 

 

         
Fig. 3  Hemispherical caps and flat contact used for ECR testing 
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It is important to note that for such type of power connector, 
the maximum allowed LLCR increase is 0.6mΩ. These low 
LLCR values prove the thermal stability of the GCS™ system 
from an electrical point of view and confirm that interdiffusion 
of Silver and Gold has minor impact on electrical 
characteristics of the GCS™ interface. 

C. Quantitative investigation of Gold and Silver interdiffusion 

in GCS™ plating system 

One of the most interesting methods to study the 
interdiffusion of Au and Ag is SIMS given its sensitivity and 
very low limits of detection. SIMS spectra were taken before 
heat treatment and after 24, 48, 120, 500, 1000, 1500 and 2000 
hours to study the evolution of interdiffusion. Fig. 5 shows the 
SIMS elemental profiles in depth for Au, Ag and Ni taken on 
the HPCE® connector after 2000h of thermal ageing, so 
representative of an extreme case. This figure is a wide-range 
spectrum and shows the top gold layer (Au

-
 and Au

3-
 ions) 

with two intense peaks followed by, a small, very thin 
interdiffusion layer of (AgAu

-
 ions) and the thick Ag layer 

(Ag
-
 ions). The vertical Y axis scale was modified for the 

different species to better identify the Gold-Silver interface 
and show the interdiffusion areas. 

 

 

 

 

 

 

 

 

 

 

 

We can notice a very thin layer (approximately 3~6 nm) on 
the surface which is relatively rich in Ag, then the Ag 
concentration drops drastically and there is a layer 
(approximately 35nm to 40nm) which is extremely rich in Au. 
When we approach the thick Ag layer, we can notice a 
separate peak indicating the simultaneous presence of Au and 
Ag together and the thickness of such layer is estimated 
between 25nm and 35nm according to analyzed samples. 
Then, the Au diffusion into the thick Ag layer drops quickly 
and becomes insignificant.  

It can be concluded that, after this severe thermal treatment to 
reach the worst interdiffusion case, the Gold layer of the 
GCS™ plating system is performing its protective function, 
for silver layer, very well. This interdiffusion AuAg layer on 
the top surface explains that, from an aesthetic point of view, 
the terminals shows a color which is slightly less yellowish 
than the conventional aspect of Gold. 

D.  Corrosion Resistance of GCS™ plating system 

The pertinence of using standard corrosion tests for Ag 
based coating is a commonly debated subject [14,26,27] in the 
connector industry. Consequently, for GCS™ plating we 
decided to cover all aspects and to conduct Standard Bleach 
test (Sodium hypochlorite vapors) based on ASTM B920-
01(2011), Standard EIA specified Mixed Flowing 4 Gas 
(MFG) corrosion tests and Standard IEC high concentration 
SO2 (10 ppm) and H2S (1 ppm) corrosive gas exposure tests. 
The MFG and IEC high-SO2/H2S corrosive gas tests are 
performed after 100 mating/un-mating cycles.  The Bleach 
tests are conducted on laboratory connector samples without 
durability cycling in order to understand the impact of 
lubricant and AuAg interdiffusion. Fig. 6 shows the number of 
pores observed on GCS™ plated terminals (12contacts) after a 
105°C thermal ageing followed by the Bleach test. The results 
confirms that without a final lubricant layer, PAO lube in this 
case, we have higher porosity. This demonstrates the 
importance of stable and neutral lubricant usage. A direct 
comparison of corrosion resistance to this bleach test is made 
with 30GXT (0.76µm GF-PdNi) and 30Au (0.76µm Full 
Gold) platings for reference. We can note that GCS™ has 
similar corrosion resistance to GF-PdNi and Full Gold.  

 

 

 

 

 

 

 

 

 

 

 

The impact of MFG 4 gas tests on GCS™ electrical contact 
resistance are shown in Fig. 7 where tests were performed on 
an assembled power type connectors. GCS™ is using PAO 
lube and a direct comparison is made to 0.76µm GF-PdNi 
(30GXT) plated connectors.  

 

 

 

 

 

 

 

 

 

 
Fig. 5  Dynamic SIMS profile of GCS plated layers on HPCE contact 
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Fig. 6  ASTM Bleach porosity tests after thermal ageing. Comparison 

of GCS™, GXT® and Full Gold plating performances 
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Fig. 7  Standard MFG 4 gas test impact on low level contact 

resistance of GCS™ plated connectors  
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Before introduction into MFG chamber, 200 durability mating 
and un-mating cycles were performed. The LLCR values show 
the stability of GCS™ plating and its high corrosion 
resistance. The ECR values are evidently lower for GCS than 
for GXT® due to the intrinsic silver electrical properties. It is 
important to note that 30GXT is a standard non lubricated 
deposit. The GCS plated (PAO lube) HPCE® connectors went 
through IEC high-SO2 (10ppm) and high-H2S (1ppm) 
corrosive gas tests after 100 mating & un-mating cycles and 
during 21 days for each gas. The LLCR variation results are 
given in Table II. We can notice that the maximal increase in 
ECR is very low. 

 

 

 

 

 

In summary, GCS
TM

 plating system can withstand very harsh 
corrosion tests. The interdiffusion Gold-Silver layer is remains 
a very efficient corrosion protector for the thick silver layer.  

E. Fretting corrosion performance of GCS
TM

 

 The lubricant enhances fretting-corrosion performance of 
the deposit and this is crucial for applications where 
connectors must withstand vibration conditions. Conventional 
Silver (soft silver) has moderate fretting-corrosion resistance 
compared to gold plating making its use very sensitive when 
connectors are subjected to fretting wear or to high vibration 
environment [28]. In general, to overcome these limitations, 
conventional soft silver is mainly used in high contact normal 
force systems with an anti-tarnish coating. In these 
applications, silver's relatively low hardness results in a large 
conducting contact area, composed of adhesively bonded 
metal-to-metal junctions allowing the contact to efficiently 
conduct current while at the same time helping to dissipate 
heat [14]. The GCS™ plating improves the overall durability 
of the contact system by using hard silver plating. Fig. 8 
shows the fretting corrosion curve of a system consisting of a 
1.6mm diameter full Gold plated bronze hemisphere and a flat 
CuSn8 bronze substrate which was plated with conventional 
soft Silver.  

 

 

 

 

 

 

 

 

 

Fig. 9 shows similar curve but for GCS™ plating which was 
thermally treated at 105°C (12 days) to provoke maximal 
AuAg interdiffusion (worst case simulation). The applied 
normal load was 1.2N corresponding to a contact pressure of 
950 MPa, so this is representative of most of Power and Signal 
connectors applications. The frequency used is 10Hz and the 
selected stroke is ±25µm. This stroke amplitude is quite severe 
for electronics applications (usually we use a stroke between 
±5µm and ±10µm [28,29]) but we kept evaluating under 
severe testing conditions. If we use 10mΩ contact resistance 
as the upper (maximum) threshold limit, we will notice that 
conventional soft silver plating alone can withstand 41K 
cycles before the complete wear-through of the silver layer. 
The fretting-corrosion curve for the GCS™ plating shows that 
we can reach 200K cycles. Consequently the GCS™ system is 
expected to have seriously improved performance in vibration 
tests, much better than conventional Silver plating. 

 

 

 

 

 

 

 

 

 

 

F. Current Carrying Capacity of GCS
TM

 

Given the low electrical resistivity of Silver, it is expected 
that the current carrying capacity would perform better with 
GCS™, but with AuAg interdiffisuion, it was important to 
carry detailed investigations. Fig. 10 shows a direct 
comparison between the temperature rise curves of GCS™ 
and GF-PdNi (GXT™) plated power connectors. We can 
clearly notice that GCS™, like most silver based plating, is 
much more adequate for higher electrical currents. It is useful 
to note that historically GF-PdNi temperature rise curves were 
very close to Full Gold plating. We did not measure, in our 
case, the full curve for the Gold version of the PowerBlade® 
connector, but simply showed (point in yellow) that when 
carrying 30A current, the temperature of a 0.76µm Gold 
plated connector is ~32% higher compared to exactly similar 
GCS™ plated contacts. Based on different types of tested 
connectors, we have noticed 15% to 20% increase in current 
carrying capacity in average. It is also important to compare 
what is the maximum temperature increase after severe 
environmental and corrosion tests of GCS™ connectors. Our 
measurements indicate that 22°C is maximum rise of 
temperature when contact are powered with 30A current after 
being submitted to thermal shocks (36 cycles, -55°C to +80 
ºC) and 10 days damp heat tests (95% RH at 40°C). Even after 
20 days MFG exposure, the temperature rise of GCS™ plated 
connectors did not bypass 19.2°C for a maximal allowed 
increase of 30°C.  

TABLE II.  ELECTRICAL CONTACT RESISTANC VARIATION DURING GAS 

SULFIDATION TESTS 

Sulfidation Sequential  Tests 

Description on HPCE connectors 
Maximum  ECR 

Mated Connectors (mΩ) 

After 100 mating cycles 0.04 

After 21 days H2S exposure 0.01 

After 21 days SO2 exposure 0.02 

 

 
Fig. 8  Fretting corrosion curve of conventioanl soft silver plating  

 
Fig. 9  Fretting corrosion curve of GCS plating   
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V. CONCLUSIONS 

The GCS™ plating system has improved performance 
compared to conventional silver plating systems. Even after 
mating/un-mating cycling, the silver layer remains protected 
from oxidation and sulfidation keeping its excellent electrical 
performance for connector usage.  Connectors with GCS

TM
 

plating have a stable low coefficient of friction which makes it 
more adequate for connectors, requiring higher number of 
mating and un-mating cycles, compared to  typical soft silver 
plating system. The GCS

TM
 plating allows connectors to 

achieve high performance with lower Silver plating thickness 
compared to conventional Silver plating. Conventional Silver 
has moderate fretting-corrosion resistance compared to gold 
and in laboratory simulated fretting tests, however the GCS™ 
plating system performed almost similar to gold plating and 
successfully passed different vibration tests. The GCS™ 
plating shows a 15-20% T-Rise performance improvement 
compared to GXT® or Gold plating which makes it a very 
good plating for higher current capable power connectors. The 
GCS™ plating uses PAO or PFPE advanced lubricants to 
ensure good tribological performance without the formation of 
silver oxides or silver sulfide precipitation.  The Gold flash 
layer keeps acting as an intrinsic inorganic protection for the 
silver layer and the lubricant is an organic self-healing 
protection layer. GCS

TM
 plating can be applied to Power and 

Signal connectors whenever we need to benefit from the 
higher electrical conductivity of Silver or the economical 
advantage of Silver deposit. 
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Fig. 10  Current carrying capacity curves of GCS™ and GXT® (GF-

 PdNi) plated PowerBlade® connector. The yellow point 

 represents the performance of a Full Gold plated connector 
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Abstract—Fretting tests of tin-coated connectors are often 

performed at exaggerated vibration levels, followed by 

measurement of the contact resistance. However, the strong 

vibration might cause stochastic penetration of the vibration 

induced oxide layer, and the connector might pass the test despite 

almost the entire contact area being covered by an insulating 

oxide layer. Therefore, in-situ detection of micro-slip at the 

contact interface during vibration would be desirable, since 

micro-motion is a prerequisite for fretting. In a previous study 

using model contacts, it has been demonstrated that oscillating 

slip will result in a detectable noise of the contact voltage drop. 

The electrical noise is probably caused by changes in the pattern 

of a-spots during the oscillating micro-slip. In this study, it is 

demonstrated that it is possible to measure the micro-slip 

induced electrical noise in real connectors. Thus, the vibration 

threshold level when the micro-slip starts can be determined in 

situ. Furthermore, this can be performed without influencing the 

dynamic behavior of the connector or changing the contact 

interface.  

Keywords—fretting; in-situ; tin-coated; vibration; threshold  

I.  INTRODUCTION  

Fretting corrosion or fretting oxidation is caused by micro-
sliding at the contact interface with subsequent oxidation [1, 2], 
and is the major reason for catastrophic contact failure of 
automotive separable contacts [3].  

At present the most common way to investigate and judge 
if a connector will fail due to fretting corrosion is either by 
constant reciprocating slip or by vibration testing. However, a 
constant reciprocating slip without lubricant will almost always 
cause fretting and exaggerated vibration testing might cause a 
breakdown of the formed oxide layer. Thus, the present test 
methods do not represent actual operating conditions and there 
is a risk of incorrect assessment as regards the long-term 
reliability of these testing methods. 

One way to predict whether or not fretting will occur in a 
real application would be to measure relative movements 
between the contact elements. However, three major challenges 
can be identified: 

1. The measurement should not influence the result, for 
example the weight of the contact is typically a few grams that 
hence imply that any additional components for measuring 
must have an exceptional low mass.  

2. The surrounding environment close to the contact spot 
might vibrate, e.g. the connector, the connector housing and 
other mechanical components, and thus it is difficult to find a 
fix point to measure the relative movements between two 
contact elements. 

3. To estimate the long term reliability based on the 
measured slip. 

 In a previous work with model contacts, performed by one 
of the authors [4] it was demonstrated that the increase in 
contact resistance caused by fretting stops when the relative 
movement at the contact interface stops, see Fig. 1 and Fig. 2. 
Moreover, it was demonstrated that an oscillating slip will 
result in a detectable electrical noise when measuring the 
contact voltage drop. The electrical noise is probably caused by 
changes in the pattern of a-spots during the oscillating micro-
slip.  

 

Fig. 1. Experimental set-up model contact. Contact geometry: ball-on-flat, 

radius of the ball 2 mm, [4]. 
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Fig. 2. The initial increase in contact voltage drop is stopped as soon as the 

non-elastic slip (peak to peak) is below 1 m. Normal load 2 N, tangential 

force amplitude 1.97 N and 5 m thick tin coating [4]. 
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Fig. 3.  The same contact as in Fig. 2.  Slip and standard deviation (STD) of 

the contact voltage drop versus time. The STD decrease to a relative very 
low value as soon as the non-elastic slip (peak to peak) is below 1 µm. 

Normal load 2 N, tangential force amplitude 1.97 N and 5 µm thick tin 

coating [4]. 

 Therefore, the possibility of detecting fretting motion in a 
real contact by analyzing the electrical noise in combination 
with the knowledge that any dry slip will cause fretting 
corrosion, enables the development of a new test method for 
evaluating fretting corrosion that meet the above mentioned 
challenges.  

In a Master’s Thesis written by one of the authors [5] the first 
attempt was made to measure micro-slip in real connectors 
subjected to vibration from a large electrodynamic shaker. 
However, severe problems with inductive interferences were 
experienced. This study is a continuation of the Master’s 
Thesis with the goal of developing a novel method to detect 
fretting motion in electrical connectors both during vibration 
testing in lab and in real applications. 

II. EXPERIMENTS  

A. Vibration testing of an automotive connector  

1) Test samples 

Flat terminals 2.8 mm wide of the unsealed MCP-type 
(multiple contact point) manufactured by Tyco electronics 
AMP were used in the test, see Fig. 4 and Fig. 5. The MCP-
terminals are used in less exposed environments, e.g. inside 
trucks’ cabs.  

The substrate of the pin terminal is phosphorous bronze 
CuSn4 (copper with 3.5 - 4.5% tin and 0.01 - 0.4% phosphor). 
The substrate of the receptacle is a CuNiSi alloy. The coating 
on both the pin and receptacle is, according to the 
manufacturer, minimum 1µm electroplated tin. The cantilever 
spring that holds the contacts inside the connector housing is 
made of stainless steel. 

 

Fig. 4. The MCP 2.8 type connector. Housing with receptacle terminals  

left,  pin terminals right. The contact housing is designed to hold up to six 

contacts. 

 

 

Fig. 5. X-ray pictures of connector housing and two MCP 2.8 type contacts.  

The contact housing is visible as a grey shadow. The length of the connector 

housing is 46 mm. 

The 2.8 mm MCP terminals can be placed in a variety of 
different types and sizes of connector housings holding up to 
twenty-one contacts. The mated contact has four contact points, 
two on each side of the pin terminal’s blade. Two of the contact 
points can be seen in the X-ray photograph in Fig. 6. The other 
two points are directly behind the two visible contact points. 

The contact voltage drop was measured using the four-wire 
resistance method, see Fig. 6 and Fig. 7. A 50 µm insulated 
measuring wire was placed in-between the folded parts of the 
blade of the pin contact and the end of the wire was glued to 
the front end of the pin contact with conductive silver epoxy 
(Fig. 6, Pos. 1). In a similar way a measuring wire of 100 µm 
was placed in the receptacle contact and glued to the front end 
(Fig. 6, Pos. 2). The measuring wires were then soldered to a 
larger cable that could more easily be connected to a voltmeter. 
The current was fed through the rear ends of the terminals 
where a cable is normally fastened by crimping it to the 
terminal. The weight difference between a modified contact 
and an unmodified contact due to the weight of the wires and 
the silver epoxy was around 1 percent and thus should not 
influence the test results. The mated cable terminals with 
measurement wires are presented in Fig. 8. 
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Fig. 6. Close-up of contact, showing two of four contact points. The 
thickness of the contact blade is 0.8 mm. Pos. 1 and Pos. 2 indicate the 

connection points for measuring the contact voltage drop. 

 

Fig. 7. Schematic drawing of the four wire voltage drop measurement. 

 

Fig. 8. Mated cable terminals with measurement wires. 

2) The test bench and the fixture for the connectors 

The test bench consisted of a large electrodynamic vibrator 
with the test box for the connectors mounted on top of the 
vibrator, see Fig. 9. The test box was made of aluminum and 
covered with 0.1 mm thick µ-metal for electromagnetic 
shielding, see Fig. 10. In order to only measure the electrical 
noise caused by the electro dynamical vibrator, a reference 
contact immune to fretting was used. The fretting motion of the 
reference connector was eliminated by embedding a test 
contact with the test leads in epoxy.  

 

Fig. 9. Vibrator with the test box mounted on top. The shaker can be tilted 

90 degrees to the left and connected to the shaker table to the left to allow for 

vibration in all directions. 

 

Fig. 10. The test box with a 0.1 mm thick µ-metal for electromagnetic 
shielding.  The connectors to be tested are mounted inside the test box 

together with a reference contact that is immune to fretting. 

3) Test conditions 

The tests were conducted under the following conditions: 

• Ambient temperature 20-22ºC.    

• Current load; 2 Ampere DC. 

• Sample rate of contact voltage drop; 1000 Hz 

• The test was conducted with random noise vibrations, 
similar to ISO 16750-3, Test VIII Commercial 
vehicles, decoupled cab. The vibration level (Grms) 
was increased every 60 seconds during the test, and the 
duration of each test was 300 seconds. 

B. Measurement of vibration induced noise in a real 

application 

Fretting corrosion had been observed on a nickel-plated 
fuse aimed at a mobile compressor. The compressor generates 
vibration during operation that might cause contact failure due 
to fretting corrosion. The investigated fuse holder and fuses are 
presented in Fig. 11. 

 

Fig. 11. The investigated fuse holder and fuses from Schurter. Pos.1 bottom 
contact (tin coated), Pos. 2 the fuses (nickel plated), Pos. 3 top and blade 

contact (nickel plated) and Pos. 4 the receptacle (tin plated). 

Thin insulated wires (D = 0.1 mm) were glued with 
conductive silver epoxy to the fuse and the fuse holder, in order 
to measure the voltage drop, see Fig. 12. The fuse was new, 
while the fuse holder had been used before. The measured 
spring force was 7 N, which is within the technical 
specification of the fuse holder (5–8 N). 
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Fig. 12. Schematic drawing of the fuse holder with the fuse. Pos.1 bottom 

contact (tin coated),  Pos. 2 the fuse (nickel plated), Pos. 3 top and blade 

contact (nickel plated ) and Pos. 4 the receptacle (tin plated). Thin insulated 

wires (D=0.1 mm) were glued at Pos.1 and Pos. 2 in order to measure the 
voltage drop. 

The ordinary electrical current to the compressor through 
the fuse holder was bypassed and a very stable current source 
was connected to the fuse holder. The noise was analyzed by 
evaluating the standard deviation (STD) for each group of 25 
recorded data samples. The measurement frequency was 5 Hz, 
and the current load was 2 A DC. 

III. RESULTS 

A. Vibration testing of an automotive connector 

The measured contact voltage drop, for both a contact 
(Contact-1 of MCP type terminals) and a reference contact 
which is immune to fretting, is shown in Fig. 14. The test was 
conducted with a random noise vibration used for cab 
components testing. The fluctuation in voltage drop for the 
contact compared to the stable level of the reference is readily 
seen in the figure. This is even more evident from the standard 
deviation of the voltage drop shown in Fig. 15. There are a 
direct correlation between increase in the vibration level and an 
increase of the STD. 

The fluctuations reach the maximum level when the 
vibration level is increase to 60% of the full spectrum level. 
Further increases in vibration level do not increase the standard 
deviation. It is also notable that as soon as the vibration stops 
the fluctuations immediately come to an end.  The reference 
contact shows a higher but very stable voltage drop during the 
entire test, and thus interferences from induction and other 
sources are not likely to affect the measurements. 

The measured contact voltage drops over another contact 
(Contact-2 of MCP type terminals) are seen in Fig. 15. At the 
moment the vibration level increases to 60% the contact 
voltage drop immediately starts to fluctuate, which can clearly 
be seen in Fig. 15, and a sudden high increase in standard 
deviation is seen in Fig. 16. The fluctuations stay at a high 
level for the remainder of the vibration test.  

 

 

Fig. 13. Contact voltage drop for the Contact-1 and a reference contact 

immune to fretting during vibration testing at random cab spectrum.   

 

Fig. 14. Standard deviation of contact voltage drop for the Contact-1 and a 

reference contact immune to fretting during vibration testing at random cab 

spectrum. 

 

Fig. 15. Contact voltage drop for the Contact-2  during vibration testing at random 

cab spectrum. 

 

Fig. 16. Standard deviation of contact voltage drop for the Contact-2  during 

vibration testing at random cab spectrum. 
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B. Detection of vibration induced noise in a real 

application 

The measured voltage drop between the fuse and the lower 
part of the fuse holder, Pos. 1 and Pos 2 in Fig. 12 is presented 
in Fig. 17 and Fig. 18. 

 

Fig. 17. The mean contact voltage drop between Pos. 1 and Pos. 2 in Fig.12 

for each group of 25 recorded data samples. Sampling frequency was 5 Hz, 
and current load 2 A DC. 

 

Fig. 18. The standard deviation (i.e. the noise) of the contact voltage drop 
between Pos. 1 and Pos. 2 in Fig.12 for each group of 25 recorded data 

samples. The sampling frequency was 5 Hz, and current load 2 A DC. 

The current was applied to the fuse holder before the 
compressor started, and was switched off 10 minutes after the 
compressor had stopped. Before the compressor was started, 
the mean contact voltage drop increased. When the compressor 
started the mean contact voltage first decreased to a value 
below the initial value and then increased somewhat. When the 
compressor was stopped the mean contact voltage drop 
increased to a higher level than before the start. The standard 
deviation of the voltage drop increased immediately when the 
compressor started, and then decreased when the compressor 
was stopped. A peak or transient of the STD value was 
observed when the compressor started and stopped as well as 
one large transient during the test. 

 

IV. DISCUSSION 

A.  The prerequisite to detect slip induced electrical 

noise 

In a previous study by one of the authors it was verified that 
micro-slip caused by applied oscillating tangential force on a 
model contact caused an electrical noise. At a current of 2 A 
DC the average contact voltage drop was in the range of 0.1 -
1.5 mV while the STD based on 50 recordings for every 5th 
second was in the range of (+/-) 0.01 to 0.06 mV during slip.  

The prerequisite to detect the slip induced noise is that the 
electrical noise caused by other sources is well below the slip 
induced noise. Thus, the DC current should be stable and with 
a very low ripple, and when testing a connector in a large 
electrodynamic shaker, an efficient shielding is necessary in 
order to reduce the magnetically induced noise.  

In the present study a reference contact immune to fretting  
(i.e. vibration which could not cause micro-slip) was used to 
measure the electrical noise caused by other sources. It was 
demonstrated that this electrical noise could be kept well below 
that caused by a sliding motion even though a part of the 
experiment was performed in a large electrodynamic shaker.  

The current load in the test was 2 A DC. The current load 
could probably be reduced to 0.5 A DC and it would still be 
possible to detect the micro-slip in the present set-up. The 
MCP 2.8 contact is designed for up to 40 A, while the normal 
operating current load is typically in the range from 0.5 A to 5 
A. Hence, the micro-slip induced noise can be detected with a 
current load that is within the typically range in real operation.      

B. Evaluation of the test results 

Micro-slip starts at the periphery in the contact point while 
the center is still. Increased vibration results in an increased 
area that slips and a reduced center area that is still. At a certain 
vibration threshold value the total contact area will slip, and it 
is when this occurs an electrical noise is induced.  

Probably there is correlation between the magnitudes of the 
STD and the micro-slip within a test run. In Fig. 14 the STD 
increases when the vibration level increases up to 60%. 
Moreover, the STD does not increase significantly after the 
vibration level has increased to 60%. This could be due to the 
fact that either the slip does not increase or the slip induced 
noise does not increase and reaches a plateau value even 
though the slip has increased.  

In Fig. 16 a distinct vibration threshold value can be 
observed, as at a vibration level of 60% there is a sharp 
increase in the STD. Thus, below this vibration level the 
contact is stable. However, when the vibration level is 
increased above the threshold value, the STD initially becomes 
high but is reduced continuously as long as the vibration level 
is maintained at a constant. This is probably due to the fact that 
the micro-slip causes wear and an increased contact area, 
which in turn increases the friction force and reduces the slip. 
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The two tested MCP type terminals showed different 
vibration threshold values. For Contact-1 micro-slip occurred 
even at 10% vibration level, while Contact-2 was stable up to a 
30% vibration level. The difference in vibration threshold value 
between the two tested MCP type terminals is probably mainly 
due to a difference in contact force. A low contact force will 
result in a reduced vibration threshold value and increased risk 
of fretting.  

A reduced mean voltage drop was observed in some tests 
when micro-slip started, i.e. the STD value increased. The 
reduced mean voltage drop was probably caused by an 
increased conducting contact area during the first phase of the 
vibration test due to wear.  

C. Evaluation of connectors under realistic operating 

conditions 

Since the magnitude of the vibration that the contact is 
subjected to depends both on the design of the total system as 
well as the environment, fretting tests should preferably be 
performed in real applications under realistic operating 
conditions.  

The measurement of micro-slip induced electric noise of a 
fuse that was mounted in a mobile compressor, revealed a 
transient of the STD which occured both at the start as well as 
at the stop, see Fig. 18. This is because the start is very 
powerful and the whole compressor shakes, and the same 
applies when the compressor stops. A measure to reduce the 
risk of fretting may be to introduce a softer start and stop of the 
compressor, as well as to reduce the vibration of the 
compressor case since the fuse is mounted on the case. 

The performed measurement of a fuse placed in a 
compressor shows that the presented method to detect fretting 
motion in electrical connectors gives a unique insight into how 
and when fretting motion occurs. Moreover, when it is possible 
to detect micro-slip between the contact elements in a 
connector it enables the adoption of measures to reduce the 
micro-slip. This is important since micro-slip will cause 
fretting oxidation which in time will cause a high contact 
resistance and eventually contact failure.  

D. Future work 

The present test method has demonstrated that vibration 
induced fretting can be detected by evaluation of the electric 
noise caused by the micro-slip. However, thermal induced 
fretting might well also cause contact failure. Thermal induced 
fretting is in general characterized by only a few cycles 

compared to vibration induced fretting and the slip is in general 
much longer. One way to detect thermal induced motion might 
be to measure and compare the contact voltage drop at the 
contact interface with the contact voltage drop over the entire 
contact (crimp to crimp). Any large slip will change the 
distance the current has to go through the pin contact, and this 
should result in a change in the measured contact voltage 
between the contact crimps. 

This study shows that the slip in a contact can be detected 
in-situ by evaluating the standard deviation of the contact 
voltage drop. This presents an opportunity to study and follow 
the deterioration process of a contact from the beginning during 
long-term field operation by measuring and recording the 
contact resistance continuously. 

V. CONCLUSIONS 

The experiments performed in this study show that the 
electrical noise caused by vibration induced micro-slip can be 
detected in-situ in a real contact during vibration testing and 
also during real operation. Moreover, the proposed test method 
in this study can be used to determine the vibration threshold 
value for a connector. 
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Abstract— A silver coating is widely used as a protective layer 
in high performance electrical connectors. In this paper, the 
influence of roughness on the lifetime of the silver coated 
electrical contacts in fretting tests was investigated. A series of 
6 µm silver coated sphere/flat contacts with different roughness 
surface finishes, namely smoothed (mean roughness depth of the 
substrate, Rz ≈ 0.4 µm), normal (Rz ≈ 1.0 µm) and roughened (Rz 
≈12.4 µm), were employed in this study. The base material of the 
samples was bronze (CuSn4). The samples were tested with 
regard to the wear and fretting corrosion measurement and the 
results were analyzed with the help of X-ray fluorescence 
spectroscopy and digital microscope. 

As a result, it has been found that with increasing roughness, 
the lifetime of the electrical contacts decreases. On the other 
hand, the transition of the wear process from the running-in 
stage (Phase I) to the steady-state stage (Phase II) took place at 
almost the same number of cycles under the given test 
parameters. However, on close analysis of the wear process, two 
mechanisms of this transition were found in this study. In the 
case of smooth or normal surfaces, the wear-off of the roughness 
peaks of the coating plays a central role in causing the transition. 
Meanwhile for roughened surfaces, the coating thickness at the 
top of roughness peaks is thinner than the target value, and then 
the undesired premature wear through at those positions leads to 
the transition. Moreover, in the subsequent wear process, four 
feature points were identified to characterize the evolution of 
contact resistance as well as the wear process. 

Keywords— Wear mechanisms, Roughness, Lifetime, Silver 
coating 

I.  INTRODUCTION 
A protective noble coating layer is generally used in 

electrical contacts to achieve a long life. This layer has good 
resistance to oxidation and consequently fretting corrosion, but 
suffers mostly in the form of wear. Silver has been a popular 
studied noble metal in recent times due to it having the lowest 
electrical resistivity among metals at room and elevated 
temperatures (293 K and 400 K, respectively) [1] and its low 
price compared to gold. In order to guarantee the protection 
efficiency, the wear process as well as the time until wear 
through should be carefully studied. Since the roughness is one 
of the most important characteristics in a tribo-system. It is 
expected to gain an understanding with regard to the wear and 

fretting behavior of the coatings with different surface finishes, 
i.e. roughness. 

A substantial amount of work has been conducted in the 
research of the wear process [2-5], and it is well known that a 
wear process typically consists of three stages, namely the 
running-in stage (Phase I), the steady-state stage (Phase II) and 
severe-wear stage (Phase III). Also, the effect of roughness has 
been investigated by some researchers. Bayer and Sirico [6] 
found that both magnitude and anisotropy of roughness have an 
effect on the wear behavior: wear is more sensitive to 
magnitude for finer surfaces, while coarser surfaces are more 
influenced by the orientation of roughness. Hisakado [7] 
investigated the influence of roughness on abrasive wear and 
proposed simple expressions for calculating abrasive wear rate. 
Kato [8] reviewed the relationship between wear and friction, 
and demonstrated that the roughness of substrate has great 
effect on wear of coating under given frictional conditions. 
Takadoum and Houmid Bennani [9] studied the influence of 
substrate roughness on wear of TiN films, and indicated that 
the wear increases with the increasing substrate surface 
roughness. Despite these research projects, the transition from 
Phase I to Phase II and wear process have not been clarified in 
detail. 

In our previous study [10], the calculation models were set 
up using the normal surface finish (substrate Rz ≈ 1.0 µm) to 
interpret the correlation of the wear depth to the sliding 
distance based on the Archard’s wear equation [11]. The 
transition mechanism from Phase I to Phase II is considered as 
the flattening of the roughness peaks at the coating surface. 
However, this proposal seems inapplicable in the case of 
roughened surfaces (substrate Rz ≈ 12.4 µm). 

Thus, in this study, the influence of roughness on the wear 
and fretting behavior of 6 µm silver coated electrical contacts is 
studied with smoothed, normal and roughened surface finishes 
whose mean roughness depth Rz at substrate is ca. 0.4, 1.0 and 
12.4 µm respectively. Based on the wear depth-wear cycle-
curve obtained from wear and fretting corrosion tests and X-
ray fluorescence spectroscopy, as well as the wear scars 
analyzed by digital microscope and contact resistance-wear 
cycle-curve recorded during the wear and fretting corrosion 
tests, the two different transition mechanisms from Phase I to 
Phase II and the wear processes are worked out. 

This study is supported by the German Federal Ministry for Education 
and Research (BMBF, 1758X07), the European Union and the German State 
Northrhine-Westfalia (w0804nm001). 
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II. EXPERIMENTAL SETUPS 

A. Preparation of Samples 
The samples used in this study are ball-plane configuration, 

with a radius at the contact point of 4.5 mm (shown in Fig 1). 
The base material is bronze (CuSn4). A protective layer of 6 
µm silver is galvanically coated on the substrate. The thickness 
of coating is confirmed by XRF spectroscopy (X-ray 
fluorescence spectroscopy) from HELMUT FISCHER 
GmbH&Co.KG. However, the coating layers have different 
roughness, namely smoothed, normal and roughened. For the 
smoothed samples, the base material (Fig. 2(a)) is treated by 
the QUIXX All Metall Polish from E.V.I. GmbH and a fine 
polishing brush; for the roughened samples, air blasting with a 
solid blasting agent is employed to generate the required 
substrate surface finish (Fig. 2(b)). The roughness of these 
three kinds of samples will be measured at both substrate and 
silver coating by 3D-Microscope µsurf explorer from 
Nanofocus according to DIN EN ISO. 

B. Wear and Fretting Corrosion Measurements 
The apparatus used for the wear and fretting corrosion tests 

is illustrated in Fig. 3. The relative motions are generated by a 
piezoelectric actuator ranging from 1 µm to 300 µm. The other 
test conditions can be ranged as follows: the normal contact 
force from 1 N to 6 N, the frequency between 0.1 and 10 Hz, 
and the test temperature from ambient temperature to 80 °C 
[12]. The parameters used in this study are listed in Table I.  

 

Fig. 1. Geometry of the contact. 

 

                       (a)                                                    (b)   

Fig. 2. Substrates after treatments. (a) Smoothed sample; (b) roughened 
samples. 

 

Fig. 3. Schematic illustration of the wear and fretting corrosion tests 
apparatus [13]. 

TABLE I.  TEST PARAMETERS IN THIS STUDY 

Parameters Values 

Amplitude ± 100 µm 

Normal contact force 3 N 

Temperature Ambient temperature (20 ~ 24 °C) 

Frequency 1 Hz 

Relative humidity 35 ~45 % 

 

In this study, the resistance of wear and fretting corrosion 
of the samples with different surface finishes is tested 
according to the parameters in Table I. Two kinds of test 
methods are used: one is to run the measurements at different 
cycles in order to obtain the wear depth and wear scar at that 
cycle; the other is to run the measurements until the contacts 
fail (contact resistant Rc > 300 mΩ). The wear depth is 
calculated as the difference between initial thickness and the 
thickness after wear and fretting corrosion tests measured by 
XRF spectroscopy. The wear scars are analyzed by microscope 
(digital microscope VHX-2000 by Keyence Corporation). At 
each test point, the experiments are conducted three times to 
guarantee the repeatability. 

III. RESULTS AND DISCUSSION 

A. Roughness Analysis 
The roughness of the substrate and coating is listed in 

Table II. Rz is the mean roughness depth, and Rk is the core 
roughness depth. Rz is a generally used parameter to describe 
the roughness, but for some calculations Rk is an additional 
parameter, since it depends on the topology. The correlation 
between Rz and Rk is dependent on the roughness morphology. 
It is found that Rk in substrate roughness Rk ≤ 1.2 µm samples 
increases after the electroplating, while decreases in the Rk ≈ 
13.3 µm samples. This indicates that the quality of the coating 
on the base material depends strongly on the roughness of the 
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substrate. According to [14], three different micro-throwing 
characteristics can occur in electrodeposits (Fig. 4). In this 
way, the coating morphologies of smoothed surfaces and 
normal surfaces are close to Fig. 4(a) where the silver favors to 
plating on the high spots; while the roughened surfaces tend 
towards the results in Fig. 4(c) where the silver deposits 
preferentially in the grooves of the substrate. It is also noticed 
that the coating thickness obtained by XRF spectroscopy refers 
to an average value in an area. It can then be derived that, for 
the roughened samples (substrate roughness Rk ≈13.3 µm), 
there exists a significant poor coating at the top of peaks and a 
surplus coating at the grooves considering 6 µm as the nominal 
coating thickness: the coating thickness at the top of roughness 
peaks can be roughly calculated as 4.3 µm, while at the bottom 
of grooves as 7.7 µm, when the morphology is considered as a 
triangular structure. This can lead to an easy wear through at 
the peaks. In this case, the premature wear through at the sharp 
peaks can occur. 

B. Wear Depth-Wear Cycle-Curve 
The wear depth is obtained by the XRF spectroscopy. The 

attention is mainly paid to the spherical parts, since they have a 
severer wear than the plane parts. The results of wear depth at 
spherical parts at different wear cycles are shown in Fig. 5. The 
deviation of wear depth at lower wear cycles is generally 
greater. It can attribute to the strong adhesion effect of silver-
silver contact. This can be proved by the fact of smaller 
deviation in wear depth-wear cycle-curve when considering the 
spherical and plane parts together (Fig. 6). The adhesion effect 
can be suppressed after long wear duration, then leading to 
smaller deviation at that moment, since from one side, it is 
possible to push the wear debris of silver layer to the side of 
contact zone; from the other side, the bronze from the substrate 
can participate in the wear process and thus inhibit the 
adhesion between silver contacts. 

TABLE II.  ROUGHNESS OF THE SUBSTRATE AND COATING AT PLANE 

Surface 
Substrate Coating 

Rz
a (µm) Rk

b (µm) Rz (µm) Rk (µm) 

Smoothed 0.4 1.0 0.6 1.9 

Normal 1.0 1.2 1.5 2.3 

Roughened 12.4 13.3 11.0 9.9 
a. Rz: mean roughness depth 
b. Rk: core roughness depth 

 

 

Fig. 4. Schemetical illustration different microthrowing characterististics of 
coating [14].  

 

Fig. 5. Wear depth-wear cycle-curve at the spherical parts. 

 

Fig. 6. Wear depth-wear cycle-curve involving the spherical and plane parts.  

According to Archard’s wear equation [11], the wear depth 
should increase faster at the beginning of wear process as 
shown in Fig. 5 as well as Fig. 6. The transition from Phase I to 
Phase II occurs at around 1000 wear cycles in all roughnesses. 
Meanwhile, the wear depth at higher roughness finish should 
be larger, due to the reduced bear surface at the contact and 
later worn-off of the sharp peaks. However, the tendency is 
only significant before 10000 wear cycles, and then the 
difference of the wear depth among the three surface finishes 
becomes smaller. Based on these observations, the transition 
mechanisms should be different for the surface finishes with 
substrate Rz ≈ 12.4 µm and substrate Rz ≤ 1.0 µm. This will be 
discussed in detail in the following sections. 

C. Analysis of Wear Scars 
The wear scars of the three surface finishes at different 

wear cycles are shown in Fig. 7. For samples whose substrate 
Rz is smaller than 1.0 µm (smoothed and normal surfaces), a 
similar wear process is reflected by the wear scars. From 0 to 
1000 cycles, the wear-off of the roughness peaks dominates the 
wear process, and it is recognized as a surface smoothing 
process, which corresponds to the Phase I. In this phase, the 
contact zone expands relatively faster than Phase II, which 
starts from 1000 wear cycles. At around 10000 wear cycles, the 
earliest wear through of the silver coating at higher peaks has 
taken place. It can be seen as a wear through in small range. As 
the wear process develops, more and more areas are worn, and 
at around 30000 wear cycles, remarkable (large scale) wear 
through of the silver coating can be detected. This observation 
has a good correlation with the results from XRF spectroscopy. 
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Fig. 7. Wear scars of three spherical surface finishes at different wear cycles. 

When it comes to the case of surfaces with higher 
roughness (substrate Rz ≈ 12.4 µm), the wear scars display 
other characteristics. Different from the aforementioned 
process, some very sharp peaks cause very severe abrasive 
effects. The abraded materials can be observed in the 
microscopic images of 250 and 500 wear cycles. In the photo 
of 1000 wear cycles, a noticeable degradation of the silver 
coating can be found. This means that marked quantities of 
bronzes from base material partake in the wear process. Since 
the H/E ratio (H: hardness and E: elastic modulus) have a good 
correlation with the ranking of wear resistance [15, 16], it can 
be derived that wear resistance of bronze is superior to silver 
[17, 18]. In this way, the occurrence of inflection in the wear 
depth-wear cycle-curve of roughened surfaces can easily be 
understood. Correspondingly, the linear wear rate decreases. A 
large scale wear through of silver coating can be observed after 
10000 wear cycles. 

D. Correlation between the Contact Resistance Rc and the 
Wear 
The development of contact resistance with respect to wear 

cycle at different surface finishes is illustrated in Fig. 8, Fig. 9 
and Fig. 10, respectively. Four feature points (A~D) are 
characterized. The wear cycles of feature points A to D are 
shown in Fig. 11. These points are interpreted as follows. 

At the feature point A, the first peak of the contact 
resistance takes place, which indicates the wear through of the 
coating at highest roughness peaks. For the samples with 
substrate Rz ≈ 0.4 µm or Rz ≈ 1.0 µm, a significant feature 
point A can be found. The occurrence of feature point A at 
samples with substrate Rz ≈ 0.4 µm is ca. 2000 cycles later than 
the samples with substrate Rz ≈ 1.0 µm. This coincides with the 
fact that with substrate Rz ≈ 0.4 µm samples the roughness 
peaks are flatter than the other samples, resulting in a lower 
linear wear rate. In contrast, the roughened samples (substrate 

Rz ≈ 12.4 µm) have no obvious feature point A. The contact 
resistance always oscillates with a larger amplitude compared 
to the samples with small roughness (substrate Rz ≤ 1.0 µm), 
and directly evolves to the next stage (feature point B). 

At the feature point B, the contact resistance will increase 
gradually, and it will no longer return to the values before 
feature point B. After this point, remarkable wear through of 
the coating material can be observed. For the samples with 
substrate Rz ≈ 0.4 µm or Rz ≈ 1.0 µm, the feature point B 
occurs at around 34000 cycles and 32000 cycles respectively.  
This result correlates well with the results in Section IIIB and 
IIIC. Moreover, the cycles from feature point A to B are 
basically the same in these two finishes (ca. 21000 cycles). For 
the samples with substrate Rz ≈ 12.4 µm, feature point B takes 
place at around 15000 cycles, which is 5000 cycles later than 
the results in Section IIIC because of the offset between wear 
through and resistance increase. However, it differs from the 
result obtained in Section IIIB (around 30000 cycles to be worn 
through). The possible reasons are: firstly, in XRF 
spectroscopy analysis, the coating thickness is actually an 
average value in an area, which results in the fact that the silver 
content wear debris will be taken into account when calculating 
the thickness, and the remaining silver thickness will be 
consequently thicker calculated; secondly, the measuring spot 
is larger than the wear through area. 

At the feature point C, the contact resistance is larger than 
50 mΩ. It is considered that the oxide of base material (CuO 
for example) is generated. As the wear process progresses, 
more and more oxides are formed, corresponding to the rapid 
increase of contact resistance. This point occurs at ca. 46700, 
46300 and 34000 cycles for the samples with substrate Rz ≈ 
0.4 µm, 1.0 µm and 12.4 µm respectively. Since the substrate 
at roughened surface is exposed to ambient atmosphere at 
lower wear cycles, the formation of oxides is earlier than in 
smoothed and normal cases.  

Finally, the contact resistant reaches the criterion of contact 
failure (Rc > 300 mΩ), and curves proceed to feature point D 
(60000, 56400 and 45000 cycles for substrate Rz ≈ 0.4 µm, 
1.0 µm and 12.4 µm respectively). Generally, the wear cycles 
at feature point D decrease with the roughening of the surface. 
It can be detected that electrical resistance remains low for a 
relatively long time after the remarkable wear through at the 
three finishes. 

 

Fig. 8. Development of contact resistance at substrate Rz ≈ 0.4 µm samples.  
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Fig. 9. Development of contact resistance at substrate Rz ≈ 1.0 µm samples.  

 

Fig. 10. Development of contact resistance at substrate Rz ≈ 12.4 µm samples. 

 

Fig. 11. The wear cycles of feature points A to D at different surface finishes. 

E. Different Transition Mechanisms of Samples with Surface 
Finishes substrate Rz ≤1.0 µm and Rz ≈12.4 µm 
Based on the investigation from Section IIIA to IIID, it is 

clear that two different transition mechanisms exist for the 
samples with substrate Rz ≈ 12.4 µm and Rz ≤ 1.0 µm. For the 
samples with substrate Rz ≤ 1.0 µm, at the beginning, the wear 
process is mainly worked in the form of wear-off of the 
roughness peaks at the coating surface. Due to the significant 
small bear surface of the contacts, the linear wear rate is 
remarkably high at this stage, which is recognized as Phase I 
(Fig. 12(a)). After the smoothing of the peaks, the bear surface 

is enlarged, the wear process transits to Phase II, and the linear 
wear rate is reduced to a lower level (Fig. 12(b)). The feature 
points A to D are also illustrated (Fig. 12(c) to Fig. 12(f)). 

For the roughened surfaces (substrate Rz ≈ 12.4 µm), Phase 
I (Fig. 13(a)) refers to the wear-off of the peaks as well. 
However, this process is relatively short because the coating at 
the top of peaks is very thin. Thus, the wear through at these 
points is quite easy, and then the wear curve continues to Phase 
II (Fig. 13(b)). However, the transition mechanism is different: 
the inducing of bronze substrate increases the wear resistance 
and the wear rate decreases as a result. The further wear 
process characterized by feature points B to D is illustrated in 
Fig. 13(c) to Fig. 13(e). 

 
                (a)                                       (b)                                      (c)             

 
                (d)                                       (e)                                      (f) 

Fig. 12. Schematic wear process and transition mechanism of surface finishes 
with substrate Rz ≤ 1.0 µm in micro scale. (a) Phase I, the coating with high 
quality, wear at the coating peaks; (b) wear-off of the peaks of the coating, 
start of Phase II; (c) feature point A, wear through at the highest peak; (d) 
feature point B, remarkable wear through of the coating; (e) feature point C, 
formation of oxides of base material; (f) feature point D, accumulation of 
oxides and contact failure. 

 

                  (a)                              (b)                                (c) 

             
                (d)                              (e)                                     

Fig. 13. Schematic wear process and transition mechanism of surface finish 
with substrate Rz ≈ 12.4 µm in micro scale. (a) Phase I, poor quality of 
coating, wear of the thin coating at peaks; (b) wear through at some peaks of 
the coating, introducing of the substrate to wear process, start of Phase II; (c) 
feature point B, remarkable wear through of the coating; (d) feature point C, 
formation of oxides of base material; (e) feature point D, accumulation of 
oxides and contact failure. The meanings of symbols are the same as those in 
Fig. 12 
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IV. CONCLUSION 
In this paper, the wear and fretting behavior on different 

roughness surfaces, namely substrate roughness Rz ≈ 0.4 µm, 
1.0 µm and 12.4 µm, is investigated by the wear and fretting 
corrosion tests. The wear depth at different wear cycles and the 
wear scars are closely analyzed with the help of XRF 
spectroscopy and digital microscope, respectively. Moreover, 
the correlation between contact resistance and the wear is 
studied. 

Based on the these investigations, it is concluded that the 
transition mechanism from Phase I to Phase II and the further 
wear process are different for the small roughness samples 
(substrate Rz ≤ 1.0 µm) and the roughened samples (substrate 
Rz ≈ 12.4 µm). 

In the case of small roughness samples, the coating quality 
can be guaranteed with the sufficient thickness throughout the 
coating surface. This will prevent the silver coating layer from 
the undesirable premature wear through at the top of roughness 
peaks. The wear in Phase I is dominated by the wear-off of the 
roughness peaks, accompanied by a relatively high linear wear 
rate due to the significant small bear surface. When the peaks 
are generally worn off, the wear process continues to Phase II, 
and this transition takes place at around 1000 cycles according 
to the wear depth-wear cycles-curve. At this stage, the bear 
surface is larger than that in Phase I, and thus the linear wear 
rate become lower. As the wear process develops further, four 
feature points A to D are identified. At feature point A, the 
wear through of the coating material will occur firstly at the 
highest roughness peaks. It is reflected by the first peak in the 
contact resistance-wear cycle-curve. This point occurs at ca. 
13000 and 11000 cycles for the substrate Rz ≈ 0.4 µm and 
1 µm samples, respectively. When the samples slide another 
21000 cycles for both surface finishes, a remarkable wear 
through of the coating can be observed, which corresponds to 
the feature point B. In the contact resistance-wear cycle-curve, 
the contact resistance will increase gradually and no longer 
return to the values before this point. At ca. 46700 cycles 
(substrate Rz ≈ 0.4 µm) and ca. 46300 cycles (substrate Rz ≈ 
1.0 µm), the oxides of base material are formed and the contact 
resistance will increase rapidly (feature point C). After ca. 
60000 cycles (substrate Rz ≈ 0.4 µm) and ca. 56400 cycles 
(substrate Rz ≈ 1.0 µm), the oxides are so accumulated that the 
contact resistance will exceed 300 mΩ (feature point D). The 
electrical contacts then fail. 

However, for the roughened samples, the quality of coating 
is poor especially at the sharp and high peaks of the substrate. 
The thickness there is significantly smaller than the desired 
one, which will lead to the premature wear through at those 
points. At the very early stage of the wear process, the highest 
peak can be wear through, thus there is no obvious point A at 
the resistance-wear cycle-curve. At around 1000 cycles, some 
peaks have been worn through, introducing the base material 
into the wear process. Since the wear resistance of base 
material is higher than the silver coating, an inflection in the 
wear depth-wear cycles-curve occurs. In this way, the 
roughened samples show a different transition mechanism from 
Phase I to Phase II. At ca. 15000 cycles, both wear scars and 
contact resistance-wear cycle-curve indicate a remarkable area 

has been worn through (feature point B), which is earlier than 
the ca. 30000 cycles shown by the depth-wear cycles-curve. 
This deference can be attributed to the fact that in the XRF 
spectroscopy analysis the thickness is measured as an average 
value in an area leading to the consideration of silver contented 
wear debris. The feature point C and D can be detected at 
around 34000 cycles and 45000 cycles respectively. 
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Abstract—One major challenge of the recently upcoming DC 
networks is the switching off process. Switching off a circuit 
means to bring the flowing current steadily down to zero. The 
switching element of classical mechanical switchgear is an electric 
arc. By special measures within the switchgear the arc’s 
conductance is lowered until the arc is extinguished. This paper 
illustrates the dependency of the maximum rate of decrease of the 
arc’s conductance on the contact material. Three approaches are 
presented to analyze the arc’s dynamic behavior and compared 
with each other. The obtained results of the different contact 
materials are discussed. 

Keywords—contact material; electric arc; DC; dynamic 
behavior; thermal inertia; time constant; switching off process 

I.  INTRODUCTION  
Across all voltage levels, from low voltage to high voltage, 

DC grids have many advantages compared to the traditional 
AC grids. High Voltage Direct Current (HVDC) transmission 
systems have clear benefits in terms of bulk electricity 
delivery, long-distance transmission, asynchronous 
interconnections, transmission costs and environment [1], [2]. 
The steady state voltage drop is only caused by the ohmic 
resistances and not by additional reactance. Since, as a 
consequence, there is no reactive power and as there are no 
eddy currents the transmission losses are lower than in AC 
systems [2]. But there is not only a loss reduction benefit in the 
area of high voltage transmission but also in low voltage DC 
grids.    Today the majority of consumer electronics operates 
on direct current (DC). However, the today’s usual low voltage 
supply system is still based on alternating current (AC). 
Therefore, a great number of AC/DC adapters are necessary to 
supply e.g. computers, television, LED lamps, mobile phones, 
external hard disks, etc. Approximately 50% of losses of these 
switched mode power supplies are caused by their AC front-
end which would be needless with a low voltage DC grid. 
Furthermore, buildings with photovoltaic installation and/or 
battery storage systems are already   equipped with DC buses 
[3]. Already today, DC is used for HVDC transmission, 
uninterruptible power supply (UPS) cabinets with battery 
banks, power feeding systems of data centers and 
communication buildings, DC micro-grids, train applications 
and vehicle electrical systems [1], [4-7]. The standardized 

voltage for  ICT equipment ranges from 260VDC to 
400VDC (ETSI EN 300 132-3-1) [3], [4], [7]. 

However, there are still several challenges along with DC 
grids that need to be mastered. Fault currents, in particular 
short circuit currents, in DC grids, like in AC grids, have also 
to be detected and switched off. This is done by circuit 
breakers or fuses. If needed, these devices have additionally to 
isolate the connected electrical equipment [6], [8], [9]. For 
some years now, a growing number of publications were 
released concerning concepts of DC circuit breakers across all 
voltage levels e.g. [6], [8-14]. In contrast to an AC application 
there are no natural current zero-crossings in DC grids. That is 
why the challenge for circuit breaker in DC grids is to force the 
flowing current to zero by rising the breaker’s resistance [10-
12]. In case of mechanical circuit breaker an electric arc is the 
switching element which is ignited due to contact separation 
[6], [10], [11], [14]. By raising the arc’s voltage, using 
appropriate arrangements within the circuit breaker, the arc 
resistance is increased until the current is successfully 
interrupted and the arc is extinguished [6], [10], [11], and [14]. 
However, the typical figure in this context, discussed in the 
relevant literature, is the reciprocal value of the arc’s 
resistance, the arc’s conductance [15] – [18]. This paper 
illustrates qualitative and quantitative the maximum rate of 
decrease of the arc’s conductance depending on the respective 
contact material. For this a selection of typical contact 
materials, used within mechanical switchgear, is analyzed by 
means of a series of experiments. Three different experimental 
approaches are presented, processed and evaluated. 

 

II. EXPERIMENTAL APPROACHES 
The following three experimental approaches are the basis 

for the analysis of the dynamic arc behavior. As copper (Cu), 
silver (Ag) and tungsten (W) represent three commonly used 
materials in electrical contacts within mechanical switchgear 
these materials are the subject of analysis in this paper. 
Furthermore, coal electrodes are used for academic purposes. 
The electrode setup is the same in every experimental setup. 
Both electrodes are located in brass holders in vertical 
orientation. The anode is located above the cathode.  The arc 
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  Fig. 6.  Exemplary AC small signal measurement (coal, 5mm, 1Herz)) 

   

 
Fig. 5.  Equivalent circuit for the AC small signal analysis of the DC electric arc 

    Fig. 2.  Exemplary courses of the recorded arc voltage and current as basis 
for the determination of the static arc characteristic (copper, 5mm) 

     
Fig. 1.  Equivalent circuit of both experimental setups for determining the 

static arc characteristic 

 

  Fig. 4.  Exemplary recorded traces of the hard switch off process (copper, 
10mm) 

     
Fig. 3.  Experimental setup for the hard switch off approach to analyze the 

decay of DC electric arcs down to current zero 

current ranges up to 8.2 amperes and arc length ranges from 
3mm to 10mm. 

 

A. Static arc characteristic 
For recording the static arc characteristic the setup shown 

in Fig. 1 was used with two different approaches. First the 
source voltage US is set to a constant value of 230 V DC. Then 
the arc is ignited by contact separation and lengthened. 
Afterwards the series resistance RS is slowly and steadily 
increased until arc extinction. Fig. 2 shows the courses of the 
arc current and the arc voltage over time recorded by an 
oscilloscope. In the second approach RS is set to a constant 
high resistance of 175 Ω and the source voltage (initially 720V 
DC) is decreased slowly and steadily until the arc extinguished. 
The latter approach allowed to reach lower arc currents.  

 

B. Hard switch off approach 
Fig. 3 shows a setup by Bergold [17], [18] for observing 

the decaying arc behavior down to current zero by switching it 
off in the following way. First the arc is ignited and brought to 
the intended length. At this time the contactor is still open so 
that both sources (VS1 = 48V DC and VS2 = 230V DV) are 
connected in series as well as the resistances (RS1 and RS2). 
This constellation leads to a stable operating point at an arc 
current of about 8A. Then the contactor is closed and thus US1 
is short circuited over RS2 and therefore no longer supplying 
the arc. The resulting arc circuit consisting of VS1 and RS1 leads 
to a source characteristic below the static arc characteristic and 
therefore no stable operating point exists. This causes the arc to 
extinguish. Arc voltage and current are recorded during this 
extinguishing process by an oscilloscope and are depicted in 
Fig. 4.   

C. AC small signal analysis  
For recording the small signal behavior of the DC arc the 

setup according to Fig. 5 is used. After ignition the arc is 
extended to a defined length and the circuit is set to a certain 
operating point by adjusting RS1. The small signal was 
modulated by the electronic resistance Rel fed by a frequency 
generator which was already described in [19]. Arc voltage and 
current traces are recorded with an oscilloscope as depicted in 
Fig. 6. The mall signal behavior was analyzed for arc lengths 
of 3, 5, 8 and 10mm between copper and coal electrodes for 
currents of 2, 3 and 5 amperes. Frequencies from 0.2 to 1000 
kHz were modulated. 
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    Fig. 9.  Courses of conductance of the static arc characteristics gs of the 
analyzed contact materials 

    

Fig. 12.  Courses of the arc conductance on coal electrodes during a hard 
switch off process 

    Fig. 8.  Static arc characteristics of copper electrodes for the different 
analyzed arc lengths  

                 

    

Fig. 11.  Courses of the arc conductance on silver electrodes during a hard 
switch off process 

    Fig. 10.  Mean values of arc chopping currents/minimal arc currents 

    

Fig. 13.  Courses of the arc conductance on the analyzed metal electrodes 
during a hard switch off process 

    Fig. 7.  Static arc characteristics of the analyzed contact materials  

III. PROCESSING AND ANALYSIS OF THE EXPERIMENTAL 
RESULTS 

In order to obtain the static arc characteristic in the full 
current range the measured data of both approaches described 
in item A are firstly smoothed by using moving average and 
subsequently combined. The resulting static arc characteristics 
of the analyzed contact materials are displayed in Fig. 7. Fig. 8 
shows the static characteristics of copper electrodes at different 
arc lengths. The corresponding courses of the arc conductance 
gs are depicted in Fig. 9. During this set of experiments it could 
be observed that the arc is chopped at a certain current higher 
than zero (cf. Fig. 2). This phenomenon of the minimum arc 
current is well known in the relevant literature e. g. in [20] 
[21]. However, the chopping currents differ between the two 
used setups with the same electrode arrangement. In most cases 
the chopping currents of the setup with the higher source 
voltage and fixed high resistance are way lower than those of 
the setup with the lower source voltage and the increasing 
resistance. In this way, the two different approaches revealed 
that the chopping currents are not only dependent on the 
contact material but also on the supplying circuit. The mean 
values of the lower chopping currents of the two approaches 
are depicted in Fig. 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As the arc conductance is the interesting factor for the 
analysis of the dynamic arc behavior [15]-[18] the course of the 
conductance is to be determined for the hard switch off 
measurements. Fig. 11 shows the decay of the conductance of 
arcs on silver electrodes. The courses for the hard switch off 
process of DC electric arcs on coal electrodes are depicted in 
Fig. 12. An exemplary comparison of the hard switch off 
conductance courses of arcs on the analyzed metal electrodes 
for an arc length of 10mm is presented in Fig. 13.  Table I 
states the switch off times (c.f. Fig. 4) of the arc on coal 
electrodes and the arc on silver electrodes and the 
multiplication factor between them. 
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Fig. 19.  Theoretical small signal impedance spectrum of DC electric arcs with 

associated equivalent circuit 
 

    
Fig. 16.  Phase shift over modulation frequency (coal, 5mm, 5A) 
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 Fig. 15.  Exemplary courses of the mean arc “time constants” of the analyzed 
metal electrodes at 10mm arc length 

    Fig. 14.  Switch off process together with the static arc characteristic 
(copper, 3mm) 

    
Fig. 17.  Measurement-based and fitted impedance spectrum (Cu, 5 mm, 5A); 

frequency range: 1 Hz … 150 kHz 
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Fig. 18. Measurement-based and fitted impedance spectrum (coal, 5 mm, 5 A); 

frequency range: 0.2Hz … 75 Hz 
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TABLE I.  SWITCH OFF TIMES 

Arc 
length 

Switch off times 
Coal electrodes Silver electrodes Factor 

3mm 950ms 0,71ms 1340 
5mm 250ms 0,63ms 400 
8mm 110ms 0,52ms 210 
10mm 42ms 0,47ms 90 
One possible quantitative expression of the arc’s thermal 

inertia is Mayr’s “time constant” that is presented in [15].  
Bergold [17] suggested several approaches to estimate this 
“time constant” in an experimental way. Two of these 
approaches are presented in this paper. The first approach 
suggested by Bergold [17] is to be carried out by further 
processing and combining of the results of the above presented 
experimental approaches A and B. With that approach one can 
estimate a mean “time constant” of the electric arc in a 
complete current range and not only in one operating point 
[22]. As shown in Fig. 14 for the calculation of the mean “time 
constant” both the arc conductance of the static arc 
characteristic g’12 and the corresponding arc conductance of the 
hard switch off process g1 and g2 are required. This mean “time 
constant” is obtained by equation (1) [18] [22]: 
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Fig. 15 shows exemplary the “time constants” for arcs on 
the analyzed metal electrodes with a length of 10mm.  

Another approach to determine the arc’s “time constant” 
suggested by Bergold [17] is the evaluation of the arc’s AC 
small signal behavior. Based on the small signal measurements 
described above the complex impedance Z(ω) is determined. 
Fig. 16 shows exemplary the phase shift φ(ω) and thus the 
angle of the complex impedance over the applied frequency for 
coal electrodes. The whole impedance spectrum is derived by 
splitting the complex impedance Z(ω) into its real- and 
imaginary part [19]. The resulting impedance spectra of the 
arcs on copper and coal electrodes are presented in Fig. 17. and 
Fig. 18. The theoretical  equivalent circuit model and the 
associated impedance spectrum shows Fig. 19. [19]. In case of 
the arc on coal electrodes the parameters’ values of the 
resistances of the equivalent circuit are ambiguous. That is why 
three possible fitted impedance spectra are depicted in Fig. 15. 
However, the value of the apparent inductance is the same for 
all three spectra. The set of the appurtenant calculated values of 
the arc of 5mm length on coal electrodes at 5 amperes is: 

 a) Rp=6Ω; Rs=4Ω; L=675mH 
b) Rp=5Ω; Rs=3Ω; L=675mH  
c) Rp=3Ω; Rs=2Ω; L=675mH 
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In case of the small signal analysis of the arc on copper 
electrodes the parameters’ values are more definite: 

        Rp=6Ω; Rs=2Ω; L=675μH  
Based on these values of equivalent circuit parameters the 
“time constant” of the arc can be calculated for the examined 
DC operating point.  

 

IV. EVALUATION AND DISCUSSION  
The static arc characteristics of electric arcs in the 

analyzed range of current and length presented in Fig. 7 and 
Fig. 8 show the typical nonlinear shape: the arc voltage 
declines with rising current. This result is totally consistent 
with the common literature and previously publications of the 
authors [20], [19] [22]. The corresponding course of the arc’s 
conductance over the current is linear as depicted in Fig 9. It 
can be observed that the conductance of the arcs on tungsten 
electrodes is lower than on copper electrodes at the same arc 
current and length. Therefore the static arc characteristic of the 
first one is located above the latter one (Fig. 6). The same goes 
for copper and silver. Possible reasons for these differences of 
the arc’s conductance could be both the different work 
functions and the different ionization energy of the analyzed 
electrode materials. Table II states the work functions and the 
ionization energies for the analyzed metals and for carbon due 
to a lack of this information for coal.   

However, the comparison of Fig. 7 and Fig. 8 together with 
Fig. 9 indicates a higher influence of the arc length than of the 
analyzed contact material on the static arc conductance and 
thus on the static arc characteristic.  

 
The chopping current belonging to the static arc 

characteristic is among other factors depended on the contact 
material, the arc length and the supplying circuit. Fig. 10 
shows that the highest chopping currents belong to the arcs on 
tungsten electrodes. The chopping currents of the arcs on 
silver and copper electrodes are closely together. The lowest 
minimal arc currents are observed for coal electrodes. This 
observation is consistent with published results in the relevant 
literature, e.g. [21]. 

TABLE II.  RELEVANT MATERIAL DATA [30] 

Electrode 
material 

Atomic properties 
Work function Ionization energy 

silver 4.3 eV 7.37 eV 
copper 4.4 eV 7.72 eV 
tungsten 4.3 eV – 5.0 eV 7.98 
carbon 4.8 eV 11.27 eV 

 

The dynamic behavior of an electric arc is caused by the 
thermal inertia of the arc column and the space directly in front 
of the electrodes. However, in case of dynamic processes 
without a zero crossing of the arc current only the thermal 
inertia of the column has to be taken into account [17], [18], 
[20], [23]. The conductance of the arc column is a function of 
the column’s radial temperature profile. Every change of the 
arc current leads to a change of the temperature at the axis of 
the arc and of the arc column’s temperature profile and 
therefore to a change of the heat content of the column [20], 
[24]. In principle, as consequence of any step change of the arc 
current the conductance of the arc garc passes over to the new 
stationary conductance gs in an exponential course.                                 
This dynamic behavior is represented by the differential 
equation of the electric arcs in case of small disturbances (2) 
[17]: 

    𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 ⋅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑔𝑔 = 𝑔𝑔𝑠𝑠                                    (2) 

In equation (2) τarc is the determined above “time constant” of 
the DC electric arc and represents the thermal inertia of the arc 
column. 
In the first step the comparison of the resulting courses of the 
arc conductance over time at different electrode materials, 
presented in Fig. 11 - Fig. 13, gives a qualitative impression of 
the arc’s dynamic behavior during the described above hard 
switch off process. The initial arc conductivity presented in 
Fig. 11 is higher at shorter arc lengths which is explained 
above by the context of the static arc characteristic (see Fig. 
8). Furthermore, the overall time until the arc conductance 
reaches zero is shorter for longer arcs. However, regarding the 
metal electrodes, the rates of conductance decrease are higher 
at shorter arc lengths. This higher rate of decrease of arc 
conductance for shorter metal arcs can be explained by 
considerations made for the recovery of AC arcs up to 10 mm 
of length. This higher rate of recovery of shorter AC arc gaps 
with metal electrodes has been observed by many Authors 
[25], [26], [28], [29]. A direct comparison of this effect with 
the here described hard switch off approach may be difficult. 
But the arc decay until extinction can be compared with the 
AC arc before current zero. The main difference compared 
with the presented DC experiments is the missing recovery 
voltage with changed polarity.  Rieder [27], [28] has 
described, that recovery of short AC arcs is mainly driven by 
two effects: cooling of the electrodes and the sweeping out of 
the last electrons due to polarity change after current zero. For 
vertical burning electric arcs with a length up to 10 mm almost 
the entire arc power is conducted into the electrodes [19]. 
Weinzierl stated that a shorter and thus thinner arc is 
transferring more heat into the electrode which causes better 
cooling [25], [26]. That means that, adapted to the presented 
approach, the cooling of the electrodes and thus the arc length 
is to be considered as a major impact of the switch off 
behavior. In contrast to Fig. 11 the higher initial arc 
conductance displayed in Fig. 13 is explained by the influence 
of the metal contact material. Considering table II a higher 
initial conductance can be traced back to lower work function 
and lower ionization energy. The rate of decrease of the arc’s 
conductance does not differ between the analyzed metal 
electrodes. Both cases (Fig. 11 and Fig. 13) show that a higher 
initial conductance leads to a longer extinguishing time. The 
relative difference between the metal electrodes is in the range 
from 27% to 58%. However, the absolute difference is below 
0.2ms. In contrast to this, table I shows that the influence of 
coal as contact material is way higher but decreases 
exponentially with increasing arc length. 

 
The determination of the arc’s “time constant” by means of the 
first presented approach, based on this hard switch off process 
in combination with the static arc characteristic, is limited by 
the minimal arc current (cf. Fig.10). Therefore the “time 
constant” of the arc at current zero cannot be determined in 
this way. However, in contrast to the second presented 
approach, based on the AC small signal analysis, the arc’s 
“time constant” of an entire range of current can be 
determined by measuring only one static characteristic and one 
hard switch off process. By use of the second presented 
approach the “time constant” of only one operating point has 
to be determined by a great number of measurements. 
Moreover, the modulation of the arc current makes it even 
impossible to reach the minimum arc current. Nonetheless, the 
determined “time constants” represent a quantitative parameter 
of the arc’s thermal inertia (see also [17], [18], [20], [23]). 
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In the analyzed case of free burning arcs in air up 10mm 
length and 8 Amperes of current the so called “time constant” 
of the arc is not constant at all (see also [22]), which matches 
the observations in [16] and [17]. On the contrary, it rises with 
increasing current (Fig. 15) and shows in the analyzed cases a 
slight decline towards currents below two Amperes. 
This means that the thermal inertia of the arc column between 
the used metal electrodes rises from eight down to 
approximately two amperes and shows a slight decline down 
towards the chopping current. As a result there are only minor 
differences between the analyzed metal contact materials. 
However, the “time constants” of the coal electrodes are 
higher by a factor of roughly one thousand which can also be 
observed by the comparison of the determined apparent 
inductances of the arc. 
 

V. SUMMARY AND CONCLUSIONS 
In this paper three experimentally based approaches to 

analyze the dynamic extinction process of DC electric arcs are 
presented. Two approaches provide values of the arc’s “time 
constant”. However, these two approaches are limited by the 
minimal current of the static electric arc. The only approach of 
the presented ones that allows to analyze the DC arc’s dynamic 
behavior down to current zero is the hard switch off process. 
As a result the impact of the analyzed contact material on the 
extinction process of low voltage DC arcs is noticeable. This is 
indicated by the differences of the determined “time constants” 
of the DC arcs on the analyzed electrode materials and proven 
by the hard switch off measurements down to current zero. 
Special cases are arcs on coal electrodes. The influence of coal 
as contact material is massive compared to the metal electrodes 
but decreases exponentially with increasing arc length. The 
influence of the arc length turned out to be appreciable for the 
analyzed electrode materials and ranges of arc current and 
length. 
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Abstract—The paper presents a new model switch for the 

investigation of the different aspects of switching arcs as well as 

their interaction with the involved parts of switching devices in 

low voltage appliances. The constructed model was designed to 

accomplish experimental series according to IEC 60947. Focusing 

as a first approach on the investigation of factors influencing the 

long-term behaviour of contact resistance, several experimental 

series combining Ag/Ni 10 contacts with different housing 

materials for the arc chamber walls were carried out. This paper 

presents the main characteristics of the constructed device and 

first results regarding its application with AC-arcs both from 

electrical and material engineering points of view.  

Keywords—arc; contact resistance; EDS; gassing polymers; 

low-voltage appliances; model-switch; SEM; switching devices; 

welding force; XRD 

I.  INTRODUCTION 

The continuous development of switchgear is a necessary 
condition in order to meet the requirements of steadily 
changing electrical networks, load types and application fields 
but also in order to permit volume and material savings without 
compromising safety standards or interruption capability. 

In this regard, the required optimization is only possible if 
the entire influencing factors (switch mechanism, contact 
materials, insulating materials, network, the make and break 
operation and loads) are considered in their interaction levels. 

Further improvement and development of switching 
devices are carried out on one hand by the increasingly use of 
modelling and numerical simulation for coupled field 
calculations of mechanical, thermal, magnetic and switching 
arc (plasma) stresses. 

On the other hand, an important part is still played by 
experimental research and verification using model switches 
that allow both to separate effects of the complex switching 
phenomena as well as to investigate the influence of diverse 
parameter variations including contact and insulation materials. 

In order to make an contribution to the field of electrical 
contacts for the electrical engineering, the Competency Center 
for Electrical Contacts Ilmenau (KEKI) was founded in 2013 
as a mutual initiative between the industry and the university 
[1]. The basic strategy of KEKI lies on the combination of the 
complementary expertise in the fields of switchgear, plasma-
physics and materials for electrical engineering at the 
university side together with the industry knowledge through 

the cooperation with some of the most important switchgear 
and contact material manufacturers. 

As first step of the cooperation, a flexible model switch was 
designed and developed allowing the investigation of factors 
affecting the long-term behaviour of contact resistance caused 
by arcing in the presence of gassing polymers [1]. This paper 
presents the main characteristics of the model switch device, 
the experimental strategy, the applied methods for materials 
analysis and the some of the obtained results from the first 
experimental series. 

II. MODEL SWITCH 

Due to the variety of electrical switchgears according to 
application fields and loads, different model switches for 
experimental research have been built. An overview is 
presented in Table I, including models for the fields of 
contactors, circuit breakers, miniature circuit breakers and 
relays that were developed only in Germany during the last five 
decades. 

TABLE I.  SOME MODEL SWITCHES FOR LOW VOLTAGE APPLICATIONS 

Author 

 

Model Switches 

Drive Research focus operation 

Schröder [2] Pneumatic Contact erosion Break 

Gelder [3] 
Spring 
system 

Contact 
welding 

Make 

Drücker [4] Camshaft 
Magnetic arc 

blowing 
Break 

Neumeyer [5] Camshaft 
Contact 

resistance 
Break 

Behrens [6] Pneumatic Arc running Break 

Hochhaus [7] Pneumatic 
Arc - polymer 

interaction 
Break 

Huang [8] Pneumatic 
Current 
limiting 

Break 

von Döhlen [ 9] 
Circuit 

breaker 
DC arcs Break 

Wachholz [10] 
Cicuit 

breaker 

Polymer 
quenching 

chamber 

Break 

The model switch was designed and developed to perform 
the tasks of make only, break only but also make and break. 
Since the bouncing characteristic as well as the welding 
tendency by make operation strongly depend on the resulting 
stiffness and moving mass of the contact system. Therefore the 
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model components were separated into different functional 
components allowing thus to perform changes without 
affecting the whole system. 

Considering the extension of application fields for 
switching devices it was also necessary to focus on a defined 
area, hence the development was oriented in a first phase to air 
contactors of the AC-4 and DC-5 categories according to IEC 
60947-4-1 

A. General characteristics of the model switch 

The model switch consists of three main components: The 
contact system, the main drive and the test-drive. The 
components and structure were designed for both horizontal as 
well as vertical installation position. A schematic 
representation of the model switch is shown in Figure 1. Some 
parameters of the model switch are presented in Table II. 

 

Fig. 1. Schematic CAD representation of the model switch 

TABLE II.  MAIN CHARACTERISTICS OF THE MODEL SWITCH 

Parameter Value 

Contact travel; over travel (mm) 0 … 10; 0 … 5 

Closing speed (m/s) up to 1.5  

Opening speed (m/s) up to 4 m/s 

Speed for contact resistance or 

welding force measurement (mm/s) 

down to 0.2  

Positioning resolution (µm) 10 

Operations frequency (1/h) 200 

Max. contact surface (actual) (mm) up to 15 x 15 

The contact system consists of fixed and moving contact, 
the contact force spring system, the motion transmission axis, 
the displacement measuring system and the connections for 
power supply, which is realized for the moving contact piece 
via flexible copper strips. Due to its modular construction, the 
entire unit is easily removed, or individual parts of the contact 
system, e.g. the contacts, the contact-force springs, etc. 
Keeping in mind a further development for the model switch, 
the volume around the contacts was designated to allow for  the 
use of magnetic blast coils, quenching chamber systems, etc. 

The main drive is a double-acting pneumatic cylinder, 
which exerts the make and break functions through the 
activation of electromagnetic valves. The main drive can be 
easily replaced by one with lower or stronger force-pressure 
ratio, as needed. 

The test drive consists of a linear actor, which can be 
connected parallel to the motion transmission axis. Since the 
movement of the actor can be controlled to be very sensitive, 
this drive allows positioning the moving contact with speeds 
lower than 0.7 mm/s, a resolution of 10 µm by acting forces up 
to 500 N. 

In order to ensure the portability of the model switch to the 
appropriate power source and electric load circuits the base 
frame of the switch is mounted on a steel frame cart which 
complies with the requirements with respect to mechanical 
vibrations and makes possible to drive the model switch to 
different, locally separated, AC and DC power sources. 

B. Measuring and control system 

The measurement and control system is based on the NI 
PXI Express architecture of National Instruments. The end user 
features have been implemented in the program development 
environment LabVIEW. The selected architecture and software 
provide sufficient processing speed for the measurement and 
control functions in the model switch. 

For the measurement of electric, kinematic and dynamic 
variables a data acquisition device with 8 simultaneous analog 
signal channels and sampling rates of up to 1.2 MS/s and 16 bit 
resolution is used. The voltage drop for the contact resistance 
measurement is carried out with a digital multimeter with up to 
24 bit resolution. This is for the measurement of very small 
voltages in the microvolt range of great advantage. Moreover, 
the voltage taps were implemented directly behind the contact 
plates in their copper carriers. 

III. EXPERIMENTAL 

A. Electrical parameters 

For the first experimental series a current of 120 A; 
230 V AC 50 Hz was used and the model switch was operated 
in break mode. The current was supplied through an 800 kVA 
10 000/400 V AC Dy5 power transformer, which can deliver 
single-pole currents up to 7 kA. The defined current amplitude 
and power factor were realized by adjusting the respective load 
components (R and L) of the circuit. The current flow over 
70 ms was controlled via the voltage-phase synchronous 
ignition of an antiparallel Thyristor-tandem. The contact 
opening was realized by a 60° phase-angle during the 5

th
 

current half wave. 

Since to this point the contact resistance measurement was 
not completely automated, the contact resistance was measured 
manually after each 100

th
 break operation using the 4-wire 

method with two different DC currents: 1 mA by a max. 
Voltage of 100 mV and 10 A by a max. Voltage of 5 V of the 
current sources. 

B. Material combinations 

For the experiments the material combinations- MC of 
contact and wall materials as listed were defined in Table III. 
For each combination three experimental series with a total of 
1000 break cycles each were realized. 
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TABLE III.  MATERIAL COMBINATIONS MC 

 MC1 MC2 MC3 MC4 

Contacts Ag/Ni10 Ag/Ni10 Ag/Ni10 Ag/Ni10 

Walls K 
Al2O3 

A 
thermoplastic 

B 
thermoplastic 

A with flame 

retardant and 
glass fibre 

C 
thermoset 

with 

flame 
retardant 

 

C. Materials Characterization 

The surface morphology, surface structure, and chemical 
composition of the contact materials are analyzed by several 
methods from the field of materials engineering. Topological 
and morphological information are gathered utilizing macro 
imaging, laser profiling and scanning electron microscopy 
(SEM). Energy dispersive X-ray spectroscopy (EDS) is used to 
determine the chemical composition at sample surfaces and 
metallographic cross-sections. X-ray diffraction in grazing 
incidence geometry (GI-XRD) is used to identify crystalline 
phases at the surface of the contact material, such as preferred 
crystal orientations, pollution layers.  

IV. RESULTS AND DISCUSSION 

A. Switching behaviour and arc characteristics 

An example of the recorded values for current, arc- voltage 
and contact displacement for one break operation is presented 
in the Figure 2. 

 

Fig. 2. Example of recorded waves of current, arc voltage and contact 

separation of one break operation 

The recorded data of each break operation were analysed 
statistically for current amplitude during arcing, arc voltage 
value during different opening times, arc duration, action 
integral during arcing and arc joule integral among others. The 
resulting values for some of the considered variables are 
presented in the boxplots of the Figures 3, 4 and 5. The central 
mark on the box is the median, the box edges indicate the 25

th
 

and 75
th
 percentiles and the whiskers extend to the most 

extreme data points, which are not considered as outliers. 

The obtained results show only slight differences between 
the used MC’s. Particularly the maximum voltage (Fig. 5) 
indicates the influence of the polymer, with slightly increased 
values for polymer B, which agrees with previous results for 
the same polymer (polymer 3 in [12] i.e. polymer E in [13]). 
Nevertheless the differences are not significant, which 

probably lies on the relative low amplitude of the arc current 
since the values registered with the ceramic are also high, 
indicating an arc-cooling effect of the walls as it is well known 
from DC breakers. For higher currents like those used in [12, 
13] the gassing effects of the polymers dominated and 
therefore higher arc voltages were observed. 

 

Fig. 3. Boxplots of the arc characteristics (current, duration and energy) from 

the recorded data for all MC’s 

 

Fig. 4. Boxplots of the arc voltage at different moments from the recorded 

data for all MC’s 

 

Fig. 5. Boxplots of the max. arc voltage for the different MC’s 

B. Contact resistance 

The evolution of the contact resistance during the 
experiments for the different MC’s and measurement currents 
is presented in the Figures 6 and 7. For a better observation of 
the tendency of the contact resistance, it was decided to 
connect the measured values with lines. 

As can be observed from Figure 6 the values of contact 
resistance measured with a current of 1 mA are usually higher 
than those obtained with 10 A. Since the contact load was the 
same during both measurements, the much smaller values with 
high current are also an indication of thermal alteration of 
deposited films on the contact surfaces by means of the 
delivered power with the high measurement current. Since for 
the understanding of the involved phenomena the influence of 
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these films have to be determined, it is necessary to keep 
making measurements with the weaker current of 1 mA but 
correspondingly before the measurement with higher currents. 

 

Fig. 6. Median value of contact resistance every 100 operations (break) 

measured with a 1 mA DC current 

On the other side, the values gained with higher currents 
give information, which can be directly used for the 
understanding of the contact resistance behavior by normal 
duty during the devices life cycle. 

 

Fig. 7. Median value of contact resistance every 100 operations (break) 

measured with a 10 A DC current 

Although the number of operations and measured values 
still small, the obtained values of contact resistance with both 
measurement currents show an increasing tendency of the 
value, which is almost same for all MC’s. A difference could 
be observed with the MC4, because the onset of change in 
contact resistance was later observed than for the other MC’s.  

The major consistency on the value of contact resistance 
was observed by the MC3, which have shown similar values 
starting from 300 operations and up to the end with 1000 break 
operations. 

C. Material deterioration  

The mean value of the mass change of the contacts and of 
the walls of the chamber for the different material 
combinations is presented in the figures 8 and 9. 

As observed from Fig. 8 the strongest mass change was 
observed at the anode, usually mass loss, and much higher than 
the mass increase registered at the cathode. For MC3 was 
observed the higher mass loss at the anode. 

 

Fig. 8. Mean value of the mass change of the contacts 

 

Fig. 9. Mean value of the mass change of the arc chamber walls 

The mass change for the chamber walls indicates an 
expected increment for the ceramic and mass losses for the 
used polymers in the different MC’s. Differences of the mass 
change shall correspond to expected geometrical characteristics 
of the 120 A arc, since it would not fill the whole chamber. 
Instead, the plasma jets coming out of the arc-spots on the 
electrodes appear to have been directed towards one particular 
wall in some of the experiments, since the observed 
deterioration was asymmetrical. 

Although the obtained results do not allow jet to establish a 
correlation between mass loss of the walls and changes on 
contact resistance, the observed behavior for the MC3 indicates 
some agreement. Since due to the reduced number of 
operations i.e. the localized damage of the contact surface it 
cannot be expected that the deposited films of burning products 
of the polymer walls are placed on the real contact surface. In 
addition, the films can be wiped out mechanically during the 
make operation prior to contact resistance measurement. 

D. Microstructure of the contacts surface 

Figure 10 presents the surface roughness of the apparent 
contact area of both contacts for each experiment after 1000 
break operations. The initial surface roughness prior to 
switching experiments is also indicated. Regarding the polarity 
of the electrodes a slight roughness increase for the anode can 
be stated in the contact area, which indicates a preferred change 
of the surface morphology after arcing for the anode rather than 
at the cathode.  
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Fig. 10. Roughness in the apparent contact area of both, the cathodes (left) and 

the anodes (right) 

Macro images and SEM micrographs of the apparent 
contact area are given in figure 11. The resulting damage of the 
contacts surfaces depends strongly on the localization of the 
arcs on the contacts and the distance to the walls. The observed 
cathode surfaces are smooth and do not show traces of 
concentrated i.e. localized arc roots as these are present at the 
anodes surfaces. The bright areas in SEM micrographs mainly 
contain Ag. Dark domains are comprised of Ni-rich phases, 
which contain Ni and O. Ni-rich phases are obtained at both 
electrodes, which can be explained with mechanical material 
transport from the anode to the cathode after make operations. 
This surface microstructure was also described by Behrens et al 
[15]. Whilst the surface roughness and morphology for all 
MC’s are similar to MC1 in the apparent contact area, it differs 
strongly in boundary areas, which were not affected by arcs. 
Instead, in such areas can be observed debris originated from 
the wall and contact materials.  

 

Fig. 11. SEM migrographs of the apparent contact area corresponding to 

MC1. The left image represents the cathode and the right the anode. The 
macro images and the white rectangles highlight the measured region in SEM. 

E. Pollution films from arcing affecting contact resistance 

Chemical analysis of the apparent contact areas were 
determined using EDS measurements since expected pollution 
layers from arcing could decrease the electrical conductivity. 
The spectra of one experiment of MC1 measured in the 
apparent contact area are given for comparison to the initial 
surface in figure 12. Besides both Ag and Ni, C and O are 
identified on the initial surface of the contacts. Since C is for 
this MC unexpected, its origin should be explained 
contamination through the sample preparation, surface 
finishing process or was deposited by the electron beam itself. 
After 1000 “break only” operations additional signals from N 
and O are observed. Furthermore, the peak intensities of Ag 

remain constant in comparison to the initial state. As the Ni 
signal decreases for the cathode and increases for the anode, 
the O signal increases in either instance. Consequently, two 
different polarity dependent erosion processes taking place at 
the electrodes are to be expected. Also the same phenomena 
were observed for the material combinations MC2 to MC4. 
Depending on the wall materials additional elements were 
found in the apparent contact area. 

 

Fig. 12. EDS spectra of the apparent contact area corresponding to MC 1 after 
1000 “break only” operations. AgNi10 std represents the initial spectra of the 

contacts previous to the break operations. 

GI-XRD results are presented in figure 13a in comparison 
to the initial state. For both electrodes silver nitrate (AgNO3) 
and silver oxide (Ag2O) are observed, which can result because 
of the interaction with the arc. The main difference between the 
electrodes regarding their polarity is the formation of nickel 
(Ni) and nickel oxide (NiO) at the anode surface. The 
formation mechanism of such layers depends on the change of 
the limited solubility of Ni in Ag from liquid to solid state and 
was described by Behrens et. al in [15]. This author also 
explains two phases of erosion. The first phase can be 
described as conditioning phase, where a scatter of contact 
resistance is present as it is similar to this case. 

 

 

Fig. 13. (top) Diffractograms of the anodes and cathodes surface of MC 1 in 

comparison to the initial contact surface. The main peaks for identified phases 

are indicated separately with an arrow. (bottom) SEM micrographs of a cross-
section of an anode showing the formation of a Ni-rich surface structure. 
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This behavior was observed for all material combinations. 
Figure 13 (bottom) points out the formation of such Ni-rich 
surfaces. Furthermore, such Ni particles can be oxidized, when 
resume switching operations or might form closed films at the 
anodes surface. 

V. CONCLUSIONS 

A model switch for the investigation of the different aspects 
of switching arcs as well as their interaction with housing walls 
and contact materials of low-voltage switching devices was 
developed and constructed. The design allows accomplishing 
experimental series according to IEC 60947, but also 
modifications to meet other standards can be easily 
implemented. 

First results of experimental series with Ag/Ni10 contacts 
and 4 different wall materials for the arc chamber were 
obtained with up to 1000 break-only operations and 120 A AC 
arcs.   

The results indicate only a small influence from the gassing 
effect of the chamber walls on the arc. This can be explained 
with the relative small amplitude of the arc-current, because for 
the resulting arc the intensity of the radiation intensity is not 
enough to affect the polymer walls. 

Although the obtained data shows already the expected 
influence of the arcing products on the value of contact 
resistance, the number of break operations is still probably too 
low to permit its quantification. Also a higher number of 
measurement points of contact resistance is necessary to 
quantify trends regarding a given wall material.  

Considering both, the results of the qualitative phase 
analysis regarding polarity of the contacts, the GI-XRD reveals 
the formation of NiO mainly at the anode and Ag2O at the 
cathode surfaces. The behaviour of contact resistance of 
Ag/Ni 10 is commonly known, since early investigations 
showed, that the formation of Ni/NiO-layers causes an increase 
of resistance. 

 Although all material combinations show a similar surface 
morphology in the apparent contact area, the identified 
elements and crystalline phases differ, depending on the 
composition of the wall materials. 

In order to quantify the contribution of surface pollution, 
originated from the surrounding wall materials during arcing, 
on the change of contact resistance further experimental series 
with a higher number of break operations are therefore in 
preparation. 
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Abstract— Fundamental changes in energy supply have raised 

an increasing demand of DC technology for example in electric 
vehicles. These systems operate in a voltage range up to several 
hundred volts and nominal currents of several hundred amperes. 
Lithium-ion batteries are used as energy sources in these systems, 
which are capable of generating fault currents of several 
kiloamperes. The electrical requirements for switching devices in 
these systems are technically challenging. As a consequence of the 
demand for high performance powertrains, detailed 
investigations are necessary to cope with more powerful lithium-
ion batteries and rising system voltages.  

In the current study an arcing chamber with a double contact 
configuration has been designed for the application in an 
automotive powertrain for a system voltage of 450 V. The 
chamber is equipped with splitter plates. The breaking behavior 
of the arcing chamber has been investigated for prospective 
currents up to 2000 A as well as different time constants up to 
3 ms. Different arcing chambers and their influence on the arc 
have been tested. Furthermore, different designs of the arcing 
chamber and the effect on the arc movement and quenching 
behavior have been investigated. 

Keywords—switchgear, direct current, dc, arc splitter blades, 
high-voltage; automotive power train, on-board power systems  

I. INTRODUCTION  

Lately Current developments lead to the application of 
powerful low-voltage dc systems. As a result there is a huge 
demand for dc switchgear and protective devices for example 
for the application in high-voltage on-board power systems of 
electric vehicles. These systems are used with nominal voltages 
of several 100 volts and nominal currents of several 
100 amperes. The requirements for switchgear and protective 
devices for these systems are technically challenging [1], [2]. 

Electric vehicles are equipped with powerful lithium-ion 
batteries as energy sources. The demand for even more 
powerful high-voltage powertrains for lorries and cars will lead 
to higher system voltages and lower internal resistors of the 
applied lithium-ion batteries. Currently used accumulators are 
able to generate failure currents of some kiloamperes. Applied 
contactors and protective devices have to limit and interrupt 
these currents. Therefore the contactors have to resist thermal 
and mechanical stresses of electrical failure currents without 
taking any damage. Systematical investigations and 

developments on design criteria for more powerful dc 
switchgear have to be done [3]. 

For this purpose a model switch, equipped with arc splitter 
plates, has been investigated considering its switching behavior 
[1], [4]. The test voltage has been 450 V. The switching 
behavior and the processes inside the switching chamber have 
been investigated for currents of 100 A up to 2000 A. The 
resistive-inductive time constant τ has been varied between 
0 ms and 3 ms. Afterwards stationary magnetic field 
simulations have been performed to optimize the utilization of 
the self-excited magnetic flux density Bs with constructive 
methods [5], [6], [7]. The most efficient approach has been 
investigated in an experimental test series.  

II. SWITCHING CHAMBER  

The investigated model switch is a normally closed 
contactor with a double contact configuration. It is equipped 
with a pneumatic actuator. 

A. Switching chamber configuration before optimization 

The switching chamber is modular and symmetrical 
designed. This allows flexible and simple switching chamber 
geometries. Different schematically sections of the switching 
chamber are shown in Fig. 1.  

 

 
Fig. 1. Schematical sketches of the switching chamber, basic config [8] 

Fig. 1.i shows the x-z sectional plane of the investigated 
switching chamber. The housing components of the model 
switch are made of the insulating and heat-resisting material 
K-Therm®AS 600 M. The stationary contacts 2 and the 
moving contacts 4 are made of copper Cu. The moving 
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contacts are mechanically connected with the pneumatic 
actuator by the contact spring 5 and the drive shaft 8. The 
moving contacts 4 are isolated from the lower arc runners 6.  

Another sectional view of the x-y-plane is shown in Fig. 
1.ii. The contact plates are labeled 10. There is an insulating 
volume 11 fixed between the moving contacts. The insulating 
body is made of polytetrafluorethylene, PTFE. Beside the 
insulation of the contacts, the body 11 guides the moving 
contacts in a keyway. 

The spread angle α between the moving contacts 4 and the 
arc runners 6 is 30°. During the investigations the stroke is 
4 mm. The switching chamber has a width b of 8 mm. The 
height of the switching chamber m is 31 mm. In a distance s of 
43,7 mm arc splitter plates are installed in the switching 
chamber.  

The model switch is a normally closed contactor with a 
pneumatic actuator. Without any excitation the contacts are 
pushed together by the resetting spring. In this case the contact 
force Fk is 42 N. The moving contacts have a mean speed of 
0.5 meters per second during an opening process. The model 
switch is equipped with contact plates, 10 in Fig. 1, made of 
AgNi80/20. The transfer resistance Rd of the model switch has 
been determined as 453 µΩ +/- 25 µΩ [9], [10], [11]. 

III.  EXPERIMENTAL SETUP AND FIRST RESULTS  

The breaking performance has been investigated for 
different resistive-inductive time constants τ. The specifications 
of the setup are given in TABLE I. The device under test (dut) 
succeeds, if it is able to interrupt a test current Ip in 30 ms.  

TABLE I.  TEST SPECIFICATIONS 

Test voltage S Test current Ip Time constant τ 

450 V 100 A 0 ms and 3 ms 

450 V 250 A 0 ms and 3 ms 

450 V 500 A 0 ms and 3 ms 

450 V 1000 A 0 ms and 3 ms 

450 V 2000 A 0 ms and 3 ms 

A. Test configuration 

An equivalent circuit diagram of the test setup is shown in 
Fig. 2. 

 
Fig. 2. Test configuration [8] 

The test setup consists of a load circuit and a control circuit. 
The pneumatic actuator of the dut is controlled by an electronic 
circuit. This circuit is supplied by the voltage source UQ1. The 
test voltage S is generated by a thyristor-based B6 rectifier 
without smoothing. Variable resistors Rp and variable 
inductances Lp are applied to adjust the value of the test current 
Ip and the resistive-inductive time constant τ of the test 
configuration.  

The voltage sensors UR1, UR2 and UR3 are used to measure 
the test voltage S, the voltage above the model switch Uarc and 
the drive voltage Udrive of the switch. The test current Ip is 
measured with the sensor I1. Additionally high speed 
photographs of the chamber are made with a camera. The 
camera records 104 frames per second. For this investigation 
the front of the switching chamber is replaced by a construction 
of glass and polymethyl methacrylate, short PMMA.  

B. Measurements before optimization 

The switch has been investigated in the configuration 
shown in Fig. 3. To investigate the arc movement more 
detailed, it is necessary to divide the investigated switching 
chamber into 6 segments. The switching chamber shows Fig. 3. 

 
Fig. 3. Subdivision of the swtching chamber [8] 

Fig. 4 shows an oscillogram of a breaking process. The 
oscillogram is used to demonstrate the arc movement inside the 
switching chamber in case of a test current Ip of 250 A and a 
time constant τ of 3 ms. 

 
Fig. 4. Breaking process [8] 

 Test condition: S = 450 V, Ip = 250 A, τ = 3 ms 

High speed records were made during the breaking process 
shown in Fig. 4. Some significant photos are presented in Fig. 
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5. The chronological positions of the photos during the 
breaking are labeled in Fig. 4. 

 

 

 

 
Fig. 5. High speed records of arc movement during breaking process in Fig. 
4 [8] 

The breaking process starts at t = 50 ms with the ignition of 
the two switching arcs. As a result the arc voltage Uarc rises up 
to 25 V. Fig. 5.1 shows the dwelling of the switching arcs on 
the contact plates in segment 1. The right anodic arc root 
commutates from the contact to the arc runner in Fig. 5.2.  

Then the switching arcs elongate during their wandering in 
the second segment of the switching chamber. Fig. 5.3 and Fig. 
5.4 show the switching arcs at the tips of the contact bridge in 
segment 3 during the commutation time tk2 from the contact 
bridge to the arc runner. After the movement through the 
segments 4 and 5 the switching arcs get subdivided between the 
arc splitter plates in Fig. 5.5 and Fig. 5.6. As a consequence the 
arc voltages Uarc rises above the test voltage S and the test 
current Ip is forced to 0 A [12], [13]. 

C. First results 

Test series were performed for different currents, time 
constants and numbers of applied arc splitter plates in the 
packages. The breaking success decreased with a reduction of 
the test current Ip. Main reason for this phenomenon is the 
reduction of the self-excited magnetic flux density Bs. For arc 
quenching it is necessary to drive the switching arcs into the 
arc chute. But as a result of the reduced current the Lorentz 
Force FL is even more reduced.  

The switching chamber configuration with fully occupied 
arc splitter plate packages is the most effective setup. 
Considering [14] and [15] probably this configuration 
generates the highest magnetic forces on the moving arcs. In 
the following investigations the switch will be further 
optimized. For this purpose there are different possibilities, like 
for example: 

1. Optimizing the utilization of the magnetic blow 
field B 

2. Optimizing the gas pressure and gas stream inside 
the switching chamber 

IV.  SIMULATION TO OPTIMIZE THE QUENCHING BEHAVIOUR 

The objective of the simulation is the enhancement of the 
utilization of the self-excited magnetic flux density Bs. This can 
be achieved with different passive methods, like for example: 

1. Ferromagnetic arc runners 

2. Magnetic flux guide plates 

3. Variation of the arc splitter blades 

Not all possible constructive methods can be 
experimentally investigated in detail, so these have to be 
compared in advance. For this purpose stationary magnetic 
field simulations of the switching chamber have to be 
performed.  

The principles and parameters of the simulations are given 
at first. Afterwards results of simulations of ferromagnetic arc 
runners and magnetic flux guide plates are presented and 
compared.  

A. Principles and Parameters of the simulation 

At the beginning of the simulation one part of the switching 
chamber was constructed in a 3D model. Fig. 6 shows three 
different views of the constructed switching chamber. 

 

  
Fig. 6. 3D simulation model of one part of the switching chamber  

To optimize the simulation it was necessary to reduce the 
simulation effort as much as useful. Therefore some 
simplifications have been incorporated, like for example the 
simulation of only one symmetrical part of the switching 
chamber, simplification of geometries and performing 
stationary simulations. Additionally the current through the 
switching arc was reduced to 0 A. In this case the sum of the 
self-excited magnetic flux density Bs combines the parts 
excited by the arc runners and excited by the moving contact 
bridge. The simulations are performed with a current of 500 A. 
Magnetic saturation of the ferromagnetic materials is not 
considered. The magnetic permeability of the ferromagnetic 
materials is defined as 4000. 

Two different simulation setups are simulated, because of 
the form of the switching chamber. Fig. 7 shows sectional 
views of sketches of the two setups in the x-z sectional plane.  
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Fig. 7. Schematical sketch of the two simulation setups 

The simulation switch is divided in segments. These 
segments differ considering the geometry, the current carrying 
components, arc splitter plates, the contact bridge and applied 
materials. Fig. 7.ii shows setup 2. This setup is used to simulate 
the switching chamber before the commutation. Simulations of 
setup 2 are not discussed in detail in this paper. Fig. 7.i 
simulates the switching chamber after the commutation.  

For a better evaluation 30 vertical lines have been placed in 
the simulation model. The distance between the lines is 2 mm 
in x direction. The lines are drawn in the symmetrical middle of 
the switching chamber for y = 4 mm. Some results of a setup 1 
simulation are pictured in Fig. 8. The switching chamber was 
simulated in the basic configuration that is given in Fig. 1. 

  

Fig. 8. Simulation setup 1: Switching chamber shown in Fig. 7 

The curves in Fig. 8.i show the absolute value of the self-
excited magnetic flux density Bs inside the switching chamber. 
The positions of the 8 graphs in x direction correspond to the 
positions of the 8 identically labeled lines in Fig. 7.i. The 
curves between the arc runners are parabolic and coincide with 
analytical estimations. A graphical evaluation is given in Fig. 
8.ii.  

B. Simulation of ferromagentic arc runners 

For the purpose of a utilization of the self-excited magnetic 
flux density different configurations of arc runners have been 

simulated and compared like proposed in [5] and [6]. 
Schematically sketches of the arc runners are pictured in Fig. 9. 

 
 

Config. 1 Config. ´2 

  

Config. 3 Config. 4 

Fig. 9. Arc runner configurations; I: Copper, Cu II: Iron, Fe 

The simulated arc runners are made of copper and iron. 
Simulations show that the most efficient configuration is 
config. 3. The most significant results of a simulation of config. 
3 are shown in Fig. 10. 

  

Fig. 10. Simulation setup 1: Config. 3  

Fig. 10 shows the absolute value of the magnetic flux 
density Bs inside the switching chamber similarly to Fig. 8. 
Like in Fig. 10.i the graphs between the arc runners are 
parabolic. However the absolute values of the magnetic flux 
density near the arc runners are massively higher than in the 
basic configuration 1 in Fig. 8. The optimized utilization 
decreases towards the symmetrical middle of the chamber. But 
it is higher than in the basic configuration. In the next step the 
magnetic flux density utilization in the symmetrical middle of 
the switching chamber has to be optimized.  

C. Simulation of magnetic flux guide plates 

In [7] magnetic flux guide plates are proposed to optimize 
the arc movement in the switching chamber. The configuration 
is used to raise the stationary magnetic flux density Bs in the 
switching chamber.  

Different simulations show that the highest utilization of 
the self-excited magnetic flux density could be achieved with a 
combination of flux guiding plates and arc runners of config. 3. 
Results of a setup 1 simulation are pictured in Fig. 11. The 
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position of the magnetic flux guiding plates is labeled 13 in 
Fig. 11.ii. Only the evaluation lines 14 to 18 are covered by the 
magnetic plates. 

  

Fig. 11. Simulation setup 1: Config. 3 with flux guiding plates labeled 13 

The diagram in Fig. 11.i shows absolute values of the 
magnetic flux density Bs near the arc runners like Fig. 10. 
Compared to Fig. 8 and Fig. 10 the lines 14 to 18 show 
significantly higher minima of the magnetic flux density tin the 
middle of the switching chamber. The ferromagnetic flux 
guiding plates lead to a homogenization of the self-excited 
magnetic field Bs in the plate covered segments. 

V. MODIFIED SWITCHING CHAMBER AFTER OPTIMIZATION 

As a result of the performed simulations the switching 
chamber was modified. The most effective configuration was 
constructed and investigated in a test series. 

The original arc runners of configuration 1 have been 
replaced by arc runners similar to configuration 3 in Fig. 9. 
Additionally magnetic flux guiding plates were installed at 
both sides of the switching chamber. Fig. 9 shows different 
schematical sketches of the modified switching chamber. 

  

 

Fig. 12. Schematical sketches of the modified switching chamber, I: Copepr 
Cu II: Iron Fe 

A schematically sketch of the sectional x-z-plane of one 
part of the model switch is shown in Fig. 12.i. The magnetic 

flux guide plates are installed in an indentation in a distance u 
of 8.5 mm from the symmetrical middle of the switching 
chamber. The indentation ends in the distance v of 39.5 mm 
from the middle of the switching chamber. The section J in 
Fig. 12.ii shows the arc runners 2 and 6. The arc runners are 
made of copper I and magnetic steel II.  

Fig. 12.iii shows a sectional view of the x-y-plane of the 
switching chamber. The magnetic flux guide plates, labeled 13, 
are installed in the distance x of 6 mm away from the 
symmetrical middle of the chamber. The plates are also made 
of steel and have a thickness of 1 mm. A wall 14 insulates the 
plates against the switching chamber. The wall is made of the 
material K-Therm®AS 600 M.  

VI.  RESULTS AFTER OPTIMIZATION 

The modified switching chamber configuration, named 
modified config., has been experimentally investigated 
considering the switching performance and breaking success. 
The most interesting results will be summarized and compared 
with the results of the basic configuration, basic config.. For 
this purpose test results of different test series have been 
evaluated and compared. Different parameters have been 
defined in order to compare the breaking performance of 
switching chamber configurations. These are for example the 
arcing time tarc, the arc energy W and the breaking success like 
in [5]. 

The breaking capacity of the modified switching chamber 
configuration is superior considering low dc currents. The 
configuration breaks dc currents down to 250 A in case of 
resistive-inductive time constants τ of 0 ms and 3 ms with 
probabilities of 89 % and 95 %. Whereas the basic config. 
breaks dc currents of 250 A with a resistive-inductive time 
constant τ of 0 ms only with a probability of 70 %. The basic 
config. is not able to break a test current of 250 A in case of a 
resistive-inductive time constant τ of 3 ms reliably. 

Besides the modified switching chamber configuration has 
advantages considering the quenching behavior. Fig. 13 shows 
the arithmetically average of the arcing times of different test 
series.  

 

Fig. 13. Arcing time of  different test configurations 

Higher test currents Ip in Fig. 13 lead to decreasing arcing 
times tarc. The linear tendencies of the graphs in Fig. 13 in the 
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test range are approximated with trend lines. A reason for this 
phenomenon is mainly the self-excited magnetic flux density 
Bs and the resulting arc moving forces. This leads to shorter 
arcing times in the investigated test range.  

The model switch was adjusted to raise the utilization of the 
self-excited magnetic flux density Bs. The reduced arcing times 
lead to reduced arc energy losses during the breaking 
processes. Measured energy losses W during the performed 
investigations are shown in the diagram in Fig. 14. 

 

Fig. 14. Arc energy of  different test configurations 

The energy losses during breaking processes could be 
significantly reduced by the adaptation of the switch 
configuration. Fig. 14 shows that rising test currents Ip and 
higher resistive-inductive time constants can lead to increasing 
energy losses. In Fig. 14 linear trend lines were used to mark 
the tendencies of the measured data in the test range.  

VII.  CONCLUSION 

The increasing application of low-voltage dc systems leads 
to a rising demand for powerful and compact dc switchgear. To 
meet coming requirements, as for example rising system 
voltages and more powerful energy supplies further 
investigations are necessary.  

An arcing chamber with double contact configuration and 
arc splitter plates was designed and investigated considering 
the switching performance and capacity. In a basic 
configuration of the model switch the breaking performance 
and success decreased with a reduction of the test current Ip 
below 500 A. Main reason for this phenomenon was the 
reduction of the self-excited magnetic flux density Bs. To 
optimize the utilization of the self-excited magnetic flux 
density Bs different constructive methods are compared and 
investigated. Therefore stationary magnetic simulations of 
switching chamber configurations have been performed.  

The simulations showed different effects of ferromagnetic 
arc runners on the self-excited magnetic flux density Bs. Based 
on these results arc runner config. 3 seemed to be the most 
effective configuration. However this procedure could mainly 
raise the magnetic field close to the arc runners. Towards the 
middle of the switching chamber the absolute value of the 
magnetic flux density was just slightly affected. That is why 
additionally ferromagnetic flux guiding plates have been 

stationary simulated. The simulations showed a 
homogenization and raise of the flux density in the middle of 
the chamber, caused by the plates. Based on these results a 
modified switching chamber has been tested in an experimental 
test series.  

The gained results had to be evaluated considering the 
neglecting of magnetic saturation of ferromagnetic materials as 
well as the neglecting of moving switching arcs and fluctuating 
arc currents. Based on these results a modified switching 
chamber configuration was designed and investigated. The 
breaking performance has been investigated and compared in a 
test range of 250 A up to 1000 A. The modified switching 
chamber showed superior attributes considering arcing times 
and arc energies. Additional investigations have to be 
performed for dc currents below 100 A. 
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Abstract—Breaking operations in direct current (DC) circuits 
means high stress for switching devices. In particular 
photovoltaic (PV) sources lead to a different switching and arc 
performance in comparison to linear DC sources. A comparison 
of behavior of switching arc in DC circuits with linear source and 
with PV source is given. Breaking tests in a linear DC system and 
on PV emulation are compared. 

A simple switching device has been developed that can be 
used for switching under load. In switching device a special DC 
arc-quenching principle is implemented without arcing chamber. 
Operation and behavior of quenching assembly are described. 
The switching device with small size has a high switching 
capacity and can be used for manual or remote-controlled switch 
off of DC circuits. Due to its functional principle when switching 
wear occurs because of outgassing and ablation of plastic in the 
DC switching device. Ablation of material must not exceed a 
certain limit to ensure safe switching function. A method for 
detecting and evaluating wear as well as automatic stopping from 
service has been integrated into switching device. This simple 
method can detect the state independent of the number of 
operations only from ongoing wear. If pre-defined erosion is 
reached with a sufficient distance from end-of-life, switching 
device is blocked after completing a successful interruption. 
Effectiveness of method and blocking mechanism are represented 
by means of repeated switching tests. 

Keywords—direct current switching device, DC arc-extinction 
principle, wear, ablation, blocking mechanism 

I. INTRODUCTION 
In the DC main line of solar power generators DC load 

disconnectors (DC isolating switches) are used for interrupting 
of DC circuit [1], [2]. For use in photovoltaic (PV) DC circuits 
a non-conventional DC switching device has been developed. 
This mechanical device realizes interruption, and making 
isolating distance. In the device, wear due to arc stress is 
detected and if an adjustable limit is reached, for the switching 
device this results in taking it out of operation. 

II. SWITCHING BEHAVIOUR IN DC CIRCUITS WITH LINEAR 
AND WITH PHOTOVOLTAIC SOURCE 

Interruption in DC circuits by means of a mechanical 
switch due to switching arc is according to DC switching 
principle. By building up an arc voltage Varc greater than 

driving source voltage VOC has to create such a high resistance 
in DC circuit that flowing current drops to zero [3]. 

 
Fig. 1. A: DC circuit with linear DC source (open-circuit voltage VOC, short-
circuit current ISC = VOC/R, and time constant τ = L/R);  
B: DC circuit with photovoltaic source (open-circuit voltage VPV-OC, short-
circuit current IPV-SC ≈ IPh/(1+IS·R/VT), and time constant τ = L/R). 

Circuits with linear DC source and arc as shown in Fig. 1A 
can be described by VOC = R·i + L·di/dt + varc. To reduce 
current when switching-off due to di/dt = (VOC – R·i – varc)/L 
< 0 and (varc + R·i) > VOC a high arc voltage varc > VOC at i = 0 is 
required. The level of arc voltage is determined by inductance 
L and DC time constant τ = L/R. In linear resistive-inductive 
DC circuit with short-circuit current ISC = VOC/R from Fig. 1A 
an opening switch with constant anode-cathode drop Va-c and 
linearly increasing arc voltage varc(t) = Va-c + S·t is assumed, arc 
current i(t) according to equation (1) appears [3]: 
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Rise S of arc voltage in switching devices is determined by 
generated arc field strength E and achieved speed v of arc 
lengthening S = E·v. Particularly for small time constant τ, 
current i(t) drops after initial small reduction almost linearly to 
zero. In rough approximations for arcing time and extinction 
voltage the proportionalities tarc ∝ (VOC – Va-c)0.5, tarc ∝ τ0.5, 
tarc ∝ S–0.5, and Varc-ext ∝ (VOC – Va-c)0.5, Varc-ext ∝ τ0.5, Varc-

ext ∝ S0.5 according to [3] can be used. Corresponding current 
and voltage curve for linear DC source are shown in Fig. 3. 

Behavior of switching arcs in DC circuits of photovoltaic 
(PV) systems differs significantly from that in DC circuits with 
linear two-pole characteristic. PV generators act as constant 
current sources with high internal resistance according to their 
nonlinear current-voltage characteristic (Fig. 2), which means 
high stability for switching arcs and long arcing times. 
Explaining this, by switching off at PV sources DC current is 
not reduced until arc voltage Varc is increased to the level of 
voltage VMPP at maximum power point, about 75% to 95% of 
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open-circuit voltage VPV-OC. In contrast for circuits with linear 
DC sources reduction of current starts almost immediately after 
arc formation. Today, PV systems have high open-circuit 
voltages up to 1500 V, which are present even at low radiation 
levels (≥ 1.2·VOC-STC [2], STC – Standard Test Conditions). 

 
Fig. 2. Static I-V characteristics of PV source and linear DC source  
(IPh – photo-generated current depending on radiation, IS – reverse saturation 
current, VT – thermal equivalent voltage, MPP – maximum power point). 

In PV generators possible short-circuit currents are only 
slightly larger than nominal currents of up to 1.25·ISC-STC or, in 
extreme cases up to 1.4·ISC-STC [2]. Depending on present sun 
radiation and load operating current varies over a wide range 
from a few percent to almost the STC short-circuit current, 
typically from 10 A to 100 A, for large facilities even more. 
Therefore, a switching device does not have to switch high 
short-circuit currents in DC circuit of a PV generator, but often 
direct currents, which are well below rated current. 

 
Fig. 3. Example of idealized switching off for linear source (DC) and for PV 
source with and without inductive time constant and a linearly increasing arc 
voltage in each case (S = 300 V/ms, Va-c = 100 V). 

Solar generators are low inductive DC circuits with small 
time constants, where only small interrupting voltages arise. 
The non-linear PV current source IPV = IPh – IS· (eVPV/VT – 1) has 
open-circuit voltage VPV-OC ≈ VT·ln(IPh/IS) [2]. Short-circuit 
current IPV-SC ≈ IPh/(1+IS·R/VT) ≈ IPh is mainly determined by 
solar radiation and configuration of PV DC circuit. In circuit of 
Fig. 1B with PV source and for not too small resistance R the  

arc current is described roughly by: 
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For arcing time and extinction voltage there are much 
stronger dependencies tarc ∝ VPV-OC – Va-c, tarc ∝ S–1, tarc ∝ L0.75, 
tarc ∝ τ0.2, and Varc-ext ∝ VPV-OC. The current curves i(t) shown in 
Fig. 3 are characterized by little reduction over about 2/3·tarc, 
and if arc voltage is around value of maximum power point and 
above, current drops rapidly to zero. Despite the reduced arcing 
time compared to circuit with linear DC source greater arc 
energy Earc occurs here during extinction. 

III. DC SWITCHING DEVICE 
Compact switching device for DC circuits with PV 

characteristic has been developed, which has simple and 
powerful switching principle. However, such switching device 
in PV generators has only comparatively small number of 
operating cycles at maximum load to execute at high reliability. 

 
 

Fig. 4. Construction of the DC-switching device – sectional views as top and 
side view. 

The switching device operates on a principle with wear and 
may achieve several 10 to several 100 cycles depending on the 
size of load to be switched. In DC switching device by rapid 
rotation double-break with arc extinction in close insulator slit, 
supported by gas-evolving of insulating material, is realized. 
The constructive solution is shown in Fig. 4 schematically. 
Rotor (cylinder) and stator are made of polyoxymethylene 
(POM), contacts with material Ag/Ni 90/10, conductors from 
copper, and simple mechanism for disengaging of contact 
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pieces. The rapid build-up of high arc voltage is achieved by 
two arcs that are strongly constricted, prolonged, and cooled 
from walls in insulator slit ([4]). Because of outgassing from 
insulator, pressure increases and efficient gas cooling arises 
([3], [5]). Switching device is designed for system voltages up 
to 1500 V and load currents up to 100 A. In various linear 
ohmic-inductive DC circuits as well as in laboratory PV 
emulation interrupting tests were done. Interrupting operations 
at maximum load are shown in Fig. 5 and Fig. 6. In each case, 
after short time of low voltage rise (~ 30 V/ms, < 2 ms) voltage 
increases with steep rise (> 300 V/ms) to source voltage level 
or beyond, and there is an arcing time of 6 ms maximum 
duration. Details of mechanical separation of contacts, arc 
voltage, and arc field strength are shown in Fig. 7 for 
interruption in linear DC circuit. Immediately after arc get into 
insulation slit voltage rise is related to peripheral speed and 
gives initial field strength Eini. At the end of breaking process 
from position-time-characteristic and arc voltage deducting 
anode-cathode drop mean field strength Emean can be derived. 

 
Fig. 5. Interruption with DC switching device for linear DC source at 
1200 V, 100 A, and τ = 1 ms. 

 
Fig. 6. Interruption with DC switching device for PV emulation at 1200 V, 
100 A, and τ < 1 ms. 

IV. ASSESSMENT OF ABLATION IN THE SWITCHING DEVICE 
Amount of ablation depends basically on energy conversion 

when switching, a fraction of arc energy has direct impact in 
material erosion and thus in widening (cross section 
enlargement) of insulator slit. By widening the slit from 

breaking to breaking constriction and cooling of arc, and 
finally reached level of electric field strength is reduced, which 
in turn reacts on arcing time and thus energy conversion. With 
declining average electric field strength, arc voltage decreases 
at the same contact travel. Due to limited contact travel length 
the switching device according to Fig. 4 all available contact 
travel is required at a certain wear. Before this state is reached, 
this ablation level is detected and safe blocking of switching 
device is induced. 

 
Fig. 7. Arc field strength; Example: width of insulation slit 0.1 mm, 
peripheral speed of contacts ~ 4 m/s, and linear DC source: VOC = 1200 V, 
ISC = 100A, τ = 1 ms, and 1st breaking: tarc = 3.4 ms. 

Influencing quantities on ablation of an exemplary 
dimensioning of switching device having single-pole 
interruption are explained in more detail later. 

To switch off DC circuit of 1200 V arc voltage must at least 
reach this value reliably. Should be switched in DC systems 
with higher inductive time constant alongside PV systems, then 
attainable arc voltage must be higher. In switching device 
according to Fig. 4 having double interruption on rotary 
cylinder (rotor), here maximum available contact travel 
between switching contacts arises at rotation angle of 90°. For 
effective length of contact travel contact piece diameter and 
distance to close insulation slit must be subtracted. 

In one design, with for example 34 mm contact travel 
(circumference) and aim of minimum voltage of 1200 V results 
in attainable mean electric field strength of at least 35 V/mm. 
Anode-cathode drop of few volts is neglected. It should be 
noted that this required mean arc field strength at the same time 
represents the value for end of life. For new device, electric 
field strengths in the range of approximately twice this level 
should be achieved for sure with such a geometric design. 
Level of required field strength is significantly higher than 
electric field strength of free-burning arcs (0.8 – 3 V/mm [3]). 
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Similarly high values of electric field strength are achieved 
in electrical fuses or spark gaps with hard-gas at currents in kA 
range. In mains follow current limiting by lightning arresters 
on basis of spark-gap about 40 V/mm could be measured at 
15 bar. In [6] AC currents of 1 – 10 kA were switched off at 
arc field strengths of about 5 – 18 V/mm with insulation-gap 
slide-bar assembly (ceramics, glass, polyester) and slit widths 
of 0.5, 1, 2, and 4 mm. From [3] it is also known that at 100 A 
in a gap of 0.5 mm in ceramic as non-gassing material an arc 
field strength of about 8.5 V/mm is achieved. Building up 
higher field strengths as fast as possible, rapid and extreme 
constriction of arc and additional cooling by outgassing is 
necessary. For short contact travels, decomposition of wall 
material must not lead to carbonization/graphitization of 
isolating distance and thus low withstand voltage. These 
requirements are similar to spark-gap arresters. In [5], material 
POM was proposed for spark-gap arrester, which is also used 
at considered here switching device. POM, (CH2–O)n [7], 
shows hardly graphite formation on surface after arc exposure, 
since oxygen contained binds carbon. Hydrogen contained 
unbound appears as an excellent extinguishing agent [5]. 

 
Fig. 8. Time curves of voltage, arc field strength, and current for different 
clearances. 

Due to still low arc field strength in 0.5 mm slit test objects 
with different slit sizes d up to minimal 0.05 mm were created 
and their switching behavior was tested. In Fig. 8, current-
voltage curves for similar loads and same rotational speed are 
presented. In order to achieve number of switching operations 
of more than 10 at rated switching capacity and for PV source, 
slit widths smaller than 0.3 mm are necessary. With small 
clearances (widths) less than 0.1 mm, switching capacity and 
number of switching operations can be increased still further. 
In Fig. 9 from time courses determined initial arc field 
strengths Eini and mean arc field strengths Emean are plotted. 

Temporal change in voltage with respect to circumferential 
velocity is initial field strength Eini for arc immediately after 
penetration into insulation slit (> 1.5 ms … ≈ 2 ms; 
∆s ≈ 1.3 mm in Fig. 7). Because of slit widening, initial field 
strengths of 11th/12th breaking are noticeably reduced 
compared to 1st/2nd breaking. Depicted in Fig. 9 (right) mean 
electric field strength Emean was calculated from recorded 
travel-time curve and measured arc voltage minus anode-
cathode drop. With decreasing clearance of slit an increasing 
Eini and Emean can be observed. 

 
Fig. 9. Initial arc field strength (start of slit) and mean arc field strength (end 
of breaking process) for different clearances at first breaking operations. 

In Fig. 10 trend of arc duration over number of switching 
cycles n for various test objects with load of 1200 V, 100 A, 
and τ = 0.016 ms is shown. At an average (peripheral) speed of 
contact movement of 3 – 3.5 m/s end position of switching 
contacts is reached after about 8 ms. 

 
Fig. 10. Arcing time depending on number of switching cycles for linear DC 
source (same stress, different test objects). 

Increasing arcing time and therefore arc energy from 
switching cycle to switching cycle was caused directly by 
reduction in mean electric field strength due to widening of slit 
by ablation of insulator material (POM). Sum of arc energy of 
previous number of switching cycles n increasing means 
decreasing initial and mean field strength Eini, Emean and 
increasing arc energy Earc too. 
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V. ESTIMATION OF SLIT CROSS SECTION WIDENING BY 
SWITCHING ENERGY 

In Fig. 11, widening of slit is shown in principle. Widening 
results by material evaporation taking place only within 
circumferential portions of rotor and stator, to which direct 
effect on arc occurs. After arc extinction up to arcing time of 
about 8 ms due to rotary motion an area of unchanged slit 
geometry is always available. Strongest material ablation as 
result of multiple stresses and thus strongest slit widening arise 
directly close to fixed and moving contact respectively in or 
against direction of rotation. By insertion of arc in slit of small 
clearance, arc gets elliptical shape in cross section. Slit 
widening occurs non-uniformly, like triangular cross section 
(see Fig. 12) of material removal at each side of slit border. 
Change in shape rises from area of incipient arc stress to 
separated contacts, geometry of slit widening can be assumed 
to be triangular also over length. Change of geometry can be 
seen in various sections of Fig. 12. After switching stresses 
material ablation was evaluated using 3D surface scan at 
different locations on periphery of rotor and stator. 

 
Fig. 11. Widening of slit due to ablation of POM (enlarged depiction of 
„ablation zones“: red – rotor, green – stator; schematical cross-sectional views 
for various rotor angles). 

 
Fig. 12. Ablation depth on circumference of rotor as section lateral to 
rotational direction after 12 breaking operations at maximum load. 

Because of small maximum current of about 100 A, slit 
widening to greater than 1 mm already leads to significant 
reduction of arc field strength to some 10 V/mm. This field 
strength levels below required mean field strength must be 

compensated by additional rotating movement to previously 
unaffected slit sections with high field strengths of up to about 
100 V/mm. Thus, breaking operation is prolonged. 

In order to estimate widening of slit fraction of arc energy, 
which is spent for material evaporation, has to be known. For 
further considerations elliptical arc cross section is adopted 
where ellipse having radius ratio (half-axes) of not greater than 
1 to 2. With slit of d = 0.1 mm and simplified assumption of 
complete filling of slit width by deformed arc, maximum arc 
cross section Aarc = π·(d/2)·(2·d/2) = 0.0157 mm² yields at 
beginning of arc phase for first stress. With arc cross section 
initial arc field strength can be estimated by [8]. Dependency of 
electric field strength E, there is shown for different materials 
as function of current density J. Current of I = 100 A gives 
J = I/Aarc = 6366 A/mm² and theoretically for arc in evaporated 
POM an electric field strength of about E / V·mm–1 ≈ 1.3· 
(J / A·mm–2)3/5 ≈ 249 V/mm (compare initial arc field strength 
in Fig. 9 left for d = 0.1 mm and 1st breaking). Based on 
measurements for first stresses with short arcing times of 3 – 
4 ms mean electric field strength values of about 70 – 90 V/mm 
are determined. Using arc equation varc = Va-c + E· and with 
knowledge of velocity of contact the relationship in [8] 
(applied to POM), arc energy can be calculated. Fraction of arc 
energy, which is available for channel widening, can be 
determined based on measurements and detected material 
ablation as well as material parameters. By weighing after 
different number of switching cycles were ablated mass and 
determined with mass density of POM (ρPOM = 1.43 mg/mm³) 
volume of ablation. In tests with 1200 V, 100 A, and τ = 1 ms 
after 5 stresses 50 mg (35 mm³), after 10 stresses 92 mg 
(65 mm³), and after 30 stresses 194 mg (137 mm³) total loss on 
rotor and stator could be found. For this, accumulated arc 
energy with known for POM specific enthalpy of vaporization 
(e.g. in [5] hv = 1.603 J/mg) was set into relation. One can 
assume that fraction of energy from arc, which in such narrow 
slits available for decomposition of POM, is about 12% in 
accordance with measurement results. 

Because of simple model and experimental investigations 
channel widening which must not be exceeded for ensuring 
safe switching operation is determined at an arbitrary, but 
engineering reasonable, place in stressed area. 

VI. DESIGN AND FUNCTION OF END-OF-LIFE BLOCKING 
MECHANISM 

Erosion of insulating material shall not exceed certain limit 
to ensure safe switching and disconnection. Therefore an End-
Of-Life-function (EOL) is implemented in switching device. 
By this detection of state of wear is independent of number of 
switching cycles, current, voltage, and source characteristic. It 
monitors slit width and blocks switching device in OFF 
position after successful interruption when pre-defined erosion 
state and widening of slit is reached. For detection of wear, 
rated break point is present in stator at 45° as shown in Fig. 13, 
which is further reduced by removing material due to arc 
exposure. Behind rated break point is spring-loaded bolt and 
hollow is in rotor. Bolt can move into hollow at defined 
position of rotor when rated break point is reduced in thickness 
as much as that bolt gets through it by spring force. 

0° 45° 

90° 
0°-position and skewed 

section          at 27° 

z 
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The bolt anchored in stator and locked with spring then 
does not allow any switching motion (see Fig. 13 top right). In 
Fig. 13 (bottom), position of rotor with inner contact bolt at 
time of arc extinction at last successful interruption is shown 
prior to latching of blocking member (blue). 

 
Fig. 13. DC switching device with active EOL-function (top left) and with 
induced blocking (top right). 

In position of EOL of 45° and maximum slit widening on 
d45° = 0.6 mm = 2·0.3 mm in this area has switching device 
after blocking residual life time of about 30% with respect to 
maximum total switching energy. Electric arc field strength in 
widened slit up to this position can still be adopted by about 
30 V/mm. Hence already heavily loaded slit area immediately 
in front of rated break point provides about 75% of required arc 
voltage. Thus failure of switching device during switching off 
before action of blocking mechanism can be avoided due to 
high residual life time reliably. 

 
Fig. 14. Arcing time depending on number of switching cycles for linear DC 
source and PV source (same stress, different test objects). 

Working of method with blocking mechanism has been 
demonstrated by repeated switching tests. Fig. 14 and Fig. 15 
show progression of arcing time and arc energy in operation of 
switching devices with EOL function on linear DC source and 

on PV source. Switching devices used had clearance of about 
0.1 mm (slit width in new state). 

 
Fig. 15. Arc energy depending on number of switching cycles for linear DC 
source and PV source (same stress, different test objects). 

Blocking member prevented further switching operations 
when reaching arcing times greater than 6 ms. Switching 
devices have in this state still sufficient switching reserve (see 
Fig. 10). With maximum load at linear DC source or at PV 
source blocking occurred after about 37 or 17 breaking 
operations. For currents well below maximum load, up to more 
than 100 switching cycles are achieved (see Fig. 10). 

VII. SUMMARY 
Switching devices are an important element for personal 

and fire protection in DC circuit of photovoltaic systems. 
Switching off in DC circuits with PV characteristic is heavy 
duty, because PV generator behaves as constant current source. 
DC switching device is presented particularly suitable for use 
in photovoltaic DC circuits. DC switching principle produces 
steep rise of arc voltage and fast arc extinction. Switching wear 
is detected, and before reaching end-of-life device is blocked in 
safe OFF-position by implemented EOL-function [9]. 
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Abstract - Corrosion tests were carried out on 

electrodeposited nickel-tungsten composites. An 

acidic electrolyte of pH 3,8 - 4,0 was used for the 

deposition of the crack-free, low tungsten content 

alloy. The Ni-W alloys were deposited on a substrate 

of copper alloys, with a layer thickness of 10.0 

microns and characterized by X-Ray diffraction (phase 

identification and crystallite size) and EDX 

composition. 

The corrosion behaviors of the Ni-W coating were 

studied by standards specific for connectors: four 

components flowing mixed gas test and 

potentiodynamic polarization in a medium containing 

Cl
-
. It is shown that in deposits with a tungsten content 

of 0.5 to 3.0 wt.%, the crystalline grain size in the 

nickel matrix changes. Corrosion resistance of the 

low-Ni-W coatings in acidic and neutral solutions 

height compared to a high alloy Ni-W-coating. The 

Ni-W coating protects the copper alloys from 

localized corrosion, and can be used as intermediate 

layer in electrical connectors. 

 

Keywords: Nickel-Wolfram alloys, Electrodeposition, 

Polarisation, Corrosion resistance 

 

Instructions 

For the manufacture of plug connectors, usually gold 

alloyed with nickel, cobalt or iron (hard gold) is 

deployed because of its low contact resistance and 

higher ability to withstand corrosion. In order to 

prevent gold diffusion into the substrate made from a 

copper alloy, an intermediate layer, usually made from 

nickel, is deposited below the gold [1].  

On account of the continuously increasing raw 

material prices, in particular for precious metals, 

alternatives in the galvanic deposition process during 

the manufacture of plug connectors are searched for in 

order to be able to reduce the thickness of the precious 

metal layer. These should be more cost-efficient but at 

least as resilient and functional, i.e. with regard to the 

contact resistance and the wear behaviour, as coatings 

with a thicker gold coating. 

In order to reduce the gold coating, for many years an 

intermediate layer made from a palladium-nickel alloy 

with a thickness of 0.2 to 0.7 micrometres has been 

used in the plug connector manufacture [1].  

Another alternative is a Ni-W alloy, which displays a 

higher resistance to corrosion at otherwise similar 

functionality and thus compensates for the higher cost 

compared to PdNi [2-3]. This process has been tested 

at HARTING and has demonstrated potential future 

benefits. 

Thanks to their properties, nickel-tungsten alloys have 

for a long time attracted interest, both by science and 

practical users, as a replacement for chromium 

coatings. Of particular interest with regard to the 

nickel-tungsten layer is the option to carry out a fast 

test for the assessment of the corrosion behaviour.  

Furthermore, a large number of corrosion 

investigations are already available for tungsten-rich 

nickel-tungsten alloys [4-8]. Because in the past most 

coatings had been made in an alkaline ammonia-

containing bath with a tungsten-content in the coating 

above 20 wt.%, which is not always appropriate for 

the production, HARTING developed an acidic, 

ammonia-free bath. This bath creates a coating with a 

tungsten content of up to 1.0 wt.%.  

Therefore, there is not much reference information 

available in the literature on the corrosion behaviour 

of low-alloy nickel-tungsten coatings. For this reason, 

it was very important to carry out corresponding 

corrosion investigations. 

 

Experiments  
The work electrodes used were samples made from 

the Cu37Zn copper alloy with a surface of 4.0 cm
2
 (on 

both sides) and a thickness of 0.25 mm, cut from a 

polished brass sheet. 

For the determination of the optimum measuring 

parameters under which the grading of the galvanic 

coating is possible, the samples were coated with a 

corresponding alloy layer. 

Before the individual coatings were applied, the 

samples were cleaned mechanically with abrasive 

paper, hot cleaned for five minutes in an alkaline 

treatment, pickled for 30 seconds in a 10% H2SO4 

solution and then rinsed thoroughly.  

The deposition of a low-allow Ni-0.6W coating (Ni-W 

HAR) was carried out in an acid Ni-W electrolyte at 

pH 4 and 50°C [9]. The thickness of  the deposited 

layers  was  measured by means of the x-ray 

fluorescence device "Hitachi" Mod. FT110 and  was 

found to be between 8 and 11 micrometres.  

 

REM images of the deposited layers were made 

immediately after deposition by means of an Aurige 

FIB-SEM scanning electron microscope made by Carl 

Zeiss. For the elemental analysis of the actually 

produced nickel and tungsten contents, an EDX 

detector was used. The determined tungsten content in 
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the layer was 0.6 wt.% (fig. 1). 

 

 
Fig. 1. EDS spectrum of the Ni-W coating. 

 
The nickel-tungsten alloy with a tungsten content of 

26 wt.% had been deposited in a commercially 

available bath Ni-500 (made by Enthone GmbH). The 

pre-treatment of the samples before coating 

corresponded to the production conditions at 

HARTING. The coating thickness of the nickel-

tungsten was 8 to 11 micrometres. 

 

For the identification of potential phases in the Ni-

0.6W alloy, x-ray structure analysis by means of a 

BRUKER D8 diffractometer with 2D detector (Cu-Ka 

radiation) was deployed. Here the x-ray diffraction 

data available in the ASTM file formed the 

information basis for the determination of potential 

phases within the Ni-W alloy.  

For each sample, one measurement each was carried 

out for the uncoated and the coated alloy substrate.  

The evaluation was carried out using the DIFFRAC 

EVA, V2 software written by BRUKER. It was found 

that no new phase forms within the coating, but a solid 

solution. The tungsten content of 0.5 wt.% to 3 wt.% 

in the nickel is very low and will therefore only result 

in minor changes to the nickel grid parameters.   

 

Fig. 2. XRD diagram: Substrate (red), Ni-W coating (black, y-shift: 

+200). 

Neither crystalline phases existing side by side nor a 

crystal mixture were  found in the deposited alloys. 

Schriraman [8] found a pure face centred (fcc) phase 

of nickel when investigating by diffractometry the  

Ni-W coating. No peaks were identified corresponding 

to body centred cubic (bcc) or hexagonal close packed 

(hcp) structures. In [6, 10] it was shown that, when a 

Ni-0.6W alloy with a low tungsten content is 

deposited, a solid solution forms with a fcc nickel 

crystal grid. These results contradict the results in the 

study of electrolytic Ni-W alloys by Yamasaki [11]. 

 

All corrosion investigations were carried out in an 

electro-chemical measuring cell deploying the  

familiar three-electrode arrangement. The core of the 

installation was a coated working electrode, which 

was connected to a potentiostat/galvanostat BioLogic 

SP-150 (BioLogic SAS) and a desktop computer 

(made by Dell). The control of the corrosion process 

was computer-supported by a EC-Lab® V10.40 

software made by Bio Logic. 

 

In order to exclude faults in the recordings, all 

polarisation curves were logged at least three times, in 

order to provide the highest quality data for a 

comparison with the simulation.  In the figures 

showing the measuring data in most cases only one 

curve is shown. 

 

The coated brass sheets were available for the 

corrosion experiments as working electrodes and they 

were centrally placed into the electrolysis cell. The 

working electrode exposed through a shrink-wrap 

mask had a total size of 4.0 cm
2
. In order to obtain 

reproducible results, the working electrode was 

appropriately prepared. The preparation consisted of 

mechanical cleaning by means of abrasive paper, hot 

degreasing and pickling in 10% sulphuric acid for 30 

seconds. Afterwards the working electrode was rinsed 

thoroughly. 

An insoluble anode was used as auxiliary electrode 

consisting of a titanium mixed oxide grid with a 

surface of 18.0 cm
2
.  

A saturated calomel electrode (SCE, +0.241 V vs. 

SHE 25°C) was used as the reference electrode and is 

fixed in a holder. In order to keep the ohmic voltage 

loss between the working electrode and the reference 

electrode to a minimum, the reference electrode was 

connected to the working electrode via an Haber-

Luggin capillary filled with saturated KCl solution 

ending approx. two to three millimetres from the 

working electrode.  All potentials used in this project 

are determined with reference to the standard 

hydrogen potential according to 

 

Eh = EMeasurement + EReference. 

 

The electrodes were inserted and positioned in the 

round measuring cell filled with the appropriate 

electrolyte and then the magnetic stirrer was switched 

on.  The experiments were carried out in solutions 

stirred at 250 rpm.  

This allows the experimental corrosion investigations 

of the coated surfaces to be made.  

All experiments were carried out in the neutral (pH 

5.9 at 22°C), acidic (pH 3 at 22°C) and alkaline 3.5 

wt.% NaCl solution at 25°C.  
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First of all, the equilibrium rest potential of the 3.5 

wt.% NaCl solution was determined. An equilibrium 

rest potential over time measurement showed that the 

potential drifted. Initially it drifted in the negative 

direction and after approx. 20 minutes it settled to a 

nearly constant value for Ni-W alloys. 

Afterwards, the corrosion behaviour of the individual 

alloys was determined by recording the free corrosion 

potentials in the test solutions. By recording the 

anodic current density / potential curve, the electro-

chemical corrosion processes at the working 

electrodes with a Ni-W coating were made visible.  

Starting at – 800 mV, the polarisation of a coated sheet 

was shifted in the anodic direction by slowly 

increasing the potential at a rate 1.0 mV/s until 

+ 800 mV was reached. The current was plotted as a 

function of the polarisation. All potentials are 

measured with reference to the standard hydrogen 

potential. The data obtained from the experiments and 

the simulations were processed into images by means 

of a graphics program made by EC-Lab® V10.40.  

In the cathode range no waves were observed, but the 

current increases steeply for all measured samples at a 

potential of – 800 mV up to approx. – 750 mV in the 

cathode direction as the electrode potential falls. 

Afterwards the polarisation curves briefly show a lot 

of noise. Characteristic curves measured in acidic, 

neutral and alkaline 3.5 wt.% NaCl solutions are 

shown in figures 3-5. The current density / potential 

curves show marked differences for the different 

layers as a function of their tungsten contents. 

 

Results and discussion 

The results of the electro-chemical measurements 

provide information about the coating quality. The 

electro-chemical characteristics of the coatings are 

shown in table 1. 

 

TABLE I. Electro-chemical characteristic of the  

Ni-W alloys* in NaCl solutions 

3.5 wt.% NaCl, pH 3 Ni-0.6W Ni-26W 

Ecorr, mV -200.5 -272.4 

Icorr, µA 299.2 482.2 

jcorr, µA/cm
2
 74.8 120.6 

3.5 wt.% NaCl, 

neutral 

  

Ecorr, mV -218.8 -265.3 

Icorr, µA 27.9 172.7 

jcorr, µA/cm
2
 7 43.2 

3.5 wt.% NaCl, pH 10   

Ecorr, mV -253.5 -233.0 

Icorr, µA 22.4 142.5 

jcorr, µA/cm
2
 5.6 35.6 

* The numbers in the alloy designations correspond  

to content of tungsten (%) in the alloy. 

 

 3.5 wt.% NaCl solution at pH 3 

In weakly alkaline solutions, in which a cathodic 

process takes the form of hydrogen production, some 

elements lead to a reduction in the corrosion 

resistance. The increasing tungsten content in the Ni-

W alloy does not result in an increase in the nickel 

passivity, but it shifts a corrosion potential further in a 

negative direction.  

The Tafel equation, obtained from the polarisation 

curves of the samples, is shown in figure 3. The 

results show that the corrosion potential of the lowest 

alloy Ni-0.6W coating in NaCl solution at pH 3 is 

more positive than that of the Ni-26W coating.  

At the same time, as shown in table 1, the corrosion 

rates fall in the order Ni-26W – Ni-0.6W and are 

120.6 – 74.8 µA/cm
2
, correspondingly. This can mean 

that, in an acidic environment, a higher tungsten 

content has a negative effect on the corrosion 

resistance and is associated with the production of 

hydrogen. This results in an increase of the anodic 

dissolution of nickel. 

 
Fig. 3. Current/voltage measurements (Tafel) of a working electrode 

with the nickel-tungsten coating in a 3.5 wt.% NaCl solution at pH 3 
 

Neutral 3.5 wt.% NaCl solution 

The results in the neutral solution are similar to the 

corrosion behaviour of the Ni-W alloys in a 3.5 wt.% 

NaCl solution at pH 3. Figure 4 shows a curve of 

potentiodynamic functions for the Ni-W alloys with 

the selected compositions. As seen in figure 4, the 

corrosion potential for the highly alloyed Ni-26W 

coating is much more negative than for the low-alloy 

Ni-0.6W coating. The corrosion current density for 

Ni-0.6W is much lower and is 7.0 µA/cm
2
 compared 

to 43.2 µA/cm
2
 for the Ni-26W alloy. A similar 

dependency is described in [6]. 

In contrast to highly alloyed Ni-26W coatings, the low 

alloy Ni-0.6W coatings have a crystalline structure 

with larger grains [8]. For this reason it is probable 

that the different behaviour in the neutral saline 

environment can be attributed to a relatively low 

number of active grain boundaries on the surface of 

the Ni-0.6W.  
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Fig. 4. Current-voltage measurements (Tafel) for a working 

electrode with the nickel-tungsten coatings in a neutral 3.5 wt.% 

NaCl solution. 

 

3.5 wt.% NaCl solution at pH 10 

In an alkaline solution, the potential of a Ni-0.6W 

alloy in the presence of chloride ions is more negative 

than the potential of a Ni-26W alloy. 

The course of the polarisation curves in figure 5 shows 

that there is a significant difference in the anodic 

behaviour of the tested materials. The anodic 

polarisation of the low alloy Ni-0.6W coating is higher 

than that of the Ni-26W alloy. This behaviour can be the 

result of the corrosion inhibition for the Ni-26W on 

account of a surface film created of oxidised tungsten 

compounds. 

It has to be observed that the values of all Icorr for Ni-

W alloys in NaCl solutions at pH 10 is lower than in 

similar acidic or neutral solutions, which means a 

higher corrosion resistance of alloys in alkaline 

situations.  

 
Fig. 5. Current-voltage measurements (Tafel) for a working electrode 
with the nickel-tungsten coating in a 3.5 wt.% NaCl solution at pH 10. 

 

The low alloyed Ni-0.6W coating has a rather low 

Icorr (5.6 µA/cm
2
) and high Ecorr (-253 mV 

compared to SCE) compared to Ni-26W (35.6 µA/cm
2
 

jcorr and -233 mV Ecorr).  

 

 

 

 

 

 

Contact Resistance of Connectors 

After the electrochemical corrosion studies, the 

contacts of the connectors (DIN Signal contacts) were 

coated under production conditions. The coating was 

developed in the HARTING Ni-W-electrolyte 

described above. In the experiment 32 bronze 

substrates were coated within the nickel-tungsten alloy 

electrolyte. After a pretreatment, a nickel layer of the 

order of about 2 micron was deposited on the contact-

surface in the above mentioned nickel electrolyte. 

Afterwards a layer of approximately 0.25-0.35 μm Ni-

W was deposited on the contacts in the HARTING 

nickel-tungsten electrolyte. In this step a current 

density between 6 A/dm² and 10 A/dm² was pending. 

Finally a flash gold layer of approximately 0.05-0.08 

μm was deposited in a gold electrolyte Auruna 8100 

from Umicore. 

 

The contact- and corrosion resistance of the nickel-

tungsten deposit was monitored after mating cycle 

tests and 4 days under mixed flowing gas conditions. 

Before starting the mating cycle tests, the 32 

electroplated stamped connectors of type DIN QR 5 

were mounted into the sockets.  

To determine the abrasion resistance of the coating 

and its impact on contact resistance, mating cycle tests 

are commonly used. Connectors used for electronic 

equipment has to be measured by the known standards 

DIN 60603-2 (04-2006) and IEC 60512. In this case 

the electrical continuity and contact resistance is 

measured over the contact- and the termination area of 

the connector, using a specific test method, shown in 

Figure 6.  

 

 

 
Fig. 6. Schematic description of how contact resistance is measured 

on a stamped contact at HARTING. 

 

At the beginning of the test, the resistance of the 

contacts was determined by means of a 

Microohmmeter of type SEFELEC MGR 10B. 

Thereafter, the sockets were clamped into the 

universal testing machine ZWICK BT1-

FR2.5TN.D14. 

 

Here 500 mating cycles were performed with a rest 

period of 30 seconds after 50 mating cycles. After 

each 50th mating cycle, the test was interrupted and 

the sample was checked by an optical microscope. 
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After completion of 500 mating cycles, the resistance 

measurement was performed again. 

 

An above mentioned abrasion resistance test, at which 

the contact resistance is measured, is commonly 

combined with a so called mixed flowing gas test, to 

force ageing of the contact surface during usage. The 

used mixed flowing gas is normally a mixture of H2S, 

NO2, Cl2 and SO2. The test is carried out at a 

predefined temperature of 25°C, at 75% humidity and 

in a especially for the test designed chambers. The 

degree of corrosion is normally measured 

pragmatically under a stereo microscope, where pores 

and oxide products from corrosion are visually 

inspected and counted (Fig. 7). 

  

 
 
   a   

     

b 

 

Fig. 7. Visual examination on a stamped contact at HARTING:  

Ni-Au coating (a), Ni-NiW-Au coating (b). 

 

There is a maximum value of contact resistance 

allowed, for the type of connector investigated in this 

paper. These connectors, so called DIN-Signal 

connector, have a maximum allowed nominal contact 

resistance after the above mentioned mixed flowing 

gas test of 20 mOhm, based upon internal 

requirements. 

 

 

The measuring results of the electrical resistances of 

contacts with Ni-W coating fulfill the standard 

requirements (DIN 60603-2 (04-2006) and IEC 

60512). All 32 contacts show a contact resistance less 

than 20 mOhm. The same tests were carried out with 

comparable connectors, which contacts were coated 

with 2 microns of nickel and from 0.05 to 0.1 microns 

of gold only. Between 6 and 22 of the 32 contacts 

show a higher electrical resistance than the allowed 20 

mOhm. 

 

Conclusion 
The Ni-W coatings with a tungsten content of 0.6 m% 

and 26 m% had been deposited galvanically and 

investigated.  

The XRD investigations of the Ni-0.6W coating show 

that it does not contain a new phase but a solid 

solution. 

 

The potentiodynamic experiments showed that:  

1. The low alloy Ni-0.6W coatings in an acidic NaCl 

solution at pH 3 and a neutral NaCl solution at 3.5 

wt.% have a higher resistance against corrosion than 

Ni-26W coatings.  

2. In contrast, in an alkaline solution at pH 10, the Ni-

0.6W coating shows a much reduced corrosion 

resistance compared to the Ni-26W. 

3. The Ni-0.6W coating shows the lowest corrosion 

rate in all NaCl solutions. 

 

The conducted contact-, and corrosion resistance 

studies shows that the Ni-0,6W coating from 

HARTING nickel-tungsten-electrolyte shows a barrier 

effect and can be used as an intermediate layer for the 

contacts of the discussed connectors 

 

References 

[1] H. Katzier, Elektrische Steckverbinder. 

Technologien, Anwendungen und Anforderungen. 

Leuze, E.-Verlag, 2012, 393 S. 

[2] A. Meyerovich, F. Brode, Verfahren zur 

Herstellung eines elektrischen Kontaktelements. 

Patent DE 102012109057 B3. Veröffentlichungsdatum 

07.11.2013. 

[3] S. Idermark, A. Meyerovich, NiW-Überzüge: 

Einflüsse der Elektrolytparameter auf 

Eigenspannungen. Galvanotechnik, 2015, Nr. 9, S. 

1754-1762. 

[4] H. Alimadadi, M. Ahmadi, M. Aliofkhazraei, S.R. 

Younesi, Corrosion properties of electrodeposited 

nanocrystalline and amorphous patterned Ni–W alloy. 

Materials and Design. vol. 30, 2009, pp. 1356–1361. 

[5] A. Chianpairot, G. Lothongkum, Ch. A. Schuh, Y. 

Boonyongmaneerat, Corrosion of nanocrystalline Ni–

W alloys in alkaline and acidic 3.5 wt.% NaCl 

solutions. Corrosion Science vol. 53, 2011, pp. 1066–

1071. 

[6] A. Królikowski, E. Płońska, A. Ostrowski, M. 

Donten, S. Zbigniew, Effects of compositional and 

structural features on corrosion behavior of nickel–

tungsten alloys. J. Solid State Electrochem, vol. 13, 

2009, pp. 263–275. 

Meyerovich 6.1127

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



6 
 

[7] M. Obradovic, J. Stevanovic, A. Despic, R. 

Stevanovic, J. Stoch, Characterization and corrosion 

properties of electrodeposited Ni-W alloys. J. Serb. 

Chem. Soc. vol.66(11–12), 2001, pp. 899–912. 

[8] K. R. Sriraman, S. Ganesh Sundara Raman, S. K. 

Seshadri, Corrosion behaviour of electrodeposited 

nanocrystalline Ni–W and Ni–Fe–W alloys. Materials 

Science and Engineering A460–461, 2007, pp. 39–45. 

[9] Patentanmeldung /DE/ 10 2014 118 593.5 / A. 

Meyerovich, H. Riechmann / HARTING AG: 

nickel/tungsten alloy. Prioritätsdatum 15.12.2014. 

[10] O. Younes-Metzler, L. Zhu, E. Gileadi, „The 

anomalous codeposition of tunsten in the presence of 

nickel“, Electrochimica Acta, vol.48, 2003, pp. 2551-

2562. 

[11] T. Yamasaki, at all, Plating and Surface Finishing, 

p. 148, May 2000. 

 

 

Meyerovich 6.1128

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



Experimental investigations on plasma pressure in 

a narrow gap for short time currents 

Tobias Runge, Tobias Hartmut Kopp, Michael Kurrat 

Technische Universität Braunschweig 

Institute for High Voltage-Technology and Electrical Power 

Systems - elenia 

38106 Braunschweig, Germany 

t.runge@tu-braunschweig.de 

Tim Krause, Jürgen Bewersdorff, Frank Lienesch 

Physikalisch Technische Bundesanstalt 

38116 Braunschweig, Germany 

Tim.Krause@ptb.de

 

 
The experimental research shows the pressure of a short-time 

plasma in a narrow gap with two outlet ducts. The plasma pressure 

is recorded by a piezoelectric sensor with a resonant frequency of 

500 kHz and a pressure range of 689 bar. Three different total 

cross sections of the outlet ducts of 2 mm², 4 mm² and 8 mm² are 

tested by applying a surge current formed as an 8/20 µs impulse 

with amplitudes of 5 kA, 11 kA and 23 kA. The recorded plasma 

pressure shows the behaviour during the impulse and the 

comparison of the different recorded plasma pressures yields the 

influence of the different current amplitudes and outlet ducts. The 

knowledge about the behaviour and the influences of different 

geometries gives a first indication of possibilities to control the 

plasma pressure. 

Keywords—surge current; plasma pressure; spark gap; 

lightning protection 

I.  INTRODUCTION 

Surge protective devices based on spark gap technology are 
used in surge protection due to their high energy absorption 
capability. During standard operation they ensure a galvanic 
separation between the system and the equipotential bonding. 
An occurring overvoltage leads to an ignition of the spark gap 
and therefore to high conductive plasma, which can be seen as 
a short circuit in the system. Due to this short circuit the surge 
current is bypassed to the ground potential. Furthermore, this 
short circuit leads to a flow of a follow current of the energy 
distribution grid as described in [1]. In order to prevent the 
tripping of the main fuse the suppression of this follow current 
is necessary. In surge protective devices it is common use to 
quench the plasma in a narrow gap with gassing chamber 
walls. This leads to a lower cross section of the plasma and to 
an ablation of the chamber walls and therefore to a cooling of 
the plasma [2]. Thus the current will be limited. If the 
limitation suffices to reach zero current the arc extinguishes, 
which ensures a galvanic isolation. This switching process is 
shown in Figure 1 and described in [3] and [4]. 

Due to the high energy input into the plasma at small 
volume and the ablation of the chamber walls a high pressure 
occurs in the surge protective device. The behaviour of the 
plasma pressure at 50 Hz technology is already discussed for 
example in [5] and [6]. But at surge currents in narrow gaps it 
is only poorly investigated. Thus the plasma pressure is 
recorded during surge currents with different amplitudes to 
specify the behaviour and amplitudes of the plasma pressure.  

In order to prevent destruction of the surge protective 
device due to high pressure a solid housing of the spark gap is 
necessary.  This solid housing requires the biggest amount of 
the installation space of the surge protective device. To reduce 
this factor one method is to reduce the pressure of the plasma. 
A common use is to equip the narrow gap with small outlet 
ducts to release the pressure. Hence the influence of different 
cross sections of the outlet duct on plasma pressure is 
investigated. 

The investigations on plasma pressure takes place during 
the surge current conduction, the second phase according to 
Figure 1. The comparison of the recorded plasma pressures at 
different amplitudes of the surge current shows the behaviour 
and amplitudes of the pressure and the comparison of different 
cross sections of the outlet ducts yields possibilities to control 
the plasma pressure in a narrow gap. 

II. EXPERIMENTAL SET-UP 

In order to investigate the plasma pressure in a narrow gap 
an experimental model was established in the laboratory and is 
tested with surge currents (subsection A). To measure the 
pressure a piezoelectric sensor is attached at the narrow gap 
with an electromagnetic shielding (subsection B). 

A. Experimental model and surge current 

The research is carried out in a self-developed model 
(Figure 2). The spark gap is formed by two tungsten copper 
electrodes (75% / 25%) and surrounding chamber walls made 

 

Fig. 1. Switching process for a surge protective device based on spark gap 
technology [3]. 

Runge 6.2129

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



of Polyoxymethylen (POM). Tungsten copper electrodes are 
used to reduce the erosion of the electrodes [7]. POM is chosen 
as chamber wall material for plasma cooling due to its ablation 
behaviour [2]. The gap is formed like a box and equipped with 
two outlet ducts at its sides. In order to ignite the spark gap a 
surface discharge device (SDD) is used. To get a better 
understanding of the geometry a 3-D model of the spark gap 
with outlet ducts and electrodes without chamber walls and 
SDD is shown in Figure 3. The length lS and width wS of the 
spark gap is 10 mm. The length of the outlet ducts lO is 20 mm 
and the width wO varies between 1 mm, 2 mm and 4 mm. The 
height of the spark gap and outlet ducts h is 1 mm. 

An occurring surge current ignites the spark gap at the SDD 
and the plasma spreads towards the opposite electrode. During 
the ignition the current flows through a varistor. When the 
plasma reaches the opposite electrode an electrical breakdown 
occurs. This leads to a current flow through the arc in the spark 
gap. During current flow through the arc the chamber is 
completely filled with plasma [8]. In this research it is assumed 
that the plasma is homogenous in the spark gap. Due to the 
high pressure in the chamber the plasma streams out through 
the outlet ducts. 

 

Fig. 2. Side view (above) with section line for the bottom view (below) of the 
spark gap. 

 

Fig. 3. 3-D model of the spark gap and electrodes without chamber walls and 
surface discharge device. 

In this research impulse currents (8/20 microseconds) 
according to IEC 62475 are injected to the spark gap. Several 
current amplitudes of 5 kA, 11 kA and 23 kA are used. They 
are generated by a Hilo-Test EMC 2002 generator. The basic 
principle for current generation is to discharge a capacitor. The 
amplitude depends mainly on its charging voltage and stored 
energy. The capacitor is discharged over a circuit of 
inductances, resistances and the device under test. Due to the 
resistance of the device under test the impulse current depends 
slightly on the used device under test [10]. Each impulse 
current and arc voltage are recorded. The test circuit with 
measuring system is shown in [9]. A typical surge current and 
resulting arc voltage are shown in Figure 4. The impulse 
current is divided in three different phases: ignition, high 
current and undershoot due to oscillations in the circuit of the 
test setup [9]. An arising follow current is not part of this 
research. 

B. Pressure sensor and evaluation process 

The test set-up for measuring the plasma pressure is 
described in [11]. It consists of measuring equipment for the 
pressure (piezoelectric sensor, coupler and scope), 
electromagnetic shielding, silicon and the already described 
spark gap in section A (Figure 5). 

 

Fig. 5. Side view (above) with section line for the bottom view (below) of the 
spark gap with the measuring system for the plasma pressure [11]. 

 

Fig. 4. Typical impulse current and arc voltage of the used spark gap with 
phases [9]. 
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The used piezoelectric sensor is a type 211B1 from the 
company Kistler Instrumente GmbH with a resonant frequency 
of 500 kHz and a pressure range up to 689 bar. The signal of 
the sensor is conveyed through a coupler (Kistler type 5108A) 
to a Bit-Gate system AD3000 which assesses the signal. The 
pressure is averaged over the area of the pressure sensor, which 
has a diameter of 5.5 mm. In order to reduce the parasitic error 
through the magnetic and electric field an electromagnetic 
shielding surrounds the sensor. To reduce the parasitic error 
through the estimated high temperature of the plasma a thin 
layer of silicon of about 1 mm thickness is located between the 
sensor and the spark gap with the plasma. Furthermore this thin 
layer protects the sensor from a direct electrical contact with 
the plasma. A pollution of the plasma by the silicon is 
neglected. 

Due to the natural oscillation of the used pressure sensor a 
filtering of the signal is useful [11]. For this reason the data of 
the measured pressure are digitally filtered with a 
low-pass-filter. As filter a Butterworth filter of fifth order and a 
cut off frequency of 100 kHz is used. 

An accuracy assessment of the measured pressure is also 
done in [11]. This reveals an average error of about 10 %. Thus 
the average error can be assumed to be 10 %. 

III. RESULTS AND DISCUSSION 

To analyse the results of this research it is useful to divide 
this section into three subsections: 

 Exemplary description of the behaviour of plasma 
pressure in the spark gap. 

 Investigation of the influence of different surge current 
amplitudes on the behaviour and amplitude of the 
plasma pressure. 

 Investigation of the influence of different cross sections 
of the outlet ducts on plasma pressure. 

A. Behaviour of the plasma pressure during impulse current 

Figure 6 shows the measured current and plasma pressure 
at current amplitude of 23 kA and a total cross section of the 
outlet ducts of 2 mm². This means that each outlet duct has a 
width and height of 1 mm. 

The plasma pressure begins to arise quickly at the ignition 
point and reaches its maximum with 599 bar at 15.5 μs whereas 
the current amplitude has its maximum at 10.5 μs. At 33 μs the 
plasma pressure has a local minimum with about 224 bar. A 
local maximum occurs in the undershoot at 40 μs with 251 bar 
nearly at the same time as the current has its negative 
amplitude. Afterwards the plasma pressure abates slowly to 
become atmospheric pressure again. 

The reason for the quick rising of the plasma pressure at the 
ignition event is that at that point the spark gap ignites and the 
current flows through the plasma between the electrodes. 
Previously only a small ignition-arc exists in the spark gap, 
which is not completely filled with plasma [8]. Thus these first 
five to eight microseconds, which are depending on the current 
amplitude [9], are not part of the following investigations.  

 

Fig. 6. Impulse current and plasma pressure at a total cross section of the 
outlet ducts of 2 mm² and current amplitude of 23 kA. 

The comparison of the behaviour of plasma pressure and 
impulse current reveals a dependence of the pressure on the 
absolute current with time delay. Thus the maximum pressure 
occurs in the high current phase and a local maximum in the 
undershoot, where a new current flow occurs. Due to the 
extinction of the current at 60 μs the plasma pressure abates to 
become atmospheric pressure. 

In [5] and [6] a dependence of the plasma pressure at 
50 Hz-technology of the amount of the input energy was 
discovered, whereas the input energy represents the product of 
the plasma voltage and current. Due to the dominating current 
and same zero-crossing point of the current and voltage the 
contribution of the voltage to the input energy and therefore to 
the plasma pressure behaviour is small and can be neglected in 
this investigation. 

B. Influence of different surge current amplitudes 

In this subsection the influence of different current 
amplitudes on the behaviour and maximum of the plasma 
pressure is investigated. The influence of the different voltages 
is neglected. This assumption can be made due to two reasons. 
Firstly the current is the dominating factor (see subsection A) 
and secondly the difference of the plasma voltages for different 
current amplitudes is small with about 25 % between the 
voltage at current amplitudes of 5 kA and 23 kA [12]. 

 

Fig. 7. Impulse current and pressure at different current amplitudes and a total 
cross section of the outlet ducts of 2 mm². 
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Figure 7 shows the behaviour of the different plasma 
pressures at 5 kA and 23 kA. The behaviour of the plasma 
pressure in the high current phase is comparable. Thus both 
plasma pressures have a maximum in this phase. Due to the 
lower input energy at current amplitude of 5 kA the pressure 
maximum is smaller than 23 kA. Furthermore the pressure 
maxima are not at the same time. This is influenced by the 
ignition time of the spark gap which is increasing with lower 
current amplitudes [9]. 

 In the undershoot a completely different behaviour of the 
plasma pressure is discernible. At current amplitudes of 5 kA 
there is no local maximum in the plasma pressure. This is 
caused by the current which has no undershoot in this research. 
Therefore no new energy input in the plasma occurs and the 
plasma pressure is not rising again. The reason for the absent 
current undershoot is the dependency on the used generator. In 
this case the high resistance of the used spark gap supresses the 
current undershoot at current amplitudes of 5 kA. 

In order to get a better understanding of the influence of 
current amplitude on plasma pressure maximum Figure 8 is 
developed. The red dots represent the average measured 
pressure with an error of 10 %. A clear dependence of plasma 
pressure maximum on current amplitude is discernible again 
due to the dominating factor of the current on the input energy. 
In the range of this research a linear rising of plasma pressure 
maximum with rising current amplitude can be determined, as 
expected. The slope depends on the geometry of the spark gap 
[6]. In this case the slope is found to be 25.5 bar per kA.  This 
is determined by using the method of least squares. Beside the 
measured plasma pressures a virtual point at 0 kA with 1 bar is 
used due to the open spark gap. Thus following equation for 
the plasma pressure maximum as a function of current 
amplitude can be assumed. 

𝑝𝑚𝑎𝑥 = 25,5 
𝑏𝑎𝑟

𝑘𝐴
∗ 𝐼 + 1 𝑏𝑎𝑟 (1) 

The calculated plasma pressure maxima with this equation 
are shown in Figure 8 as the black line and reveal a good 
compliance with the measurements. 

 

Fig. 8. Pressure maximum over the current amplitudes at a total cross section 
of 2 mm² the outlet ducts. 

C. Influence of different total cross sections of the outlet ducts 

The spark gap is equipped with outlet ducts of different 
cross sections. In this research three different width (1 mm, 
2 mm and 4 mm) of the outlet ducts are investigated. The 
height remains constant with 1 mm. Thus the total cross section 
varies between 2 mm², 4 mm² and 8 mm² due to the two outlet 
ducts in the model. 

The influence of these different total cross sections on the 
plasma pressure behaviour is shown in Figure 9. In high 
current phase the basic behaviour is the same only the 
maximum plasma pressure varies. In undershoot the local 
maximum is less marked at 8 mm² than 2 mm². Afterwards 
both plasma pressures abate slowly to become atmospheric 
pressure again. 

 

Fig. 9. Impulse current and pressure at current amplitude of 23 kA and 
different total cross sections of the outlet ducts. 

The behaviour of the maximal plasma pressure over the 
total cross section of the outlet ducts cannot be easily estimated 
as a function of the current amplitude. Hence an analytic 
investigation is made.  

The plasma pressure can be calculated in a first 
approximation using the ideal gas law (Equation 2) with RS as 
the specific gas constant, V as the volume of the spark gap 
without outlet ducts, m as the mass and T as the temperature of 
the plasma. 

𝑝 =  
𝑅𝑆 ∗ 𝑚 ∗ 𝑇

𝑉
 (2) 

In this investigation the general dependence of plasma 
pressure on the total cross section of outlet ducts (A) is 
researched. The gas constant and volume of the spark gap are 
not depending on the cross section of the outlet ducts. Here it is 
assumed that the spark gap is completely filled with plasma. 
Thus RS and V can be summed up as one constant (Equation 3). 

𝑝(𝐴) = 𝑐𝑜𝑛𝑠𝑡1 ∗ 𝑇(𝐴) ∗  𝑚(𝐴) (3) 

The mass of plasma is determined by the difference of the 
added mass (madd) and the discharged mass (moff) which is 
shown in Equation 4. 

𝑚 =  𝑚𝑎𝑑𝑑 −  𝑚𝑜𝑓𝑓 (4) 
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The added mass to the plasma is the ablation of the 
chamber walls and investigated for example in [13] and [14]. 
The ablation mass linear rises with injected energy divided by 
the enthalpy of evaporation (Equation 5). 

𝑚𝑎𝑑𝑑 =  
𝑃𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑

𝐻𝑃𝑂𝑀

 (5) 

In this investigation the injected energy (joule heating) is 
dominated by the impulse current. This current remains 
constant with different cross sections. Thus the added mass 
does not depend on the cross section of the outlet ducts and can 
be given as a constant (Equation 6). 

𝑚𝑎𝑑𝑑 (𝐴) =  𝑐𝑜𝑛𝑠𝑡2 (6) 

The discharged mass in Equation 4 is the mass flow 
through the outlet ducts and can be calculated using Equation 7 
with ρ as the density of the plasma and v as the velocity of the 
out streaming plasma [5]. 

𝑚𝑜𝑓𝑓 =  𝜌 ∗ 𝑣 ∗ 𝐴 (7) 

The density can be described as the mass per volume 
(Equation 8). The velocity can be assumed as the local acoustic 
velocity due to the high pressure difference between the spark 
gap and the atmosphere with κ as the isentropic exponent 
(Equation 9) [15]. 

𝜌 =  
𝑚

𝑉
 (8) 

𝑣 =  √𝜅 ∗  𝑅𝑆 ∗ 𝑇 (9) 

Inserting both equations into Equation 7 and converting the 
factors which are independent of the cross section (V, κ and RS) 
into one constant yield Equation 10. 

𝑚𝑜𝑓𝑓 (𝐴) = 𝑐𝑜𝑛𝑠𝑡3 ∗  √𝑇(𝐴)  ∗  𝑚(𝐴) ∗ 𝐴 (10) 

With the equations for the added and discharged mass the 
mass of the plasma can be calculated in a first approximation 
using Equation 11. 

𝑚(𝐴) =  
𝑐𝑜𝑛𝑠𝑡2

1 + 𝑐𝑜𝑛𝑠𝑡3 ∗  √𝑇(𝐴) ∗ 𝐴
 (11) 

In order to calculate the plasma pressure as a function of 
the total cross section of the outlet ducts Equation 11 is inserted 
in Equation 3. 

𝑝(𝐴) =  𝑐𝑜𝑛𝑠𝑡1 ∗  𝑇(𝐴) ∗  
𝑐𝑜𝑛𝑠𝑡2

1 +  𝑐𝑜𝑛𝑠𝑡3 ∗  √𝑇(𝐴) ∗ 𝐴
 (12) 

Due to the unknown behaviour of the temperature at 
different cross sections of the outlet duct it is assumed in a first 
approximation that the temperature only varies negligible and 
can be given as a constant. This yields into Equation 13. 

𝑝(𝐴) =  
𝐶1

1 +  𝐶2 ∗ 𝐴
 (11) 

Thus the analytic investigation reveals a falling plasma 
pressure with bigger cross sections as can be seen in Figure 9. 
For a more precise validation of this analytic investigation the 

measured maximal plasma pressures are shown in Figure 10. 
Using these data and the method of least squares determine the 
constants C1 as 700 bar and C2 as 0.07 per mm² in the pressure 
maximum. The calculated maximal pressures are shown in 
Figure 10 as the black line. The comparison of the measured 
and calculated data reveals an acceptable compliance in the 
tested range. 

 

Fig. 10. Pressure maximum over the total cross section of the outlet ducts and 
current amplitude of 23 kA. 

IV. CONCLUSION 

The high energy input in narrow gaps at impulse currents, 
which are likely to occur in surge protective devices causes a 
high internal pressure. In order to investigate the plasma 
pressure behaviour during impulse current and the influence of 
different current amplitudes and total cross sections of an outlet 
duct on plasma pressure a model spark gap was established. 

The plasma pressure was measured using a piezoelectric 
sensor. This sensor is shielded by a ferromagnetic material to 
reduce the induced voltages through electromagnetic fields and 
therefore minimize errors while measuring. The measurement 
uncertainty is about 10 %. 

The following plasma pressure behaviour was observed: 

 Plasma ignition: A surface discharge starts the spark 
gap ionization. At the end of this phase the arc between 
the gap electrodes ignites and the surge current is 
flowing through the spark gap.  Only small pressure rise 
is observed during this phase. 

 High current phase: In this phase the maximum current 
is conducted by the arc plasma in the gap. Due to the 
maximum input energy the plasma pressure reaches its 
maximum. After this maximum the pressure decreases 
quickly. 

 Undershoot: Due to a new current flow caused by the 
test circuit a second plasma pressure maximum occurs. 
After this second maximum the plasma pressure finally 
abates to atmospheric pressure after current interruption. 

The behaviour of current and plasma pressure are 
comparable so it can be said that the plasma pressure follows 
the current with a time delay. Furthermore the measurement 
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reveals that the plasma pressure seems to have only a small 
inertia due its fast changings. 

The influence of different current amplitudes on plasma 
pressure is investigated applying current amplitudes of 5 kA, 
11 kA and 23 kA. The comparison of the behaviour at different 
current amplitudes shows that this is the same. But plasma 
pressure values are completely different caused by different 
input energies. This input energy is dominated by the impulse 
current. A comparison between maximum plasma pressures 
and current amplitudes reveals a proportional increase of the 
plasma pressure with 25.5 bar per kA. 

In order to investigate the influence of different total cross 
sections of the outlet duct different width of 1 mm, 2 mm and 
4 mm are used. Thus the total cross sections are 2 mm², 4 mm² 
and 8 mm². As observed at different current amplitudes the 
plasma pressure behaviour does not change with different total 
cross sections, but on the maximum plasma pressure it has an 
influence. A simplified analytic investigation reveals an inverse 
proportional decrease of the plasma pressure with increasing 
cross section. This is confirmed by the measurements in the 
investigated range. 

As a conclusion of this investigation it can be predicted that 
the plasma pressure is mainly determined by the temperature of 
the plasma and less by its mass. This can be assumed due to the 
dynamic pressure behaviour and supported by the small 
changes of the maximum plasma pressure using different total 
cross sections of the outlet ducts. 

However the extension of the outlet duct cross section has a 
minor influence on plasma pressure reduction. A more 
effective method seems to be the decrease of the plasma 
temperature. This can be achieved using gassing chamber 
walls. But due to this ablation the mass of the plasma is 
increased which, in turn, increases the plasma pressure. So a 
method has to be identified to reduce the temperature without 
increasing the mass. Furthermore it is necessary that the 
electrical device complies with the electrical requirements like 
supressing the follow current in surge protective devices. 
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Abstract— This paper presents an original high impedance
fault detector that can detect faults occurring in an AC 230 V
home network. It is based on a dual real-time analysis of inter-
period current cross correlations. It has a hold off function to
avoid false tripping during transient changes (On/Off, starting or
load change). The complete algorithm is implemented on a
microcontroller and validated in real situations. The tests are
performed in the presence of various domestic loads (drill,
vacuum cleaner etc) during permanent and transient states. The
arc detection results are then presented.

Keywords—Arc fault; fault detection;Inter Period detection,
MBED prototyping platform.

I. INTRODUCTION

A domestic electric network is subjected to frequent
changes of activity resulting from the starting and stopping of
the many appliances available in a house [1-2]. At every load
modification or change, the current has a high harmonic
distortion and irregular deformations during several
fundamental periods. Studies on the high impedance fault
(HIF) detection are mostly performed in stable current
amplitude conditions [3-5]. In practice, transients are likely to
mislead detection algorithms based on temporal, frequential or
statistical analysis of the current; they are the major cause of
false alarms in arc fault detectors (AFD). In order to remedy
this problem we propose a solution which consists of briefly
inhibiting the response of the detector during power variations
related to load start or switch. Two modules are associated with
the detection algorithm; the measurement of the amplitude of
the current and its variations (Fig. 1). It should be noted that
the UL1699 standard does not necessitate the use of an AFD
for amplitude currents below 2.5 A.

Fig. 1. Diagram of an electric fault detector
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II. EXPERIMENTAL CONDITIONS

We consider an electrical circuit formed by a load Z
powered by a voltage source U = 230 VAC, frequency f0 =
1/T0 = 50 Hz. The load represents a domestic appliance
commonly used at home. The high impedance fault (series arc)
is started by carbon path. The current I is measured by an
inductive sensor having a sensitivity of approximately 70
mV/A. The digital acquisition (12 bits) of the signal is
performed at the frequency fs = 1/Ts = 5 kHz. Fig. 2 represents
the envelope and the shape of the current I measured according
to the seven configurations summarized in Table I. It is a
sequence of different juxtaposed signals which has shape
discontinuities at each load change (↕). In order to be used for a
real-time development, this sequence is imported into an
arbitrary trueform signal generator (Agilent 33500).

TABLE I. SPECIFICATIONS OF THE TEST CONFIGURATIONS.

Case A B C D E F G
Duration ≈1 s ≈1 s ≈1 s ≈1 s ≈1 s ≈1 s ≈1 s
Load type Drill Dimmer Motor Vacuum cleaners
Regime Var. Permanent Var.

Series arc No No Yes No Yes No No

III. CURRENT AMPLITUDE ESTIMATION

In Europe, the nominal frequency is fixed at 50.0 Hz ± 20
mHz. A regulation is set for any higher frequency deviation up
to ± 20 mHz.

Fig. 2. Diagram of an electric fault detector
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We can assume that the frequency of the power grid is very
stable. This stability allows us to estimate the current amplitude
over a sliding window of width NTs, equals to T0. This has the
advantage of effectively rejecting the fundamental and
harmonic components.

This operation can be performed by evaluating the RMS
value of the current or, for greater accuracy, by calculating
recursively the first component Xk of the Sliding Discrete
Fourier Transform.

  N
2j

kNk1kk exxXX


  (1)

Where xk represent the current samples and N = 100.

Amplitude current and its variations are shown in Fig. 3.

Fig. 3. Amplitude and amplitude variations of the current
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IV. DETECTION OF THE CURRENT SHAPE VARIATIONS

The random nature of HIF irregularly modifies the shape of
the current. To evaluate the shape variations between
successive periods, we determine the inter-period correlation
coefficient rk over a T0 sliding window.
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The limit values of rk are normalized ( 1r1 k  ) which
simplifies the selection of a decision threshold.

Fig. 4. Inter-period correlation coefficient of the current
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Calculating rk applied to the test sequence leads to the
graph shown in Fig. 4. rk indicates both the presence of an arc
and the level variations and load changes with similar
sensitivity, which can be increased by attenuating the 50 Hz
component. This operation is performed by high-pass filtering
the signal xk. We use a notch filter centered at f = 0, whose
transfer function is:

2

1

1

z)e1(1
z1)e1()z(H





















, with e = 0.2 (3)

V. DETECTION OF THE CURRENT AMPLITUDE VARIATIONS

To detect amplitude variations, it is theoretically possible to
use a digital derivative operator. In practice this solution, very
sensitive to higher order harmonics and the presence of noise,
is not applicable here (bottom curve in Fig 4).

We propose an original method that calculates a second
correlation coefficient after a current preprocessing. To reduce
the influence of arcs on this coefficient, we inserted a regulator
of the local current shape upstream (Fig 5).

Fig. 5. Non linear shape
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+
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+
ykz-N/2
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The module compares the absolute value of two samples
separated by a half period and returns the larger of the two. It
has the following advantages:

 it does not cause (or or causes only a small) delay on the
signal,

 it respects the overall changes in the amplitude of the
current,

 it restores corrupted or missing half periods due to no
arc ignition.

Fig. 6. Inter-period correlation coefficient of the
regularised current
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As can be verified in Fig 6, the presence of an arc has
hardly any impact on inter-period correlation coefficient. Only
changes and load variations are apparent.

VI. COMPLETE AFD
The proposed system is shown in Fig. 7. It comprises two

independent processing lines of the sampled current. The top
line detects the variations mainly due to activity changes on the
network. The bottom line, which is more sensitive, detects all
random phenomena acting on the current. Each line generates a
binary flag when the calculated correlation coefficient is less
than a threshold S fixed in our tests to 0.8.

Fig. 7. Diagram of an electric fault detector
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To balance the computation time of each line, the arc
indicator (ak) is delayed by four periods T0 (80 ms). The
inhibition indicator (bk) is temporised by a monostable (D ≈
250 ms) to extend the inhibition window. Finally the arc
detection signal is obtained by a simple logic operator between
the above binary signals.

VII. REAL-TIME IMPLEMENTATION AND DETECTION RESULTS

We implemented this algorithm on a rapid prototyping
platform MBED LPC1768 (Fig. 8). This is organized around a
Cortex M3 microcontroller 32 bits - 100 MHz. It has a 12 bits
ADC that can work up to about 50 kHz.

Fig. 8. Prototype sysyem

Briefly, the C++ program is organized around three
temporised interruptions (ticker) rated at 5 kHz.

 acquisition.attach(&echant,0.0002); // Current
Sampling

 corlisse.attach(&correl1,0.0002); // Shaper + Correl.
Computing

 corbrut.attach(&correl2,0.0002); // HP Filter + Correl.
Computing

To check the real-time operation of the AFD, we applied
the complete sequence of test signals. The inhibition indicators
(qk) and arc detection (wk) delivered by the system are shown
in Fig. 9. It can be seen that the inhibition response (red curve)
is generated at each load and power change. The presence of a
series arc (blue curve) is perfectly detected with a maximum
response time of 250 ms, which corresponds to the duration D
of the monostable.

VIII. CONCLUSION

This HIF detector is dedicated to the protection of
domestic AC circuits. It exploits the asymmetry and
irregularity of the current deformations caused by electrical
arcs. Its originality lies in the use of two analyses of inter-
period correlations performed in parallel and in real time on the
current. The first operates directly on the pre-filtered signal
whilst the second operates on the output of a non-linear shaper
that regulates the local form of the signal. This strategy allows
the true HIF of the false detections due to circuit activity
variations to be distinguished. The separation of the two classes
is obtained by adjusting a single relative threshold which
simplifies the development of the AFD. The processing
algorithm is rated at 5 kHz and requires limited computational
resources. The implantation can be done on a low cost target.
The demonstration prototype is developed here on a
microcontroller platform. The tests, performed with different
domestic loads under varying states, show reliable and
unambiguous detection with a response time that respects the
UL1699 standard.
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Abstract -  The modern tendency to use of increasingly high 

current and contact load leads to the situation at which the initial 

stage of contact opening is so small that the temperature on a 

contact spot has no time to become even and its maximum is 

displaced to the rim of a contact spot where the current density is 

maximal. It leads to the ring-shaped welding in closed contacts if 

the time of the current passing is small. This phenomenon was 

observed experimentally especially for refractory contact 

materials. Similar shape of welding may occur also in opening 

contacts if a contact velocity is not sufficiently high. The 

mathematical model describing the dynamics of such welding 

should take into account the appearance of a hollow liquid-metal 

bridge between opening contacts. Such model of the hollow 

bridge is presented in this paper   The dependence of bridge 

dynamics on such parameters of contact materials as heat 

conductivity, electric resistivity,  surface tension coefficient, 

specific heat of fusion and evaporation, inductance etc. are 

discussed. Results of calculation are compared with the 

experimental data. 

Keywords: electrical contacts,  liquid bridges, mathematical 

modeling 

 

1. Introduction 

 
   Phenomena occurring in a molten metal bridge 

between electrical contacts are very important for 

understanding of the electrical arc’s dynamics, the 

contact erosion and other phenomena in electrical 

contacts [1]-[2].   

In the range of low current which is not sufficient 

for the arc ignition the main problem is so called the 

fine bridge transfer in the shape of pips and spires 

which is described in [1]. The parameters of a 

bridge at its rupture are very important for the 

following arc.    The duration of bridging  and the 

duration of metallic and gaseous arc stages are 

interrelated. Calculation and experiments [3]-[16] 

show that the bridge length is very important factor 

which predict the duration of the metallic arc stage 

or sometimes even its absence if a contact gap at 

bridge rupture is  sufficient to reach the temperature 

of gas ionization.   

Problems of experimental and theoretical 

investigations of the bridge phenomena have been 

considered in many papers. One can find the 

detailed review concerning this matter in [2]. 

However the problem of mathematical modeling of 

bridging remains still one of the main problems in 

the modern theory of electrical contacts. . A 

mathematical model of contact bridging transfer 

must describe the dynamics of formation, evolution 

and rupture of a molten liquid bridge. Many 

investigators [1], [2], [14] proceed from the 

assumption that visible part of a bridge has the 

shape of a cylinder with the axis parallel to the 

contact plane. Of course, such assumption is true in 

the case of high current bridge at high velocity of 

contact opening. It enables to simplify the 

theoretical investigation of bridging phenomena in a 

large measure. All the same time it is necessary to 

take into account the shape of the bridge discrepant 

from cylindrical if contact opening duration is 

commensurable with the time of bridge formation .  

However no investigations have been carried to 

determine the bridges geometry and its influence on 

contact opening phenomena , except classical results 

obtained by P.Davidson as early as 1954 , who has 

considered bridges as nodoids and cathenoids 

formed due to surface tension force .The geometry 

of a quasi-stationary bridge which is formed under 

action of  forces of electromagnetic field, surface 

tension and gravitation is considered in [3]. 

At certain conditions a bridge may appear in the 

form of a hollow cylinder which model is discussed 

below. 

  The modeling of the bridge evolution depends on 

the time interval of considered phenomena t , contact 

radius 0r , and temperature conductivity /a c    

( , ,c  are heat conductivity, heat capacity and 

density correspondingly) which  define the Fourier 

criterion  
2 2

0/Fo a t r . For large values of Fourier 

criterion
22

0/ 10m mFo a t r   corresponding to the mt  

time required for contact melting adiabatic model 
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[14] is correct. For the values 0.01 mFo which 

are used in many cases this model is also valid as an 

approximation. However for some special cases 

when the electrical current and contact force are 

very large and  0.01mFo   this model should be 

revised. It is necessary to take into account that 

maximum of current density ( , )j r z  occurs not in 

the centre of a contact spot ( 0,  0)z r    but on its 

rim 0( 0,  )z r r   and is defined by the formula [1] 

  
0

2

0 0

( )          ( 0,  0 )
2

I
j r z r r

r r r
   

 
 (1) 

It means that the temperature maximum in closed 

contacts is always displaced to the rim of the contact 

spot and their melting begins from this place.  

However if the current and the opening velocity are 

sufficiently high (i.e. the time of the contact 

separation is small) that may lead to a hollow form 

of a bridge (Fig. 1). 

                                         

                     

 

Fig. 1.   Hollow centre and thin wall of frozen 

molten metal bridge separated from one contact. 

(T.E. Browne, “Circuit Interruption”, Marcel 

Dekker, New York, p.379)  

 

 

Necessary conditions for the appearance of a hollow 

bridge can be derived from the expressions for the 

values of the temperature at the center of the contact 

spot (0,0, )t  and on its periphery 
0( ,0, )r t   for 

small values of the time t  [3]: 

 

       0

2
(0,0, )

u
t 


 ,     0

0

2
( ,0, )

u
r t 

 
           (2) 

where 

            
2

0
0 2

0

1
,    

16 2 2

rI
u

r a t Fo


   

 
     (3) 

and   is electrical resistance. 

Then for the appearance of a hollow bridge it is 

necessary that the temperature at the rim of the 

contact spot could reach the melting value m while 

the temperature at the center should be less than the 

temperature of the softening of contact material s  : 

   00 ,    ( ,0, ) ,    (0,0, )m m m st t r t t           (4) 

 

Thus to provide the appearance of a hollow bridge 

the Fourier criterion should satisfy the inequalities 

 

                               

2

2

00
416

m s
mFo

uu

 
              (5) 

Let us consider two mathematical models describing 

the temperature field at contact opening with a 

hollow bridge. The first one, more simple, does not 

take into account the power required for phase 

transformation at melting of the contact material, 

while the second one considers such phenomenon. 

 

2. Mathematical model of a hollow 

bridge neglecting the phase 

transformation 

  
The mathematical model describing the contact 

heating without phase transformation at opening is 

described  by the non-stationary heat equation  

 

 
21

( )C div grad grad
t


  




 


                   (6) 

 and the equation for electric potential  

1
(  ) 0div grad 


                                                  (7) 

with the boundary conditions  
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               or 0z
r

 


     or / 2z c
r

u 


                  (10)                   

To get an analytical solution for examination of heat 

transfer dynamics, electrical conductivity   and 

thermal conductivity  are averaged over 

temperature accordingly to recommendations 

advised in [1]. It is important at this stage to take 

into account increase of contact area at the 

attainment of softening temperature and the action 

of electromagnetic force using the expression (4).  

 The solution of this problem is presented in [17] by 

the expressions: 

                  

0 0

( )
( , ) arctan

2

I t
r z

r r

 



                   (11) 

where 

    
2

0 0

1
( , , ) 4

2
r z r s s r z    ,  

22 2 2

0s r z r    

 

   
1 1 1 1 1

0 0

2

1 1 1 1

2
( , , ) ( , , , )

( , )

t

r z t dt dz G r r z z t t
c

grad r z rdr






 



   



  
 (12) 

 

 where 1( , , , )G r r z t  is the Green’s function defined 

by the expression 
22 2

1 1
1 02 23 3

1
( , , , ) exp( ) ( )

4 24

r r z rr
G r r z t I

a t a ta t

 
                                                                   

Results of calculation using this model are presented 

in Fig. 2 and Fig.3. They depict dynamics of the 

temperature at the centre and at the rim of the 

contact spot and dynamics of contact radius for the 

following data: contact material is Ag-Ni (20%), 

current is half-wave pulse of 1.4 kA in a peak and 

15 ms of duration, contact force is 1.4 N . These 

parameters were used in experiments described in 

[17]. 

 

 

 
        Fig. 2. Dynamics of contact temperature at  

                   pre-bridging stage 

 

 

 

 

 

 

 

 

 

 

 

 

               Fig. 3. Dynamics of contact radius 

                         at pre-bridging stage 

 

One can see that at the time 0.7t ms  when the 

temperature on the contact rim  reaches the melting 

value 0

0( ,0, ) 960r t C  , the temperature at the 

centre of the contact spot 0(0,0, ) 200t C  thus the 

following bridge has the form of a hollow cylinder.   

At the time 0.35t ms  when contact temperature on 

the contact rim reaches the softening value
0

0( ,0, ) 200r t C    the contact radius increases   

and the corresponding temperature rate decelerates 

in spite of the current rise.  

    Fig. 4 depicts expansion of the melted zones from 

the edge of the contact spot ( 0/ 1r r r  ) to its 

centre ( 0r  ). Isothermal surfaces of melting 

temperature   ,  1,2,...,5iT i    correspond to 
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increasing Fourier criteria 
2

2

0 ( )

i
i

i

a t
Fo

r t
  from the 

start of Joule heating ( 11,  0.01i Fo  ). One can 

see that ring-shape contact heating occurs only if 

0.02Fo  , i.e. for sufficiently large values of the 

radius of a contact spot 0r , in other words for large 

contact forces used in high current equipment. 

Otherwise this non- stationary duration of the ring-

shaped heating passes very quickly and can not be 

observed at the ordinary conditions.  

 

 

 

 

 

 

 

 

 

 

 
             Fig. 4 Dynamics of temperature zones 

 

 

In this case the temperature of the hollow bridge 

rises up to the value of boiling of the contact 

material with following arc ignition. 

 

2. The model of bridging stage with 

the phase transformation 
 

The second model of a hollow bridge describes   the 

dynamics of the contact heating from the time when 

the temperature on the contact spot riches the 

melting value. This time can be calculated from the 

equation 

                            0( ,0, )m mr t T                   (13) 

where mT  is the melting temperature. 

If mFo is much greater than 1, then stationary 

regime becomes very quickly and simple stationary 

model presented in [3] can be successfully applied. 

However if mFo  is much less than 1, then the  

 

 

melted zone has the shape of an anchor ring on the 

rim of the contact spot (Fig. 5).  

 
 

             Fig.5   Geometry of a hollow bridge 

 

In this case the temperature fields for the hollow 

bridge 1( , , )r z t  and for the contact body 2 ( , , )r z t  

are described by the equations 

 

0 0

2 21
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                                                                                        (15) 

The initial conditions can be found from the 

solution for the pre-arcing stage: 

 

1 1 0

0

2

( , , ) ( ,0, )

( ) 0

( , ) ( , ) 0

( , , ) ( , , )

m m m

m

m m

m m

r z t r t T

t

r t r t

r z t r z t

 



 

 

 



 



                           (16)

 

( , , )mr z t  is defined by the expression (12).

 

0

1T
2T

3T

4T

5T

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
0

0.2

0.4

0.6

0.8

1.0

r

z

0

1T
2T

3T

4T

5T

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
0

0.2

0.4

0.6

0.8

1.0

r

z

Kharin 6.4142

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



The boundary conditions can be written in the form 

 

1

0 0

0 

   ( ),   ( ),   ( ) 0

r

for r r t r r t t z



  






      

 

                                                                    (17) 

1

0 0

0   

   ( ),    ( )  ( ),   

z

for z t r t r r t



  






     

(18) 

 

1

0 0
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for r r t r r t t z



  






      

                                                                    

 (19) 

           1 2     mT                                     (20)   

1 2
1 2

0 0

    

      ( , ),   ( ) ( )

mL
n n t

for z r t r t r r t

  
  

  

  
   

  

    

   (21) 

where mL  is the latent heat of melting. 

         
2

0 1 0 2

0 

   0,   ( )    ( )

z

for z r r t or r r t



 






       

                                                                     (22) 
The solution of this problem may be found on the 

base of the theory of heat potentials with following 

reduction of free boundary problem to non-linear 

integral equations. However this solution is not 

applicable for engineering calculation. To obtain 

approximate solution the new integral method is 

proposed. As provided by this method the 

temperature rise is suggested being non-zero in the 

most heated initially region 10 ( , )z Z r t   , so 

called the zone of the heat of perturbation, with a 

moving boundary ( )S t  and then it expands in both 

directions from the circle 00,   z r r   (Fig.6). 

Coefficients depending on time which define the 

expression 1( , )Z r t and the temperature profile 

should be defined from the equations of the heat 

transfer balance and the boundary conditions. The 

heat transfer balance can be found by integration of 

the heat equations with respect to the variables  r  

and z . The form of a temperature profile and a 

boundary of the zone of of the heat of perturbation 

are defined using a priori information about the 

structure of the solution which can be obtained from 

experiments or by other indirect methods. 

 

 

 
 

Fi            Fig.6  Dynamics of the melted zone 

 

 

   In considered case we have the solution (12) 

which can give the required information.  

    However it is more convenient to represent the 

temperature 1( , , )r z t  in the form 
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2 2

1 1 0 2
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( , , ) ( ) ( ) ( ) 1
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r z t T A t r r t
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                                                                       (23) 

This profile satisfies the boundary conditions  

(17)-(20) at arbitrary  1( )A t  and ( , )r t . The profile 

for the temperature 2 ( , , )r z t  and for the surface of 

phase transformation ( , )z r t can be written as  

           

2
2 2

2 2 2

1

( , )
( , , ) 1

( , ) ( , )
m

z r t
r z t T

Z r t r t






 
  

 
,   

        

2 2

0

2 2

1 0

( , ) ( ) ( ) ,

( , ) ( ) ( )

r t t r r

Z r t S t r r

   

  
                (24) 
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The functions ( ),  ( )S t t  are defined from the 

system of ordinary differential equations which can 

be solved by the Runge-Kutta method. 

Results of numerical calculation for Cu contacts 

(the amplitude of ac current is 70 kA, the current 

frequency is 50 Hz, the contact force is 3500 N,) are 

represented in Fig. 6. They enable to explain the 

experimentally observed [19],  a ring-shape zone of 

welding 0 1 0 2( ) ( )r t r r t      . The radius of the 

contact spot in this case is 0 1.8 r mm , the time 

when the temperature at the rim of the contact spot 

00,   z r r   reaches the melting point is 

2.2 mt ms . At the time 8 st ms the contact radius 

increases to the value 0 ( ) 3 sr t mm   , the current 

density decreases and the temperature go down up 

to the value less then melting point and the welding 

occurs  (Fig.7). 

 

 
     Fig.7   Dynamics of temperature  maximum  

                of the hollow bridge 

 

 

 The length of the hollow bridge at this time is 

( ) 2 st mm  .  This result is in a good agreement 

with experimental data observed in [19] . 

 

 

CONCLUSIONS 

 

 

1. The conditions for appearance of hollow 

bridges in the range of high current and high 

contact load are found in the form of 

inequalities of Fourier criteria. 

 

2. Fourier criterion 
2

2

0

a t
Fo

r
  is the main factor 

influencing on the dynamics of a hollow 

bridge. If 0.01Fo  , a hollow bridge leads 

to welding at contact opening. At more high 

values of Fo a hollow bridge ruptures with 

following arc ignition. 

 

3. Mathematical model based on the 

axisymmetric Stefan problem satisfactorily  

describes  the dynamics of a hollow bridge .  
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Abstract— Sliding contacts enable the transfer of electrical 

current between stationary and moving objects. In AC machines—

used, for example, in pumps, compressors, metalworking, paper 

mills, and power plants—the brushes are static and the slip ring is 

the moving object. These devices are required to be maintenance-

free; thus, the sliding mechanism must be highly reliable. Recently, 

new materials have been used to improve the contact reliability of 

slip rings and brushes while increasing the current capacity. 

Particular attention has been paid to brushes containing silver and 

noble metal slip rings because they reduce the contact voltage drop. 

We conducted sliding experiments with brushes of varying silver 

content with gold- and silver-coated slip rings at −15, 0, and 20 °C 

to elucidate the sliding contact mechanism. Low contact 

resistances were measured at high silver contents and the contact 

voltage drop was lowest for a silver content of 90%. However, at 

high silver contents, brush wear became extremely severe for the 

gold-coated slip ring at all temperatures. Our results indicated 

that the gold-coated slip ring is effective in reducing brush wear 

and the silver-coated slip ring is effective in reducing the contact 

voltage drop. 

 

Keywords—Silver brush, noble metal slip ring, contact voltage 

drop, brush wear, coefficient of friction 

 

I.  INTRODUCTION  

Electrical sliding contacts are widely used in industry and 

infrastructure (e.g., as the excitation mechanism of rotating 

machines) as a means transferring electrical current between 

stationary and moving objects. Improvements on the reliability 

of the sliding contacts extend the lifespan of these devices and 

reduce the level of maintenance required. For example, the 

brush and slip-ring system of fan-drive generators needs to be 

highly reliable because these generators are often difficult to 

access. 

In this study, we used silver-coated materials because they 

have been shown to be effective in reducing the contact voltage. 

We conducted sliding experiments with brushes of varying 

silver content with noble metal slip rings at three atmospheric 

temperatures (−15, 0, and 20 °C). We determined the optimum 

silver content in terms of contact voltage drop, coefficient of 

friction, and brush wear. 

II. EXPERIMENTAL PROCEDURES AND CONDITIONS 

The sliding contact experimental apparatus is shown in Fig. 

1. The slip ring was driven by a three-phase induction motor 

with an inverter. The current from a DC power supply flowed 

through the positive brush and slip ring to the negative brush.  

During the sliding tests, the contact voltage drop between the 

slip ring and negative brush was recorded with a pen recorder 

and LabVIEW software using the circuit between the negative 

and auxiliary brushes. The active power of the three-phase 

induction motor was measured every 10 min during the first 

hour and every hour thereafter. The coefficient of friction was 

calculated using the active power value. Brush wear was 

quantified by volume using the weight difference before and 

after the sliding experiment. 

The brush and slip ring used are schematically represented in 

Fig. 2. The slip ring was 100 mm in diameter and 20 mm thick. 

The negative brush was 10 mm high, 16 mm wide, and 36 mm 

long. The contact area was 1.6 cm2. 

The experimental conditions are shown in Table 1. One slip 

ring was plated with a 10-µm-thick coating of gold and another 

was plated with a 100-µm-thick coating of silver. Graphite 

brushes coated with silver contents of 50%, 60%, 70%, 80%, 

and 90% (wt%) were used.  

Before each test, the surface of the negative brush was 

polished with #400 and #600 emery paper, and the slip ring was 

polished with a rubber stone. The pressure was adjusted to 

match the spring constant of the brush (2.45 N cm−1). A cooling 

system was employed for the measurements at −15 and 0 °C. 

For measurements at 20 °C, the temperature of the room was 

controlled using an air conditioner. A current-regulated DC 

power supply was used to provide a current density of 6 A cm−1. 

The sliding speed of the slip ring was 2.67 m s−1 and the sliding 

time was 20 h. 
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Fig. 1. Experimental apparatus for testing the sliding contacts. 

 

 

Fig. 2. Schematic illustrations of the brush and slip ring used. 

TABLE I.  EXPERIMENTAL CONDITIONS 

 

 

III. RESULTS 

A. Contact voltage drop characteristics for the gold-coated 

slip ring 

The contact voltage drop is shown as a function of sliding time 

for different gold contents at −15 °C in Fig. 3. The contact 

voltage drops for the 50%, 60%, 70%, and 80% silver brushes 

increased until 10 h, after which they remained constant.   

In Fig. 4, the average contact voltage drop measured after 

10 h is shown at each temperature. The 50% and 90% silver 

brushes displayed the highest and lowest contact voltage drops, 

respectively, at all temperatures. Moreover, there was little 

variation between the values at the different temperatures. 

 
Fig. 3. Contact voltage drop as a function of sliding time at 

an atmospheric temperature of −15 °C 

 

 
Fig. 4. Average contact voltage drop measured after 10 h at 

each temperature. 

 

B. Contact voltage drop characteristics for the silver-coated 

slip ring 

For the gold-coated slip ring, the contact voltage drop was 

low with the 70%, 80%, and 90% silver brushes. Therefore, we 

tested the silver-coated slip ring using the 70% and 80% silver 

brushes. 90% silver brush was not conducted experiment in this 

time, because wear of 90% silver brush was large and it was not 

optimal. 

In Fig. 5, the contact voltage drop is shown as a function of 

sliding time for 20 h at −15 °C for the silver-coated slip ring. 

The value measured for the 80% silver brush was lower than 

that of the 70% silver brush.  

The average contact voltage drop measured after 10 h is shown 

in Fig. 6 at each temperature. It can be seen that the value for 

the 80% silver brush is lower at all temperatures, and there is a 

difference of about 0.05 V between the two brushes. In contrast 

with the gold-coated slip ring, there is no difference in the 

contact voltage for the 70% or 80% brushes at 0 and 20 °C. 

However, at −15 °C, the contact voltage drop of the silver-

coated slip ring was lower than the gold-coated slip ring by 

about 0.1 V for both brushes. 
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Fig. 5. Contact voltage drop as a function of sliding time at 

an atmospheric temperature of −15 °C. 

 

Fig. 6. Average contact voltage drop measured after 10 h at 

each temperature. 
 

C. Friction coefficient characteristics for the gold-coated slip 

ring 

As shown in Fig. 6, at −15 °C, the friction coefficient for the 

50%, 60%, 70%, and 80% silver brushes increased with sliding 

time until 400 min, after which it remained constant. 

The average friction coefficient measured after 10 h is shown 

in Fig. 7. At each temperature, the coefficient of friction was 

lowest and highest when the 50% and 90% silver brush were 

used, respectively.  

 
Fig. 7. Friction coefficient as a function of sliding time at an 

atmospheric temperature of −15 °C. 

 
Fig. 8. Average friction coefficient measured after 10 h at 

each temperature. 

 

D. Friction coefficient characteristics for the silver-coated 

slip ring 

The friction coefficient at −15 °C, as shown in Fig. 8, was 

constant throughout the sliding period for both the 70% and 

80% silver brushes. 

The average friction coefficient measured after 10 h is shown 

in Fig. 9 for each temperature. It can be seen that the friction 

coefficient of the 80% silver brush was more sensitive to the 

temperature than the 70% silver brush. 
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Fig. 9. Friction coefficient as a function of sliding time at an 

atmospheric temperature of −15 °C. 

 
Fig. 10. Average friction coefficient measured after 10 h at 

each temperature. 

 

E. Brush wear characteristics for the gold-coated slip ring 

As shown in Fig. 10, the brush wear for the 50%, 60%, 70%, 

and 80% silver brushes was very small, irrespective of 

temperature. However, the wear of the 90% silver brush was 

very large at all temperatures. 

 
Fig. 11. Brush wear on the gold-coated slip ring at different 

temperatures. 

 

F. Brush wear characteristics for the silver-coated slip ring 

For the silver-coated slip ring, the brush wear slightly 

increased at all temperatures, as shown in Fig. 10, in contrast 

with the gold-coated slip ring. 

 
Fig. 12. Brush wear on the silver-coated slip ring at different 

temperatures. 

 

G. Contact voltage drop and brush wear characteristics 

The contact voltage drop and brush wear characteristics of 

the different brushes for the gold- and silver-coated slip rings 

are shown in Figs. 11 and 12, respectively. Although there was 

a large amount of wear when the 90% silver brush was used, 

the contact voltage drop was low. By contrast, with the 50% 

silver brush, there was little wear but the contact voltage drop 

was high at all temperatures. For the silver-coated slip ring, the 

contact voltage drop was low for the 80% silver brush but the 

brush wear was higher than that measured when the 70% silver 

brush was used. 

 
Fig. 13. Contact voltage drop and brush wear characteristics 

for the gold-coated slip ring. 
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Fig. 14. Contact voltage drop and brush wear characteristics 

for the silver-coated slip ring. 

 

IV. DISCUSSION 

A. Effect of carbon film 

Photographs and microscopy images of the surface of the 

gold-coated slip rings after contact for 20 h are shown in Fig. 

13. With the 90% silver brush, almost no surface film was 

formed during sliding contact at any temperatures because the 

brush contained little graphite. By contrast, for the 50% silver 

brush, a surface film formed during sliding at all temperatures 

because of the large amount of graphite in the brush. In general, 

deposited carbon films are electrically insulating and also 

provide a lubricating effect. Therefore, brushes with low silver 

content are effective in reducing brush wear, whereas brushes 

with high silver content are effective in reducing the contact 

voltage drop.  

In Fig. 14, photographs and microscopy images of the surface 

of the silver-coated slip ring after contact for 20 h are shown. 

With the 80% silver brush, almost no surface film was formed 

during sliding contact at any temperatures. By contrast, for the 

70% silver brush, a surface film formed during sliding at all 

temperatures. 

 

 
Fig. 15. Photographs and microscopy images of the surface 

of the gold-coated slip ring after contact for 20 h. 

 

 
Fig. 16. Photographs and microscopy images of the surface 

of the silver-coated slip ring after contact for 20 h. 

 

B. Effect of the slip ring 

The slip rings used in this study were nickel plated with either 

a 10-µm-thick gold coating or a 100-µm-thick silver coating. 

The gold and silver plates contribute little to the resistance 

between the positive and negative brushes because of the high 

resistance of the nickel.  

Electrical resistance is inversely proportional to cross- 

sectional area of a conductor. Therefore, when using the silver-

coated slip ring with a large electric circuit cross-sectional area, 

the contact voltage drop was low compared with the gold-

coated slip ring. Moreover, the conductivity of silver is 

61.4×10−6 S m−1, which is higher than that of gold (45.5×10−6 

S m−1). The higher conductivity of silver makes it more 

effective in suppressing the voltage drop.  

If the sliding components are made from the same metal, the 

wear increases; thus, the combination of the silver–graphite 

brush and silver-coated slip ring leads to appreciable brush wear. 

 
Fig. 17. Plating of the slip rings. 
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C. Silver content in the brush contact area 

The silver/carbon ratio (analyzed by EPMA) in the contact 

area of the silver–graphite brush is shown in Fig. 18. With 

increasing silver content, the amount of silver in the brush 

contact area also increased. 

In Fig. 19, the contact voltage drop (for the gold-coated slip 

ring) is shown as a function of silver content in the brush contact 

area. Because the conductivity of silver is higher than that of 

graphite, the contact voltage drop decreases with increasing 

silver content.  

The relationship between the brush wear (for the gold-coated 

slip ring) and the silver content in the brush contact area is 

shown in Fig. 20. In this case, the silver content was analyzed 

by SQX. In the 90% silver brush, there was a high amount of 

silver in the brush contact area (i.e., a low amount of graphite 

and poor lubricity), leading to a very high degree of brush wear.  

 

 
Fig. 18. Silver/carbon ratio in the contact area of the silver–

graphite brush 

 

 
Fig. 19. Relationship between the contact voltage drop (for 

the gold-coated slip ring) and the silver content in the brush 

contact area.  

 
Fig. 20. Relationship between the brush wear (for the gold-

coated slip ring) and the silver content in the brush contact area.  

 

V. SUMMARY 

The contact voltage drop, coefficient of friction, and brush 

wear characteristics were found to be affected by the silver 

content of the brush. However, the effect of atmospheric 

temperature was found to be small. When using the 50% silver 

brush, the contact voltage drop was high, but brush wear was 

low. Conversely, when using the 90% silver brush, the contact 

voltage drop was low, but brush wear was high for the gold-

coated slip ring. Considering the contact voltage drop and 

amount of wear, a silver content of 80% is optimal for a gold-

coated slip ring. For the silver-coated slip ring, however, the 

80% silver brush led to a high amount of wear. Thus, a gold-

coated slip ring is effective in reducing brush wear and a silver-

coated slip ring is effective in reducing the contact voltage drop. 
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Abstract— The aim of this work is to characterize DC electric 
arc in aeronautical pressure conditions: i.e. a pressure in the 
range [103 – 105] Pa which corresponds to an altitude in the range 
[ground - 20 000 m]. Electrical characteristics of electric arcs are 
studied versus the air pressure and the electrode gap for various 
electric arc current intensities. 

Keywords—electric arc, pressure, cathodic spots 

I.  INTRODUCTION 

A. Context 

In the objectives of more efficient planes, the hydraulic and 
pneumatic systems will be replaced by electrical ones. The 
major advantage is that it allows reducing system's weight and 
make maintenance easier. As a consequence the electrical 
power embedded will be strongly increased as it is presented in 
figure 1 [1]. 

 
Fig 1 : Increase of the embedded power supply in future aircrafts 

 

This augmentation of embedded power will be followed by 
an increase of voltage's levels in the embedded networks. For 
such power networks characteristics, the risk of arc fault and 
requirements for arc tracking will also increase.  

We can classify the arc faults in two major categories:  

 Arc series  
 Arc parallel  

 
Their occurrence causes are multiple, these can be: 

 Cut cables. 
 Mechanical problem such as an unexpected 

contact between two conducting parts.  
 Occurrence of partial discharges which are able 

to transit spontaneously to an electric arc. This 
phenomenon may occur consequently to the 
insulator's ageing under the effect of these partial 
discharges, or the effect of atmospherics 
conditions. 

 Leakage current in a printed circuit which can 
lead over time to the progressive appearance of a 
major heating, and induce to an electric arc [2]. 
 

 With the new characteristics of the embedded power 
networks, the problems involved in the appearance of 
arc’s defects take on a crucial aspect. Indeed, strong 
increase in tension’s levels of DC suppliers will not only 
facilitate the appearance of partial discharges but also, 
increases the lifetime of the arc once it’s started and thus 
to raise the damages and incurred fire hazards. 

 One of the characteristics of such problems lies in the 
specificities of the environmental conditions of the 
aeronautics’ field. Not only pressure, factor particularly 
influential on the plasma properties but also the 
temperature of gas and moisture which vary in a broad 
range. For example, airliners can reach altitude up to 
12500 m which correspond to a pressure around 2.104 Pa. 
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Table 1: Pressure, Temperature and humidity conditions encountered in several parts of a conventional airplane 

 Some fighter planes are able to reach maximum 
altitude of 20000 m (around 4.103 Pa) and drones can go 
up to 25000 m (around 103 Pa).  

 From an environmental point of view, it is also 
important to underline that in terms of temperature and 
moisture great variations can be met: 

 On the ground, the temperatures can vary from    
-40°C (Canada) to +50°C (Mali).  

 In altitude, the temperature goes down under       
-60°C (15000 m altitude). 

 
 On the ground, the relative humidity can be 

lower than 10% in the Sahara and about 90% in 
tropical climate. 

 

As an illustration, table 1 [3] gives a short description 
of the atmospheric conditions of temperature, pressure and 
humidity, function of the localization on the aircraft. 

 

B. Some recall concerning electrical arc properties 

In the case of an “ideal” electric arc (axial symmetry), 
such as that shown schematically in figure 2, the arc 
voltage versus the arc column length is plotted and takes 
the following well known expression: 

 

Where Uarc is the arc voltage, VA and VC the anode and 
cathode voltage fall respectively, d the arc length and E 
the electric field in the column. 

  

 
Fig 2 : Schematic representation of an ideal electric arc and 

voltage distribution in the arc column. 

  

 It is important to underline that an electric arc 
occurring in case of arc faults may be extremely chaotic 
and mobile. Several factors are responsible for this 
behavior: the thermal convection, the magnetic forces, the 
electrode erosion, the interaction between the surfaces of 
the electrodes and the plasma jets... 

 For instance, it has been observed that for cylindrical 
copper electrodes facing (very conventional 
configuration), the arc mobility increases with the inter-
electrode gap. It shows that the distance between the two 
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electrodes can be very different from the length of the arc 
column as it is shown in figure 3 [4]. 

 

 
Fig 3 : Electric arc burning between 2 copper electrodes in air at 
atmospheric pressure. The electrode gap is equal to 12 mm and 
Iarc is about 400 A. The electrode gap is quite smaller than arc 

length.   

  

 Many authors [5-7] have proposed a relationship 
between the arc voltage, the arc current intensity in the 
range [1-100 A] and the inter-electrode gap in the case of 
electric arc burning in air at atmospheric pressure.  

A summary of their measurement is proposed in figure 4 
and a recall of the expression of the arc voltage versus the 
arc current intensity and the electrode gap is proposed in 
table 2 in the case of copper electrodes. 

 

Table 2 : Expression of Uarc = f (Iarc, d) for Iarc < 100 A 

 
Authors 

 

 

Uarc =f(Iarc, d) 

Nottingham 
et al. 

(d in mm) 

14,5
13,5
, 1 6

15,5
27
,  

1 0,23
0,138

, 1,7
3,3
,  

 
Stokes et 

al. 
(d in mm) 

For  Iarc ≤It :  , 20 0.534 .  
 

For  Iarc  ≥ It  : , 20 0.534
.

.  

 
with  10 0.2	 	               (d in mm) 

Rieder et 
al. 

(d in cm) 

 

with  

and  26	 , 1.3	 , 540 , 7.4	  

 

For higher arc current intensity numerous and various 
expressions have been proposed [8-14] and are summarized in 
table 3.  

At our knowledge, for sub-atmospheric pressure 
corresponding to aeronautic conditions in the range [10 mbar - 
1 bar] only one work can be quoted [15]. In this work an 
expression is proposed for the arc voltage which depends on 
arc current Iarc, the inter-electrode gap d and the pressure p as 
presented in the following expression (given for copper 
electrodes):  

 

Where 
exp
exp	

 

 
 

And    0.14, 0.11, 15.9	, 1.2, 0.38	,	 
0.004, 0.0019 

 

0 10 20 30 40 50
0

60

120

U
ar

c in
 V

Iarc in A

 Nottingham et al. 
 Stokes et al.
 Rieder et al.

d = 10 mm
Copper electrodes

Air  p =  1 bar

Fig 4 : Uarc = f (Iarc, d) according to expressions proposed in     
[5-7] for d = 10 mm. Copper electrodes in air at atmospheric 

pressure. 

 

Table 3 : Expression of Uarc = f (Iarc, d) for high current intensity 

 
Authors 

 

 
Uarc = f(Iarc,d) (d in cm) 

 

 
Comments 

 
 

Warrington 
 
 

 
286

.  

 

 
Iarc in the range [196 A – 

960] A 
 

 
Blackburn et 

Domin 

 
1444  
 

 
Uarc does not depend on Iarc 
in the range [70 - 20 000] A 

 
 

Goda et al. 950
5000

 

 

d in the range [3 - 4] m 
Iarc in the range [5 – 50] kA 

rms 

Terzija et al. 
855

4501
 

 

Iarc in the range  [2 – 12] kA 
d is around some  m 

L.E. Fisher 40 . √  
 

Iarc in the range [0,6 – 20] 
kA 
d is around some  cm 

A. Gaudreau 
et al. 

35 0.0066  
0.16  

 

Iarc in the range [1 – 20] kA 
d in the range [1 – 16] cm 

 
       It can be interesting to plot this expression for different 
values of Iarc (1 and 20 A) and for different values of electrode 
gap (1 and 2 mm), as shown in figure 5. 
 
        It can be remarked that for given electrode gap and arc 
current intensity, a maximum appears for the arc voltage which 
only depends on the arc current intensity. 
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I = 20 A
 d = 1 mm
 d = 2 mm

I = 1 A
 d = 1 mm
 d = 2 mm
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30

60

90

U
ar
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Fig 5 : Uarc versus pressure for 2 arc current intensities and 2 
electrode gap in the case of copper electrodes according to [15] 

 

 The diversity of the proposed expressions for 
Uarc = f(Iarc, d) highlights the difficulty to obtain a 
mathematical expression covering the whole range of electric 
arc intensity and electrode gap. 

 Our work is a part of a more general approach whose long 
term objective will firstly constitute a base of experimental data 
and longer term to propose expression to link the arc voltage to 
the various experimental parameters to develop a static and 
dynamic modeling of the arc in aeronautical conditions. The 
paper is divided as follows : in the first part, the experimental 
device is described and in the second part the results are 
presented. 

II. EXPERIMENTAL DEVICE 

The experimental device presented in figure 6 consists of 
three mains parts detailed below. 

 

A. Electrical Device 

 
The power supply consists of a set of three 12-14 VDC 

electric batteries. An electronic device, consisting of insulated 
gate bipolar transistors (IGBTs) allowed to extinguish the arc 
current if the mechanical system is unable to do it. The load in 
the circuit was a non-inductive adjustable resistance (0 to 
400 mΩ) and was varied to obtain different values of current 
intensities. An inductance of about 1.15 mH has been added in 
some cases. 
 

B. Mechanical Device 

Two coaxial electrodes made of OFHC (Copper Oxygen Free 
High Conductivity) are initially in contact. An electric 
servomotor is used to separate the electrodes with nearly 
constant velocity around 0.3 m/s. Moreover, the electrodes are 
inserted in a vacuum chamber filled with air at pressure in the 
range [103 - 105] Pa. There are two windows on the vacuum 

chamber to observe the behavior of the electric arc with a high 
speed camera (500000 frame/s maximum). 
 

 
Fig 6: Schematic description of the experimental device  

 
 

C. Measurements and observations 

The process of opening operation is as follows: 
The contact (the two copper electrodes) is initially closed. 
When the IGBTs are closed, the electrical circuit is crossed by 
an adjustable DC current up to 300 A. Then, the contact 
opens. We record the current intensity which measurement is 
achieved with the help of a current clamp, with a bandwidth of 
10 kHz, calibrated up to 1400 A, the arc voltage and the 
electrode gap which is measured with the help of a laser 
sensor, with a measurement range up to 100 mm and an 
accuracy of 13 µm. Typical signals recording when the contact 
opens are presented in figure 7.  
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Fig 7: Example of signal recording: Arc current (green curve, left 

axe), arc voltage (red curve, left axe) and electrode gap (black curve 
right axe) versus time between copper electrode in air for P = 104 Pa 

and without inductance. The electric arc initiates at t = 0 
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III. RESULTS 

 
We present results concerning the pressure 

dependence on electric arc characteristics and behavior. 
 

For example, in figure 8, the voltage and the current 
evolution of two electric arcs generated for different pressure 
values, i.e. 104 and 105 Pa, are plotted versus time. In all the 
cases presented, the two electrodes - between which the arcs 
are generated – are separated at a constant speed until the 
electric arcs naturally extinguish. It can be observed that the 
electric arcs extinction occurs for different arc durations –
respectively dt = 39 ms and dt = 84 ms - and consequently for 
different electrode gaps when the pressure varies. At 104 Pa, 
the maximum electrode gap is about two times greater than at 
105 Pa. 

Measurements have been done for different pressure 
values (103, 104, 2.5 x 104, 5 x 104, 105 Pa) and results 
presenting Uarc versus electrode gap d are plotted in figure 9 
and in figure 10. An inductance of 1.15 mH has been inserted 
in the electrical circuit. In figures 9 and 10, the value of the 
current flowing through the circuit when the contact (made of 
two copper electrodes) is closed are respectively ICC = 300 A 
and ICC = 70 A. 

 

 
Fig 8: Current intensity and arc voltage evolution for 2 conditions of 

pressure : 104 and 105 Pa. Copper electrodes in air. 
 

In figure 9, it can be remarked that the arc voltage 
decreases with decreasing value of the pressure. Moreover, we 
can observe that the slope of “Uarc = f(d) curve”, that is to say 
the mean electric field in the arc column, takes lower values 
when the pressure decreases.  
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Fig 9: Electric arc voltage Uarc (in V) for several pressure values 

(104, 2.5 x 104, 5 x 104, 105 Pa)  in air versus electrode gap d (in mm). 
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 Fig 10: Electric arc voltage Uarc (in V) for several pressure values 
(103, 104, 2.5 x 104, 5 x 104, 105 Pa) in air versus electrode gap d     

(in mm). Icc = 70 A 
 

In figure 10, the same tendency can be underlined. 
Supplementary measurements have been done for one 
different pressure value equal to 103 Pa. The arc voltage seems 
to be lower than the arc voltage measured at greater pressure 
values. Some values of Uarc might be in contradiction with this 
observation, that is to say at d = 2 and 3 mm. In figure 11 are 
plotted the arc voltage and the arc current versus time in the 
case of an electric arc made in air at a pressure value of 
103 Pa. Contrarily to the arc voltage signals obtained at 
pressure values in the range [104, 105] Pa, the voltage signal is 
very noisy which can explain the dispersion of arc voltage 
values presented in figure 10 for P = 103 Pa.  

 
Moreover, we have observed the electric arc with a 

high speed camera. Two examples are presented in figure 12 
for two opposite values of pressure : 103 Pa and 105 Pa. 
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Fig 11 : Example of arc current intensity and arc voltage evolution 
for low pressure value P = 103 Pa. Copper electrodes in air 

 
 

 
Fig 12 : Photography of the electric arc shape for two different 

pressure values : 103 Pa (left photography) and 105 Pa (right 
photography) for Icc = 70 A in air. Copper electrodes. 

 

  For P = 103 Pa, we can remark that the cathodic spots 
are numerous and the arc column is diffuse and takes the whole 
electrode gap. Contrarily, for P = 105 Pa, it seems to have only 
one big cathodic spot and the arc column is concentrated.  

  We have noticed that for the lowest pressure value, 
the cathodic micro-spots are very movable which is not the 
case at atmospheric pressure. This instability of the cathodic 
micro-spots may contribute to explain the particularly noisy 
signal of arc voltage.  

IV. CONCLUSION 

This work constitutes a first step of a more general study 
which aim is to characterize electric arcs in aeronautical 
conditions of pressure in the case of DC power supply which 
could reach high voltage values (270–540 VDC). In this work, 
we have been interested in the study of the influence of 
pressure (from 103 Pa to 105 Pa) on electrical characteristics 
(I(U, d)) under lower voltages (36/42 VDC) but for currents 
up to 300 A. We considered electric arcs occurring between 
copper electrodes in air. The pressure and current intensities 
are the ones encountered in airplanes. Our objective is to 
contribute to the constitution of a database about electric arcs 
in environmental conditions.  

 
 We have observed that the decrease in pressure can lead to 
longer electric arcs. A variation from 105 Pa (ground) to 104 Pa 
(flying altitude) can lead to an electric arc 2 times longer. 

 We have also evaluated the influence of the current 
intensity flowing in the circuit when the electric arc is 
generated, i.e. when the contact opens. When the current is 
lower, the maximum length reached by the arc is smaller.  

 When the pressure is down to 103 Pa, the arc voltage is 
noisier than at upper pressure values. It can be partially 
explained by the cathodic spot structure. When pressure is low, 
the electric arc column is diffuse. The attachment of the 
column on the cathode is done one a bigger surface. There are 
several cathodic spots which are very movable contrarily to 
what is observed at atmospheric pressure. 

 Future work will consist firstly, to increase the supply 
voltage to +/- 270 VDC to extend the study presented in this 
paper, to representative voltages of future embedded power 
supplies in aircraft of the future, and secondly will also focus 
on a more detailed study of particular current signals in an 
attempt to extract signatures of arcing faults, for their detection. 
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Abstract—Contact resistance measurement is a common way 

to assess the quality of connector surfaces and is mostly done by 

measuring values uniformly spread all over the surface of the 

strip stock. The given work presents a novel approach to the 

assessment of electrical surface characteristics of connectors by 

the combination of contact resistance measurements and the 

precise positioning of measuring points with the aid of 

microscopic optics. The selection of measuring points with high 

lateral resolution allows measurements of contact resistance with 

the distinction whether the measured values arose from areas 

within the current carrying contact region or from the outlying 

surface not involved in electrical contact. Additionally a mapping 

of a whole region on the surface is feasible to display existing 

inhomogeneous electrical properties caused by contamination or 

topography of surface. This method of measurement provides the 

possibility of carrying out the measurements on customary 

connectors with no need for tailored model samples. 

Keywords—contact resistance; lateral resolution; contact area; 

electrical connectors 

I.  INTRODUCTION 

Quality of connector surfaces is commonly assessed by 
statistical evaluation of contact resistance measurements that 
are carried out on plenty points distributed over the surface of 
the strip stock. But the surface of connectors is not to be 
considered as being homogeneous due to manufacturing and 
electrical contacting itself. The contact area deformed under 
mechanical load and influenced by current plays a significant 
role in characterizing the plating of the connector and has to be 
distinguished from the rest of the surface [1]. 

Existing measurement equipment is able to characterize the 
strip stock and also comparatively big and mainly planar 
samples completely satisfying. Indeed, the measurement of 
customary connectors which are mostly many times smaller 
challenges the standard equipment [2]. 

Nevertheless, there are tasks requiring laterally resolving 
measurements of customary connectors for example in failure 
analysis to measure precisely in the contact area or to visualize 
inhomogeneous surface properties due to coating or ageing. 
One promising way to do so is the enhancement of standard 
measurement equipment with microscopic optics and an 

optimized measuring head with a smaller contact rivet to allow 
precise selection and positioning of smaller measuring points. 

II. BACKGROUND AND EXPERIMENTAL ENHANCEMENT 

A. Standard contact resistance measurements 

Contact resistance measurements follow a four-terminal 
technique and the standard test method for static contacts of 
dry circuit. So open-circuit voltage is less than or equal to 
20 mV and current is limited to 10 mA regarding the avoidance 
of physical changes in the contact junction such as break-down 
of thin insulating films or softening of contact asperities [3].  

Regarding the measurement of strip stock the contact rivet 
has a diameter of several millimeters which leads to large-scale 
measuring points. These measuring points have to be spread in 
a wide-meshed pattern over the sample surface to avoid mutual 
interaction. At least the first measuring point is reached by 
coincidence since the position of the measurements is selected 
without microscopic optics or even any optics at all. Precise 
selection and positioning though is not essentially necessary for 
this method of measurement. The results are statistically 
calculated average values with no need of knowing the exact 
position on the sample. 

B. Enhancement of existing method 

Sometimes standard contact resistance measurements as 
previously described are not sufficient to handle special tasks, 
for example in failure analysis. In order to fulfill these tasks the 
existing method of measurement can be enhanced. 

First microscopic optics is mounted to the measuring head, 
as implied in Fig. 1, so that the sample surface can be scanned 
and optically augmented. For the first cut, a magnification of 
20-times is sufficient to identify contact areas with mean 
diameters of about 100 µm on the test specimens. These contact 
areas on the sample surface are the outcome of the imprinting 
contact lamella within the female connector and have to be 
differentiated from the measuring spot that occurs between the 
rivet and the sample surface during the measurement. The 
measuring spot size has to be previously estimated to influence 
the shape of the rivet and ensure that the measuring spot does 
not exceed the contact area. 
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Fig. 1. Sketch of experimental setup for contact resistance measurement with 

the enhancement of microscopic optics for measuring point selection 

The experimental setup can be simplified and considered as 
Hertzian contact of sphere and flat. Therefore the equation 
given in (1) approximately describes the correlation between 
applied load FN, the mean Young’s modulus E

*
 of involved 

materials (rivet and sample), the radius R of the rivet and the 
depth of impression d [4]. 

 𝐹𝑁 =
4

3
𝐸∗𝑅

1

2𝑑
3

2 (1) 

Now, for every applied load the diameter of the measuring 
spot can be calculated. To verify these calculated values the 
measuring spot size is determined by optical microscopy. In 
Fig. 2 the microscopic image of a silver test specimen is shown 
which was loaded with a contact force of 500 cN by a golden 
rivet with a radius of 0.5 mm. The measuring spot diameter was 
determined to about 90 µm which is in good agreement with 
previous calculations using (1) that result in a diameter of 
64 µm. Keeping these measurement conditions and parameters 
the contact resistance  measurement inside a contact area with a 
diameter of 100 µm is possible without influence from the 
outlying surface. 

 

 

 

 

 

 

 

 
 

 

 

Fig. 2. Microscopic image of a measuring spot formed by loading a silver 

surface with a contact force of 500 cN, 200x magnification 

Furthermore, it is to mention that grid measurements on the 
sample surface allow a kind of contact resistance mapping. The 
grid dimension of the pattern has to follow the previously done 
estimation of measuring spot size to avoid mutual influence 
between individual measuring points. Hence, with precise 
positioning and documentation the values of contact resistance 
can be assigned to the measuring points and thus the electrical 
properties of the sample surface as well as their inhomogeneity 
can be depicted. 

Of course there are some requirements that samples have to 
fulfill to be measurable: the sample surface has to be electrical 
conductive and flat on at least one side, so it can be contacted 
by pinching into the measuring bench. In addition, it is 
advantageous to avoid highly curved surfaces preventing the 
measuring head from slipping off and guaranteeing an accurate 
positioning [5].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Test setup of enhanced contact resistance measurement, magnifying 

optics directly attached to the gauge head, positioning of the traverse in 3 axes 

After fixing the sample and choosing the measuring point 
with microscopic optics, the measurement is generally carried 
out like the standard one: the contact rivet is slowly lowered 
onto the sample surface until desired load is reached. Then, 
voltage is applied and the current measured. The occurring 
thermoelectric voltage can be neglected by reversing polarity 
of applied voltage and averaging the two measured current 
values. Voltage and current limits follow the standard of dry 
circuit measurements. 

III. EXAMPLES OF USE AND DISCUSSION 

To illustrate the advantages of high lateral resolution 
measurement, two examples of use are presented as follows. 
First a mapping of contact resistance is discussed on an 
obviously inhomogeneous specimen. Second example is a 
typical failure analysis task implying the differentiation of 
contact area from outlying surface. 

A. Inhomogeneity – need of lateral resolution 

Two thin sheets of silver (purity 99.95%) serve as samples. 
One sheet is untreated and will serve as reference, the other one 

≈ 90 µm 
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is coated with organics. Dark-field views of these two samples 
are shown in Fig. 4, on the left the surface of untreated silver 
seems to appear homogeneous whereas on the right the organic 
coating reveals an obviously inhomogeneous sample surface. 
The question arises whether visible dark-field inhomogeneity 
affects also the contact resistance of the surface. 

 

 

 

 

 

 

 

 

Fig. 4. Microscopic images of silver surfaces, left: untreated reference, right: 
coated with organics, 200x magnification, dark-field 

In this investigation the applied load is limited to 10 cN, so 
the measuring spots are estimated to be smaller than 90 µm. 
However, the grid dimension for the mapping of the contact 
resistance was chosen to be 125 µm with a high safety margin 
to anticipate any kind of mutual influence. 

The results of the mapping are given in Fig. 5 as a heat map 
diagram. Contact resistance values are illustrated by different 
shades of grey in which black color represents the lowest 
contact resistance and white the highest measured values.  

 

 

 

 

 

 

 

Fig. 5. Results of contact resistance mappings on silver surfaces, measured 

area: 2000 x 2000 µm², grid dimension: 125 µm, applied load: 10 cN, black: 
lowest values, white: highest values, left: untreated reference, right: coated 

with organics 

Every heat map diagram shows the results of almost 300 
measuring points on a sample area of 2000 x 2000 µm². At first 
sight the variation of contact resistance is more distinctive in 
the right map according to the coated silver surface which 
implies a more inhomogeneous surface compared to the 
reference sample. To give a more concrete impression the 
histogram of both mappings is shown in Fig. 6.  

The histogram illustrates clearly the different distribution of 
measured values of the two specimens. Not only the maximum 
value but also the curve progression is completely different. 
The full width at half maximum (FWHM) is much broader for 
coated silver than for the untreated surface, so average value 
and standard deviation of the coated silver histogram are of 

limited significance and not comparable to the reference 
sample. Indeed, the difference between inhomogeneous and 
homogeneous surface seen in the microscopic images can be 
easily associated with the contact resistance mappings. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Histogram of measured contact resistance values, red: untreated silver 

surface, blue: silver surface with organic coating 

B. Contact area vs. outlying surface 

The second example shows the application of enhanced 
contact resistance measurement in failure analysis of 
automotive connectors. Therefore a customary connector blade 
was first plugged into a corresponding female connector and 
afterwards extracted to receive realistic contact areas and 
connection traces. This brings up the question whether the 
microscopically identified change between unaffected, outlying 
area and contact area also appears in contact resistance 
measurements. As shown in Fig. 7 the measurements were 
carried out within the contact area as well as the connection 
trace in comparison to the outlying surface. 

 

 

 

 

 

 

 

 

 

Fig. 7. Measuring points on a customary connector blade, within the contact 
area and the connection trace (green) and on the outlying surface (red) 

First, an increasing load is gradually applied up to 500 cN. 
Afterwards the load was gradually decreased to zero. The 
corresponding values of contact resistance show a hysteresis as 
plotted in Fig. 8. The pictured graphs represent mean values of 
outlying surface (red) and of the contact area respectively to 
the connection trace (green in Fig. 7, due to readability black in 
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Fig. 8). Start of the measurement is on the top left at high 
contact resistance and low contact force. Then, with increasing 
load, contact resistance decreases and reaches a minimum at 
maximum contact force. In the second part of hysteresis 
applied load decreases while contact resistance values slightly 
increase but never reach the level from the beginning. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Hysteresis curves of resistance from contact area (black) and outlying 
surface (red), first with increasing, then with decreasing contact force 

This behavior could be explained by thin oxide or 
contamination layers on the sample surface that hinder initially 
the formation of metallic contact until applied load is sufficient 
and rivet breaks through layers. These layers are still broken 
during the decrease of load and therefore cannot influence the 
contact resistance anymore. 

The second part of hysteresis curve is very similar for both 
measured areas. This suggests the assumption of the same base 
material because as mentioned above the values of releasing 
curve section barely are not influenced by near-surface layers. 
The initial curve section however differs and shows significant 
differences between the outlying surface and the surface of 

contact area and connection trace. This deviation implies thin 
contamination layers on top of the outlying surface as well as 
in the contact area but with different characteristics in thickness 
or constitution. Both measured areas vary not only in their 
optical appearance but also in their contact resistance on the 
surface. 

IV. CONCLUSIONS 

The performed enhancement of the standard contact 
resistance measurements and the investigated examples of use 
show the novel potentials of the presented measurement 
method. Inhomogeneous contact resistance values can be 
depicted by mapping measurements and associated with 
optically inhomogeneous surface regions. Further reduction of 
rivet size and therefore decreasing of grid dimension enables 
higher lateral resolution of contact resistance measurement and 
could lead to a direct correlation between microscopic image 
and contact resistance mapping. 

Furthermore, the added microscopic optics combined with 
precise positioning provides pinpointed measurements in the 
region of interest such as the contact area, thus different surface 
areas can be characterized without any extensive sample 
preparation directly on the authentic connector. 

The presented enhanced method of contact resistance 
measurement offers new possibilities of application. A direct 
comparison to standard contact resistance measurement is not 
content of this paper since the introduced examples of use 
cannot be carried out by standard measurement equipment. 
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Abstract— The behavior of switching arcs is well known for 
time periods of several milliseconds. In other devices such as 
surge protective devices, where the operation is based on spark 
gap technology, the time periods are within microseconds. The 
time dependent behavior of the arc is rather unknown. These 
devices are tested with 8/20 µs surge currents. The basic 
requirement in the event of an overvoltage is to establish an arc 
between the main electrodes to conduct the surge current to the 
equipotential bonding system with a high conductivity. Due to the 
surge, an additional current from the distribution grid 
establishes. This follow current needs to be switched off using the 
current-limiting breaking principle.  

In order to identify the transition behavior of an arc changing 
from a surge current conduction to a follow current from the 
distribution grid, a basic experimental setup is established. The 
setup consists of a surge current generator for 8/20 µs currents 
up to 25 kA, three transformers with 3 x 130 kVA and a modular 
spark gap which contains two parallel electrodes in a narrow 
gap. In this setup the surge current, the follow current, the arc 
voltage and the transformer voltage are measured and discussed. 
Additionally a high speed camera is used to visualize the plasma 
between the electrodes. The data evaluation shows a good 
correlation between the arc voltage and the plasma development 
of the arc column. 

Keywords—surge; arrester; surge protective device; SPD; 
follow current, plasma propagation 

I.  INTRODUCTION 

The task of voltage switching type surge protective devices 
(SPDs class 1) is the protection of electrical equipment and 
installations from high voltages or currents. This is achieved by 
diverting the surge directly to the equipotential bonding. The 
operation is simulated in a test environment using surge current 
impulses according to international standards [1]. To build up a 
protection for an electrical power system a SPD has to be 
integrated between the line conductor and the equipotential 
bonding [2]. 

These voltage switching SPDs have to establish a high 
conductive connection during surge current. To fulfill this task 
(in the most common cases) an electric arc is used for the 
connection due to its good conductive and dynamic properties. 
However after the surge current conduction it has to be kept in 
mind that the plasma remains conductive. As a result a follow 
current through the distribution transformer is the consequence 
[1]. 

To avoid a disconnection of the power system through a 
fuse tripping the follow current has to be quickly interrupted. 
Therefor the conducting plasma has to become insulating after 
having diverted the surge current. This is mostly achieved 
using the current-limiting breaking principle by raising the arc 
voltage above operation voltage. The arc voltage in spark gap 
based arresters is raised by arc quenching methods through the 
vaporization of a plastic. Also the splitting of an arc in deion 
chambers is used to raise the arc voltage in arresters 
[3][4][5][6]. 

In previous papers [4, 5, 7] the follow current of different 
arresters was investigated. However in modern arresters the 
follow current is nearly completely suppressed [6]. The aim of 
this paper is to present the plasma transition behavior from the 
surge current to the follow current. Arc voltage and current 
curves deliver information about plasma dynamics. Based on 
experimental findings the transition behavior of the spark gap 
will be discussed. It is shown that plasma dynamics are directly 
coupled to the test circuit. The interaction with the device 
under test (DUT) can be demonstrated by superposition of the 
surge current circuit and the transformer circuit [8]. 

To describe the transition from the surge current to the 
follow current it is necessary to know the behavior during 
surge. This behavior is given in detail in [3][9][10]. 

To investigate the arrester behavior in the transition phase a 
test setup was buildup and is presented. This test setup consists 
of a surge current generator a power supply with a distribution 
transformer and a model spark gap. The model spark gap is 
constructed partly transparent to enable high speed camera 
pictures of the plasma in the DUT. By this investigation 
method the plasma propagation can be connected with the 
measured voltage and current curves. 

II. METHOD 

In order to investigate the behavior during transition phase 
a test setup considers the normative standards for testing 
voltage switching SPDs class 1 [1]. The test setup consists of a 
surge generator, a connection to the distribution grid through a 
transformer and the device under test. 

The test setup is influenced by two circuits. These are the 
surge-current circuit and the transformer circuit. They are 
interconnected in parallel as seen in Figure 1. In the surge-
current circuit the surge generator is the main component. This 
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surge generator injects a surge current into the test setup. 
During the experimental investigation standardized impulse 
currents with a front time of 8 µs and a half-value time of 20 µs 
are used [11]. The investigated maxima of the surge currents 
are approx. 5 kA, 11 kA and 20 kA.  

 

Fig. 1. Experimental test setup for measurements on SPDs 

Due to the high surge current during the test an inductive 
coupling into the voltage measurements is possible. A special 
design of the circuit was chosen to reduce the induced voltages. 
The triggering of the surge generator is realized via fiber optic 
cables and therefor without any electromagnetic disturbances. 
It allows the time synchronic control of the surge generator and 
enables measurements to a specific synchronization angle 
compared to the a.c. voltage. The surge generator is decoupled 
by a varistor and the current impulse is unipolar without 
undershoot. 

The transformer circuit consists of three 130 kVA 
transformers which are interconnected in parallel. The 
transformers are fed by the 6 kV distribution grid. They 
provide a voltage of 62.5 V up to 750 V. The maximum 
prospective short circuit current is 18 kA at an open circuit 
voltage of 250 V. The short circuit current can be adjusted 
using power resistors. Additionally the cos(φ) can be adjusted 
by an air choke as needed. 

In this paper one transformer is used to emphasize the arc 
quenching voltage. With one transformer the inductance at the 
transformer terminals is increased. Hence it is possible to 
distinguish the arc voltage and the transformer voltage. A 
prospective short current of 3 kA at 250 V is adjusted. The 
cos(φ) is adjusted as approximately 1 for the investigations 
with this configuration. As a result the time constant of the 
regarded test setup is approximately τ ≈ 0.7 ms. This has to be 
considered in the interpretation of the voltage and current 
curves [8]. 

To obtain all necessary information five measurement 
probes with a 14-bit amplitude resolution and a sampling rate 
of 10 MS/s are used. The measurement probes are EMC 
shielded and connected via fibre optic cables with the 
measurement system BitGate AD 3000. 

The five different measured quantites are shown in 
Figure 1. The surge current (1) and the transformer current (2) 
are measured with Pearson probes of the type 1423. The 
transformer voltage (3) and the arc voltage of the DUT (4) are 
measured by high-voltage Probes (PMK 3.6 kV). The loop of 
the voltage probe is kept as small as possible in order to reduce 
induced voltages. For correlation with the high speed camera 
frames the synchronization signal of the camera (5) is recorded. 

The DUT is a special model spark gap suited for optical 
investigations. In order to discuss its electrical behavior it is 
important to see the arc plasma during surge and follow current 
phase. To prevent high pressure the air gap arrangement with 
parallel electrodes has an outlet duct as shown in Figure 2. 

Fig. 2. Model spark gap with a 1 mm narrow gap 

The model spark gap consists of two rectangle rod 
electrodes (1) made off copper tungsten (25/75). Gap distance 
is 5 mm and length of the plasma channel is 80 mm. The 
narrow gap between the two electrodes has a height of 1 mm 
and is constructed out of two different wall materials. On one 
side a highly gassing plastic POM (2) is used and on the 
opposite side a transparent and gassing plastic PMMA (3). For 
the plasma ignition a surface discharge device (SDD) (4) is 
triggered by a varistor. The device ionizes the volume between 
the electrodes if an overvoltage passes the varistor. 

For optical investigations of the arc plasma a high speed 
camera was used to record the plasma propagation. Special 
settings of the camera are necessary because of the fast plasma 
processes due to the short time duration of the surge current 
[10]. This investigation is done using a high speed camera of 
the type Motion Pro X4 (Redlake) with additional neutral 
density filters of the type ND 8 in the experimental setup. The 
camera has an intensity resolution of 10 bit. The recording 
settings are [10]: 

• 1 µs exposure time  

• 136 000 fps (frames per second) 

• 16 pixels x-axis resolution  

• 300 pixels y-axis resolution 
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III.  RESULTS 

In this paper the arc plasma and test circuit behavior during 
surge current and subsequent follow current will be discussed. 
Exemplary measurements with a synchronization angle of 90° 
(positive crest of a.c. voltage), are discussed like that one 
shown in Figure 3. 

 

Fig. 3. Exemplary measurement with a synchronization angle of 90°  

It is convenient to divide the process into 4 phases [9]: 

A) Plasma Ignition 

B) Surge current conduction 

C) Plasma stabilization 

D) Follow current interruption 

The spark gap current is marked red. The measured arc 
voltage (black) is the voltage measured between the connectors 
of the DUT. However it has to be noted that during the plasma 
ignition the arc voltage is superposed by the ignition voltage. It 
will be named in the discussion of this phase “arrester voltage” 
to provide a physically correct wording. In order to suppress 
the follow current the current limiting principle is usually used 
in spark gap technology. To achieve a successful current 
interruption the arc voltage has to be increased above the 
supply voltage. Therefor it is necessary to measure the 
transformer voltage marked in blue between the transformer 
terminals. 

A. Plasma ignition 

During plasma ignition the ignition circuit of the arrester is 
active. It consists of a varistor and surface discharge device 
(SDD). If the overvoltage is higher than the limiting voltage the 
varistor triggers the sparking device. This device ionizes the 
volume in front of the SDD and between the electrodes. The 
gap voltage jumps to the limiting value during phase A 
(Figure 3). An increase of the terminal voltage is visible with 
increasing current. The gap voltage follows the voltage 
characteristic of the used varistor and reaches a maximum of 
over 1500 V in the plasma ignition phase. 

At the end of phase A the gap voltage decreases. The surge 
current commutates from the ignition circuit to the plasma 
between the spark gap electrodes. It is influenced by the stray 
inductance of the test circuit connections, the voltage across the 

varistor terminals and the conductivity of the plasma in the 
spark gap. 

The voltage measured between the transformer terminals 
shows an oscillating behavior. The oscillations were caused by 
two incidents. Firstly, due to the steep rise of the surge voltage, 
and secondly due to the sudden switching to a low impedance 
of the spark gap with the beginning of the phase B. The 
frequency of the oscillations is approximately f ≈ 1.67 MHz. 

It is assumed that the reasons for the oscillating behavior 
are the transformer inductance and winding capacities shown in 
Figure 4. With the assumption that the inductance is 
determined by the stray inductance of the transformer 
(manufacturer’s data: Lσ = 45.96 µH) the winding capacity Cw 
can be estimated. 

 

Fig. 4. Equivalent circuit diagramm for the determination of the winding 
capacities 

The estimation can be done using the Thomson formula: 

�� = 1
�� �

1
2	
�

�
 (1) 

The capacity is approximately Cw = 200 pF. This value 
seems quite reasonable for air insulated distribution 
transformers [12]. 

B. Surge current conduction 

In this phase the complete surge current flows through the 
gap plasma. The high current phase takes place in section B 
(Figure 3). Due to the unipolar surge current without 
undershoot the current curve drops to nearly 0 A in the end of 
phase B. 

The surge current flows through the gap plasma and raise 
its temperature. Because of the heating process the plasma 
pressure raises as well [13]. The pressure gradient in the gap 
increases the plasma volume via propagation along the 
electrodes. The propagation processes in the surge current 
conduction are visualized at [9][10]. This propagation leads to 
an arc which connects the electrodes over a wide area. Due the 
plasma parameters and the plasma propagation [3][10] the 
conductivity raises in total. As a result of a raising conductivity 
the arc voltage is decreased. Because of that the reduced 
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voltage occurring during the current maximum is 226 V which 
is in accordance with [14].  

The transformer is in interaction with the spark gap and the 
transformer circuit. To describe this behavior an equivalent 
circuit of the grid is given in Figure 5. 

 

Fig. 5. Equivalent circuit diagramm of the test setup 

The transformer voltage ut is measured at the transformer 
terminals. It is determined by the induced voltage uσ at the 
transformer windings and the open circuit voltage u0. The 
capacitive windings analyzed in subsection A are of negligible 
influence. The transformer current it can be divided into the 
surge current is and into the current through the DUT id. 

� = � − � (2) 

This splitting depends on the impedance of the transformer 
circuit branch and the impedance of the spark gap circuit 
branch. The transformer circuit branch consists of L1 and R1 of 
the line conductor and the impedance of the transformer which 
is approximated by the leakage inductance Lσ [8]. The arrester 
circuit branch consists of R2 and L2 of the line conductor and 
the resistance of the DUT Rd. With the voltages of the 
mentioned elements the current it can be determined to 

� = � ∙ �� + ��
�� + �� + �� −

��� + ��� ���� + �� − ��
����

��� + �� + ���  (3) 

This equation can be separated in three main parts. 

Firstly the expression beneath the second fraction line in 
equation (3) describes the ohmic influence of the device under 
test. The higher the resistance of the DUT (Rd and R2) the more 
surge current flows into the transformer branch. 

Secondly above this fraction line the transformer current it is 
also influenced by the inductances of the transformer branch 
(L1 and Lσ). Here the higher the inductances are the less current 
flows into the transformer. 

Thirdly the open circuit voltage u0 influences the transformer 
current as well. Here as higher the voltage is the less surge 
current flows into the transformer branch. 

This calculated transformer current it is also measured during 
the experiments. For didactic purpose the current is shown 

negative in Figure 6 and marked in green. Additionally the 
transformer voltage ut marked in blue is shown. 

 

Fig. 6. Comparision of transformer current and voltage 

For the understanding of the transformer voltage curve two 
characteristic points of the voltage T1 and T2 are highlighted in 
Figure 6. At T1 it has no gradient and at T2 it provides a linear 
gradient. Considering, as a first approach, the measured 
transformer voltage ut consists of the constant grid voltage u0 
and the inducted voltage uσ. 

�� = �� + �� (4) 

The grid voltage is in the synchronization angle of 90° 
approximately 375 V and the inducted voltage is described by 
the equation: 

�� = −�� ∙ ����  (5) 

At point T1 the voltage at the transformer windings is 
calculated to 0 due to dit/dt ≈ 0. With the grid voltage of 375 V 
the transformer voltage ut is 375 V. In comparison with the 
measured value of approximately 390 V this assumption is 
within a good accuracy. At point T2 with a dit/dt ≈ 10.7 A/µs 
and the leakage inductance of 45.96 µH the voltage of the 
transformer windings uσ is calculated to -493 V. With the 
constant grid voltage of 375 V the resulting transformer 
voltage ut is -118 V. In comparison with the measured value of 
-100 V this basic calculation shows a good accuracy. Therefore 
it can be determined that the behavior of the measured 
transformer voltage ut is dominated by the inductance at the 
transformer windings and the voltage supplied by the grid. As a 
result the measured transformer voltage is strongly depending 
on the current in the transformer windings which is influenced 
in the surge current conduction by the surge current 

C. Plasma stabilization 

After the surge current conduction the plasma stabilization 
C starts as given in Figure 7. No surge current is injected into 
the test circuit anymore. The follow current caused by the 
distribution grid is the only current in the test circuit. In this 
phase the arrester has to raise the arc voltage to suppress the 
follow current. Then the energy stored in the inductances has to 
be absorbed by the plasma in the spark gap [8]. 
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Fig. 7. Measurement and plasma propagation during the plasma stabilization  

In Figure 7 at the top the transformer current marked in 
green, the transformer voltage marked in blue and the arc 
voltage marked in black are shown. Additionally the plasma 
propagation is plotted below. The recording shows in each 
stripe the narrow gap between the electrodes as described in 
Figure 2. At the bottom of the stripe picture is the SDD and 
located at the top is the outlet duct. The time of the recording 
of each picture is marked with dash lines. 

Due to the transformer inductance the follow current would 
raise a constant RDUT linearly as discussed in [Paper ICLP]. 
However the transformer current is dependent on the processes 
in the DUT. Therefore the transformer current is not strictly 
linear and causes changes of the transformer voltage curve. The 
reason of the not linear current can be seen in the arc voltage. 
The arc voltage depends on the plasma propagation. 

As shown in the recordings of Figure 7 the plasma 
decreases with inertia as the decreasing surge current [10]. 
After the high current phase B the plasma is contracting. This 
is visible in recording No. 2. In the next two recordings the 
visible plasma radiation is strongly reduced. A decreasing 
radiation is caused by a decreased energy of the plasma. This is 
comparable to a reduced conductivity. The effect can be 
measured through the arc voltage increase to the arc voltage 
maximum in Figure 7. After the maximum a plasma jet can be 
identified in the recordings. Because of the high temperature of 
the plasma in the high current phase [13] the electrodes should 
still have a significant temperature a few ten microseconds 

after the surge current. It is assumed that the formation of the 
plasma jets is influenced by existing hot spots on the 
electrodes. With this local increase of the conductivity a new 
decrease of the arc voltage can be observed. This behavior 
prevents, in this case, an extinction of the arc. 

The increase of the arc voltage after the surge current is 
strongly dependent on the current amplitude of the surge 
current. Due to a higher energy in the plasma a higher radiation 
is one result. This radiation leads to an ablation of the 
surrounding chamber walls [14]. With increasing ablation the 
pressure of the plasma is increased [15] and the usual cooling 
effect is through the gas mixing in the plasma increased as 
well. Because of the inertia of the ablation process the chamber 
walls are still outgassing after the surge current. Therefore the 
surge current has an impact on the arc voltage in the plasma 
stabilization. The consequence is that with the decreasing surge 
current the local maximum arc voltage after phase B decreases 
as well. As a result the arc interruption is with decreasing surge 
current more challenging because no high arc voltage can be 
build up through the outgassing to interrupt the follow current. 

The maxima of the arc voltage after the surge current are 
regarded during the experiments. For different surge currents 
this behavior could be demonstrated during the tests given in 
Figure 8. Each point in this figure is the average voltage of ten 
measurements. The error bars represent the standard 
deviations. 

 

Fig. 8. Peak arc voltage during plasma stabilization phase  

D. Follow current interruption 

A successful interruption of the follow current in the model 
spark gap is given in Figure 9. 
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Fig. 9. Succsessfull follow current interruption 

In this example a comparable high local voltage maximum 
after the surge current conduction phase was measured. 
Afterwards a growing arc voltage occurs. This leads to an 
increase of the arc voltage above the grid voltage. During this 
process no more plasma radiation is visible with the high speed 
camera. The conductivity has been reduced massively. The 
distribution grid voltage is crossed by the arc voltage. After the 
crossing the follow current interruption  D starts. There the 
energy stored in the inductance of the transformer will be 
decreased [8]. This behaviour leads to a complete suppression 
of the follow current. 

IV.  CONCLUSION 

In this contribution arc voltage and surge current 
characteristics of a model spark gap were investigated. In the 
presented experimental investigations a model spark gap was 
tested with a surge current while energized by an a.c. voltage 
source. 

The operation of a model spark gap (DUT) – to divert surge 
currents - was discussed in terms of phases presented in [9]. 
During these investigations the interaction between the a.c. 
voltage source and the surge current was identified. This 
interaction is controlled by the conductivity of the DUT. The 
arc plasma in the model spark gap characterizes the 
conductivity. During the important plasma stabilisation phase 
the surge current decreases and the follow current starts to 
flow. With increasing arc voltage the follow current was 
interrupted. After the surge current conduction an increase of 
the arc voltage was measured. This increase is dependent of the 
surge current amplitude. It was observed that with increasing 
surge current the local arc voltage maximum after phase B 
increases as well. Due to this behaviour an arc interruption 
using the current-limiting breaking principle is supported. 

In further work this investigations can be discussed in more 
detail by presenting different types of spark gaps. Furthermore 
the processes of the electrodes have to be investigated in more 
detail. 
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Abstract— More loads in data centers, households, electric 
vehicles, and board networks are supplied by DC power. 
Therefore, different challenges in DC systems are need to be 
faced. As the DC system voltage increases, efficient and cost 
effective DC circuit breakers with high switching capacity are 
required. Hence, the development of reliable intelligent DC 
switching components and protection concepts is becoming 
increasingly important. In this research project a software-based 
control unit with distributed switches for low-voltage DC systems 
has been developed. The protection concept is based on the 
measurement of current through the switches and voltage across 
them, using current and voltage sensors. A fault detection and 
allocation algorithm has been proposed and implemented in 
LabVIEW platform. As a result, the control unit can specify the 
most suitable switching decisions. Different fault locations and 
types have been tested in the laboratory. The fault detection time 
and fault isolation time have been tested in an experimental 24 V 
DC test setup with a specific network topology which has been 
established in the laboratory. Hence, the functionality of the 
control unit has been verified. 

Keywords— Smart Modular Switchgear; DC systems; 
protection coordination; intelligent switching 

I. INTRODUCTION 

The use of DC power is increased steadily, especially in 
Low Voltage (LV) systems [1][2]. In such DC systems, new 
components are introduced with requirements of reliable 
supply which need developments in process control 
technology. In the case of a fault, the protection concept is 
asked to reduce the risk of equipment failure. Such protection 
concept is responsible for fault detection, fault allocation and 
fault isolation. However, one of many challenges regarding the 
practical implementation of DC systems is the non-existence 
zero crossing of the current [3]. Therefore, the interruption of 
fault currents is rather difficult, since the current must be 
forced to zero [4]. Between the switch contacts an arc is able to 
arise under such conditions [5]. While in AC systems the 
current path through zero allows a simplified fault interruption, 
DC switchgear has to use alternative arc extinguishing 
concepts [4][5]. The existing circuit breakers in the market are 
integrated as centralized breakers which have to interrupt the 

fault current for different loads. For this purpose, the existing 
protection concepts in LV DC systems, e.g. circuit breakers 
require high breaking capacities. For improved selectivity and 
reduced costs the application of distributed protection concepts 
in DC systems should be taken into consideration. 

The objectives of the current research are developing of 
modular switchgear (which includes switchgear, current sensor, 
voltage sensor, and driving circuit), establishing of a control 
unit based on LabVIEW software, and an input/output module, 
and finally developing of numerical based protection concepts. 
The new control unit is capable to coordinate between different 
switchgears and provide detection of different fault types (e.g. 
overcurrent, short-circuit currents). When a fault occurs the 
control unit is able to detect it, and then efficiently chose the 
appropriate switching operation. 

II. FAULTS IN DC SYSTEMS 

A fault leads to the malfunction of the DC system. Since 
stress can in particular damage the electrical equipment, 
therefore fast fault clearing is important. Electric breakdown, 
overvoltage, mechanical stress, material aging or chemical 
degradation are possible reasons for main faults [6]. 

A. Fault types 

Main faults can be separated into serial and parallel faults. 
Serial faults are usually a result of a broken conductor. Parallel 
faults are the most common and occur between at least two 
different terminals or against the ground. Typical faults are 
illustrated in Fig. 1. 

         a)                  b)                 c)                    d) 

 
Fig. 1. Different fault types in a monopolar DC network 
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The fault types are a) line-to-line fault, b) positive line-to-
ground fault, c) negative line-to-ground fault and d) double line 
to ground fault. 

B. Fault detection and isolation 

The function of a protection concept is to detect faults 
within the system over a certain period [7]. A delayed or 
inappropriate fault clearing should be avoided because of 
possible malfunctions of the components in the system. A fault 
with delayed tripping is only permitted once a backup 
protection is existing [8]. If only the affected part is isolated 
from the network the selectivity of protection becomes 
effective. Therefore, the ability of fault localization and fault 
identification is the main feature of a protection concept. There 
are some researches illustrated in [9], [10], [11], [12], [13], 
[14], [15], [16], [17] and [18] regarding to fault protection in 
DC systems. 

Currently on market available LV DC protection devices 
are able to remove only the affected part within a parallel 
branch through modular switchgear. The feature of the 
protection device in [19] is that the parallel branch is divided 
into individual parts which supply different loads. The modular 
switchgear can switch-off individual loads in case of fault. If 
the instantaneous current exceeds a defined current limit the 
affected path will be switched-off. The detection is realized by 
monitoring the paths through current sensors. To avoid 
unplanned triggering of the protection device, e.g. caused by 
transient, current peaks are permitted. 

Due to the increasing complexity of future DC grids, smart 
solutions are needed which can monitor the network 
holistically. Smart modular switchgear which can significantly 
monitor the DC system with communication between other 
switchgears is currently not available for DC systems.  

III.  PROPOSED FAULT DETECTION ALGORITHM 

In the current research project, a smart modular switchgear 
system for detection and isolation of faults in LV DC systems 
has been developed. The proposed fault detection algorithm is 
based on numerical evaluation of the current through the 
switch and the voltage across it and comparing their 
instantaneous values with specified limits. As the instantaneous 
numerical values exceed the limits, a fault is detected which 
will be allocated through a control unit. The control unit in turn 
identifies the appropriate switching process to be conducted in 
order to efficiently isolate the fault by a fault detection 
algorithm. 

The choice of the fault detection algorithm may vary 
depending upon the technical characteristics of the network and 
the pre-defined limits of protection configured by the software. 
The measured voltages and currents must be continuously 
sampled using a constant sampling frequency. The sampled 
data is transferred to the control unit where the fault detection 
algorithm evaluates the data of all switches, thus the switching 
state of the network can be identified. 

A. System implementation 

In the current research a new software-based control unit 
for fault detection and isolation in LV DC systems is proposed. 
The implementation of the control unit is based on the analysis 

of transients and instantaneous values within a defined 
topology. The deviations of currents are detected by sensors in 
real-time. If the rate of change exceeds a defined operating 
range the control unit recognizes the deviation as a fault. The 
measurements of currents and voltages are distributed through 
the system which gives a detailed description of the current and 
voltage conditions. Based on this evaluation the fault clearing 
process can be initiated. The proposed protection coordination 
concept was developed and tested for LV DC topologies using 
PSCAD/EMTDC software. The results are published in [20]. 

Different criterions (e.g. overcurrent, short-circuit current) 
are the basis for fault detection within the topology. Each 
switch has current and voltage sensors at the located 
installation, because the existing current and voltage conditions 
are observed. In the establishing process of the new protection 
concept based on smart modular switchgear, the modular 
switchgear was built using switch, two voltage sensors and one 
current sensor (see Fig. 2). 

 
Fig. 2. Switchgear – electromechanical switch with voltage and current 
sensors 

The analog signals of the current and the voltage are 
converted into digital signals in order to be read by LabVIEW 
software. The structure of the protection concept called smart 
modular switchgear is illustrated in Fig. 3. 

 
Fig. 3. Structure of the smart modular switchgear 

The smart modular switchgear consist of a control unit and 
a switchgear. The switchgear contains a switch and the 
communication which is built from current and voltage sensors 
and a driver stage. Based on the I/O-module within the control 
unit the analog current and voltage signals as well as the 
control voltage for the switches will be transmitted. LabVIEW 
operates as the software-interface between the fault detection 
algorithm and the I/O-module. 

Fig. 4 shows the flow of data in the LabVIEW software. 
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Fig. 4. Data flow 

The sequence starts with the digitization of the read analog 
values with fixed time intervals. The measured value 
processing attaches the digitized values of each switchgear to a 
specific function Si which assigns the measured values to a 
related virtual switchgear. Each function Si represents a real 
switchgear which isn’t informed about the topology or the 
characteristics of the DC system. From here, the data of the 
defined functions Si will be received to the next sub-unit. The 
next sub-unit is called fault detection routine which includes 
signal preprocessing and operation control. 

The signal preprocessing looks into the data of each time 
step and each virtual switchgear and assess through specific 
limits (e.g. for overcurrent, short-circuit current, etc.) whether a 
fault existing, so that potential faults and the DC system status 
can be determined through defined categories. The operation 
control reads and evaluates the signal preprocessing categories 
with the following priority – fault, switch-off command, 
acknowledge of fault signal and switch-on command. In 
addition, a category no action is needed to inform the control 
unit that there are no faults. In case of a fault, the category fault 
evaluates which switchgears have reported the fault. If only 
one switch detected the fault, the switch index will be 
identified and the switchgear will be switched-off. In the event 
that multiple switches simultaneously detect a fault, selective 
criteria need to be initiated to identify the fault location and to 
perform the switching process. Based on the current derivatives 
the switchgears which are closest to the fault can be specified. 
Depending on the identified conditions for the category switch-
off command, the switchgears which have seen the fault will be 
switched-off. The category acknowledge of fault signal is 
necessary to acknowledge the switchgear. Through the switch-
on command the switchgear will be switched-on. 

Finally, the operation control collects the different ratings 
for each category. Based on these ratings switching orders are 
commanded. Afterwards the control sequence receives the data 
and executes the switching orders for each switchgear through 
individual drive signals. 

The category fault is able to detect the following faults: 

a) Overcurrent criterion: The principle is shown in Fig. 5. 
The measured current value can be separated through two 
different areas which are the operating area and fault area. 
Within the operating area a nominal current or an overcurrent 
can be distinguish through the configured nominal current 
limit. If the measured value of the current exceeds the defined 
nominal current value, an overcurrent is detected. 

 
Fig. 5. Tripping characteristic 

The I²dt Integral is used to calculate approximately when 
the nominal current limit is crossed. This means, that a detected 
overcurrent does not trigger the switchgear within a defined 
period of time [21]. In dependence of the overcurrent duration 
and the overcurrent value a switch-off is commanded when a 
defined I²dt limit is crossed. If the current value exceeds the 
overcurrent limit a short-circuit current is detected. The short-
circuit protection within the fault area switch-off a detected 
fault immediately through a switch-off command. This 
procedure ensures that higher currents lead to a faster switch-
off command. In addition, an upper short-circuit limit is 
indicated, which is only evaluated when the time-selective 
tripping is configured (see section II c)). The function is used 
as a threshold for instantly switch-off of high fault currents 
within the time-selective tripping. 

b) Current derivative criterion: In this method a fault is 
detected as soon as the measured current rise in a defined time 
interval is greater than a pre-determined threshold through the 
software. The current derivative is continuously evaluated over 
a defined time interval. However, the sample rate should not be 
faster than the ramping time of the fault current. Otherwise, 
there is the possibility that in case of fault the set threshold 
value is not exceeded, and this would lead to the overcurrent 
criterion with delayed interruption of the fault current. On the 
other hand, a low sampling rate may cause a wrong weighted 
current derivative through a misinterpreted current course. This 
may cause an unwanted interruption of the fault-free branch. 
Moreover, the disadvantage of this criterion is that precise 
knowledge of the DC system structure and the used equipment 
are required to configure the sampling rate. 

c) Time-selective tripping criterion 

The time-selective tripping criterion is able to switch-off by 
different time delays in case of a fault. Hence, the time-
selective tripping criterion works independently. This means, 
that the time-selective tripping criterion is independent of the 
overcurrent criterion and the current derivative criterion. The 
time-selective tripping criterion can be separately chosen 
within the software. When the measured current value crosses 
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the nominal current limit a fault is detected by the time-
selective tripping criterion, which is pictured in Fig. 5. The in 
Fig. 5 illustrated area between the short-circuit limit and the 
nominal current limit characterize the time-selective tripping 
criterion. Within the time-selective tripping area a fault will be 
switched-off by configured time delays for each switchgear, 
which can be set in the software. The configured time delays 
generate a switch-off command when the time delay has 
expired. If different switchgears detect a fault within the 
network the switchgear with the shortest delay time receives 
the first switch-off command. When it is not possible to 
interrupt the fault within a defined time interval the next 
superordinate switchgear will be switched-off. Furthermore, an 
instantly switch-off command is realized to ensure that short-
currents could not damage the electrical equipment. The short-
circuit limit is based on the tripping characteristics in Fig. 5. 

B. Definition of a grid model 

In order to perform the simulations and verifications of the 
new software-based protection concept a topology of a DC 
system model was established (see Fig. 6). 

 

R = 0.3 Ω; R1 = 4.7 Ω; R2 = 10 Ω; R3 = 2.35 Ω; R4 = 1.25 Ω 

Fig. 6. Tested DC topology 

The loads are connected to the Bus B which is connected 
via the switching devices S12 and S13 and the Line 2 to the 
Bus A. Between the feeding point and the Bus A is the Line 1 
followed by the switchgear S11. The topology ensures 
unidirectional flows. Line-to-ground faults are illustrated by 
FBusA, F2, FBusB and FR4 which are considered in the simulations 
and in the laboratory tests [20]. 

IV.  EXPERIMENTAL TEST SETUP 

The test setup is divided into two main parts, the power test 
circuit and the measurement circuit. The power test circuit has 
been built using the voltage of 24 V which represents an 
industrial voltage and a nominal current of 100 A. 

A. Measurement circuit 

Fig. 7 shows the schematic structure of the data acquisition. 
The sensors are particularly suitable for wideband 
measurements with short response times. The current sensors 
are designed for a rated current of up to 100 A. Resistive-
capacitive voltage dividers are used as voltage sensor. The 
voltage dividers have been designed for voltages up to 
100 V DC. Analog input modules for voltage and current 
receive values from the modular switchgear. 

 
Fig. 7. Schematic structure of the data acquisition 

The sampling rate of the 16-channel analog input module 
and the 4-channel analog input module is 50 kS/s. The data 
acquisition and signal processing is performed by LabVIEW. 
Hence, the fault detection and isolation is programmed with 
LabVIEW. As the fault is detected, switch-off commands are 
transmitted from the LabVIEW interface to a digital output 
module. Hereafter, the switch inside the switchgear is 
controlled by the driver stage. 

V. TEST RESULTS 

The topology given in Fig. 6 has been established in the 
laboratory. Different fault locations have been tested. The 
control unit uses the fault detection criterions from section III. 
TABLE I. shows the performed tests, where each test has been 
performed 20 times. 

TABLE I.  FAULT DETECTION BY DIFFERENT FAULT LOCATIONS 

Fault 
locations 

Fault detection 

Overcurrent Short-circuit 
Time-

selective 
trippinga. 

Time-
selective 
trippingb. 

FBusA x x x x 

F2  x   

FBusB  x x x x 

FR4 x x x x 

a. Time-selective tripping through overcurrent detection. 

b. Time-selective tripping through short-circuit current detection. 

A. Overcurrent detection 

TABLE II. illustrates the test results for the overcurrent 
detection. 

TABLE II.  OVERCURRENT DETECTION BY DIFFERENT FAULT LOCATIONS 

Fault 
locations 

Fault parameters 

I²dt limit in A²s 
Fault current 

in A 
Calculated switch-

off time in ms 

FBusA 2750c. 46.69 1262 

FBusB  2750c. 46.45 1275 

FR4 750c. 23.23 1390 

c. Configured switchgear S12 for FBusA, S13 for FBusB and S24 for FR4. 
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Based on the configured I²dt limits the switch-off time for 
each switchgear can be calculated. The calculated switch-off 
times can be compared with the measured switch-off times in 
TABLE III.  

TABLE III.  OVERCURRENT SWITCH-OFF TIMES 

Fault 
locations 

Fault parameters 

Average switch-
off time in ms 

Standard 
deviation in ms 

Standard deviation 
in % 

FBusA 1277 26 2.0 

FBusB  1295 14 1.1 

FR4 1449 18 1.2 

The overcurrent tests show that the recorded switch-off 
times are almost identical with the calculated switch-off times. 
The standard deviation time differs only slightly from the 
average switch-off time. However, it can be noticed that the 
recorded switch-off times are marginally longer than the 
calculated times. This could be explained through the program 
cycle time of the software. Therefore, the program cycle time 
of the detection algorithm in LabVIEW has been analyzed. In 
case of a fault the process of detection, isolation and generating 
of a switch-off command requires several milliseconds. The 
program cycle time is possibly related to the detected fault type 
and the computing performance of the system. Especially the 
computing performance may define the processing time of the 
program cycles. 

B. Short-circuit current detection 

The results of the short-circuit current detection are given in 
TABLE IV. which show partially differing results. 

TABLE IV.  SHORT-CIRCUIT CURRENT DETECTION BY DIFFERENT FAULT 
LOCATIONS 

Fault 
locations 

Detection 

Switched-off in 
% 

Average Switch-
off time in ms 

Standard 
deviation in ms 

FBusA 
85 (S11) 
15 (S12) 

33.0 6.0 

F2 
80 (S11) 

10 (S12 & S13) 
33.3 5.7 

FBusB  
95 (S11)  
5 (S12) 

31.4 5.5 

FR4 100 (S22) 32.6 6.9 

Faults in parallel branches have been clearly detected and 
isolated which can be seen for fault location FR4. On the other 
hand the detected faults in series branch show conflicting 
results. The fault location FBusA has been usually identify for 
the switchgear S11, which is correct. The isolated switchgear for 
the fault locations F2 and FBusB mostly indicates the same 
switchgear S11. Although the fault can be switched-off, this is 
mainly based on an incorrect isolation of the fault location. 
Therefore, the current derivatives have been analysed and it has 
been found that the maximum values of the current derivatives 
in series for each switchgear are close together.  

To investigate this deviations an independent test with a 
defined constant current has been feed the topology in Fig. 6. 
Additionally a high-precision current sensor has been built in at 
the supply. The measured current values for each switchgear in 

series shows that S11 has marginal higher values than the other 
switchgears. Although the sensors have been calibrated, they 
all show slight deviations from each other. It has been 
concluded that eventually the test setup influences the sensitive 
sensor signals. After further investigation it has been found that 
the influences are independent of the switchgear location. 
Moreover, the influences are constant and independent of time. 
An adjustment of each scale factor improves the differences 
between the measured current values. The affected current 
sensors have been adjusted so that each current is at the same 
height as the high-precision current sensor. After that, first test 
results showed improved fault isolation in series. 

Further investigations confirm that the fault detection, 
isolation and the output of the switch-off command occurs 
within the first two program cycles of the software. Based on 
the value acquisition the recorded data are read in intervals of 
around 20 ms. Plus the opening time of the switch contacts 
after switch-off command is usually far less than 7 ms. In 
conclusion the switch-off times confirm with the program cycle 
time of the fault detection algorithm. 

C. Time-selective tripping 

For time-selective tripping it is necessary to parameterize 
the delay time of each switchgear. TABLE V. shows the set 
values for nominal current limit, overcurrent limit and short-
circuit current limit. 

TABLE V.  CONFIGURED PARAMETERS FOR TIME-SELECTIVE TRIPPING 

Parameters 
Switchgear 

S11 S12 S13 S21 S22 S23 S24 

Nominal current 
limit in A 

40 40 40 6 3 12 10 

Overcurrent 
limit in A 

60 55 50 7.8 3.9 15.6 38 

Short-circuit 
limit in A 

60 60 60 10.8 5.4 21.6 35 

The more the switchgear is away from the power supply, 
the lower the configured current limits for each switchgear are. 
In TABLE VI. the time delays are presented. 

TABLE VI.  TIME DELAYS IN DEPENDENCE OF FAULT LOCATIONS 

Fault locations 
Time delay in ms 

S11 S12 S13 S21 S22 S23 S24 

FBusA 100 50 40 30 30 30 30 

FBusB  150 100 50 30 30 30 30 

FR4 200 150 100 50 50 50 50 

Test results show that the switch-off commands for 
overcurrent have been performed without exception for all 
investigated fault locations in accordance with the time grading 
configuration for each switchgear. However, the average 
switch-off time for time delays with the value of 50 ms is 
72 ms. The switch-off time is usually 16 ms to 18 ms higher 
than the configured delay time. 

This also applies for the detection of short-circuit faults. 
The affected switches have been selectively switched-off. The 
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switch-off times were all below the set delay time and have an 
average switch-off time of 33 ms.  

VI.  CONCLUSION 

The proposed protection concept has been implemented and 
tested. It has been examined whether a software-based control 
unit for fault detection and isolation is capable for selective, 
quick and safe switch-off. Based on the results simultaneous 
fault detection is possible which is built up from real-time 
scanning of instantaneous current values. The results also show 
which improvements the software-based protection concept 
possesses. Firstly, since the protection concept has a 
measurable program cycle time, the fault detection, isolation 
and clearing are carried out with a significant time delay. 
Secondly, the increasing spread of the DC system topologies 
also leads to increasing number of the connected equipment. 
This could lead to major challenges, as the control unit may 
have to evaluate all data. Thirdly, the results illustrate that 
especially the in series connected switchgear with short 
electrical lines shows that the identification of the fault location 
is a metrological challenge. 

For future works further investigations of different DC 
system topologies with higher voltages are necessary for 
additional control unit evaluation. Furthermore, the protection 
concept will be improved through further protection system 
implementations. It is useful to implement the fault detection 
algorithm on a real-time FPGA (Field Programmable Gate 
Array) controller. With this improvement the running time of a 
program cycle could be greatly shortened. Furthermore, it 
would be useful to form individual network clusters to simplify 
the communication. In this case, only the defined network 
clusters will be communicate with the control unit. In addition, 
it is assumed, that an extension of the fault detection algorithm 
is useful for fault detection and isolation in different 
topologies. 
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Abstract— Arc modelling is a valuable tool in the evaluation of 
the switching performance of low-voltage switching devices 
(LVSDs) prior to testing real products. All modelling process 
requires a validation of the results against experimental studies. 
In this study an arc imaging system is used to investigate the 
arcing phenomena in splitter plates. The imaging system is 
applied to a flexible test apparatus which allows the control of 
important feature of a typical LVSD. The results show the 
formation of the arc into the plates and the separation of the arc 
as a restrike occurs in the main arc chamber. The phenomena 
results in a rapid reduction in the arc voltage before the arc re-
enters the plates. 

Keywords-component; Arc Imaging, Splitter Plates. 

I.  INTRODUCTION  
Low-voltage switching devices (LVSDs) are usually 

utilized to turn on and off the electric current in the 
distribution power network by industrial, commercial and 
residential users. They are essential for end users as switching 
and protective measurements because their primary functions 
are to carry, make and break the current under normal circuit 
conditions as well as to clear fault currents and to ensure 
safety for both humans and other connected equipment against 
overload or short circuit accidents.  

In general, a LVSD consists of three essential parts, namely, 
a trip unit, an operating mechanism and a quenching chamber 
as shown in Fig. 1. The trip unit is a current sensing and 
triggering element that releases the operating mechanism and 
makes it drive to break the current in the event of short circuit 
or prolonged overload currents. The operating mechanism 
linked to the movable contact moves it towards the opening or 
closing direction either manually or automatically.  The 
quenching chamber is an interruption space where the arc 
appears, elongates, and finally extinguishes after the contact 
separation.  

The quenching chamber of a LVSDs normally includes a 
movable contact, a fixed contact, splitter plates, a magnetic 
yoke and a vent as shown in Fig. 2. When a LVSD interrupts a 
current, the arc is established between the contacts and then 
elongates along with the motion of the movable contact. At the 
same time, the arc moves forward and enters the splitter plates 
due to the action of the magnetic and gas blow forces. Finally, 
the arc may extinguish or re-ignite after current zero. During 

the process described above, the characteristics and behaviour 
of the arc in the quenching chamber are crucial to guarantee 
the successful arc extinction and the fault current interruption. 
As a result, the arc parameter during switching operation has a 
significant influence on the switching performance of a LVSD.  

 

 
  

Fig.1  A typical structure of LVSD  
 

 
Fig. 2 Structure of quenching chamber, including splitter plates 

 
There are a number of geometries that can be used in 

LVCD’s and in the case of a current limiting device, the arc 
chamber will be a region prior to which the arc will enter a 
number of splitter plates designed to enhance the arc voltage 
and thus limit the circuit current.  In order to optimize the 
design and development of circuit breaker technology, it is 
essential to gain an understanding of the events that occur as 
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an arc moves from a contact region, where the arc is initiated 
by opening contacts; through an arc chamber to the arc stack 
or splitter plates. Fig.3 shows an example system with the 
opening contact region at the top of the chamber and the 
splitter plates (arc stack) at the bottom of the chamber. The arc 
motion through chamber is the result of electro-magnetic 
forces driving the plasma column into the plates. The physics 
of the transfer process through the arc chamber is a complex 
multi-physics problem, and as yet to be fully solved.  

The geometry described in Fig. 3 is based on a flexible test 
apparatus (FTA) used to enable studies of arc motion under 
controlled experimental conditions. The optical fibre positions 
shown correspond to the positions used in previous 
investigation of arc root motion. The geometry presented has 
been used in a number of previous investigations where an 
optical fibre based arc imaging system (AIS) has been used to 
provide quantitative data on the nature of arc motion during 
the initial stages of a short circuit event, with a particular 
focus on the motion of the arc roots, [1-5].  These studies have 
provided important information to circuit breaker designers on 
the optimization of commercial devices.    

 

A. Arc Motion Studies and Splitter plates 
There have been a limited number of studies of the arcing 

processing in splitter plates. In [6] computational fluid 
dynamic (CFD) models were developed and tested against a 
simplified arc chamber with a single splitter plate. The arc was 
imaged with a high speed camera providing images every 50 
µsec. It will be shown in this paper that a higher sampling rate 
(1 MHz) is required to image the high frequency events as the 
arc enter the plates. In [7] the research is mainly focused on 
modelling the process to include metallic vapour ablation from 
splitter plates, and an extension to the modelling work present 
in [6].  

 

 
Fig.3 Schematic of the arc chamber of the FTA showing the moving contact 
and with optical fiber positions using in previous studies. Grey fibre were 
used to plot arc root postion. [6,7]  

 

Fig.4 Schematic of the arc chamber of the FTA with new optical fiber 
positions for investiation of splitter plate arcing 

II. THE ARC IMAGING SYSTEM (AIS)  
The original AIS from 1990 used in [1-5], was upgraded to 

a portable 1MHz (AIS) in 2009, as described in [8,9]. Results 
from the new AIS were presented in a previous investigation 
of cathode root motion in the flexible test apparatus (FTA), 
using the same configuration as in Fig.3, [10]. 

In this paper both the AIS and the FTA are used for an 
exploratory investigation of high current arc motion inside 
splitter plates. To achieve this, a new optical head has been 
designed to expose regions of the splitter plates, as shown in 
Fig.4.  Fig’s 3 and 4 shows the test chamber, used to 
investigate the relationship between contact opening velocity 
and the cathode and anode arc root dynamics as the arc 
transverses the arc chamber, [1-5]. The arc chamber is 
mounted in the horizontal plane, and is designed to simplify 
the geometry of a typical arc chamber. The anode and cathode 
conductors are shown with a steel backing plate in Fig.3 to 
enhance the electro-magnetic influence. The circles show 
potential positions of the optical fibres in the array; referred to 
as the optical head. The optical head is mounted behind a 
quartz glass section which seals the arc chamber and is then 
connected to the data logging system using bespoke optical 
connectors, [8]. The technical specification of the AIS system 
is detailed in [9,10]. The key specifications are shown in table 
1. The system is further detailed in [8]. The AIS has 
potentially 1026 channels, using a maximum of 64 data cards 
with 16 channels per card. In the experimental set up used in 
this work, 7 cards have been used providing 112 optical fibres 
connected with 2m of fibre from the AIS to the experimental 
apparatus, FTA, as detailed in table 1. 

Each fibre position is withdrawn 25 mm into the optical 
head to reduce the field of view of the individual fibre, [8]. Fig 
5 shows an image of the arc chamber used in this work with 
the corresponding optical fibre positions; it shows the contact 
region on the right and the splitter plates on the left.   
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A.  Arc Imaging  
There are two modes of arc imaging; mode 1 uses 

dynamic thresholds; while mode 2 uses fixed thresholds 
corresponding to the maximum light intensity for the whole 
data set I(max). With dynamic thresholds the maximum value 
is the maximum light intensity across all the fibres at a given 
frame number or time, Imax(t). The images are created with a 
different maximum intensity Imax(t) for each frame, this is best 
suited for viewing the arc when the light intensities are low; 
for example at the start of the arc.  Mode 2 is best suited for an 
overview of the arc process when the arc is in the chamber, as 
the image intensity scale will be fixed, allowing a systematic 
comparison of arcing events. In addition to the mode of 
imaging there are a number of methods for creating images.  

1) Method 1. Group Contours. Contours are 
grouped for the whole array which then creates an image of 
the arc. The method is ideally suited to the low intensity 
resolution data, [1-5], however with increased bit resolution 
from 6 to 8 a number of new methods of imaging have been 
developed.   

2) Method 2. Point Contours. Each fiber position is 
illuminated with color coded concentric circles, where the 
color of each embedded circle is related to a percentage of the 
maximum light intensity level, using either mode 1 or 2 to 
define the maximum level. The key advantage over method 1 
is that, with the increased bit resolution of the light intensity, 
multiple conducting paths are detectable.  

3) Method 3. Simulated images. This allows the 
creation of realistic images of the arc discharge process at 
sample rates not possible with conventional video or 
photographic methods. The fiber spots are interpreted as the 
nodes of a planar triangulation, which is automatically 
produced by means of the classical Delaunay algorithm [9].  

 
TaiCaan Technology 
System (AIS) 

AIS 
specification 

AIS  
experimental    

Maximum Framing or 
sample rate 

6 MHz 1 MHz 

Number of Optical 
Fibres 

1024 112 

Light Intensity 
Resolution  

8bit (0-255) 0-255 

Memory Allocation 512K 512K 
Data storage time at 
Maximum Framing rate 

83 ms 500 ms 

Fibre Length 100 m 2 m 
Signal Gain  1 - 32 1 

Table 1. System specification and experimental specification 
 

 

Fig.5 The addressing of fiber positions in the optical array, with expanded 
fibre sequence along the cathode runner. 

III. EXPERIMENTAL METHODS 
The flexible test apparatus FTA shown in Fig.3&4 is 

connected to a capacitive discharge system, such that current 
starts to increase at a defined time prior to the opening of the 
contacts; a peak short circuit current of approximately 2 kA 
occurs with a half cycle period of 10ms, with the peak current 
controlled by the charging voltage of the capacitor bank. In the 
experimental set up three charging voltages were used 200, 
260 and 300 V. In all cases the cathode is connected to the 
fixed contact. The Cu arc runners were used without the Fe 
backing plate to reduce magnetic forces on the moving arc, 
thus allowing a study of the arc motion into the splitter plates 
without the influence of the external magnetic field enhanced 
by the Fe plates. The vent behind the splitter plates is 15% 
open, and the moving contact was connected to a high speed 
solenoid opening device, (>6 m/s). The contact material used 
is Silver Cadmium Tin Indium Oxide with 18% metal oxides. 

The splitter plates have been modified from a commercial 
MCB device, with 7 coated Fe plates using a standard entrance 
geometry shown in Fig 6. These are shown in Fig 5, with 4 
optical fibre positions between each plate. To allow the 
assessment of the arc while inside the splitter plates. Fig 5, 
shows the actual fibre positions with a superimposed 
photographic image. The back side of the splitter plates is 
blocked (not shown) using the insulating fibre material used in 
the commercial splitter plate. Thus when the arc enters the 
splitter plates it is prevented from moving directly through. 
The venting plate with 15% opening allows the gases to vent 
out from the back of the arc chamber. To allow imaging of the 
arc whilst inside the plates the side is covered with quartz 
glass as used in the arc chamber; thus preventing the arc 
discharge from exiting through the side of the splitter plate 
array.  The optical fibre positions are shown in Fig 5, with the 
array grid spacing of 3.9 mm in the arc chamber and 4mm in 
the splitter plates. 

CD 

3.9 mm 
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Imaging the arc inside the splitter plates causes a number of 
issues with the maximum light intensity, and the bit resolution 
of the data. This was not an issue in previous studies where the 
investigations were centred on the initial opening phase where 
the light levels are low compared to the maximum light levels. 
This effect is shown in Fig 7 for the fibre positon identified as 
CD in Fig. 5, where the maximum normalised light intensity is 
1162, compared to value of approximately 10 when the initial 
arc light is detected on this fibre. Thus imaging the high 
intensity arc requires a reduction in image resolution for the 
opening stages of the event.  

 

 
Fig.6 The splitter plate geometry 

 

A. Normalisation of light intensity across the fibre array 
 

A critical feature of the arc imaging is the ability to 
normalise the light transmission across all fibres. This facility 
is provided in the system software, [8], and ensures that all 
fibres transmission paths are normalised.  In the example of 
fibre position CD in Fig. 5, the normalisation or scaling factor 
applied is 4.65, thus the maximum light intensity value for that 
fibre is 1185.75, (255 x 4.65), (see Fig 7). 

IV. RESULTS AND DISCUSSION 

A. Arc  Motion for 300V charging voltage.  
The arc voltage, current and light intensity for fibre CD, at 

the front of the splitter plates is shown in Fig. 7. The contacts 
open 1 ms after the start of the short circuit event, (not shown). 
The data in Fig.7 starts 3 ms into the event and thus 2 ms after 
the opening of the contact, with an instantaneous arc voltage 
of 34.5 V and arc current of 1443.1 A. At this instant the arc is 
shown in Fig 8, to be in the contact region with the cathode 
roots on the fixed contact side exhibiting the highest light 
intensity. Fig.7 shows the arc voltage increasing to 300 V 
when the arc enters the splitter plates. The arc is shown in the 
data for fibre CD to enter the plate around 4.5ms with a small 
rise in the arc voltage to 125 V and then reverses back to the 
arc chamber before entering again at 4.733 ms with a voltage 
of 130 V. 

 
Fig.7 The Arc Voltage and Current and Light intensity on fibre CD for 300V 

supply voltage. 

 
Fig. 8 The arc at the 3 ms. Imaged using mode 1 with contours at 

30,40,50,60,70,80,90% of local Imax(t) = 339.3. 

 
Fig.9 The Arc Voltage and Current and Light intensity on fibre CD for 300V 

supply voltage zoomed in to show interaction of arc voltage and splitter plates. 

A 

B 
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Fig 9, is zoomed into to show the interaction between the 
CD light fibre position and the arc voltage. It is important to 
note here that most of the light intensity peaks go from zero to 
the max level around 1180, in periods of less than 100 µsec. 
This essential observation means that to study the phenomena 
of the arc entering the splitter plates the high speed camera 
technology used [6], does not have sufficient temporal 
resolution. A sample rate 1 MHz or higher is required to show 
these features. Fig 9 shows a clear correlation between the arc 
voltage peaks and the low arc intensity at fibre CD, when the 
arc is fully in the splitter plates. As the arc reverses its position 
and passes back to the arc chamber the light at CD peaks. A 
close inspection of the arc images shows that the arc is not 
reversing, but re-striking in the chamber, creating multiple 
current paths through the plasma. This is shown in the 
sequence in Fig.10 corresponding to the first full entry into the 
splitter plates at point A in Fig.9. Fig. 10(a) shows the arc 
fully established in the splitter plates at 6.047 ms with an arc 
voltage of 288 V, 5 µsec later at 6.052 ms in 10(b) the arc re-
strikes in the arc chamber without passing the set of fibres at 
the front of the splitter plates, for example CD. This event 
appears to then cause the arc at the back of the plates to move 
back through the splitter plates causing the arc to re-form at 
the front of the plates in 10(c) at 6.067 ms, a further 15 µsec 
later, where the voltage then falls to 142 V. This process 
shows instability in the arc motion in the plates, with the 
events requiring 1 MHz temporal resolution.  The instability is 
then repeated a number of times in Fig.9 before the arc 
stabilises at around 6.5ms, where the arc voltage remains 
relatively stable for the remainder of the event.  Once the arc 
current falls at 7 ms (266 A) the arc is fully established in the 
splitter plates and no longer restrikes in the arc chamber. Fig. 
11 shows the arc established in the splitter plates and bowing 
out at the centre region where fibre CD is located causing the 
rise in light intensity shown at B in Fig. 9.  
 

B. Arc  Motion for 260V charging voltage 
To investigate the influence of the charging voltage, the 

experiment is repeated with the same configuration but with a 
reduced voltage of 260 V. The data for the optical fibre 
position CD is shown in Fig 12. The reduced voltage will 
reduce the peak current, thus reducing the electro-magnetic 
forces and slowing the arc motion. This is shown clearly in 
Fig.12 with the arc reaching fibre position CD at a later time 
when compared to the 300V test, also shown. The result also 
confirms the observation form the previous data that the arc is 
highly unstable as it enters the plates.  

C. The Number of splitter plates 
In this study the arc stack has been deuced from 15 to 7 

plates to enable the observation. Increasing the number of 
plates will influence the arc voltage and may also increase the 
instability.  

 
 

 
 

 
(a) At 6.047 ms with arc voltage 288.6 V. 

 

 
(b) At 6.052 ms arc voltage 313.7 V. 

 

 
(c) 6.067 ms, arc voltage 142 V 

Fig. 10, events around point A in Fig 9. (mode 1, 5,15,30,50,70,80,90%) 

 
Fig. 11 events at B in Fig 9, 6.960 ms and arc voltage 283.9V. (mode 1, 

3,10,20,30,40,50,60%) 
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Fig.12 The light intensity on fibre CD for two charging voltages. 

CONCLUSIONS 
The results show the development of an established 

commercial arc imaging system to include the investigation of 
event occurring in splitter plates of a low voltage switching 
device. The results show that such imaging requires sampling 
rates of the order of 1 MHz to fully capture the instabilities in 
the arc motion. It is shows that the arc can enter the plates in a 
repeated motion. It has been shown that the arc can re-strike in 
the arc chamber while the arc is still in the splitter plates 
causing an instability in the arc voltage. These instabilities 
have been shown in many experimental studies. They are an 
important observation when consideration is given to the 
modelling of the events in splitter plates. 
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Abstract— A MEMs relay testing platform is described, 

consisting of an actuation cantilever and switching contacts, 

where the contact force is determined though the contact 

resistance measurement of Au coated Multi-walled Carbon 

Nano-tube (Au/MWCNT) sensor surface. The Au/MWCNT 

surface is further investigated under a range of DC switching 

condition to determine the limits of the non-arcing condition, or 

the minimum arcing voltage and current. The range of circuit 

conditions is also used to determine the degradation process of 

the surface in the non-arcing condition through the investigation 

of the molten metal bridge transient voltages, which have 

previously been linked to the failure of the surface as switching 

surface. 

Keywords-. 

I.  INTRODUCTION  

Wear processes on the electrical contact surfaces, used in 

low voltage (2-12V) switching applications, exemplified by 

Micro-Electro-Mechanical (MEMS) switching devices or 

relays; can result in premature device failure, [1]. This 

becomes evident when the electrical contact surfaces are 

conventional metallic films. A proposed solution to minimize 

the electrical contact surface wear is to coat one or both 

surfaces with a sub-layer of carbon nano-tubes [2].  

 The process of switching an electrical load, even at the low 

voltage levels, is referred to as “hot switching” when related to 

MEMS relays; implying that the electrical load is outside the 

“dry circuit” condition; when the applied voltage and current 

have no physical influence on the surface [3]. A typical 

MEMS relay “hot switching” electrical load of, 1mA-10mA 

and 4V; although below the minimum arcing voltage 

associated with most commonly used metallic electrical 

contact surfaces (~12V); is above the softening and melting 

voltages for the metallic surfaces [4-6]. This leads to a transfer 

mechanism between the two surfaces known as “fine transfer”, 

or molten metal bridge phenomena and this was first discussed 

in the context of the current study in [7].  The material transfer 

between electrical contacts in MEMS devices is similar to a 

problem encountered in switching devices used in 

telecommunication systems in the 1950’s and 1960’s. The 

research conducted during that period can be reviewed in [4-

6]; however it is important to note that there is one important 

difference. Although the voltage levels used are comparable, 

the current levels are higher than those used in MEM relays, 

and typically of the order of 1A. It is apparent from the studies 

of “fine transfer” that a primary issue was the influence of the 

circuit inductance on the transient voltage during opening and 

closing. Although the steady-state circuit voltage (e.g. 4 V) is 

below the minimum arcing level (~12 V), the presence of 

circuit inductance can result in local micro-arcing phenomena, 

as transient voltages exceed the minimum arcing condition. 

The mechanism of “fine transfer”, without the presence of 

micro-arcing was shown to be related to the physical 

properties of the metals used. This can best be described with 

reference to the ψ, θ theorem [4], where ψ is the electrical 

potential and θ the temperature in a metallic conductor.  

The voltage required to result in the melting temperature 

and the boiling temperature of Au, commonly used as the 

metallic contact surface in MEMS; is for melting, 0.43V, and 

for boiling, 0.88V. Both voltage levels are below the steady 

state voltage used in MEMS relays. It therefore follows that 

during each opening and closing operation, the Au surface will 

result in the formation of a molten bridge, leading to the wear 

process. The direction of the wear or transfer process is far 

from trivial, and not fully described; an overview of the 

thermodynamic and other process is given in [5]. 

Metallic surfaces used in MEMS relays are often films on 

Si or other surfaces. If Au is used then the hard (Si) substrate 

limits the contact area, and even at low force (mN’s), the 

resultant contact pressure can be sufficient to produce cold 

welding; thus resulting in delamination of the Au films during 

opening and closing. A proposed solution to both the “fine 

transfer” and the potential cold welding problems of Au 

surfaces has been to use a sub-layer of structured carbon 

nanotubes (CNT’s). Recent studies have focused on the 

application of  carbon nanotubes (CNT) as a potential solution 

to the MEMS electrical contact problem, where a “forest” of 

vertically aligned, multi-walled carbon nanotubes (MWCNT) 

sputter coated with a conductive gold layer. This is referred to 
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here as Au/MWCNT. This creates a CNT composite surface, 

with a high conductivity surface layer and a compliant under 

layer. In [8], a modified nano-indentation apparatus was used 

to determine the contact resistance as a function of contact 

force (1mN) and the data used to model the surfaces in [9]. In 

[10] the surfaces were tested under a range of current loading 

conditions and it was shown that the wear process although 

still dominated by the “fine transfer” process was further 

complicated at higher currents by apparent delamination of the 

surfaces, where the fine transfer process resulting from the 

molten metal bridge (MMB) thins the Au layer and then leads 

sticking and delamination. In [11] the MMB phenomena has 

been studied further on the Au/MWCNT surface and the 

MMB thermal energy used as an indicator of the failure 

phenomena. It was suggested in [11] that the roughness of the 

surface would affect the MMB duration. As shown in Fig.1. 

The idea proposed is that as the surface wears the initial 

roughness is smoothed by the MMB process from Fig 1a to 

Fig 1e; and that when the surface is smother i.e with lower 

roughness that the MMB bridge formation will cover a larger 

area. This idea has not been proven but it was observed in the 

same paper that as the contact surfaces wear with number of 

operations and close to the point of failure that the thermal 

energy of the MMB increases, suggesting a longer MMB 

period associated with a larger MMB area. The results are 

shown in Fig.2, for a Au/MWCNT surface mounted in a 

MEMS system with very low force (≈ 35µN), and with a 4 V 

and 50mA supply. The MMB energy is shown to increase 

from a stable 1.5 µJ to over 13 µJ at the failure point 

corresponding the increase in contact resistance also shown in 

Fig.2.  

The objective of this paper is to investigate the same type of 

surface under a range of electrical loading conditions, to 

investigate the influence of the load on both the MMB 

transient at the opening phase and also to look for the onset of 

gap breakdown as voltage is increases. For the study we have 

selected two surfaces of differing surface roughness to 

investigate further the influence of the roughness on the MMB 

phenomena. 

 

 
Fig.1 The evolution of MMB as a function of surface wear, [11]  

 

 
Fig.2 MMB energy and contact resistance versus number of switching 

cycles. Error bars calculated using standard error, for a Au/MWCNT surface 

in a MEMs system at 35µN and with a 4 V and 50mA load, [11]. 

II. SAMPLE FABRICATION  

A. Sample Fabrication 

The fabrication of the Au/MWCNT composite is reported in 

[10]. A 1.5 nm layer of Al2O3 and a catalyst layer of 10 nm Fe 

are initially sputtered on a silicon wafer. Vertical aligned 

MWCNTs are grown using thermal chemical vapor deposition 

(CVD), and ethylene is used as carbon source gas. The growth 

temperature is 875°C, and the growth time is used to control 

the height of MWCNT. The last step is sputtering a gold layer 

onto the nanotubes forest. In this paper, a composite with 500-

nm Au sputtered on 50-µm CNT is investigated.  

Fig. 3 shows a typical composite surface, with the nanotubes 

aligned. It is shown that the penetration depth varies from 

sample to sample; and is 6 µm for the samples presented.  

 

 
  

Fig. 3. SEM image of a nominal 500 nm gold coated on 50 µm CNT surface 

(angle of incidence of 55°), showing the penetration of gold into MWCNT. 

The surface is cut using a sharp slider to see the cross section of the surface. 
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B. Surface characterization 

Two surfaces have been sued for the investigation, a rough 

surface and a relatively smooth surface. A TaiCaan XYRIS 

4000WL 3D optical profiler was used to evaluate texture the 

composite surface. This measurement method is used as it 

offers the capability to evaluate the entire composite surface 

while retaining a high vertical measurement resolution 

(10nm). Fig. 4 shows the smooth surface over a 0.2mm x 

0.2mm measurement region. The peak to valley measurement 

for the cross section highlighted is 1.651µm. Fig. 5 shows the 

rough surface over a measurement of the same area 0.2mm x 

0.2mm, where the cross section shows a peak to valley of 

31.425 µm. 

 

  
Fig. 4 Peak to Valley on 2D Cross Section (along dotted line) 1.651um 

  

  
 

 
 
 Fig. 5 Peak to Valley on 2D Cross Section (along dotted line) 31.425um 

 

 
Fig 6. An image of surface in the Fig.4 over an area of 3mm x3mm 

 

 
Fig.7 An image of surface in the Fig.5 over an area of 3mm x3mm 

 

The rough surface shown in Fig’s 5 and 7 consists of 

flattened peaks ~30um in diameter at the tip and ~30um in 

height. The composites were characterised for their variation 

in surface amplitude using a measured evaluation area of 1mm 

x 1mm and 201 x 201 data points (every 5um). The variation 

in amplitude was quantified statistically using the areal 

arithmetic mean absolute roughness parameter (Sa). A  

0.25mm Gaussian filter was applied to the data to remove the 

influence of long wavelength surface features on the Sa 

parameter that do not influence the contact dynamics. The 

Areal surface roughness of the rough sample is Sa = 7.822um 

with a 0.25mm Gaussian filter, 1mm x 1mm, 201 x 201 

measurements. The Area surface roughness of the smooth 

surface Sa = 0.231 with a 0.25mm Gaussian filter, 1mm x 

1mm, 201 x 201 measurements. 
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C. Experimenatl Method 

The experimental apparatus is the same as described in 

[10], and a schematic of the testing system is shown in Fig. 8. 

The setup is mounted on an anti-vibration workstation in an 

environmental controlled room with average humidity at 

60.6% (variance of ±10%) and average temperature at 20 ºC 

(variance ±1 ºC). To simulate the repeated switching 

behaviour of MEMS switches, the Au/MWCNT composite 

was attached to a PZT cantilever which was actuated by a 

function generator. The contact force was 1 mN, and the load 

voltage was 4 V for all variation in current experiments 

presented. The experiments were performed with load current 

values of 10, 20, 50, 100 and 200 mA. To investigate the 

influence of the voltage on the MMB the current was held at 

50 mA and the voltage varied from 4, 6, 8, 10, and 12 V. In all 

cases the surface is switched for 50 “Hot switching cycles”, 

for a particular load condition. The point of contact is then 

moved and the test repeated at a new location on the surface 

for a new load condition. The voltage and current transients 

are stored and then evaluated for the thermal energy of the 

MMB for each switching operation, [11]. 

 

 
Fig 8. Schematic of the test apparatus used for the hot switching tests. 

 

III. RESULTS AND DISCUSSION 

 

A. Smooth Au/MWCNT surface. 

Fig’s 9 and 10 shows the influence of the load current on 

the MMB energy over 50 switching cycles for the smooth 

surface described in Fig’s 4 and 6, for the variation of the load 

current. Fig 9 is for all current values while Fig 10, focuses on 

the lower current values which are not clearly shown in Fig. 9. 

The first point to observe is that for 50 mA the MMB energies 

are lower here than in [11], with a typical average value of 100 

nJ in Fig.10 compared to 1500 nJ as shown in Fig.2, [11]. The 

surface in [11] although not identical has a similar roughness 

value to the surface used here. The key difference between the 

two results is that a different test apparatus was used. In [11] 

the tests were performed on MEMS beam with a contact force 

of 35 µN compared to the PZT beam used here with a higher 

force of 1000 µN or 1 mN. It is conceivable that the lower 

contact force results in a lower opening velocity and thus 

extending the time period of the MMB, and increasing the 

MMB energy. This would need to be investigated further.  

  
 

Fig.9 MMB Energy for smooth Au/MWCNT surface, for 4V, and varying 

load current 

 
 

Fig.10 MMB Energy for the Rough Au/MWCNT surface, for 4V, and varying 

load current. 
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The MMB energy data in Fig. 9 shows the variability of the 

MMB process, with Gaussian curves modelling the variability. 

The higher the current the higher the energy as expected but 

also the higher the variability.  Fig. 10 shows the same 

characteristics for the three lower load current values.  The 

data in Fig.11 shows the influence of load voltage, and as 

expected there is no apparent tend with the supply voltage. 

 
 

Fig.11 MMB Energy for Smooth Au/MWCNT surface, for 50 mA, and 

varying load voltage. 
 

B. The Rougher Au/MWCNT surface. 

Fig’s 12 and 13 shows the influence of the load current on 

the MMB energy over 50 switching cycles for the rougher 

surface described in Fig’s 5 and 7, for the variation of the load 

current. Fig 12 is for all current values while Fig 13, focuses 

on the lower current values which are not clearly shown in Fig. 

12. Again the MMB energy for the 50 mA are lower here (280 

nJ compared with 1500 nJ) than in [11], but actually higher 

than for the smother surface in Fig 10. This result contradicts 

the suggest process in Fig.1, as is the key observation in this 

work. According to Fig.1 the rougher surface would be 

expected to have a lower MMB. This result is important as it 

now suggests that the increase in MMB energy over the 

lifetime of the device is not linked to the surface roughness 

changes.  

 

 
 

Fig.12 MMB Energy for Rough Au/MWCNT surface, for 4V, and varying 

load current. 

 
 

Fig.13 MMB Energy for the Rough Au/MWCNT surface, for 4V, and varying 

load current. 
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IV. CONCLUSIONS 

The objective of the paper was to investigate the 

Au/MWNCT surface used for MEMS switching conditions,  

under a range of electrical loading conditions, to investigate 

the influence of the load on the MMB transient at the opening 

phase under “hot switching” conditions; and to test the 

hypothesis that the MMB energy was linked to the roughness 

of the surfaces. The results have shown that the MMB energy 

appears to be links to the surface roughness but in the opposite 

sense than expected. It is shown here that the MMB energy is 

linked closely to the load current and increases with the 

increase in surface roughness. 
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Abstract— The slip ring and Au brush is widely used in 

measurement equipment and power supplies for static object to 

moving objects. Previous study have been tested the silver and 

gold materials as the brush and slip-ring. Then, we used various 

lubricants on the slip ring surface.  In this paper, two types of 

lubricant are used for electrical sliding contact.  As the result, 

depending on the type of lubricant, it has found that the contact 

voltage drop is greatly changed.  In particular, the contact 

voltage drop is changed by the viscosity and conductivity of the 

lubricant. In this study, the slip rings and brushes are sliding at 

all times, it seems to be the lubricant coming gradually decreases. 

Lubricants are essential in order to reduce the frictional 

coefficient of an contact materials. However, the electrical 

characteristics tend to worse. In this paper, the contact voltage 

drop characteristics are reported in detail because Experiments 

were performed in the case of using an electrically conductive 

lubricant. 

Keywords— lubricant; contact resistance; slip-ring; brush 

I.  INTRODUCTION    

Sliding contact systems are widely used as a method of 
exchanging power between static and movable devices. 
Improvement in the service life and reliability of the system is 
a significant challenge. The sliding characteristics of Ag–
graphite brushes and Ag-coated rings have been thoroughly 
investigated; however, Au brushes and Au-coated rings have 
received comparatively little attention. The metal brush is 
mainly used for measurements of systems containing brushes 
and has been applied to the rotating body within DC power 
supplies of electrical equipment. Meanwhile, a sliding contact 
has been widely used to exchange electric power between a 
stationary unit and movable unit. It is important to increase the 
lifetime and reliability of devices that use sliding contacts. The 
present study investigated the standstill and contact voltage 
properties during the sliding of a metal brush and metal 
collector ring [1][2][3].                                                                            

The study further investigated the effect of lubricating oil 
on the contact state. Mainly, the contact voltage drop at 
different currents (0–2 A in 0.2A intervals) and loads (0–5 N in 
0.5N intervals) was studied. Gold brush (pure gold, ⌀ 0.5 mm) 
and copper (two kinds of tough pitch copper, ⌀ 0.5 mm) 
brushes were used as the metal brush. The contact voltage drop  

and the surface conditions of the brush and slip ring were 
observed for a copper slip ring[4][5]. 

II. BACKGROUND  

A.  Classification of brushes 

Brushes for common DC machines and applications 
requiring large mechanical strengths are produced mainly from 
coke-based materials or coke and soot. For low-voltage 
generators and motors, metalized graphite brushes or coke-
based brushes are mainly used. For slip rings for induction 
motors that carry alternate currents, highly metalized graphite 
brushes are mainly used. Natural graphite brush is also the 
main types of brush used for collector ring such as those of 
synchronous generators that carry direct currents. 

B.  Lubricant 

 Lubricants, such as engine oil, machine oil, and insulating 
oil, are used to facilitate sliding between rings and brushes in 
electrical contacts. Moreover, lubricants are used prevent 
seizure, wear, rust and corrosion, as well to reduce friction loss, 
and improve cooling, stress dispersion, washing and sealing. 

In general, lubricants are combinations of base oil and 
additives, with the exact composition varying according to the 
intended use. Commonly used base oils are mineral oils 
purified from crude oil during the production, for example, of 
gasoline and kerosene. For certain applications, synthetic oil is 
used. 

III. TEST EQUIPMENT  

A. Test equipment with Cu, Au Brush and  slip ring  

Figure 1 shows the experimental circuit used in this study, 
and figure 2 shows the photograph which sets of sip-ring and 
Cu, Au brushes. The contact voltage drop between the positive 
and negative brush can be measured through the auxiliary 
brush. The ring is 20 mm width and has a cupper base member 
slip-ring. The brush is composed of cupper and Au 0.5-mm⌀  
wires.  The load per wire brush is changed from 0N to 5N.  

A current was passed from a stabilized DC power supply. 
Sliding was then carried while changes in voltage drop were 
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measured. The measurements were made in each brush with a 
digital multi-meter. 

 

 

 

 

 

 

 

 

Fig.1  Experimental circuit 
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                       Slip-ring                               wire brush 

 

 

 

 

 

 

 

 

 

Fig. 2  Test slip-ring and wire brush 

Table1 shows the experimental conditions. In the 
experiment, we used two kind of lubrication oil. In addition, 
experiments were carried out in static contact and  sliding 
contact state. 

TABLE. 1   EXPERIMENTAL CONDITIONS 

 

IV. EXPERIMENTAL RESULTS 

A. Relation between current and contact voltage drop 

Figures 3, 4, 5, 6 show the relationship between the contact 
voltage drop and the current. Figure 3 and 4 show the 
characteristics under static condition. 

In case of an ester oil applying contact surface, the contact 
voltage drop tends to increases by increasing current. However, 
in case of the conductive grease oil and no lubricating oil 
conditions, the contact voltage drop increases lineally with 
increasing current. In case of the condition of the gold brush 
and the copper ring, the contact voltage drop indicated the high 
value about 4 times of the voltage drop with copper brush 
condition.  

 

 

 

 

 

 

 

 

 

 

Fig.3 Relationship between the contact voltage drop and the current under static 
condition (Cu brush-Cu ring) 

 

 

 

 

 

 

 

 

 

 

Fig.4 Relationship between the contact voltage drop and the current under static 
condition (Au brush-Cu ring) 

 

    Figure 5 and 6 show the characteristics under sliding 
condition using Cu and Au brush. In case of the conductive 
grease oil and no lubricating oil conditions, the contact voltage 
drop tends to increase more than the using ester oil condition. 
As this cause, we consider a film of the oil which intervenes 
between the surfaces appears, thus the contact resistance 
increased. It caused a nonlineary increase in the contact voltage 
drop as current value. 

Brush Pressure 0-5[N] 

Testing Time 1[h] 

Atmospheric  Temperature 20℃ 

Current 0.2-2[A] 

Brush material Cu , Au :0.5mmφ,  

Slip-ring material Cu 

Lubricant Ester oil,  Conductive oil 
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   In addition, in case of using Cu brush, the contact voltage 
drop becomes low level in comparison with Au brush. In the 
environment of the ester oil with sliding condition, the voltage 
drop was found to be lower.  

 

 

 

 

 

 

 

 

 

 

Fig.5 Relationship between the contact voltage drop and the current under 
sliding condition (Cu brush-Cu ring) 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Relationship between the contact voltage drop and the current under 
sliding condition (Au brush-Cu ring) 

 

B.  Relation between contact force and contact voltage drop 

Figures 7, 8, 9,10 show the relationship between the contact 
voltage drop and the contact force.  

Figure 7 and 8 show the characteristics under static 
condition. When using the conductive grease oil, the voltage 
drop is hardly changed even by changing the contact force. As 
this cause, because the grease is electrically conductive, it is 
considered that current flows regardless of contact force. For 
ester oils, the voltage drop was reduced by increasing the 
contact force. However, the voltage drop increase at the contact 
force of 2-3.5N. In the range of low-pressure (0-1.5N), contact 
voltage drop is reduced by increases contact force. In other 
words, the thickness of the oil film tends to thin, it can be 
assumed that the contact resistance is reduced. 

 

 

 

 

 

 

 

 

 

Fig.7  Relationship between the contact voltage drop and the contact force 
under static condition (Cu brush-Cu ring) 

 

 

 

 

 

 

 

 

Fig.8  Relationship between the contact voltage drop and the contact force 
under static condition (Au brush-Cu ring) 

 

 

 

 

 

 

 

 

 

Fig.9 Relationship between the contact voltage drop and the contact force under 
sliding condition (Cu brush-Cu ring) 

 

 

 

 

 

 

 

 

Fig.10 Relationship between the contact voltage drop and the contact force 
under sliding condition (Au brush-Cu ring) 
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Figure 9 and 10 show the characteristics under sliding 
condition. In sliding contact condition, the contact voltage drop 
characteristic of the ester oil is lowered as compared to other 
oils. In case of the contact load is more than 1.5N, the contact 
voltage drop change is reduced. In conductive grease oil 
condition, the contact voltage drop is increased by sliding 
action. In other words, it was opposite characteristic with 
respect to the characteristics of the stationary contact. 

The cause is supposed that the thickness of the oil is 
reduced by sliding. As a result, it is considered the contact 
resistance tends to decreased. 

V. DISCUSSIONS 

A. Relation between contact resistance and contact force 

Figure 11 show the current flow model with changing 
contact force.  In case of the contact force is low, the oil is 
interposed on the contact surface. That is, the real contact area 
(a-spot) becomes smaller.  

Conversely, when the contact force becomes high, the oil of 
the contact surface is diffused to the surroundings. Thus, the 
real contact area (a-spot) is increased. In addition, it is 
considered that current flows an extremely thin oil film. As a 
result, the contact resistance at the higher range of the contact 
force (5N) tends to decrease. 

 

 

 

 

 

 

A. Contact force 1N                                     B. Contact force 5N 

 

 

 

 

 

 

 

Fig. 11 Current flow model by changing contact force 

 

B.  Relation between contact resistance and various oils 

    Figure 12 shows the current power supply model by the 
lubricant oil existence. When using conductive oil, it is 
contemplated that the current flows to thin oil film. However, 
in case of insulating oil, the current cannot be flow the oil film. 
However, the contact resistance decreases under sliding 
condition as shown in figure9 and 10.  

Even if the insulating oil, it is confirmed that the contact 
resistance tends to be reduced by sliding action. That is, it can 
be said that the ester oils have excellent lubricity and 
conductivity by sliding action. 

 

 

 

 

A. Oil existence 

 

 

 

 

B. No oil 

Fig.12 Current flow model under exist oil 

VI. CONCLUTIONS 

The present study investigated the standstill and contact 

voltage properties during the static and sliding of a precious 

metal brush and metal collector ring. 

The study further investigated the effect of lubricating oil 

on the contact state. Mainly, the contact voltage drop at 

different currents (0–2 A in 0.2A intervals) and loads (0–5 N 

in 0.5N intervals) was studied. Gold brush (pure gold, ⌀ 0.5 

mm) and copper (tough pitch copper, ⌀ 0.5 mm) brushes were 

used as the metal brush. The contact voltage drop and the 

surface conditions of the brush and slip ring were observed for 

a (tough pitch) copper slip ring. 

There was a large contact voltage drop when lubricant oil 

was applied to the gold and copper brushes. Additionally, the 

contact voltage tended to drop nonlinearly as the contact load 

increased. In the case that there was lubricant oil on the 

contact surface between the brush and ring, the large contact 

voltage drop indicated the high resistivity of the lubricating oil. 

However, the contact voltage drop reduced with increasing 

contact load, because the contact area increased with the load 

and the constriction resistance reduced. Furthermore, the film 

resistance decreased as the contact load increased. 
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Abstract —Aside from the distinct contacting process, within 
the field of electric drives production, the quality of the isolation 
skinning process has to be assured. One promising technology in 
this context is the inductive skinning process, which utilizes skin 
and proximity effects occurring at high-frequency alternating 
currents. By the use of these physical impacts, the surface of 
insulated copper materials can be strongly heated up in short 
process times, leading to an extensive removal of the 
thermosetting insulation coatings. The following paper presents 
the results, which were experienced by using an inductive 
skinning machine with frequencies of 280 kHz. Here, insulated 
copper wire bundles serve as application example, whereby the 
number and size of copper wires, as well as the insulation type is 
varied. Subsequently, different technologies e.g. mechanical and 
magnetic crimping to perform the following contacting process 
are qualified and evaluated against each other.  

Keywords—inductive skinning, joining process, electric drives 
manufacturing 

I. INTRODUCTION  
The importance and the number of contacting processes in the 
field of electric drives manufacturing is steadily increasing 
because of the establishment of new winding concepts, such as 
concentrated or form strand windings. These new engine 
designs feature stable winding processes, excellent power to 
weight ratios and reproducible production qualities. However, 
the new concepts exponentially induce the enhancement of the 
number of contacting points. Due to this progress, the joining 
process increasingly has to be considered, as it nowadays 
needs not only to feature reliable joints. Furthermore, the 
joining process has to be performed in tact times of only few 
seconds. One possible method to reduce these times is the 
separation of the wire stripping and joining process allowing 
the parallelization of both production steps in two different 
machines. Using this approach, the cycle times for the joining 
process can be reduced considerably. Compared to the state of 
the art thermo-crimping process, which is investigated in [1] 
and [2], the reduction potential can be assumed to at least 
50 %. To implement these potentials, an efficient method for 
stripping a magnet wire bundle has to be used. Here, one 
possible technique is the inductive skinning process, which 
features tact times of less than four seconds. 

II. PROCESS AND EXPERIMENT DEFINITION  

A. Basics about the inductive skinning process  
Apart from the conductive and dielectric warming, the 
inductive warming is an electro thermic process that generates 
heat directly in the workpiece. One big advantage of this 
technique is that it can be used independently of the chemical 
composition of the atmosphere, e.g. in an inert gas atmosphere 
or vacuum. The energy and power supply is very well 
adjustable which leads to short heating times, high power 
density and good thermal efficiency. [3]  
The operating principle of the inductive skinning process is 
based on the physical principle that conductors which are 
passed through an alternating current build up an 
electromagnetic field which oscillates frequency-dependently 
around a neutral point. With the help of an oscillating circuit, 
an alternating current is created, which is transformed to an 
electromagnetic alternating field via an induction coil. [4] 
When another electric conductive material is inserted, a 
voltage is induced which facilitates self-short-circuiting 
currents which perform work at the ohmic resistor. This leads 
to joule heating of the workpiece. [3]  

 
Fig. 1: Inductive Skinning Process 

The described effects are used to heat the copper bundle in the 
inductor (Fig. 1), whereas process temperatures up to 860 °C 
occur in the core of the bundle. The resulting heat is enough to 
burn the insulation layers of Polyesterimid and Polyamidimid 
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but not to melt the copper wires which feature liquidus 
temperatures of 1083 °C. 

B. Basics about the evaluated crimping technologies  
To evaluate the stripping quality of the inductive skinning 
process, the produced samples were afterwards joined with 
standardized tubular cable lugs. Within the investigation of 
different crimping technologies manual crimping techniques 
and automatic crimping methods were evaluated. For the 
manual crimping method a crimping tool is used which is 
construed for cable lugs in a range of 6 – 50 mm². A conscious 
overcrimping of the cable lugs lead to a significant 
improvement of the mechanical and electrical characteristics 
(see Fig. 2). Through this, the tensile force was raised up to 
454 % and the contact resistance to 306 %. A negative aspect 
of this method is the bad reproducibility because of the 
nonexistent possibility to set and to check the press force. As a 
consequence there is a large variation of the contact resistance 
and the tensile force for identical process parameter.  

 
Fig. 2: Comparison of crimped and overcrimped tubular cable lugs 

The automatic crimping technology provides the possibility of 
setting a defined press force, so that reproducible results can 
be achieved. Furthermore, with the use of a hydraulic press 
and specific crimping tools any geometric dimension of 
bundles and cable lugs can be crimped. Moreover, the pressing 
operation can be executed with a homogeneous force 
distribution. 

C. Experimental design  
To fulfill the goal of getting to know the process impacts as 
well as the different reciprocal effects between the parameters 
of the inductive skinning and the mechanical crimping process 
and the goal criteria, a central composite design was chosen. 
This experimental design additionally allows to analyze, 
whether the examined parameters have a linear or a squaring 
impact [5]. Implementing the design, the first step is to chose 
the maininput variables that are varied within the 
investigations. Here, preliminary evaluations proved that the 
main parameter settings are the power and the process 
duration within the inductive skinning technology.  

III. QUALIFICATION OF THE INDUCTIVE JOINING PROCESS 

A. Quality-related impacts regarding the inductive skinning 
process  

To generate reliable results within the investigations, four 
different bundle types of enamelled copper wires, were 
considered. The specific characteristics of each regarded joint 
are summarized in Table 1. Although the number and 
diameters of used wires and the resulting cross-sectional area 
of the cable lug were varied, the insulation layer of all used 
wires was maintained. It consists of a layer of Polyesterimid 
and an overlying layer of Polyamidimid. This combination of 
insulation material is used for almost all wires in the field of 
electric drives production. 
Table 1: INVESTIGATED TYPES OF ENAMELLED COPPER WIRES 

Type Wire diameter 
[mm] 

Amount of 
wires 

Conductor resistance 
[mΩ] 

I 1.00 36 0.1087 

II 0.85; 0.90; 0.95 3 x 12 = 36 0.1340 

III 0.63 28 0.3525 

IV 0.63 28 0.3525 

Aside from the equipment-related parameters named in 
chapter II, the environmental conditions during the skinning 
process influence the joint quality. Therefore, aside from 
normal atmospheric conditions, demineralized water is used as 
process medium to inhibit the oxidation of copper during the 
heating. The result of both process media is presented in Fig. 
3. 

 Skinning result under 
demineralized water 

Skinning result under 
atmospheric air 

Before 
cleaning 
process 

 
 

After 
cleaning 
process 

  

Fig. 3: Comparison of skinning processes with varying atmospheres 

Under demineralized water, it is possible to uncover the 
copper wires of type I and II completely without any optically 
recognizable oxidation layers. Because of the smaller 
geometrical dimension of type III and IV, it was not possible 
to determine a process window here. In general, the process 
window under demineralized water is a lot smaller compared 
to atmospheric air. A reduction of the process duration of 0.1 
seconds leads to an incomplete skinning result, especially at 
the top of the bundle. However, an increase of 0.1 seconds 
leads to the occurrence of copper melting between the single 
wires. A flow of the fluid in the process area features 
throughout negative effects to the skinning result. 
Consequently, any stream near the bundle has to be avoided to 
achieve a smooth and continuous result. Considering the 
process cycle time, compared to the medium of atmospheric 
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air, the skinning under demineralized water causes a high 
degree of pollution caused by the burning products of the 
insulation layers. Thus, aside from the additional time span to 
dry the uncovered bundles. the expenditure for cleaning the 
medium is the main factor to increase the costs of the process.  
For a quantitative comparison, the contact resistance of both 
process alternatives is compared. By using the same 
parameters for crimping the water-skinned as well as the air-
skinned bundles, the advantage of the bundles, which were 
skinned under demineralized water is about 1 μΩ. 

B. Quality-related impacts regarding varying crimping 
processes  

After setting up the proper stripping process, the next step is to 
investigate the distinct joining step. The downstream crimping 
process was realized by using a hydraulic press with a 
maximum press force of 100 kN. In order to fix the bundle and 
the cable lug in a defined position relative to each other and 
the crimping tool, the fixture construction in Fig. 4 was built. 

 
Fig. 4: Fixture Construction for Crimping Process 

Therewith, the cable lug can be fixed at the lower tool by a 
bolted connection as well as the uncovered bundle on the back 
side. (Fig. 5) Based on the results of experiments with 
different tool designs at the thermo-crimping process, a flat 
crimping tool design was chosen. 

 
Fig. 5: Backside of fixture construction 

For the mentioned wire types I, II and III, the effect of three 
different crimping positions on the contact resistance was 
investigated (see Fig. 6). 
 

 
Fig. 6: Comparison of crimping positions 

Crimping in position 3 caused partial damage at all wire types 
and nonparallel orientated single wires. Position 2 features a 
lower contact resistance than crimping in position 1. 
Consequently, crimping in position 2 is recommended for type 
I and II. Regarding the impact of the crimping force which is 
applied on the varying cable lugs, all joints showed the same 
behavior exemplary illustrated in Fig. 7. An increase of the 
crimping force at the connection of cable lug and bundle leads 
to an improvement of the contact resistance until a specific 
limit. For type I the best results were achieved with a force of 
65 kN. After this point, no significant improvement of the 
resistance was noticed. For type 2 this limit was determined at 
75 kN and for type 3 at 35 kN. 

 
Fig. 7: Impact of the crimping force on the transition resistance for joint 1 

Thus, the well-known relationship between the crimping force 
and the transition resistance, which is exemplary presented in 
[6], also can be confirmed in the field of stripped magnet 
wires. 

C. Investigations on the long term stability  
In an additional experiment, the long term stability of under 
atmospheric air skinned bundles, which were subsequently 
crimped in position 2 with its specific best press force, is 
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investigated. Therefore, an amount of 10 bundles of type I, II 
and III pass through the following aging processes which are 
constituted in [7]: 

1. Warm storage 
2. Cold storage 
3. Temperature change endurance test 
4. Vibration test 
5. Salt spray test 
6. Electric change endurance test 

The basic aim is to detect the changes of the contact resistance 
after each test and to compare the results to changes of 
bundles, which were made by other crimping processes. The 
respective setting parameters of the aging tests are shown in 
TABLE 2. 
TABLE 2: SETTINGS OF ENVIRONMENTAL STRESS TESTS 

Test Setting parameters 

1 120 h; 160 °C 

2 48 h; - 40 °C 

3 144 cycles: 15 min.; - 40 °C / 15 min. ; 160 °C 

4 3 x 4 h in 3 mounting positions;  

5 3% saline solution; slanted severity level 3; 4 x 2 h at room 
temperature, disrupted by 4 x 22 h at 40 °C / 93 % humidity 

6 TYP I / II: 100 cycles: heating 52 - 60 s; from 70 to 150 °C; 500 A 
TYP III: 100 cycles: heating 60 s; from 70 to 150 °C; 250 A 

Fig. 7 shows the change of the contact resistance on the 
executed aging tests. The largest degradation is documented 
after the warm storage and the salt spray test. The latter proves 
that the connection between the cable lug and the copper 
bundle is not completely gas-tight. The degradation after 
temperature changes is traced back to relaxations in the 
microstructure of the material, which negatively affect the 
crimping forces in the joint and therefore the transition 
resistances.  

Fig. 7: Change in contact resistance within environmental stress tests 

 

D. Evaluation of the process energy consumption  
Aside from the investigated joint-quality related rating criteria, 
the inductive skinning process in combination with the cold 
crimping process show potentials concerning the production-
related issues. Here, two main target dimensions are the 
process energy consumption and the process time.  
TABLE 3: PRODUCTION RELATED ASSESSMENT OF THE SKINNING 
PROCESS 

Process Thermo-crimping Inductive Skinning 
and Cold crimping 

Process energy 
[Wh] 

44 6 

Process time [s] 10 3 

As illustrated in TABLE 3, the inductive skinning process 
features advantages regarding both dimensions. Here, saving 
potentials of up to 70 % can be achieved by changing the 
joining technology. However, due to the divided process 
chain, the inductive skinning technology implicates the 
disadvantage of higher investment costs.  

IV. CONCLUSION  
The present paper presents first results which were made 
investigating the inductive skinning process. For this purpose, 
first a proper crimping technique was evaluated allowing the 
quantification of the stripping quality of the skinning 
technology. Afterwards, the main impacts of this process 
chain were determined to be the induction power, the 
induction time, the atmosphere during the skinning process 
and the crimping force. Furthermore, first investigations 
regarding the long term stability of the joints proved that - 
contrary to thermo-crimped joints - the cold crimped 
connections are vulnerable towards warm storage tests and to 
corrosive media. Finally, the inductive skinning process is 
compared to the thermo-crimping process regarding 
production-related rating criteria. Here, the new process shows 
strong potentials. Future research focuses on the establishment 
of long term stable cold crimp connections. Therefore, more 
statistical analysis has to be performed to determine the impact 
of all significant influence factors. 

ACKNOWLEDGMENT  
We would like to thank the Bavarian State as sponsor of the 

research project Green Factory Bavaria. 

REFERENCES 
[1] SPRENG S., RISCH F., GLÄßEL, T., WOLFF J., J. FRANKE, J.: 

Evaluation of Energy Efficient Joining Processes in the Field of 
Electric Drives Manufacturing Considering Quality Aspects. In: 
Proceedings of the 4th IEEE Electric Drives Production Conference 
(EDPC), Nuremberg, 30.Sep.–1. Oct. 2014, p. 114 – 119. 

[2] SPRENG S., GLAESSEL T., HOETZEL S., SCHAEFER H., 
WUNDER D., FRANKE J.: Evaluation of the influence of varying 
crimping elektrode materials. In: Proceedings of the 4th IEEE Electric 
Drives Production Conference (EDPC), Nuremberg, 2015. 

[3] PFEIFER, H.: Handbuch industrielle Wärmetechnik : Grundlagen, 
Berechnungen, Verfahren. 5. Aufl. Essen : Vulkan-Verl, 2013 

[4] BENKOWSKY, G.: Induktionserwärmung : Härten, Glühen, 
Schmelzen, Löten, Schweissen; Grundlagen und praktische 

0.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0

Co
nt

ac
t r

es
is

ta
nc

e 
[μ
Ω

] 

Contact resistance Standard deviation

Spreng 6.13194

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



Anleitungen für Induktionserwärmungs-verfahren, insbesondere auf 
dem Gebiet der Hochfrequenzerwärmung. 5., stark bearb. Aufl. Berlin 
: Verl. Technik, 1990 

[5] KLEPPMANN W., BRUNNER F.: Taschenbuch Versuchsplanung, 
Produkte und Prozesse optimieren. Carl Hanser Verlag, Munich, 2011. 

[6] COTTRELL F., KIREJCYK T.: Crimp connection reliability, 
Orlando, 1978. 

[7] SPRENG S., GLÄßEL T., FRANKE, J.: Adaption of the ultrasonic 
welding technique to the process of joining insulated copper wires 
with standardized tubular cable lugs. IEEE Holm Conference on 
Electrical Contacts, in press. 
 

 
 
 
 
 
 
 
 
 

 

 

Spreng 6.13195

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



196

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



Methods Of Energy Release Reduction On Arcing 

Contacts Surfaces  
 

Ph. D. Volkova Olga 

Zaporizhzhia National Technical University 

Zaporizhzhia, Ukraine 

volkova@zntu.edu.ua 

 

Abstract— the problems of electroerosive wear of high-

current interrupting contacts demand further improvement of 

a switching mechanism construction to reduce energy release 

on contacts surfaces. The effective solution of this issue can be 

the change of hinged joints in speedup mechanism 

constructions into rubber-metal hinges.  

 

Keywords— interrupting contacts, arc, energy release, rubber-

metal hinges, oscillogram, rapid-traverse mechanism. 

 

INTRODUCTION 

Low endurance of their contacts is a serious technical 

problem for electrical apparatus realizing circuit stitching 

under load [1-3]. Numerous attempts to solve this problem 

by designing new contact materials are still unrealized 

entirely. There are no pure metals (they are basis of contact 

materials), which combine necessary properties of high 

conductivity, sufficient heat resistance and mechanical 

strength. However, with the advent of compositional and 

powder material technology, the possibility to join these 

requirements in one structure appeared [3, 4]. 

Similar developments are based on introduction of 

components which endure high thermal load in cupper 

matrix structure. However, as field experience of high-

current switching mechanism shows, this does not ensure 

high electro-erosion resistance of their interrupting contacts 

with using such materials. In the process of interaction with 

the arcing they also subjected to a number of destructive 

changes. For example, under the action of the arc copper as 

a low-melting component in cermets structure evaporates 

quickly from the surface layers [1, 2]. It exposes structure of 

refractory components. Without sufficient heat dissipation, 

the refractory components melt, forming a sintered 

heterogeneous crust less than a millimeter thick. The 

existence of such crust leads to uneven heating, and then to 

thermal stress increasing on the contact surfaces. It can be 

seen in shelling and cracking of the surface layers. Such 

processes often occur against the background of abrupt 

changes of working environment properties (for example 

vaporization and decomposition of transformer oil). That 

promotes peeling of the refractory cover on the contact. The 

presence of these factors, together with the periodic shock 

loads during contacts closure leads to deterioration of the 

surface layers. Visually it can be seen as the mosaic 

structure and increasing of the contact surfaces roughness. 

The microasperities of this structure can then attract the 

support point of the arc, increasing the duration of its 

heating. The presence of such structures is a sign of 

depletion of the low-melting component surface layer. It 

results in reducing of heat-dissipation on the contact surface 

and increasing of the contact resistance. The typical picture 

of such process is shown as an example of the tap-changer 

contactor arcing contact (Fig. 1). The figure shows the 

mosaic structure of the tungsten sintered crust and fritted 

zones of copper on the surface of МВ50 cermet solders. 

Additionally, attention should be paid to cases of breaking 

(separation) of cermet solders attachment due to temperature 

appearings during the operation. 

As a result of analysis of high-current interrupting 

contacts work in switching apparatus constructions, it can be 

concluded that in order to solve the problem of 

electroerosive wear,  using of just new contact materials is 

not enough. The ways for reducing of the energy on the 

contact surfaces during breaking should be searched at the 

same time.  

 
a                                   

 
  b 

Figure 1. The overall picture of the arcing contact damage 

(a) and mosaic structure of refractory components on the 

cermet soldering surface (b) 

THE PURPOSE OF THE INVESTIGATION is to 

analyse how energy release on interrupting contacts surfaces 

depends on kinematics of their motion during breaking.  
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ANALYSIS OF INFLUENCE THE ARC ON WEAR 

OF CONTACTS 

Energy release is manifested most intensively at small 

contact distances of a when almost all of the energy of 

broken circuit is transferred by supporting points of the arc 

to the local areas of the contact surfaces. Accordingly, the 

shorter this effect and the higher arc mobility are the less the 

grade of electroerosive wear is. Existing relationship 

between the mobility of the support points of the arc and 

electroerosive wear is specified in the publications [1,5, 

6−11]. 

Experimental works by Vedeshenkov N.A. in National 

Research University “MPEI”, under supervision of 

Butkevitch G.V. showed that the ratio of wear specific 

quantity (quotients of wear on time) under the 200 A 

current, caused by slow-moving arc to wear of fast-moving 

process is from 3:1 to 30:1 (depending on materials) [7]. 

Velocity of the electric arc moving is realized as the 

moving velocity in contact gap of conductive ionized 

volume of working environment. It is characterized by both 

thermal and electrical parameters [8, 9]: 
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where: ЭH  − enthalpy of the arc channel; ДW − the 

energy of the arc channel; P − the energy diverted to the 

environment; g − the arc conductivity;  − constant of 

conduction time; i − the current flowing through the arc 

channel.  

The value of power diverted to the environment and 

directed through the arc channel in dynamic process, can be 

calculated using the concept of isoenergetic states [10]. 

Taking into consideration the initial values of static VAC of 

the arc channel  iU Д , obtained experimentally and the 

concept of instantaneous current state in the arc channel i  
it can be written: 
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According to the Reader and Urbanik model [11] the 

conductivity of the arc through indirect arc plasma 

characteristics can be expressed as following: 
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where: эээ bne ,,  − the charge, density and electron 

mobility in the plasma arc, accordingly, CS − the cross 

section of the arc channel; lД − the arc length. 

The term "arc time constant"   is used in variable 

process to describe the characteristic of parameters change 

speed (e.g., temperature, current, conductivity) of the arc, 

and its value is proportional to the internal arc channel 

energy. Thus, the amount of energy release of the electric 

arc on the contact surfaces, through the voltage and current 

parameters and conductivity is closely related to its 

mobility. 

It is possible to change the speed of arc movement 

without using arc chutes by changing the velocity of the 

contacts divergences. Proofs of this can be found in [2, 7], 

where the connection between a value of contact gap and an 

arc condition is pointed out. 

Frame monitoring of speed shooting of arc process 

during breaking, allows to single out its four characteristic 

behavioral states (Fig. 2). 

 
Fig. 2 Dependence of contact gap effect on the speed of 

the arc support points 

The first state is observed at a minimum contact gap 

distance when physical breakup of contact just begins to 

emerge, and minor migration of the arc channel is possible 

only near the point of its occurrence. 

The second state allows periodic movement of arc 

support points on the contact surfaces. However, an arc 

moving zone is quite localized, and the energy release is 

characterized by high concentration in the space. 

The third state differs in sharp increase in the velocity of 

the arc support points, the expansion of the energy release 

zone near contacts and the transition to the fourth state of 

high arc mobility. 

It is believed that up to 80% of the total contact material 

loss fall on the first three slow-moving states of the arc. The 

high mobility of the arc in the fourth state leads to the 

dissipation of its energy over a larger volume of the contact 

space, which reduces the degree of electroerosion wear. 

In accordance with this, the work of the rapid-traverse 

mechanism of the switching device should provide the 

fastest possible transition from the initial stages of contacts 

breaking to the stage of fast arc moving. In other words, 

contacts breaking in the initial stage must be done as 

quickly as possible.  

However, implementation of such a movement 

characteristic encounters with difficulties caused by the 

influence of the frictional forces in the movable joints of 

mechanisms.  

OPTIMIZATION OF INTERRUPTING CONTACTS 

KINEMATICS 
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Large values of static friction force in hinge joints cause 

slow acceleration of mechanisms at the initial stage of 

breaking. Thus the influence reduction of friction forces on 

the work of mechanism is a real opportunity to optimize the 

kinematics of interrupting contacts. 

Experimental confirmation of this has been obtained in 

the study of the operating of the OLTC contactor rapid-

traverse mechanism КНОА 110/1000. 

Its mechanism is a double-lever hinge four-link chain 

with spring closure. Its mobility is provided by hinge joints, 

made in the form of plain bearings. Using the fact that the 

working stroke of units has relatively small value in the 

tumbler-type construction, it was proposed to replace hinge 

joints into constructional elements with the properties of 

high elasticity. These elements are rubber-metal hinges 

(Figure 3). Structurally rubber-metal hinges (RMH) are 

coaxial bushes, which are not contacted. Elastomeric 

material is placed in the space between them, which allows 

realizing a relative displacement of bushes without slippage 

due to its deformation. RMH will be able to operate reliably 

in rough conditions of dynamic loading with radial and axial 

forces, as well as torsional and bending moments. However, 

their distinguish properties are easiness and quickness of 

conversion from a quiescent state to motion applying shift 

effort. The reaction of polymer layers movement on the 

applied force is considerably faster if compare with the 

speed of overcoming of metallic surfaces static friction 

forces  

EXPERIMENTAL INVESTIGATION. To carry out the 

research the potentiometer transducer, which allows to 

record movable contact replacement, was set on contact 

system of rapid-traverse mechanism (Figure 4 a). 

 

.

 

 
       a                                      b 

Fig. 3 Replacement of hinge joints (a) in the contactor rapid-traverse mechanism on RMH (b) 

 
Figure 4 Scheme of the experimental plant and the attachment point of sensor on contacts (a) 

Oscillograms of contact movement before installation of RMH (b) and after it (c)
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The signal from the sensor (RД) according to the present 

scheme was received by a recording apparatus. That 

includes strain amplifier (УТ) and the light beam 

oscilloscope (ОСЦ), where the record of interrupting 

contacts movement was done by the galvanometer Г1. The 

galvanometer Г2 fixed the breaking moment of the circuit. 

The power supply (ИС) and resistances values R1, R2, R3 

in the scheme were kept within 2 A.  

The oscillogram was recorded during the first stage of 

the experiment with the existing design of hinge joints 

(Figure 4 b). The irrational character of contacts movement 

during breaking is visually shown on the oscillogram.  

For example, the initial stage of the T1 - T2 breaking 

process is very slow. In fact, not less than half of the whole 

cycle time falls on the initial stages of contact movement, 

which should occur as rapidly as possible. The last stage of 

movement T2 - T3 occurs, conversely, with too high speed, 

that leads to an impact contact closure character. 

Modernization of the mechanism by changing 

cylindrical hinges in the most loaded joints on RMH 

preceded the second stage (see. Fig. 3b). RMH bushes were 

placed in prior bore lugs of hinges joints and were fixed 

with axis by pressing in. 

. 

 

 

 
 

Fig.5 Graphs of contacts motions before (a) and after (b) modernization of rapid-traverse mechanism: 1- the graph of contacts 

movement; 2 – the graph of contacts speed 

 

The oscillogram record of contacts movement after 

modernization showed significant changes in the character 

of the contact movement.  

The dynamic of the initial stage of the movement in 

comparison with the first stage of the experiment increased. 

The part of the trajectory (T'1 -T'2 = 0,008 s) after 

modernization was performed considerably faster than 

before modernization (T1 - T2 = 0.03 s). Graphs of contacts 

movement were built on the basis of the obtained 

oscillograms. Graphs of contacts speed were obtained by 

graphical differentiation (Figure 5 a, b).  

Analyzing the speed breaking graph in the initial stage 

before modernization a movement part with a very low 

speed (about 0.1 − 0.2 m / s) during  ≈ 0,01 s can be selected 

out. After RMH installation, the dynamics of movement in 

this area increased markedly. Thus the effect of the 

modernization will improve the kinematics of the breaking 

contact movement, and consequently, that will increase the 

speed of arc movement and electroerosion endurance of 

contacts. 

Some differences in movement graphs on fig. 5a and 5b 

were caused due to lack of compliance parameters 
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consistency of RMH used and existing structure of the 

rapid-traverse mechanism. If it is possible to choose RMH 

sizes on the basis of preliminary calculation, the effect of 

their implementation will be more obvious. 

 

CONCLUSIONS 

1. The analysis of electroerosive wear of high-current 

interrupting contacts shows that it is necessary to improve 

the methods for reducing energy release on contact surfaces 

during switching. 

2. On the basis of theoretical analysis the relationship 

between the energy release value on the contact surfaces and 

contacts breaking speed was shown. 

3. It was shown experimentally, that friction forces in hinge 

joints of rapid-traverse mechanism do not allow to achieve 

the optimal speed characteristic of contacts breaking. The 

initial stage of their breaking is very slow (approximately 

0.1 − 0.2 m/s). An effective solution to this problem is to 

replace the hinge joints in rapid-traverse mechanism into 

RMH. As a result of such modernization, the duration of the 

contacts breaking initial stage is reduced by 3 times. 
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Abstract— Contact resistance of electrical contact in 
connectors consists of film resistance which is caused by high 
resistivity material such as oxidized metal or contamination and 
constriction resistance that result from narrowing current. About 
the latter, a method for evaluating how the contact structure 
affects the constriction resistance, using a physical simulated 
sample processed via nanofabrication has been proposed. Several 
samples that represented the contact-simulated structure with 
various diameter of "contact area" and various thicknesses of 
"electrodes" were fabricated using nanotechnology and their 
electric resistances were measured precisely. In these samples, 
the physical structure is designed and fabricated arbitrarily with 
an electron-beam lithography system, so that the complicated 
contact structure can be simulated physically. 

The influences due to thickness of electrodes were estimated 
from the measurement. To compare the experimental result 
eliminating the influences with an expression for constriction 
resistance, the validity of our method with physical simulating 
samples was confirmed. 

Keywords—contact resistance; constriction resistance; nano 
fabrication 

I.  INTRODUCTION 

There are many different kinds of connectors on electrodes; 
the connectors transfer electrical signals and electric energy, 
and they facilitate the assembly and reassembly of circuits, 
which are composed of electrodes, in various industrial 
products such as automobiles. Each connector has a certain 
contact structure between two metal electrodes. At the contact, 
there exists constriction resistance, which is caused when the 
current through the narrowed region (Fig. 1). The constriction 
resistance is a potential cause of a signal transmission error or a 
loss of energy by Joule's heat. Electrical connectors inevitably 
have this constriction resistance and due to the unstable contact 
condition in various real circumstances they are at an increased 
risk of having their normal function impaired when the 
resistance exceeds a certain value. Therefore, the design of a 
connector has to keep the constriction resistance low and stable. 

In the past, therefore, theoretical approaches and numerical 
simulations have been undertaken to understand the 
relationship between the contact structure and the constriction 
resistance [1, 2]. The well-known Holm theory describes the 

constriction resistance Rc using two values of resistivity of 
electrodes ρ1 and ρ2 and the diameter D of the contact area. 

   

In the case of  ρ1 = ρ2 =ρ, then 

  

Usually, two electrodes in a pair of connectors contact at a 
large number of contact points electrically. The current 
flowing in the contact points traces the pass like as in Fig. 2. 
However, it is too difficult to identify the number, sizes and 
shapes of the contact points to derive the relationship between 
contact structure and its constriction resistance. We have 
simplified the contact structure only with the electrically 
meaningful essence (Fig. 2) and fabricated samples which 
simulate the simplified structure physically via 
nanofabrication. This technique has a problem that the 
electrodes in the sample are too thin to consider as bulk. In 
this work, we have fabricated and measured such samples 
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Fig. 1. Constriction of current flow in the vicinity of the contact 
area. 

D
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which have one circular shape contact point to estimate the 
influence of the thickness of the electrodes. 

 

II. SAMPLE PREPARATION 

The physical simulating samples prepared and used in this 
work were formed on blanket silicon (Si) wafers/substrates and 
the blanket film layer is made of silicon dioxide (SiO2). A thin 
insulator film with some small conduction holes was placed 
between two metal layers to limit the current traveling from 
one of the metal layers to the other. Designing the size, number 
of conduction holes, thickness of insulator film, and contact 
structure can be simulated by the samples. The overview of this 
physical simulated sample is shown in Fig. 3. The width of the 
two electrodes is 100 μm. 

 

The process for making the samples is as follows:  

a) Deposit patterned 1 μm thickness of gold layer on the 
surface of the substrate as “lower electrodes” with Electron 
Beam (EB) lithography system and lift-off technique. 
b) Deposit SiO2 over the entire surface of the substrate. 
Cut SiO2 on the gold layer. 
c) Smooth the surface of the gold layer by chemical 
mechanical polishing. 
d) Deposit patterned SiO2 on the “lower electrodes” as the 
“gap between two of the electrodes” with EB lithography 
system and lift-off technique. 

e) Design one small conduction hole as A-spots, and cut 
off the part of SiO2 that was deposited per the blueprint. 
f) Deposit a patterned gold layer as the “upper electrodes” 
in the same process as lower electrodes. 

The thickness of the lower electrodes has been fixed to 
1 μm. On the other hand, to repeat the step f) of the process, 
some devices having various thicknesses of the “upper 
electrodes” are obtained.  

 

The size and shape of the small conduction hole on the 
SiO2 insulator film are controlled by order of nanometers using 
an electron beam lithography system. The diameter of small 
conduction circle on the insulator film was designed to be 0.5 
and 1 μm. There is only one conduction hole each per device. 
And there are some devices without conduction hole, which 
were confirmed that the resistances are more than 1 GΩ. That 
is insulated. All of metal contributed to electrical conduction in 
this sample is gold. Then it is reasonable that 3.3×10-8 [Ωm] is 
used as the value of ρ in the formula (2). It is obtained by 
multiplying bulk gold resistivity by 1.5 because the metal is 
formed by vapor evaporation. 

 

III. MEASUREMENT 

The samples have a “cross contact”-like structure, and they 
have two current electrodes and two voltage electrodes. The 
constriction resistances of the samples were measured by the 
four-terminal method with a prove station and a semiconductor 
parameter analyzer (Fig. 5). The test current was limited up to 
10 mA. Scanning the test current, all devices are confirmed that 
they are ohmic devices from I-V curve.  

 

Fig 2. Current flow at the vicinity of the contact area in actual contact and 
simplified physical simulated sample 

Fig 3. Overview of the physical simulated sample. 

lower electrodeupper electrode

insulator with holes

 
Fig 4. Cross sections and top views of corresponding steps of the process: 

a) deposit patterned gold on the substrate, b) deposit SiO2, c) polish the 
surface, d) deposit patterned SiO2, e) cut off some part of SiO2 as A-spot, 

f) deposit patterned gold. 
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Mainly, this four-terminal resistance includes constriction 
resistance RC shown by formula (2). But there are two other 
resistance components caused by thinness of gold films as the 
lower electrodes and upper electrodes, which depend on 
thicknesses of the films. Thickness of lower electrodes takes a 
fixed value (1 μm). On the other hand, thickness of the upper 
electrodes takes various values and the component of the 
resistance is changed depending on the thickness. 

In Fig. 6 a expresses a diameter of contact area. In this 
work four kind samples in which diameter of contact area are 
0.1, 0.2, 0.5 and 1 μm were prepared. L is a thickness of upper 
electrode. Measurement of resistance of all samples was 
repeated while changing the thickness by depositing gold on 
them from 0.2 to 3.0 μm. 

The constriction resistance of thin films was analytically 
solved and reported [4][5][6][7]. But in this study, the current 
flowing after passing through the contact area does not spread 
out isotropically as in Fig. 6 so that the analytical solution is 
not applicable. 

 

IV. RESULTS AND DISCUSSION 

The resistance measurement results are plotted in Fig. 7 and 
Fig. 8. These figures show same data but the horizontal axis of 
Fig. 7 and Fig. 8 are thickness of upper electrode and diameter 
of contact area, respectively. The solid line in Fig. 8 shows the 
calculated value with formula (2). As the thickness of upper 

electrode increases, the resistance moves to a certain value but 
the value does not coincide with the calculated. The fact shows 
the influence of the thickness of upper electrode can be 
negligible in the case that the thickness is no less than 3 μm but 
existence of another influence is suggested. 

 

 

 

As Fig. 9, a model that these resistances consist of 
following three components is introduced; constriction 
resistance RC, the influence of upper electrode RUR and lower 
electrode RLR. 

  

Formula (3) is incomplete since it does not take account of the 
bulk resistance of the bridge and that this bulk resistance may 
contribute significantly to the measured resistance for small 
constrictions. A rough estimate of this bulk resistance is 17 mΩ 
for 0.5 μm diameter of contact area. In this model, the 
influence of upper electrode decreases as its thickness increases 
and can be negligible eventually. In all samples with various 

 
Fig. 5. The physical simulating sapmle on a stage of a prove station being 
muasured its constriction resistance by four-terminal resistance method. 

Fig. 6. Current flow at the vicinity of the contact area in “cross contact”-
like physical simulated sample. Where,a is a diameter of contact area, L is 

a thickness of upper electrode. 

Fig. 7. Electric resistance of the physical simulated sample with various 
diameter contact area repeatedly measured with thickness of the upper 

electrode changes 

Fig. 8. Electric resistance of the physical simulated sample with various 
diameter contact area repeatedly measured with thickness of the upper 

electrode changes 

)(),()(),( LRURC aRLaRaRLaR 
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diameter of contact area a, assuming that the influence of upper 
electrode RUR is sufficiently small when the thickness of upper 
electrode L is 3 μm and we obtain the following expression. 

  

 

The influence of upper electrode RUR converges to zero 
while the influence of lower electrode RLR takes fixed value 
(1.0 μm). These influences of both electrodes can be 
considered to take the same value when their thicknesses are 
the same. Fig. 10 shows resistance with these influence are 
removed from the measurement (formula 5). It is in good 
agreement with the calculated value with the formula (2).  

  

 

 

 

  

V. CONCLUSION 

We developed a method for evaluating how the contact 
structure affects the constriction resistance, using a physical 
simulated sample created via nanofabrication. Physical 
simulated samples having various diameter of contact area 
were processed and resistances of the samples were measured 
repeatedly while changing the thickness of upper electrode. 
After removing influence of thickness of electrodes, the 
resistance is inversely proportional to the diameter of contact 
area strictly and it is in good agreement with an expression for 
constriction resistance.  

We demonstrated that constriction resistance can be 
extracted from the measured resistance of the physical 
simulated sample and physical simulation is one of the 
strongest tools which provide understanding the relationship 
between the contact structure and its contact resistance. 
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Fig. 9. Components of electric resistance of the physical simulated sample

Fig. 10. Influences of thickness of two electrods were removed from 
measured resistance 
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Abstract—New electric avionic systems migrate from 

alternative current to continuous current 270V topology in order 

to meet energy needs and weight. In aircraft safety, detecting 

electrical arcing is critically important: especially in case of serial 

arc faults with poor energy influences. These defects can be 

potentially hazardous because it is more difficult to identify only 

from line current measurements. Literatures bring forward a lot 

of frequency methods, notably photovoltaic. Nevertheless a few 

offer a time-frequency analysis other than through wavelets. We 

suggest in this paper a new arc frequency domain measurements 

approach in opposition with load fluctuation analysis so as to 

bring down the risk of false detection in a shifting load. At an 

initial stage, we fully support the arc frequency influence by 3 

FFTs of 1ms temporal samples analysis, then subsequently this 

new perspective proceeds to a continuous Short time Fourier 

Transform (STFT) analysis. In the last phase, noise to signal 

ratio is pulled-out to be exploited in the arc detection. This 

information exhibit mainly the spread of frequential noise due to 

the arc fault. Given these results, we build algorithm to 

differentiate normal transients and arc faults. The outcomes are 

checked on resistive loads. 

Keywords — Serial arc fault, aircraft electric defects, frequency 

analysis, FFT, STFT, arc transient. 

I.  INTRODUCTION 

Loose connections, ageing cable harnesses or even surges 
are crucial factors which may generate arcing. As a matter of 
fact, new HVDC +-270VDC topologies [4-7] dedicated to 
avionic have significant risk to create arc faults. High 
impedance faults (HIF) in serial are trickier to identify 
compared to parallel arc. Against this background, previous 
screening methods such as the use of optical [1] pyrometers 
and ultrasonic microphones [2] are difficult to apply. Evenly, 
the load diversity leaves out advanced methods for 
photovoltaic [3] as they are overly specific (voltage, current or 
power control seen by inverter). 

Drawing on past works [8-9], regarding the arc within 3  
phases (prior to the arc event, at ignition and during the arc), 
our review suggests to single out the arc, not merely through 
FFT observation on these 3 states during 1ms but also on the 
Short Time Fourier Transform (STFT) basis analysis. This 
research offers an operating time frequency approach to 
pinpoint arc fault.  Build on Hong's and Leprettre's works [10-
12], our aim is to implement a detection of serial arc from line 
current measurement included in 270VDC Power supply. 

II. EXPERIMENTAL DESIGN 

A load purely resistive (Langlois 4 kW set to 1.5 kW) is 
powered by a continuous 270 VDC for a 5.56A load. We 
measure the line current with a current probe (LeCroy AP015 
50 MHz). A differential sensor pins out the arc voltage in order 
to synchronize the oscilloscope trigger (LeCroy HDO6104) at a 
sample rate Fe=1 MHz. The treatment is done under Matlab 
according to methods set out whereupon this paper.   
The arc is carried on: - Either by a copper electrode opening 
test - or by a pre-carbonised bridge following the standard 
requirement UL1699 [13] for home copper wire with PVC 
isolator AWG16. The arc fault event is controlled by a 
mechanical power relay (Schneider 60947) when short circuit 
is opened in both sides of carbonised bridge conduction.  
The workset is kept in an unregulated atmosphere. 

Fig. 1. Test bench of arc 

 

Comparative tests in normal load transition replace the arc 
fault by an additional resistance of close value and equivalent 
to the arc impedance with same initial amperage.  
The load implementation in series is activated by opening relay 
commutation. 

III. TRANSIENT ARC ANALYSIS BY FFT 

In order to study and compare the spectral decomposition 
of the transient, the load current signal (a) Fig.1 is divided into 
3 temporal adjacent windows as drafted Fig.2. These sets 
contain all 1ms data due to the switching time of our 
mechanical device.   
First and foremost, a transient event detector (b) observes the 
load variation that can be produced by arc series. 
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Fig. 2. Scheme selection and current analysis 

 

The current (a) is analysed by (b) in order to detect the instant when the transient will 
appear. 3 consecutive segments are pulled up for analysis : - Normal before event (c) - At 

transient event (d) - In laid-back arc condition (e). 

The event identification issues 3 series of samples for 
analysis:  

- Serie "Nominal": 1 ms nominal load current before 
transient, may be prior to arc fault  

- Serie "Ignition": 1 ms around transient towards the arc 
initiation. 500 µs before transient and then 500 µs arc 
event. 

- Serie "Arc": 1 ms during the stage of holding arc. 

These three series are examined by FFTs (c) (d) (e) [8]. 

A. Arc experimental results 

The Fig.3 and Fig.4 results are focused on the transient arc 
event at T=0 ms. 

Fig. 3. FFTs analysis by carbonised path 

 

Initial current 5.56A, 270VDC, Load 48 Ω  
In red : 3 continuous current segments for 3 carbonised path of awg16 cable.  
In blue : FFT results analysis 0Hz to 500kHz of the three transient arc phases.. 

This FFTs analysis Fig.3 shows the presence of significant 
frequential disturbances during the arc with frequencies lower 
than 100 kHz. 

 

 

 

 

 

Fig. 4. FFTs analysis by distance between electrodes 

 

Initial current 5.56A, 270VDC, Load 48 Ω 
In red : 4 continuous current segments for 4 signals with copper electrodes 1mm gap  

In blue : FFT analysis results from 0Hz to 500kHz of the three phases around arc event. 

The FFTs finding Fig.4 demonstrates a frequential 
disturbance above -60 dB produced by the arc. It has to be 
noted that the distanced electrodes, slower than the industrial 
mechanical circuit breaker used for carbonised path, reduces 
the electrodes contact surface and can create a low resistive or 
a glowing contact (flickering effect prior to arc event).   

B. Experimental results on simple load transition  

Fig.5 introduces the FFTs analysis during the load inclusion 
with an impedance which make an arc illusion (4.9 Ω; 6.1 Ω; 
6.7 Ω; 7.4 Ω). The moment when T=0ms, the mechanical 
commutator adds auxiliary load reacting like an arc.  

Fig. 5. FFTs analysis of a load transient 

 

Initial current 5.56A, 270VDC, load 48 Ω 
In red: 4 continuous current segments for a varying transient impedance of 48 Ω  

towards 53 Ω to 56 Ω. 
In blue: FFT Analysis results 0Hz to 500kHzof the 3 phases.. 

The FFTs before and after commutation are identical. The 
opening and interrupting time of relay of additional load 
inhibition is lower than 200 µs. 
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C. Discussion focused on FFTs analysis 

TABLE I.  AMPLITUDE STATEMENT OF ELECTRICAL FAULT LIFE STAGE 

AND FREQUENCY RANGE 

 
FFT measurements on three types of transients with resistive load 48 Ω 

- Arc by copper carbonised path (Cu/Carbon), 

- Arc by copper electrodes opening test 

- Transient without arc fault. 

Magnitudes are expressed in dB. 

Frequency range:  LF=under 10kHz ; MF=between 10kHz and 100kHz;  

   HF=between 100kHz and 500kHz. 

Single-phase mode, Table.1 outlines the following results 
in accordance with the frequency band chosen. 

 Pre-arc nominal phase: In the absence of arc, there is no 
divergence amongst signals. 

 Arc ignition phase: The FFTs indicate that between 
commutation signal of nominal load and the arc event 
signals, there are slight differences. A large portion of 
the power is located at frequencies below 100 kHz. 

 Holding arc phase: While the normal load variation 
presents a lousy power spectral density (PSD < -60 dB), 
the arc discharge maintains a PSD greater than -60 dB 
for a frequential distribution lower than 100 kHz. 

These first elements bring to light the possibilities to 
distinguish an arc serie with a single load variation as from post 
PSD transient event: especially when inter-electrode space is 
contaminated by oxidising and carbonisation for carbonised 
path. 

IV. TIME FREQUENCY ANALYSIS 

The short time fourier transform (STFT) is used to establish 
the frequency content in a time lapse. As shown in the Fig.6 
(the scheme analysis algorithm and arc discrimination), we 
apply a rectangular window of 4096 points to our signal 
sampled at Fe=1 MHz. We get a frequential analysis section 
with approximately 4ms which is repeated every 1ms. This 
periodicity handles a fourfold overlapping of analysed 
transformations. The window gives a resolution review of 
250 Hz of transients with an approximate duration of 1 ms. 

According to the following STFT equations (1) in 
discretised time: 

𝑆𝑇𝐹𝑇{𝑥[𝑛]}(𝑚,𝜔) ≡ 𝑋(𝑚,𝜔) = ∑ 𝑥[𝑛]𝜗[𝑛 −𝑚]𝑒−𝑗𝜔𝑛∞
𝑛=−∞  (1) 

Transposed in discretised timescale. With ϑ the windowing function of width 
M(type hamming), X(m, ω) the function to be characterised. 

 

Afterwards, we carry out a binarization of results through 
comparison of a -60 dB threshold to remove power 
components which are too weak or external to the 
phenomenon. By integrating the temporal threshold result 
between range frequency 10 kHz to 100 kHz, we determine the 
ratio of disturbances in the signal. This frequency range is 

preferred to the LF range as it eliminates the power supply and 
load effects in switched-mode. The result reflects the impact of 
frequential disturbances in this range. 

Fig. 6. Algorithm analysis and arc discrimination 

 

The signal(a) is limited by a Hamming window and is then analysed by time-frequency(b). 
The matrix result(c) is binarized(d) according to a threshold(e) and is then integrated within a 
timeframe(f) to determine the arc noise report in a frequential range of 10 kHz to 100 kHz 

 

A. Experimental results by STFT for an arc transient 

Fig.7 outlines the current arc recording achieved by 
opening electrode gap with resistive load. 

Fig. 7. Spectrogram and arc series treatment on resistive load 
 

 
Temporal load signal including its spectral decomposition on time on a visible window 

0 Hz to 50 kHz. The lower curve describes binarized process result and the setting of 

binary amplitude result superior to -60 dB on a number of samples between 10 kHz and 

100 kHz. This range of frequency eliminates the power supply and load effects in 

switched-mode. 
 

B. Experimental results by STFT for a load in commutation  

Fig.8 compares these arcs results with a load variation of 
48 Ω towards 53 Ω at T=0 by an implementation in series of a 
5 Ω resistance.  
This value matches with the impedance observed during an arc 
series discharge on oxidised electrodes for an initial 5.56 A 
current. 

 

We observe on Fig.8 the temporal current signal placed vis-
à-vis to its frequential analysis in time. As from the 
commutative report of amplitudes values superior to -60 dB, 
we notice a peak exclusively on transient load phase of a 
disturbance ratio at 50 % of frequency range analysis. 
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Fig. 8. Spectrogram and load variation treatment 
 

 
Temporal load signal including its spectral decomposition on time on a visible window 

0 Hz to 50 kHz. The lower curve describes binarized process result and the setting of 

binary amplitude result superior to -60 dB on a number of samples between 10 kHz and 

100 kHz. This range of frequency eliminates the power supply and load effects in 

switched-mode. 

C. Discussion around the time-frequency analysis by STFT 

The time-frequency analysis enables the observation of the 
frequential disturbance of arc in a temporal aspect, while a load 
commutation introduces prompt interferences when switching 
on. By making use of discriminatory mechanism factor such as 
suggested algorithm by binarized result, attention is drawn to 
the possibility of reducing the risk of false detection between 
arc and no-arc. However, other problems may arise with active 
load experimentation (inverters, etc.), such as harmonic 
frequency around the main hash frequency and noise 
commutations. In our tries, we also note that signal spectral 
diversity is erratic in time. This confused aspect approves the 
frequential influence mentioned by SANDIA [9] (oxidation, 
pollution, geometry and environment). On the other hand, the 
Gaussian noise presence in the acquisition chain restricts this 
process veracity. The SNR optimization of current acquisition 
in limited band 0 Hz to 100 kHz will enable to add accuracy to 
this device. 

D. Detection by STFT 

Based on our findings, we draft a way of detecting defects 
and above all avoiding wrong detections. For this purpose, the 
spectral density interpreted by delineated histogram in the 
range 10 kHz-100 kHz is used. A threshold hence detects 
abnormal disturbances. As shown Fig.9 & Fig.10, the extension 
in time of these disturbances make possible to confirm the 
presence of fault. This confirmation is done by the integral 
calculation of the detection result from the histogram. With a 
smart deck integration having variable coefficients 
enabling/disabling a fault, the trigger velocity can be defined. 
These variable coefficients evenly ensure that furtive faults will 
be taken into account. 

Fig. 9. Arc detection discrimant algorithm  

 

Fig. 10. Step by step : arc detection algorithm 

 
Resistive load 48 Ω on 270 VDC with arc from copper electrode 1mm opening test 

Fe=1 MHz, Hamming window, FFT=4096points, shift step=128pts 

Detection threshold=150% of probe magnitude in normal case 

Confirmation threshold = 8ms to confirm / 78ms to clear detection 
 

V. CONCLUSION 

On a resistive load, the DC load transients have a one-time 
significant spectral density power. Only the transient towards a 
DC arc fault have a higher energetic PSD which is extended in 
time. The disturbances produced by the arc depend on inter-
electrodes gap physical parameter: pressure, presence of oxide, 
insulative carbonisation, which contaminates the discharge. 
Frequential analysis gives indications on the spectral state of an 
electric arc discharge. We have analyzed arcing electric faults 
signals in 3 different phases (prior-arc, ignition, arc). From 
these observations, we noticed that it was possible to detect 
arcs by their frequency disturbances in the range 0-100 kHz.   
In order, to draw the best out this arc specificity, we have 
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implemented a time-frequency analysis (STFT) to study 
spectral density in time. The histogram information enables to 
distinguish the presence of an arc with normal functioning. We 
suggested a method from a frequency histogram ranged 
between 10 kHz and 100 kHz. We have set up a filtering 
method to protect against wrong detections during switching.  
At the present time, we note the performances of this approach 
on resistive loads with different arcs types (copper and carbon 
electrode gap, carbonized path, permanent and furtive faults). 
However, advanced studies may be done to improve responses 
on other loads (inductive, active load, converter and inverter).  
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Abstract—Reliable and long lifetime electrical contact is a 
very important issue in the field of MEMS switch and energy 
conversion applications. In this paper, the initial unstable contact 
phenomena under the conditions of micronewton scale contact 
force and nanometer scale contact gap has been experimentally 
observed. The repetitive contact bounces at nanoscale are 
determined by the measured instantaneous waveforms of contact 
force and contact voltage. Moreover, the corresponding physical 
model for describing the competition between the electrostatic 
force and the restoring force of the mobile contact is present. And 
then the dynamic process of contact closure is explicitly 
calculated with the numerical method. Finally, the effect of 
spring rigidness on the unstable electrical contact behaviors is 
investigated experimentally and theoretically. This paper 
highlights that in a MEMS switch a minimal actuation velocity is 
required to prevent contacts from bouncing. 

Keywords—MEMS Switch; electrical contact; contact bounce; 
electrostatic force; restoring force 

I.  INTRODUCTION 
MEMS switch reliability is a major area for improvement 

for large-volume commercial applications [1~5]. Most of these 
critical issues, related to reliability, are closely related to the 
physics of electrical contacts. Recent work on MEMS 
switches where simple hemisphere-on-flat systems are to 
simulate MEMS switch behavior have shown that the Au-to-
Au contact metal failure remains an important at the micron 
and nanometer scales [6~9]. Admittedly, macroscopic contact 
bounce phenomena inevitably occur during the contacts 
breaking. They are generally attributed to the mechanical 
reaction due to high force and high velocity applied to the 
mobile contact part during contact closure. Therefore, the 
corresponding contact surface adhesion and contact welding 
inflict severe damage to the electrical contact and the lifetime 
of MEMS switches [3,6,9]. 

Contact bounces in MEMS switches have been observed 
and studied by a few authors [10~13]. These papers mainly 
focus on the issue of contact bounce suppression by modifying 
actuation signals. The challenge is to perform high speed 
commutation with near zero impact velocity to avoid bounces. 
However, electrostatic actuation is not linear and is a complex 
dynamic problem, so that the velocity of impact is difficult to 
control. The disadvantage of very slow making velocity on 
such small devices and gaps has been reported, that is, the 

curious contact voltage fluctuation phenomena accompanied 
with nanoscale bounce height is observed using AFM-based 
experimental setup. Peschot et al. stated that the contact 
voltage fluctuation is attributed to the competition between the 
electrostatic force and the restoring force of the flexible 
mobile contact [14]. It is worth to mention that, the 
electrostatic force could not be neglected particularly under 
the slow making velocity.  

In addition, with regard to electrical contact behavior in 
metal-to-metal micro-contacts, the oscillation of contact 
resistance phenomena is also observed before the minimum 
contact force reached. To better understand the mechanism 
behind the instabilities of electrical conductance during the 
critical period, Qiu et al. concluded that the thin contaminant 
films may play an important role in unstable contact behavior, 
and presented the trap-assisted electron tunneling mechanism 
for explaining the phenomena[15,16]. It is possible that the 
different mechanical properties, elastic or rigid contact, is the 
reason for the inconsistent explanation. However, to the best 
of our knowledge, the detailed Au-to-Au electrical contact 
behaviors in the initial unstable contact stage and further the 
critical influencing factors remain largely unexamined. For 
this purpose, fundamental studies on the contact voltage 
fluctuations behavior were carried out using the devised 
contact measurement apparatus, with which we can directly 
measure the contact voltage and contact force while the 
piezoactuator move forward.  

II. EXPERIMENTAL DETAILS 
The test apparatus used in these experiments is described 

in detail [9], which contains a brief summary thereof. A 
schematic diagram of the test apparatus is shown in Fig.1. The 
horizontal actuation of the moving electrode is obtained by 
means of a precision slider that is pushed by a piezoelectric 
actuator (LTC2013-013, PiezoMotor AB, Sweden). The 
desired displacement of the moving electrode is controlled by 
the motor driver with position feedback loop, which is 
provided by the assembled grating ruler (RGH25F-5nm, 
Renishaw, UK). Motor driver (PMD101, PiezoMotor AB, 
Sweden) receives the controlling instruction from PC and 
offers closed-loop control for the Piezo motor by reading the 
feedback position of the grating ruler, which has a 
displacement resolution of 5nm and a sampling rate of 10Hz. 
The microstepping number of 5steps per second and the step 
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length of 30nm are configured for the piezoactuator, so the 
average making and breaking velocity is 150nm/s.  

By using the four-wire method, the instantaneous value of 
contact voltage is continuously measured. The normal contact 
force between two electrodes is assessed using a force 
transducer (404A, Aurora Scientific, Canada), which has the 
measurement range of 100mN and the resolution of 2N. 
During the test, the contact voltage and contact force are 
acquired by a acquisition board (PCIE6351, NI, USA) whose 
measuring range is ±10V with the resolution of 16-bit and the 
sampling rate of 1kHz. The data of contact voltage and contact 
force could be uploaded to PC simultaneously. 

 

Fig. 1. Experimental circuit 

The electrodes are a hemisphere-shaped rider, with a 
diameter of 1.5mm, on a flat sample, both made of a copper 
alloy structure and electroplated with gold (2m thick). In 
order to achieve the flexible contact with low force, the bow-
type spring made from Beryllium bronze belt is introduced to 
connect with the movable contact. The specimen are 
degreased using acetone, alcohol and distilled water in an 
ultrasonic cleaner, dried and carefully mounted in the test 
measurement apparatus. The experiments are carried out in 
ambient lab air. Table 1 shows the details of the experimental 
conditions. 

TABLE I.  EXPERIMENTAL CONDITIONS 

Open Voltage 2V, 4V, 6V, 8V, 10V 
Closed Current 2mA 

Piezoactuator Speed 150nm/s 
Bow-type spring 

stiffness 
22μN /μm, 56μN /μm, 

100μN /μm 
Environment 
Temperature 200C 

Humidity 38±2% RH 

III. RESULTS AND DISCUSSION 

A. Initial Contact Behaviors during Contact Making 
Fig.2 shows an example of the measured variation in 

contact voltage, contact force and piezoactuator position of 
Au-to-Au contacts as a function of time. The open voltage is 
10V and the closed current is 2mA. The velocity of the 

actuator movement is maintained at about 150nm/s. The whole 
making process of contact can be typically divided into three 
regions as illustrated in Fig.2: (I) a free travel region in which 
the contact voltage keeps high level and the contact force 
change from zero into negative, and the maximum tension is 
about 2.5N; (II) an substantial unstable contact region with 
the oscillations of contact voltage between 10V and 20mV, 
combined with the cyclic change of contact force (-
6N~18N), which is described in detail in Fig.2; (III) finally, 
the relative stable contact region with the low level contact 
voltage (no more than 8mV) and the step-like increase of 
contact force. 
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Fig. 2. The measured example of the variation of the contact voltage, contact 
force and piezoactuator position as a function of the time (open voltage: 10V; 
load current: 2mA; breaking velocity: 150nm/s; spring stiffness 56μN/μm). (a) 
The whole process; (b) Zoom between Point A and Point B; (c) Zoom of 
region (2); (d) Zoom of region (3). 

Fig.2(b), (c) and (d) shows explicitly 2 second and 0.2 
second zoom of the contact voltage and the contact force 
waveforms in Fig.2(a). It is noticed that in region (II) there is 
almost no contact voltage data distributed between 1V to 9V. 
For simplicity, the contact voltage below 1V is defined as the 
‘on’ state while the voltage above 9V is taken as ‘off’ state. 
Therefore, the contact voltage fluctuation behavior could be 
described as the contact state alternating between ‘on’ and 
‘off’ periodically. Examination of Fig.2(c) and (d) reveals that 
the dropping movement of the contact voltage corresponds 
exactly with the contact force substantially shifting to the 
positive of 2N. While the restored open voltage is consistent 
well with the negative contact force of 5N. The situation of 
contact force indicates that the contact bounce phenomena 
occurred. The whole contact bounce duration is about 1.3s and 
the bounce happens 99 times. Initially, the bounce cycle is 
about 20ms and the ‘off’ state occupies 90% of one cycle. 
However, the bounce cycle decreases to 11ms and the ‘off’ 
state is only about 3ms in the end. 

B. Physical mechanism of initial unstable electrical contact 
The oscillation of contact voltage and contact force, which 

is observed in the unstable contact Region (II), indicates that 
the continuous impact and bounce of gold contacts occur 
repeatedly. The initial oscillation distance of 150nm could be 
estimated by the product of the contact bounce duration of 1s 
and the motion velocity of 150nm/s. According to the classical 
impact theory, such very slow velocity of movable contact 
could not induce the bounce behavior. However, as seen in 
Fig.3, the electrostatic force is preponderant and the attractive 
properties have to be considered at the nanometer scale. 

The electrostatic force Felectrostatic(x)  is described as 

 
2

0
22eletrostatic

SUF x
x


                            (1) 

where 0 is the permittivity;  S depends on the surface of 
contact; U is the potential across the contact; x is the gap 
distance between two contacts. 

The only repulsive force is the restoring force of the bow 
type spring. It is the sole force to open a contact. The restoring 
force Fr(x) depends on the stiffness of the spring k, the 
deformation of the spring (d-x), in which d is the contact gap 
without the spring deformation. It can be simply described by 
the relation 

                       ,rF x d k d x                           (2) 

electrostaticF

rF

 
Fig. 3. Illustration of forces acting on the contacts 

As the surface area of contact could not be measured 
directly, then we assume 2S 100μm , and d 300nm  or 
d 300nm , combined with the known k 56μN / μm , 
U 10V , and calculate the variations in electrostatic force 
and restoring force as a function of contact gap distance. As 
shown in Fig.4, it is possible to observe that these two forces 
compete at small contact gaps, around a few hundreds of 
nanometers. A is the equilibrium position of the electrostatic 
force and the restoring force. The force is only 0.53N and the 
deformation of spring is 0.01μm. Fig.5(a) illustrates the initial 
equilibrium status. 
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Fig. 4. Attractive force and repulsive force before contact 

The piezoactuator motion causes the contact gap distance to 
be reduced, that is the decline of the Fr-x curve. When dmin is 
175nm, then the contact gap distance xmin decreases to 117nm, 
which is the threshold value of contact oscillation. As shown 
in Fig.5(b), with the further reduced gap distance, the 
electrostatic force is always higher than the restoring force, 
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and the movable contact is accelerated till closed (shown in 
Fig.5(c)). Afterwards, the voltage across the two contact parts 
rapidly decreases down to nearly zero, so does the electrostatic 
force. The restoring force of the spring is maximum and 
competes with the adhesion force, which is produced by the 
Joule heat during contact make [17]. Once the restoring force 
exceeds over the surface adhesion, the contact bounce occurs 
and the electrostatic force reappears (shown in Fig.5(d)); 
whereas, the electrical contact is build up steadily. Since the 
deformation of spring is decreased during the contact 
approaching gradually, the provided restoring force is reduced 
correspondingly. That causes the ‘on’ state of contact 
extended and the ‘off’ state shortened. Therefore, the cycle of 
contact bounce during the making process and the duty ratio 
decrease gradually. So, we define xmin as the threshold distance 
of the contact voltage fluctuation. This position satisfies 

   electrostatic rF x F x                              (3) 

and   

   
d d

electrostatic rF x F x
x x

                            (4) 

Substitute Eq.(1) and Eq.(2) into Eq.(3) and Eq.(4), 

2
03

min
SUx
k


                                (5) 

and then,  
min min

3
2

d x . 

 
Fig. 5. Schematic showing the position of the movable contact in six distinct 
instants of the single bouncing process. (a) initial equilibrium status. (b) The 
contact is moving towards the static electrode upon actuation of electrostatic 
force. (c) Contact between electrodes and the bow-type spring is slight bent, 
meanwhile the electrostatic force disappears. (d) The spring brings the 
movable contact rebound towards the starting noncontacting position while 
the electrostatic force recurs. 

In order to study the transient behaviour of tested contact 
pairs and relevant heavily influencing factors, the lumped 
model and typical behavior for a generic spring oscillator is 
shown in Fig.5 and its dynamics in “off” state can be modeled 
as 

 
22

0
2

d ( )
d

SUxm k d x
t k


                        (6) 

Where m is the equivalent mass of 0.657g, which is equal to 
the movable contact and half of bow-type spring. Assume the 
piezoactuaor move forward a micro step of 30nm, then 

*
min 30nm 145nmd d   , combined with the initial 

velocity of movable contact v0=0, and 

0 min min
2 117nm
3

x x d    , the step length 1μst   , so the 

recurrence formula with the use of Forward Euler Method is 
given by 
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1i i ix x v t                                  (9) 

The variations in resultant force Fi(t), gap distance xi(t) and 
velocity vi(t) in terms to the first closure of contact is shown in 
Fig.6. So the corresponding close time tclose=7.6ms. 
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Fig. 6. The calculated transient resultant force, gap distance and velocity of 
movable contact with known initial gap distance 

 

The “on” state corresponds to the impact of contact and the 
kinetic energy converting to the elastic potential energy. The 
repulsive force decreases gradually in the subsequent bounce 
process, therefore ton has the increase trend during the pull-in 
process. The calculation of ton is challengeable. Assuming the 
energy dissipation during impact is neglected, and the open 
time topen is equal to the close time tclose, then the “off” state 
duration toff is 15.2ms. The detailed definition of associated 
time parameters during the continuous contact bounce is 
shown in Fig.7.  

With the help of Eq.(7)~Eq.(9), for a given initial contact 
gap   * stepid d i    , step=10nm,    

0
i ix d , then the 

relationship between “off” state duration toff and contact gap 
could be calculated accurately (shown in Fig.8). Therefore, the 
threshold distance of the contact voltage fluctuation xmin is 
92nm, 117nm, 147nm and 168nm with varied contact area, 
and the corresponding toff is 15.4ms, 17.2ms, 19.2ms and 
19.8ms. This suggests that the increase of contact area 
lengthen the threshold distance of contact bounce and 
corresponded contact closing duration by comparisons. 
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Fig. 7. Definition of associated time parameters during the continuous 
contact bounce 
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contact bounce process (The original waveform of contact voltage is shown in 
Fig.2) 

We collected three distinct time parameters ton, toff and T 
within the consecutive contact bounce process, and the 
corresponding linear fitting relationships between such time 

parameters and actuation time are shown in Fig.9. As seen, the 
contact bounce cycle T decreases monotonously from 18ms to 
10ms, toff reduces from 15ms to 2ms and ton increases 
significantly from 3ms to 8ms. Thus, the ratio of ton /T in 
terms to these individual contact bounce rises largely from 
17% to 80% and the total contact bounce numbers are 99 
times. It indicates that there are such monotonous variations of 
time parameters related to contact voltage. 

C. Experimental validation of influencing factors 
To validate above theoretical analysis and discussion, we 

further experimentally investigated effect of spring stiffness 
on critical contact gap distance and relevant time parameters. 
The spring stiffness is taken as one variable, which k is 
22μN/μm, 56μN/μm and 100μN/μm individually, and the open 
voltage is 10V, current is 20μA and the actuator velocity is 
150nm/s. As shown in Fig.10(a), the contact bounce cycle Ti 
and the whole bounce duration increase obviously with the 
reduced spring stiffness. Meanwhile, the collected toff time 
parameter also has the similar trend with the proceeding 
contact bounces. And the whole contact bounce duration 
increases from 0.8s to 1.0s and 1.4s. But, the spring stiffness 
has not such obvious monotonous effect on the ton time 
parameter. According to the principle of structural dynamics, 
the contact bounce cycle is mainly determined by the bow-
type spring stiffness and equivalent mass. Furthermore, the ton 
time parameter also correlates with contact impact and friction. 
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(c)  

Fig. 10. Effect of spring stiffness on contact bounces time parameters. (a) 
Variations in contact bounce cycle Ti. (b) Variations in “off” time for each 
contact bounce cycle toff. (c) Variations in “on” time for each contact bounce 
cycle ton.  

IV. CONCLUSION 
This paper describes the complexity of initial unstable 

electrical contact under super low velocity and hot switching 
condition in MEMS switch. Recorded explicit contact voltage 
and contact force waveforms together demonstrate the 
presence of contact bounce in nanometer scale. The 
fundamental mechanism for the instability of electrical 
conductance can be explained the competition between 
electrostatic force and spring repulsive force. It is noted that 
surface forces can lead to multiple bounces when the contact 
gap is reduced to several tens of nanometers. Moreover, the 
consecutive contact bounce is equivalent to generic spring 
oscillator with decreased bounce cycle, meanwhile the ‘off’ 
state time parameter also tends to decreased with the contact 
pair approaching. Spring stiffness is an important  influencing 
factor of the initial unstable electrical contact behaviors.  
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Abstract—A gold-coated multi-walled carbon nanotube 
(Au/MWCNT) composite has been used as a contact material for 
low current MEMS application, and it has been shown that the 
application of the composite significantly improves the contact 
lifetime. To investigate the benefit of the composite on the 
mechanical behavior of electrical contact, a finite element (FE) 
contact model is developed, linked to the modified nano-
indentation test, with a gold-coated 2 mm diameter stainless steel 
ball making contact with a Au/MWCNT or Au surface. The gold 
penetration into MWCNT is modeled as a bi-layered structure, 
with the top layer modeled as an elasto-plastic mixed material, 
and the under layer as pure MWCNT. The contact area is 
calculated from the modeling and the contact resistance is 
evaluated, and the results are compared to the experimental 
results. The use of Au/MWCNT results in a larger contact area 
and thus a smaller contact pressure than a gold-gold contact, 
which is assumed to improve the lifetime of electrical contacts. 

Keywords—electrical contacts; bi-layered structure; 
Au/MWCNT composite. 

I.  INTRODUCTION 

Gold-coated multi-walled carbon nanotubes (Au/MWCNT) 
composite has been used as a surface material of electrical 
contacts, for low current switching applications [1-4]. 
Compared to the counterpart gold-gold contact, the use of 
Au/MWCNT can provide a relatively low and stable contact 
resistance, and more importantly, it can prolong the lifetime of 
the electrical contacts significantly [3, 5]. 

The multi-walled carbon nanotubes are vertically aligned, 
like a forest. The nano-indentation show that the composite 
exhibits a high compliance to the gold metal conductive layer, 
and conform to the indenter probes, which reduces the impact 
of mechanical load [6]. By assuming the composite as a single 
material, the material properties can be calculated form the 
nano-indentation tests [6]. The evaluated elastic modulus is less 
than 1GPa, and the hardness is up to 1 MPa [6], which are 
much smaller than that of metallic material used in MEMS 
switches, like sputter Au and Au-alloys, whose hardness is 
about 1-2 GPa [8], or Ru and Rh, 10-25 GPa [9].   

Due to the vertical gaps between carbon nanotubes, the 
gold film cannot form a uniform layer on the surface, but 
penetrates into the MWCNT forest [10]. A finite element 
contact model has been developed, and it is shown that the 
composite is best to model as a bi-layered structure, where the 

top layer is modelled as gold and MWCNT mixed material, 
and under layer as pure CNT [11, 12].  

To investigate the electrical properties of the Au/MWCNT 
composite, a modified nano-indentation setup is developed, 
and the standard diamond tip is replaced by a stainless steel 
(SS) hemispherical ball. The modified tip allowed for 
integrating a four-wire measurement arrangement to measure 
the electrical contact resistance [7]. 

A finite element model is developed, linked to the modified 
nano-indentation tests. The contact area is evaluated from the 
modeling, and using the electrical resistivity measured with the 
4-points probe method, we are able to calculate the contact 
resistance and compare to the measured values.    

II. SAMPLE PREPARISON AND EXPEEIMENTS 

A. Sample Preparison 

Two contact pairs are investigated in the study, one is Au-
Au contact, and the other is Au-Au/MWCNT contact. In both 
cases, the contact pair consists of a 2mm diameter stainless 
steel hemispherical probe and a substrate (see Fig. 1), which is 
with either Au/MWCNT composite, or gold-coated. 

The stainless steel probe is sputtered with a 10 nm thick Cr 
layer, followed by a 500 nm thick Au. The counterpart gold 
sample is fabricated by sputtering 500 nm gold directly on to a 
silicon substrate with a 20 nm Cr adhesive layer. 

The fabrication of the Au/MWCNT composite has been 
reported in [6]. Vertically aligned MWCNTs are growing using 
thermal chemical vapor deposition (CVD) method on a silicon 
wafer, and then a gold layer is sputtered onto the top of the 
nanotubes forest. The Au/MWCNTs composite in this study is 
gold coated on 50 µm high MWCNT forest, and three 
thicknesses of gold are studied: 300 nm, 500 nm and 800nm. A 
SEM image of a 500nm thick gold coated sample is presented 
in Fig. 2, showing the penetration of gold into MWCNT.  

B. Experimentals Setup 

The NanoTest Vantage system of Micro Materials® is used 
for the nano-indentation test. To integrate the 4-wire 
measurement arrangement in the nano-indentation system, the 
standard diamond contact tip is replaced by 2 mm diameter 
stainless steel hemispherical probe, which is also consistent 
with previous experimental studies [1, 4]. Fig. 1 shows the 
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principle of the measurement system. The contact resistance is 
measured using a National Instrument Data Acquisition (DAQ) 
card, which applies the current source of 100 mA, and 
measures the voltage drop. Each sample was indented with 10 
different loads from 0.2 mN to 2mN, and each indent was at a 
new surface location, separated by 500 µm distance [7]. The 
loading rate was kept constant and the maximum load was held 
constant for 30 seconds for each indent. The electrical data 
were only read during the static stage. Using this system, the 
contact force and the resistance can be measured 
simultaneously.  

The sheet resistance of the composites are measured with a 
4-point probe equipment Napson RT70V/RG-7. 

 
Fig. 1 Four-wire measurement system integrated into the nano-indentation, to 
measure the contact resistances. The current source and contact voltage drop 
are supplied and measured by a data acquisition module. (After [7]) 

 
Fig. 2 SEM images of a 500nm Au/50 µm CNT composite, showing the 
penetration of gold into MWCNT. 

 
Fig. 3 Geometry of a finite element model of a 2 mm ball making contact with 
a Au/MWCNT substrate. 

III. FINITE ELEMENT MODELING AND CALCULATION 

A. Finite Element Smooth Contact Model 

A finite element smooth contact model is developed using 
ANSYS14.5, linked to the modified nano-indentation test. The 
model consists of a 2 mm diameter ball making contact with a 
substrate, as shown in Fig. 3. Previous studies [11, 12] have 
used a 200µm ball. The adhesive Cr layer is not included in the 
modeling. The size of the substrate is modelled as 2 × 2 mm, 
and the thickness of the silicon is 675 µm. Two types of 
contact pairs are modelled, corresponding to the experiments:  
Au/MWCNT composite on silicon substrate for Au-
Au/MWCNT contact, and gold coated silicon substrate for Au-
Au contact.  

To simplify the modeling, the gold coated stainless steel 
ball is modelled as a gold solid ball. For the Au-Au/MWCNT 
contact, simulations results showed little difference between a 
SS ball and a gold ball, as the Au/MWCNT surface is very soft 
[6]. For the Au-Au contact, the differences between a SS ball 
and a gold ball is not negligible, and this will be addressed in 
the results. 

The meshing elements are the same as in previous studies 
[12]. The top surface of the Au/MWCNT composite or gold 
film is modeled as a contact surface, and is meshed with the 3D 
surface-to-surface contact element CONTA174. The spherical 
surface of the probe ball is modeled as a target surface, and 
meshed with the target element TARGE170. The volumes of 
the substrate and the ball are modeled using 3D tetrahedral 
solid element SOLID187.  

The augmented Lagrange method is used to seek the 
contact and large deformation is activated in the calculation. A 
uniform pressure is applied vertically on the top surface of the 
hemisphere, and a loading-unloading cycle is applied, with the 
contact force increasing gradually from 0.2 mN to 2 mN in 10 
steps. It should be also noted that roughness is not included in 
the modeling, and will be investigated in further study. 

B. Material Properties 

It is shown in previous study [11, 12] that the Au/MWCNT 
is best modelled as a bi-layered structure. Considering the gold 
penetration into MWCNT (see Fig. 2), the top layer is 
modelled as a gold and MWCNT mixed material, whereas the 
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under layer is modelled as pure CNT. The thickness of top 
layer is set as 6±1.5 µm, which is the thickness of the 
penetration of gold. The material properties in FE models are 
listed in Table I. The silicon substrate and the under layer of 
Au/MWCNT (i.e. pure CNT) are modelled as elastic material. 
Gold and the top layer of Au/MWCNT are modelled as elasto-
plastic material, and the yield strength is defined as H/2.8, 
where H is the hardness of the materials. It should be noted that 
the material properties of the bi-layered structure are based on 
the extreme limits of the nano-indentation tests in [6], to try to 
capture the properties of the two layers in the modelling, and 
they are different from the values calculated automatically 
from the indentation tests in [6, 7], more details about the 
material properties of bi-layered structure see [11, 12].  

TABLE I.  MATERIAL PROPERTIES IN FE MODELING 

Material 

Material Properties 
Elastic 

modulus 
(GPa) 

Hardness 
(GPa) 

Poisson’s 
ratio 

Au 80 1.008 0.42 

Si 162.5 - 0.223 

Au/ 
CNT 

Top layer  1.242 4.05 0.21 [12] 

Under layer 50.82E-3 - 
0[13], 
[14] 

C. Contact resistance calculation 

The contact resistance is calculated with Holm function 
aRc 2 , where a is the contact radius, and  is the 

equivalent resistivity of a contact pair, and equaling to the 
average resistivity of two parts for a bi-material contact pair, 
i.e.  = (1+2)/2.  

IV. RESULTS AND DISCUSSIONS 

A. Experimental results 

Fig. 4 plots the results of contact resistance as a function of 
contact forces for Au-Au/MWCNT contact pair. As expected, 
the contact resistance decreases gradually as the force 
increases. The contact resistance also reduces with thicker gold 
layer on the top. The gold layer has double-edged effects on the 
contact resistance. On one hand, the electrical conductivity 
increases with thicker gold, as Fig. 5 shows, which reduces the 
resistance; On the other hand, the surface becomes harder and 
less compliant with thicker gold [6], which will reduce the 
contact area, resulting in higher resistance. Two effects work 
together, making the contact resistance decreases with thicker 
gold layer, as shown in Fig. 4.  

Fig. 5 plots the measured sheet resistance (RS) of 
Au/MWCNT composite from Napson 4-points probe 
measurement. For the Au/MWCNT composite, assuming the 
thickness of top layer of the bi-layered structure is the 
thickness of the conductive layer (t), the electrical resistivity 
can be calculated, as =RS × t, and the results are listed in 
Table II, also the results for 500 nm gold only. The resistivity 
of 500 nm gold (last row of table II) is found to be significantly 
higher than that of bulk gold, and about twice of the measured 
values for sputter gold of same thickness from [15], i.e. 42.7 

nΩ×m. This could due to the contamination, considering the 
sample has been stored in an atmosphere environment for a 
month. 

In [7], the electrical resistivity is also calculated with Holm 
equation from the measured resistance, assuming the plastic 
deformation,  

 
2/1

2 









H

F
RC 

  (1) 

Where  is the electrical resistivity, RC is the contact 
resistance,  F is the contact force,  is the reduction coefficient 
of electrical resistivity due to the contamination or insulating 
films, and H is the hardness of softer material in a contact pair. 
It should be noticed that the calculation in [7] is assuming the 
Au/MWCNT composite as a single-layer material, whereas 
the composite is modelled as a bi-layered structure in the finite 
element modeling, and the deformation mechanism is different 
form the purely plastic deformation (see discussion in IV. B). 
To calculate the contact resistance based on the simulated 
contact radius, the measured sheet resistance is used instead of 
the values from [7]. 

 
Fig. 4 Contact resistance results from nano-indentation tests as a function of 
contact forces, for the composites with different layer configurations. 

 

Fig. 5 Sheet resistance as a function of the thickness of nominal sputtering 
gold layer, the gold is coated on 50 µm CNTs. 

TABLE II.  ELECTRICAL RESISTIVITY OF SAMPLES WITH DIFFERENT 
LAYER CONFIGURATION 

Au/CNT 
(nm/µm) 

Electrical properties 
Sheet resistance 

(Ω/□) 
thickness of film 

(µm) 
Resistivity 
(nΩ×m) 

300/50 1.196 4 4721.7 
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Au/CNT 
(nm/µm) 

Electrical properties 
Sheet resistance 

(Ω/□) 
thickness of film 

(µm) 
Resistivity 
(nΩ×m) 

500/50 0.696 6 4378.5 

800/50 0.096 8 2435.3 

500 (Au 
only) 

0.175 0.500 87.5 

B. Simulation Results 

1) Au-Au contact pair 
For a Au-Au contact pair, the deformation behaves 

elastically for the whole loading process, and the deformation 
is 6 nm at 2 mN load with a gold target ball, resulting in a 
contact radius of 2.3 µm, as shown in Fig. 6. The calculated 
contact resistance of Au-Au contact is plotted in Fig. 7, with 
the stainless steel (SS) ball and the gold ball. The maximum 
difference between two materials are about 10%. The 
experimental results are 0.4-0.04 Ω for the load ranging of 0.2 
mN to 2 mN [7], and about 5-10 times higher than the 
calculated ones with gold ball, i.e. 0.037-0.020 Ω (see Fig. 7). 
The difference is assumed to come from the hydrocarbon, as 
discussed in [17], and also the effect of thin film resistance 
[15,19].  

  
Fig. 6 Simulation results of Fc-D and a-Fc results for the Au-Au contact, the 
simulation is with gold solid ball, and a is the contact radius. 

 
Fig. 7 Comparison of the contact resistance from the simulation and the 
experiments. 

2) Au-Au/MWCNT contact pair 
Fig. 8 plots the simulated force-displacement results of Au-

Au/MWCNT contact pairs. As expected, because the top layer 
is harder than the CNT, the deformation is smaller with thicker 
gold coated on CNT. Also, the contact pair behaves less 
elastically with thicker gold, and more residual deformation is 
found after unloading. The critical displacement c, at which 
the deformation changes from elastic to elastic-plastic regime, 
can be calculated by [16]: 

R
E

KH
c

2

2







  (2) 

Where H is the hardness of material, K is the hardness 
coefficient, can be calculated by K=0.454+0.41,  is the 
Poisson’s ratio.  E is the Hertz elastic modulus and be defined 
by (3), and R is the radius of indenter probe. 
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  (3) 

For the Au-Au/MWCNT contact, the critical deformation 
calculated with (2-3) is 7.65 nm, and the corresponding contact 
force is 0.0036 mN, which is lower than the smallest load in 
the modeling, suggesting that the top layer has started plastic 
deformation at the very beginning of loading process. 
However, due to the soft CNT under layer, the plastic 
deformation is restrained to a small value, as shown as the 
residual deformation in Fig. 8. 

The contact radius is calculated from the simulation, and 
the results of force-contact radius for different samples are 
plotted in Fig. 9. Once again, because the Top layer is harder 
than CNT under layer (see Table I), the contact radius 
decreases with thicker gold.  

Compared to the Au-Au contact pair, the Au-Au/MWCNT 
contact results in a much larger contact area (Fig. 9), and thus a 
smaller contact pressure, which is assumed to improve the 
lifetime of electrical contacts. 

The contact resistance can be calculated using Holm 
function with the simulated contact radius and the measured 
electrical resistivity (see Table II). Fig. 10 plots the calculated 
contact resistance as a function of contact forces for different 
samples, and the values are found smaller than the measured 
resistances (see Fig. 4).  

It should be noticed that the FEA model used is based on a 
smooth contact with no roughness. With surface roughness the 
effective contact area will be reduced further thus leading to an 
increase in the constriction and thus contact resistance. Also, 
the thin film effect is not included in the electrical resistance 
calculation, which will also result in a higher contact resistance 
[15, 19].  

The calculated Fc-Rc curves show the same trend as the 
measured values (Fig. 4), a factor of 8.5 is then used to 
multiply the calculated resistances of 500nm Au/50 µm CNT 
composite (labelled as ‘505’ in figures), and the multiplied 
values are  plotted in Fig. 11. Similarly, factors of 12 and 13 
are used for the composite withe 300 nm Au and 800 nm Au 
coated on 50 µm CNT, respectively. These are arbitrary values 
which show that the trends are matching, and account for the 
surface roughness and thin film effect which is not included in 
the current model. 
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Fig. 8 Simulated force-displacement results for the samples with different 
layer configuration. 503, 505, 508 in the legends means 300 nm, 500 nm and 
800 nm gold coated on 50 µm CNT. 

 

Fig. 9 Simulated force-contact radius results for the samples with different 
layer configuration.  

 
Fig. 10 Calculated contact resistance based on the FE modeling and the 
measured sheet resistance, for the composites with different layer 
configurations.  

 
Fig. 11 Comparison of the contact resistance from the simulation and the 
experiments for the composite 500 nm Au/50 µm CNT, also the simulated one 
with an applied factor to account for surface roughness and thin film effect. 

C. Discussions 

For the differences of the contact resistance between the 
simulation and the experiments of Au-Au/MWCNT contact 
pair, there can be other reasons. 

One is the contact radius from the finite element modeling. 
Fig. 12 shows the SEM images of the failed site at different 
force load for the composite 500 nm Au/50 µm CNT [5]. A 
circle is used to fitting the failed site, and the circle can be 
considered as the approximate failed contact area, thus the radii 
of failed area can be calculated, and the results are plotted in 
Fig. 13, alongside with the simulated contact radii. The 
simulated contact radii are found to be smaller than the failed 
radii. However, it should be kept in mind that the switching 
tests are done with the current of 100 mA, which will result in 
larger failed area than the cold switching [18], and there is no 
thermal effect included in FEM; also the failed area is found to 
be larger than the contact area at the very beginning of 
switching tests [18]. By dividing the failed radii by 2, the 
results match the simulated contact area better. This suggest 
that the simulated contact area is comparable to the real contact 
area.  

On the experiments side, the contamination on the surface 
is not avoidable. It is difficult for gold to generate oxide film 
on the surface, but it is very likely to form a hydrocarbon layer 
[17]. 

 
Fig. 12 SEM images of the failed sites on the 500 nm Au/50 µm MWCNT 
composite for loads 0.2 mN, 1 mN and 4 mN (after [5]).  

Residual 
deformation 
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Fig. 13 The simulated contact radius for the loads 0.2 mN, 1mN and 4 mN, 
compared to the values from the fitting circles of the failed area in Fig. 12.  

V. CONCLUSIONS 

A finite element contact model of a smooth surface is 
developed, linked to a modified nano-indentation set up for the 
Au-Au/MWCNT contact and Au-Au contact. The 
Au/MWCNT is modelled as a bi-layered structure as previous 
research proved. Contact area is obtained from the modeling, 
and the contact resistances are calculated based on the 
simulated contact area and the measured sheet resistance. The 
calculated force-resistance results show the same trend as the 
experimental results, but are about 10 times smaller than the 
experimental ones, for the Au-Au/MWCNT contact, as well as 
Au-Au contact. The reasons of the differences are discussed. 
On the simulation side, a model including surface roughness 
and thin film effect will result in higher contact resistances, 
whereas the carbon contamination is considered to be the main 
reason for the high contact resistance in the experiments. 
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Abstract— Graphene has been extensively studied for many 

years mainly for electronic devices because of its outstanding 

conduction properties. Much work has also been devoted to 

nanocomposite fabrication where the graphene flakes are mixed 

to a matrix to confer improved mechanical properties. In both 

cases the properties of the flakes have a major role on the 

properties of the films. In a first study we have investigated the 

nano scale electrical properties of graphene flakes obtained from 

different exfoliation processes varying the solvents and the 

ultrasonic treatments. The work presented here describes two 

different methods to build films from these flakes: vacuum 

filtration and spraying. In the former case a transfer process was 

established. The structural, chemical and electrical properties of 

such films are investigated and analyzed; the possible 

applications to electrical contacts are then discussed. 

 

Keywords—graphene; liquid exfoliation; electrical contact 

I.  INTRODUCTION  

For many years investigations have been performed in the 
field of materials so that protecting layers could improve the 
behaviors of low level electrical contacts. Lately carbon 
materials such as carbon nanotubes and graphene have been 
shown to be potentially promising materials because of their 
outstanding electric and mechanical properties [1, 2]. Because 
of their particular shape carbon nanotubes are mostly used as 
fillers or reinforcement material in nanocomposites [3]. 
Graphene has the advantage of being a surface material. Thus 
much work has been and still is performed on the processes of 
fabrication, either from Chemical Vapor Deposition (CVD) or 
from liquid exfoliation [4]. CVD allows a “bottom-up” process 
for the fabrication of large area graphene mostly of monolayer 
structure. The main problem is the transfer of this graphene 
onto substrates [5]. Liquid exfoliation techniques have been 
extensively investigated [6-9] and the ink-printing applications 
have maintained interest in the field [10].  

In this work we have investigated exfoliation processes to 
obtain defect free flakes of graphene that would display low 
values of resistance either by Conducting Probe Atomic Force 
Microscopy (CP-AFM) characterization or sheet resistance 

measurements. Methods to build a film on a substrate from 
these flakes were then investigated.  

II. SAMPLES AND EXPERIMENTAL SET-UPS 

A. Liquid phase exfoliation of graphene  

Graphite from Graphene Supermarket type AO3 was used. 
Different solvents were selected first alone then in mixtures in 
order to adjust the surface tension of the solution [6, 11, 12]. 

Centrifugation (500 rpm) was performed to try to sort the 
flakes obtained by sonication in solvents. Flakes thus prepared 
showed high values of resistance that could not be measured 

with the CP-AFM (R>10
12
). It was observed [13] that 

without centrifugation the flakes displayed measurable values 
of resistance with the same device. Thus unlike in many studies 
no centrifugation was used in the study. 

Ultrasonic (US) exfoliation was performed for various 
durations varying from 30 min to 24 h. It was found that 
increasing the duration of the ultrasounds did not have a direct 
effect on the thickness of the flakes but caused an increase of 
the defects. Defects in graphene can be measured by 
calculating the intensity ratio of the D peak (defect peak) over 
the G peak (carbon peak) in Raman spectra. Increasing the US 
duration also caused an increase in the mean tip/surface 
resistance measured by CP-AFM. A short ultrasound treatment 
of 1 hour was then chosen for the exfoliation. 

A heat treatment at the reflux temperature of the solvent 
mixture was added to the exfoliation process [14]. The duration 
varied from 30 min to 3 h. It was found that a short duration of 
1 h allowed decreasing the defect ratio (defined above) as well 
as increasing the form factor 2D/G which is the intensity ratio 
of the 2D peak to the G peak in the Raman spectra and gives 
information on the number and quality of layers.  

Table 1 sums up the solutions we used to investigate the 
two main processes for the formation of a film described in 
Part C. The substrates considered for the study as well as the 
techniques for flakes deposition are presented in Part B. 
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TABLE I.  SOLVENTS AND EXFOLIATION CONDITIONS 

 Solvents 
 

mN/m 

Exp. 
conditions 

S 6 
Isopropanol 50 ml, methanol 50 

ml, H2O 50 ml 
48.8 

30 min us 
60 min T 

reflux 

S 6.1 
Isopropanol 50 ml, methanol 50 

ml, H2O 50 ml, KOH 5 ml 

49.0 

 

30 min us 

60 min T 
reflux 

S 8 
Isopropanol 60 ml, methanol 60 

ml, H2O 60 ml, KOH 20 ml 
49.8x 

30 min us 
60 min T 

reflux 

 

B. Defining a way to characterize the flakes and deposition 

technique 

In order to evaluate the various suspensions made with 
different experimental conditions of exfoliation flakes had to 
be deposited on a substrate. The deposited flakes could be 
individual or aggregated. Three techniques were used to 
deposit flakes and characterize them: a drop casting one, a 
dipping one and spraying with an airbrush (nozzle diameter 
5mm). Substrates were 100 nm gold (evaporated on silicon 
from Sigma Aldrich) for electrical characterizations and SiO2 
for structural Raman characterizations. The method giving the 
most homogeneous deposits was the airbrush spraying [13].  

The properties of the flakes obtained in different conditions 
were assessed. 

C. Formation of films 

1) Vacuum filtration and transfer 
Vacuum filtration was performed by pouring a given 

volume of solution (10 ml) on a filter with a small depression 
[6]. The filters were purchased from Prat Dumas France 
(cellulose acetate, diameter 47 mm, pore diameter 450 nm); 
these filters were not soluble in most solvents. A second type 
with the same diameter from Merck Millipore in nitrocellulose 
(pore diameter 100 nm), soluble in acetone was used for the 
transfer of the flakes from suspension 8 onto substrates. 

After drying a few hours the flakes formed a compact film 
on the filter that could be characterized with various 
techniques. 

A further step was to try to transfer the flakes on a metallic 
substrate. The filters with the flakes were deposited on gold 
substrate and treated in acetone vapor at 60° for several hours 
and for three runs. The dissolution of the filter was checked by 
X-ray Photoelectron Spectroscopy (XPS) performed on the 
remaining flakes; the structure was analyzed by Raman. 

2) Spraying 
A special spraying system (USI Prism) was used with the 

aim of building a controllable film on the substrate. Its main 
characteristic is to be nozzle-less and to use an ultrasonic spray 
head technology. The head can be scanned over the sample for 
repeated runs in order to form a covering film; many 
parameters have to be chosen such as the speed of the spraying 
head, its distance to the surface, the flow rate of the suspension, 
the air pressure and the drying time between runs.  

 

D.  Characterization techniques 

The techniques used to investigate morphology, structure, 
composition and electrical properties of the flakes and of the 
films are described here. 

 

1) Morphology: AFM 

AFM was used to observe the topography of the flakes and 

their degree of agglomeration. An AFM equipment (D.I. 

MultiMode / Nanoscope III) fitted with a special home-made 

amplification and conversion device, called Résiscope 

(referred to as CP-AFM) was used in order to acquire 

simultaneously topographic and electrical images of the 

surfaces. 
 

2) Structure: Raman 
2D Raman scattering images and Raman spectra were 

collected at room temperature, using a WiTec alpha 300 R 
confocal Raman microscope with a UHTS300 spectrometer 
and a DV401A CCD detector. The laser beam spot size was 
around 500 nm. The films were illuminated using a frequency 
doubled Nd:YAG Laser at 532 nm and Raman signal was 
collected in a backscattering geometry. 

 

3) Composition: XPS 
The chemical composition was analyzed with a PHI 5000 

Versaprobe multitechnique XPS microprobe comprising a 

monochromated Al K source and the Multipack software for 
quantitative analysis. 

4) Electrical properties: microscopic and macroscopic 
Electrical maps of the surfaces were measured with the CP 

AFM using either PtIr or CrPt coated tips (radius  25 nm) or 

doped diamond coated tips (radius  150 nm). The intrinsic 

resistance of the probes was about 250  for the metal tips and 

about 5 k for the diamond ones. 

Macroscopic electrical properties were measured with the 
Van der Pauw method. Sheet resistance values were measured 
for the vacuum filtration films. No measurements were 
obtained for the films sprayed on SiO2. (airbrush and ultrasonic 
spraying techniques). 

III. RESULTS AND DISCUSSION 

Firstly flakes identified as conducting with the CP AFM 
allowed the selection of an exfoliation process. 

Secondly films were formed by vacuum filtration and 
transfer or by spraying with repeated runs. Evaluation of these 
techniques is described. 

A. Exfoliation in various conditions 

1) Study of the flakes deposited by spraying with an 

aerograph. 
Fig1. shows the topography and the electrical map of 

graphene flakes from suspension 6 sprayed on gold. The 
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electrical map is built from the current flowing through the 
conducting tip/surface nanocontact measured by the Cp-AFM. 
The height scale in nm is on the left and contact resistance 

scale in  is on the right. The flakes can be observed to have a 
minimum height of about 8 nm. Statistics on resistance values 
distribution can be calculated either from the 262144 values of 
the whole image or from specific areas selected to compare 
properties of various zones, as shown in Fig.2. The most 
interesting values are the mean value of the tip/surface 
resistance expressed in decimal log, which we will refer to as 
<LogR>, and the minimum value of the resistance Rmin. In 

Fig.2, for the graphene flakes <LogR>=6 and Rmin =5.6 10
3
 . 

This last value has to be compared to the Rmin value for the gold 

substrate which is 250  (using a PtIr coated tip). 

 
Fig. 1. (A) Topographic and (B) electric images of flakes exfoliated from 

suspension 6. PtIr tip, 50 nN. (C) and (D) are profiles extracted from the 

images along the black horizontal line. 

 

Fig. 2. Histograms from two selected areas of Fig. 1. Left: on gold substrate, 

right: on the graphene flakes. 

The structure of the graphene is characterized by Raman 
spectroscopy in Fig.3. The D peak corresponds to defects, the 
G peak to the sp

2
 carbon and the 2D peak gives informations 

on the thickness, number of layers and stacking. The spectra 
were recorded at three different locations and are representative 
of the numerous spectra recorded at various locations (more 
than 10). They show three different behaviours of the D peaks 
corresponding to defects. These are: almost no defect, a small 
narrow peak and a broad peak. This latter case corresponds to 
multiple orientations of the flakes. The intensity ratios D/G and 
2D/G indicate the amount of defects in the material and the 
quality of the graphene. The width at mid height of the 2D 
peak is also a characteristic of the graphene; it is indicative 
since the the 2D peak in this work showed 2 major componants 
as is expected for multilayer graphene. In Fig.3 D/G=0.15, 

2D/G=0.41 and l=70.3 cm
-1

. The D/G value is very low 
indicating very few defects. This value can be higher than 1 in 
case of defective oxidized graphene for example. The 2D/G 
ratio has a value typical of multilayer graphene. High values of 
this ratio indicate good quality graphene with 2D/G= 2.1 for 
single layer CVD [9]. 

 

1000 1500 2000 2500

200

250

300

350

2D

G

D

 

 

In
te

n
si

ty

Raman shift (cm
-1
)

 
Fig. 3. Raman spectra of the flakes from suspension 6 measured at 3 

different locations. 

The next suspension investigated involved exfoliation in a 
solution with the addition of KOH (suspension 6.1). Fig.4 
shows a typical CP-AFM topographic and electric maps of the 
resulting flakes. 

 

 
Fig. 4. (A) Topographic and (B) electric images of flakes exfoliated from 

suspension 6.1. Diamond tip, 50 nN. (C) and (D) are profiles extracted from 

the image along the black horizontal line. 

The minimum value of the resistance for the gold substrate 

is Rmin =9.7 10
3
  and it is Rmin =1.2 10

4
  for the graphene 

flakes. Assuming the tip resistance is in series with the 
spreading resistance in the material, the contribution of the 

graphene to the resistance is 2.5 k. This values is comparable 

to the value of 5.6 k for suspension 6 with a PtIr tip taking 
into account the the difference in contact radiuses with an 
estimate with Hertz and Sharvin laws. The <LogR> value is 
5.8 for the graphene flakes. 
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The Raman spectra recorded at various locations on the 
sprayed surface gave the same three characteristic behaviors as 
in Fig.3 for suspension 6 exfoliated graphene. The 
characteristic values were: 

D/G=0.13, 2D/G=0.30 and l=66.3 cm
-1

.  

The amount of KOH was increased in suspension 8; it gave 
the following results: 

 

 
Fig. 5. (A) Topographic and (B) electric images of flakes exfoliated from 

suspension 8. PtIr  tip, 50nN. (C) and (D) are profiles extracted from the 

image along the black horizontal line. 

The minimum resistance value for the graphene flakes is 

Rmin =6.6 10
3
  with <LogR>=5.4. 

The Raman spectra at various locations displayed only two 
behaviors: almost no D peak or a narrow small D peak. The 
characteristic values were: 

D/G=0.06, 2D/G=0.36 and l=61.5. 

The topography of the flakes in Fig. 5 shows that they are 
thin (10 nm) but can agglomerate. The minimum resistance is 

in the order of magnitude of 10
3
  but the mean value of the 

resistance <LogR> is lower than for the other exfoliations. 

B. Vacuum filtration 

 
Vacuum filtration was performed with the above 

suspensions. 

1) Films on filter from suspension 6 and 6.1 

 
 

Fig.6 shows the CP-AFM images of the films formed by 
filtration of suspension 6. The flakes are on the filter which is 
highly insulating and the current flows from the tip to the 
measuring device thanks to 2 electrodes on the side of the 

sample. The minimum value of the resistance is Rmin=2.2 10
3 
 

with <LogR>=5.8. This is a very interesting result since this 
measure includes multiple interflake junctions. We show here 
that the interflake junctions do not necessarily cause an 
increase in the measured resistance. 

 

 
Fig. 6. (A) Topographic and (B) electric images of films formed by filtration 

of suspension 6. CrPt tip, 50nN. (C) and (D) are profiles extracted from the 
image along the black horizontal line. 

Van der Pauw measurements performed on these samples 

gave an average value of sheet resistance of Rs=18 /. This 
value is very low for graphene films and particularly for liquid 
phase exfoliated graphene. The lowest value reported for 

graphene films on a substrate is 40 / (p-type doped films) 

[15] and for liquid phase graphene it is in the range of k/ 

[16,17]. The Raman spectra measured on the sample showed 
the same behaviors as for the individual flakes with D/G=0.35, 
2D/G=0.29 and l=66 cm

-1
. The amount of defects was higher, 

probably because of an increased number of edges as has been 
reported in literature. Note that the ratio 2D/G is smaller than 
for flakes indicating that the “quality” of graphene is less good. 
The chemical nature of the surface was investigated by XPS. 
The spectra showed mainly carbon (95% at) with a small 
amount of oxygen (4% at). The carbon C1s peak could be fitted 
with various components and mainly with one at 284.3 eV 
corresponding to sp

2
 carbon in graphene and one at 285.1 eV 

corresponding to sp
3
 carbon. From the composition data two 

characteristic values can be extracted: the ratio of carbon over 
oxygen C/O and the ratio of sp

2
 carbon, as in graphene, over 

sp
3
 carbon. Here C/O =23.7 and Csp

2
/Csp

3
=10.4. 

 

For the filter obtained by filtration of suspension 6.1 the 

sheet resistance was Rs=540 /, which is a higher value than 
with filters from suspension 6. Raman measurement gave the 
values D/G=0.22, 2D/G=0.30 and l=65 cm

-1
 attesting few 

defects. Chemical composition gave C/O =9.0 and 
Csp

2
/Csp

3
=8.8. This shows that there is more oxygen and that 

fewer carbon atoms have SP2 hybridization as in graphene.  

KOH in suspension 6.1 could cause some oxidation of the 
carbon.  

The filters made from suspension 8 which contained more 
KOH were investigated. The sheet resistance was measured to 

have a mean value of Rs=920 /. The Raman spectra 
performed at several locations showed very similar peaks with 
D/G=0.05, 2D/G=0.37 and l=66 cm-1. Note the very low value 
of the defect ratio. XPS gave C/O=18.4 and Csp

2
/Csp

3
=9.4.  

Both filters obtained by filtration of the suspensions with 
KOH gave higher sheet resistance values which could be 
correlated to the higher contents of oxygen.  
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2) Transfer of the film 

 
The films formed by filtration of suspension 8 were 

transferred onto substrates by dissolving the filters. The 
substrate for the CP AFM characterization was gold and SiO2 
for the Raman measurements.  

 

 
Fig. 7. (A) Topographic and (B) electric images of the film formed by 

filtartion of suspension 8 and transferred on a gold substrate. PtIr  tip, 50nN. 

(C) and (D) are profiles extracted from the image along the black horizontal 

line. 

Fig. 7 shows that the minimum resistance value for the 

graphene flakes remaining on the surface is Rmin =1.2 10
3
  

with <LogR>=9.8. This indicates that the process gives some 
transferred graphene but that contamination remains on the 
surface. The Raman spectra attest of the quality of the 
transferred flakes: D/G=0.06, 2D/G=0.33 and l=66 cm

-1
. On 

the other hand surface analysis showed that there was a rather 
small quantity of oxygen with C/O=9.9 but that a large quantity 
of carbon was not of sp

2
 hybridization with Csp

2
/Csp

3
=0.9. The 

sheet resistance measurements gave Rs=67 10
3
  attesting of 

the presence of remaining carbon from the filter. 

This transfer method could be interesting if much more 
efficient dissolution of the filters could be realized. The 
positive result is that the process of dissolving the filter does 
not seem to damage the graphene structure.  

3) Ultrasonic spray 

 
Flakes exfoliated in suspension 6.1 were spayed on the 

substrates with the PRISM system using the following 
parameters: sample to head distance: 30 mm, speed of the 
head: 30 mm/s, flow rate: 0.5 ml/min, waiting time between 
scans: 1 min. 

 
Fig. 8. (A) Topographic and (E) electric images of the film formed by 

ultrasonic spraying of suspension 6.1.Diamond tip, 30 nN. (C) and (D) are 

profils extracted from the image along the black horizontal line. 

 

The aspects of the surfaces sprayed with the ultrasonic 
system were much more uniform than by the airbrush 
technique. Fig. 8 shows the topography and the resistance of 
the flakes. Some gave resistance values above the detection 
limit while others displayed lower values. The minimum value 

of the resistance for the flakes was Rmin =1.4 10
4
  with a mean 

value of <LogR>=6.5. The values measured for the airbrush 

sprayed flakes were Rmin =1.2 10
4
  and <LogR>=5.8. The 

ultrasonic deposition process deposited flakes displaying 
slightly higher resistance values when measured by CP-AFM. 
We think this could be due to solvent trapping at the interface.  

The Raman spectra recorded at various locations revealed 
well defined narrow D peaks. The characteristic values were: 
D/G=0.13, 2D/G=0.32 and l=68 cm

-1
. Theses values are 

equivalent to those for the airbrush flakes. This implies that the 
quality of the flakes is the same but with the ultrasonic spray in 
the chosen experimental conditions (100 scans) some groups of 
flakes are thicker and can trap solvent.  

These preliminary results show that the ultrasonic spraying 
could provide an interesting method to deposit films, after 
more adjustments of the experimental conditions are made 

 

IV. CONCLUSION 

Graphene flakes purchased from the various manufacturers 
do not always show sufficient electrical properties. 
Investigations on the exfoliation conditions giving good 
electrical properties were led. Mixtures of solvents involving 
methanol, isopropanol and water were shown to allow 
exfoliation of graphene-like flakes. The addition of KOH was 
observed to give thinner flakes. Short ultrasound treatment and 
short temperature treatment at solvents reflux could give 
satisfactory exfoliation. Such graphene flakes were shown to 
have very few defects and their conduction as measured by CP-
AFM was shown to be good. Two different processes for the 
formation of films with these flakes were investigated. Both 
were shown to deserve much more adjustments but main 
results can be described and can be summarized bellow. 
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- Vacuum filtration of a suspension over a proper filter 
allows sheet resistance values to be measured and values as 

low as 18 / have been found. A process for the transfer of 
the filtered flakes from the acetate filters to a given substrate 
was investigated and showed that the elimination of all the 
filter by dissolution in hot acetone was difficult; nevertheless 
no degrade the graphene flakes was observed. 

- A nozzle-less ultrasonic spraying device was used in order 
to deposit a uniform and compact graphene film on substrates. 

In view of these results an application to electrical contacts 
can be considered if progresses were made in the process for 
the transfer of filtration build films or in the surface coverage 
by spraying. 
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Abstract—Since it has been necessary for automobiles to 
become safe, convenient and environmental, wire harnesses have  
been increasingly required to keep high reliability, even reducing 
the size and weight of them. Then we constructed nano-
manipulator which allows to observe the mechanical contact and 
to measure the contact load and electrical resistance 
simultaneously in a scanning electron microscope and 
investigated the relationship between the mechanical contact and 
the electrical conduction on tin plating for connectors equipped 
in many automobiles on a nanometer scale. We found that cracks 
are created in the tin oxide layer, tin penetrates into the cracks 
and it finally reaches to the tin oxide surface. Moreover, it was 
also confirmed that such tin appearance on the tin oxide surface 
reduces the contact resistance. In this study, we investigated in 
detail the relationship among the tin appearance area, indented 
area, and the electrical resistance to clarify the factors of the 
contact resistance decrease. As a result, we found that the contact 
resistance is strongly affected by the tin appearance area, not by 
the indented area. 

Keywords—electrical contact; nano-indentation manipulator; 
scanning electron microscope; focused ion beam; 

I.  INTRODUCTION  
The number of electrical wires and connectors equipped in 

an automobile has been steadily increasing for its safety and 
comfort and the reduction of their weight has also been 
expected to realize fuel-efficient automobiles. Even if electrical 
connectors become smaller in size and lower load, their 
reliability must be kept at higher level. Therefore it has been 
increasingly necessary to comprehend the electrical contact 
phenomena on a nanometer scale.   

There are so many experimental tools for nanometer scale 
characterization such as scanning probe microscope (SPM), 
focused ion beam (FIB), transmission electron microscope 
(TEM) and scanning electron microscope (SEM). It has been 
possible to observe and manipulate a single atom and molecule 
with SPM [1]-[4], to construct nanostructure with FIB [5] and 
to measure electrical and thermal properties of nano-materials 
in TEM [6],[7] and SEM [8]-[10] combined with manipulator 

and probing system. Of course in the field of electrical contact 
research, these tools have been used intensively for the basic 
and applied research on a nanometer scale.[11]-[17] Although 
indentation process from oxide film fracture to metal-to-metal 
contact has been analyzed mainly by simulation such as finite 
element method (FEM), few experimental investigation has 
been conducted. [18] 

Then a designed nano-indentation manipulator in SEM was 
constructed to investigate the electrical contact phenomena on 
a nanometer scale and understand the basic mechanism in 
detail. The manipulator enabled us simultaneously to observe 
and control indentation movement and to measure the load 
force by strain gauges and electrical resistance by a four-
terminal method. Our researches has already clarified that the 
tin penetrates in the cracks in the tin oxide which exists on the 
surface, and the tin finally comes to the top of the surface.  

In this study, we investigated in detail to clarify how the 
indented surface structure and contact load affect the contact 
resistance and also how the tin appearance on the surface 
affects the contact resistance by changing the depth of the 
indentation on the surface. 

II. EXPERIMENTAL 
Field Emission Scanning Electron Microscope (FE-SEM, 

Hitachi S-4300 (Typical Beam condition: 15kV, Detector for 
imaging: Secondary Electron Detector)) and Focused Ion 
Beam-SEM (FIB-SEM, SII Nano Technology Xvision200DB) 
were used for this study. A specially designed nano-
indentation manipulator was fabricated and introduced in FE-
SEM chamber which will be described elsewhere in detail. 
The manipulator was mainly composed of sample and probe 
stages. The sample stage could be moved in X, Y, Z direction 
by motor drive with precision 1μm. The probe stage as an 
indenter could be moved in X, Y direction by motor drive with 
precision 1μm and further piezo drive with precision 10nm. 
An indentation step which was computer-controlled could be 
changed from 10nm to 1μm.  The angle between sample 
surface and probe axis is from 80 to 89 degrees to observe the 
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contact state in SEM as shown in Fig.1. Then it was possible 
to indent a sample by a probe, simultaneously measuring the 
load force by strain gauges and the electrical resistance by a 
four terminal method as shown in Fig.2. The load force was in 
advance calibrated by dropping steel balls on the force sensor 
stage. The sensitivity was estimated to be 1.8x102V/N. 
Electrical resistance was measured using Keithley 6220 
precision current source and Keithley 2182A Nanovoltmeter. 
The probe as an indenter was made from tungsten wire, which 
was electrochemically etched by applying DC 7V in 2N KOH 
solution. The probe curvature could be controlled from less 
than 1μm to 10μm in radius by changing the etching time and 
condition. In this experiment, probe curvature used was about 
5μm in radius. A sample was tin substrate coated with tin 
oxide layer about 100nm. The tin substrate was at first 
polished by chemical mechanical polishing (CMP). Then tin 
oxide was evaporated by sputtering tin dioxide (SnO2) in the 
argon atmosphere with 3% oxygen. The contact resistance and 
the contact load were measured every 100nm step.  At first, 
setting current and compliance voltage were 100nA and 10V. 
When measured contact resistance became less than 105Ω, the 
setting current was changed to 10μA in order to measure 
electrical resistance precisely. The surface and cross sectional 
structures were observed by SEM. In order to observe cross 
sectional structure clearly, the indented surface was at first 
protected by platinum using Ion-sputter Hitachi E-1045 and 
carbon film was further deposited using FIB. Finally the 
etching process to get cross sectional structure was carried out 
with FIB. The cross sectional image with the protective layer 
on the sample was observed by SEM as shown in Fig.3. The 
relatively uniform SnO2 layer was confirmed. The indented 
surfaces of the different contact resistance were prepared as 
the different indentation steps and the surface and the cross 
sectional image were observed. 

Clarifying the relationship between the indented surface 
structure and the contact resistance, tin appearance area and 
indented area determined by using the image analysis software 
to SEM images of the surface. 

 
 

 
 

Fig. 1. Schematic drawing of nano-indentation manipulator in SEM used in 
this study. 

 
 
 

 
 

Fig. 2. Experimental setup for electrical resistance measurement. 

 

 
 

Fig. 3. Cross sectional SEM image of tin oxide film on tin substrate. 

 

III. RESULT AND DISCUSSION 
At the contact load less than 0.5mN, the contact resistances 

measured were more than 107Ω, which is the measurement 
performance limit. At the contact load around 1.0mN, the 
contact resistance drastically reduced to 102Ω. Then, as the 
contact load further increased, the resistance gradually 
reduced. 

The indented surface and the cross-sectional structures with 
different contact resistances shown as red dots in Fig.4 was 
observed in order to investigate the correlation between the 
indented surface structure and the contact resistance. White 
dotted lines in the Figs. 5 - 8 denote where the cross-sectional 
images were acquired. Cracks were observed in all of indented 
surfaces. In Fig.5, radial cracking was observed. Width of the 
crack A was approx. 20nm, and no tin penetration into the 
crack was found. In Fig.6, the indented area increased in 
comparison to that in Fig.5, and concentric cracks B and C 
were observed. Widths of the cracks B and C were 20nm and 
50nm, respectively, and the widths increased due to the higher 
contact load. No tin penetration into the crack B was found in 
the cross-section SEM image. But tin penetration was found in 
the crack C, the width of which is wider than the crack B. This 
suggests that width of the crack affects tin penetration into the 
crack. In Fig.7, indented area and the number of cracks further 
increased in comparison with Fig.6. In the crack D in Fig.7 (1), 
tin penetrated in the crack and tin appearance on the oxide 
surface was observed. Widths of the cracks E and F were very 
wide, which were 75nm and 200nm respectively, and the 
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cross-section SEM images for those cracks confirmed that the 
tin penetrated into the crack and appeared on the oxide surface.  
In Fig.8, more tin appearance onto the surface, were found at 
G. Width of the crack H was approx.150nm, and tin appeared  
the tin oxide surface. 

 

 
 
Fig. 4. Characteristics of contact load F vs. contact resistance R. The red 

dots indicate the extracted significant points of the contact resistances. And 
the corresponding indented surfaces were observed by SEM in Figs.5 -8.  

 
Based on the cross-section observations, it was found that 

there is a correlation between tin appearance and the crack 
width on the tin oxide surface, and when the crack width is 
equivalent to or more than the thickness of the oxide film, the 
tin penetrates into the crack and it finally appears to the tin 
oxide surface. These results corresponded with the previous 
simulated results. [18] In order to clarify the relationship 
between the indented surface structure and the contact 
resistance, measurements of indented area and tin appearance 
area were executed to be (b)13.84μm2, (c)31.57μm2, and 
(d)56.50μm2, and (b)0μm2, (c)0.74μm2, and (d)3.05μm2, 
respectively. Measurements for (a) were not done as the 
boundary of the indented surface was not clearly confirmed. 
Contact load and contact resistance could be measured, so it 
was considered that only elastic deformation took place at (a). 
For each indented surface, the inverse of electric resistance 
was calculated from the resistance measured, and the graph in 
Fig.9 shows the inverse of resistance with respect to the 
indented area and the tin appearance area. In addition to (b) ~ 
(d), same experimental data were added in Fig.9. Solid lines in 
Fig.9 are the fitting lines for the indented area and the tin 
appearance area. From the graph in Fig.9, the slope of the 
indented area line is 0.075, and that of the tin appearance area 
line is 0.312. This result suggests that the tin appearance area 
has a stronger correlation to the inverse of resistance. It was 

found that the contribution of tin appearance to the inverse of 
resistance is greater than that of the indented area. 

As for a contact of multiple conduction spots, R.Holm has 
suggested an approximation formula (1) for calculating 
constriction resistance [19] 

 
𝑹𝑹 =

𝝆𝝆
𝟐𝟐𝟐𝟐𝟐𝟐 +

𝝆𝝆
𝟐𝟐𝟐𝟐                                          (1) 

 
where, ρ is electrical resistivity, n is the number of 

conduction spots, a is a radius of the conduction spot, and α is 
the  radius of the indented area. 

For the formula (1), assuming n conduction spots as a 
single spot and therefore, converting the na into a single 
conduction area A, and  expressing its relationship with the 
inverse of resistance 1/R in double logarithm, both terms in 
formula(1) have a proportional relationship as expressed as 
follows: 

 

𝐥𝐥𝐥𝐥𝐥𝐥 �
𝟏𝟏
𝑹𝑹� ∝ 𝟎𝟎.𝟓𝟓𝐥𝐥𝐥𝐥𝐥𝐥(𝑨𝑨 )                                            (𝟐𝟐) 

 
The slope of the tin appearance line is 0.312, which gives 

close agreement with the 0.5 used in the above formula (2).  
The difference between the measured and the theoretical 

result is presumed to be due to the shape difference of the 
conduction area. The first term of the formula (1) considers 
the circular conduction spots, and it is different from the tin 
appearance shape found in our experiments. Therefore, it 
would be possible to improve the accuracy by the formula, 
based on the actual shape found in experiments. 

It was found that the first term of the formula (1) is not 
negligible in the low load region, and/or rather, it is actually a 
main factor. As a result, it was confirmed that the tin 
appearance area strongly affects the reduction of the contact 
resistance. 

Nano-manipulator used in this study was a very useful 
instrument for electrical contact research. 
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Fig. 5. Indented images under contact resistance 15MΩ in Fig. 4 (a), were 
observed by SEM. (1) Surface image (2) Cross sectional image 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Indented images under contact resistance 211kΩ in Fig. 4 (b), were 
observed by SEM. (1) Surface image (2) Cross sectional image 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Indented images under contact resistance 360Ω in Fig. 4 (c), were 
observed by SEM. (1) Surface image (2) Cross sectional image 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Indented images under contact resistance 13Ω in Fig. 4 (d), were 
observed by SEM. (1) Surface image (2) Cross sectional image 
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Fig. 9. The inverse of electric resistance vs the tin appearance area and the 
indented area. 

 

IV. CONCLUSION 
We could measure the contact resistance and the contact 

load simultaneously using nano-indentation manipulator in 
SEM. The tin appearance through the oxide crack was 
clarified by the surface and cross sectional observations. In 
addition, we could quantitatively discuss the relationship 
between the indented surface morphology and the contact 
resistance. Therefore, we could demonstrate that nano-
manipulator used in this study was a very useful instrument 
for electrical contact research. Tin appearance area showed a 
stronger correlation with respect to the inverse of resistance 
than the indented area. 
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Abstract— This paper presents experimental results of micro-
contacts subjected to low-frequency, low-amplitude alternating 
current (AC) loads with external circuit loading effects.  Previous 
experiments have demonstrated micro-contacts that typically 
perform well under DC conditions consistently fail prematurely 
under low frequency alternating current loads.  This increased 
failure was observed as a decrease in device lifetime (1,000 cycles 
or less), and more variability in contact resistance during 
operation.  Under DC loading conditions, it has been 
demonstrated that device lifetime can be affected by the load 
applied to the micro-contact, extending life or promoting 
premature failure depending on the type of load applied.  This 
kind of lifetime testing involves cycling the contact and applying 
a DC load at a cycle rate up to 2.5 kHz.  Due to AC conditions, 
test methodology required we slow this test cycling down if we 
wish to ensure cold switch testing was accomplished.  This 
control of test conditions along with applying external protective 
loading is critical in evaluating test results, specifically in 
identifying root causes of failure.  These failures traditionally 
have been attributed to hot switching, but data presented 
indicates that devices which were subjected only to AC cold-
switch conditions show still shows signs of degradation.  To 
evaluate how influential loading is under AC conditions, the load 
effects on these devices was studied by utilizing a designed 
experiment which evaluated various load configurations, reactive 
and passive component sizing, frequency of the voltage applied, 
and the cycle rate of switch operation.  Of the 15 devices tested, 
13 successfully reached the 10 million cycle mark and were still 
functional at that point.  However, contact resistance near the 
end of all but one test began to steadily climb and often was 
accompanied by swings in variability.  This change typically 
occurred at approximately 100,000 cycles of operation, and in all 
cases observed, the increase in contact resistance was permanent.  
The data indicates that this type of protection can increase 
lifetime in these devices, but at a cost of increased contact 
resistance when compared to the micro-contacts initial contact 
resistance.  

Keywords—Micro-switches, Micro-contacts, Reliability testing, 
Microelectromechanical Systems 

I. INTRODUCTION  

Application of microswitches to RF applications is 
continuing to be an area of active research, addressing several 
of the outstanding issues with their use [1][2][3][4]. Most of 
the more recent works center on addressing specific 
application issues and how to alter device designed to address 
these concerns. One such area of concern still under 
investigation is general performance and reliability of micro-

contacting surfaces in RF applications.  Failure mechanisms 
are a complex phenomenon under DC conditions; adding the 

additional complication of an AC load makes this kind of 
failure even more complex.  To break down this task of 
understanding the failure mechanics under these conditions, 
focusing first on lower frequency responses may help in 
understanding the fundamentals behind these failures in higher 
frequency applications. 

Previous work has indicated that under low-frequency, low 
amplitude AC conditions, device failure typically occurred 
between 1000 and 100,000 cycles [5]. Device failure is 
predominantly due to shorted contacts, and this is usually 
attributable to material transfer caused by electromigration.  
Similar tests under DC conditions have shown improved 
performance when external loads, both in parallel and in series 
are added.  This experiment will investigate the effects of 
applying these external loads to devices tested under low 
frequency, low amplitude AC conditions and observe the 
responses.  

II. TEST Setup 

A. Test Stand 

The test stand used in this experiment is shown in Figure 
1.  The enclosure maintained a nitrogen environment while the 
piezo-controlled force sensor assembly provided the actuation 
of the micro-contacts to the desired contact force.  This 
assembly was used not only to measure the contact resistance 
but also to cycle the device up to 2.5 kHz, which simulated the 
cycling encountered during lifetime wear.  During this 
cycling, an electrical load was applied which more accurately 
represented usage during the devices life.  That load was 
supplied from a function generator that was synchronized to 
the mechanical movement of the contact.  

 During the initial study of unloaded low-frequency, low-
amplitude AC loads, timing of the load signal was discussed in 
detail [5].  In the experiments presented here, all loading was 
strictly cold-switched: no potential was present during contact 
closure, and all current was reduced to 0 Amps prior to contact 
opening.  Because of the time required for a full cycle at low 
frequencies, the testing time was reduced sufficiently so that 
only a single cycle of AC was applied during each cycle of 
simulated use.  

B. Micro-contact Design 

The devices used in these experiments were identical to 
those used for the baseline study.  Figure 2 shows an 
illustration of the design of these micro-contacts.  Each beam 
is electroplated gold, roughly 150 µm in length, 75 µm wide 
and 6 µm thick, with a 1 µm gap between the beam and lower 
contact.  The lower contact is a thin film of evaporated gold, 
280 nm thick with a 50nm titanium adhesion layer.   This was  

Disclaimer: The views expressed in this article are those of the authors 
and do not reflect the official policy or position of the United States Air Force, 
Department of Defense, or the U.S. Government. 
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deposited on a layer of silicon nitride on the surface of a 
silicon substrate.  The bottom of the beam was fabricated to 
contain a hemispherical contact bump with a radius of 8 µm. 

 

C. Prior Performance of unloaded AC tests 

The baseline data for these experiments are shown in 
Figure 3 [5].  These results contained no external loading, and 
these tests were conducted using only cold-switch conditions.  
Three devices were tested, each at a different frequency, and 
all failed well before the 10 million cycle goal.  The device 
tested with a 10 kHz load experienced failure after 2.3 million 
cycles.  The two devices which were tested with 1 kHz and 
100 kHz both failed before 1,000 cycles as shown.  For all 
three tests, the AC load was comprised of a single cycle 
applied during the fully closed period of the micro-contact 
mechanical actuation cycle. In the case of the 1 kHz load, the 
overall cycle time at which the contact itself was cycled was 
limited to 200 Hz, which maintained cold-switched conditions.  
For the 10 kHz load the testing time was increased to 1 kHz, 
and for the 100 kHz load the cycle time was the full 2.5 kHz.  
These conditions were repeated for all experimental data 
presented here, but with the addition of externally loaded 
circuit components. 

 

III. RESULTS 

Testing was conducted with four loading configurations, 
similar to those from previous works with external circuit 
configurations with DC electrical loads [6], and the four 
selected were those which proved beneficial under DC 
conditions.  The first of these tests was with a purely passive 
load, comprised of a 5 MΩ resistor in parallel with the contact, 
and a 1 Ω resistor in series.  The plotted values of contact 
resistance shown in Figure 4 below do not include the external 
series resistance.  The parallel 5 MΩ resistor must be included 

 

in the measurement with this test methodology, but its effects 
on the measurement were considered negligible.  As can be 
seen from this first set of data, all three devices lasted for 10 
million cycles of operation at which time testing was 
arbitrarily terminated.  In all three cases, similar contact 
resistances were observed, and in each case remained 
remarkably stable.  Of particular interest was the slight 
increasing trend in all three cases, but in one case (the 1 kHz 
device) this resistance dropping back down to normal levels.  
This resistance correction was similar to the response shown 
in DC testing, where irregularities in contact resistance tended 
to show stabilization with these sort of passive loads applied 
[6]. 

 

Next we will consider the second loading configuration 
tested, as shown in Figure 5.  The same resistances were used 
as in the previous test, but in addition the parallel resistance 
had a series inductance added (0.1 µH) and the series 
resistance was placed in parallel with an additional capacitor 
(0.6 pF).  All other test conditions remained the same the 
previous test.  When comparing these results to the last test, it 
is important to note the scale on the plot.  While the variability 
was more erratic than the previous test, this variance was less 
than 2 Ωs throughout the duration of these tests.  This circuit 
configuration also resulted in one failed device, which 
occurred during the 1 kHz AC load test.  This failure occurred 
after ~4.9 million cycles, at which point, the contact failed to 
open (i.e. was shorted closed).  This set of data also includes 
the most stable result observed from all tests conducted.  This 
occurred with the 10 kHz test, which settled after just a few 

 
Figure 3  Results from low-frequency, low-amplitude AC loading at 1 kHz,
10 kHz and 100 kHz with unloaded contact.  For the 10 kHz test, device
failed due to shorting at ~2.3 million cycles, the 1 kHz and 100 kHz tests
resulted in the same failure mechanism prior to reaching 1,000 cycles [5]. 

Figure 1  Test enclosure with externally actuated force sensor assembly.
Test reticule of 16 devices is shown in inset. 

 
Figure 4  Test results for three load frequencies, each with parallel and series
resistances added.  The parallel resistance was 5 MΩs while the series
resistor was held to 1Ω.  Testing was comprised of a single test cycle under
cold-switched conditions, limiting the test cycle rate (200 Hz actuation rate
for the 1 kHz load, 1 kHz actuation for the 10 kHz load, and 2.5 kHz

 
Figure 2  Physical structure of micro-contacts [8]. The left illustration (a)
shows the four contact points required for testing while the right illustration
(b), a more detailed view of the overhead bean with contact bump on the
underside in relation to the lower thin film which serves as the bottom
contact.  
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cycles of operation and remained at roughly 0.25 Ω, even up 
to 10 million cycles. 

 

The third circuit configuration considered is identical to 
that of the previous test, but without the capacitance as shown 
in Figure 6.  Every other aspect of this test is otherwise the 
same as before.  Note here we see the second of the two failed 
devices, which similarly was with the 1 kHz load, and in this 
case resulted in device failure after ~0.8 million cycles. The 
two contacts which did last to 10 million cycles showed the 
same high increase in resistance near the end of the test, and as 
with the purely resistive case (Figure 4), the 10 kHz test 
showed the high increase in resistance, while the 10 kHz 
showed the same remarkable stability as it did in Figure 5. 

 

 The next test results were from the last of the four circuit 
configurations investigated.  Instead of removing the 
capacitance from the test shown in Figure 5, the inductance 
was removed.  So in this case, we still had a 5 MΩ resistor in 
parallel with the contact with no inductor, and a 1 Ω resistor 
and 0.6 pF capacitor parallel combination in series with the 
micro-contact as shown with the data on Figure 7.  In this test, 
all three frequencies showed similar results to each other, but 
different than any previous test.  Note again the scale, 
resistance increases that were relatively large, and until 
100,000 cycles resistance values that were climbing steadily.  
Around that point however, all three devices showed very 
large increases in contact resistance, and in all three cases 

there was some level of recovery, but nowhere near back to 
fully-recovered, stable values.  All three devices did however 
last the full 10 million cycles and while their contact 
resistances were fairly large, were still operational at end of 
each test. 

 

 

The fifth and final set of data we’ll discuss is an identical 
circuit configuration as the previous test, but the capacitance 
was tripled (so instead of 0.6 pF, a capacitance of 1.8 pF was 
used).  The results of these tests are shown in Figure 8.  The 
starting resistance of the 10 kHz device tested was ~28 Ωs and 
showed some erratic behavior throughout, but the other two 
devices tested showed a very similar overall result as to the 
previous tests.  Contact resistance increased and showed more 
variability past the 100,000 cycle mark, but the micro-contacts 
continued to function. 

 

When considered as a whole, there are a lot of interesting 
observations to be made from this series of tests.  To 
summarize: 

 Two of the 15 devices failed prior to 10 million cycles.  
Both failed due to a shorted contact, both were test 
involving a 1 kHz load at 200 Hz cycling frequency, 
and both were with the only two circuits that utilized 
parallel inductance and resistance circuitry. 

 
Figure 6  Test results for three load frequencies, each with parallel RL and
series resistance added.  The parallel resistance was 5 MΩs with 0.1 µH
inductance while the series resistor was held to 1Ω.  Testing was comprised
of a single test cycle under cold-switched conditions, limiting the test cycle
rate (200 Hz actuation rate for the 1 kHz load, 1 kHz actuation for the 10
kHz load, and 2.5 kHz actuation for the 100 kHz load). 

 
Figure 8  Test results for three load frequencies, each with parallel resistance
and series RC added.  The parallel resistance was 5 MΩs, while the series
resistor was held to 1Ω with a 1.8 pF capacitance.  Testing was comprised of
a single test cycle under cold-switched conditions, limiting the test cycle rate
(200 Hz actuation rate for the 1 kHz load, 1 kHz actuation for the 10 kHz
load, and 2.5 kHz actuation for the 100 kHz load). 

 
Figure 7  Test results for three load frequencies, each with parallel resistance
and series RC added.  The parallel resistance was 5 MΩs, while the series
resistor was held to 1Ω with a 0.6 pF capacitance.  Testing was comprised of
a single test cycle under cold-switched conditions, limiting the test cycle rate
(200 Hz actuation rate for the 1 kHz load, 1 kHz actuation for the 10 kHz
load, and 2.5 kHz actuation for the 100 kHz load). 

 
Figure 5  Test results for three load frequencies, each with parallel RL and
series RC added.  The parallel resistance was 5 MΩs with 0.1 µH inductance
while the series resistor was held to 1Ω with a 0.6 pF capacitance.  Testing
was comprised of a single test cycle under cold-switched conditions, limiting
the test cycle rate (200 Hz actuation rate for the 1 kHz load, 1 kHz actuation
for the 10 kHz load, and 2.5 kHz actuation for the 100 kHz load). 
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 For all of the five sets of data, the 10 kHz data showed 
overall the least amount of variability, with the 
exception of the last set of data.   

 For all sets of data, the 100 kHz test resulted in the 
highest ending contact resistance, while the 10 kHz and 
1 kHz data sets showed comparable results to each 
other in each case. 

 Repeatedly, sharp increases in contact resistance were 
observed which later decreased without device failure.  
In most cases however, the ‘recovered’ contact 
resistance was higher than before this event occurred. 

IV. CONCLUSIONS 

From these results, several conclusions can be drawn.  It is 
clear that the external loading can be used to extend the life of 
a micro-contact, assuming some level of variability in contact 
resistance is tolerable.  Previous work from which our baseline 
data was obtained demonstrated 100% failure in all devices 
prior to reaching 10 million cycles [5].  In this study, those 
tests were repeated but with the addition of various forms of 
circuit protection.  Of the 15 devices tested, 13 of those 
devices reached 10 million cycles are were still operable. 

Also, it can be observed that while this form of protection 
clearly extends lifetime, contact resistance is still being 
affected.  Consider the data presented on the 10 kHz test 
signal applied with both parallel inductance and series 
capacitance from Figure 5.  Of the 15 tests conducted, this was 
the only device which showed stable, predictable contact 
performance through 10 million cycles with apparently little 
change at any point during the test.  All other devices that 
lasted to 10 million cycles showed a point at which contact 
resistance began to steadily climb, and did not show any 
indication of recovery.  In most cases, this increase was then 
accompanied by fluctuations in variability and large spikes in 
contact resistance.  As with DC devices which demonstrated 
these fluctuations, these macro-contacts also managed to 
operate under these conditions [6].  

The final conclusion that will be drawn is that low-
frequency, low-amplitude AC loads are able to damage 
contacts even under cold-switched conditions.  Extreme care 
was taken in these experiments to ensure this cold-switching 
condition was kept, and in all but one case decrease in 
performance was still observed.  If these kinds of loads are 
required and the observed variance in contact resistance can be 
tolerated, the structural breakdown that occurs can be 
mitigated by applying these principles to the surrounding 

circuit elements, and the data collected here indicates the use 
of this technique is justified to enhance reliability. 
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Abstract—We developed three-layered aluminium-based 

composites to improve the wear properties of aluminium 

auxiliary contact strip materials. The wear properties of the 

developed composites were investigated using a wear tester. 

From the results of the wear tests, the developed composites were 

confirmed to exhibit superior wear resistance compared to 

existing aluminium alloys used for auxiliary pantograph contact 

strips. 

Keywords—pantograph contact strip, aluminium auxiliary 

contact strip, multilayered composite 

I.  INTRODUCTION 

Electric multiple units (EMUs), or electric locomotives 
collect electric current from overhead contact wires via contact 
strips fitted to a pantograph head. Because carbon has 
lubricating properties, in Japan, carbon-based materials are 
primarily used for principal contact strips, which are fitted on 
the middle of a pantograph head (Fig.1). Aluminium alloys are 
used for auxiliary strips which are fitted on both sides of a 
pantograph head and do not usually slide with contact wires 
when an EMU operates on the main line. However, when an 
EMU runs through a crossing, auxiliary strips sometimes slide 
against contact wires because of the geometry of an overhead 
crossing. Because aluminium strips do not possess lubricating 
properties, the wear rate of the contact wires at an overhead 
crossing is much larger than that at the main line. Severe wear 
of boundary divisions between principal and auxiliary strips is 
also a problem. A solution is to extend the principal strips; 
however, this leads to increase in weight and cost.  

To address these problems, we added lubricating and anti-
wear properties to aluminium strips using carbon fibers and 
alumina fibers and developed multilayered aluminium-based 
composites. In this paper, we report the wear properties of the 
developed multilayered composites investigated with using a 
wear tester. 

 

II. EXPERIMENTS 

A. Materials 

The multilayered aluminium-based composites were 

fabricated via die casting process. A spongelike preform made 

of carbon fibers or alumina fibers was set in a die, and then, a 

molten aluminium alloy was forced into the die under high 

pressure (Fig.2).  Herein, a three-layered composite and two 

types of two-layered composites were fabricated. The three-

layered composite (3L(AF + CF + Al)) consists of (1) an 

aluminium alloy (AC8A)-alumina fiber (AF) composite, (2) 

an AC8A-carbon fiber (CF) composite, and (3) AC8A. The 

two-layered composites (2L(Al + CF) and 2L(AF + CF)) 

consist of (1) an AC8A or AC8A-AF composite and (2) an 

AC8A-CF composite. Single-layer materials, including 

conventional aluminium auxiliary contact strip materials, were 

also tested for comparison. Wear test pieces of the 

multilayered composites are shown in Fig.3. 

The compositions of the specimens and the mechanical 

properties of aluminium alloys are shown in Tables I and II. 

The electrical resistivity of the AC8A-AF and AC8A-CF 

composites is 0.08 ± 0.02 μΩm, which is higher than that of 

AC8A (0.05 μΩm) because of additional fibers. 
 

 

Fig.1 Schematic of a pantograph. 

 

 
 

Fig.2 Fabrication method for multilayered composites. 
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Fig.3 Multilayered aluminium-based composites (test pieces). 

 

TABLE I.  COMPOSITION OF SPECIMENS 

Material Composition 

Single layer 

AC4A AC4A-F (Al -Si -Mg) 

1L(AF) AC8Aa-Alumina fiber (AF)c 

Two-layered composites 

Material 1st 2nd 

2L(Al + CF) AC8Aa AC8A-CFb 

2L(AF + CF) AC8Aa-AFc AC8A-CFb 

Three-layered composite 

Material 1st 2nd  3rd 

3L(AF + CF + Al) AC8Aa-AFe AC8Aa-CF b AC8Aa 
a JIS:AC8A-T5, Al-Si-Cu-Ni-Mg, b 35~40 vol.%, c 15~16 vol.%, 

TABLE II.  PHYSICAL PROPERTIES OF THE ALUMINIUM ALLOYS 

Alloy 

number 

Heat 

treatment 

Tensile 

strength 

(MPa) 

Hardness 

(HB) 

Electric 

resistivity 

 298K (μΩm) 

AC4A F 177 60 
0.05 

AC8A T5 196 90 

 

B. Test rig and test conditions 

The wear test rig used in this study consisted of a block-on-

ring configuration. Fig.4 shows a schematic diagram and the 

electric circuit of the test rig. The main parts of the test rig are 

as follows. 

・A rotating disk with a 5-mm-thick Cu ring attached to its 

side. The Cu ring played the role of a contact wire. The radius 

of the Cu ring is 1 m. The Cu ring is composed of oxygen-free 

copper (99.96% Cu, HV(9.8N)86) and had a surface 

roughness of 0.1 to 0.9 Ra μm. 

・A loading device that applies a normal load between the 

contact strip and Cu ring. The contact strip was pressed 

against the Cu ring by a constant-force spring. Load cells are 

used to measure the normal force and the frictional force. 

 
Fig.4 Schematic diagram of the test rig 

TABLE III.  TEST CONDITIONS 

Sliding speed (km/h) 100 

Electric current (A) 0～DC 200* 

Contact load (N) 59 

Sliding distance (km) 25 

*The polarity is positive in the simulated contact wire (Cu ring) and negative in the contact strip. 

 

・Data acquisition system. Electrical current, contact voltage 

between the Cu ring and contact strip, contact force and bulk 

temperature of the strip were measured using a PC-based data 

acquisition (DAQ) system with a sampling frequency of 2 kHz. 

The wear test was conducted under the conditions shown 

in Table III. In this study, the wear of the contact strip was 

described in terms of the specific wear (SW), which is defined 

as 

   
 

   

                                                  

where V is the worn volume calculated from the weight loss 

and density of the contact strip, s is the sliding distance and Fs 

is the mean value of the normal force. The wear of the 

simulated contact wire was determined from the difference in 

the height measured along the circumference before and after 

the test using a laser height detector. 

 

III. RESULTS AND DISCUSSION 

A.  Wear properties of the aluminium composites not 

subjected to electric current 

1) Effect of additional alumina fibers 
Fig.5 shows the specific wear of contact strips when no 

electric current was applied. The wear of the composites 
containing alumina fibers (1L(AF), 2L(AF + CF), 3L(Al + CF 
+ AF)) was significantly reduced (1/100 to 1/20) compared 
with a conventional auxiliary contact strip material (AC4A). 
The wear of 2L(Al + CF), which contains no aluminium fiber, 
was larger than that of composites containing alumina fibers. 
The primary reason for this significant reduction in wear is the 
addition of alumina fibers that prevented the transition from 
mild to severe wear 

[1], [2], [3]
. However, as shown in Fig.6, the 

wear of the counter material (the simulated contact wire) 
against composites containing alumina fibers was larger than 
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that against the 2L(Al + CF) composite, which did not contain 
alumina fibers. 

2) Effect of additional carbon fibers 
Fig.6 shows the wear rate of the simulated contact wire 

when no electric current was applied. AC4A and 2L(AF + CF) 
severely adhered to the simulated contact wire (Fig. 7) and the 
wear rates of these wires had both negative values. The wear 
rate of the simulated contact wire against 2L(Al + CF) was the 
lowest. These results indicate that the addition of carbon fibers 
reduces the wear of the simulated contact wire and the addition 
of alumina fibers increases the wear of the counter material.  

 

Fig.5 Specific wear of contact strips that were not subjected to electric current. 

 

 

Fig.6 Wear rate of the simulated contact wire that was not subjected to electric 
current. 

 

Fig.7 Worn surfaces of the contact strip and simulated contact wire that were 

not subjected to electric current for (a) AC4A, (b) 1L(AF), (c) 2L(Al + CF), 

(d) 2L(AF + CF), and (e) 3L(Al + CF + AF) 

 

B. Wear properties of aluminium composites under electric 

current 

1) Effect of addtional alumina fibers 

Fig.8 shows the relation between the applied current and 

wear of the aluminium composites. The wear of the single-

layer composite, 1L(AF), has significantly increases with an 

increase in the applied current. Focusing on the difference 

between the composites 2L(Al+CF) and 2L(AF+CF), 

2L(AF+CF) with alumina fibers exhibited the greatest wear 

with an electric current of 200A. Alumina fibers exhibit higher 

resistivity than aluminium alloys; therefore, the addition of 

alumina fibers deteriorated the wear property of aluminium 

composites under applied current. 

 

2) Effect of additional carbon fibers 

Comparing the results between 1L(AF) and 2L(AF + CF), 

the specific wear for 2L(AF + CF), which has an aluminium-

carbon fibers composite layer, is lower than that of 1L(AF). 

Because carbon fibers have both lubricity and conductivity, 

the addition of carbon fibers stabilized friction and reduced 

wear under applied current. 

 

3) Wear of the three-layered composite 

The two-layered composites were severely worn when a 

current of 200 A was applied. On the other hand, the wear of 

the three-layered composite remained low even when 200 A of 

current was applied. As shown in Fig. 9, the wear of 

aluminium composites significantly increased when the 

maximum bulk temperature of a contact strip exceeded 300°C. 

The bulk temperature of the three-layered composite was less 

than 250°C when current was applied. It is assumed that the 

aluminium–carbon fiber composite layer stabilized friction 

and the aluminium alloy layer conducted electricity, allowing 

the bulk temperature of the three-layered composite to remain 

low. Therefore, the three-layered composite was less likely to 

soften, leading to a lower wear rate when electric current was 

applied. 

 

4) Effect of electric current on wear of simulated contact 

wire 

Fig.10 shows the effect of electric current on the wear of a 

simulated contact wire. Because the severely worn contact 

strip material is transferred to the simulated contact wire, the 

wear rates of the simulated contact wire were negative, except 

against the three-layered composite. Therefore, the effect of 

the multilayering of the contact strip on the wear of the 

simulated contact wire was not appropriately evaluated. 
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Fig.8 Relation between applied current and wear of aluminium composites. 

 

 

Fig.9 Relation between maximum bulk temperature and wear of the contact 

strip. 

 

 

Fig.10 Effect of electric current on the wear of the simulated contact wire. 

 

IV. CONCLUSIONS 

The multilayered aluminium composites were developed to 

improve wear performance and to add a lubricating property to 

aluminium auxiliary contact strips. The results of the wear 

tests of these composites indicate the following. 

1. The wear of the composites containing alumina fibers 

was significantly reduced (1/100 to 1/20) compared 

with a conventional auxiliary contact strip material. 

However, the wear of the simulated contact wire was 

relatively larger for composites containing alumina 

fibers. Under electric current, the wear of aluminium–

alumina fiber single-layer composites significantly 

increased with increasing current. 

2. Composites containing carbon fibers exhibit a 

lubricating property that can reduce the wear of a 

contact wire under no-current conditions. Because 

carbon fibers also have conductivity, their addition 

effectively reduces wear of a contact strip when 

electric current is applied. 

3. The three-layered composite, which consists of an 

aluminium alloy layer, aluminium–alumina fiber 

composite layer, and aluminium–carbon fiber 

composite layer, attained the lowest wear rate over the 

entire range of applied currents. 

4. The bulk temperature of the three-layered composite 

was lower compared to the other composites when 

electric current was applied. This is assumed to be a 

reason for the superior wear performance of the three-

layered composite. 

The developed three-layered aluminium composite was 

found to exhibit excellent wear properties. Therefore, it can 

be used as an auxiliary contact strip material with superior 

wear resistance and lubricating properties. To put the three-

layered composite into practice, it is necessary to confirm its 

interlaminar strength and to develop an elongated material. 
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Abstract— Al/Cu-Hybrid Material (AlCunnect) is a new 

material combination between Aluminium and Copper for 

different applications, especially if the aspect is to save weight 

and reduce copper content without losing excellent electrical and 

thermal conductivity. Finally, this material combination has a 

remarkable technical and commercial importance. Here a new 

method to generate roll bonded Cu-Al-bands and the process to 

form the Inter Metallic Compound (IMC) will be discussed. 

Finally it will be shown, how this material combination can be 

prevented from corrosion in two different ways. Some illustrative 

examples will also be shown to give an impression what can be 

done with this material combination. 

Keywords—aluminium-copper; roll-bonded connection; 

intermetallic compounds; interdiffusion; corrosion protection 

I.  INTRODUCTION 

Current trends in the market, such as light weight 
construction in automotive applications or the rising cooling 
requirements in power electronics are requesting the use of 
Aluminium in combination with Copper. DODUCO produces 
Copper clad bands with bondable Al-strips as an inlay for more 
than twenty years in a volume of about 250 metric tons per 
year. In the following text the material properties, the 
manufacturing process, the test procedures and the final 
corrosion protection of the new material combination 
AlCunnect will be described.  

II. ALCUNNECT – TYPES 

Based on the know-how of the above mentioned cladding 
process the manufacturing of the two materials configured as 
“overlap-” or “overlay-” type has been recently developed. The 
products are shown in Fig. 1 and 2, and the typical achievable 
dimensions, which are listed in Tab. I. 

The overlap type is a combination of the two materials, Al 
and Cu, in a side-by-side configuration, as shown in Fig. 1. The 
maximum strip width, which can be manufactured, is 100mm 
with a thickness up to 2mm. The width of the overlapping area 
between Al and Cu is about 5mm. The proportion of the Al to 
Cu band size can be adjusted to product needs and the final 
band can be delivered as a coil, e.g. for further stamping or 
coating processes. The material selection leads to Al99.5 (EN 
AW 1050A) because of its availability on the market, electrical 

and mechanical properties, and the capability of electroplating 
this material. The pure Cu-PHC (C10300) was selected 
because of its electrical and mechanical properties. 

In the case of the overlay configuration, Al and Cu are 
connected across the total contact surface as shown in Fig. 2. 
The resulting buttons can have dimensions up to 200mm on 
each side and 10mm in thickness. The proportion of the Al to 
Cu thickness can be adjusted to product needs to a large extent. 

TABLE I.  TYPICAL DIMENSIONS OF ALCUNNECT 

Dimension of 
Overview dimensions 

Overlap configuration Overlay configuration 

Total width Up to 100mm (4”) Up to 200mm (8“) 

Thickness Up to 2mm (0.08”) Up to 10mm (0.4”) 

Width of overlap 5mm (0.2”) Total surface 

III. MATERIAL PROPERTIES 

Copper is well known for its very high conductivity. But its 
price has been increasing throughout the years. Aluminium on 
the other hand is lightweight and cheap compared to Cu, but 
still has the fourth best value for electrical and thermal 
conductivity. The comparison of the materials properties are 
summarized in Tab. II.  

 

Fig. 1. Comparison for same cross section 
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Fig. 2. Comparison for same conductance 

In Fig. 1 the parameters density, price and conductance for 
Cu and Al are compared under the precondition of equal cross 
sections of the conductor. Fig. 2 shows the same for the 
parameters weight, price and cross section under the 
precondition of equal conductance. 

TABLE II.  DATA OF THE MATERIALS 

 
Data of the Materials 

Aluminium (Al) Copper (Cu) 

Price (USD/t) on 

Feb. 25th 2016 

1,558 4,655 

Electrical 
conductivity 

(MS/m) 

37.7 59.9 

Density (g/cm³) 2.7 8.92 

Thermal 

conductivity 

(W/mK) 

237 401 

Melting Point (°C) 660 1084 

Modulus of 
Elasticity (GPa) 

65 115 

Linear Expansion 

Coeff. (10-6/K) 
23.6 16.5 

Standard EN AW-1050A (Al99,5) SE-Cu58 (Cu-PHC) 

Chemical 

Composition 
Acc. DIN EN 573-3 Acc. DIN EN 13599 

Mechanical 

Properties 
Acc. DIN EN 485-2 Acc. DIN EN 13599 

 

IV. TECHNICAL CHALLENGES 

The technical challenges, which had to be solved during the 
development of the manufacturing process, are caused by the 
different properties of five potential equilibrium phases in the 
Copper-Aluminium system [1-5], which can arise during 
annealing. They exhibit varying brittleness, strength and 
electrical resistance. In the cross section of a laser welded 
Cu/Al join in Fig. 3 the formation of the IMCs are visible [6]. 
As a result, direct welding causes reliability problems because 
of micro-cracking at the seam. Therefore AlCunnect uses an 

ultra-thin IMC layer, as shown in Fig. 4, to connect Copper and 
Aluminium without these negative properties.  

 

Fig. 3. Cross section of laser welded Cu-Al 

 

Fig. 4. Cross section of AlCunnect interconnection zone 

The used cladding process is shown schematically in Fig. 5. 
Two bands of preconditioned material are cladded 
mechanically by thickness reduction of more than 50% during 
one pass through the rolling mill. To achieve a long time 
stability of this cold welded adhesive connection after cladding 
a heat treatment in a continuous furnace is applied afterwards. 
The temperature, the time and the atmosphere in the furnace 
have to be adjusted to create the favoured IMC in the desired 
thickness after the diffusion bond process. A typical result is 
shown in the cross section in Fig. 4. 

 

Fig. 5. Cladding process (schematic) 
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V. ALCUNNECT – PROPERTIES AND MATERIAL TESTING 

The material combination AlCunnect is a very 
mechanically stable composite with high electrical conductivity 
and can be used in temperatures up to 200°C. It is able to 
connect the two contact worlds of Copper and Aluminium 
together. This opens new potentials of cost and weight 
reduction, especially in automotive applications.  

To check the stability of the interconnection zone tensile 
and bending tests have been performed. During the tensile test 
a specimen is stretched up to breakage and the applied tensile 
force is measured in relation to the elongation (Fig. 6). The 
visual result of the tensile test is shown in Fig. 7, which always 
shows cracking in the Al, due to its lower modulus of elasticity 
in comparison to Cu. 

During a bending test the specimen will be stressed to the 
maximum compressive value at the inside of the bend and to its 
maximum tensile value at the outside. In Fig. 8 the result of the 
bending test at an angle of 90° with a radius of 1mm is shown. 
No cracks can be observed in the bending area, which indicates 
a very good connection at the Al-Cu interface. 

 

Fig. 6. Diagram of tensile force versus elongation of the specimen 

Fig. 7. Specimens after tensile test (dimensions of specimen: 11.4mm x 

12.9mm x 1.9mm) 

 

Fig. 8. Specimen after 90°-bending test (R = 1mm) 

VI. CORROSION PROTECTION 

The electrochemical potential of Cu/Cu²
+
 is +0.34V and for 

Al/Al³
+
 is -1.66V. Therefore, the combination of the two 

materials will end up with an electrical potential difference of 
2.0V. Thus, a blocking layer is needed to protect against mass 
transport to the phase boundary interface in the case of 
humidity exposure. To assure this corrosion protection for the 
AlCunnect composite, DODUCO developed special coating 
processes. The protection against environmental influences can 
be accomplished with an organic as well as an inorganic 
sealing (Fig. 9). 

 

Fig. 9. AlCunnect samples after stamping and application of organic and 

inorganic coating 

For the organic coating with an insulating lacquer, a special 
spray coating process was developed, which can be applied full 
faced or selective in a reel-to-reel setup. The very short curing 
time after application and the wide range temperature options 
in use are both outstanding special features of this process. 

Another option to avoid corrosion of the AlCunnect 
composite is an inorganic coating by electroplating. The 
coating can also be applied full faced or selective in reel-to-reel 
electroplating equipment.  

 

Without protection          Electroplated Ni+Sn        Organic coating      

Fig. 10. Specimens after salt spray testing 

The salt spray test procedures according to DIN EN 60068-
2-11 (severity level 3) have been used to proof the corrosion 
resistance of the protective coatings. As shown in Fig. 10 the 
tin surface coating as well as the organic coating show 
constructive and reliable protection after the corrosion test, 
when compared to the non-protected specimen. 

VII. SUMMARY OF TEST RESULTS 

Fig. 11 shows a survey of all test procedures performed and 
the results achieved. 
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Fig. 11. Overview of applied tests and summary of the results 

 

 

 

VIII. EXAMPLES OF APPLICATION 

The three following examples show the variety of 
applications, which can be utilized with the new AlCunnect 
material. 

Using the overlap configuration (copper with overlay plated 
aluminium) heat sinks for power electronics can be 
manufactured using an impact extrusion process to form the 
pin fin structure at the aluminium side (Fig. 12).  

 

Fig. 12. Al/Cu heat sink with pin fin structure 

The overlapping clad metal can be used as plug connectors 
or cable lugs to join aluminium with copper for different 
applications, especially for the automotive industry (Fig. 13). 

 

Fig. 13. Al/Cu cable lugs 

Additionally, the overlap clad material is used in 
connecting individual lithium-ion cells to a battery system e.g. 
for electric mobility. The challenge of these batteries is to 
achieve an optimal power transfer. The bimetal AlCunnect is 
the ideal cell connector due to the combination of materials, 
since in lithium-ion batteries the anode is always made of 
copper and the cathode of aluminium as can be seen in Fig.14. 

 

Fig. 14. Cell connectors in lithium-ion battery 
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IX. CONCLUSIONS 

The present investigation shows a new method to generate 
roll bonded Cu-Al bands in overlap as well as in overlay 
configuration. The growth of the intermetallic phase has been 
analysed, and the mechanical and electrical properties of the 
AlCunnect material investigated. To assure the corrosion 
protection of the material combination of Al and Cu two 
different coating processes have been developed. The organic 
lacquer and the Ni/Sn electroplated coating have both shown to 
be reliable corrosion protection options in the salt spray test. A 
few examples for the application of the AlCunnect material are 
described illustrating the new opportunities opened by this 
innovative new material combination. 
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Abstract— This paper analyzes the microstructure and 

contact properties of Ag/SnO2 based contact materials affected 

by manufacturing parameters. Varying manufacturing 

parameters as different mixing techniques and by using 

optimized Ag, SnO2 and additive powders a contact material can 

be produced with a microstructure, which is superior in 

performance to conventionally manufactured p.m. Ag/SnO2 oxide 

materials. The investigation presented comprise electrical tests 

carried out in a commercial contactor (AC3 power 250 kW at 

380-400V). The improvement in switching performance is 

discussed on the basis of the physical and metallurgical processes 

occurring contact material by the action of the switching arc. 

Keywords— Ag/SnO2; contact materials; AC3; manufacturing 

parameters; contact properties  

I.  INTRODUCTION  

Silver / Tin oxide contact materials have increasingly 
dominated the European market for medium and high current 
contactors. In most cases this composite material is produced 
by powder metallurgical (p.m.) technique and subsequent 
extrusion that means the oxide powders were blended with 
silver powder, compacted by cold isostatic pressing, sintered 
and extruded [1, 2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the field of Ag/SnO2 contact material many work has 
been done to evaluate and understand the different influencing 
factors on the switching performance [3] as oxide content 
[4, 5], additives [6], manufacturing technology [4], 
joining/brazing quality of the tips to the contact carrier [7,8] or 
combinations of those. The present paper focuses on the 
influence of homogeneity on some switching properties. To do 
so the total oxide content, the type and quantity of additives 
and the main manufacturing steps (powder metallurgy and 
subsequent extrusion) have been kept constant.  

With optimized manufacturing parameters it is possible to 
improve the dispersion of oxide particles in the silver matrix 
and therefore to improve different contact properties as 
electrical service life or overtemperature behavior – or to save 
cost by reducing silver content and/ or dimensions of the 
contact tips while maintaining contact properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 1: manufacturing parameters, micro section, electrical conductivity and hardness of the contact materials containing 14 wt% oxides 
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II. MANUFACTURING PARAMETERS AND PROPERTIES OF 

CONTACT MATERIALS AND ELECTRICAL TESTS 

A. Manufacturing Parameters and Properties  

The main objective of this investigation was to compare the 
switching behavior of the Ag/SnO2-contact materials listed in 
Table 1 influenced by manufacturing parameters. The tests 
were carried out with 3 new Ag/SnO2 materials (A, B and C) 
and a current commercially used extruded Ag/SnO2 contact 
material containing 14 wt% oxides (standard material). All 
these Ag/SnO2 contact materials have the same chemical 
composition (Ag and SnO2 content as well as in regard to the 
additives Bi2O and CuO). The main difference between the 
various Ag/SnO2 contact materials are some of the 
manufacturing parameters and the SnO2-powders. The 
manufacturing parameters, microstructure, electrical 
conductivity and hardness of the contact materials produced are 
given in Table 1. 

The first Ag/SnO2 “Standard” material in table 1 is 
manufactured by powder blending of silver-powder with a in 
the “Reaction Spray” [9] process doped tin oxide. SnO2-
powder with particle size fine is used for the materials A and B. 
For the material C SnO2-powder with a medium particle size is 
used.  

All components of the powder mix are blended in the dry 
stage for the standard, B and C materials. Only for the material 
A the powder components are wet blended.  

The blended powders are then pressed to a block, sintered, 
followed by co-extrusion to manufacture a two-layer strip of 
Ag/SnO2 with pure silver as a second layer to ensure good 
brazing.  

 

B. Quantification of the microstructural homogeneity  

Microstructure and switching properties may only be 
correlated when an exact description and quantification of the 
microstructure is provided. In this investigation a recently 
developed method [10], based on the Gini index, for 
homogeneity quantification was used.    

A quantitative assessment of the SnO2-phase fraction in the 
respective microstructure was performed by using two Back 
Scattered Electrons (BSE) images with a 2000-fold 
magnification. The two BSE images were partitioned in 20 
different subsections with an area of 10 µm x 140 µm as 
demonstrated in Fig. 1.     

In each subsection two attributes are quantified: in Fig. 2 
the density of SnO2-objects per unit of area and in Fig. 3 the 
SnO2-phase fraction. The values for this two attributes are 
indexed in increasing order. The Lorenz curve is obtained by 
plotting the cumulative share of subsections.  

The Lorenz curve is a straight line (= line of equality) if the 
attributes in all subsections have the same values. The Lorenz 
curve will be below the line of equality in every other case. The 
homogeneity is defined as the ratio between the area below the  

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1: Two single Back Scattered Electrons (BSE) images from the standard 

material with a 2000-fold magnification partitioned in 20 different subsections 

with an area 10 µm x 140 µm 

 

 
 

Fig. 2: the Lorenz curve for the attribute SnO2-objects per unit of area 

 
Fig. 3: the Lorenz curve for the attribute SnO2-phase fraction  
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Lorenz curve of the values of the attribute and the area below 
the line of equality as in (1). 

   H(y) = ∑(F(i) – F(i – 1))(L(i) + L(i – 1))           (1) 

F(i) … cumulative share of components 

L(i)… cumulative share of the values of attribute 

 

H(y) is dimensionless and has values between 0 and 100%. 
The multiplication of H(SnO2-objects) by H(SnO2-phase fraction) is the 
constructed “microstructural homogeneity” h(micro). 

C. Electrical Tests in a 250 kW AC-Contactor  

In evaluating the suitability of a contact material for use in 
contactors the AC3-service life and temperature rise behavior 
are crucial.  

AC3 performance is strongly correlated with the design of 
the contactor. A commercial 250 kW AC contactor was used to 
carry out AC3-service life and temperature rise behavior tests 
according to IEC 60947-4-1 [11] under conditions mentioned 
below. The AC3 service life tests were interrupted after 
approximately every 20 % of service life for a gravimetrical 
determination of contact erosion. 

AC3 service life 
I make/ break [A]:  2760 / 460 
U make/ break [V]:  400 / 67 
cos phi:  0.35 
operations per hour: 300 
star-point:   open 
 

Temperature Rise Behavior 
contacts:   new 
make operation: without current 
Ith [A]:   460 
current flow time [h]:  till thermal equilibrium 
   (3 h or more) 
                                                         

D. Welding Behavior 

A single-phase welding test in the contactor under 
following conditions was performed to determine the welding 
force Fw and the arc energy W after electrodynamic lift off 
[12]. The welding force is measured by a piezoelectric 
measurement system with no mechanical impact applied on 
break (quasistatic opening).  

From a capacitor bank with a serial inductance a single 
current sine half wave applied to the closed contacts leads to an 
electrodynamic lift off and close again while current still flows 
as illustrated in Fig. 4.      

  
 voltage:   220V 

  peak current:  10.2 kA 
 sinus time:  8.5 ms 
 arcing time:  between 0,002 and 7,374 ms 

 

In order to get tests results which are statistically relevant, 

three sets of new contacts per material have been examined.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. RESULTS AND DISCUSSION  

A. Quantification of the microstructural homogeneity  

The density of SnO2-objects per unit of area and the SnO2-
phase fraction in each subsection of the metallographic cross-
sections were determined using the program ImageAccess 
Standard 11 by Imagic and based on this data the homogeneity 
values were calculated.  

The hot extrusion process results in a contact material with 
a preferred orientation of the oxide particles along the extrusion 
axis. Therefore, the homogeneity values for the microstructure 
of the contact materials were determined parallel and 
perpendicular to the extrusion axis. Results are displayed in 
Table 2 parallel and in Table 3 perpendicular to the extrusion 
axis.   

TABLE 2: the homogeneity values for the cross-section parallel (longitudinal) 

to the extrusion axis 

 

 

 

 

 

 

TABLE 3: the homogeneity values for the cross-sections perpendicular 

(transverse) to the extrusion axis 

 
Extrusion effects are clearly seen when comparing the 

homogeneity values of the parallel (Table 2) and perpendicular 
(Table 3) directions. The homogeneity values for the standard 
material perpendicular and parallel to the extrusion axis are 
lower than the calculated homogeneity values for the material 
A, B and C with the optimized manufacturing parameters. But 

 Material Standard A B C 

H
(SnO2-phase fraction)

 
85% 93% 93% 93% 

H
(SnO2-onjects)

 
94% 96% 96% 96% 

h
(micro)

 
80% 89% 89% 89% 

 Material Standard A B C 

H
(SnO2-phase fraction)

 
88% 98% 98% 97% 

H
(SnO2-objects)

 
96% 98% 98% 98% 

h
(micro)

 
84% 96% 96% 95% 

 
Fig. 4: Oscillogram of current, arc voltage at both contacts („green“ and 

„red“)  during an electrodynamic lift off and re-close while current still flows 
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the particle size of the used SnO2 powder and the blending 
techniques has no significant effect of the homogeneity values 
and thus on the distribution of the SnO2 particles in the Ag-
matrix.  

B. AC3 test in a 250 kW AC-Contactor  

In Fig.5 the AC3 service life values of the tested Ag/SnO2 
contact materials under the conditions given above are 
compared.  

The 100% level in Fig. 5 and Fig.6 is defined by the 
average results achieved with the standard extruded Ag/SnO2 
contact material.  

By comparing the AC3 switching behavior of the standard 
material to the optimized contact materials A, B and C it 
becomes evident that especially with materials B and C a 
remarkable improvement in life is achieved. 

Fig.6 shows the contact erosion as a function of AC3 
service life of the individual contact materials. In comparison 
to the standard contact material the contact material B erodes in 
the half rate.   

The contact materials A, B and C have the same 
homogeneity values for the SnO2 distribution but there is an 
evident difference in the AC3 service life and contact erosion. 
This illustrates again that the SnO2 distribution is only one but 
not the only aspect influencing service life. Also the 
distribution of the additives in the Ag-matrix and the SnO2 
particle size has an important influence.  

Microscopical examination of the contacts after AC3 tests 
shows that there are considerable differences in the 
microstructure produced by the arc at the contact surface. The 
typical microsection of the material B after AC3 service life 
test is shown in Fig.7. This material has a rather smooth contact 
surface with a thickness of about 150 µm. This material reveals 
a lox tendency to form cracks. In addition the molten contact 
material has a high capability to reclose cracks as shown in 
Fig. 7 (circle).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In contrast to the material B with some small pores the 
standard Ag/SnO2 (Fig. 8) and the material A (Fig. 9) have in 
the arc affected zone pores with a diameter greater than 
100 µm. Furthermore the standard material forms just below 
the arc-treated zone cracks parallel to the preferred orientation 
of the oxide particles along the hot extrusion axis. These cracks 
can cause a delamination of the contact material and thus 
increased contact erosion. In addition these parallel cracks 
reduce heat dissipation from the arc root in the contact piece 
and thus increase thickness of the molten surface as well as 
contact material losses by evaporation and splashing of melt. 

There is no tendency to form oxide segregations in the arc-
treated zone for all analyzed materials. This can be attitude to 
the good wettability of the SnO2 by liquid silver caused by the 
wetting additive Bi2O3 and CuO.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5: AC3 relative service life (standard material = 100%) 

 

 
Fig. 6: total contact erosion as a function of AC3 service life 

 
Fig. 7: Microsection of the material B after AC3 service life;       

circle indicating a small crack reclosed by molten material  
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C. Temperature Rise behavior 

All tested contact materials show at the terminals a 
temperature rise less than 65 K and thus meet the standard IEC 
60947-4-1.  

Below exclusively the temperature rise at the moving 
contacts is evaluated. As Fig. 10 shows, the contact materials 
A, B and C with the optimized manufacturing parameters 
display a mean temperature rise at the moving contacts of 55 K 
and a maximum temperature rise at the moving contacts of 60 
K. The standard material shows a remarkable difference in the 
temperature rise behavior in comparison to the optimized 
contact materials.  The temperature rise values for the standard 
material are about 25 K higher than for the optimized contact 
materials. As the influencing factors for temperature rise as 
contact force, geometry of contacts, surface roughness and 
brazing area between contact tip and contact carrier are the 
same for all tests the difference observed can be attributed to 
lower electrical conductivity and higher hardness of the 
standard material compared to materials A, B, and C (see 
Table 1) [13].  

 

 

 

 

 

 

 

 

 

 

 

The optimized contact materials with the same 
homogeneity values for the SnO2 distribution have a much 
narrower dispersion about the mean temperature rise with 
about 20 K lower values compared to the standard Ag/SnO2 
contact material as seen in Fig. 11. From this it follows that the 
dispersion about the mean temperature rise can be decreased, 
under certain conditions like same chemical composition, by an 
increase of homogeneity value for the SnO2 distribution.  

 

 

 

 

 

 

 

 

 

 

 

 

D. Welding behavior  

 Weibull probability distribution is used to analyze the 
welding force, because this distribution has been shown to be a 
good empirical model to characterize many failure phenomena. 
As can be seen in Fig. 12 the contact materials with the 
optimized manufacturing parameters exhibit a much lower 
welding force as the standard contact material with the same 
chemical composition. In comparison to material A and B the 
contact material C made with a SnO2 powder with a medium 
particle size shows higher welding forces. Probably this is a 
consequence of the different SnO2 powder used for this 
material.  

 

 

 
Fig. 10: temperature rise at the moving contacts (new contacts) 

 
 

Fig. 8: Microsection standard material after AC3 service life 

 

 
Fig. 9: Microsection material A after AC3 service life  

 
Fig. 11: Dispersion about the mean temperature rise at the moving contacts as 

a function of the homogeneity value  
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In Fig. 13 99 %-, 98 %- and 95 %-values of the welding force 
for the different contact materials are shown as a function of 
the average SnO2-particle size.  With decreasing SnO2 particle 
size the magnitude as well as the deviation between the 99 %-, 
98 %- and 95 %-values of the welding forces gets smaller. 

 With these results it is hard to distinguish between the 
influencing factors oxide particle size and homogeneity – 
probably the first has a clear effect on the magnitude of 
welding forces while the homogeneity effect more the scatter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. CONCLUSION 

It is concluded that an improvement in the switching 
performance and service life of Ag /SnO2 /Bi2O3 /CuO contact 
materials with the same chemical composition can be achieved 
by varying manufacturing parameters as different mixing 
techniques and by using optimized powders.   

A quantitative assessment based of the Gini index of the 
SnO2 distribution in the Ag-matrix was performed to correlate 
the microstructure of the contact materials with some switching 
properties.  

The results reveal that the SnO2 distribution is one but not 
the only aspect that influences AC3 service life. Also SnO2 
particle size and probably the distribution of the additives in 
the Ag-matrix have an important influence.  

In regard to the temperature rise under steady state current 
conditions the Gini index corresponds with the scatter of the 
overtemperature observed while the mean can be attributed to 
the differences in electrical conductivity and hardness. The 
dispersion about the mean temperature rise can be decreased by 
an increase of homogeneity value for the SnO2 distribution.  

The SnO2-particle size has an effect on the magnitude of 
welding forces while the homogeneity value for the SnO2 
distribution effect more the scatter between the 99 %-, 98 %- 
and 95 %-values of the welding forces.  
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Fig. 12: Weibull distribution of the welding forces 

 
Fig. 13: welding force as a function of average SnO2-particle size  
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Abstract 
 
Precious metal plating as a technology has been around for more than 100  [1] years. Its use in the 
Electronic Market for Interconnection has been well documented and the processes used well proven.   
 
The demands though for smaller, lighter, faster and “cheaper” components moves forward relentlessly.  
Precious metal plating has and will always have a major role in achieving these demands.  However at the 
same time there are pressures being brought upon both suppliers and users of these plating processes to 
meet new environmental and ethical compliance standards as well new legislation and costs. 
 
How the precious metal plating market is coping with these demands will be the subject of this paper and 
presentation.  Traditionally Gold and Silver have been the metals most used for connectors!  However in 
recent years the advances with Palladium Nickel plating has also given alternative, cost effective and 
environmental benefits. 
 
The implication on the deposit qualities will be explained as well as the innovative alternative process 
chemistries particularly in these Gold, Palladium/Nickel and Silver plating which will be discussed. How 
plant and equipment has developed to enable these superior chemistries to function will also be shown.  

 
Key words 
 
Connectors, Micro-connectors, Gold, Silver, Palladium, Plating, Equipment,  Environment.   
 
 

 
 

I. Introduction  
 
As mentioned in the “abstract” the demands from the 
electronic market for smaller, lighter, faster and “cheaper” 
components is major driving force in this market.  Precious 
metal plating has and will always have a major role in 
achieving these demands.  As will connectors.   Despite the 
“internet of things” not every electronic action can be made 
without a “physical connection”   
 
As items get smaller/lighter the real connection option 
becomes “which precious metal” and focus moves to costs 
versus application.  Gold, Palladium and Silver all have 
their role to play in this market as new technologies emerge 
to make them more cost effective.    

 
At the same time, the pressures being brought upon both 
suppliers and users of these plating processes regarding 
environmental and ethical compliance needs to be 
recognised  
 

II. Content 
 
Specific applications for the use of Precious Metals  have 
expanded as electronics has become more precise in its 
requirements.   
 
As demand for more “powerful” electronic products 
increased so came the demand of smaller, lighter, cheaper 
as detailed earlier.   We can see this every day in the use of 
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“smart phones, tablets and PCs.  If we look at the slide 
example below, from another presentation, we can see the 
many parts contained that use precious metal plating.  In 
this case mostly gold.  
 

 
Fig 1.  Electronic parts of a notebook PC. 
 

Gold Plating. 
 
PCB. 
 
The earliest traditional recognisable use of a connector 
would have been as an “Edge Contact” or “Edge Tab” of a 
printed circuit board.  The edge connector being plated with 
5 microns gold over the copper.  Note; no use of nickel 
under-plate at this time.  
 
This use of “Hard Gold Plating” quickly became the 
standard finish for a connector. 
 
Specifically Gold is used primarily as an interconnect 
material either for Printed Circuit Boards and Electronic 
Connectors, with a smaller usage in High Performance 
Semi-Conductor devices. 
 
Connectors.  Gold plating for interconnection.  
 
Connectors are widely used where electrical contact is 
needed but not permanently.  The ability to insert and 
withdraw the connector many times with no degradation of 
electrical contact being of primary importance.  Each 
insertion/withdrawal is called a “mating cycle”. [2] 
 
For low mating cycles (10-50) and low reliability metals 
such as tin can be used where they also have low costs.  
However where high reliability, and low contact forces are 
needed, such as in microelectronics, then gold (hard gold) 
plating is the choice. [3]   
 

The term “Hard Gold” plating comes from the fact that 
incorporated into the gold deposit is a small amount of 
Cobalt (Co) or Nickel (Ni) which the gives the deposit a 
much greater hardness than achieved with a pure gold 
deposit.  Comparisons are <90HV for pure gold and 150HV 
average for hard gold.  It is this property together with the 
fractions of Potassium (K) and Carbon (C) in the deposit 
that gives hard gold its excellent wearing properties and the 
ability to withstand many mating cycles. 
 
In early days all connectors to be gold plated were barrel 
plated.  This meant that the whole part was plated 
irrespective of the fact that the connecting part was only a 
fraction of the total area.  This was extremely expensive and 
as the electronic market developed methods to plate the 
parts more productively were sought and found.   
    
 
 
 
 
Init parts being plated reel to reel.   
 
 
 
 
 
Fig 2.  Barrel plated parts moving to banded “Reel to 
Reel” 
 
Due to these high costs of gold these parts have been 
selectively plated on highly priced, sophisticated, reel to 
reel machines for many years. Example; Areas to be 
selectively gold plated. 
 
 
 

 

Burling 8.4258

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



 

 

 

3

 
Fig 3.  Selectively plated area of a connector.  
 
Despite the area to be plated being reduced the cost of gold 
plating has risen significantly in the last ten years.  This is 
despite gold coming “off” the highs of 2011/2.  
 

 
 
Fig 4.  Gold price comparison 1995 - Present.  
 
Newer gold plating processes have been developed which 
reduce the amount of unwanted gold being deposited 
outside the contact area “footprint”!  By use of these 
innovative processes gold savings, on average, 10% can be 
made  
 
These innovative processes use new proprietary chemistry 
which either prevents unwanted immersion gold being 
deposited outside the contact footprint or reduces the 
efficiency of the gold plating process where solution is 
trapped under a mask, thereby reducing the opportunity for 
gold to plate in this unwanted area also.    
 
 

 
Fig 5. Selective Plating (Nickel Barrier Process)  
 
  
 
 

The two examples of how modern gold systems can reduce 
the amount of gold without compromising reliability are 
explained below.   
 
1) Reduction of leakage plating 
 

• The new process  is specifically designed for Fine 
Barrier (FB) micro-connectors that are plated by 
high speed selective spot plating techniques. 

• The chemistry works by reducing the cathode 
efficiency at current densities below 1 A/dm2 
significantly; reducing the possibility of leakage 
plating beyond and beneath the plating mask.  

• As the current density builds up (as in high speed 
spot plating) so does the efficiency. 

• Therefore this can give savings in any high current 
density spot plating application regardless of 
connector size as plating beneath the mask and 
tooling is eliminated. 

 

 
 
Fig 6. Comparison of processes CE vs CD.  
 
2) Reduction in Immersion gold 
 
By complete redesign of the chemistry the amount of 
immersion gold produced by the electrochemical attack of 
the nickel undercoat is reduced/   
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Fig 7. Comparison of processes old/new in reducing 
immersion gold. 
 
Even greater savings can be made by changing process 
chemistry from high cost gold to a lower cost metal susch.as 
palladium nickel alloy where the savings can be as much as 
60%. [4] 
 

Palladium Nickel Plating. 
 
From time to time Palladium has been offered/used as an 
alternative to gold.  As has been known, pure palladium 
whilst offering some high temperature operating attributes is 
ability to react with hydrogen and organics has always 
limited its use. 
 
However in the early 80s it found a use as an alloy when 
combined with Nickel to give a true alloy deposit that could 
compete with gold, in many applications, at a fraction of the 
cost.   
 

 
 
Fig 8. Example of an early 80s advertising brochure . 
 
Palladium and its alloys have been considered as an 
alternative to gold plating on connectors for more then 35 
years. Palladium-Nickel has become the process of choice 
for connectors 
 
The first high Ammonia based Palladium-Nickel processes 
were released in the late1970`s. 
 
Driven by Environment , Health and Safety , Quality and 
Cost concerns  processes have evolved through High-
Ammonia to Low-Ammonia and Non-Ammonia processes. 
 
High-Ammonia processes are seldom used now, but Low-
Ammonia and Non-Ammonia processes are both well 
established. 
 
Non-Ammonia processes have been used successfully in 
production for more than 10 years. 

 
Current new developments focus attention on ease of 
operation , cost reduction and continuous improvement of 
deposit properties.  Whilst maintaining the environmental 
benefits. 
 
Compatible Palladium strikes which improve adhesion and 
surprisingly also improve porosity levels (allowing for 
lower deposit thicknesses have also been developed).     

 
Fig 9. Palladium Nickel plating evolution across the across 
the decades. 
 
These modern, mildly acidic, Palladium Nickel processes 
that are Ammonia and Chloride Free also have the benefit 
of not utilizing cyanide as the basis for the process.   

 
Fig10. Deposit Comparison Cost of Gold Versus Palladium 
Nickel  
 

Equipment 
 
Whilst it is true that the “unwanted plating” can be 
eliminated by chemistry formulation sophisticated plating 
heads using elaborate masking achieves the degree of 
selectivity needed and driven by the market.  The example 
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below shows how little can be plated when using masking 
equipment as shown in the following picture.    
 

 
 
Figure 11.  Example of electively plated connector part.  
 

 
 
Fig 12.  Drum head of a Reel To Reel Plating Machine. 
 
Example of a drum plating machine head where the reel to 
be plated is passed through the head where a selective mask 
will prevent plating outside of the contact area 
 

Silver Plating 
 
Of course plating less gold or less palladium can be 
“trumped” by moving to a much less costly precious metal, 
Silver.  This does though have to be balanced with the 
drawback of using copious amounts of cyanide with all the 
health risks entailed as well as costs.  For many. many 
applications this has been the only alternative.  
 
In recent years more and more opportunities for silver 
plating in new connector markets have arisen.  Silver has 
been traditionally barrel plated rack plated since its 
inception around 150 years ago.    Primarily used in 
decorative applications it soon found itself being used in 
applications where a thicker deposit (than gold) could be 
accepted at a lower cost but with acceptable reduced 
reliability [5].  

 
With the advent of the modern electronic industry methods 
to plate silver at high speeds and selectively plate the silver 
quickly developed. 
 

 
 
Fig 13.  Examples of silver plated connectors.  
 
 
Current technologies for silver plating components  have 
been based on conventional plating technologies used in the 
silver plating of electronic components for the semi 
conductor industry.  The connector market demands a high 
production throughput and therefore low cyanide silver high 
speed chemistries still dominate.   The only downside to this 
being the high usage of cyanide 
 
Now that non cyanide systems are available for Rack & 
Barrel in production there is now a choice that can be made. 
 
Cyanide Free. 
 
These new innovative generations of Cyanide Free Silver 
plating processes contain zero cyanide and therefore offer 
significant environmental and safety benefits [6] 
 
Simple Silver Complex. 
 
The bath is made by utilising Silver Nitrate with new 
complex to replace the cyanide.  The bath is straightforward 
to make up and utilises a wetting agent and brighteners as 
with traditional cyanide silver baths.  It will also dissolve 
readily silver anodes avoiding some of the cost issues with 
other non-cyanide baths where additions of silver have to be 
made with salts. 
 
Environment  
Of course there are no other components with any 
environmental issues so the entire process is seen as a 
“green technology” and is the future of Silver 
Electrodeposition. 
 
High speed Silver plating using non cyanide systems are 
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developing and are now capable of achieving current 
densities of 30A/dm2. 
 
The challenge for the future will be to achieve current 
densities in excess of 100A/dm2 with low costs with non -
cyanide systems. 
 

 
 
Fig 14.  Operating conditions for a non-cyanide silver 
plating bath.  
 
 

 
 
Fig 15.  Comparisons of silver deposits from cyanide 
systems and non-cyanide systems.  
 

The Future & The Environment 
 
Precious metal plating is not known as a major polluter.  
The high cost of precious metals means that the plating 
baths are always controlled.  However many of these  
processes have contained products that are no longer 
acceptable.  Metals such as cadmium and mercury have bno 
longer been used for many years and legislations such as 
WIEE and RoHS have reduced substantially the use of lead 
in the electronics market.  In Europe REACH has also 

impacted the plating products being used and Arsenic 
compounds have now been added to the list of compounds 
available only through authorization.  There is much 
discussion surrounding Cobalt, Nickel & Boric acid so more 
is to be expected in the future.   
 
There are though some alternatives such as cyanide free 
silver systems. 
  
Is it odd therefore that the most hazardous product used in 
electroplating does not feature in any REACH [7] 
documentation.  CYANIDE.  The reason is the REACH is 
established to protect the public from products that can 
build up in time, in the human body, and cause issues.  
REACH  is part of ECHA (European Chemicals Agency). 

REACH is the Regulation on Registration, Evaluation, 
Authorisation and Restriction of Chemicals. It entered 
into force on 1st June 2007. It streamlines and improves 
the former legislative framework on chemicals of the 
European Union (EU). 

The main aims of REACH are to ensure a high level of 
protection of human health and the environment from the 
risks that can be posed by chemicals, the promotion of 
alternative test methods, the free circulation of substances 
on the internal market and enhancing competitiveness and 
innovation. 

REACH makes industry responsible for assessing and 
managing the risks posed by chemicals and providing 
appropriate safety information to their users. In parallel, the 
European Union can take additional measures on highly 
dangerous substances, where there is a need for 
complementing action at EU level.  

The CLP Regulation 

The CLP Regulation ensures that the hazards presented by 
chemicals are clearly communicated to workers and 
consumers in the European Union through classification and 
labelling of chemicals. 
 
Cyanide therefore continues to be used in large quantities as 
it is easy to use (helpful in electroplating), easy to dispose 
and treat.  All are aware as of its dangers, being well known 
and are respected. 
 
Despite the fact that cyanide can be easily treated, 
environmental concerns and legislation are now having a 
direct cost in time and money   Not only legislation but the 
impact and perception is also.  Therefore it can be seen 
from above that all these legislative issues have a direct cost 
to the user.   However these hidden and very significant 
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costs are often overlooked when cost comparisons are made 
between “Non-Hazardous / Non-Cyanide” and traditional  
Cyanide based systems.  The real costs of plating include 
these legislative, stocking and transport items making it 
often more expensive to use an apparently cheaper Cyanide 
based system 
 
Non cyanide silver plating systems have been developed 
and are being gradually introduced to the market where 
legislation is becoming harsher. 

III. Conclusion 
It can be seen from above that all of the discussion has been 
about interconnection.  Whether this be permanent, in much 
of the electronic industry, such as   solderable and bondable, 
or an interconnect such as a plated connector where 
insertion and withdrawal can be continuous.  
 
With the demand increasing for smaller, lighter, faster 
cheaper it is only with Precious Metal plating that these 
demands can be met.  Gold, Silver and Palladium will 
continue to be used therefore more efficient and frugal 
usage will continue to be sought.   
 
Emerging techniques for selective gold plating connectors 
with lower thicknesses utilising RPC additives that reduce 
porosity (RPC – Rapid Pore Closure ), addition of SAMs 
(self-assembled mono layers) after plating to close pores or 
the use of Pulse Plating to refine the crystal structure are all 
being investigated. Use of these products may mean a 
redesign of solution chemistries to give the ultimate cost 
benefits required.    
 
Indeed to establish further cost savings new silver systems 
including alloys with Palladium and Tin are being 
developed. The requirement for silver in LED lead frame 
[8] demands will help drive these changes further and new 
plating technologies developed for one market will move 
into new markets (Lead Frame Silver>LED Silver> 
Connector Silver plating). All this whilst observing and 
respecting the environment in which we live as well as the 
legislation we must observe now and in the future.   
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Abstract—In this work, we have performed detailed studies of

the mechanisms of self-healing of silver contacts, its dependence

on temperature and ambient atmosphere as well as the influence

of design and material properties. Comparisons with copper

contact surfaces are made. The methods employed include: heat

treatments in different atmospheres, a-spot studies, TGA,

thermodynamical calculations, SEM and EDX.

Thermodynamical calculations predict an onset of Ag2S

degradation between 150 and 200 degC when oxygen is present.

From heat treatments in air atmosphere of thin films of

thicknesses 0.1 to approx. 3 µm, we have found that the transition

from Ag2S to metallic Ag takes place in a temperature interval

between 285 and 290 degC. Corresponding transition for bulk

Ag2S in a TGA with a temperature increase rate of 5 degC/min.

starts at 550 degC. The discrepancy in reaction temperature, is

mainly explained by the reaction kinetics. From the

thermodynamic calculations as well as from the experiments, we

have found that the presence of oxygen is necessary for the

process to occur. Studies on crossed-rod contacts subjected to

different current levels confirm the transition temperatures

found in the heat treatment experiments are prevailing under
real life conditions.

Keywords—self-healing; electrical contact; silver; sulphide;
reduction; ionic conduction; heat treatment; TGA; in-situ

I. INTRODUCTION

Silver is a major contact material in electrical power
applications, especially in low voltage devices working in air.
We know by experience that silver to silver contacts will self-
heal when subjected to a high enough current or a-spot
temperature. The self-healing mechanism is anticipated to be
the reduction of the native surface tarnish of Ag2S to metallic
Ag. This phenomenon is essential for the extensive use of
silver as a contact material, since all other metallic contact
materials, with the exception of Au, form native surface oxides,
which will grow with increasing temperature hence increasing
the contact resistance.

The intermediate phase in the Ag-S system, Ag2S, shows
three stable forms between room temperature and its melting
point just above 820˚C [1]. At room temperature Ag2S
crystallizes in a monoclinic structure (α-phase, acanthite). At
higher temperatures, T>179˚C, it forms a cubic structure (β-
phase, argentite), and at temperatures above ~600 ˚C the γ-
phase is formed. Both the α- and β-phases have in common a
body-centered cubic arrangement of S atoms, with Ag atoms in
the interstitial positions of the lattice.

In Ag2S both electrons and silver ions contribute to the
electrical conductivity. Of special interest is the α to β phase

transition, where both the ionic and the electronic conductivity

increase substantially [2]. So, while the α-Ag2S behaves like a

semi-conductor, β-Ag2S behaves like a metal.

Ionic conductors, such as Ag2S, are interesting to use for

various electronic devices. For example, different types of

nanoscale switches have been produced [3-6]. In short, by

applying an electrical potential higher than a threshold

voltage, the mobile Ag cations move through the Ag2S

material forming conductive silver filaments or protrusions (or

filament-like conducting path-ways through the material). The
sulphide acts as a solid electrolyte. By reversing the potential,

the process is reversed, i.e. the device is switchable.

The mechanisms and characters of silver corrosion or

tarnishing films have been investigated in several studies in

order to understand electrical contacts [7,8]. An interesting

experiment showed that a 750 nm Ag2S film on silver

vanishes when heat treated for 30 minutes in air at 400˚C [8].

Several studies on the effect of sulphide films on contact

resistance of silver coated electrical contacts, using different

contact load, slip, substrate material, electrical load, etc., have

been presented. [9-15].
It  has  been  shown  that  thin  Ag2S films formed on silver

have a very small effect on the contact resistance [9, 11, 12].

This has been explained by i.e. low shear strength, softening

and/or low resistivity of the film. However, there are results

that imply that also other mechanisms, which are related to

already mentioned mechanisms (e.g. ionic conduction and

dissociation of Ag2S at higher temperatures), may be active.

Experimental studies have reported an increase in contact

area with increasing current for Ag2S films. This phenomenon

was explained by deformation of the film due to softening

[12].  However,  in  the  same  study  it  was  also  found  that  the

composition of the film in the center of the contact area
decreased in S and increased in Ag. This phenomenon was not

explained, but implies other mechanisms than softening. A

rapid increase in contact area and corresponding decrease in

contact resistance was also found by [11]. From microscopy it

was concluded that silver ion transport through the corrosion

films significantly affects the contact performance

It should be noted that if excessive substrate material

corrosion products (e.g. substrate diffusion and/or pore site

migration) are incorporated into the silver tarnish film, contact

resistance issues may occur [10, 11].

Öberg 8.5265

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



II. EXPERIMENTALS

A. Thermodynamic modelling and simulations
In this study we have carried out thermodynamic

calculations using a free energy minimizing technique. The

calculations were performed using the commercial software

EkviCalc [16]. The software calculates the composition of the

system, amounts of condensed phases and gaseous species, at

equilibrium by minimizing the Gibbs free energy, where solid
phases, vapour composition, temperature and pressure are

required as input parameters. The thermodynamic data needed

is taken from an extensive internal database within the

software. It is important to point out that the thermodynamic

calculations yield an equilibrium state, which might not be

reached in reality due to kinetic limitations. However, the

results could often be used to predict trends and for qualitative

conclusions.

It would have been most interesting to make also kinetic

calculations but no proper kinetic data has been found to

perform such a study.

The calculations have been made to resemble pure metal
covered by a sulphide layer and the behaviour of this material

system in air as well as in inert atmosphere. The two metals

and metal sulphide systems studied and compared are

silver/silver sulphide and copper/copper(I)sulphide,

respectively. In principle, they correspond to tarnished silver

and copper surfaces. The input amounts of solid phases and

vapour composition for the different cases are presented in

Table 1. The calculations were performed in the relevant

temperature interval between 0 and 700°C and the pressure

was kept constant at 1 bar.

TABLE I. INPUT COMPOSITIONS FOR THE DIFFERENT CASES OF THE

THERMODYNAMIC CALCULATIONS

Case Input amounts (mole)

Ag(s) Ag2S(s) Cu(s) Cu2S  O2(g) N2(g) Ar(g)

Ag/Ag2S,

inert atm. 2 1 0 0 0 0 5

Ag/Ag2S,
air 2 1 0 0 1 4 0

Cu/Cu2S,

inert atm. 0 0 2 1 0 0 5

Cu/Cu2S,
in air 0 0 2 1 1 4 0

B. Materials
Commercial 99.8% pure Ag2S  powder  was  used  both  for

the TGA and for the heat treatment experiments.
Films of Ag2S were produced by dipping the samples into

a diluted polysulphide reagent made by sodium sulphide and

flowers of sulphur. Films were grown on both solid silver

coupons and silver plated (Ag thickness >20µm) copper

cylinders. The thicknesses of the Ag2S films were ~0.5 to 3µm
on the silver coupons and on the cylinders. These samples

were used for the heat treatment and in-situ contact spot

experiments, respectively.

The monoclinic a-phase Ag2S structure, for both powder
and films, was verified by X-ray Diffraction analysis (XRD),

see Figure 1.

Figure. 1, XRD analysis of powder and coating (GI-XRD, 2˚ grazing

incidence angle) confirming monoclinic a-phase Ag2S.

C. Microscopy and surface analysis
To study the structure, morphology and composition of the

investigated surfaces, we have used Light Optical Microscopy

(LOM) and Scanning Electron Microscopy (SEM) in

combination with Energy Dispersive X-ray spectroscopy
(EDX).

D. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) is a method to study

changes in chemical and physical properties of materials. TGA

can provide information about physical phenomena such as

vaporization but also chemical phenomena such as
decomposition and solid-gas reactions [17]. In this study the

change in mass as a function of temperature has been

evaluated. Two different material systems have been studied:

Ag2S powder in synthetic air and in nitrogen. Nitrogen is

chosen for convenience and is supposed to act as an inert gas.

The tests were performed from room temperature up to

1000°C with a temperature increase rate of 5°C/min. About 10

mg  of  Ag2S powder were used. The gas flow was 20-50

ml/min.

E. Heat treatment
Heat treatment experiments were performed using a

furnace with a controlled atmosphere. The samples were tested

at each temperature for 24 hours. Silver coupons with an Ag2S

film were heated in air and argon respectively. Test

temperatures were 285˚C and 290˚C. Ag2S powder was heated

in air. Test temperatures were 285, 290, 300 and 500˚C. The

samples were visually inspected, until a colour shift from
black to bright silver indicated Ag2S disintegration.

F. In-situ contact spot
Ag2S tarnished silver plated copper cylinders were used in

a single contact spot experiment. The cylinders were mounted

in a crossed rod geometry (Ø=10 mm, Ɩ = 20 mm) and pressed

together with a force of 10 N. Continuous currents of 10 to
100  A  were  run  through  the  contact  spot  and  the  resulting

voltage drop was recorded as a function of time. The voltage
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drop over the contact is related to the maximum spot

temperature by the well-known formula

  (1)

Tmax = maximum temperature in the contact spots (K)
T0 = conductor (ambient) temperature (K)
U = voltage drop over the contact interface (V)
L = Lorentz constant = 2.4 · 10-8 (V2 · K-2)

III. RESULTS

A. Thermodynamic modelling and simulations
The results of the calculations are presented in the

diagrams  in  Figure  2.  The  diagrams  show  the  amount  of  the

thermodynamically stable phases at different temperatures. In

the two cases where an inert atmosphere is present, the metal

sulphide is stable over the complete temperature interval
studied. For the two cases resembling an air atmosphere, the

situation is much more complex. In the silver/silver sulphide

case it turned out that at low temperatures the silver sulphide

coexists with Ag2SO4. Around 150°C both phases start to

disappear and above 200°C only silver metal and sulphur

dioxide is stable. Hence, above 200°C silver metal is the only

stable condensed phase in air. For the copper/copper

(I)sulphide in air case the results are even more complex. At

low temperatures copper(I)oxide, copper(I)sulphide and

copper(I)sulphate are all stable as condensed phases. Copper

sulphate becomes unstable above roughly 300°C. At 700°C

metallic copper is becoming the only stable condensed phase.

Another difference between copper and silver is that the

silver(I)oxide is never stable under the actual circumstances

Some control calculations at different oxygen contents have

also been performed outside the parameters presented in Table

1. The results of those calculations show that the oxygen

content is most important for the outcome. However, the
trends seen in the presented results are more or less the same.

Further, it turned out that the nitrogen content did not

influence the results at all

B. TGA
The results from the TGA experiments are presented in

Figure 3. In the case where air was used a significant mass

loss starts between 400°C and 500°C. The high mass loss rate

at ~600˚C corresponds to the transition temperature from β to

γ Ag2S phase. At 860°C the mass curve levels out and almost

no  more  mass  loss  occurs.  In  total,  the  mass  loss  is  13.0%.

This corresponds well with complete removal of all sulphur

where the theoretical total mass loss is 12.9%.

In nitrogen atmosphere, the total mass loss is much lower

and occurs at higher temperatures. Up to 850°C roughly 0.3%

mass loss is detected. At a temperature of roughly 820°C the

slope changes and in the end the total mass loss is 1.8%.

C. Heat treatment
In Figures 4 and 5, the results of the heat treatment are shown.

In air, the disintegration of the Ag2S film takes place between

285°C and 290°C. The surface remains black from room

temperature to 285˚C, whereas at 300˚C it is bright silver. The

powder is still black at 300˚C, but silver bright at 500˚C.

Figure. 2, Thermodynamic calculation results showing the amount of the stable phases over a temperature range. The four diagrams corresponds to a a)

silver/silver sulphide in inert atmosphere, b) silver/silver sulphide in air, c) copper(I)sulphide in inert atmosphere, and d) copper(I)sulphide in air.
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D. In-situ contact spot
From Figure 6 it is seen that when subjecting the contact to

current, the voltage drop initially increases to a level

corresponding to the Ag2S degradation temperature,
whereafter it slowly decreases to stabilize at a substantially

lower level.

Figure  7  describes  a  contact  spot  resulting  from  such  an

event. The Ag2S layer in the contact spot is penetrated by thin

filaments of silver, which are growing towards the contact

interface thereby lowering the contact resistance. It can be

noted that these filaments are not easily detected by observing

the contact surface from the top, not even by high resolution

SEM.

Figure 3. Percentage of remaining mass vs. temperature for TGA scans of

Ag2S powder in air and in nitrogen atmosphere respectively.

Figure 4. Ag2S powder, heat treated at different temperatures for 24 h. The reduction of Ag2S to metallic Ag  takes place above 300°C.

Figure 5. Ag2S surface layers on pure Ag coupons, heat treated at different temperatures for 24 h. The reduction of Ag2S to metallic Ag  takes place at 285-

290°C.

Figure 6. Voltage drop and corresponding maximum temperature in the contact spots over time when applying

a 10A current in the in-situ contact spot experiments.
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Figure 7. Principle sketch, crossed-rod contact set-up (upper left). Contact spot on an Ag2S-coated rod surface (upper right).

Perpendicular cross sections to a contact spot (lower right) and outside the contact spot (lower left).

IV. DISCUSSION

In this study two mechanisms relevant for self-healing of

Ag2S tarnished silver coated electrical contacts have been

experimentally observed: i) decomposition of Ag2S in air at

temperatures >285˚C, where the surface returns to silver, and

ii) the formation of silver filament-like conductive pathways

through the Ag2S film during electrical loading of a contact
spot.

The observed results from the heat-treatment experiments

of both Ag2S powder  and film on silver  should  be  compared

with the results from the thermodynamic calculations and the

TGA analysis. The present study shows that the Ag2S film on

silver disappeared already between 285 and 290˚C after 24

hours in air. In inert argon atmosphere the heat-treatment had

no effect  on  the  surface.  It  has  previously  been shown that  a

750 nm Ag2S film on silver vanishes when heat-treated for 30

minutes in air at 400˚C [8]. Thus, the present results show an

effect at even lower temperature. The Ag2S powder  that  was

heat-treated in the present study possibly showed some signs
of change after 24 hours at 300˚C in air, while after 24 hours

at 500˚C in air it was transformed to silver. Unfortunately no

experiments were made between these temperatures.

The thermodynamic calculations show that in inert

atmosphere with sulphide present, silver and copper behave

thermodynamically similar. The metal sulphide is stable over

the whole temperature range up to 700˚C. Hence, there is no

thermodynamic driving force for any self-healing effect.

In air the situation is more complex. At higher

temperatures, above roughly 200˚C, the silver sulphide

becomes unstable and metallic silver and sulphur dioxide

become the only stable phases. Hence, there exist a

fundamental driving force for healing, meaning decomposition

of sulphide into metallic phase, of a tarnished silver surface in

the presence of air at elevated temperatures. For copper the

situation is similar but at much higher temperatures, roughly

700˚C. This may partly explain previous results showing that

incorporation of copper substrate corrosion products into the
tarnish film of silver coatings results in high and non-self-

healing contact resistance [10,11].

The reason for why there is a thermodynamic driving force

of a healing effect in air, but not in inert atmosphere, is that in

air the sulphur atoms are oxidized forming sulphur dioxide. In

inert gas, no gaseous species of sulphur is stable enough to be

formed at those moderate temperatures. It seems plausible to

state that in air at elevated temperatures the sulphur is

removed, forming sulphur dioxide, leaving just metallic silver.

On the other hand, the TGA results do not indicate any

dissociation of Ag2S corresponding to the results from the

heat-treatment experiments or the thermodynamic
calculations. In the TGA case, an effect of temperature occurs

at much higher temperature. This might be due to kinetic

limitations. This hypothesis of kinetic limitation is strengthen

by earlier experimental results [8] where it  was shown that it

takes roughly 30 minutes for a corroded silver rod, with rather

thin silver sulphide layer, to lose all sulphur in air at 400˚C.

In inert gas the silver sulphide is much more stable also

according to the TGA results. This could be explained by the

fact that no sulphur oxide can be formed. However, some

mass loss is observed. According to the thermodynamic

calculations there is a thermodynamic driving force at elevated
temperatures to decompose very limited amount of silver
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sulphide to metallic silver and gaseous sulphide, S2(g).

Considering that in TGA the gas constituents formed are

continuously leaving the system with the gas flow, this could

drive the equilibrium towards further decomposition and

hence give a higher mass loss than the corresponding

equilibrium state.  It could also be speculated that the rate of
decomposition could be diffusion limited and hence accelerate

in the liquid stage. The knee in the curve corresponds well

with the melting point of silver sulphide of ~820˚C [18].
The second self-healing mechanism observed in the present

study occurs during electrical load. Ag2S is an ionic

conductor, and the b-phase (T > 179˚C) shows both high
electron and ion conductivity. During electrical load filament-

like silver conductive pathways have been formed (Figure 7).

This is due to silver ion transport through the Ag2S film that

acts as an electrolyte.

This mechanism has been used in previous work for the

development of nano-switches (as also described in the

Introduction).  A  very  interesting  in-situ  HRTEM  study  also

showed a combination of silver ion migration and an a to b
Ag2S phase transformation by applying an electrical potential,

i.e. two parallel mechanisms giving conductive pathways
through  the  material  [2].  Note  that  the  phase  transformation

occurred at room temperature and only in the conductive

pathways, i.e. the electrical field in combination with the

silver ion movement decreased the transformation

temperature. The very fast initial decrease in voltage drop/

contact resistance followed by a slower but continuous

decrease indicates that such conductive pathways are formed

very quickly and then growing with time.

V. SUMMARY AND CONCLUSIONS

The findings of this work are summarized in the following

points:

· Two possible self-healing mechanisms of Ag2S corroded
silver contacts have been observed: i) decomposition of

Ag2S in air at temperatures >285˚C, and ii) the formation

of silver filament-like conductive pathways through the

Ag2S film during electrical loading.

· Decomposition takes place at temperatures above 285°C

by reduction of the sulphide to metallic silver. A necessary

prerequisite for this process is the presence of oxygen.

· Thermodynamically, the self-healing phenomenon can

readily occur already at 150°C. In real life, due to the

reaction kinetics, the onset of the process can take place

anywhere from 285°C to 550°C.

· When subjecting the Ag2S-tarnished contact interface to an

electrical field, conductive filament-like pathways of silver

are formed through the Ag2S film.

· Applying the high enough current/voltage drop over the

Ag2S-tarnished contact interface gives rise to an instant

increase in the spot temperature, up to the reduction

temperature around 285°C.

· In this study the individual and/or combined effects of the

two self-healing mechanisms on the electrical contact

behaviour have not been fully investigated.
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Abstract— While reactions involving adsorbed organic 
molecules on electrical contacts have been known for many 
decades, the precise reaction mechanisms leading to friction 
polymer formation, particularly on surfaces at low temperature, 
have remained largely undiscovered. These films can reduce 
friction and mitigate wear but they also increase electrical 
contact resistance. In the present study, friction coefficient and 
electrical contact resistance measurements obtained in parallel 
during specially designed tribological tests are used to probe 
mechano-chemical reactions between a number of different 
classes of fluids and metal surfaces. The results show that copper 
surfaces promote the formation of polymerized reaction products 
by catalyzing the formation of radicals, even at room 
temperature. In the case of silicone fluids, the chemical reaction 
pathway by which these insulating deposits are formed in the 
presence of copper has been determined. The relative reactivity 
of electrical contact alloy surfaces for mechano-chemical 
degradation of silicone, and the electrical behavior of deposits 
from other potential damping fluids are discussed. 

Keywords—silicone, sliding contacts, friction polymer, 
degradation 

I.  INTRODUCTION 
The formation of high molecular weight deposits by 

mechanical action alone on electrical contacts operated in 
silicone (polydimethylsiloxane, PDMS) fluid was reported by 
Dugger in 2014 [1]. While silicone decomposition in arcing 
contacts is well known [2-5], the mechanism referred to in [1] 
was related only to mechanical contact, as the presence of a 
voltage across the contacting bodies was not required for 
deposit formation.  Nuclear magnetic resonance (NMR) 
spectroscopy was used to identify specific radicals in the 
deposit, which supported that the dominant reaction involved 
oxidation at the pendant methyl group on the silicone molecule. 
Methyl oxidation creates radicals that subsequently crosslink to 
form an insoluble deposit that collects on metal contact 
surfaces nearby. This reaction pathway was independently 
proposed by Tamai in 2012 [6]. The author reported a power 
level below which relays did not fail, and explained that this 
power level is the result of the competitive processes of deposit 
creation due to heating in discharges and mechanical removal 
by sliding. Hence, the power level below which relays did not 
fail is a function of relay design, including contact force. While 
Tamai demonstrated in this work that silicone would thermally 

decompose to a mixture of SiO2, carbon and crosslinked PDMS 
as a function operating power conditions, he did not explore 
mechanical contact alone. While Tamai indicates that methyl 
oxidation can lead to silicone crosslinking at moderate 
temperature [6], our previous work [1] showed that this 
polymerization reaction can be catalyzed by metal surfaces at 
room temperature, and can occur without current flow. 

In the present work, further study of metals and alloys 
contacting in various dielectric fluids has been conducted in 
order to obtain a better fundamental understanding of the 
reactivity of metal surfaces in damping fluids, and to identify a 
damping material more suitable for use in fluid-filled 
accelerometers that are subjected to mechanical vibrations. The 
formation of deposits at mechanical contacts can be damaging 
to such devices since polymerized insulating deposits formed 
while the contacts fret against one another in the rest position 
can interfere with correct signal generation during operation 
when the contacts slide across the areas where vibration 
previously occurred. 

II. EXPERIMENTAL PROCEDURES 

A. Solids 

Pin-on-flat sliding experiments described below were 
performed using a polished hemispherical pin or ball of 1.6 
mm radius sliding on a polished (both with 20 nm Ra surface 
roughness) flat. The Neyoro-G® and Paliney-7® materials [7] 
represent those used in a fluid-filled accelerometer of interest. 
The other metals were used in pure (at least 99.9 at.%) form. 
The nominal compositions of the alloys used for testing are 
shown in Table 1. As can be seen by the composition ranges, 
the Paliney-7® alloy contains mostly Pd, Ag and Cu, while the 
Neyoro-G® alloy is gold-based and contains Pt, Ag and Cu.   

TABLE I.  NOMINAL SAMPLE COMPOSITIONS IN ATOMIC PERCENT 

Sample Pd Ag Cu Pt Ni Zn Au 

Paliney-7 34.8 29.4 23.3 5.4 NA 1.6 5.4 

Neyoro-G NA 6.0 33.0 6.3 NA 2.2 52.5 

Au NA NA NA NA NA NA 99.9 

Cu NA NA 99.9 NA NA NA NA 
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B. Fluids 

The contact sliding experiments were conducted using 
several fluids. The base fluid was 20 cSt PDMS (DC-200, Dow 
Corning Corporation). In addition, several other fluids with 
pour points of -50°C or lower were examined. A perfluorinated 
polyether (PFPE Uniflor 8900, Nye Synthetic Lubricants), and 
a multiply-alkylated cyclopentane (MAC 1001, Nye Synthetic 
Lubricants) fluid were used. The former is a fluorocarbon, and 
the latter a synthetic hydrocarbon. These fluids have low vapor 
pressure and have been used for space mechanism lubrication. 
Another synthetic hydrocarbon investigated was poly-alpha 
olefin (Synfluid PAO4, Chevron Phillips Chemical Company), 
developed for demanding industrial and transportation 
lubrication applications. Select fluid properties are shown in 
Table 2. All fluids have viscosity near 20 cSt at 20°C, but 
viscosity as a function of temperature varies widely, 
particularly at cryogenic temperatures, as shown in Fig. 1. 

TABLE II.  SELECT FLUID PROPERTIES 

Property PDMS PFPE MAC PAO 

Pour Point, C -65 -80 -59 -69 

Surface Tension, mN/m 20.6 23  27 

Specific Gravity at 25C 0.95 1.81 0.84 0.82 

Refractive Index 1.4  1.465 1.456 

Flash Point, C 204 NA 300 226 

C. Electrical Contact Tribometer 

A commercial tribometer (CSM Instruments 
Nanotribometer) was significantly modified and used for the 
measurements described here. A photograph of the instrument 
is shown in Fig. 2. The tribometer was modified so that a flat 
sample could be held within a PTFE fluid cup mounted on a 
piezoelectric stage, to allow the surfaces to be mechanically 
abraded at low sliding amplitude while submerged in about 5 
mL of fluid. The flat surface and the ball holder were both 
fitted with copper wires so that a 4-wire electrical contact 
resistance measurement could be made at the contact. A source  

Fig. 1. Viscosity as a function of temperature for damping fluids tested. 

Fig. 2. Modified CSM Nanotribometer used for electrical contact 
tribology measurements. 

meter was used to probe the electrical behavior of the contact 
while in the fluid environment. 

The experiments were typically conducted as follows:  
Freshly polished and cleaned flat and pin specimens of the 
desired metals were placed in the tester, and the fluid cup was 
filled with the desired test fluid. 

Mapping Phase: The electrical contact behavior was first 
mapped over a sliding track 2 mm long using 50 mN applied 
force on the pin, a probe current of 10 mA, and an open circuit 
potential of 1 V while the sliding contact was submerged in 
fluid. 

Abrasion Phase:  The pin and flat samples were both 
grounded, and the track length was adjusted to 1 mm in the 
center of the 2 mm long track previously mapped. Using this 
smaller track, the pin was rubbed over the surface at 1 mm/s in 
the track direction, but with the piezo stage operating at 100 Hz 
with an orthogonal displacement having an amplitude of 50 m 
and constant velocity. The pin therefore followed a path such 
as that shown in Fig. 3 over the 1 mm long track.  Sliding was 
continued for 100 passes over the 1 mm track with the piezo 
stage operating. 

 

Fig. 3. Sliding path of hemispherical pin on the flat during the abrasion 
phase. 
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Deposit Characterization Phase: After abrading the surfaces 
submerged in the test fluid as described above, the track length 
in the slow sliding direction was increased to the previous 2 
mm length, and the 10 mA, 1 V open circuit conditions were 
used once again to map the electrical contact resistance of the 
surface. In this way, the pin was made to travel over the ends of 
contact created during the abrasion phase, so that any reaction 
products deposited just outside of the contact would be slid 
over and electrical contact resistance measured.   

D. Screening Test for Fluid Reactions 

Reactions between copper and various damping fluids 
during mechanical contact alone were further investigated 
using a “tumble test,” as described in [1]. Briefly, a 
polyethylene bottle of 200 ml volume was filled approximately 
20% full with commercially pure copper balls 3 mm in 
diameter. The damping fluid was added to the bottle until the 
balls were just submerged. The bottle was then sealed and 
made to tumble end over end lengthwise in a rotary tumbler at 
6 rev/min. At this speed the balls would fall from one end of 
the bottle to the other as it rotated, created a high rate of 
mechanical contact events between the metal balls in the 
presence of the damping fluid. At the conclusion of the test, 
about 2 cm3 of the fluid was centrifuged in a vial to separate 
metal wear particles from the fluid, and to cause any reaction 
product to settle to the bottom. The fluid above the settled 
particles and reaction product was decanted off, and a small 
sample of the remaining fluid collected with a pipette for 
analysis. 

E. Fluid Chemical Analysis 

Analysis of the fluids from the tumble test was performed 
using nuclear magnetic resonance (NMR) spectroscopy. NMR 
is a nucleus specific technique allowing details about the local 
chemistry and bonding for the molecules of interest to be 
determined. In the present study NMR was employed to probe 
the degradation or aging by-products of the fluids that were 
formed while in contact with the metal surface. Silicon (29Si) 
solution NMR provides information about the condensation 
reaction products involving Si-O crosslinks due to degradation 
of PDMS. Proton (1H) solution NMR was used for the 
determination of radical presence in the PDMS and 
hydrocarbons (MAC and PAO). 19F  NMR was used to 
examine degradation of the PFPE.  

III. RESULTS AND DISCUSSION 

A. Electrical Contact Tribometer Tests 

The sliding electrical contact resistance (ECR) data is 
presented in the form of contour maps, showing electrical 
contact resistance as color contours on a log scale from 1 to 
1000 m. Resistance is plotted as a function of position along 
the 2 mm sliding track (Y axis) and as a function of repeated 
cycles of sliding over the same track (X axis). The contact 
resistance for Neyoro-G® on Paliney-7®, Cu on Cu, and Au on 
Au sliding in PDMS fluid are shown in Fig. 4. In the case of 
Neyoro-G® on Paliney-7®, elevated contact resistance can be  

2 4 6 8 10 12 14 16 18 20

200

400

600

800

1000

1200

1400

1600

Cycles

P
o

si
ti

o
n

, m
ic

ro
n

s

1

10

100

1000

ECR, mOhm

 

2 4 6 8 10 12 14 16 18 20

2000

1800

1600

1400

1200

1000

800

600

400

200

Cycle Number

ECR, mOhm

P
o

si
ti

o
n

, m
ic

ro
n

s

1

10

100

1000

, ,

 

2 4 6 8 10 12 14 16 18 20

200

400

600

800

1000

1200

1400

1600

Cycles

P
o

si
ti

o
n

, m
ic

ro
n

s
1

10

100

1000
ECR, mohm

 

Fig. 4. ECR as a function of position and cycles for Neyoro-G® on 
Paliney-7® (a), copper on copper (b) and gold on gold (c) sliding in 20 cSt 
PDMS fluid in air. 

seen outside of the area mechanically abraded without current 
flow, indicating the accumulation of a resistive deposit at the 
ends of the 1 mm track. This deposit was easily seen in 
scanning electron microscope (SEM) images of the track in 
backscattered electron mode, highlighting atomic number 
differences. The copper sliding pair exhibits elevated contact 
resistance throughout the 2 mm sliding track, while the self-
mated gold sliding pair shows no difference in contact 
resistance within or just outside the ends of the 1 mm abraded 
track. The white contours at the ends of the sliding track in the 
gold-gold contact are due to missing data at increasing cycle 
numbers rather than high electrical resistance. The friction 
coefficient became so high in these areas that the pin did not 
slide over the full 2 mm distance programmed. These 
measurements, as well as the NMR spectra of fluid tumbled 
with copper balls, confirmed the hypothesis that copper in the 
electrical contact alloys was particularly reactive toward 
PDMS degradation. No degradation of the fluid was observed 
in the gold on gold sliding tests.  

Alternative damping fluids for the accelerometer 
application were investigated by performing sliding of the 

(c)

(b) 

(a) 
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Neyoro-G® on Paliney-7® contacts in the presence of these 
fluids, and examining the ECR performance of the contact. Fig. 
5 shows the results of ECR maps of sliding contact in the 
fluorocarbon and hydrocarbon fluids. Contact resistance in the 
PFPE fluid exhibits values of several to 10s of mW, but do not 
vary substantially over the entire sliding track. Both the MAC 
and PAO synthetic hydrocarbons exhibit similar variability in 
ECR over the abraded and non-abraded areas of the track. 
Therefore, from ECR measurement alone, all of the alternative 
fluids appear to resist radical formation and crosslinking better 
than the baseline PDMS fluid. However, SEM examination of 
the wear tracks from PFPE, MAC and PAO tests indicate some 
differences in performance. While no low atomic number 
deposits were observed after the sliding tests in PFPE, both of 
the synthetic hydrocarbons showed a small amount of low 
atomic number deposit formed adjacent to the wear tracks. This 
observation prompted an examination of fluid degradation in 
the presence of copper, using the “tumble test” and NMR 
spectroscopy.  
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Fig. 5. ECR as a function of position and cycles for Neyoro-G® on 
Paliney-7® sliding in PFPE (a), MAC (b), and PAO (c) fluids in air. 

B. Fluid Chemistry 

Each of the alternative fluids was tumbled in containers 
with copper balls as described above. Analysis of the 
centrifuged fluid samples by NMR revealed some degree of 
interaction of the hydrocarbon fluids with copper to produce 
reaction products. The NMR spectra of relevant regions are 
shown in Fig. 6. Red circles in the figure indicate peaks not 
present in the NMR spectrum of new fluid, which are evidence 
of mechano-chemical reaction between the fluid and the copper 
balls.  

 

 

 

Fig. 6. NMR spectra from PFPE (a), MAC (b), and PAO (c) after tumling 
with copper balls. The red highlighted peaks were not present in the NMR 
spectra of new fluids. The PFPE fluid (a) did not exhibit changes. 
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(c) 
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No differences in the 19F spectrum from PFPE before and after 
tumbling were detected, indicating the absence of any reaction 
between the fluid and copper balls that could be detected by 
NMR. 

The results of the ECR tribometer tests and NMR 
spectroscopy of damping fluids that are alternatives to the 
baseline PDMS suggest that the alternatives are far less 
reactive with the electrical contact alloys than the base PDMS 
fluid. ECR tribometer results showed that the fluids did exhibit 
some differences in resistivity from one another, attributed 
primarily to the ability of the adsorbed film to remain in the 
contact during sliding, and related to the strength of 
chemisorption of the damping fluid molecules. However, very 
little impact to ECR was measured after abrading the electrical 
contact alloys in the presence of the damping fluids. NMR 
spectroscopy on fluid samples before and after tumbling with 
copper balls, representing a reactive component of the 
electrical contact alloys, did indicate some radical formation in 
the synthetic hydrocarbons due to mechanical contact. 
However, no reaction products were detected in the tumbled 
PFPE fluid.  

IV. CONCLUSIONS 
The reactivity of several metal surfaces and damping fluids 

was investigated to identify alloy constituents and alternative 
damping fluids that resist mechano-chemical degradation. ECR 
tribometer tests with pure copper and gold surfaces in PDMS 
fluid showed that copper promoted the degradation of PDMS 
even more so than did the Neyoro-G® and Paliney-7® electrical 
contact alloys. No degradation in contact resistance of the gold 
surface was detected, indicating that gold does not catalyze the 
radical formation and crosslinking of PDMS observed with 
copper or the copper-containing alloys. One solution to the 
resistive deposits formed in PDMS-filled accelerometers would 
therefore be to insure that sliding surfaces are gold or gold 
plated. Pure gold structural elements are not compatible with 
device requirements, and in addition to the expense associated 
with gold plating, there are concerns about process controls to 
insure adhesion and repeatability. An alternative solution is to 
change the damping fluid to remove the degradation-
susceptible chemistry from the accelerometer. Of the synthetic 

fluorocarbon and hydrocarbon fluids investigated, all exhibited 
significantly reduced reactions with the electrical contact alloy 
surfaces and pure copper surfaces, than the baseline PDMS 
fluid. NMR spectroscopy showed that the PFPE fluid was 
particularly stable against reactions associated with mechanical 
abrasion of copper surfaces in the presence of the fluid.  
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Abstract— The authors have been investigating the 
deterioration process of the system of Au plated slip-ring and Ag-
Pd brush, which is used mainly in chip-mounters and other 
devices, to realize stable long life time. Through the past tests, it 
can be made clear that lubricant is very important for long 
lifetime and very long lifetime can be realized when lubricant is 
regularly supplied during the operation. 

In this paper it is reported that a long lifetime was realized 
with only the supply of lubricant before the test, and how the 
deterioration proceeds. 

The longest operation time of the previous tests is about 6000 
hours, while the operation time of the present test is more than 
10000 hours. Compared with the ring morphology of the previous 
test, the ring surface of the present test is quite different from the 
previous one. For example the color of the ring surface becomes 
green/blue as the operation is proceeding, while the previous one 
was dark brown. In addition contact voltage drop increases 
gradually at the initial stage of the operation and stays almost 
contestant with some fluctuation. The fluctuation is not 
recognized at very early of the operation, but the fluctuation 
becomes large with the operation time.  

From the above results it can be guessed that the fluctuation 
would represent the deterioration of the lubricant oil on the 
surface or the morphology of the ring surface. 

 
Keywords— slip ring, lubricant, Au plating, contact voltage 

fluctuation, surface morphology, lifetime. 

I.  INTRODUCTION  
Sliding contact systems are still used in various applications 

and one of key technology in electrical contact. Long life time 
and high contact reliability are required for electric sliding 
systems and many reports have been published[1]-[5]. A 
sliding system of Au plated slip-ring and Ag-Pd brush is used 
mainly in chip mounters and other applications. The authors 
have been investigating the degradation process of this sliding 
system[6]-[9]. Currently the lifetime of this system is about 
2x107 revolutions, and a longer lifetime is expected. So, it is 
practically important to elucidate the deterioration process.  

Through previous results, the degradation process was 
supposed as follows; when Au and sometimes Ni plated layers 
are worn, the Ni plating layer or the base material of the ring, 
bronzer is exposed and when the lubricant is deteriorated, the 

surface starts to oxide. In this stage most of the whole surface 
becomes black in color and the average contact voltage rapidly 
increases to more than 100mV, the criteria of the lifetime 
end[9]. 

In addition, lubricant is a crucial factor to determine the 
lifetime of the sliding system, but even with the lubricant the 
lifetime is largely changed case by case [7]. The study also 
showed, the lubricant can not only reduce ring wear, but also 
protect the ring from its oxidation[11]. Therefore, it is very 
important how the lubricant is deteriorated. 

From these experiences waveforms of the contact voltage 
could have some information on ring surface deterioration. Dr. 
C. Holzaphel said that the low frequency noise is a direct 
measure of the state of the system[12]. 

In this paper the new slip-ring system was used in which 
the contact voltage drop between each ring and brush can be 
measured by auxiliary ring. The contact voltage drop between 
brush and ring under the rotation (dynamic contact voltage) is 
measured with operation time. Further, the contact voltage at 
the standstill (static contact voltage) is also measured and the 
surface morphology of each ring is observed. The followings 
can be made clear.  

This time the longest lifetime is realized among the tests 
which have ever been made. The dynamic contact voltage was 
the same value as the static one at the initial stage of the test 
and then becomes gradually larger than the static one. At that 
stage the dynamic contact voltage is strongly dependent on the 
rotation speed. It can be guessed because the viscosity of the 
lubricant oil would be higher and easily get in between brush 
and ring. Further, the deterioration process of the contact 
voltage drop is discussed. 

II. EXPERIMENTAL PROCEDURE 
Figure 1(a) shows the picture of Au plated slip-ring and 

Ag-Pd brush used in this test. The slip-ring is 20mm in the 
inside diameter, and 22mm in the outside diameter. Its bulk 
material is free-cutting brass, the surface of which is plated by 
Au on the Ni base plating. Thickness of Au plating and Ni 
plating is 3μm and 3-5μm, respectively. The brush consists of 
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ten rods for improvement of contact reliability. The diameter 
of a rod is 0.25mm of Ag-Pd alloy (in detail, Ag38Wt%, 
Pd42Wt%, Cu16Wt%). A rotating slip-ring is mated with two 
brushes, from right and left side respectively to keep reliability 
for both rotation directions, as shown in Fig.1. Each contact 
pressure of brushes is 3 gf. Two pairs of ring have the same 
experimental conditions. 

 Fig.1(b) shows the circuit diagram for one ring pair. 
Auxiliary rings are used to measure contact voltage of each 
ring, positive and negative. The deterioration of the auxiliary 
ring surface is confirmed to have no effect on the voltage 

measurements. The details of experimental procedure was 
presented in Ref.[13]. 

III. EXPERIMENTAL RUSULTS 

A. Contact voltage drop and operation time 

Figure 2 shows contact voltage drop vs. operation time for 
each ring. Each contact voltage is almost same for all rings at 
the beginning of the test. Then the voltage gradually increases 
until the operation time of about 1700 hours. After that the 
contact voltage stops increasing for rings 1-, 2+ and 2-, while 
the voltage of ring 1+ increases until around 2500 hours. 
Afterwards the contact voltages of all rings have been staying 
approximately constant even with comparatively large 
fluctuation until about 10000 hours. Finally, the contact voltage 
of ring 1+ becomes over 100mV and ends the lifetime at the 
operation time of 13010 hours. Its lifetime is the longest among 
the authors’ tests (see Fig.3).  

B. Ring surface morphology 

As an example of surface morphology change with 
operation time, Figure 4 shows cases of Ring 1+. At the 
beginning of the test some black wear particles are clearly 
observed on the sliding surface. Around 1776 hours the surface 
becomes gradually clean and some tracks are green in color 
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(a) Experimental set-up. 

(b) Circuit diagram for ring pair 1. 
Fig.1  Experimental set-up and test circuit. 

Fig.3. Comparison of the current results with previous tests.

Table 1 Experimental conditions. 
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around 5700 hours. After that the surface morphology does not 
greatly change until the operation time of about 10000 hours. 
However, around 12000 hours black wear particles started to 
be observed on the left-hand non-sliding surface.2000 hours 
later the surface became entirely black in color and the contact 
voltage became over 100mV. It means the end of the lifetime. 

Figure 5 shows the surface morphology of each ring at the 
end of 1+ ring lifetime. The surface of ring 1- is widely light 
black in color, and maybe it is close to the end of lifetime. On 
the other hand the surface of Ring 2+ is partly light green and 
looks good. The surface of Ring 2- is entirely dark green, and 
black product is attached on the left-hand non-sliding belt. 
Anyway the static contact voltage is about 25mV and the 
contact between brush and ring still works well.  

C. Contact voltage waveforms 

The time diagram of voltage waveform between Ring 1+ 
and brush is shown in Fig.6. It can be found that the initial 
waveform just after the test start is flat and slightly over 20mV. 
Then the fluctuation of the waveform has been gradually 
increasing. In addition the minimum value of the waveform 
becomes about 40mV and the peak values are over 120mV at 
the operation time of 5688 hours. The minimum value stays 
same, 40mV until 12528 hours. 

Finally the peak value of the waveform reaches 300mV and 
the minimum value becomes around 70mV at the operation 
time of 13010 hours when the lifetime ends (note that the 
maximum value of the voltage axis is 400mV unlike other 
waveforms.). 

In Figure 7 the waveforms are put on the time diagram of 
the average contact voltage for Ring 1+. The average voltage 
values have been showing large fluctuation since the operation 
time of around 2000 hours until the end of the lifetime. 
However, the minimum value of the waveform has been 
staying about 40mV until just before the end of the lifetime. So, 
the change of the average voltage value is mainly due to the 
change of the fluctuation component of the waveform. 

 

IV. DISCUSSION 

A. Dependence of contact voltage drop on rotation speed 

The average contact voltage drop is found to be 
independent from rotation speed equations at the beginning of 
the test, while it becomes dependent on the rotation speed after 
about 2000 hours. Figure 8 shows the dependence of contact 
voltage on the rotation speed for both operation times, just after 

Fig.5  Surface for four rings at 13010 hours. 
Fig.4  Change of surface morphology with time 

 for Ring 1+. 

Fig.6  Change of contact voltage waveform with time  
 for Ring 1+. 

(5688hr) (744hr)

(9768hr) 

(1776hr)

(12528hr) 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

‐6.0E‐01 ‐4.0E‐01 ‐2.0E‐01 0.0E+00 2.0E‐01 4.0E‐01 6.0E‐01

(13010hr) 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

‐6.0E‐01 ‐4.0E‐01 ‐2.0E‐01 0.0E+00 2.0E‐01 4.0E‐01 6.0E‐01

C
on

ta
ct

 v
ol

ta
ge

 [V
]

Time [s]

CH1

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

‐6.0E‐01 ‐4.0E‐01 ‐2.0E‐01 0.0E+00 2.0E‐01 4.0E‐01 6.0E‐01

1+

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

‐6.0E‐01 ‐4.0E‐01 ‐2.0E‐01 0.0E+00 2.0E‐01 4.0E‐01 6.0E‐01

C
on

ta
ct

 v
ol

ta
ge

 [V
]

Time [s]

1+

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

‐6.0E‐01 ‐4.0E‐01 ‐2.0E‐01 0.0E+00 2.0E‐01 4.0E‐01 6.0E‐01

1+

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

‐6.0E‐01 ‐4.0E‐01 ‐2.0E‐01 0.0E+00 2.0E‐01 4.0E‐01 6.0E‐01

1+

Fig.7  Contact voltage and waveform with operation time.
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the test start and 5688 hours. 

The contact voltage is found to be independent of the 
rotation speed at the test start, while it becomes strongly 
dependent on the rotation speed at the operation time, 5688 
hours. In addition the contact voltage at the standstill in 
Fig.8(b) is almost the same, about 20mV as that in Fig.8(a). It 
may be guessed form this result that the contact resistance of 
the ring itself might be almost same even at 5688 hours as that 
at the start of the test. The increase of the contact voltage with 
the rotation speed is probably due to some film generated 
between ring and brush with rotation speed increase. The film 
might come from lubricant oil. 

The viscosity of fresh oil is low, but it becomes high with 
the deterioration. So, the oil easily gets in between brush and 
ring with the rotation speed increase. In this case the current is 
guessed to flow due to tunnel effect[1][2]. Figure 9 shows the 
dependence of the voltage waveform on the rotation speed. The 
peak value of the waveform suddenly decreases with the 
rotation speed decrease and the fluctuation almost at the speed 
of disappears at the speed of 100min-1. And the minimum value 
of the waveform gradually decreases with the speed decrease 
from about 40mV to nearly 20mV. 

B. Static and dynamic contact voltage drop 

In the previous section the contact voltage at rotating ring 
(called “dynamic contact voltage” is guessed to increase with 

rotation speed due to lubricant film. It means that the difference 
between static and dynamic contact voltage will appear if the 
lubricant film affects the contact voltage drop. So, the 
difference is measured during the test.  

Figure 10 shows the case of Ring 1+. It can be clear that the 
dynamic voltage stays about two times higher than the static 
one except for the initial stage of the test, but finally the static 
voltage suddenly increases and the lifetime ends.  

Fig.8  Dependence of dynamic contact voltage  
on rotation speed. 
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(a) At the initial stage of the operation.
Fig.9  Dependence of voltage waveform  

on rotation speed.
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Fig.10  Dynamic and static contact voltage for Ring 1+. 
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Fig.11  Dynamic and static contact voltage for Ring 1-.
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On the other hand Figure 11 shows the case of Ring 1-. 
After the operation time of 11000 hours the static contact 
voltage increases and becomes almost the same value as the 
dynamic one. Probably it means that the lubricant might not 
work well any more, and so this ring would be close to the end 
of the lifetime. 

The comparison between static and dynamic contact 
voltage is shown in Fig.12 for Ring 2+ and Fig.13 for Ring 2-. 
In case of Ring 2+ the static contact voltage has been staying 
about 20mV since the test start, though it is slightly increasing. 
On the other hand the dynamic contact voltage is gradually 
increasing after 12000 hours. Anyway this ring still works well.  

From Fig13 the relation between static and dynamic contact 
voltage for Ring 2- seems to be different from others. Around 
8000 hours the dynamic voltage decreased and became the 
same value as the static one. Then the dynamic voltage 
increases again, while the static one still stays around 20mV, 
but with small fluctuation. Figure 14 shows how the 
morphology of contact surface changes around 8000. The 
surface at 8280 or 8640 hours is clearly different from that at 
6960 hours, that is, it changes the color and looks dry. 
However, at 9624 hours the surface recovers to a good one like 
that at 6960 hours. In addition many wear debris are observed 
on the right-hand non-sliding at 9624 hours. The black part 
seems to be a mixture of wear debris and lubricant oil. The 
authors have supposed that the lubricant came back to sliding 
tracks from non-sliding belts on right and left side and so the 
sliding surface became good again. 

C. Comparison of surface morphology with previous results 

For the current test the sliding surface looks slightly green 
in color and it is different from previous results. Figure 15 
shows the comparison between surface morphology of the 
current and previous test. At the initial stage of the test black 
wear products are observed on the surface of both cases. In the 
test 9 sliding tracks became gradually clear and the color is 
dark brown. On the other hand in the current test sliding tracks 
are not so clear and look flat compared with Test 9. And the 
sliding surface becomes partly green at 5688 hours.  

From the previous results, even if the gold plating layer is 
worn out and the nickel layer is exposed, the contact will still 
work well, because the lubricant oil prevents nickel layer from 

oxidation. So, wear debris consists mainly of nickel particles, 
which might be oxidized. Nickel oxide may refer to: 

Nickel(II) oxide, NiO, green, well-characterised oxide 

Fig.12  Dynamic and static contact voltage for Ring 2+. Fig.13  Dynamic and static contact voltage for Ring 2-. 
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Fig.14  Recovery of sliding surface for Ring 2+. 

Fig.15  Comparison between sliding surface of the 
current and previous test. 
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Nickel(III) oxide, Ni2O3, black, not well-characterised 
oxide 

   It is very interesting that NiO is green in color and Ni2O3 is 
brown to black. In the current test the surfaces of all rings show 
green color after some operation time, soon or later. Therefore, 
wear products are guessed to be mainly Ni oxide (NiO). 
However, in previous tests the green surface has never been 
observed. So, it is a future issue why the green surface appears 
in the current test, or if it has any influence on the long lifetime. 

V. CONCLUSIONS 
A new slip-ring system was used in which the contact 

voltage drop between each ring and brush can be measured. 
The contact voltage drop between brush and ring under the 
rotation (dynamic contact voltage) is measured with operation 
time. Further, the contact voltage at the standstill (static contact 
voltage) is also measured and the surface morphology of each 
ring is observed. The followings can be made clear.  

(a) The longest lifetime is realized in the current test among 
the tests which the authors made.  

(b) The static and dynamic contact voltage drop have the 
same value at the initial stage of the test. Then, the static 
contact voltage has stayed almost the same value, about 
20mV during the test. 

(c) On the other hand the dynamic contact voltage gradually 
increases with the operation time and the waveform has 
large fluctuation peaks. It can be guessed, because the 
lubricant oil becomes easily getting in among brush and 
ring due to its viscosity increase.  
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Abstract— Electrical sliding contacts must be optimized with 

respect to electrical as well as wear behaviour. A preferred 

technology for achieving low contact resistance and high life time 

is the wire technology, applying noble metal spring wires on 

electroplated metal rings. In these systems, the wear evolution 

cannot be simply measured in terms of a length scale since during 

wear prows are formed with complex shapes. In addition, 

removal of wires from tracks at regular intervals is not 

straightforward as they cannot be repositioned in exactly the 

same place. Therefore, in this study, a method for wear analysis 

is introduced that consists of systematically removing individual 

wires from a multi-track system. It could be shown that 

depending on the deposition parameters of the galvanic coatings 

the amount of material transferred is significantly influenced. In 

one case, running-in stage and steady wear stage can be 

distinguished and overall wear has to be classified as low. In a 

second system, such a distinction is not possible and as an 

additional factor, brush vibrations must be considered as an 

important component for electrical noise. 

Keywords—Sliding contact; cold welding; wear evolution; 

adhesive wear; noble metals; prow, surface roughness 

I.         INTRODUCTION 

Materials used for electrical sliding contacts require high 
corrosion resistance, low contact resistance as well as 
favourable tribological behaviour (low wear rates). As a result 
noble metals at low contact forces are frequently used in these 
applications [1-5]. In addition usually a suitable liquid 
lubrication is used for such systems in order to increase life 
time [6-9]. As wear mechanism material transfer occurs in the 
form of prows or wear tongues [6,9]. The micro- and 
nanostructure of prows was investigated in detail in [11] using 
electron beam techniques coupled with focused ion beam target 
preparation and was found to be complex with a multi-stage 
history. Adhesive wear as well as surface fatigue in 
combination with vibrations is present. Due to the high amount 
of deformation and the related stress in the contact zone the 
mechanical properties might be significantly changed for the 
transferred materials [6]. Usually it is assumed that the 
hardness of the prows is significantly increased [12]. However, 
it was also shown, that in some systems the hardness can be 
significantly decreased [13]. 

To further understand the performance of sliding electrical 
contacts, it is important to systematically investigate the 
microstructural evolution in the contact zone in relation to wear 
and electrical performance. However, due to the complex wear 
evolution, such investigations are challenging. The aim of the 
present study is to develop a test strategy that allows following 
of the complex evolution of prow formation as a function of 
life time without locally disturbing the system but preserving 
information from specific time points during the experiment. 

II.         EXPERIMENTAL PROCEDURE 

In this study, a spring-wire-type slip ring setup is applied 
with a V-groove track geometry for life time testing. In total 
two wires were used per track. The principal setup is shown in 
Figure 1. 

  

Figure 1: schematic diagram of the sliding contact used in this study. In total 

50 tracks were used for wear measurement (see text). 
 

Depending on the orientation of the wires with respect to 

the rotation direction, leading and trailing wires are 

differentiated. The wires consist of a classical gold-based 

spring alloy [2]. As track material, different hard gold coatings 

were investigated. The samples discussed in this study were 

selected from a large scale screening test where different 

parameters of the deposition process were systematically 

varied. The samples themselves consist of 2 extreme sets of 

deposition parameters (designated hereafter as type 1 and type 

2 coating) resulting in different mechanical properties 

(hardness, elastic modulus) as well as roughness. 

During the test a continuous DC current load of 50mA for 

measuring the contact quality was used. The contact resistance 

was measured as a function of time with a Yokogawa DL-850 

digital recorder. The test slip ring contains 50 individual tracks 

with the layout shown in Figure 1. For data acquisition, an 
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electrical test system was developed that consists of a resistor 

and a relay matrix that allows monitoring contact resistance in 

a 4-probe setup automatically. The contact resistance of 

individual tracks is measured serially by using the relay matrix. 

The measurement setup itself is shown schematically in Figure 

2. 

 
Figure 2: Measurement setup for determination of contact resistance. A 12 V 

DC power supply is used together with a resistor array (240 Ohm for each 

resistor) resulting in 50 mA current per individual track and a relay matrix for 

contact resistance measurement (each track is measured in series).  

 

The test was rotated continuously and only stopped at 

specific time points (see below). The rotational speed was 60 

rpm resulting in a track speed of 0.35 m/s. Both systems (type 

1 and type 2 coating) were lubricated using the same 

lubrication scheme. 

As outlined above, in a noble metal wire system, direct 

wear analysis as a function of life time is challenging. 

Therefore, in this study, a method for wear analysis in a multi-

track sliding system is developed. As discussed above, the 

wear mechanism consists of material transfer preferably from 

the track to the brush. In addition, also some back-transfer can 

occur [6,11,12]. Therefore, it is not possible to measure a 

simple wear parameter such as brush length in order to 

determine a wear rate directly [14]. In [14] radioactive isotopes 

were used. In fretting tests, a modified Archard wear law based 

on the total wear volume in the electrical failure condition was 

introduced [15]. As shown below for the currently investigated 

system the wear rate based on the coating thickness is 

extremely low. Hence a method was developed to preserve the 

wear state at different time points during the test. This enables 

a precise wear determination (prows, remaining layer 

thickness) after the experiment. The method consists of 

removing systematically a pre-defined number of brushes from 

the track at regular intervals. This removal could be realized by 

bending the wires in-situ away from the track without any 

effect on the remaining wires. The time intervals for removing 

the brushes from the track were based on experience from 

previous tests (shorter during early wear in the running-in stage 

and progressively longer at higher life time in the steady wear 

stage). For statistical reasons, at each time point, two pairs of 

wires (4 wires in total) were removed at each time point. In 

Table I all time points of wire removal are given in terms of the 

number of revolutions.  
 

Table I. Intervals for removing brushes 

Interval Revolutions  
Tracks with removed 

wires 

1 20k 1,2 

2 40k 3,4 

3 100k 5,6 

4 180k 7,8 

5 280k 9,10 

6 600k 11,12 

7 850k 13,14 

8 1,2 mio. 15,16 

9 1,6 mio. 17,18 

10 2,5 mio. 19,20 

11 3,0 mio. 21,22 

12 3,8 mio. 23,24 

13 4,6 mio. 25,26 

14 6,0 mio. 27,28 

15 7,2 mio. 29,30 

16 8,4 mio. 31,32 

17 9,5 mio. 33,34 

18 10,6 mio. 35,36 

19 12 mio. 37-50 

 

The test was continued for a total life time of 12 million 

revolutions. Subsequently wear was further investigated by 

microscopic analysis using a Keyence VHX 600 digital 

microscope. For this purpose all individual brushes (leading 

and trailing) were observed systematically at the same 

magnification. In this way the microscopic appearance of 

material transfer for the two types of coatings as well as the 

influence of the running-in stage could be studied. Later the 

wear of the coatings on the tracks was measured by cross-

sectional analysis. All qualitative wear data were then 

compared with the electrical characteristics. 

III.         MICROSCOPIC APPEARANCE OF MATERIAL TRANSFER 

Due to the V-groove geometry, material transfer occurs at two 

macroscopic contact positions. In Figure 3 to 6 microscope 

images of wires at different time points of the test are shown 

for both coating types. It should be noted that for analysis 

reasons the wires had been bent first during the test sequence 

(see above) and second during positioning for microscopic 

observation from their original position. Therefore, the distance 

between individual wires does not correspond to their original 

position. For clarity reasons, images from 10 time points 

during the experiment (see Table I) were selected. Figure 3 

depicts the leading brushes of the type 1 coating. After 280000 

revolutions the first small appearance of material transfer on 

the brushes can be identified. In the next step, at 600000 

revolutions, these prows are significantly enlarged. They have 

a complex structure with development of a wear tongue in the 

rotation direction. As shown in [11], these wear tongues have a 

multilayered structure. The offset of the corresponding wear 

tongues on one wire arises from slight misorientation of the 

wire within a single groove.  
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Sometimes, part of the transferred material is back-

transferred to the track or material dissipation into the wear 

debris occurs. It is assumed that this effect can be seen at 7.4 

million revolutions in Figure 3G on the right brush and in later 

stages. Apart from these exceptions, the absolute volume of the 

wear tongues seems to stay relatively constant during the 

steady wear stage (after 1-3 million revolutions). 

 

Figure 3: leading brush, type 1 coating, A) after 20000 revolutions, B) after 

280000 revolutions, C) 600000 revolutions, D) 1.2 million revolutions, E) 3.8 

million revolutions, F) 6.0 million revolutions, G) 7.2 million revolutions, H) 

9.5 million revolutions, I) 10.6 million revolutions, J) 12 million revolutions. 

The red arrow depicts the sliding direction of the track, in addition the 

position of the tip of the wire is indicated in B). 

 

The observed effects for the leading brushes for coating 

type 1 are very similar to those of the trailing brushes of this 

system (Figure 4). Also in this case, the preferred growth 

direction is in the rotation direction of the track. The absolute 

amount of material that is transferred during sliding is much 

higher than for type 2 coating (see below). 

 

Figure 4: trailing brush, type 1 coating, A) after 20000 revolutions, B) after 

280000 revolutions, C) 600000 revolutions, D) 1.2 million revolutions, E) 3.8 

million revolutions, F) 6.0 million revolutions, G) 7.2 million revolutions, H) 

9.5 million revolutions, I) 10.6 million revolutions, J) 12 million revolutions. 

The red arrow depicts the sliding direction of the track, in addition the 

position of the tip of the wire is indicated in B). 

 

The appearance of wear tongues of the type 2 coating is 

shown in Figure 5 and 6. It becomes obvious that the volume 

of transferred material is significantly lower than for type 1 

coating. However, very early during sliding (already within the 

first 20000 rotations) the first material transfer does occur. 

However, the growth rate of the wear tongues is very low. 

During the whole test period, the amount of transferred 

material does increase. It is not possible to clearly distinguish 

between the running-in and the steady wear stage.  

tip 

tip 
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Figure 5: leading brush, type 2 coating, A) after 20000 revolutions, B) after 

280000 revolutions, C) 600000 revolutions, D) 1.2 million revolutions, E) 3.8 

million revolutions, F) 6.0 million revolutions, G) 7.2 million revolutions, H) 

9.5 million revolutions, I) 10.6 million revolutions, J) 12 million revolutions. 

The red arrow depicts the sliding direction of the track; in addition the 

position of the tip of the wire is indicated in B). 

 

The comparison between type 1 and type 2 coating clearly 
shows that the time point of first formation of wear tongues as 
well as the growth rate of wear tongues can be significantly 
influenced by the coating parameters. In the following sections 
this information will be combined with analysis of track wear 
and electrical behaviour. 

 

Figure 6: trailing brush, type 2 coating, A) after 20000 revolutions, B) after 

280000 revolutions, C) 600000 revolutions, D) 1.2 million revolutions, E) 3.8 

million revolutions, F) 6.0 million revolutions, G) 7.2 million revolutions, H) 

9.5 million revolutions, I) 10.6 million revolutions, J) 12 million revolutions. 

The red arrow depicts the sliding direction of the track; in addition the 

position of the tip of the wire is indicated in B). 

IV.          TRACK WEAR 

Track wear was measured using conventional cross section 
analysis. For cross sectioning, the slip ring rotor containing the 
tracks was first cut and embedded into an embedding resin. 
Subsequently, the samples were ground (down to mesh size 
4000) and polished (diamond, 1 µm). All tracks were 
investigated with respect to the wear state with a Keyence 
VHX 600 digital microscope. Similar to the wires for each time 
point of brush removal a pair of tracks exists that preserves the 
corresponding wear situation. Each track cross section was 
measured with respect to the remaining coating thickness. 

tip tip 
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From these measurements the amount of wear was classified 
with a qualitative evaluation scheme: 1 = no wear detectable, 2 
= up to 15% of coating thickness lost, 3 = 15 - 50% of coating 
thickness lost and 4 = 50 - 95% of coating thickness lost. The 
results of this evaluation are shown in Figure 7. The overall 
wear rate is relatively low with detectable wear only after ~10 
million revolutions. Some scatter of wear after 10.6 million 
revolutions exists. Type 1 coating exhibits a slightly better 
wear behaviour even if the wear volume of transferred material 
on the wires is higher than for type 2 coating (note that the 
volume within the transferred material is still very low and 
results from a large surface area from the track). 

 

Figure 7: Evaluation of wear. A qualitative evaluation scheme is being used: 1 

= no wear detectable, 2 = up to 15% of coating thickness lost and, 3 = 15 - 

50% of coating thickness lost and 4 = 50 - 95% of coating thickness lost.. In 

the figure the track number is used as x-scale. Note that this also corresponds 

to life time (see Table I) from 20000 revolutions for tracks 1 and 2 up to 12 

million revolutions for tracks 37-50. 

V.         ELECTRICAL NOISE 

Electrical noise was measured using a Yokogawa DL-850 

digital recorder at a bandwidth of 4 kHz. As described above 

all 50 tracks were measured continuously using the relay 

matrix during the test. For each measurement the full contact 

resistance variation is measured over 5 rotations. From these 

measurement traces, a characteristic normalized noise value is 

calculated for specific time intervals of 1 million revolutions as 

follows: First the peak-to-peak variation is extracted for each 

measurement trace. The peak-to-peak values are then clustered 

in intervals of 1 million revolutions. From each data set for 

these individual clusters the median value is calculated. As a 

last step, all values are normalized with respect to the average 

value of type 2 coating. The results are shown in Figure 8. 

A large difference in electrical behaviour is found between 

the two types of coating: The noise of type 1 coating is 

significantly smaller. It increases slightly during the running-in 

stage and stays constant after ~ 3 million revolutions. This 

finding is consistent with the development of the wear tongues 

(Figure 3 and 4). Some decrease of noise does occur within the 

steady wear stage after 9 million revolutions. For type 2 

coatings noise decreases initially but then shows a sharp 

increase after 2-3 million revolutions. This increase cannot be 

explained by the wear situation alone (note that wear tongues 

continuously increase over the total life time). Therefore, it 

must be assumed that an additional factor is present that leads 

to noise increase. One factor that largely can influence the 

electrical noise is the occurrence of vibrations [15,16]. Imaging 

with a high speed camera did verify the presence of vibrations 

in the current situation. This finding implies that the evolution 

of the friction coefficient characteristic for type 2 coating is 

unfavorable for the dynamic behaviour used in the present 

study. 

 

 
Figure 8: Normalized noise, characteristic median for life time interval of 1 

million revolutions as described in the text. Open symbols and solid line 

corresponds to type 1 coating, closed symbols and dashed line represent 

values for type 2 coating. 

 

VI.         CONCLUSION 

In this study a method for wear analysis in a multi-track 
sliding system was presented. Due to difficulties in directly 
investigating the wear evolution without any disturbance of the 
contact system during life time, a systematic removal scheme 
of brushes in a 50 brush/track system was used. In this way, the 
wear state was preserved that is characteristic for different time 
points. Hence, the evolution of material transfer and the direct 
relation to track wear and electrical noise could be studied for 
two galvanic coating systems. The coating systems themselves 
were selected from a screening test where the effect of extreme 
variations in coating parameters was investigated. For type 1 
coating based on the structure of the transferred material and 
the noise values, a differentiation between the running-in stage 
and the steady wear stage could be detected. For type 2 
coatings this transition between the two wear stages is either 
very smooth or does not occur during the first 12 million 
revolutions of life time (note that the amount of transferred 
material seems to increase systematically over the total test 
time). For type 2 coatings, also the dynamic behaviour changes 
significantly and the results imply the occurrence of vibrations 
with significant amplitude after 2-3 million revolutions.  
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Abstract—The contact resistance, which is the important 
performance index in pantograph catenary system, influences the 
current quality of the train, also decides the using life time of the 
slide plate. For these, the numerical distribution of the contact 
resistance is researched based on the sliding electrical contact 
experiment. After analyzed the numerical characteristics, such as 
the arithmetic mean and geometric mean, the average value of 
the contact resistance shows the trend of reducing and then 
changing slowly with the current increasing. And then the data 
were transformed into frequency domain using the Fourier 
transform. The biggest amplitude component was found on 
constant component, which also indicated the validity of using 
constant resistant to describe the characteristic of contact 
resistance. And those offered the theoretical support for the 
contact resistance modeling. The next biggest amplitude 
component appears on 0.5Hz or so, which could be regarded as 
the contact resistance fluctuating for the contact surface 
roughness. And the other component frequencies were data noise 
which could be filtered using some arithmetic. 

Keywords—Electric Contact; Contact resistance; Time domain 
analysis; Frequency domain 

I.  INTRODUCTION 
The pantograph catenary system is the link of electrical 

locomotives that gets power from outside. And it is an 
important mechanism ensuring electric locomotives running 
fast and safely. As an important and basic parameter in the 
electrical contact, the contact resistance could be regarded as 
an indicator of contact performance of the pantograph catenary 
system [1-3]. When the locomotives are starting or running at 
low speed with strong current, the contact resistance will bring 
higher contact temperature rise, which maybe make the contact 
surface local heating and then burning the contact line out 
leading to safety accident [4].  

The research of the contact resistance emphasized 
particularly on the mathematical modeling [5-8]. Chin M [5] 
researched the relationship of the three factors, such as 
conductive particles, contact area and elastic deformation, on 
contact resistance. And then a resistance model was proposed 

based on the conductive adhesive. A simpler model of the 
contact resistance based on multi scale roughness was 
researched by Jackson LR [6]. The contact resistance was 
analyzed by Wang WG [7], whose mathematics model was 
given based on the experimental data with different velocities 
and current in the paper. After learning the existing model, the 
improved model of the contact resistance was founded by Chen 
ZH [8], in whose paper the velocity was considered into the 
temperature influence for the resistance. And that made the 
model of the contact resistance more completely. 

There was little literature that analyzed the changing rule 
and the characteristic of the experimental data, which was the 
basis of the mathematical modeling for the contact resistance. 
Based on these, the experimental system was described in the 
second part, whose aim was given to shown the source of the 
experimental data. And then the experimental data would be 
analyzed with the numerical characteristics in the time domain. 
After that, the comparative analysis of the experimental data 
was given in the frequency-domain in the fourth part. At last, 
the corresponding conclusion was given according to the 
statistical analysis of the research above. 

II. GETTING DATA 

A. Equipments and Materials for Experiments 

The high-performance sliding electrical testing instrument 
which is used to simulate the actual pantograph catenary 
system was shown in Fig.1. So the experimental data could be 
gotten with the testing instrument, which could simulate the 
relative movement of the lead and the sliding panel, whose 
velocity could be changed from zero to 350km/h. In the 
experiments, the section of the Silver Copper wire used was 
150 2mm . The material of the sliding panel was carbon with 
Copper. The maximal contact load could be 200N, while the 
maximal current value was 800A. Also the parameters, such as 
the wear, the current, the velocity and the friction coefficient, 
could be measured and saved online, which could be processed 
when needed. 

Project supported by national science foundation of china (51477071).
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Fig.1 High-performance sliding electrical contact 

testing instrument 

B. Experimental Data 

The AVR16 microcontroller was used as the hypogynous 
machine to measure the contact voltage and current, which 
were transferred to the host computer. There were two stage of 
transformer to measure the contact current for safety. The first 
stage current transformer is LMZJ1-0.5, whose current ratio is 
1000/5A, and rate voltage is 0.5kV. Then the other current 
transformer TA1420-01 was used to control the current as 5mA 
and the voltage within 5V, so those data could be directly 
processed by the MCU. The current signal sampling circuit is 
shown as Fig.2, and the output of the circuit is connected to the 
A/D converter, which will transfer the signal to the MCU. The 
method of contact voltage measuring is same as the current.  

 
Fig.2 The circuit of current detection 

 
Fig.3 Changing of the contact resistance with time 

The contact resistance was calculated as the ratio of the 
contact voltage to current. As the reason that the number of 
the conducting spots which transport current from the contact 

line to locomotives changed rapidly. The effective contact area 
would be also rapidly changing, so that the contact resistance 
fluctuated in a certain range. There the contact load was set as 
70N, while the current was 100A, and running velocity was 
100km/h. After starting the instrument, the data of contact 
resistance could be gotten with time changed, which was 
shown as in figure 3. 

III. TIME DOMAIN DIGITAL SIGNAL ANALYSIS 
According to the experimental data, it can be seen that in 

the case of given contact load, running velocity and current, 
whose values were 70N, 100km/h and 100A, the contact 
resistance fluctuated in random as the contact surface changed 
with the time. Its maximum resistance was 0.099Ω, and the 
minimum was 0.017Ω, while the average resistance was 0.06
Ω . Then the ordinate was divided into five parts, and the 
number of the value which must be belong to a certain part, 
was counted, so the result was shown in figure 4 as in the form 
of histogram for the data distribution. As shown in the figure, 
the contact resistance value subjected to normal distribution, 
and the distribution center is about 0.06Ω. 

 
Fig.4 Distribution histogram of the contact resistance 

The experimental environment would be changed that the 
current was increased from 100A to 350A, while the width was 
50A. And then the geometric mean, arithmetic mean and the 
standard deviation of the contact resistance could be solved as 
follow 
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There, gR and aR  suggest the geometric mean and 

arithmetic mean, )(kR ( ],1[ nk∈ ) is the experimental data 
gotten with the instrument. n is the value of sample data. So 
the standard deviation expression was used as follow 
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Then the results were compared in figure 5, where the three 
characteristic numbers were given with different current value. 
As shown in the figure, both of the geometric mean (shown as 
geomean of the resistance) and arithmetic mean (shown as 
mean of the resistance) decreased accordingly, while the 
current was increased from 100A to 350A. The reason is that 
the Joule heat generated on the contact surface increases with 
the rising current, which leads to higher temperature of the 
contact surface. Then the conducting spots will be softened by 
the Joule heat. So the effective contact radius becomes larger 
under the given constant contact load, which increases the 
effective contact area between the sliding panel and contact 
line. And that makes the contact resistance reducing to another 
smaller value. But the downtrend will not be maintained 
always. When the current increases to a certain value, although 
the temperature on the contact surface will be increasing 
continually with the current increasing, the number of 
conducting spots between the contact surfaces has been 
saturated. So that the effective contact area is closed to the 
maximum value, which makes the contact resistance decline 
leveled off. In this case, the contact load could be bigger to 
make the contact area more and the contact resistance smaller. 
But the wear will increase rapidly. 

 
Fig.5 Contrast effects of the contact resistance 

On the other hand, the same downtrend is in both of the 
geometric mean and arithmetic mean. Any of the average value 
could be used to correctly describe the characteristic of the 
contact resistance under the running condition. And that 
provides theoretical support for the contact resistance modeling. 
The standard deviation reflects the fluctuation of the contact 
resistance, which is the embodiment of the close degree of the 
contact surface and the stability of the current. But its value 
changes very small with the current increasing. Therefore, 
when the current stability effect should be guaranteed, the 
minimum standard deviation of the contact resistance could be 
also achieved. And then the performance or requirements could 
be achieved by changing the contact load.  

IV. FREQUECY DOMAIN ANALYSIS 
The discrete Fourier transform was performed to analyze 

the experimental data in frequency domain using the following 
formula 
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There, k is the index of the sample data.  
j represents an imaginary unit. )(vRF is the imaginary 

number corresponding to the sample data after Fourier 
transform. And then the amplitude of the complex 
number could be obtained by modulus method, which 
was shown as follow 

)()( vRvR Fa =                                (5) 
Also the phase angle of the data point could be calculated 

according to the imaginary part and the real part of the complex 
number. The frequency transformed was the ratio of the 
sampling frequency and sampling points. In the experiment if 
the sampling frequency was 2Hz, while the whole running time 
was 12 minutes, there would be 1440 sets of the experimental 
data. For the current changing from 100A to 350A, the 
experiment would be run six times. And then the data would be 
transformed using the Flourier method, which of the contrast 
effect was shown in figure 6.  

 
Fig.6 Amplitude and frequency diagram of the data  

As shown in the figure, although the carrying current was 
different, all the biggest amplitude component of the 
experimental data was found on the constant component, which 
was far greater than the amplitude on other frequency 
component. The second biggest amplitude was found on the 
frequency of 0.5Hz, which was about 0.1times of the biggest. It 
suggests that the frequency characteristic could not be 
influenced by changing the current. And the energies were 
almost composed of the constant component, by which the 
contact resistance characteristics could be described. So it 
verified judgment of the foregoing analysis that the geometric 
mean or arithmetic mean could be used to model the contact 
resistance. Also the constant component of the sample data 
showed the same trend while the current increasing, which 
reduced firstly and then changed slowly. 

More than 90% of all the energy of the signal was taken by 
the biggest amplitude and the second biggest amplitude 
frequency, which were shown as the main source of the signal 
(the data of the contact resistance). And the other frequency 
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signals were regarded as the noise caused by the measuring 
circuit, which could be filtered by the filtering algorithm to 
preprocess the experimental data. The biggest amplitude was 
found on the frequency of 0Hz, which mean that the value was 
constant with the time changing. So this value could not 
describe the fluctuations in the data caused by the rough 
contact surface. And the second biggest amplitude could be 
regarded as the result that the actual contact surface was not 
smooth, for there was not any other frequency suitable to the 
fluctuation amplitude. 

V. CONCLUSION 
    (1) The data of the contact resistance was obtained on the 
high-performance sliding electrical testing instrument. And the 
characteristic in time domain was analyzed. Both of the 
geometric mean and arithmetic mean showed the trend of 
reducing firstly and then changing slowly, while the current 
was increased from 100A to 350A. But the standard deviation 
changed very little. 
   (2) After analyzed in both the time domain and frequency 
domain, although the contact resistance had the random 
fluctuation, it could be used a constant value to measure, 
which provided the theoretical basis for the contact resistance 
modeling. However, there were different values in the analysis 
that could describe the resistance. So it was the next research 
that which kind of value could express the resistance best than 
the others. 

   (3) According to relationship of the amplitude and frequency 
coming from the experimental data, the second biggest 
amplitude was found at about 0.5Hz, which could be regarded 
as the influence of the surface roughness effects. So it could 
be used to measure the stability of the current in the condition 
of analyzing the fluctuation of the contact surface. 
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Abstract—In the pantograph current collecting system of 
high-speed electric railway vehicles, the wire and slider is a 
characteristic tribological pair, referring to a couple of wear 
mechanism, such as physics, chemistry, electricity and 
mechanism. The performance of the pantograph is governed by 
the contact condition of the tribological pair. The resistance is a 
critical parameter which reflects the working state of the 
pantograph and it is correlated with the rate of offline, stability 
of current-carrying and raise of contact temperature. High 
pressure results in low resistance and high stability of current-
carrying, but it favors the wear of mechanism. Low pressure 
leads to high resistance and arc erosion. Experimental data of 
resistance and wear loss rate are obtained under various velocity, 
current and pressure by means of copper-impregnated metallized 
carbon strip rubbing against the Cu wire. Then fuzzy RBF 
neural network is used to establish the regress model with the 
dependent variable of resistance and wear loss rate, and pressure, 
velocity and current as the independent variable. The optimal 
pressures with respect to low resistance and wear loss rate at the 
specific operating condition are obtained using Multi-objective 
AFSA (Artificial Fish Swarm Algorithm). 

Keywords—Pantograph current collecting system; Fuzzy RBF 
neural network; AFSA; Optimal pressure 

I.  INTRODUCTION  

The electric contact friction and wear means that 
tribological pairs in the electric field have the tribological 
behavior with electric current. The main characteristic of it is 
that the wear of tribological pairs is governed by the high 
electric current [1]. The main research backgrounds of current-
carrier friction abrasion are the high-speed rail system, DC 
generators, aircraft actuator and the carbon brush and electrode 
of excitation motor [2-4]. In electrified railway, high-speed 
current collection of electric locomotive is the process of the 
pantograph slide in high speed operation obtaining the electric 
energy by sliding contact with contact wire and transferring the 
electric energy to the electric locomotive [5]. 

The wear of the contact strip against contact wire with 
electrical current, which is affected by the machine, friction, 
chemistry, heat transfer, electric and so on[6-8]. With the 
continuous improvement of the speed of electric locomotive, 
the demand for the stability of the pantograph is asked higher. 
On the one hand, the increase of the rate of offline due to the 

higher speed of electric locomotives can result in spark and arc 
phenomenon on the pantograph. This may cause high 
temperature and affect the life of the wire and slider seriously 
[7]. On the other hand, deterioration of the pantograph slider 
surface will lead to the fluctuation of current, even cause a 
major accident [10]. Contact resistance is a critical parameter 
which reflects the working state of the pantograph and it is 
correlated with the rate of offline, stability of current-carrying 
and raise of contact temperature, and analysis of the resistance 
of pantograph catenary system is the basis of studying the 
stability and reliability of the pantograph [10]. The current 
research on the resistance, mostly limited to be under static 
conditions, which focus on the relationships among contact 
resistance, current and pressure. These research results cannot 
meet the requirements of high speed electric locomotive 
obviously. And the wear rate which plays a great role in the 
working life of the slider is also a research topic of great 
economic significance. The current research on the wear rate is 
limited to qualitative analysis of the effect of pressure, current 
and speed on the wear rate based on the experimental data. The 
models of contact resistance and wear have not been 
established due to the fact that the wear and contact mechanism 
under high speed sliding with electrical current are very 
complex. But modeling is indispensable to study optimal 
normal load of the least contact resistance and the lowest wear 
rate under some specific working conditions. Due to universal 
approximation property, the fuzzy RBF neural network model 
is often applied to regression problems. The fuzzy RBF neural 
network makes full use of advantages of the fuzzy system and 
neural network, the regression models of contact resistance and 
wear rate are established by fuzzy RBF neural network. 

In this paper, the fuzzy RBF neural network has been used 
to establish the model of experimental data acquired from 
current-carrying friction tests between immersed copper carbon 
slide and copper wire. And optimal pressure load under 
specific working conditions is obtained by multi-objective 
artificial fish swarm algorithm (AFSA). The optimal pressure 
makes the resistance and wear rate take minimal value. 

II. EXPERIMENTAL PROCEDURE  

A. Experimental Materials 

The conductor material is copper wire. The slider is 
immersed copper carbon. And their performance parameters Project supported by national natural science foundation of China (51477071)
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and chemical composition are shown in table 1 and table 2, 
respectively. 

TABLE1. PROPERTIES OF MATERIAL 

 
Material Hardness 

(HBS) 
Resistivity 
.m) 

Thermal 
conductivity 
(W.(m.K)1) 

slide 56.7 12.32 15.0 

Copper wire 96.2 0.01851 380 

TABLE2. CHEMICAL COMPOSITIONS OF STRIP MATERIAL(wt.%) 

C Cu Fe S others 

86.24 3.02 1.46 0.96 8.32 

B. Experimental Devices 

A self-developed sliding electric contact test machine is 
schematically shown in Figure1. Current-carrying friction tests 
between slide and contact wire have been conducted by using 
this machine. During the test, the parameters are measured and 
stored online so as to facilitate the latter data processing, 
including sliding velocity, contact voltage, contact current, 
friction coefficient, temperature and the amount of wear and so 
on. 

 
Fig.1 High performance sliding electrical contact testing apparatus 

C. Experimental Conditions 

All tests are conducted in a laboratory environment. 
Pressure load value elects on 40N, 50N, 60N, 70N, 80N and 
100N, achieved by changing the weights in the weights bucket. 
Current value elects on 100A, 150A and 200A, 250A and 
300A. Speed value elects on 50km/h, 100km/h, 150km/h and 
200km/h. 

D. Experimental Data and Analysis 

The wear rate, units of g/104km, is defined as the mass loss 
made by slidering 104km with respect to the contact wire. In 
the experiment, the change of contact resistance and wear rate 
is mainly studied in the pantograph catenary simulation system 
under different working conditions. When the normal load is 
70N, the relationship between the contact resistance and wear 
rate is shown in Figure 2. 
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Fig.2 Curves of resistance and wear loss rate under 70N 

As can be seen in Figure 2, the contact resistance has an 
increasing trend with the increase of sliding speed. Wear rate 
has a decreasing trend with the increase of sliding speed. Due 
to the increase of the sliding speed, Joule heat and arc energy 
increased with the temperature of contact surface increasing. 
The high temperature aggravated thermal expansion of contact 
spots and made the bonds between atoms weak, which made 
the hindering effect among micro convex peaks decrease. And 
contact spots become more likely to be sheared due to the 
shearing resistance decreasing, known as friction decreasing 
and friction coefficient also decreasing. At the same time, the 
speed of formation of oxide film on the contact surface 
increases and the oxide film has the function of inhibiting wear. 

The running speed is set to be 150km/h, and the 
relationship between the contact resistance and wear rate is 
shown in Figure 3. 
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Fig.3 Curves of resistance and wear loss rate at 150Km/h 

The contact resistance has a decreasing trend with the 
increase of the contact current globally, but the magnitude of 
the decrease of it shows differently under different contact 
pressures. When the contact pressure is smaller, the contact 
resistance decreases rapidly with the increase of the contact 
current. When the contact pressure is larger, the contact 
resistance decreases slowly. When the contact pressure is small, 
heat produced on the tribological pair surface by friction and 
current Joule heat together increases rapidly. However, a layer 
of surface film will be formed on the slide surface due to the 
existence of the lubricant of carbon contact on the surface, 
which can maintain the current conduct well and decrease the 
contact resistance. The slide surface will also become smoother 
due to lubrication of the current.  But larger contact pressure 
will damage surface film so that the contacting surface 
becomes rough. So the contact resistance decreases slowly with 
the increase of the contact current with the increase of contact 
current. Meanwhile, the wear rate shows an increasing trend 
with the increase of the current. The reason is that Joule heat 
and arc energy on the contact surface increase due to the 
current increasing, which exacerbates cauterization on the 
contact surface as well as the wear rate. 

III. THE FUZZY RBF NEURAL NETWORK MODELING 

A. Experimental data preprocessing 

In the actual pantograph catenary system, the sliding speed 
and contact current have a certain range. In order to speed up 
the convergence rate, the fuzzy RBF neural network model 
training data is normalized firstly. This paper adopts the 
following normalized mapping 

minmax

min:
xx

xx
zxf




                (1) 

Where nRzx , , )min(min xx  , )max(max xx  ,

]1,0[iz , li ,,2,1  . 

B.  Structure of Fuzzy RBF Neural Network 

The fuzzy RBF neural network is made up of 4 layers, i.e., 
input layer, fuzzification layer, fuzzy inference layer and 
output layer. The architecture of fuzzy RBF network is showed 
in Fig.4. The inputs of network are load, velocity and current. 
The outputs of network are contact resistance and wear rate. 

. . . . . 

. . . 

Input Layer

Fuzzyification Layer

Fuzzy Inference Layer

Output Layer

L V C

Wear rate Resistance

 
Fig. 4 Structure of fuzzy RBF neural network 

Every node in the input layer connects to an input signal 
directly. The input of node i in the input layer is 

ixif )(1                                      (2) 
The membership function in the fuzzification layer is a 

Gaussian curve, and the output of this layer is 

}/])([exp{),( 22
12 jij bcifjif                (3) 

Where ijc  and jb  are the average value and standard deviation 

respectively. j represents the jth fuzzy set. Define  
22

1
2 /])([ jijj bcifnet                         (4) 

The output of node j in the fuzzy inference layer is the 
product of all incoming signals. 





n

i

jifjf
1

23 ),()(                           (5) 

The outputs of the output layer are contact resistance and 
wear rate. 





N

j

jfjlwlf
1

34 )(),()(                     (6) 

Where ),( jlw  represent the weight values connecting the 
output nodes with the nodes in the fuzzy inference layer. 

C. Parameter Adjustment 

The gradient descent method is employed to adjust 
parameters, and the objective function is defined by  

 2)()(
2

1
)( kykykE m                        (7) 

The learning algorithm of the weight values in the fuzzy 
RBF neural network is as follows. 
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     (8) 

Where ]1,0[  is the learning rate. If we consider a 
momentum factor ]1,0[ , the weight values are obtained by 

 )2()1()()1()(  kwkwkwkwkw     (9) 
The membership parameters are adjusted by 
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The membership parameters are obtained by 

)]2()1([)()1()(  kckckckckc ijijijijij    (12) 

)]2()1([)()1()(  kbkbkbkbkb jjjjj    (13) 

Considering the training data has been normalized, the 
initial training parameters of fuzzy RBF neural network choose 
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IV. USING THE MULTI-OBJECTIVE OPTIMIZATION BASED ON 

THE AFSA 

Based on the above work, the fuzzy RBF neural network 
model of contact resistance and wear rate are obtained. The 
next step is to determine the optimal normal load under certain 
conditions. 

A. Objective Function 

The optimal normal load optimization problem based on 
the fuzzy RBF neural network model can be described as: 

1) The minimum contact resistance 
Min )],(,[ jiR cvlModelR  , ,2,1, ji             (14) 

2) The lowest wear rate 
Min )],(,[ jiW cvlModelW  , ,2,1, ji            (15) 
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In the formula (16), l represents the pressure load, v 
represents the running speed, c represents the current. Under 
certain conditions, there is an optimal contact load lopt at the 
point (vi, cj), which makes the wear rate minimum and the 
contact resistance minimum. The problem can be described as 
looking for the best normal load lopt and Pareto solution at the 
point (vi, cj). 

B. Non-dominated sorting AFSA algorithm design 

The idea of non-dominated sorting algorithm applied in the 
artificial fish swarm algorithm is to solve the multi-objective 
optimization problem. The steps are as follows. 

Step 1: Initializes artificial fish school randomly, and 
makes non-dominated sorting and crowding distance sorting 
for initial fish. Each artificial fish school has the number of 
layers and the crowding distance. 

Step 2: Evaluates the behavior of artificial fish. The new 
artificial fish swarm is acquired based on the concept of 
domination. 

Step 3: Merges parent and sub generation of fish, and 
makes non-dominated sorting and crowding distance sorting 
for fish. The population size has a lager scale than the initial 
one. 

Step 4: The artificial fish is selected and the population size 
is controlled according to the number of layers and crowding 
distance of each artificial fish 

Step 5: Regards the sub generation population produced by 
the Step 4 as a new population, returns to Step 2. 

Step 6: Sets the number of iterations as the termination of 
the algorithm. 

C. Pareto Solutions and Some Corresponding Optimal Loads 

Fish quantity Total=100, artificial fish moving Step-
length=0.8, artificial fish Visual-field=1.5, Try_number=20, 
congestion factor δ=0.2, iteration number IT=100. Under 
different current and speed conditions, optimal normal loads 
and pareto solutions are shown in figure 5. Decision makers 
can choose the appropriate optimal load according to the 
specific conditions and requirements. 
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Fig. 5 Pareto solutions and optimal normal load under various 
conditions 

V. CONCLUSIONS 

In summary, experimental data of resistance and wear 
loss rate are obtained under various velocities, current and 
pressure by means of copper-impregnated metallized carbon 
strip rubbing against the Cu wire. Our measurements show the 
contact resistance has an increasing trend and ware rate has a 
decreasing trend with the increase of sliding speed under 

certain pressure load. The contact resistance has a decreasing 
trend and the wear rate shows an increasing trend with the 
increase of the current under certain running speed. 

In order to acquire the optimal loads under various 
conditions, the fuzzy RBF neural network models of resistance 
and wear rate are established. The Pareto front end solutions 
under certain operating conditions are obtained by the multi-
objective artificial fish school algorithm. The optimal loads 
provide a reference for further decision-making. 
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Abstract—Electrical connectors can be designed with respect to
various performance characteristics (e.g. low mating force, high
mating frequency, high shock and vibration resistance, high
current carrying capacity). Due to new applications and increasing
demands, individual electrical connectors with scalable size ranges,
customized performance characteristics, and an optimal design are
desirable. In this study a systematic approach for the design of
electrical connection systems is presented. In the stage of rough
design the main steps and considerations are explained, when
dimensioning electrical connection systems with respect to the
current carrying capacity. Various parametrized models, that are
derived analytically, are used to set the geometrical and material
parameters. Exemplary a connector contact for transmitting 300 A
is dimensioned with the method. The results from parametrized
models with simplified assumptions are compared with the results
from an electrical-thermal simulation by means of FE-Analysis.

Keywords—Current carrying capacity, dimensioning, power
connectors, analytical calculation, numerical simulation

I. INTRODUCTION

In different technical applications electrical connectors
always fulfil the same or similar functions. As well as machine
elements from the general mechanical engineering (e.g. screw
connections, springs, bearings) they always occur of the same
or similar structure. Design guidelines, scaling rules and
parametric models in form of standardized basic geometries
and design tables are available for screw connections [1–3].
Therefore, the design process and the selection of the optimal
screw connection can be simplified. As a result, the user has a
choice between standard screw types, different threads,
strengths, lengths and diameters etc.,  which can be found as a
series in fine size gradations. In addition, a systematic and
rough calculation of the component dimensions can be carried
out [1–4], because the essential mechanical relationships and
interactions between the influencing factors and performance
characteristics of screws are quantitatively described by
analytical equations.

In contrast to most machine elements no comparable
standard components are available for electrical connectors.
Therefore, comparing with screw connections also for the

design of connector contacts potential challenges can be
identified for the future:

· Scalable series construction of connectors
· Design according to specific performance

characteristics in respect of optimising the connector
performance

· Optimal design to maximize the performance potential

In order to meet these challenges, a thorough understanding
of the functioning as well as the relationships and interactions
between the influencing factors and performance
characteristics is necessary [4–6]. The performance
characteristics of electrical connectors are mainly determined
by the connector contacts, respectively, the male and female
contact. Fig. 1 shows a circular connector contact with essential
geometric dimensions. Within the design process these
dimensions have to be determined.

Fig. 1. Circular connector contact with slotted contact springs

∆ : Deflection of a contact spring
: Length of the transition zone
_  Length of the bulk area of the male contact
: Length of the crimp zone

: Total length of the connector contact
: Mechanical and electrical length of the contact spring
_ :  Outside radius of the crimp
_ :  Outside radius of the contact spring
_ :  Inside radius of the crimp
_ :  Inside radius of the contact spring
:  Contact radius
:  Radius of the contact pin
:  Nominal radius of the wire
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During the design process, many relationships are only
known qualitatively. However, when it comes to new products
such as a connector with a higher current carrying capacity, the
designer has to extrapolate. This is difficult because of
nonlinear relationships and multiple influencing factors. In
order to dimension a connector contact with 300 A carrying
capacity, instead of one with 100 A, various parameters need to
be adjusted, e.g.:

· Cross-sectional area of the bulk zone
· The amount of contact points or contact springs
· How high the electrical conductivity of the base

material must be, to meet the minimum performance
characteristics

Development- and dimensioning guidelines for connectors
can be found in [7–10]. However, the focus of these guidelines
is on the material properties and less on the functional principle
and the performance characteristics of connector contacts. In
this study, a systematic approach for dimensioning electrical
connector contacts with respect to the current carrying capacity
is presented. Using analytical models the main dimensions of
connector contacts can be calculated. This leads to an optimal
and scalable design for connector contacts.

II. CALCULATING PROCESS VS DESIGN PROCESS

In order to model and calculate the electrical-thermal
behaviour of connector contacts, multi-physical phenomena
need to be considered. This involves mechanical, electrical,
thermal and contact physical phenomena. Many technical and
physical processes are mathematically described by means of
differential equations. Analytical solutions of differential
equations were formulated for special cases, such as a beam in
bending with constant cross-section or the heating of a
cylindrical solid conductor. Therefore, the contact force of
connector contacts [11, 12] or the heating of wires [5, 13–15]
can be calculated analytically using basic algebra. In addition,
equations which are derived through experiments can be used.
One example is the calculation of the heat transfer coefficient
based on dimensionless numbers [16] or the empirical
determination of the contact resistance as a function of the
contact force [17]. The importance of simplified analytical
models, despite their strong simplification, is very high [15].
These models help to systematize technical issues and to use
universal findings [15]. For simple problems they are very
close to reality, which helps to determine dimensions and
design parameters. In addition, the mechanisms of action can
be better understood [4, 12, 18, 19].

Fig. 2 shows the direction for calculating command
variables from influencing factors. In order to calculate the
performance of connector contacts, the essential relationships
can be described quantitatively by analytical equations [19,
20]. The other direction is calculating the influencing factors
given the command variables. This design process is much
more complex, because there is no unique solution. Few
parameters are given, and a variety of different parameters
have to be defined within the design process.

Fig. 2. Calculation process and design process

A calculation of the performance characteristics is also
possible by means of FE-Analysis or thermal networks. As part
of the design process, the goal is to determine the appropriate
geometrical and material parameters from desired performance
characteristics and specified restrictions. Using simple
analytical models, the necessary parameters can be calculated
by rearranging the equations to the predetermined
characteristics. In order to dimension subsystems of electrical
connector contacts, parameterized models e.g. for the heat
transfer [21] and the number of the contact springs [22] are
known. In this study, not all models can be discussed in detail.
It merely provides an overview how they can be used.

III. DESIGN OF CONNECTOR CONTACTS USING
PARAMETERIZED MODELS

Due to the large number of influencing parameters that
determine the connector contacts performance, a simultaneous
dimensioning and optimisation for all performance
characteristics is not possible. Alone for determination of the
springs there are too few parameters to define a unique
dimensioning [23]. Therefore, the specification of additional
parameters is necessary. This is usually in the form of
restrictions.

The aim is to dimension the connector contacts with respect
to a certain current carrying capacity. Therefore, the following
parameters must be specified, which are usually defined by
customer requirements:

· Nominal current  to be transferred
· Maximum limit temperature  at  a  given  ambient

temperature _
· Maximum permissible space
· Nominal cross-section and structure of the wire to be

used
· Maximum mating force _
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Fig. 3 shows the first part of the systematic design. It is the
procedure for determining the maximum permissible power
loss of a connector contact _ . The input parameters are
shown in the first line. At the left side the individual steps are
mentioned, which are described below. The various
parametrized models and the most important parameters are
shown at the right side. Parameters like the electrical
conductivity of the wire _ and the heat transfer coefficients
for convection and radiation ℎ _ are input parameters for
the parametrized models. Parameters like the thermal location
constant of the wire  and the  maximum heat  flow into  the
wire ̇ _ are output parameters.

Fig. 3. Procedure for determining the maximum permissible power loss

A. Self-heating of the wire
The  first  step  is  to  calculate  the  self-heating  of  the  wire.

The geometry and material parameters of electrical wires are
usually known in advance of the design process. If the nominal
current  is given, the self-heating of the wire ∆ _  can  be
calculated [19]. If a nominal current of 100 A has to be
transferred, and a maximum heating of 45 K is specified, there
are  several  ways  to  transfer  this  power.  With  a  wire  cross-
section of 16 mm² theoretically a self-heating of 39 K occurs in
the wire. Therefore, only an additional heating ∆ _ _
from 6 K may take place through the connector contact, in
order not to exceed the temperature limit. As a result, the
connector contact must have a high quality in the form of a low
connector resistance or high heat dissipation. A further
possibility is to use a different wire cross-section. The next
higher  wire  cross-section  is  25  mm².  If  a  wire  with  a  cross-
section of 25 mm² is used, the self-heating of the wire with the
same rated current is 22 K. So a connector contact with lower
performance characteristics can be used, because now an
additional heating ∆ _ _  of 23 K is permissible through
the connector contact. In Fig. 4, the two scenarios are shown
schematically.

Fig. 4. Possible temperature curve at different wire cross-sections

If the self-heating of the wire has been calculated, the
maximum permissible temperature difference ∆ _ , which
is caused by the axial heat flow of the connector contact, can be
determined. Thus, for different wire cross-sections and nominal
currents  a  design  can  be  set,  which  is  close  to  the  limit
temperature. For the connector contact itself, an additional
safety factor has to be considered (grey area in Fig. 4).

B. Determination of the maximum permissible power
dissipation of the connector contact
The current carrying capacity of connectors is significantly

influenced by the connector resistance. An exemplary approach
for determining the maximum permissible contact resistance of
busbar connections is explained in [5, 18]. An analytical
approach is used to dimension the contact resistance in that
way that the Joule´s heating does not cause a temperature
which exceeds a defined limit temperature. Moreover, in
contrast to busbar connections, connector contacts have
different components having different resistances and the heat
dissipation on the surface of the components to the
environment has to be considered.

The heat generation is due to the power loss  which
arises when current flows through the connector. The heat
dissipation is achieved by convection ̇ , heat radiation
̇  and heat conduction ̇ _  from the surface of the

connector contact to its environment. In addition, heat
conduction takes place to the connected wires ̇ _ , which is
shown in Fig. 5

Fig. 5. Heat dissipation at a connector contact

For most of the electrical connector contacts heat
conduction into the wire is the main heat dissipation
mechanism [24]. However, a thermal distribution is desirable,
so that no heat from the wire to the connector contact is
transferred [25]. Thus, the wires connected to a connector
contact act as a heat sink.

The major portion of the total heating of the system occurs
in  the  wire.  This  is  based  on  the  self-heating  of  the  wire  and
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another portion which is caused by the axial heat flow of the
connector contact into the wire (Fig. 4) [20]. The temperature
difference of the connector contact at nominal current is only a
small portion in contrast to the temperature difference at the
wire [26–28]. Therefore, the heating of the connector contacts
and the wire termination is not considered separately.

1) Maximum heat flow into the wire
In order to dimension the maximum permissible connector

resistance, the heat flow into the wire is used [21]. The
maximum heat flow can be calculated, if the temperature
difference at the head of the wire ∆ϑ _ _  is defined. The
heat flow depends on the permissible temperature difference at
the wire as well as the wire cross-section. For copper wires of
type H07V-K according to DIN EN 50525-2-31 [29] which are
arranged "free to air", the maximum axial heat flow is shown in
Fig. 6. For wires with different cross-sections this heat flow
leads to an additional temperature rise of ∆ _  = 10 K.

Fig. 6. Permissible heat flow in the wire, which leads to a temperature rise of
∆ _  = 10 K

2) Heat flow dissipating at the surface of the connector
contact

In order to determine the maximum permissible power loss
of the connector contacts, respectively, the maximum
connector resistance, the heat flow dissipating at the connector
surface must be taken into account. Therefore, the geometric
dimensions of the connector contact have to be roughly
estimated. In order to estimate the heat transfer coefficient of
connector contacts, the geometry can be divided into sub-
sections of basic geometries [20]. For the basic geometries, the
average heat transfer coefficients are calculated separately [19].
Using the average heat transfer coefficient ℎ _  the heat
flows can be estimated. The power dissipation of the connector
contact _  may  not  be  higher  than  the  sum  of  the  heat
flows emitted over the surface and via the wires.

C. Individual resistances of the connector contact
If the maximum permissible power dissipation of the

connector contact _  is known, the maximum
permissible connector resistance _  can be calculated. If
the maximum permissible resistance of the connector contact is
given, this must be distributed in an appropriate manner to the
different resistances (bulk resistance R , resistance of the cable
termination R  and the sum of the contact resistance and the
resistance of the contact springs R ). In Fig. 7, the procedure
is shown.

Fig. 7. Procedure for a systematic design of the connector contact resistance

1) Bulk resistance
In order to dimension the bulk region, the following

approaches can be chosen. This represents a comparison with
the connected wire:

· Equal cross-sectional bulk region
· Equal resistance bulk region
· Equal temperature bulk region

2) Termination resistance
The resistance of the cable termination depends among

other things on the termination type, the wire, the assembly and
the base material of the connector contact. Therefore, it is
difficult to predict the absolute termination resistance. In order
to determine a scalable termination resistance in the initial
design phase, different simplifications may be accepted
depending on the level of abstraction. In the simplest case, the
contact resistance is neglected and an ideal electrical contact is
assumed. Real electrical contacts usually have an increased
resistance. In order to evaluate the electrical contact of busbar
connections, the so-called quality factor or k-value is used [15].
Using the quality factor, the contact resistance of connections
with different wire sizes can be compared [30]. The quality
factor represents the ratio between the contact resistance of a
connection in relation to the resistance of a wire portion of the
same  length  [31].  For  a  first  assessment  as  part  of  the  initial
design a specific termination resistance for a crimp can be
specified that must be complied with. For a more precise
determination of the termination resistance, however, empirical
measurements are recommended.

3) Selection of the optimal number of contact springs
The connector resistance is influenced by the contact

resistance and the bulk resistance of the contact springs.
Multiple contact points or several contact springs are used to
increase the contact reliability. Furthermore, they reduce the
connector resistance of the connector contact [10, 32, 33].
Therefore, the number of contact springs is an important
design parameter. The optimal number of contact springs is
determined in [22] by analytical calculations.
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In order to calculate the relationship between the connector
resistance and the number of the contact springs, the following
assumptions are made:

· Maximum width of the connector contact _ , for
example defined by the available space or by the pitch

· Minimal producible cutting width _  between the
individual contact springs

· Equal resistance at each contact point

Beside the connector resistance, further manufacturing and
functional constraints have an effect on the optimal number of
contact springs:

· Maximum permissible resistance of contact springs and
contact points

· Maximum permissible ratio of width to thickness of the
contact springs /ℎ

· Minimum or maximum contact force
· Minimum or maximum surface pressure

In Fig. 8 an example is shown where the resistance is
calculated as a function of the number of contact springs.
Depending on the number of contact springs, the contact force,
the surface pressure and the width to height ratio of the contact
springs are evaluated. Various restrictions can be applied over
the number of contact springs. For this example the main
restrictions on the number of contact springs are the maximum
resistance and the ratio of width to height. As shown in Fig. 8,
restrictions limit the solution area and point out a window with
possible solutions (see red square in Fig 8). Additionally, this
can be limited by further requirements, such as an even number
of contact springs. For ease of manufacturing, the amount of
contact springs should be minimized.

Fig. 8. Restrictions on the number of the contact springs (r _ : 6,5 mm; r _ :
8,5 mm; l : 40,3 mm; _ : 1,5 mm; r : 4 mm; _ : 56 MS/m)

4) Mechanical Dimensioning
In the last step the mechanical dimensioning of the contact

springs can be carried out. The necessary contact force can be
adjusted by the spring deflection. The strength verification is
provided for verifying compliance with permissible stresses
[34]. For strength verification, the maximum stress at the
contact spring can be calculated analytically. Eventually an
iterative loop is necessary, if e.g. the necessary contact force
cannot be applied.

IV. RESULTS AND DISCUSSION

As an example a connector is designed using the design
systematic. A circular connector contact according to Fig. 1 is
used. The following specifications are made:

TABLE I. SPECIFICATIONS AND BOUNDARY CONDITIONS

1 Nominal Current 300 A
2 Maximum limit temperature 70 °C
3 Ambient temperature _ 25 °C
4 Maximum mating force _ 8 N

5 Cutting width between the individual
contact springs _ 1.5 mm

6 Relation cross-section bulk region to
cross-section wire

_
/ _

1

7 Emissivity connector contact _ 0.4
8 Quality factor for the termination 2

The  self-heating  of  the  wire  with  95  mm²  is  31.3  K.
Therefore, a maximum temperature rise of 13.7 K is permitted
due to the connector contact. Thus, a maximum power loss of
6.4 W is permitted. This means a maximum connector
resistance of 71 µΩ. The maximum resistance  for the
contact springs and contact points is 39.5 µΩ. This leads to an
optimal number of contact points of 6 contact springs (Fig. 8).
The dimensions of the connector contact are shown in Fig. 9.

Fig. 9. Geometric dimension of the connector contact

In order to verify the dimensioning, the heating of the
designed connector is calculated with analytical calculations.
Additionally a numerical simulation with the program Abaqus
is conducted to compare analytical models with simplified
assumptions with the results from an electrical-thermal
simulation by means of FE-Analysis. Exactly the same
boundary conditions are used for the heat transfer coefficients,
the contact resistance and the material characteristics. A clean
metal contact point is assumed.

In Fig. 10 the result of the analytical calculation is shown.

Fig. 10. Temperature rise of the connector contact at 300 A (analytical
calculation)
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The maximum calculated temperature for the connector is
68.5 °C which is slightly lower than the target value of 70 °C.
This is because the number of contact springs is a discrete
parameter. It is not possible to get the exact resistance . The
resistance with 6 contact springs is lower than the maximum
permitted  one.  Additionally  a  safety  factor  of  3  K  was
considered for the contact system. The calculated heating at the
contact system is only 2.3 K. Therefore, the heating is slightly
lower.

The maximum surface temperature calculated by the FE-
Analysis is 70.9 °C. It is 2.4 K higher than the analytic one. A
possible reason could be that for the analytical calculation only
homogeneous conditions are assumed for the subsystems.

Fig. 11. Temperature rise of the connector contact at 300 A (FE-Analysis)

V. CONCLUSIONS

In the field of electrical connectors detailed investigations
have been made by experiments, FE-Analysis and analytical
calculations.  The  purpose  of  this  study  was  to  use  these
findings and to introduce a systematic method for the thermal
dimensioning of connector contacts. At the beginning of a
systematic design process detailed optimisation is not
appropriate. Therefore, a tool was created using parametrized
models with simplified assumptions. With this tool a
systematic and rough design of the geometrical and material
parameters for a connector contact can be carried out very fast
and an extrapolation is possible. This enables the design of
optimized connector contacts achieving the same temperature
limit for different current ratings.

A connector contact for 300 A carrying capacity was
dimensioned with the systematic. After dimensioning, the
temperature of the connector contact was calculated by
analytical and numerical methods. It could be shown that the
calculated temperature is near the target temperature.

In order to improve the quality of models like the
termination resistance, a systematic analysis is necessary for
the future.
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Abstract— The industry standard for realistic accelerated 

environmental testing of electrical contacts has been the Mixed 

Flowing Gas (MFG) test.  The appropriate kinetics and 

degradation mechanisms that reflect field environments are a 

function of sulfide-chloride interactions driven by tightly 

controlled concentrations of the pollutants in parts per billion 

levels.  While direct gas monitoring is noted in most MFG 

specifications, this paper reinforces the importance of direct 

environmental analysis of pollutant gases within the test chamber 

to generate reproducible results.  

Keywords— MFG, Corrosion, Testing 

I.  INTRODUCTION 

As corrosion products at the contact interface significantly 
impact the performance of the contact, realistic accelerated 
corrosive environments have been a focus of research for many 
years.  Early tests such as nitric acid vapor and flowers of sulfur 
provide a qualitative evaluation of a plated surface, but are not 
capable of indicating field performance. The generally accepted 
accelerated test for gold plated contacts is the mixed flowing gas 
(MFG) test. Much of the early work was done by Abbott at 
Battelle Laboratories where industrial partners funded a project 
to develop a realistic, accelerated corrosion test for interfaces 
correlated to field environments.[1-7] Essentially, Abbott found 
that parts per billion levels of Cl, H2S, and NO2 synergistically 
produce realistic corrosion rates and compositions.  In the same 
timeframe IBM researchers developed a mixed flowing gas test 
that included the addition of S02. The industry ultimately has 
settled on the four gas test in most standards. [8-10] 

The sensitivity of corrosion rate to Cl2 concentration is 
extremely high as seen in figure 1. Given the nominal 
concentration of Cl2 is 10 parts per billion (ppb), this 
demonstrates the need to accurately confirm the amount of Cl2 
in the active volume of the chamber before starting a test.  

The intent of most standards is that the gas phase 
concentrations are to be measured in the chamber volume, at the 
specified humidity level with all test samples loaded.[11]   The 
impact of chamber loading, adsorption, and humidity on the Cl2 
levels preclude the use of any dilution calculations to establish 
the specified gas concentrations as they would be unable to 
produce an environment with any reproducibility.  This work 
illustrates the impact of the test chamber humidity level on 
measured Cl2 concentration. It shows that when test chamber Cl2 
concentration is established using dilution calculations the 

actual Cl2 concentrations in the chamber at the test specified 
humidity level will be less much than specified. As a result, the 
corrosion rates will also be significantly reduced.  

  

 

Fig. 1. Corrosion Rate Decrease if Cl2 Is Not Used In EIA Class 2a MFG Test 

II. EXPERIMENTS AND RESULTS 

A. Description of the MFG Chamber Used 

All MFG chambers have certain subsystems in common. 
These include, chamber temperature control, chamber humidity 
control, pure air and pollutant gas introduction control, and gas 
concentration control. Figure 2 is a schematic of the system used 
for the experiments described in this paper. The primary 
exposure chamber is a made of acrylic with a volume of 
approximately 127 liters and is housed within a temperature- 
controlled chamber. A filtered, dry (dew point approximately      
-70 °C) system provides all air input to the test chamber. The 
majority of the filtered, dry air flow is sent either directly into 
the pre-mix chamber or through a bubble tower filled with 
deionized water to be humidified prior to entering the pre-mix 
chamber. A small portion of dry air is sent to each of four 
permeation tube vessels where it absorbs pollutant gasses and 
carries them to the test chamber.  Flow controllers are used to 
direct various portions of the dry air as required to adjust the 
chamber humidity and overall volumetric exchange rate.  
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Fig. 2. Chamber Diagram 

Pollutant gasses are supplied using Teflon permeation tubes 
containing liquefied gas. The dimensions specified for the tubes 
ensure that at temperatures near room ambient conditions the gas 
permeation rates will be sufficient to provide the needed quantity 
of gasses for testing. Permeation tubes for Cl2 and H2S were 
obtained commercially, while those for NO2 and SO2 were made 
in-house. The temperature of the permeation tube holders is 
controlled using solid state thermoelectric heating/cooling 
devices. This provides fine control of the gas permeation rates. 
Final adjustment of the gas concentrations is performed by 
adjusting a “throw-away” valve to exhaust a small portion of the 
gas stream prior to entering the pre-mix chamber. The multiple 
airstreams combine in the pre-mix chamber prior to flowing into 
the test chamber. This helps to minimize variations in the 
conditions within the test chamber.  

The concentrations of all pollutant gasses are measured 
directly within the working volume of the chamber. Of specific 
interest to this investigation is the use of a chlorine analyzer 
utilizing ion mobility spectrometry (IMS) to measure chlorine 
concentration. Calibration of the analyzer is performed using a 
dry gas mixture with a known concentration of Cl2 in N2. The 
Cl2 concentration is approximately 5 ppm. The exact 
concentration is certified for each source used. The mixture is 
diluted with clean dry air to create a Cl2 concentration of 25 ppb. 
This is the standard then used to calibrate the analyzer. 

 

B. Effect of RH Level on Chlorine Concentration 

Measurements Made Using IMS Chlorine Analyzers  

This experiment investigated the relationship between 
measurements of Cl2 concentration and the level of humidity at 
which measurements are made. To accomplish this, a chlorine 
permeation tube was kept at a constant temperature throughout 
the experiment. This would ensure no change in the chlorine 
permeation rate and provide a constant mass flow of chlorine 
into the chamber. Relative humidity (RH) was controlled by 
varying the ratio of dry to wet air. However, while the ratio was 

varied the sum of the dry and wet airflows was kept constant. 
Given the constant chlorine permeation rate and constant total 
airflow into the chamber the calculated Cl2 concentration would 
be constant. Any variation in the measured concentration would 
be due to conversion of Cl2 to HCl and HOCl and possibly 
chemical reaction with adsorbed moisture films on the surfaces 
of the chamber.[12] 

 

  

Figure 3. Cl2 Concentration vs. RH 

 To initiate the experiment, the permeation tube was placed 
into the temperature controlled vessel at 18 °C. A humid 
environment of approximately 70% RH at 30 °C was set in the 
exposure chamber. After allowing 3 days to stabilize, the 
measured concentration of Cl2 was adjusted to 5 ppb by directing 
a portion of the permeated gas stream to be exhausted before 
entering the exposure chamber. No further adjustment was made 
to change the mass flow of Cl2 into the chamber.  

At the start of the test the RH was 69.1% and the measured 
concentration of Cl2 was 5 ppb. After this, the RH was decreased 
in seven steps over a period of ten days at which time the RH 
was 4.9%. Following this, the RH was increased in seven steps 
over nine days at which time it was 70%. After each adjustment 
to the RH level the environment was allowed to stabilize for a 
minimum of 24 hours prior to recording the Cl2 concentration. 
Figure 3 shows the relationship between RH and measured Cl2 

concentration during the experiment. Beginning at 5 ppb at 
69.1% RH, as the RH was lowered in steps to 4.9% the measured 
Cl2 concentration increased continuously until it was 12 ppb. As 
the RH was then increased in steps to 70%, the measured Cl2 
concentration decreased, returning to the original value of 5 ppb. 
This experiment demonstrated that given a given a constant 
mass flow rate of Cl2 and total airflow rate into the test chamber, 
the RH will have a large effect on the measured concentration of 
Cl2. This has significant relevance to MFG testing. If Cl2 
concentration is not measured directly, but is instead adjusted 
based on calculations, e.g. via dilution ratio of a calibrated span 
gas with known Cl2 concentration, then the Cl2 in the chamber 
will be the value expected if it were measured directly in the test 
chamber at dry conditions, i.e. RH near 0%. The use of dilution 
calculations to set Cl2 and other chamber gas concentrations is, 
in fact, the method utilized by many MFG systems currently in 
service. These systems will thus be run with gas concentrations 
equivalent to what would be used if the concentrations were set 
using direct measurement at RH levels near 0%. But, as this 
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experiment shows, the actual Cl2 concentration at the test 
required RH level of 70% will be approximately 60% lower than 
the specified concentration. This confirms studies done by 
Abbott in work developing the field correlated Class 2 and 3 
MFG test environments.12 The question that this leads to is, in 
practice, what difference in corrosion rates will result between a 
test run with a directly measured Cl2 concentration and one with 
a calculated Cl2 concentration? 

 

C. Corrosion Rate as a Function of Setting Chlorine 

Concentration At Dry vs. Wet Conditions 

The experiment used to address this question consisted of 
two phases which were run sequentially and without 
interruption. Both phases used the Class 2a conditions specified 
by EIA TP364-65B which are shown in Table 1. In the first 
phase the Cl2 level was adjusted using direct measurement of the 
concentration with the RH level at set at the specified values of 
70%. In the second phase of the experiment the Cl2 level was 
adjusted using direct measurement of the concentration with RH 
level less than 1%.  For the purpose of this paper the first and 
second phases of this experiment will be referred to as “wet 
setup” and “dry setup” respectively.  

TABLE 1 MFG CONDITIONS 

EIA TP364-65B Class 2a Conditions 

Temp. 

(C) 

Humidity 

(RH %) 
Cl2 (ppb) 

NO2 

(ppb) 
H2S (ppb) SO2 (ppb) 

30 ± 1 70 ± 2 10 ± 3 200 ± 50 10 ± 5 100 ± 20 

 

The IMS Cl2 analyzer was calibrated prior to the start of the 
experiment and between the two phases. As described in Section 
II.A, the calibration is performed using a dry mixture with a 
known concentration of Cl2 in N2 and no water vapor. Therefore, 
adjusting the chamber Cl2 concentration with RH near 0%, as 
was done for the dry setup phase, is equivalent to establishing 
Cl2 concentration using dilution calculations.   

The experiment was also designed so that the reduction, if 
any, in Cl2 concentration resulting from the placement of test 
specimens in the chamber, i.e., the “loading effect”, would be 
seen. If reductions in Cl2 concentration do occur when the test 
specimens are placed it the chamber, the amount of the reduction 
would not be known without a direct measurement and thus 
could not be corrected if the Cl2 concentration is being set based 
on dilution calculations.   

The test specimens for this experiment consisted of silver 
and copper coupons, both 99.9% pure. Ten of each type of 
coupon were used in each phase of the experiment. The 
combined surface area of the coupons in the chamber during 
each test phase was approximately 131 cm2. Prior to exposure, 
the copper coupons were degreased using chloroform in an 
ultrasonic bath, immersed for two minutes in a 9% HCl solution 
to reduce any existing corrosion, and then rinsed by deionized 
water and then methanol. The silver coupons were cleaned using 
a similar process. The only difference was that following 
immersion in the 9% HCl solution and the deionized water rinse, 
the coupons were immersed for two minutes in a 3% ammonium 
solution prior to the final rinses in deionized water and methanol. 

The coupons were stored in glass vials until use. The mass of 
each coupon was measured just prior to placement in the 
chamber and within 24 hours of removal from the chamber. In 
addition, each test phase included three “porous” gold plated 
coupons. These coupons were pure copper with a nominal 1.25 
micron nickel plating over plated with a nominal 0.2 micron 
thick gold layer.  

Gas concentrations were adjusted with “dummy” sets of 
coupons in the chamber. These dummy sets were identical in 
size, number, and material of the test sets. They were used so 
that the chamber conditions could be set accurately before 
placing the actual test coupons into the chamber. This was done 
prevent uncontrolled exposure and corrosion of the actual test 
coupons which would occur if they were in the chamber while 
the test conditions were being established. Throughout the test 
the total airflow into the chamber was maintained at 20.4 L/min. 
Twenty L/min was either dry air when the experiment required 
the chamber to be in a near 0% RH state or a mix of dry and 
humid air when the experiment required the chamber to be at the 
test specified condition of 70% RH. The other 0.4 L/min 
consisted of the 0.1 L/min from each of the four pollutant gas air 
streams. For the 127 L test chamber the 20.4 L/min airflow rate 
resulted in a chamber volumetric exchange rate of 9.6 
exchanges/hr.  Details of the steps in the experiment are shown 
in Figure 4. 

 
a) Introduce and adjust other gasses, replace dummy coupons with test coupons, complete 5 day exposure, 
remove test coupons, shut of all gasses except Cl2 

b) Raise RH to test level, introduce and adjust other gasses, replace dummy coupons with test coupons, 
complete 5 day exposure, remove test coupons, shut of all gasses except Cl2 

Figure 4.  Experimental steps for “Wet” vs. “Dry” Experiment 

Martens 10.2307

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



Reviewing the measured Cl2 concentrations in Fig. 4 it can 
be seen that it was necessary to significantly reduce the chlorine 
flow when transitioning between the wet setup and dry setup 
phases. At the end of the wet setup phase after coupons were 
removed the measured Cl2 concentration was 12 ppb (see step 
6). With the RH then adjusted below 1%, the measured Cl2 

concentration was 23 ppb. The IMS analyzer was then 
recalibrated to verify the measurement. The post calibration 
reading was 22 ppb. To complete the chlorine adjustment for the 
dry set up test the chlorine flow to the chamber was reduced to 
achieve a level of 11 ppb with coupons in the chamber (See Step 
11). At the conclusion of the dry setup test, with coupons 
removed but with RH level still at approximately 70%, the 
measured Cl2 concentration was 6 ppb (See Step 14). This value 
is 50% less than the 12 ppb measured concentration found for 
the wet setup test in the same state at the conclusion of the wet 
setup phase with all coupons removed (Step 6). This agrees with 
the previous experiment described in which it was shown that 
starting with a measured Cl2 concentration of 5 ppb at 70% RH, 
the measured value increased to 12 ppb as RH was reduced to 
5%. 

Analysis of the test coupons proved that the difference in 
measured Cl2 concentration resulting from setup at wet vs. dry 
conditions does cause differences in corrosion rates. Table 2 
provides a summary of the mass gain differences for coupons 
exposed during the experiment. The results are also depicted 
graphically in Figure 5. 

TABLE 2.  EXPERIMENTAL CORROSION RATES 

 Cl2 set at <1% RH Cl2 set at ≈ 70% RH 

Coupon Mean Std. Dev. Mean Std. Dev. 

Silver 1.3 0.29 2.6 0.36 

Copper 13.0 0.99 22.4 2.78 

Corrosion Rate (μg/cm2/day) 

  

 

Figure 5.  Corrosion rate for Ag and Cu coupons vs. RH 

 The corrosion rate for silver coupons in the dry setup test was 
50% less than the rate for the wet setup test. Similarly, the 
corrosion rate for copper coupons in the dry setup test was 42% 
less than the rate for the wet setup test.  

 In addition to mass gain analysis, the coupons were also 
analyzed to evaluate the elemental composition of the corrosion 

products using energy-dispersive X-ray spectroscopy (EDX). 
For each test phase two of the ten copper and two of the ten silver 
coupons were chosen at random. On each of these, eight sites 
were chosen at random and analyzed to determine the mass 
percentage of corrosion related elements on the surface of the 
coupons.  On the copper coupons, chlorine, sulfur, and oxygen 
were evaluated. On the silver coupons the elements of interest 
were chlorine and sulfur. The basis used to compare the wet and 
dry test setup corrosion characteristics was the ratio of the mass 
percent values of each of these elements to the others. Table 3 
summarizes these results. For the copper coupons the wet and 
dry test setup coupons had very similar chlorine to sulfur, 
chlorine to oxygen, and sulfur to oxygen ratios. This suggests 
that the lower chlorine concentration which existed in the dry 
setup test, while reducing the total mass gain (See Table 2), did 
not affect the composition of the corrosion products. Figure 6 
provides a visual comparison of dry and wet test setup copper 
coupons. These had similar coloration. The primary difference 
was the darker color for the wet test setup coupons which had 
the higher average mass gain.  

TABLE 3.  MASS PERCENT RATIOS FOR ELEMENTS IN COUPON 
CORROSION PRODUCTS 

 Copper Coupons Silver Coupons 

Ratio Wet Setup Dry Setup Wet Setup Dry Setup 

Cl : S 1.25 1.18 1.29 1.99 

 Cl : O 0.29 0.28 N/A N/A 

S : O 0.23 0.23 N/A N/A 

 

  

Figure 6.  Dry (Left) and Wet Test Setup Exposed Copper Coupons 

 In contrast, the one ratio which can be evaluated for the silver 
coupons, chlorine to sulfur, had a large difference between the 
wet and dry setup tests, 1.29 vs. 1.99 respectively. This suggests 
that, in addition to affecting the mass gain, the reduced chlorine 
concentration in the dry setup test also affected the composition 
of the corrosion products of the silver coupons. A difference in 
corrosion composition was also indicated by visual examination 
of the coupons. It was noted that the dry setup test coupons had 
a brown coloration typical of AgCl. But the wet setup test 
coupons had blue to black coloration typical of Ag2S. 

 The porous gold plated coupons were evaluated using 
scanning electron microscopy. A comparison of the corrosion 
effects seen at pore sites for coupons exposed in the wet and dry 
setup tests is shown in Figure 7. In general, pore sites on coupons 
exposed in the wet setup test had a greater concentration of 
corrosion products at the initiation site.  
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Fig. 7. Corrosion of Au Plated Coupon Pore Sites; Wet vs. Dry Test Setup 

D.  Equivalency of Cl2 Concentration Determined Via Direct 

Measurement at Dry Conditions and Dilution Calculation 

 As noted, in the experiment in the previous section, all 
chlorine concentrations were directly measured. To use data 
from that experiment to reach conclusions about the results 
expected from MFG tests run with Cl2 established based on 
dilution calculations, it was necessary to verify that a Cl2 
concentration determined by measurement in the dry state would 
equal a concentration predicted by a dilution calculation. To do 
this, at the end of the experiment the throwaway valve used to 
adjust the chlorine concentration by allowing a portion of the 
permeated chlorine to be exhausted was shut. This caused all gas 
permeated from the chlorine permeation tube to be sent into the 
test chamber which was in dry state with RH less than 1%. The 
measured Cl2 concentration increased to 40.3 ppb (Step 15, Fig. 
4). The chlorine permeation tube was then removed from its 
holder and its mass was measured. This mass, 17.016 grams was 
0.128 grams less than it had been 813 hours earlier when it was 
originally placed into the permeation tube holder. Throughout 
that time it had been kept at 37 °C, including the time this tube 
was the source for chlorine in this experiment. Based on the 
mass loss and the time over which it occurred, the Cl2 mass 
permeation rate was 2,246 ng/min or 37.01 nmol/min based on 
a value of 1 nmol/70.9 ng of Cl2. Assuming standard temperature 
and pressure and thus a conversion factor of 22.414 nL/nmol, 
the Cl2 volumetric permeation rate was 829.5 nL/min.  This rate 
was then used to calculate an expected Cl2 concentration based 
on the airflow rates existing at the end of the experiment (Step 
15). At that point, the dry airflow was 20.0 L/min, the wet 
airflow was 0.0 L/min, and the airflow carrying the permeated 
Cl2 was 0.1 L/min, for a total airflow into the chamber of 20.1 
L/min. Dividing the Cl2 permeation tubes volumetric permeation 
rate of 829.5 nL/min by the total airflow rate into the chamber, 
20.1 L/min results in an calculated 41.3 ppb. This is within 2.5% 
of the measured value of 40.3 ppb.  

 This analysis confirms that an IMS based chlorine 
concentration measurement made at an RH level below 1% is 
indicative of the value which would be calculated based on a 
dilution calculation. Therefore this experiment does show that 
the use of dilution calculations as the basis of establishing Cl2 
concentrations in an MFG test will result in a Cl2 concentrations 
lower than specified by MFG test standards.  It should also be 
noted that use of the IMS based chlorine monitors produced both 

concentration and weight gain results similar to those generated 
by Abbott who used a total oxidant monitor technique. 
Obtaining the same results with analyzers using two different 
methods to measure chlorine concentrations indicates the 
measured differences in chlorine concentrations between the wet 
and dry state are real and not a result of measurement error 
resulting of operation at high humidity levels. 

 This experiment also shows that placement of test 
specimens into the chamber can have a large effect on the 
measured Cl2 concentration. Again, referring to Fig. 4 the 
addition of the test coupons into the chamber caused measured 
Cl2 concentrations to decrease by 27% during the wet phase 
setup (Step 2 to 3) and 42% during the dry setup phase. As 
explained previously, using measured Cl2 concentration values 
the dry setup test was run with a 50% lower chlorine 
concentration than the wet setup test. This resulted in a 50% 
lower corrosion rate for silver and 42% lower corrosion rate for 
copper.  As the reduction in chlorine concentrations found to 
result from addition of test specimens into the chamber are of 
similar magnitude, it is reasonable to assume that failure to 
adjust the chlorine inflow to compensate for this would result in 
similar reductions in corrosion rates. This adjustment could not 
be done accurately without direct measurement of Cl2 

concentration.  

III. DISCUSSION 

These findings lead to a major concern with many MFG test 
chambers currently in operation whether privately or 
commercially manufactured. Many of these systems are being 
operated without any direct measurement of the gas 
concentrations. Instead, gas concentrations are calculated based 
on dilution rates of source gasses of certified concentration. But, 
as shown, this ensures that the concentrations are correct only at 
a near 0% RH and will be significantly reduced at typical MFG 
testing conditions such as the 70% RH used in EIA TP364-65B. 
Further, even if the Cl2 concentration is correct near 0% RH in 
an empty chamber and then increased to compensate for 
solubility and adsorption, there is still the issue of dilution which 
occurs once test specimens are introduced. In the absence of 
directly measuring the gas concentrations with the chamber at 
its intended test temperature and humidity level and with test 
specimens or an equivalent set of dummy specimens loaded, it 
will be extremely difficult to precisely establish the proper test 
conditions. And as was shown here, there is nearly a one to one 
relationship between the reduction in Cl2 level and the reduction 
in the overall corrosion rates even with the other gasses set at 
correct levels. Specifically, given a 10 ppb nominal level for Cl2 
concentration, each 1 ppb (10%) reduction in the concentration 
results in a reduction in the corrosion rate of approximately 10%.  

These findings also lead to concerns with existing MFG testing 
standards and published studies related to MFG testing, 
especially those proposing the adoption of new MFG test 
conditions. It is critical that these standards explicitly define the 
methods to be used to establish the gas concentrations in the test 
chamber. Specifically, are the concentrations stated based on 
measurement at the test conditions with sample loading or are 
they based on calculated concentrations which would equal 
measured concentrations only near 0% RH without sample load. 
Further, there would again need to be some method of 
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accounting for the effect the degree of chamber loading will 
have on these concentrations.  

IV. CONCLUSION 

A key element for any industrial standard is reproducibility.  In 
the case of the mixed flowing gas test, it has been demonstrated 
that corrosion rates are extremely sensitive to ppb level 
variations of Cl2 concentration in the test volume.  This then 
indicates that precise calibration and control of these 
concentration levels is critical.  A Cl2 concentration based on 
dilution calculations will equal a directly measured 
concentration only in dry air. At typical MFG test humidity 
levels, conversion and absorption of Cl2 will cause the actual Cl2 

concentration to be approximately one-half of the level predicted 
by a dilution calculation. The resulting corrosion rates will 
decrease by a similar proportion. Further, as practical testing 
involves a wide variation in number, size, and material 
composition of test specimens, it is difficult to calculate the 
expected additional amount of Cl2 loss due to specimen dilution.  
A direct measurement of the Cl2 concentration in the test volume 
is the only verifiable method to ensure correct chlorine 
concentration for different test specimens. As new test 
procedures are developed to mimic new contact materials and 
environments, this item becomes even more critical. 
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Abstract—It is known that at the interface between two current-

carrying conductors the electrical contact is only formed in a few 

a-spots with a cross-sectional area of only a few microns. The size 

and number of these a-spots mainly depend on the distribution of 

mechanical stress in the contact area and the material and 

surface properties of the conductors. Depending on the design of 

connections with flat contact surfaces, for example bolted joints 

with bus bars, a pressure cone towards the contact area is 

formed. The mechanical stress decreases radially within this 

pressure cone from the edge of the borehole towards the bus 

bars. Thus formed a-spots will be larger in the inner region of the 

pressure cone and contribute a larger portion of the total 

current. Current research focuses on the creation of a calculation 

model, which combines the relationship between mechanical 

stress and electrical behavior. The distribution of the mechanical 

stress was calculated with the finite element method for bolted 

joints with bus bars. The results were compared with an 

analytical calculation method and with experimental tests. In a 

further step, a parameter study to calculate the resistance of 

these joints was made. The resistance was calculated depending 

on the surface conductivity of several radially nested contact 

surfaces. First experiments were performed on bolted joints with 

specially prepared bus bars to verify the model. The surfaces of 

the bus bars were prepared by cutting manufacturing process. 

The aim of the paper is to present the first results of this attempt 

to close the gap between the mechanical and electrical 

dimensioning of bolted joints. 

 
Keywords—bolted joint, flat contact area, mechanical stress 

distribution, a-spot distribution, pressure cone, modelling, surface 

conductivity 

I.  INTRODUCTION 

For electrical joints with two flat contact partners a low 
contact resistance Rc is mainly depending on the number, the 
size and the spatial distribution of the a-spots in the apparent 
contact area Aa (Fig. 1). In particular these parameters depend 
on the contact force. When connecting the microscopically 
rough contact partners, the electrical contact is formed at the 
few elastically and also plastically deformed a-spots in the 

contact area. Around these true metallic a-spots At an area is 
spread in which a possibly existing impurity layer is so thin, 
that it can be tunneled by electrons and thus contributing to the 
macroscopic current transmission. This share of current 
transmission is described by Aq. Thicker impurity layers Ai 
usually do not contribute to conducting current, but to 
accommodating the compressive stress between the two 
contact partners. The sum of all microscopic contact surfaces is 
the mechanically supporting ratio of the apparent contact area 
Am. [1] For simple contact geometries like spherical contacts it 
is possible to visualize the formation of a-spots influenced by 
the surface roughness and to calculate the mechanical stress 
distribution. Up till now impurity layers can not be considered 
in these models. In addition to this aspect there is a difference 
between calculated and measured contact resistances. [2] For 
joints with flat contact areas it is quite more complex to find 
such a relation. In this paper an approach is presented, how to 
generate a calculation model by means of parameter studies 
and additional experimental tests. Subject of the investigations 
was the bolted joint with bus bars. 

Acs_out

Ai

Aq

At

Aa

Acs_in

Am

 

Fig. 1. Contact areas of a bolted joint with bus bars (schematic) 

If the compressive stress distribution is homogenous at a 
contact area with constant surface roughness, a-spots are 
formed uniformly. In real joint systems the mechanical stress 
distribution is erratic. At bolted joints with bus bars, a-spots are 
generated especially within the area of the pressure cone (PC). 
The size of the a-spots depends on the mechanical stress. Close 
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to the borehole the highest values of compressive stress exist, 
and therefore the largest a-spots will be created in this area. 
The radially decreasing mechanical stress leads to smaller 
a-spots. The consequence is an erratic current density. 

The mechanical dimensioning of bolted joints is based on 
fundamental knowledge, but there is a gap to the electrical 
parametrization [3], [4]. Below two approaches are discussed 
to close this gap by using established methods. First idea is to 
integrate the electrical contemplation to the analytic calculation 
schemata of the mechanical dimensioning of bolted joints. The 
aim is to generate design criteria according to existing design 
guidelines. The second part of the paper shows a more deep 
scientific procedure to describe the relation between 
mechanical and electrical properties by using the finite element 
analysis (FEM). Three joint systems were investigated 
(TABLE I). 

TABLE I. INVESTIGATED JOINT SYSTEMS 

Joint system 1 Joint system 2 Joint system 3 

Bus bars (40 x 10 x 100) mm Al99.5, AlMgSi0.5, Cu-ETP 

Hexagon bolt and 

nut (size M12) 

Hexagon bolt, two 

plain washers – normal 
series, nut (size M12) 

Two steel elements 

(40 x 10 x 40) mm² 

II. CALCULATION OF THE MECHANICAL STRESS 

DISTRIBUTION AND RELATION TO THE RESISTANCE 

A. Analytic method according to mechanical dimensioning 

guidline and scientific literature 

A way to calculate the cross-sectional area Apc analytically 
between two flat contact partners (Fig. 2), formed by the 
pressure cone, is given in the mechanical guideline and 
scientific literature which describes the systematic calculation 
of high duty bolted joints. [3], [4] 

 

dw 

D
A
 

l
K
 

d
h
 

 

Fig. 2. Pressure cone of a centrally strained bolted joint (schematic) 

The following model shows a conical substitute cross-
sectional area of a concentrically clamped joint. There are two 
boundary conditions. First, the deformation cone can spread 
without hindrance up to the interface within the plane of bolt 
axis. Second, the deformation solid can form in a laterally 
symmetrical manner (1). [3] 

For the verification of the shape and size of the calculated 
cross-sectional area Apc experimental results were used. In 
long-term experiments bolted joints with oxidized bus bars 

made of Cu-ETP and joint system 2 (TABLE I) were 
evaluated. The joints were demounted and the interface 
between the contact partners was microscopically analyzed. It 
was assumed, that the macroscopic mechanically supporting 
area Am is part of the less oxidized area (Fig. 3). 

2 2 2

w h w K

π π
A = (d - d ) + d l [(x +1) -1]

4 8
pc

 with 

K w
3

2

K w

l d
x =

(l + d )
 applies for 

A A,Gr
D D  

(1)  

dw…outside diameter of the bolt head 
dh…borehole diameter 

lk…clamping length of the bolt 

DA…substitutional outside diameter of the basic solid at the interface 
DA,Gr… max. diameter of the deformation cone 

 

Depending on the joint system the size of the heavily and 
moderately oxidized areas concentric to the borehole were 
measured. By image analysis, a subdivision could be made on 
the basis of differences in brightness of the oxidized and less 
oxidized areas. For bolted joints with plain washers of the 
normal series, the less oxidized area amounts about 33 % of 
the apparent contact area (40 x 40) mm (Fig. 3 – Apc, TABLE 

II). 

 
Fig. 3. Microscopic analyzed contact surface of one bus bar after demounting 

the bolted joint 

The shape and the size of the analytically calculated (1) 
and microscopically analyzed cross-sectional area Apc were 
compared and approximately the same values were determined 
for the chosen parameters (TABLE II).  

TABLE II. CALCULATED AND MEASURED CROSS-SECTIONAL AREA APC 

Joint system 

Apparent contact area 1600 mm² 

only bolt / washers / steel elements 

Only bolt  

Apc 

Washers 

Apc_washer 

Steel elements 

Aapparent 

Measured Apc 308 mm² 525 mm² - 

Calculated Apc 335 mm² 541 mm² 1600 mm² 

Difference 8,7 % 3,05 % 0 % 

The remaining difference may be due to plastic 
deformation and gapping of the bus bars. In conclusion, it 
should be possible to estimate the macroscopic mechanical 
supporting area with this method. But it is not possible to get 
detailed information about the compressive stress distribution, 
which is responsible for the electrical contact behavior. Only 
the average mechanical stress can be calculated. Therefore, 
different joint systems were modeled with FEM simulation 
software to create a complex calculation model that combines 

b 

a 

Aa Apc 

b 

a 

--- real pressure cone 

… approximately, calculated pressure cone (1) 

--- real pressure cone 
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the relationship between mechanical stress distribution and 
electrical contact behavior (chapter II/B). 

B. Calculation of joint resistances depending on the 

mechanical stress distribution in the contact area 

The compressive stress distribution was calculated in a 
separate mechanical calculation model by finite element 
analysis, depending on the joint system (TABLE I, Fig. 4) 
comparable to the experimental investigations on real bolted 
joints (section II.A, Fig. 3). In the mechanical calculation 
model the same joint force of 25 kN, like in experiments, was 
applied. The specific mechanical properties of the bus bar 
materials have also been considered in the model.  
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Fig. 4. Compressive stress distribution in the contact area of a bolted joint 

with copper bus bars and plain washers – normal series 

Starting from the center of the borehole the mechanical 
stress was determined in the transverse direction and the 
longitudinal direction of the bus bars (Fig. 4). The elliptical 
shape of the calculated pressure cone as well as the maximum 
extent in longitudinal and transverse direction corresponds to 
the measured values of the less oxidized contact area of the 
copper bus bars (Fig. 3, TABLE II). The extension of the 
pressure cone and therefore the shape of the contact area Apc in 
the interface between the two bus bars is stretched in 
longitudinal direction. For the area adjacent the borehole the 
highest values of the compressive stress were calculated as 
expected. Starting at the edge of the borehole, the mechanical 
stress radially reduces very strongly within one millimeter 
distance and the shape of the contact area is almost circular. 
With further radial distance the reduction of the mechanical 
stress is lower and the shape becomes elliptical. 

For the investigation of the electrical contact behavior an 
electrical calculation model of a joint with bus bars including 
contact surfaces Acs, that represent the conducting behavior 
between two bodies, was created with FEM-software (Fig. 5). 
In this model, no heating was considered by current heat loss. 
The joint resistance was calculated from the numerical 

calculated electric potential difference of two positions, 
corresponding to the overlapping length of the bus bars, and the 
injected current. 

 

Fig. 5. Example of a modeled bolted joint with one contact surface (modeled 

area of the pressure cone) in FEM 

In this model it was assumed, that similar and uniformly 
distributed a-spots of a real joint can be concentrated in a 
concentric contact surface Acs around the borehole with 
properties which describe the electrical contact behavior (cf. 
Fig. 1), in particular the surface conductivity G’. Depending on 
the joint system of a real investigated bolted joint with bus bars 
the shape and the maximum extension of the contact surfaces 
in the electrical calculation model are adjustable. By changing 
the values of the surface conductivity of these contact surfaces, 
parameter studies were performed to calculate the joint 
resistance and to compare the results with measurements on 
real bolted joints with bus bars made of copper and aluminum 
(section III). Due to the various specific electric resistances of 
the conductors, a material independent benchmark parameter 
is necessary to compare measured and calculated joint 
resistances. For this purpose, the performance factor ku was 
calculated (2). [5] 

j

u

b

=
R

k
R

 

Rj…Joint resistance 
Rb…Resistance of the homogenous bus bar 

Loverlap…Overlapping length of the bolted joint


The performance factor is the ratio of the measured joint 
resistance to the resistance of a homogenous bus bar with the 
same length of the joint overlap. Bolted joints with bus bars 
and a performance factor ku = 1.0 imply that the power loss at 
the joint is the same like in a homogenous bus bar of the same 
length and material. Joints with bus bars are rated as 
technically good, when their performance factor is equal or 
less than 1.5. In this case, the joint is a heat sink because of the 
larger surface compared to the homogenous bus bar. [5], [6], 
[7], [8], [9], [10] 

Moreover, with this electrical calculation model it is 
possible to create multiple radially nested contact surfaces Acs 
with different electrical transmission properties (Fig. 6). Thus 
the electrical behavior of a bolted joint influenced by the 
mechanical stress distribution in the contact area between two 
flat contact partners is transferred to the model. The challenge 
was to determine the exact shape and the surface conductivity 
of these contact surfaces. These model parameters were 
determined depending on the compressive stress distribution at 
the interface between two bus bars. Based on the calculation 
results (Fig. 4) two contact surfaces have been modeled in a 
more complex electrical calculation model (Fig. 6). 

Contact surface 

Acs = Apc 
Point of the 

electric potential 

Injected current a 

b 

longitudinal transversal 

borehole borehole 
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Fig. 6. Example of a modeled bolted joint with two contact surfaces / two 

areas of average mechanical stress 

Close to the borehole a circular contact surface Acs_in having 
a width of one millimeter was modeled (cf. Fig. 4 black area). 
This is followed by a further contact surface Acs_out with a 
maximum extension that does not exceed the maximum radial 
extension of the analyzed pressure cone (cf. Fig. 4 black lined 
area). In a parameter study the surface conductivities of both 
contact surfaces have been varied in magnitudes (Fig. 7, Fig. 
8).  
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Fig. 7. Parameter study for the performance factor of a joint with bus bars 

depending on the surface conductivity of Acs_out 

Typically the performance factors of real bolted joints with 
bus bars and a joint system with normal washers have a value 
of about ku = 1.0 irrespective of the conductor material 
(aluminum or copper) after the assembling process at ambient 
temperature (section III.B), [6], [8], [9], [10]. The contact 
surfaces of these bus bars were pretreated like in experimental 
studies and long-term tests (section III.B). Therefore the 
resistance due to impurity layers in the contact area is reduced 
but the constriction resistance due to the formation of a-spots 
still remains. This electrical contact behavior is modeled by 
the variation of the surface conductivities G’ in the 
calculation. 

With increasing surface conductivity of Acs_out the 
performance factor of the joint decreases (Fig. 7). The lower 
limit of the performance factor of about ku = 0.9 is 
independent of the surface conductivity of Acs_in. This means 
that the inner contact surface, with high compressive stress, 

does not affect the joint resistance when the remaining area of 
the pressure cone exceeds a surface conductivity of greater than 
G’ = 5 kS/mm². This lower limit was also calculated for a joint 
in which only one contact surface with the extension of the 
contact surface Acs_out was modeled with a surface conductivity 
towards infinity (TABLE III).  

TABLE III. CALCULATED LOWER LIMITS OF THE PERFORMANCE FACTOR 

DEPENDING ON THE MODELED CONTACT SURFACE 

Lowest 

performance 

factor  

(G’ = ∞) 

Modeled contact surface of a joint with bus bars 

with an apparent contact area of (40 x 40) mm 

Total apparent 

contact area 

without borehole 

Apparent 

contact area 

and borehole 

Pressure 

cone with 

washers (Apc) 

performance 

factor 
0.64 0.72 0.91 

The commutation of the current between the bus bars, the 
influence of the borehole on the distribution of the current 
density and the constriction of the current in the contact area 
due to the pressure cone prevent lower performance factors 
(TABLE III). Compared to the calculated lowest limit of the 
performance factor ku = 0.9 (Fig. 7, Fig. 8), a minimum 
performance factor of ku = 1.0 was determined with the 
measured joint resistances of bus bars made of different 
aluminum-alloys and copper for the investigated joint system 2 
(cf. TABLE I, section III). Differences to the calculated values 
are due to the constriction of the current in the a-spots within 
the pressure cone of the joint, assuming that the additional 
resistance of impurity layers is approximately zero due to the 
pretreatment of the contact surfaces of the bus bars 
(section III).  
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Fig. 8. Parameter study for the performance factor of a joint with bus bars 
depending on the surface conductivity of Acs_in 

The influence of the surface conductivity of Acs_in on the 
performance of the joint is low compared to Acs_out (Fig. 8). 
Similar performance factors to the experimentally determined 
values are only obtained if the contact surface Acs_out has 
sufficiently high surface conductivities. This means that low 
performance factors can be achieved with an optimized joint 
system that distributes a high compressive stress across a large 
portion of the apparent contact area (section III), [9]. To verify 

Acs_out – outer 

contact surface 

Acs_in – inner 

contact surface 
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the electrical calculation model and to compare the calculated 
values, several different joint systems with bus bars and 
different conductor materials were investigated. 

III. EXPERIMENTAL STUDIES FOR THE ELECTRICAL CONTACT 

BEHAVIOR DEPENDING ON THE MECHANICAL STRESS 

DISTRIBUTION IN THE CONTACT AREA 

Bus bars made of copper and aluminum were clamped into 
a material testing machine (Fig. 10). The joint resistances of 
these clamped joints were measured depending on the joint 
force Fclamp. 

A. Verifying the calculation model 

To verify the electrical calculation model first experiments 
were performed on clamped joints with specially prepared 
contact surfaces (Fig. 9, Fig. 11). The calculated and measured 
joint resistances for the joint system 2 (TABLE I) and bus bars 
with apparent contact areas, which were stepwise reduced, 
were compared. The area of the reduced contact surfaces were 
dimensioned based on the calculation of the compressive stress 
distribution (Fig. 4). Contact surfaces with a large area have a 
lower average mechanical stress in the pressure cone than small 
contact surfaces. The aim is to determine the complex electric 
contact behavior by an adjusted surface conductivity G’adjust, 
calculated with the model depending on the value of the 
average mechanical stress. 

 

Fig. 9. Prepared contact surface of bus bars by cutting manufacturing process 

(reduced apparent contact area for the same joint system) 

The surface of one bus bar per joint was prepared by 
cutting manufacturing process, so the difference between the 
mechanically supporting area and the apparent contact area 
was reduced. At first only rectangular remaining contact 
surfaces, which were 50 µm higher than the machined surface, 
were examined. With the calculation model the performance 
factor of the joint and the also reduced modeled contact 
surfaces is calculated and compared with the experimental 
results. In the calculation model at first a surface conductivity 
towards infinity (G’ = ∞) was implemented. This corresponds 
to the ideal case in which the constriction of the current and 
the resistance due to additional impurity layers is neglected 
(Rc = 0). The contact surfaces of the bus bars used in the 
experiments were pretreated before the assembling process 
(section III.B), so the resistance of impurity layers is also 
approximately zero, but the constriction of the current in the 
a-spots could not prevented. For this reason relatively high 
deviations of about 20 % between calculation and 
measurements have been determined (TABLE IV). These 
deviations decreased with smaller contact surfaces due to the 
higher compressive stress in the contact area at the same joint 

force. With increasing mechanical stress, the portion of the 
current-carrying contact area increased with reduced apparent 
contact area. Thereafter the surface conductivity of the 
modeled contact surface was adjusted. So the difference 
between calculation and measurement has been compensated. 
This results in a surface conductivity corresponding to an 
average value of a mechanical stress that can be used in 
further calculations. These calculations are only valid for the 
same pretreatment and comparable roughness of the contact 
surfaces. 

TABLE IV. PERFORMANCE FACTOR CALCULATED BY FEM AND 

MEASUREMENTS DEPENDING ON THE SHAPE OF THE CONTACT SURFACE 

Quadratic 

contact 

surface 

length in 

mm 

Calculated performance factor by the calculation model 

and with the measured joint resistances – additionally the 

adjusted surface conductivity applied in the calculation 

model to compensate the difference 

Calculation 

model  

(G’ = ∞) 

Experimental 

results 

Difference Adjusted surface 

conductivity 

G’adjust in 

kS/mm² 

29.8 0.85 1.04 22 % 2.61 

26.0 0.94 1.10 17 % 3.98 

24.22 1.00 1.17 17 % 4.16 

18.23 1.20 1.30 8 % 16.9 

B. Experimental studies to verify the theoretical assumptions 

and calculation results 

Experimental tests were carried out with the joint systems 
that have been discussed in section I, (Fig. 11). The contact 
surfaces of the used bus bars were cleaned with a lint-free 
cloth and ethylalcohol to remove dirt and grease. After that 
they were pretreated abrasively with a steel wire brush to 
break oxide layers and to structure the contact surface. To 
determine the electrical contact behavior depending on the 
analytic calculated cross-sectional area of Apc for joints with 
the joint systems 1 and 2 (TABLE I, Fig. 11), the joint 
resistance of real bolted joints with bus bars made of 
AlMgSi0.5, Al99.5 and Cu-ETP were measured depending on 
the clamping force Fclamp in a material testing machine (Fig. 
10). It was assumed that the shape and the cross-sectional area 
of Apc remains constant, but the mechanical stress inside this 
area increases depending on the increasing clamping force. 

Joint system 1 consisted of only a hexagon bolt and nut. 
For this joint system, the analytical calculation of the pressure 
cone and the area Apc, equation (1) is applied. The joint 
resistances measured at joints with this joint system include 
the non-uniform distribution of the compressive stress in the 
interface between the bus bars. For the calculation of the 
mechanical stress depending on the increased clamping force 
the cross-sectional area of the pressure cone Apc was 
calculated. Thus the relation between the electrical contact 
behavior and the average mechanical stress in the cross-
sectional area Apc of the pressure cone inside the joint was 
established. The performance factors determined from the 
measured joint resistances exceed those for joint system 2 
(Fig. 12), which additionally consisted of two plain washers 
(Fig. 11). 
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Fig. 10. Measurement of the joint resistance depending on the clamping force 

of joints with bus bars in a material testing machine 

 

 

 

Fig. 11. Investigated joint systems 

Based on the results no dependence of the performance 
factor of the examined bus bars materials, but only of the 
mechanical stress distribution in the contact area was detected. 
Due to the lack of washers, the pressure cone of this joint 
system is narrower, so that a higher compressive stress does 
not lead to comparatively low performance factors of joint 
system 2. Compared with the results of real bolted joints 
obtained in long-term experiments the lower limit of the 
performance factors of joint system 2 confirm the calculated 
results (TABLE III), [6], [8], [9], [10]. Small deviations 
between the calculated lower limits by FEM (ku = 0.91 vs. 
ku = 1.0) and measurements are due to the neglect constriction 
of the current in the a-spots, defined in the calculation model 
by using a surface conductivity towards infinity. The 
resistance of impurity layers in the contact resistance is 
neglected in both approaches due to the pretreatment of the 
bus bars before the assembling process. 

In a third experiment the compressive stress in the contact 
area of the bus bars was homogenized by using steel elements 
(40 x 10 x 40) mm with the shape of the total apparent contact 
area of the joint between the pressure plates of the material 
testing machine (Fig. 11). The lower limits of the performance 
factors depending on the bus bar materials are about ku = 0.8. 
With the calculation model lower limits of ku = 0.72 were 
calculated (TABLE III). In this clamping system the 
mechanical stress is homogenously distributed in the whole 
apparent contact area. Next step is to adjust the surface 
conductivity in the calculation model to determine the same 
performance factors as in the experiments. This determined 

surface conductivity G’adjust unequal G’ → ∞ is additionally 
used in further calculations for similar joint systems. 
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Fig. 12. Perfomance factor of joints with different joint systems (cf. TABLE I) 

IV. CONCLUSION AND NEXT STEPS 

The aim was to create a simple model of a joint with flat 
contact surfaces which can be used to calculate the joint 
resistance depending on the mechanical stress distribution. 
Therefore the shape and the size of the area Apc of the pressure 
cone in the interface between two bolted bus bars was 
analytically calculated and visually analyzed. To create a more 
complex electric calculation model, the mechanical stress 
distribution in the contact area was calculated and confirmed 
the results for the shape of the area Apc. Based on these results 
a calculation model has been created with two concentric 
contact surfaces. Parameter studies show dependencies 
between the mechanical stress distribution and the electrical 
contact behavior. Next steps include the adjustment of the 
electrical calculation model with multiple nested contact 
surfaces to calculate more precisely the current density 
distribution and the joint resistance. In further studies it will be 
examined whether the findings can be transferred to similar 
joint systems with similar boundary conditions. Therefore 
additional measurements are planned on clamped joints with 
different bus bar dimensions and bolt diameters. Furthermore 
measurements on clamped joints with bus bars and specially 
prepared contact surfaces with an elliptical shape comparable 
to the real pressure cone will be carried out. The size and 
distribution of the individual a-spots in the contact area can 
not be directly visualized. First approaches were presented for 
an indirectly creation of an electrical calculation model with 
the transmitted electrical contact behavior depending on the 
mechanical stress in the contact area. This is a first step to 
close the gap between the mechanical and electrical 
dimensioning of bolted joints with flat contact partners. 
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Abstract - Against the background of both reducing 

raw material costs and the noble metal amount and 

the related, growing cost pressure on production 

processes it is tried to develop alternatives in the field 

of surface coatings which can be used as a substitute 

for precious metal surfaces or increase the 

performance of existing tin systems in terms of their 

operational capability. Such new coating systems 

should not only fulfill the high and rising 

technological requirements, but also meet the 

economic boundary conditions. The paper describes 

the development of a new multilayer system. With the 

aim of reducing the insertion and withdrawal forces, 

the contact resistance behavior and tribological 

properties were initially determined during wear 

tests. The obtained results show that there are high-

performance alternatives to traditional precious metal 

layer systems. 

Keywords – connector coating, silver, tin, multilayer, 

contact resistance, wear, COF, automotive. 

I. INTRODUCTION 

Tin-coated copper base alloy strips are commonly 

used in separable electric connectors due to low 

price and an acceptable reliability for many 

applications. Commercial tin coatings are deposited 

either by hot dip tinning, electroplating and 

electroplating plus reflowing. The main difference 

between the depositing techniques regarding 

material properties are variations in grain size, 

thickness of achieved intermetallic compound, 

coating hardness, scatter of coating thickness, 

amount of impurities and surface roughness [1, 2]. 

Depending on these coating properties the 

functional properties like contact resistance, 

coefficient of friction, wear and fretting wear 

behavior, the corrosion resistance and the 

temperature stability vary. Pure tin coatings show 

very stable contact properties in corrosive 

atmosphere, even in sulfuric conditions up to a max. 

temperature of 125 °C. At higher temperature the 

rapid growth of the Sn-Cu-intermetallic layer 

requires a diffusion barrier layer; otherwise the 

contact resistance increases dramatically.  The 

softening behavior also limits the max. operating 

temperature. The combination of these tin 

properties leads to a set of conservative design 

recommendations for tin finished separable 

connector contacts. This would include the use of 

relatively high normal loads on the order of at least 

200 cN, incorporation of wipe, and limitation of 

durability requirements to 10 to 15 or fewer wear 

cycles. Finish recommendations would be to use at 

least 1 - 2 µm min. of tin along with 1.25 µm min. 

thick nickel underplate at temperatures above 80 - 

100 °C when using electroplated tin or brass base 

material. Hot dip tinned coatings will be used 

without a nickel underplate because of the 

intermetallic layer. 

 

Silver has a unique combination of material 

properties such as the highest thermal and electrical 

conductivity of any metal and a moderate hardness. 

This unique combination of properties also leads to 

superior joule heating thermal performance and low 

electrical contact resistance values for mated clean 

silver surfaces. This performance attributes 

make i t  a t tract ive for  power applicat ions.  

 

One disadvantage is, that silver forms surface 

tarnish films.  The tarnishing of silver surfaces is 

driven by the presence of moisture, H2S, Cl2 and 

hydrolyzed carbonyl sulfide (COS) [3]. Hydrogen 

sulfide comes from the atmosphere and sources 

such as organic decay, combustion processes, 

volcanic activity, paper mills, sewage plants, and 

high sulfur packaging materials. This corrosion 

problem also limits the use of Ag-coated contacts in 

gear oil etc... . These may present a problem for 

silver used in lower normal force/higher durability 

signal connector applications. Silver tarnish films 

can appear to be anywhere from tan, to more 

commonly blue, to black in more severe cases. 

Typical connector environment field exposure 

studies of silver plated connectors have shown that 

the tarnish films that form are predominantly 

covalently bonded semi-conducting silver sulfide 

(Ag2S) and to a lesser extent, small amounts of 

more insulating and potentially harder to displace 

silver chloride (AgCl) [4, 5]. These field generated 

tarnish films were found to be semi-conductive at 

ambient temperatures, inherently soft, and relatively 

easily displaced with contact interface wipe at 
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sufficient normal loads.  Pure silver’s high 

coefficient of friction characteristics can lead to 

relatively high insertion forces and relatively poor 

durability performance. Environmental shielding 

can be an effective way to reduce or prevent silver 

ta rnish f i lms from forming .  Examples  o f 

environmental shielding methods are the use of 

connector housings (open, closed, or actively 

sealed), equipment enclosures, environmental 

controls, greases or gels, reduced sulfur and/or 

sulfur absorbing packing material.  Surface 

treatments can also be used to improve the 

environmental resistance as well as improve the 

durability performance of silver finished contacts 

when appropriate additional films with SAMS [6, 7] 

or metallic passivation [8]. For a surface treatment 

to be effective, it has to perform without losing 

functionality or causing an unacceptable increase in 

contact resistance. They can be rendered ineffective 

if removed during assembly and use, or exposed to 

conditions outside of their proper operating range. 

 
The combination of these silver qualities leads to a 

set of conservative design recommendations for 

silver finished separable connector contacts. These 

would include the use of relatively high normal 

loads  on the  o rder  o f  at  leas t  > 250  cN, 

incorporation of wipe, and limitation of durability 

requirements to 30 or fewer wear cycles. Finish 

recommendations would be to use at least 2 

micrometers min. of silver along with 1.25 µm min. 

thick nickel under plate [4]. Silver is commonly 

used without a nickel under plate at lower 

temp era ture s  up  to  140  °C;  tho ugh wi th 

significantly thicker silver plating up to 4 µm.   

 

II. ALTERNATIVES AND TRENDS 

The aim of the present invention was to overcome 

the disadvantages of single silver- and tin-coatings 

and to find a costly solution for  operating 

temperatures up to 180 °C. Key trends are partial 

plating, multilayer systems, multicomponent 

systems, multiple layer systems (Sandwich layers), 

a l l o y  l a y e r s  a n d  d i s p e r s i o n  l a y e r s  [ 1 ] . 

 

One example for a new development was shown by 

Talgner and Schmidt [9] with an Ag-Pd alloy layer 

with a new electroplating process for high pin count 

and high temperature applications. This new 

AgPd10-coating is stable for longer periods at 

temperatures up to 200 °C. The nanocrystalline 

microstructure is comparable to hard-Au but with a 

low tendency for tarnishing. This coating will be 

used in applications where wear resistance and high 

temperature are the limiting factors for silver and 

gold and gold might be too expensive [10]. 

To overcome the whisker risk for press fit 

applications M. Vitasse et al. show AGENTIN as a 

coating with the layer sequence Ag with Sn-flash 

t emp ered  to  pa r t ly  Ag 3 Sn [ 11 ] .  Ano the r 

development was done by M. Moser mainly for 

press fit connectors: a new process for simultaneous 

plating of SnAg (Ag content 40 - 73 %) was 

qualified and released for Airbag applications to 

s u p p r e s s  t h e  w h i s k e r  g r o w t h  [ 1 2 ] . 

 
III. TIN-SILVER BASED 

MULTILAYERCOATINGS 

 
A. Microstructure 

Against the background of both reducing material 

cost and growing cost pressure on production 

processes the new coating should not only fulfill the 

rising technology requirements for example for E-

mobility applications but also meet the economic 

boundary conditions. The basic approaches were 

reducing coating thickness, use less amount of 

noble metal, avoid any passivation media and 

enable a process that allows full and partial plating. 

Beside this the requirements for high current 

applications and multiple pole connectors for signal 

applications like the use in high temperature 

environments and low plug in forces without 

lubrication have to be fulfilled. 

The idea is to combine the advantages from tin and 

silver in one coating layer and to overcome the 

disadvantages of both single metals in a stable and 

well know plating process: develop a 

Multilayercoating which can be electroplated (full 

and partial plating) without passivation. The result 

was a coating consisting of nickel (Ni), silver (Ag) 

and tin (Sn) plated step by step inline with an inline 

temper process to form a Sn-Ag-intermetallic 

intermediate layer (Fig. 1) with free tin on top. 

 

Fig. 1. Layer structure of the Multilayercoating after plating and 

after heat treatment 

The challenge is to determine the coating thickness 

of each single layer in that way, that at the end a 

thin free tin layer remains on the top surface and an 

effective and ductile barrier layer to avoid diffusion 

of copper is present. Another challenge in 

combination with the first one is to adapt the reflow 

process in that way that an Ag3Sn-intermetallic 

layer will grow during the thermal process without 

discoloration of the top surface. 

In the temperature range of the heat treatment 

above 200 °C two intermetallic compounds exist: 

theta-Ag4Sn and epsilon-Ag3Sn in addition to the 

Ag and Sn solid solutions (alpha). The solubility of 

Sn in the Ag-phase is about 9,4 %. The 
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homogeneity range of Ag4Sn varies with 

temperature. The homogeneity range for Ag3Sn is 

very narrow and Sn has almost no solubility of Ag. 

No intermetallic compounds are found in the Ag-Ni 

binary system [13] and the mutual solubility’s of 

Ag and Ni are negligible in the relevant temperature 

range. 

 

Fig. 2. Ag-Sn Phase Diagram  [14] 

The remaining Sn-flash of the tempered coating is 

very fine grained (Fig. 3); the Ag-layer is totally 

transformed into the Ag3Sn-intermetallic phase. 

This intermetallic layer shows a very smooth 

microstructure (Fig. 4) and is therefore one major 

influencing factor for low insertion forces 

respectively a low coefficient of friction (COF).  

B. Wear Behavior 

The friction characteristic of a surface depends on 

its hardness, chemical composition, roughness, 

contamination etc... The comparison of the 

hardness of several connector coatings and 

intermediate layers show significant differences 

(Fig. 5). Surfaces with low hardness’s like Sn tend 

to wear through onto the base material or 

intermediate layers. If these intermediate layers are 

prone to corrosion the contact resistance will rise in 

addition. The consideration during the development 

stages was that the Ag3Sn-layer is more stable and 

shows a higher conductivity in comparison to Ni as 

an intermediate layer. 

The thickness of this Ag3Sn-layer should be in a 

range where wear through onto the Ni-layer will not 

occur. 

 

 

a 

b 

Fig. 3. a: Surface of the Multilayer coating, b: Micro cross 
section (FIB) showing the layer structure 

 

Fig. 4. Microstructure of the Ag3Sn intermetallic phase layer 

after removing the free tin layer 
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TABLE 1:  Range of surface micro hardness of several 

connector coatings 

 Hardness (N/mm²) 

SnTOP 1 – 3 µm 500 - 700 

Ni/Sn 1 – 3 µm 250 - 300 

Ni/Sn reflow 1 – 2 µm 350 - 500 

Ni/Ag 2 – 3 µm 1200 - 1400 

Multilayer 1500 - 1850 

Ag3Sn 3800 - 4050 

Cu6Sn5 3500 - 4200 

Ni 2500 - 4200 

Sn 220 - 280 

 

During wear operations pure silver coatings show a 

strong trend for cold welding and therefore a high 

COF of > 1. The use of organic surface treatments 

prevent tarnishing, mitigate corrosion at pore sites 

and lowers the COF down to values in the range of 

0.2 - 0.6 (Fig. 5). The presence of silver tarnish 

weakens the adhesive metal-to-metal contact 

interface bonds due to forming a shearable layer. 

The problem is, that after time and temperature 

exposure the organic film remains and the COF 

increases up to 0.9 – 1.2.  

 

Fig. 5. Mean 5th and 50th cycle COF of several coatings in rider-
on-flat wear test, Fn = 5N, s = 3 mm, v = 3 mm/s. 

Pure tin coatings with coating thicknesses > 1-2 µm 

show a COF of about 0.7 depending of the free tin 

amount and the intermetallic phase thickness. The 

evaluated coating layer structure of the 

Multilayercoating shows a COF of 0.3 – 0.5 

depending on contact normal force and sliding 

velocity (Fig. 5+6) without any passivation. The 

free tin flash acts in this sandwich as a metallic 

lubricant. It will be worn through onto the Ag3Sn-

layer within 5 cycles (Fig. 6a); than the wear 

mechanism changes: the hard intermetallic Ag3Sn-

compound is exposed which serves to make the 

partners sliding on a hard layer. The increase of the 

COF and the increase of the contact resistance after 

several cycles of sliding on the hard intermetallic 

correspond with the occurrence of debris – the same 

could be observed when we have the Ag3Sn-

intermetallic as a contact surface in the initial stage 

(Fig. 6b). The decrease of the contact resistance 

after several cycles is due to move out the debris 

from the wear track. A wear through onto the Ni-

layer was not detectable. Similar results could be 

observed during experiments in another context up 

to 200 cycles [15, 16]. 

a 

b 

Fig. 6. Contact resistance and COF of the Multilayercoating on 
CuSn4 in rider-on-flat wear test, Fn = 5N, s = 3 mm, v = 7 mm/s 

in the initial condition (a) and after 265 °C/5 min (b). 

Micro movements in the contact zone due to 

vibration load lead to a strong increase of the 

contact resistance and wear through of Sn-coatings. 

Especially Sn-coatings are prone to fretting 

corrosion. Silver`s high COF have the benefit of 

promoting vibrational stability even in combination 

with a higher contact normal force. Silver itself is 

not susceptible to fretting oxidation but susceptible 

to fretting motion wear [4, 17]. Wear through of the 

Ag-coating onto the Ni-intermediate layer and onto 

the base material occurs, when vibration conditions 

are severe enough and lead to an increase of the 

contact resistance because Ni and Cu are sensitive 

for fretting corrosion. The new Multilayercoating 

shows a more stable contact behavior using low 

normal forces in comparison to Sn (Fig. 7) which is 

comparable to Ag without or evaporated 

passivation [17]. Using low contact normal forces 

the surface pressure is not high enough to remove 

all Sn and Sn-oxide wear debris out of the wear 

track/contact zone. The remaining Sn within the 

Ag3Sn-grains oxidizes, the debris agglomerates and 

will be removed in form of larger particles out of 

the track. When increasing the contact normal 

Buresch 10.4322

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



  
 

forces up to > 2N the contact resistance is constant 

at a level of 5µOhm (Fig. 8) [15]. Here within a few 

cycles all Sn is worn through and removed out of 

the contact zone. No abrasive Sn-oxide particles 

generate additional abrasive wear. 

 

Fig. 7: Contact resistance of Multilayercoating on CuCrTiSi 
during rider-on-flat vibration-test, Fn = 1N, s = 40 µm, f = 10Hz. 

 

Fig. 8. Contact resistance of Multilayer coating on CuCrTiSi 

during rider-on-flat vibration-test, Fn = 2N, s = 40 µm, f = 10Hz 

[15] 

 
VI.      CONCLUSION 

The aim of the present invention, to overcome the 

disadvantages of single Ag- and Sn-coatings and to 

find a costly solution, was achieved. With the 

described Ni-Ag-Sn Multilayer coating a low COF 

is set without wear through onto the Ni-layer or the 

base material. The during a heat treatment formed 

A g 3 S n - i n t e r m e t a l l i c  c o m p o u n d  w i t h  a 

hemispherical microstructure shows a good 

functionality even from contact physical point of 

view and the wear behavior. Higher wear cycles in 

comparison to Sn- and Ag-coatings can be 

confirmed. The vibration behavior is outstanding at 

higher contact normal forces without tota lly 

damaging the coating. This makes it a good 

solution for the increasing requirements  in 

au to mo t i ve -  and  IC - /P CB -  ap p l i ca t io n s . 

Due to the low amount of Ag applied in the 

sandwich-layer for forming the Ag3Sn-intermetallic 

the Multilayercoating should contribute to reduce 

the metal and total cost in comparison to Ag-

coatings. The Multilayercoating can be deposited 

on full strip and even on prestamped parts as a full 

plating or partial plating with a full Ni-under layer 

with/or without Ag-flash. 
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Abstract— Automotive electronics have developed 

significantly in recent years. This trend has increased the number 

of connectors required, has promoted multi-way connectors, and 

has required severe connector reliability. For the development of 

highly reliable automotive connectors, it is important to 

understand the deterioration state of connectors that are actually 

used in vehicles. In this study connectors were collected from 

three vehicles (50,000 km, 100,000 km and 150,000 km mileage) 

and their deterioration state and possible deterioration factors 

were investigated. The results showed that the deterioration of 

terminals progresses in proportion to mileage, but the 

deterioration level was not on the level that leads to insufficient 

reliability. In addition, from the observation results of collected 

terminal surface, the main promoter of deterioration was 

determined to be fretting corrosion. Based on this determination, 

the number of fretting cycles that is equivalent to 100,000 km in 

mileage was estimated by comparing with the fretting wear test 

on the bench. As a result, the number of fretting cycles was 

extremely smaller than expected and its level was sufficient to 

keep the reliability of connectors.  

Keywords— Connector Deterioration; Contact Resistance; 

Vehicle Environment; Weibull Analysis; Fretting Corrosion 

I.  Introduction  
Various electrically controlled systems are used in newer 

vehicles, such as the automated driving system, precise engine 
control, automatic brake system, and automatic doors. This 
trend increases the number of electronic devices mounted in 
the vehicle. The number of wiring harnesses that connect 
electrical devices has been increasing year by year. Thus, 
understanding connector deterioration used in high mileage 
vehicles is important to develop high reliability vehicle 
connectors.  There are a few reports to investigate connector 
degradation in field study.[1-5] In this study, used connectors 
were collected from used vehicles, and investigated for 
deterioration and possible deterioration factors. In addition, 
the investigation results were comparatively evaluated with 
the results of a fretting corrosion test on the laborites in order 
to determine the number of fretting cycles that is equivalent to 
the actual vehicle mileage. The terminal resistance with high 
mileage was also determined. 

II.  Investigation Method and 
Results  

A. Method to investigate collected connectors  

 Three D-segment sedans were selected for collecting 
connectors: one vehicle manufactured in 2006, driven for 7 
years with about 50,000 km, one vehicle manufactured in 
2002, driven for 8 years with 100,000 km in mileage, and a 
vehicle manufactured in 1997, driven for 13 years with 
150,000 km in mileage. All vehicles were the same model 
driven in central Japan. 

 From these vehicles, the wiring harnesses were removed 
with the connectors mated. Table 1 shows the number of 
connectors collected. About 100 connectors were collected. 
The collected connectors were categorized into two categories: 
sealed connectors mainly used in the engine room, and 
unsealed connectors used in the vehicle cabin. Figure 1 shows 
a sample of the wiring harness and the collected connector. 
The collected connectors that were kept mated were used to 
measure terminal resistance with a four-terminal method 
which current is 10 mA. The terminals were all tin-plated for 
medium current application (the maximum 26A) which is the 
most popular type among the connectors collected[5]. The 
terminal resistance was determined by deducting the resistance 
value that corresponds to the wire length from the measured 
value. Thus, the terminal resistance in this study consists of 
contact resistance, crimping resistance and terminal 
conductors resistance. For comparison, the new terminal 
resistance of the same type was also measured. 

 After having measured the terminal resistance, some 
terminals were disassembled and observed at the contact with 
a scanning electron microscope (SEM). The contact force of 
female terminal and crimping resistance  were also measured. 

TABLE I.  NUMBER OF  CONNECTORS COLLECTED 

50,000km 100,000km 150,000km

Sealed Connector

(Engine Room)
29 34 31

Unsealed Connector

(Indoor)
73 67 69

Total 102 101 100  
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Fig. 1 Example of a wiring harness and collected connectors 

 

B. Investigation results of collected connectors 

 Figure 2 shows the results of measured resistance of the 
medium current terminal in sealed connector on each vehicle. 
Figure 3 shows the results of measured resistance of the 
medium current terminal in unsealed connector on each 
vehicle. The highest resistance with sealed connectors was 6.7 
mΩ in 150,000km driven, which does not have an influence 
on connection reliability. The highest resistance with unsealed 
connectors was 7.9 mΩ in 150,000km driven, which also does 
not have an influence on connection reliability. The highest 
resistance terminal in sealed connector was in the ignition 
connector located close to the engine at each vehicle.  Among 
unsealed connectors, the wire-to-wire connector terminal that 
was directly connected to the engine wiring harness showed 
the highest resistance at each vehicle. 

The summary of resistance results in each vehicle are 
shown in table 2. The average values of resistance in sealed 
and unsealed connector increase as mileage driven. 

 

 
a) 50,000km driven sealed connector 

 
b) 100,000km driven sealed connector 

 
c) 150,000km driven sealed connector 

Fig. 2 Resistance of the medium current terminal in sealed 
connector 

 

 
a) 50,000km driven sealed connector 

 

 
b) 100,000km driven sealed connector 

 

 
c) 150,000km driven sealed connector 

Fig. 3 Resistance of the medium current terminal  
in unsealed connector 
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TABLE II.  SUMMARY OF TERMINAL RESISTANCE  

Type 50,000km 100,000km 150,000km

Sealed Ave. 2.5 3.0 3.4

Max. 5.7 4.9 6.7

UnSealed Ave. 2.3 2.4 3.1

Max. 4.3 6.5 7.9  

III. Terminal Deterioration 
Mechanism  

A. Heat effect 

The main deterioration factors of the terminals enumerate 
heat and vibration. Thus, each item was examined. For 
examination of heart effect, a tachometer probe and a 
thermocouple are attached respectively to the connectors on 
the engine, and the temperature was measured while the 
vehicle is driven in the city area and on the highway [1]. 
Figure 4 shows the behavior of connector temperature and 
enginne revolution in city road driven. In the region A which 
the vehicle is idling by red signal at intersection, connector 
temerature raises. As results, the heat effect for connector on 
engine in high way driven, which engine revolutions is high 
and generates higher heat, is smaller than in city driven.  
According from the results of temperature on engine, the 
cumulative thermal load in case of commutation and business 
use is estimated. The case list for cumulative thermal load 
estimation is shown in table 3. And the estimated results are 

shown in table 4. The  6.1 hour of  160℃ in case 3 is too 

small for stress relaxation of copper alloy.  

As these results, the heat effect of connector is too small to 
deteriorate the terminal. The results of resistance and contact 
load of corrected terminals in 100,000 km mileage driven are 
shown in figure 5. Horizontal axis shows the connecter 
number and vertical axis shows the contact load and terminal 
resistance. Regardless of a resistance values, the contact load 
is constant as about 9N, which is almost same as initial value. 
That results also shows the less heat effect for terminal 
deterioration.  
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Fig. 4  Behavior of connector temperature and enginne 
revolution in city road driven 

 

TABLE III.  CASE LIST FOR CUMULATIVE THERMAL LOAD ESTIMATION 

Usage Mileage (km) Frequency Driving Pattern

Case 1.

Commutation
100,000 Week day

40 minute-drive(ca.19km)

→8 hours in park

→40 minute-drive(ca.19km)

→stop

Case 2.

Commutation
200,000 Everyday

  60 minute-drive(ca.27km)

→8 hours in park

 →60 minute-drive(ca.27km)

→stop

Case 3.

Business
240,000 Week day

 ｛20 minute-drive(ca.9km)

→30 minutes in park｝

×5 times  

TABLE IV.  CUMULATIVE THERMAL LOADS FOR 10 YEARS OF SERVICE IN 

JAPANESE AUTOMOBILE [HOUR] 
Heat Load on vehicle conector [Hr]

100 ℃ 120 ℃ 140 ℃ 160 ℃
Case 1 277 52.0 11.3 3.8
Case 2 425 78.6 17.3 5.7
Case 3 490 88.1 18.5 6.1  
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Fig. 5  The terminal resistance and contact load of 
corrected terminals in 100,000km driven sealed connector 

 

B. Vibration effect 

Next, the vibration effect was examined. As results of 
terminal resistance investigation, the higher resistance 
connector and the lower resistance connector were chosen for 
the acceleration measurement in the city driven[2]. Fig.6 
shows the locations of acceleration sensor in each connector, 
Fig.7 shows the results of actual value acceleration in each 
direction of connector. The results show that the acceleration 
speed of the connector that is high in contact resistance was 
three times higher than the connector with low contact 
resistance. The main difference of these two connectors is the 
wiring length due to the clamp used in different positions. 
Based on these observations, the vibration of wiring harnesses 
is considered to be an important factor in terminal 
deterioration. 

    The terminal resistance in this study consists of contact 
resistance, crimping resistance and terminal conductors 
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resistance. Thus, the crimping resistance were measured. 
Table 4 shows the resistance measured each crimped 
connection of middle current series terminals in 150,000km 
driven: the terminal indicating a high resistance, the terminal 
indicating a medium resistance, and a new terminal. As results, 
the increase of resistance at the crimped connections is small, 
thus, contact resistance mainly increased in deteriorated  
terminal. 

To determine the cause of deterioration, the observations 
of contact were performed. Fig.8 shows the surface images of 
terminals scanned by the scanning electron microscope (SEM) 
[5]. The terminals investigated were corrected in the injection 
connector used in the vehicle with 100,000km mileage: a 
terminal that showed the highest terminal resistance (4.86mΩ) 
and a terminal that showed a low resistance value (1.43mΩ). 
According to the surface scanning observation, the sample 
with higher terminal resistance had a rough surface and 
fretting corrosion was observed. On the contrary the sample 
with lower terminal resistance had a smooth contact surface, 
and a little wear debris was produced. These results infer that 
the degradation of terminal resistance is caused mainly by 
fretting corrosion.   

According to the investigation of heat, vibration , contact 
load, crimping resistance and observation of contact, the main 
terminal deterioration is the fretting corrosion caused by wire-
harness vibration.  

Acceleration 
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Curved 

section
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Acceleration 
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Fixed Clamp
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Side of Driver  SeatSide of Passenger  Seat

 

Fig. 6  The installation position of the accelerometer 
sensors 
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Fig. 7  Acceleration results of each connector 

TABLE V.   RESULTS OF CRIMPING RESISTANCE  

150,000Km　Terminal
New　Terminal (A) (B)

Terminal Resisitance　（mΩ ） 1.5 3.1 7.9
Resistance of Crimping　（mΩ ） 0.83 1.0 1.5

A) Average Resistance Terminal B) Highest　Resistance Terminal  

 

 
Female terminal      Male terminal 

a) High resistance terminal（4.86 mΩ） 

 
Female terminal           Male terminal 

b) Low resistance terminal（1.43 mΩ） 

Fig.8 Surface images of terminals scanned by the scanning 
electron microscope 

IV. Resistance Behavior with 
mileage by Statistical Weibull 

Analysis  

A.  Probability calculation of high terminal resistance with 

Weibull analysis 

According to the investigation of terminal with the 

vehicles at 50,000 km to 150,000km mileage, some terminals 

suffered deterioration due to wear and the resistance value 

does not influence on connection reliability problem. The 

probability of the terminal being high in resistance was 

estimated with the Weibull analysis.  

The Weibull distribution function is shown as the formula 

(1) [6,7] 
































 mm

ttm
tf


exp)(

1

  (1) 

Here, t is the resistance value, f(t) is the probability lower 
than t, η is a scale parameter, and m is a geometry parameter. 
The parameter determine procedure was as follows: The value 
of cumulative probability distribution was calculated based on 
the histogram representing the measured resistance value by 
terminal size. The geometry parameter (η) and scale parameter 
(m) of the Weibull distribution function were adjusted, in such 
a way that the difference between the cumulative probability 
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distribution and the calculated results would be the minimum. 
Fig.9 shows the sample of results. The values η and m could 
be calculated with respect to each terminal series, and the 
probable number of terminals out of 100 million terminals pt 
at respective resistance values was calculated with the 
formula(2).  

   0100,000,00-1  tfp
t

                     (2) 

Table 5 shows the calculation results. The mileage is 
longer, the probable number of terminals increase in both 
sealed and unsealed connector. The comparing sealed type 
with unsealed type, probable number of sealed type is more 
than that of unsealed type. Because the vibration effect of 
sealed connector is assumed severe than that of unsealed 
connector.  These results show that no single terminal out of 
100 million terminals is 10mΩ or higher in resistance at 
50,000km and 100,000km mileage, resulting in quite low 
probability.  Thus, the contact reliability of connector  is kept 
during 100,000km driven.  
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a) Sealed connector at 50,000km mileages 
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b) Unsealed connector at 50,000km mileages 
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c) Sealed connector at 100,000km mileages 
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d) Unsealed connector at 100,000km mileages 

Fig. 9 Analysis results of middle current terminal 

 

 

TABLE VI.  RESISTANCE VALUE PROBABLE OUT OF 100 MILLION 

TERMINALS 

 

Appearance Number (Middler Current)

Resistance

(mΩ)
50,000km 100,000km 50,000km 100,000km

6.0 263 304 1,086 2,788

6.5 9 17 55 100

7.0 0 1 2 2

7.5 0 0 0 0

8.0 0 0 0 0

8.5 0 0 0 0

9.0 0 0 0 0

9.5 0 0 0 0

10.0 0 0 0 0

 SealedUnsealed

 
  

B.  Estimation of resistance with the vehicle with 200,000 
km mileage 

In this investigation, the relation of terminal resistance 

values at 500,000km, 100,000km and 150,000km mileage was 

clarified. Therefore, the terminal resistance of the connector at 

200,000km mileage was tried to be estimated. The exponential 

approximate formula (3) was used for the estimation.  
Bx

ave AeR         (3) 

Here, Rave indicates the average terminal resistance value, x 

indicates mileage, and A and B show constant numbers. Fig.10 
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shows estimated results gained with the least squares method. 

The terminal resistance of the new middle current series 

connectors at the initial stage was the same 1.5mΩ in both 

sealed and unsealed connecter, but the tendency was different 

according to the results. The estimation result at 200,000km 

mileage with the sealed connector is 4.5mΩ, about 20% worse 

than that of the unsealed connector that is 3.8mΩ. The reason 

is the environment of sealed connectors is more severe than 

that of unsealed connectors. The increase in resistance the 

middle current series sealed connector is about 3 times as high 

as the initial resistance.  
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Fig.10 Trend of Average Resistance depended on mileage 

 
 

V. Summary 
Tin plated Terminal resistance for middle current was measured 

to investigate the deterioration behavior of automotive connectors 

used in long driven vehicles. In this investigation, connectors used in 

three vehicles driven 50,000km to 150,000km in Japan, were 

collected. The investigation results are the following: 

1. The longer the mileage is, the higher terminal resistance 

value is. However these resistances are not a value that influences 

on connection reliability.  

2. In search of heat effect and vibration effect, the vibration is 

effected to deteriorate the connector. Deterioration due to fretting 

corrosion by vibration of wire-harness is the main cause of higher 

terminal resistance values. The resistance at crimped connection is 

stable as low value. Contact load of female terminal is also kept as 

initial value. 

3.     The probable number of terminal is estimated by Weibull 

distribution analysis. As results, the contact reliability of connectors 

is kept during 100,000km driven. The comparing sealed type with 

unsealed type, probable number of sealed type is more than that of 

unsealed type. Because the vibration effect of sealed connector is 

assumed severe than that of unsealed connector. The failure 

analysis estimated that the average resistance value of the 

connector used in the vehicle with 200,000km mileage is about 

three times as high as the initial resistance value.  
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Abstract—It is difficult to obtain the failure data of high-
reliability and long-lifetime aerospace electromagnetic relay, 
even if based on the traditional accelerated storage life testing 
method. Aiming at this issue Based on the reliability test 
technique, the scheme of accelerated degradation testing for 
aerospace relay was designed. The test system of aerospace 
electromagnetic relay storage parameters under temperature-
accelerated stress was designed and developed. Taking a certain 
aerospace electromagnetic relay as the research object, the 
accelerated storage degradation testing (ASDT) was carried out. 
The most past research on storage reliability of relay only 
focuses on the measurement of relay contact resistance. And, the 
relay time parameters (closing time, opening time, overtravel 
time, rebound duration time.) which reflect main performance 
function was not monitored. So, in this paper the relay time 
parameters and relay contact resistance were detected 
simultaneously. The test system of relay storage parameters 
could be implemented the function that the contact resistances 
and time parameters of 40 aerospace relays under several 
temperatures were monitored automatically at the same time. 
And, the test system transmitted the test data to the host 
computer for processing. According to the analysis 
on experiment results of contact resistance, relay time 
parameters, the degradation phenomena and degradation 
mechanism of aerospace electromagnetic relay in long-term 
storage are investigated. These studies provide the basis and 
reference for latter aerospace electromagnetic relay storage life 
prediction and using the method of prognostics and health 
management. 

Keywords- storage reliability; accelerated degradation testing; 
electromagnetic relay; contact resistance; time parameters; 

I. Introduction	
Aerospace electromagnetic relay is widely used in 

aerospace field. Its life and reliability impacts normal 
operation of the entire system directly. The product is 
generally including task, storage, transportation and work 
status through the whole life cycle. Like the product such as 
aerospace relay whose storage time is much longer than the 
working hours. So, the study of aerospace relay storage 
reliability has the profound meaning.  

 Contact is the most important and easy to corrosion damage 
parts of aerospace relay. In the storage process, contact failure 
rate accounting for 75% of the total number. Therefore, the 
analysis of aerospace relay contacts storage function 
degradation processes, which brings the important and 
practical significance to improve the manufacturing process, 
designing and improving the product storage reliability. 

Since no or few failures occur during accelerated life testing 
for aerospace relays, which is highly reliable and  long-lifetime, 
it is difficult to assess reliability with traditional life test 
methods in a short period of time [1]. For this reason, 
advanced accelerated testing method need to be studied for 
aerospace relays storage reliability with low cost and short 
time. In recent years, the new testing method of accelerated 
test based on parameter degradation has been used widely, and 
this test method has the advantage of shorter test time, larger 
amount of reliability information than traditional accelerated 
life test [2-3].  

In the last 60 years there has been significant work for 
dynamic contact failure mechanism in work condition [4-5], 
arc erosion effect [6] and better performance contact materials 
[7] individually. The physical reasons causing material transfer 
and contact welding in DC switching contacts have been 
presented in numerous papers. But the research on relay 
contact failure under the storage condition is few. Some 
scholars have made some researches on the physical and 
chemical characteristics of the corrosion insulation film 
between the contacts, and indicate that the corrosion film is 
caused by the diffusion inside or near the contact region of the 
surface [8-10]. The literature [11] has made some research on 
contact surface film of sealed relay, and has pointed that the 
main factors affecting the contact surface film growth are rosin, 
vacuum sealant and ZnCl2. 

Traditional analysis on the mechanism of relay contact 
failure is based on monitoring the contact resistance and 
observing the contact surface with the naked eye or using the 
devices such as optical microscope or scanning electron 
microscopy (SEM) [12].Using this method, one can obtain 
intuitive, comprehensive contact failure information, but 
shucking the sealed relays is time-consuming, laborious, and 

WANG 11.1331

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



sometimes even inoperable. The contact failure method based 
on dynamic contact resistance measurement has realized 
online monitoring and failure prediction of the contact failure 
[13], but its generality is insufficient. Modeling of contact 
erosion is also a means of contact failure analysis [14]. But 
because of the impact of contact material, structural parameters 
and environmental factors, as well as the complexity of contact 
erosion mechanism itself, there is a large difficulty to establish 
a precise mathematical model. 

In this study an accelerated storage degradation testing of 40 
aerospace relays is carried out. Contact resistance, closing 
time, opening time, overtravel time, rebound duration time 
were recorded explicitly during relay accelerated storage 
degradation test. The test system is designed. This system 
could measure the above parameters automatically. 
Preliminary analysis is carried out on the variation of related 
characteristic parameters during the accelerated test procedure. 
It provides a basis for further researches on storage life 
prediction and health management of aerospace relay. 

II. Performance	Degradation	
Mechanism	of	Aerospace	Relays		
Aerospace relay is one of the most important 

electromechanical components in weaponry equipments. The 
structural schematic of a certain aerospace relay is shown in 
figure 1. This relay is a kind of common switch-type contact 
relay (one movable contact and two static contacts). The 
closing process was that when the coil was energized, the 
armature was moved by electromagnetic force, and the pusher 
arm pushed moveable spring moving until N.O. contact closed. 
And, the opening process was that when the electromagnetic 
system was power off, movable contact returned by 
mechanical spring force until N.C. contact closed. 

 

Normal close spring

 NC contact
 

NO contact 
Movable spring 

Normal open spring
 

Leading-out rod
Pusher arm

 Reaction  springArmature

Pusher 
arm

Coil
Iron core

Yoke

a) Contact system b) Electromagnetic system 

Figure 1 Schematic structure of aerospace electromagnetic relay

Storage environment of aerospace relay is complex, and the 
storage time is long. with the long time effect of temperature, 
humidity and corrosion, different kinds of stress will change, 
then the relevant characteristic parameters of aerospace relay 
will degenerate, when the relay cannot achieve the function of 
closing and opening, failure happened. Because of the small 
volume and tight structure feature of aerospace, the parts 
manufacture and assembly may has dispersion feature, the 
unity of products might be low, Hence, the random 
degeneration may happen during the storage process with 
variety failure mode and failure mechanism. Takano built the 
micro-contact model with metal contact, and the model 
analyzed the grown process of corrosion film in contacts [15]. 

On the ingress of surface films have found that film 
formation is related by diffusion either in the surface film or in 

the near surface region of metal [15].An oxide ring or 
corrosion surrounding a discrete metal-to-metal a-spot is 
shown in figure 2. The ions were oxidized at the a-spot. The 
ions (O2-, Cl-, S2- etc.) diffuse from the out ring surface to 
interior ring surface through the surface film ring. The area of 
surface film growth will occur at the interior interface between 
the metal and the corrosion film. As the diffusion and 
oxidation reaction occurs, the growth of surface film into the 
contact area proceeds inward until the corrosion film covers 
the entire contact area.  

Figure 2 Schematic ingress inward of surface corrosion film in contact

The N.C. static contact morphologies of certain relay before 
and after long term storage are shown in figure 3. 

a) Initial N.C.static contact b) After long term storage 
Figure 3 N.C. static contact morphology of electromagnetic relay

According to Holm electrical contact theory, because of the 
tunneling effect, the thickness of the oxide film increases, and 
tunnel resistivity increases eventually this leads to the growth 
of contact resistance. The electrical contact performance of the 
gold-plated layer is wrecked. As a result, the contact 
performance of aerospace relays fails. It is an irreversible and 
irretrievable process when the change of the contact material is 
due to environmental factors. The relationship between film 
depth and tunnel resistivity is linear: 

σ=ηL (1)

Where η is the proportionality coefficient; L is the depth of 
the film; σ is the tunnel resistivity. The film resistance can be 
expressed as Rf=σ/A, so the increment of contact resistance is: 

Rt=η（L-L0）/A (2)

Where L0 is the initial film thickness; A is the actual 
contact area of contacts. The main reason of aerospace relay 
contact performance degradation in long term storage is the 
accumulation of oxide film on surface. Therefore, one can 
evaluate the contact performance degradation with the velocity 
increment of surface oxide indirectly. Accelerated Degradation 
Testing Methods 

A.  Accelerated Degradation Testing 

Degradation is a physical or chemical process which causes 
the deterioration of the internal properties or states of the 
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material under environmental stresses. The changing process 
will lead to product damage after a period of accumulation, 
which is represented by the changes of product parameters. 
And the products will fail when the parameters reach certain 
order. One can accelerate the degradation by applying higher 
stresses (e.g., electrical stress, temperature stress, etc) which is 
called accelerated stress [16]. The accelerated degradation test 
is an alternative to accelerated life testing which counts the 
time to failure. For the highly reliable and long-lifetime 
products that experience degradation of their performance, 
monitoring such degradation with time becomes a more 
efficient approach to estimate reliability than observing the 
actual failure time which might not occur during the test time. 
Namely, accelerated degradation testing method is used when 
no failure or few failures are expected at normal testing 
conditions or even at accelerated life testing conditions. A 
primary advantage of accelerated degradation test is that 
multiple degradation measurements can be recorded on each 
test processing. Compared to traditional accelerated life testing, 
this method yields plenty more reliability data.  As a result，
accelerated degradation testing method is suitable for high 
reliable products. From the standpoint of testing operability 
and product evaluation, the accelerated degradation sample 
should meet the following requirements. Firstly, performance 
degradation must be irreversible. Secondly, performance 
degradation can be accelerated. And, from the reliability pre-
research test, accelerated storage testing based on parameter 
degradation for aerospace relay is feasible. 

B. Procedure of Aerospace Relay Accelerated Storage 
Degradation Testing  

The basic principle of constant stress accelerated 
degradation test is to separate the same batch of test items to 
different group, make acceleration test under a constant stress 
standard, there is a relationship between the product function 
degeneration and stress, function degeneration would be 
obviously degenerated under higher stress, then figure out the 
life of the products under normal stress from the performance 
degradation trace of accelerated degradation test. 

Aerospace relay is electromechanical elements that the 
structure is very complex. It will be influenced by many 
factors .In the period of storage, and its failure mechanism is 
complex. It is better to put multiple stresses than to put single 
environmental stress, multiple stresses may reflect the real 
environment, show more limitation of the product. But we 
must realize that to put multiple stresses will make the 
experiment more difficult, even bring more interference. These 
limitations maybe lead to some unexpected results: the data get 
from experiment may not be dealt. Reference [1] pointed out 
that the temperature factor is the main influencing factor 
causing relay failure. Temperature will accelerate physical and 
chemistry changes process of relay, thus accelerated failure 
time. So this paper selects the temperature as main accelerated 
stress, and studies the storage reliability of aerospace relay 
using the method of constant stress accelerated storage 
degradation test. The characteristics of storage test are time-
consuming, slow degradation. This paper divides 40 airspace 
relay into four groups averagely and put them in 4 temperature 

test chambers. The performance degradation parameters are 
tested and analyzed regularly. 

The performance degradation parameters should be able to 
reflect the aerospace relay storage life, the changes of 
reliability and have clear physical meanings; in addition they 
should be measured easily. The performance degradation 
parameters should have obvious degradation trend, as the 
accelerated storage life test went on. In order to gain the 
contact reliability information and contact states as much as 
possible in contacts storage test, aside from contact resistance 
this paper also test and analysis time parameters: Closing time, 
Opening time, Overtravel time, and Rebound duration time. 

 Considering the accelerated ability of performance and 
reliability pre-research test, we determine the lowest stress and 
the highest stress were 80℃ and 170℃ respectively. In order 
to make the middle stresses scattered as far as possible, we can 
choose middle stresses as follows: 

1 2 1 1

1 1 1 1 1 1
( ) ( 1)

k k k

k
T T T T T T

        
 

(3)

When k = 4, therefore, one can get the middle stress are 
106℃ and 135℃. The test conditions are as tabled below: 

TABLE I.  TEST CONDITIONS OF RELAY ACCELERATED STORAGE 
DEGRADATION TEST 

Temperature stress 80℃, 106℃, 135℃, 170℃ 
Number of samples 10 relays / temperature 

Test frequency 2 days 
Current 10mA 

parameters test condition Samples were cooled to room 
temperature in 2 hours until testing. 

 

The major structures and physical map of the relay ASDT 
test system are shown in figure 4.This system can monitor 
relay contact resistances and time parameters of 40 aerospace 
relays by turns under different temperatures and transmit the 
test data to the host computer for processing.  
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a) Major structures of relay testing system 
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b) Physical map of relay testing system 

Figure 4 Major structures and physical map of relay ASDT testing system 

III. Experimental	Results	and	
Discussion	

A. Degradation of Contact Resistance 

The contact resistance is an important indicator to measure 
the relay performance. The variations of the average contact 
resistance of total 40 relays under 4 temperature-accelerated 
stresses are shown in figure 5, during near 2700 hours 
accelerated storage testing process. It is not difficult to find 
that in the period the contact resistance is mostly concentrated 
in 8mΩ~22mΩ. Contact resistance is increasing at each 
temperature. The temperature promotes the degradation of 
contact resistance. When the temperature-accelerated stress is 
higher, the rate of contact resistance growth is faster, and the 
value is also greater. 
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Figure 5 Variations of average contact resistances with different temperatures 

The variation of contact resistance reflects the cumulative 
degradation of the contact during relay's accelerated storage 
period to some extent. The surface of contact will appear the 
surface oxide film growth and accumulation as the storage 
time prolongs, the corrosion growth directly reflects the 
degradation of the relay contact. The contact material of test 
aerospace relay is Ag-based coated with a thin layer of gold. 
The gold plating is very thin which is about 1.8μm.  

In order to further explore the reason of contact resistance 
increasing, the relay hermetic shell was open and contacts 
were analyzed by SEM. Wearing will appear between the 
surface coating of N.C. contact and moving contact in 
mechanical aging process and assembly process like that 
shown in figure 6. And these wearing areas are the parts which 
are severe corrosion in long storage accelerated test.  

worn corrosion 
area

worn corrosion  
area

50× magnified  N.C. contact 50× magnified  moving contact 
Figure 6 Contact morphology of  test relay

Observe surface wear and corrosion area by SEM and EDS, 
in the high magnification, the elements gold, oxygen and base 
metal Ag were detected, as shown in figure 7. That is the silver 
oxide form on the contact surface.  

O

Au

Ag

 
Figure 7  2000× magnified SEM image of  contact surface after test 

The gold plating where could be some micro cracks, pores 
and some impurities which are ineluctable in gilding process. 
When the problem of relay sealability occurs, moisture, 
oxygen or corrosive gas in the atmosphere can get through the 
micro cracks, pores and reach the base metal Ag by 
microscopic capillary action. They deposit and become 
electrolyte. There is a potential difference between gold and 
silver. So a primary cell is formed between gold plating and 
base metal silver. And there will be an oxidation-reduction 
reaction here. The growth rate of silver oxide depends on its 
state of perturbed lattice. What’s more, Ag+ has high chemical 
activity. Therefore, the diffusion velocity of Ag+ in solid oxide 
far outpaces the diffusion velocity of O2-, and tends to diffuse 
around the surface of oxide-gas phase. In other words, the 
diffusion velocity of Ag+ from the interface of Ag-Au to the 
surface of the coating is faster than the diffusion velocity of 
H2O and oxygen. So, the electrochemical reduction reaction 
will set off on the surface of gold plating, namely the surface 
of relay contacts.  That is, the film with high electric resistivity 
formed at contacts. 

The SEM image of the cross section of contact is shown in 
figure 8. From this figure, the thickness of film on the contact 
surface, metal coating, and metal matrix could be identified. 
This figure indicated that the oxide corrosion film layer is 
formatted on the contact surface. And this film is high 
resistivity, it is the main reason why the contact resistance 
increasing. 

 

Figure 8 SEM image of the cross section for the relay contact 
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 From the literature [17], the diffusion rate of corrosion film 
on the contact surface is positively correlated with ambient 
temperature. Temperature is the most major environmental 
factor in affecting storage reliability of electromechanical 
components, and when the ambient temperature is higher, the 
growth of oxides is faster, so different temperature stress will 
cause different increasing trend of contact resistance. 

B. Degradation of Time Parameters 

1) Closing time： 
The figure 9 shows the variation of the closing time’s mean 

value. We can see that the closing time value descend 
obviously from 3400μs down to 3180μs. 
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Figure 9 Variations of average closing time 

Closing time generally including armature actuation time, 
break time, free travel time, and all of the change of these 
components will have impact on it. 

During the closing process, armature actuation time 
occupies much time in closing time. And relay armature 
actuation time is mainly influenced by electromagnetic force, 
reaction force and contact travel. By measuring the coil 
resistances before and after the test, we found the value of coli 
resistance has very small change. So, it indicated that the 
electromagnetic force is basically unchanged. The corrosion 
film appears between contacts is very thin and can be 
neglected, we assume contact travel constant. Hence, closing 
time is merely about reaction force. The stress of reaction 
spring’s bending angle may release and thus cause reaction 
spring pre-pressure decreases during accelerated storage test. 
This makes armature actuation time decrease, so it has mainly 
impact on the closing time. Of course, there may be some 
exceptions. Such as N.C. contact may appear cold viscosity 
during the test, which will lead to the longer armature 
actuation time. 

2) Opening time： 
Opening time is the time from the power-off of 

electromagnetic system to the first contact of movable contacts 
and N.C. contact. During the release process, only the reaction 
force spring acts on the armature. Opening time includes initial 
release time, N.O. contact break time and free travel time. 

The opening time is generally related to the contact gap, the 
contact surface structure and the spring rate. Figure 10 shows 
the variation situation of opening time’s mean value.  
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Figure 10 Variations of average opening time

The fluctuation range of opening time curve was higher, and 
the degradation trend was not obvious. There are two 
possibilities, opening time would either be not a storage 
degradation sensitive parameter, or the duration of the test 
would be not long enough. 

3) Overtravel time： 
Overtravel time is the time from the first contact of movable 

contacts and N.O. contact to full pick-up of the armature. From 
figure 11, along with the test time increasing, the overtravel 
time becomes longer, and the mean value increase from 100μs 
to 160μs.  

The overtravel time is mainly influenced by overtravel and 
closing velocity. The corrosion film appears between contacts 
is very thin, we assume contact gap constant. The deformation 
of reaction spring decrease for stress relaxation, it results in 
initial spring force smaller. From the do work perspective, the 
drop of initial reaction force results in the decrease value of 
reaction force power reduction is smaller than electromagnetic 
force power drop, thus causing closing velocity drop. So, 
when contacts gap constant, overtravel time increasing 
gradually. 
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Figure 11 Variations of average overtravel time

4) Rebound duration time 
By means of analyzing the voltage waveform, it can be 

detected whether the rebound exits. The rebound duration time 
generally includes normal open contact’s closing rebound and 
normal closed contact’s opening rebound during closing 
process; normal closed contact’s closing rebound during 
opening process. The following figure shows typical contact 
voltage waveform of these rebound forms.  
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Figure 12 Typical contact voltage waveforms of each contact rebound type 

Figure 12 shows that during closing process, normal open 
contact’s closing rebound duration time is small, it is because 
during closing process collision reaction force is offered by 
resultant force of electromagnetic force and magnetic force, 
and the resultant force is much bigger than collision reaction 
force only offered by electromagnetic force during opening 
process. And during opening process, the normal closed 
contact’s closing rebound duration time is big, mainly caused 
by collision of armature and pusher arm. 
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Figure 13Variations of average closing rebound duration time

Figure 13 shows the variation of rebound duration time 
during accelerated storage testing, it indicates that closing 
rebound duration time has the trend of decreasing. The 
rebound duration time is mainly influenced by contacts gap 
and closing velocity. The same as preceding text analysis of 
overtravel time’s change reason, the collision speed of 
contacts became diminish by reaction spring stress relaxation. 
On the other side, overtravel enhance the buffering of 
contact’s rebound, finally the rebound duration time value 
becomes smaller. 

IV. Conclusion	
This paper has made research on accelerated storage 

degradation testing for aerospace relay under temperature 
stress. The degradation of contact resistance and time 
parameters is analyzed preliminary. The testing system of 
aerospace electromagnetic relay storage parameters under 
temperature-accelerated stress was designed and developed 
which could be implemented the function that the contact 
resistances and time parameters were monitored automatically 
and simultaneously. The contact failure mechanism of 
aerospace relay in long-term storage is investigated. From a 

series of consequences of  previous testing, which leads to the 
following results： 
1） Contact resistance has shown increasing trend along with 

time under each different temperature stresses, and higher 
temperature stress will lead to faster increase rate of the 
contact resistance. Through the statistical analysis, it is 
found that contact resistance basically obeys the log-
normal distribution, and the distribution parameters are 
estimated; 

2） In the accelerated storage degradation test, time 
parameters have shown the trend of changes obviously. 
Closing time and rebound duration time have reduced 
trend. Overtravel time has increased trend. And the 
change reasons of the time parameters have been 
analyzed.  

However, more work is required to identify the contact 
storage failure mechanism and the competition relation among 
failure mechanisms. Along with the test to continue, more 
experimental data will be acquired, test data mining methods 
and latter aerospace relay storage life prediction are being 
performed, and it will be published in the future. 
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Abstract—Both increases in contact opening speeds and 

application of external magnetic field are believed to be effective 

for realizing reductions in break arc durations.  In this paper, 

AgSnO2 contact pairs were operated in a DC inductive circuit 

(L=10mH) with 1 to 20 A at 14V under different contact opening 

speeds of 1mm/s and 200mm/s and with or without magnetic field 

application of 100mT, and break arc durations were measured.  

As a result, both increased contact opening speed and applied 

external magnetic field surely caused certain shortenings of 

break arcs.  However, each of them seems to exhibit different 

influences on metallic phases and gaseous phases, respectively. 

Keywords—contact opening speed; magnetic field; break arc; 

AgSnO2; metallic phase; gaseous phase 

I.  INTRODUCTION 

Shortenings of break arc durations are very important and 
serious problems to be achieved in order to realize better 
reliabilities and longer lifetime of electrical contacts, and 
various researches have been done for that purpose.  One of 
such research topics is application of external magnetic fields 
(studied in many papers such as in [1]), and another is 
increases in contact opening speeds (see for example in [2]). 

Although they become familiar techniques, several aspects 
of their effects seem to remain unclear.  For example, with 
respect to external magnetic field application, it takes a certain 
period of time (in other words, there exists a certain delay time) 
for arcs to become sensitive to the applied magnetic field 
during each break operation [3].  With respect to influences of 
contact opening speeds, the authors reported that faster contact 
opening speeds may not simply lead to reduced break arc 
durations, but rather, more complicated tendencies may be 
found [4-7].  Specifically, with slower and faster speed levels, 
the arc shortening tendencies became less significant.  Even in 
the middle speed range, the average total break arc durations 
were not in inverse proportion to the contact opening speeds.  
However, metallic phase durations were found to show almost 
inversely proportional relationships with the contact opening 
speeds under certain operating conditions.  Thus, contact 

opening speeds are more likely to exhibit clear influences 
mainly on metallic phases of break arc discharges [7]. 

Therefore, further systematic studies will be required in 
order to achieve thorough understandings about influences of 
magnetic field application and increased contact opening 
speeds on break arc behaviors. 

In this paper, as the first step of such a study, AgSnO2 
contact pairs were operated in a DC inductive circuit 
(L=10mH) with 1 to 20 A at 14V under different contact 
opening speeds of 1mm/s and 200mm/s and with or without 
magnetic field application of 100mT, and break arc durations 
were measured.  As a result, both increased contact opening 
speed and applied external magnetic field surely caused certain 
shortenings of break arcs.  However, each of them seems to 
exhibit different influences on metallic phases and gaseous 
phases, respectively. 

II. EXPERIMENTAL APPARATUS AND PROCEDURES 

A switching mechanism employed in this study includes a 
motorized stage driven by an AC servo motor.  The motorized 
stage is placed onto a metal plate on which one electrode of a 
contact pair is also fixed, as a stationary electrode, via a certain 
frame structure.  Another electrode is attached onto the 
motorized stage as a movable electrode.  Switching operations 
of the contact pair can be realized via movements of the 
motorized stage by controlling the AC servo motor through 
instructions from a PC program.  Contact opening speeds were 
thus changed and adjusted through inputs onto the PC program. 

By placing one piece of neodymium magnet near the 
contact gap, application of external magnet field was realized.  
An intensity of the magnetic field at the contact gap was 
adjusted by changing a distance to the magnet piece. 

Pairs of AgSnO2 contacts (Ag88%-SnO212% with no 
additives, prepared by internal oxidation) were employed.  
Both stationary and movable electrodes were of solid rivet-type 
with a head thickness of about 1mm.  The head of the 
stationary electrode was attached onto a metal plate, while the 
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head of the movable electrode was attached onto a spring plate 
made of phosphor bronze. 

Before the test, the surfaces of both electrodes were 
polished with #1000 sandpaper and wiped with methyl alcohol.  
The contact pair was then mounted onto the switching 
mechanism with the movable electrode as the cathode and the 
stationary electrode as the anode.  At the closed position, the 
movable cathode electrode pushed the stationary anode 
electrode, thereby resulting in slight bending of the electrode 
assembly arm due to its elasticity, which may also cause some 
wiping between the electrode surfaces as will be happening in 
actual commercially-available relays. 

In this study, a DC inductive load circuit was employed.  
This circuit included an inductive component of about 10mH.  
Due to such a relatively large intentional inductive component, 
influences of unregulated inductive components in the circuit 
(e.g., stray inductance components due to wirings) were 
mitigated.  No specific control for the load current flow was 
employed during the switching operations and thus both break 
and make discharges were actually occurred.  Only break arc 
discharges were investigated in this study. 

Table 1 shows experimental conditions employed in this 
study. 

TABLE I.  EXPERIMENTAL CONDITIONS. 

 

Measurement procedures were as follows.  After a new test 
contact pair was mounted onto the switching mechanism, it 
was operated switching operations under the first test condition.  
Certain numbers of voltage waveforms across the separating 
contacts upon each contact break (i.e., voltage waveforms of 
break arc discharges) were automatically recorded with a 
digital storage-scope (YOKOGAWA DL1620).  Then, the test 
contact pair was removed from the switching mechanism, and 
the surface treatment was done.  Thereafter, the test contact 
pair was re-mounted onto the switching mechanism, and the 
switching operations and recording of the break arc voltage 
waveforms were performed under the next test condition. 

After the switching operations, the total of 20 arc voltage 
waveforms were examined for each of the test conditions (i.e., 
each load current level and each contact opening speed with or 
without application of external magnetic field of 100mT), and 
break arc durations were manually measured from the 
respective arc voltage waveforms. 

III. EXPERIMENTAL RESULTS 

Fig.1 shows relationships between the average break arc 
duration characteristics and the load currents with or without 
the applied magnetic field at the respective contact opening 
speeds of 1mm/s in Fig.1(a) and of 200mm/s in Fig.1(b).  Each 
plot indicates the average value of the corresponding 20 
measured break arc duration data. 

 

 

 

 

 

 

 

(a) at contact opening speed of 1mm/s 

 

 

 

 

 

 

(b) at contact opening speed of 200mm/s 

Fig. 1. Break arc duration characteristics at the respective contact opening 

speed levels. 

 

 

 

 

 

 

 

(a) without external magnetic field 

 

 

 

 

 

 

(b) with the external magnetic field of 100mT 

Fig. 2. Break arc duration characteristics with or without application of the 

external magnetic field of 100mT. 

Contact material Ag(88%)-SnO2(12%) 

Load circuit DC inductive (L=10mH) 

Load conditions 14V - 1A to 20A 

Ambient environment laboratory air (no control) 

Opening speed 1 mm/s and  200  mm/s 

Magnetic field 100 mT 

Contact gap 1 mm 
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At the contact opening speed of 1mm/s, application of the 
external magnetic field of 100mT realizes overall shortenings 
of the average break arc durations.  At the faster opening speed 
of 200mm/s, certain shortening effects can be recognized at 
larger load current levels.  More significant aspect, however, is 
great reductions in break arc durations with an increase in the 
contact opening speeds from 1mm/s to 200mm/s. 

 

 

 

 

 

 

 

(a) without external magnetic field 

 

 

 

 

 

 

 

(b) with the external magnetic field of 100mT 

Fig. 3. Relationships between the average break arc durations and the contact 

opening speed levels. 

 

 

 

 

 

 

(a) at contact opening speed of 1mm/s 

 

 

 

 

 

 

 

(b) at contact opening speed of 200mm/s 

Fig. 4. Relationships between the average break arc durations and application 

of the external magnetic field. 

In order to see influences of the contact opening speeds on 
the break arc durations, the same results in Fig.1 are re-plotted 
in terms of with or without the applied magnetic field in Fig.2. 
Irrespective of without (Fig.2(a)) or with (Fig.2(b)) application 
of the external magnetic field, the increased contact opening 
speed clearly realized significant reductions in the average 
break arc durations. 

It should be noted, however, that from comparison between 
Fig.2(a) and Fig.2(b), influences of application of the external 
magnetic fields on the break arc durations seem less significant 
than those of increases in the contact opening speeds in the data 
shown here.  Such tendencies can be further recognized in 
Fig.3 and Fig.4, in which the same data are further re-plotted in 
different manners.  Specifically, in Fig.3, relationships between 
the average break arc durations and the contact opening speeds 
are shown, while in Fig.4, relationships between the average 
break arc durations and application of the external magnetic 
field. 

IV. DISCUSSIONS 

As shown in the previous section, both increased contact 
opening speed and applied external magnetic field have certain 
effects of shortenings of break arc durations, but not in simple 
manners.  For the purposes of further understanding the 
phenomena, influences of these two aspects on metallic phase 
durations and gaseous phase durations were studied. 

Specifically, in each of the analyzed voltage waveforms of 
break arc discharges, a metallic phase was determined as a 
period from the beginning of the arc discharge to the point 
where certain increase in the arc voltage waveform (or some 
changes in a slope of the waveform) was recognized.  In 
addition, a gaseous phase was determined as the following 
portion from the end of the metallic phase to the end of the arc 
discharge.  Fig.5 and Fig.6 respectively show the obtained 
results on metallic phase duration characteristics in the 
corresponding test conditions, while Fig.7 and Fig.8 
respectively show the obtained results on gaseous phase 
duration characteristics in the corresponding test conditions. 

From Fig.5 through Fig.8, most clearly recognizable aspect 
is significant reductions of the average metallic phase durations 
by increasing the contact opening speeds, shown in Fig.5.  In 
contrast, as shown in Fig.6, changes of the metallic phase 
durations caused by application of the external magnetic field 
are not so significant. 

Furthermore, based on these data, average occupation 
percentages of metallic phases in the whole arc durations were 
calculated and shown in Fig.9 and Fig.10.   

In Fig.9(a) where no magnetic field was applied, average 
percentages occupied by metallic phases in the whole break arc 
discharges were reduced by increasing the contact opening 
speed, which means early transitions into the following 
gaseous phase.  Such a tendency is coincident with that found 
in Fig.5, indicating that increases in the contact opening speeds 
seem to have significant influences in reductions mainly of 
metallic phase durations. 
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(a) without external magnetic field 

 

 

 

 

 

 

 

(b) with the external magnetic field of 100mT 

Fig. 5. Relationships between the average metallic phase durations and the 

contact opening speeds. 

 

 

 

 

 

 

 

(a) at contact opening speed of 1mm/s 

 

 

 

 

 

 

 

(b) at contact opening speed of 200mm/s 

Fig. 6. Relationships between the average metallic phase durations and 

application of the external magnetic field. 

 

 

 

 

 

 

 

 

 

 

 

(a) without external magnetic field 

 

 

 

 

 

 

 

(b) with the external magnetic field of 100mT 

Fig. 7. Relationships between the average gaseous phase durations and the 

contact opening speeds. 

 

 

 

 

 

 

 

(a) at contact opening speed of 1mm/s 

 

 

 

 

 

 

 

(b) at contact opening speed of 200mm/s 

Fig. 8. Relationships between the average gaseous phase durations and 

application of the external magnetic field. 
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(a) without external magnetic field 

 

 

 

 

 

 

 

(b) with the external magnetic field of 100mT 

Fig. 9. Average percentages of metallic phases in the whole arc durations 

without or with application of the external magnetic field of 100mT. 

 

 

 

 

 

 

 

(a) at contact opening speed of 1mm/s 

 

 

 

 

 

 

 

(b) at contact opening speed of 200mm/s 

Fig. 10. Average percentages of metallic pgases in the whole arc durations at 

the respective contact opening speeds of 1mm/s and 200mms. 

When looking at the results shown in Fig.9(b) with the 
applied magnetic field of 100mT, especially with larger load 
current levels, metallic phases are likely to occupy almost 
100% in the whole break arc discharges, at both of the contact 

opening speeds of 1mm/s and 200mm/s.  This indicates that 
although a load current level is large (which will be likely to 
cause easy transition into a gaseous phase), almost no gaseous 
phase was recognized with application of the external magnetic 
field.  Also in Fig.10(a) and Fig.10(b), in the respective larger 
current regions, application of the external magnetic field of 
100mT caused the metallic phase percentages to increase, 
which in turn implies reductions in gaseous phases.  In other 
words, those results imply that application of the external 
magnetic field is likely to exhibit its influences mainly on 
gaseous phase, in contrast to increases in the contact opening 
speeds. 

V. CONCLUSIONS 

From the results of arc duration measurements with 
AgSnO2 contact pairs operated in a DC inductive circuit 
(L=10mH) with 1 to 20 A at 14V under different contact 
opening speeds of 1mm/s and 200mm/s and with or without 
magnetic field application of 100mT, influences of increased 
contact opening speed and application of the external magnetic 
field on break arc durations were studied.  Contact opening 
speeds seem to have influences mainly on reductions of 
metallic phases, while magnetic field application seems to 
exhibit influences mainly on gaseous phase shortenings. 

In order to achieve further understanding of the phenomena, 
more experiments and measurements are being conducted. 
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Abstract— The authors have studied the melting phenomena 

of breaking electric contacts. When the last stage of contacting 

current shuts down, a micro seconds order delay of the rising 

contact voltage from the melting contact voltage Um to arc 

voltage Va is able to intercept arc ignition. This paper proposes 

an improved circuit of only passive elements (two diodes, a 

resistor and a capacitor) connected in parallel with electrical 

contacts. The roll of an additional diode and a resistor is to 

discharge the capacitor by the next making operation of the 

contacts. We describe here the interpretation of physical 

phenomena and the design principle of the circuit. We show the 

experimental confirmation of a relay, a thermal switch and a 

current fuse.  

Keywords—Electric contacts, Arc ignition, Relay, Fuse, 

Thermal switch, Initial arc, Transient current switch 

I.  INTRODUCTION  

The authors have studied the melting phenomena of 
breaking electric contacts. When the last stage of contacting 
current shuts down, the intense changes of contact current and 
contact voltage are estimated to be determined only by 
electrical conditions. Therefore, a micro seconds order delay of 
rising contact voltage from the melting contact voltage Um to 
arc voltage Va is able to intercept arc ignition. For the delay, 
we proposed a transient current switch circuit with capacity, a 
diode and an additional switch [1] [2] [3]. This paper proposes an 
improved transient current switch (TCS) circuit with only 
passive elements (two diodes, a resister and a capacitor) 
connected in parallel with electric contacts. The roles of 
passive elements in the TCS circuit are also explained for 
suppressing arc ignition and repeating make/break operations. 
We show here the experimental confirmations of a switch, a 
magnetic relay and a current fuse. The maximum power supply 
voltage was 420V, and the maximum load current was 54A, 
respectively.  

II. CIRCUIT WITH PASSIVE ELEMENTS FOR SUPPRESSING 

ARC IGNITION 

If the contact current and the voltage go over the minimum 
arc requirement, arc ignition occurs in conventional circuits. 
Using a capacity, arc quenching circuits and snubber circuits 
have been studied a great deal, as in [4] for example. Many 
studies have been reported for the special phenomena between 
the melting electrode and the arc ignition [5]-[9]. It is called a 
initial arc or a micro-arc. 

.  Figure 1 shows our research target to realize the 
electrically controlled arc free breaking, aiming direct transfer 
from melting contacts to breaking contacts only through the 
short  initial arc. Figure 2 is the proposed transient current 
switched circuit (TCS) to suppress contact voltage at the 
instance of current shutdown. The circuit of two diodes, a 
resistor and a capacitor are connected with the contacts in 
parallel. The capacity value is estimated based on the analysis 
of initial arc phenomena. Figure 3 is an explanatory drawing of 
the method of suppressing the arc ignition with the circuit. The 
current changes automatically, aiming at the capacitor 
immediately after the melting of the contact electrode. Then, 
the power-supply voltage does not affect the contacts. The load 
current and the capacity decide the voltage rise at the contacts. 
Figure 4 shows the typical experimental measurement of the 
breaking contact voltage and load current. A magnetic relay 
was examined for the TCS circuit. The power-supply voltage is 
42V, and the load current is 14A. The capacitor of the TCS is 
10μF. An arc-free breaking operation is realized. The initial arc 
is clearly confirmed. The TCS circuit stopped the increase of 
the initial arc. In the following sections, we show that the 
electrical circuit of arc free breaking is independent of the 
mechanical breaking conditions and the TCS circuit can 
suppress the transfer from the initial arc to arc ignition. The 
interpretation of physical phenomena and the design principle 
of the circuit are also described in the following.  

 

 

 

 

Fig.1 The research target for breaking contacts 

      

 

  

 

 

 

 
Fig.2 The electric circuit with passive elements for suppressing arc ignition 

   (TCS circuit with two diodes, a resistor and a capacitor) 

TCS circuit 
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Fig.3 An explanatory drawing of suppressing arc ignition 

 using TCS circuit. 

 

 

 

 

 

 

Fig.4 Typical breaking operation of a relay with a TCS circuit 

    （DC48V/13A） 

III. THE CLOSING PHASE OF THE BREAKING CONTACTS 

DETERMINED BY ONLY ELECTRICAL CONDITIONS [11],[13],[14] 

 Many studies have been made of the initial arc . However, 
its electrical characteristics and its physical mechanism are 
vague. The authors have been researching the melting 
phenomena of electrical contacts during breaking operations. 
The shift from the melting of electrodes to the arc ignition is 
estimated to be a purely electrical phenomenon, judging from 
the following experiments. It means that there is the possibility 
of suppressing arc ignition only with electrical circuits. 

 (1) The current shutdown speed is faster than the presumed 
speed from the mechanical contacting resistance 

The breaking operation speed was measured for a modified 
hinge relay (HH62P) with cross-rod electrodes of pure Ag. 
Figure 5 shows the measured contact voltage for contact 
current 2.5A, and estimated breaking contact voltage 
extrapolated by measured data of negligible small current or 
pure mechanical contact. The current shutdown speed is faster 
than the presumed speed from the mechanical contacting 
resistance. At the latent heat voltage Ulh,  the disagreement 

between the measurement and the mechanically estimated 
values became larger corresponding to the phase change from 
solid to liquid.  

 

 

 

 

 

 

 

 

Fig.5 Measured voltage and estimated mechanical contact voltage for 
contact current 2.5A (a modified hinge relay with Ag cross rod) 

 (2) The fusion of a current fuse is similar to breaking 
contacts 

Figure 6 shows the comparison of currents and voltages 
between a conventional Ag wire current fuse and a breaking 
hinge relay of Ag electrodes for the same power source voltage 
and load resistance. The current was larger than the fusion level 
of the fuse and the voltage was lower than the minimum arc 
voltage of Ag. The responses during current shutdown are 
similar to each other, even if the fuse has no mechanical 
breaking force. They show similar initial arc responses. It 
means that the last stage of the breaking contacts is determined 
by only electrical conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Current and voltage characteristics of contacts  fusion and fuse fusion 

Ic 

Vc 

(b)Fuse fusion 

(a)Breaking contacts 
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 (3) Melting energy can be supplied by an electrical circuit  

  During the breaking operation, the melting of electrode 

metal is inevitable and the phenomena are complex. At the 

melting temperature, Joule heat accumulates in melting energy, 

increases resistivity and changes the phase from solid to liquid. 

Then, the contact resistance increases by several times as 

shown in Figure 7. Necessary energy is supplied by the 

electric circuit according to the physical principle of least 

action in the electrical circuit. The series connection of power 

supply Eo, load Ro, and contact resistance Rc is assumed. 

Contact power consumption is shown in (1). Differentiation of 

Pc to Rc shown in (2) is always positive in the melting Ag 

contacts.  

                                                  (1)              (2) 

 

Therefore, melting energy can be supplied instantaneously by 

the electric circuit. The phase change from solid to liquid 

which occurs in Region A in Figure 8 is a positive feedback 

phenomenon. This is mainly decided with electrical conditions. 

Then, it enters fusion and the mechanical contact disappears.  

     

 

 

 

 

 

 

 

 

Fig.7  Resistivity versus temperature including the phase change from solid to 

liquid for Ag contacts 

 

 

 

 

 

Fig.8 Relation between joule heat and normalized resistance Rc by Ro 

 

Fig.9 The comparison of breaking responses initial arc for a conventional 
spring and a weaker spring of Ag hinge relay  ( 50V/25A ) 

 

(4) The transition from the melting to the initial arc  doesn't 
depend on a mechanical opening velocity 

We changed the springs in the conventional hinge relay, 
controlled the mechanical opening velocity, and measured the 
contact voltages and currents with the TCS circuit. The 
operation time from the start of breaking till the melting 
contacts is almost proportional to the strength of the spring. 
However, as shown in Figure 9 (a) and (b), the responses of the 
initial arc are quite the same for the conventional spring and the 
weaker spring, respectively. In the following section, we put 
the focus on the initial arc and explain the roles of the TCS 
circuit.  

IV. THE FEATURES OF THE INITIAL ARC [10],[12], [15] 

The contact voltage characteristics like a constant voltage 
diode immediately after the melting voltage Um have been 
discussed by many researchers. We have reported the features 
of the initial arc at the IEEE Holm conference and elsewhere. 
The features of the initial arc are summarized as mentioned 
below. We estimated that control of the initial arc corresponds 
to controlling the arc ignition. The initial arc can be controlled 
by the TCS circuit. 

(1) The feature of the contact voltage is expressed with the 
peak value and the continuance time.  

  The characteristics of the contact voltage of the initial arc 
are shown in Figure 10. The wave form is similar to the 
constant voltage diode response. The peak value ΔVc and the 
continuance time ΔT are the important indexes. They depend 
on the electric circuit but are independent of mechanical 
conditions. 
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Fig.10 Indexes（ΔT and ΔVc）for the features of the initial arc 

 

(2) The magnetic energy collected in the circuit decides the 
continuance time ΔT. 

The breaking current causes the surge voltage in the circuit 
and appears as the initial arc at the contacts. In conventional 
make/break circuits, it usually becomes more than the 
minimum arc voltage. The source voltage inevitably follows 
the initial arc. If the voltage is more than the minimum arc 
voltage, the initial arc transfers to arc ignition. Figure 11 shows 
the measurement circuit of the initial arc using the TCS circuit. 
With additional inductances, the responses of initial arc could 
be measured without arc ignition. Figure 12 shows the typical 

responses. For the minimum inductance (≦0.1μH), ΔVc is 

6V. It is less than the minimum arc voltage of Ag. For the large 

inductance (≒ 82μH), the continuance time ΔT is 23μs, 

proportional to the inductance value. 

 

 

 

 

 

 

 

Fig.11 Measurement circuit of initial arc responses depending on the 
      inductance 

 

Fig.12 Current and voltage responses depending on inductance 
      ( 50V/25A ) 

 

 

(3) The peak value of the initial arc ΔVc relates to the work 
function of the metal on the negative electrode.  

As mentioned above, ΔVc are not affected by the 
mechanical condition or the circuit condition. However, the 
kind of the metal on a negative electrode does determine it. 
Figure 13 shows the peak values ΔVc of 14V,11V and 9V for 
Pt, Au and Zn electrodes, respectively. The continuance time 
ΔT changes, corresponding to the change of ΔVc. The product 
of ΔVc and ΔT is almost constant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13 Initial arc responses for Pt, Au and Zn electrodes 

 

  (4) Resuming physical phenomena from the contact area 

features. 

    Inductances in the circuit can change the initial arc as 

shown in Fig.12. ΔVc and ΔT were changed from 6 to 13V and 

from 80ns to 23μs, respectively. The contact area features 

were observed by laser microscopy, to presume the physical 

phenomena. In Figure 14, there are different types of contact 

features corresponding to 80ns and 23μs. They present the 

minute melted features, and the coexistence of melted features 

and arcing features, respectively. The features suggest the 

transfer from metal melting to electronic effects in the initial 

arc. 
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Ic 

Vc 

 
Vc 
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Fig.14 Observations of contact area features due to different initial arcs 

                                                    (25V,2A) 
 

Ⅴ. TCS CIRCUIT TO NOT TRANSFER THE INITIAL ARC TO ARC 

IGNITION 

We want to control the initial arc using an additional 
electrical circuit to obstruct the transition from an initial arc to 
the arc ignition. The TCS circuit (transient current switch 
circuit) shown in Figure 2 has been studied to update the 
features of the initial arc and find a simple design for the TCS 
circuit. The capacitor is the most important part. Figure 15 is 
the explanatory drawing. The cause of arc ignition disappears, 
when the increase of contact voltage due to the power supply is 
delayed till the end of the initial arc. The wider ΔT needs the 
larger capacitor. The residual inductance is reduced as much as 
possible. The positively arranged diode is for charging the 
capacitor when breaking contact and the other diode is for 
discharging of the capacitor through the contacts when making 
contact. 

 

 

 

 

 

 

 

 

Fig.15 Explanatory drawing for the design principle of TCS circuit 

  

            
Fig.16 Breaking responses in several devices, an electromagnetic relay for 
420V/14A, a thermal switch for 380A/34V and a fuse for 48V/52A. 

 

The TCS circuit is applicable to every DC current 
interruption device without consideration to mechanical 
movement. Figure 16 shows the breaking contact voltages and 
the load currents in several devices. We tried the 
electromagnetic relay for 420V/14A, the thermal switch for 
380V/34A and the fuse for 48V/52A. They are commercial 
devices for AC application.  Their conventional specifications 
of source voltage and energizing current are less than AC 300V 
and AC 20A. With the same TCS circuit, arc free current 
shutdown and the suppression of the surge voltages were 
confirmed for the three responses of the devices. The fuse 
current through the capacitor showed a strange response as 
shown in Figure 16(c), but it was confirmed to be arc free. 

 

VI. Application for DC circuit protection devices 

      The TCS circuit is applicable to every DC current 
interruption device, considering the available shutdown current 
and electric isolation. Arc ignition for several DC switching 
devices can be suppressed with a TCS circuit. Figure 17 shows 
the series connection of a relay, a thermal switch and a fuse.It 
is an arc free circuit protector. the energizing current, 
overcurrent and short current can be intercepted by an 
electromagnetic relay, or a thermal switch and a fuse, 
respectively. The above mentioned devices shown in Figure 16 
were selected and assembled in the package shown in Figure 
18. As for the thermal switch and the fuse, the operation time 

Vc 

 

Vc 

 

Vc 

 

Wakatsuki 11.3349

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



 

 

to the interception is different depending on the current value. 
In addition, the operation time of the thermal switch depends 
on the ambient temperature. Figure 19 is an overall summary 
of the protector for the relation between the current values and 
current shutdown time. The upper limitation of arc free 
interception guarantee current is 50A. This figure is due to our 
experimental limitations. Reliability and workable numbers are 
important problems for the future. 

 

 

 

 

 

 

 

 

Fig.17 Series connection of a relay, a thermal switch and a fuse for a 
circuit protector 

 

 

 

 

 

                    

Fig.18 Externals (65×40×42mm3) of the arc free circuit protector 
for DC300V/10A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.19 Overall summaries of the protector for the relation between the 
current values and current shutdown times. 

VII. CONCLUSION   

The authors have studied the melting phenomena of 
breaking electrical contacts. At the closing phase of the 
breaking contacts, the initial arc is estimated to be determined 
by only electrical conditions. We presented the TCS circuit 
with passive elements for suppressing arc ignition in DC 
contacts. The circuit can stop the transfer of the initial arc to 
the arc ignition. The circuit is applicable to every DC current 
interruption device without consideration to mechanical 
movement. The arc free relay, switch and fuse were 
experimentally confirmed and are applicable to an arc free 
circuit protector of 300V/10A.  
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Abstract—Parameters on electromagnetic compatibility 

(EMC), as well as lifetime and reliability, are important 

properties for electrical contacts. This paper newly attempts to 

clarify the mechanism of the generation of high frequency EM 

noise caused by breaking contact according the arc discharge, 

and the effect of the external DC magnetic field on the EM noise 

as well as arcing phenomena under high-speed separation, which 

allows to study possible means for developing the long lifetime 

and low noise electrical contact. Firstly, preliminary experiments 

under the conditions: open-voltage 30V and closed-current 3.6A, 

and DC magnetic field 0mT to 52mT, which correspond to our 

previous studies, were carried out. Breaking waveforms, 

frequency spectrum and time-frequency domain characteristic of 

voltage fluctuation are studied by comparison with and without 

external magnetic field. It was demonstrated that although 

applying external magnetic field is effective in reduction of 

duration of gaseous phase in arc (9%), higher variation of 

contact voltage in the gaseous phase above several hundred 

Megahertz is caused by external magnetic field. More 

importantly, the applied DC magnetic field under high-speed 

separation does not work to suppress the arc-duration well. 

These results are basic and useful finding and consideration to 

clarify not only the contact-breaking phenomena but also the 

design methodology of electrical contact from view point of EMC. 

Keywords— Voltage fluctuation, arc motion, external DC 

magnetic field 

I.  INTRODUCTION  

 The technology of the electrical circuit switches and 
connectors are necessary and important in the electro-
mechanical devices. However, the contact failure is occurred 
along with the opening and the closing operations [1], [2]. In 
addition, it is known that the arc discharge causes not only 
degradation of the device, such as welding or erosion of 
contacts, but also the cause of electromagnetic (EM) noise, as 
electrical environmental problem over GHz frequency 
bandwidth. Since the EM noises radiated from an arc discharge 
disturb electronic devices, electromagnetic compatibility 
(EMC) issue should be an important point to evaluate the 
quality of electrical contacts. EMC design for electrical 
contacts is still difficult because of our incomplete knowledge 
of the fundamental noise generation mechanism that produces 
EM radiation. 

 

 So far, many papers have contributed to arc-extinction by 
applying magnetic field [3]-[6], heating/cooling the contact [7]-
[9], increasing pressure in relay housing [10]-[12], and 
additional circuit e.g. [13], contact shape itself [14], [15]. To 
reduce the contact failure, the duration of the arc discharge is 
suppressed by applied external magnetic field [3]. It was 
demonstrated that the external magnetic field is applied to 
electrical contact to make arc discharge shorter by Lorentz 
force. Applying external DC magnetic field is effective in 
reduction of duration of gaseous phase in arc discharge. The 
results in our previous paper are basic data, because the speed 
of the separation of the electrode in this experiment is very 

slow (approximately 100m/s) compared with that of practical 
relay. In recent trend of contact design, applied magnetic field 
and high-speed separation have been widely used. For 
mitigation of problems, general studies for suppression 
methodology for contact electrode itself are indispensable. 

 This paper newly attempts to clarify the mechanism of the 
generation of high frequency EM noise caused by breaking 
contact according the arc discharge under high-speed 
separation, and the effect of the external DC magnetic field on 
the EM noise as well as arcing phenomena, which allows to 
study possible means for developing the long lifetime and low 
noise electrical contact. 

 

II. EXPERIMENTAL METHOD 

A. Contact Material 

Silver-tin-dioxide material is chosen as typical contact 
material. As Silver-tin-dioxide is popular material but has 
relatively longer duration arc at the first operation, we have 
expected to make clear the differences of arc-phenomena in 
each phase. Contact used in this study is commercially 
available contact. The opening velocity is about 500mm/s 

which is much larger than our previous study (about 100m/s).  

B. Experimental Setup 

In order to take data for the correspondence of arc motion 
to voltage fluctuation to contact breaking phenomenon, the 
measurement setup, shown in Fig. 1, is developed [3]. The 
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contact voltage Vc is measured. The data of ten times of trials 
are used to make results in this paper. 

The experimental conditions are summarized in Table I. 
The supply voltage (Open voltage) E was selected as 30V to 
compare our previous studies [3], [8], [9]. The closed-current 
I=3.6A was determined by rated range of a load resistor. 
Although the load resistor was expected as non-inductive 
resistance, the cables and the holders have inductance 
L=279nH and capacitance C=18pF. The motion of arc column 
is observed using high speed camera (Photoron PhotoCam 
Speeder V2). The positions of arc roots are obtained from the 
observed arc images. The fixed and moving electrodes were the 
anode and cathode in the experiment, respectively. Magnet of 
Nd2Fe14B is used to apply DC external magnetic field. As it is 
a strong alloy magnet, magnetic field strength at the contacts 
point can be changed simply by changing distance from pole of 
magnet to electrodes, and size of the magnet. The magnetic 
field distribution is sufficient to cover the arc length, which is a 
few mm order [3]. 

 

 

Fig. 1 Experimental setup for opening waveforms 

measurements. 

TABLE I.  EXPERIMENTAL CONDITIONS 

Electrode material Ag9SnO2 

Opening voltage E 30 V 

Closed current I 3.6 A 

Load R 8.3 

Applied DC magnetic 

field 

0～52mT 

(0, 0.2, 0.8, 1.6, 3.9, 8.9, 11, 

15.5, 23, 28, 29, 39.6, 45, 46, 

52mT) 

Opening velocity about 500mm/s  

Room air temperature 19.9 ～ 22.4℃ 

Room humidity 26 ～ 59% 

Number of operation 10 

III. RESULTS AND DISCUSSION 

A. Waveform and Time-Frequency Response 

Typical measured results for the “without external magnetic 
field (B=0mT)” case and “with B=13mT” case, respectively. 
To clarify the correspondence of noise generation to the 
contact-breaking phenomena, the time-frequency domain 
characteristic of the voltage fluctuation is also shown in Fig. 2. 
The time-frequency domain characteristic is obtained from the 
voltage waveform by using short-time FFT, where the length of 

frame is 10s and the period of frame is 1s. 

 

 

(a) Without magnetic field (B=0mT) 

 

 

(b) With magnetic field (B=13mT) 

Fig. 2 Typical measured waveform 

 

Arc phenomena are distinguished by three arcing phases as 
bridge, metallic and gaseous phases. This paper distinguish 
between metallic and gaseous phases: arc is change from 
metallic phase to gaseous phase (contact voltage reaches 22V 
[16]) The contact voltage is rapidly changed at the initiation 
and extinction of the arc discharge and transition from metallic 
to gaseous phase, and peak of voltage fluctuation is observed at 
that time. The peaks at lower frequency band arise when 
immediately after the initiation of arc discharge. It seems that 
peak value of voltage fluctuation at arc is not affected by 
external magnetic field.   

The suppression effectiveness of arc-duration for the 
conditions (500mm/s) is much less that that our previous 

(100m/s). Although its seems that applying external magnetic 
field is effective in reduction of duration of gaseous phase in 
arc, higher variation of contact voltage in the gaseous phase 
above several hundred Megahertz is caused by external 
magnetic field. 

V 
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B. Frequency Spectrum 

Figure 3 shows frequency spectrum of voltage fluctuations, 
in which the spectrum is obtained from the voltage waveform 
by using FFT. Voltage fluctuation decreases as the frequency 
increases and has antiresonance and resonance frequencies 
which correspond to the circuit admittance [3]. Even if voltage 
fluctuation at the GHz band is very small, it can cause a large 
radiation noise because of the high radiation efficiency. So 
slight voltage fluctuation in mV order cannot be disregard. 

For effect of applying the DC magnetic field, voltage 
fluctuation in the case of “B=13mT” is smaller than that in the 
case of “B=0mT”. The increment due to applying the 13mT 
DC magnetic field is approximately 3dB. 

 

Fig. 3 Frequency spectrum of voltage fluctuation. 

 

C. Arc Motion 

In order to discuss the effect of applied DC magnetic field 

to relatively high speed separation contact, the motion of the 

arc column is measured by high-speed camera. The arc images 

at arc extinction with and without external magnetic field 

cases are shown in Fig. 4. Time difference between each 

frame is 125s.  The gap length at which arc is extinguished is 

approximately 0.4mm. The measured value is comparable to 

estimated value (0.2mm) from V-I characteristics [1]. 

Importantly, the arc is extinguished before the arc column is 

move to the outside of the electrode. Consequently, the 

applied DC magnetic field does not work to suppress the arc-

duration well. These results demonstrate that applied magnetic 

field and high-speed separation are trade off relation. 

 

 
(a)  Frame 1 

 
(b) Frame 2 

 
(c) Frame3 

 
(d)Frame 4 

 
(e) Frame 5 

 

Fig. 4 Aspect of arc column. Top: with B=13mT, Bottom: 
without (B=0mT). 

 

Lorentz Force 
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D. Magnetic Field Dependency of Arc Phenomena 

 In order to understand the details of effect of external 
magnetic field on breaking arc, the relationship between arc-
duration and external magnetic field strength is quantified and 
discussed. The relationship is shown in Fig. 5. (a) is arc 
duration. (b) is normalized duration of gaseous phase which 
means ratio of duration of gaseous phase to arc duration. Marks 
are the average value, and the error bars of longitudinal axis 
indicate the maximum and minimum values in the ten trials. 
The deviation of results is relatively larger. There is no 
remarkable magnetic field dependency compared with our 
previous study under very slow separation speed.  The results 
may be explained by the discussion on Sec. III-C. 

 

(a)  arc duration 

 

(b) normalized duration of gaseous phase 

Fig. 5 The relationship between arc duration and external 
magnetic field. 

VI. CONCLUSIONS 

It was demonstrated that although applying external 

magnetic field is effective in reduction of arc duration, higher 

variation of contact voltage in the gaseous phase is caused by 

external magnetic field. More importantly, the applied DC 

magnetic field under high-speed separation does not work to 

suppress the arc-duration well. These results are basic and 

useful finding and consideration to clarify not only the 

contact-breaking phenomena but also the design methodology 

of electrical contact from view point of EMC. 

 The further experimental research works under the 
condition of high-open-voltage and large closed current 
condition will be carried out. 
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Abstract—Developing a wiring harness for an electrical or 
hybrid car involves finding the optimal sizes of cables and 
connectors. They have to safely transfer the maximum current at 
the maximum ambient temperature without overheating. On the 
other hand they have to be as small as possible due to packaging, 
weight and, last but not least, cost considerations. 

Thermal simulation in an early phase of a car development is 
impeded by unsettled parameters and non-existent 3D models. 
This paper discusses several methods to cope with this situation. 
A methodology based on thermal networks and a standard set of 
parameters for the simulation of HV connectors are proposed.  

It is outlined how simulation models can be interchanged 
throughout a series development process while different 
simulation tools are being used without a standardised data 
format being available. 

Keywords—thermal simulation; thermal networks; automotive 
connector; wiring harness; standard thermal model 

I.  BASICS 

A. Automotive HV1 Wiring 

Though HV and 12 V wiring harnesses are installed in the 
same car and conform to similar automotive specifications, 
they have little in common. The topology of HV wiring is 
much simpler, but the technology of the cables and connectors 
is more complex due to shielding and safety measures. 

Conveying several 100 A of current, the cables are thick 
and the connectors are bulky. A hybrid car incorporates both a 
conventional and an electrical powertrain, which leads to a 
significant shortage of space.  

Silicone isolated wires and silver plated contacts allow an 
operating temperature of 180 °C for the wiring components. In 

                                                           
1  In the automotive context voltages above 30 V (ac) or 60 V (dc) are 

subject to various safety measures. 

order to keep every component as small as possible, each one is 
designed to work near its specified upper limit.  

The decisions on the wire gages and the selection of the 
connectors have to be made during an early development phase 
because they determine the design of the connected electronic 
components. Because re-designing is expensive and time 
consuming, these decisions have to be made on a reliable basis. 

The only way to gain this basis is by thermal simulation, a 
well-established method for most technical systems. But there 
are some properties of the wiring harness that make thermal 
simulation difficult.  

 Frequent geometry changes and undetermined boundary 
conditions (e.g. ambient conditions and current profiles)  
inherent to the early development phase 

 Different components within the wiring harness may 
require the use of different simulation techniques  

 The mathematics of the thermal behaviour of HV cables 
have not been fully understood until recently [1], hence 
the standardisation is still ongoing. 

 Thermal simulation models of HV electronic 
components may neglect the influence of the wiring, 
whereas they influence the wiring significantly 

 There is no established standard data format for thermal 
simulation models. 

When defining a holistic thermal simulation environment 
for the HV wiring harness, these factors have to be taken into 
account. As input from several suppliers is needed, there has to 
be a benefit for each partner involved. 

B. Thermal Simulation Techniques 

Within each of the technical areas of the sub-parts of the 
HV system, different simulation techniques have been 
established. They shall be outlined before it is explained how to 
handle the HV wiring harness as whole. 
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1) Thermal Networks 
There are striking parallels between electrical and thermal 

laws: thermal resistors and masses correlate to electrical 
resistors and capacitors whereas temperature and heat flow 
correlate to voltage and current. Therefore, physical systems 
can be thermally described by networks similar to electrical 
circuit diagrams. 

It is possible to use electrical simulation software (e.g. 
Spice or ANSYS Designer) just by exchanging kelvins for 
volts and watts for amperes. However this requires knowledge 
of the component parameters. They have either to be identified 
in a separate tool or one has to use a tool dedicated for physical 
networks such as Dymola (based on Modelica [2]) by Dassault 
Systèmes, ANSYS Simplorer or MATLAB Simscape by 
MathWorks. It is possible as well to analyse the network 
explicitly as shown in section 2). 

There are different ways to generate a thermal model for a 
certain object: 

 “Bottom-up approach”: the thermal schematic diagram 
is made up of elements that represent the thermal 
behaviour of each physical detail of the system to be 
simulated. And vice versa: each element of the 
schematic diagram relates to a physical part. 

 “Top-down approach”: the design of the schematic 
diagram starts with defining the POIs (Points Of 
Interest), i.e. the locations of the system where 
simulation results are needed and where the real object 
can be connected or measured. The structures between 
these points are modelled as simply as possible. 

 Reduction: CAD (Computer Aided Design) models for 
FEM (Finite Element Method) simulation are based on 
a very complex thermal mesh. There are tools that can 
reduce this to a much simpler thermal network, but it is 
only valid for the defined POIs. 

2) Network Analysis (by Dr. Helge Schmidt) 
A simple method to simulate heating of a geometric system 

is to solve for the thermal convective and radiative interaction 
with the surrounding environment using an equivalent thermal 
circuit consisting of heat sources, heat conductors and heat 
exchangers. When electrical current flows through such a 
system, power loss due to the limiting electrical resistance 
occurs leading to self-heating of the elements. This effect 
reaches equilibrium when the power delivered to the 
environment equals the power loss within the system and the 
heating stops at a determinate temperature value.  

By applying the physical laws of heat emission to the 
known geometrical system parameters, the thermal elements 
can be easily dimensioned. In order to calculate thermal 
networks, the same principles and methods valid for electrical 
circuits can be used. The transformations of the most important 
characteristics are illustrated in Fig. 1.  

In the case of convection a simple arrangement of free 
convection with a constant convection factor can be used. The 
radiation resistance is a non-linear heat load since the 
temperature affects its value by a fourth power law. If the 
temperature difference as a result of the heating is significantly 

greater than 50 K, the nonlinearities due to radiation are 
considered separately [3][4]. This can be done, for example, by 
an iterative procedure. By applying Kirchhoff’s circuit laws, 
meshes and nodes can now be used to build a linear equation 
system to solve the heating temperature across the geometry 
over time.  

Thermal conductor = 
Electrical power 

dissipater

heat -
capacity

surface of 
arrangement

outer 
temperature

convection

heat 
conduction

i electrical

radiation

power 
dissipation

P=i² * R

electrical 
resistance 

elements over 
the current 

path

Thermal conductor = 
Electrical power 

dissipater

heat -
capacity

surface of 
arrangement

outer 
temperature

convection

heat 
conduction

i electrical

radiation

power 
dissipation

P=i² * R

electrical 
resistance 

elements over 
the current 

path

 

Fig. 1.  Basic principle of a thermal circuit with the transformation of the 
electrical heat dissipation to a thermal heat element.  

3) Mathematical Description (by Dr. Karl Dvorsky) 
The mathematical model governing the physical network of the 
HV wiring network is based on a heat energy conservation 
approach. Hence, every electrical component (e.g. HV cable) is 
described by an energy-conserving equation as follows: 

 dtPPE  )(   

Here, Eγ denotes the capacitive energy stored in the 
electrical component during the time interval dt. Pρ denotes the 
generated heat power due to resistive heating and Pα yields the 
heat power emitted to the environment. This relation and 
appropriate interface and boundary conditions constitute 
systems of nonlinear ordinary differential equations. The 
solution of the system is the temperature evolution in the 
physical network. Now the crucial nonlinear part is the emitted 
heat power Pα represented as: 

  

where T denotes the surface temperature of the electric 
component, Tenv the temperature of the environment, Asurf the 
heat emitting area, and α denotes the heat transfer coefficient. 
This coefficient α is a temperature and geometry dependent 
quantity that summarizes the heat proportion emitted by 
convection (αc) and radiation (αr) through the surface. 

The radiative part is calculated according to the Stefan 
Boltzmann law. We depict the convective part for a cylinder 
surface with 3 mm diameter and an environment temperature 
Tenv = 20 °C depending on the surface temperature T and the 
flow velocity v of the surrounding air (Fig. 2). 

Finally, we show the nonlinear structure of the laminar 
convective part on a cylindrical surface, (see [5] for details): 
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Where d denotes the diameter of the cylinder, αd and αT are 
temperature and geometry dependent coefficients for the 
diameter and temperature dependence, respectively. In contrast 
to classical linear elements, such as capacitive and resistive 
components which can be mapped linearly in physical 
networks, heat emitting components form irreducible 
nonlinearities which have to be modelled separately. 

 

Fig. 2. Convection coefficient αc of a cylinder surface 

Hence we see that a profound investigation of details in 
convection and radiation is necessary if we want to obtain 
accurate thermal simulation results for a HV wiring harness. 

4) FEM Simulation (by Steffen Thies) 
A 3D model could be a convenient way to determine 

temperature rise of a HV system. Component values are not 
needed in advance, but are calculated from geometry and 
material data. However, it can be difficult to get sufficient 
information on the surroundings such as dissipation 
characteristics, thermal behaviour of connected units and 
additional heat sources. Furthermore, even “simple” parts as 
the cables would still need to be represented, making 
particularly non-stationary calculations time-consuming, while 
delivering results with unnecessary detail. Thus, it is better to 
limit the use of FEM to the analysis of specific structures such 
as the HV harness connectors. It is an excellent way to generate 
input parameters so urgently needed for thermal networks.  

Usually the major part of work is determining the heat 
dissipation paths and correctly specifying the heat transfer at 
the contact spots. It is more straightforward to define electrical 
connections and heat capacities. After that, parameters can be 
determined by a series of virtual experiments, where different 
loads are consecutively applied and the system responses are 
analysed.  

 

Fig. 3. FEM model of a thermal and electrical resistance: slice of the 
connection between pin and receptacle using a circular coil spring 

The greatest benefit of a simulation is that it inherently has 
ideal behaviour and measurement. This is especially valuable 

for thermal parameters, where one can “switch off” parasitic 
and/or competing effects to get clean data. This is usually the 
biggest impediment for real world measurements. 

The complexity of results can be controlled. It is possible to 
set up a detailed network for further development as well as 
basic parameters that describe gross system behaviour. The 
latter would be the goal for a parameter set for manual input 
into dissimilar tools.  

5) Selected Approach for Automotive HV Wiring 
Due to the specific limitations of each single simulation 

method, we decided to go a new way: library-based simulation 
using thermal networks. This allows the flexibility that is 
needed in the early development phase while still incorporating 
the advantages of the various simulation techniques. 

Mathematical models may be used as either generic 
simulation elements or major blocks such as models for several 
meters of cable [7]. When CAD models are available, FEM 
simulation may be used to calculate parameters or to generate a 
thermal sub-circuits using mesh reduction. 

Thereby the OEM (Original Equipment Manufacturer) can 
build up a library of thermal models of connectors, cables and 
blocks that represent the thermal influence of the connected 
electronic components. This allows him to holistically simulate 
the complete wiring harness. Concurrently, suppliers may 
continue to use their specific simulation environments into 
which they can feed the OEM’s simulation results. 

This approach is flexible as models can be parametrised, 
e.g. for adjusting the length of the cable. Environmental 
conditions can be easily tuned as they are global parameters.  

The question of which simulation tool to use shall not be 
discussed in this paper. As in most cases, the decision is not 
based on a comparison of the features but simply on the 
question of whether an appropriate tool is already available in 
the company. The fact that there is no established standard 
format for exchanging thermal simulation models between 
tools remains an important general problem that can be difficult 
to cope with. 

II. EXPERIENCE 

A. Model of a Short HV Cable 

There are tools available to simulate the thermal behaviour 
of cable materials sold by the metre, commonly based on 
IEC 60287-1-1 [5]. These tools assume the cable to be infinite 
in length with no axial heat flow. As the cable is rotationally 
symmetric, this leaves a one-dimensional mathematical 
problem (which still is quite demanding as described in I.B.3)). 

The first object that was simulated by this new method was 
a “short” piece of HV cable. “Short” means that the axial 
effects had to be taken into account. Both ends of the cable 
were maintained at pre-defined temperatures. Physical tests of 
the cable in question were carried out to verify the results. 

The simulation problem now is a two-dimensional one. It 
can be solved by cutting the cable into slices and simulating the 
radial heat-flow inside these slices as a one-dimensional path. 
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It was found out that the number of slices was not critical 
regarding the temperature at the centre. To be able to generate 
smooth results it was decided to use twelve slices. 

The schematic diagram for each slice looks like what is 
shown in Fig. 4. Both the conductor and the shielding easily 
can be simulated as a T-shaped structure with two thermal 
resistors, each representing half the thermal resistance of the 
slice, and the thermal capacity between them.  

 

Fig. 4. Simulation model for a slice of an HV cable 

To simulate the two layers of isolation, two -shaped 
thermal capacitors with one thermal resistor between them are 
used. For thin isolation layers, it is possible to calculate the 
thermal values from the thickness and the average 
circumference. For thick layers, the increase in the 
circumference over the flow path has to be taken into account, 
e. g. as a non-symmetrical split of the capacity according to van 
Wormer [8], and the isolation resistance Rth,isol is calculated as 
follows: 

 )/(ln
2

1
, inoutisolth dd

l
R 


 (5) 

Where λ is the thermal conductivity, l is the length 
(respectively the thickness) of the slice and dout and din are the 
outer and inner diameter of the isolation in question. 

 

Fig. 5. Temperature of the conductor along the cable for different lengths 

The heat inputs are caused by the power losses of the 
currents through the conductor and the shielding dependent 
from their electrical resistances. To calculate the heat 
dissipation into the environment, a simulation element was 
built using the equations of Ilgevicius [5]. Agreement between 
the simulation and the measured temperatures could be further 

improved by taking the airflow into account because even 
rather slow air movement can have quite a remarkable 
influence. PSS designed a Simscape model for that purpose.  

This first simulation proved the viability of the method. For 
long cables the simulation results correspond nicely to the 
results of the established tools for infinite cables. In addition it 
reveals how cooling the ends takes effect into the cable. Fig. 5 
shows the temperature along the cable for different cable 
lengths. The number of slices is twelve for every length.  

B. First Model of an HV Connector: HVR200 by Rosenberger 

The next step was to build the model for a HV connector. As 
Rosenberger has been working on simulation models of the 
connectors they produce, it was decided to collaborate on the 
HVR200, shown in Fig. 6. The HVR200 is a 2-way, 6 mm pin 
size connector specified to be able to carry 200 A at an ambient 
temperature of 85 °C using 35 mm² cross-sectional area cables 

Beyond creating a working simulation model, it was also 
important to determine how the information exchange between 
the different simulation tools would work. It was decided to use 
the “bottom-up approach” as described in section I.B.1) to 
exchange the parameters of the elements between the tools. 

 

Fig. 6. Rosenberger HVR200: connector and pinheader with test enclosure 
(courtesy of Rosenberger, 2016) 

1) Modelling with ANSYS Designer  (by Steffen Thies) 
Designer (a module of ANSYS Electronics Desktop) is a 

powerful simulator for electrical circuits and 2½D RF (Radio 
Frequency) layouts. It represents one possibility to set up a 
physical network as per I.B.1). Thermal networks use only part 
of its power, but it is useful due to its’ transient calculation 
speeds and easy integration of parameter sweeps. Due to the 
complete correlation between electrical and thermal physical 
parameters, it is capable of modelling thermal behaviour. 

Its main limitation is that part characteristics such as 
thermal insulation resistance cannot be extracted within the 
program. This requires an additional 3D simulator like ANSYS 
Mechanical, but combining the use of ANSYS Designer and 
Mechanical allows the use of each tool at its best.  

Simultaneous analysis of electrical and thermal circuits is 
an additional benefit over using 3D ANSYS, which limits 
transient simulation to purely thermal setups. 

The transition from electrical to thermal (e. g., temperature 
dependent resistance) needs to be done with care, as there is no 
distinction in symbol sets. Because thermal networks repeat 
just a few mesh types, this can be handled by using sub-circuits 
(Fig. 7) where just a few parameters have to be adjusted.  
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The same feature makes it very easy to join detailed regions 
and simplified shells without getting overly large files as 
occurs with the 3D ANSYS approach.  

 

Fig. 7. Subcircuit: heat dissipation of a temperature dependent resistance 

Nonlinear characteristics can be depicted as piecewise 
linear, just as is done in 3D ANSYS. This can be combined 
with correction formulae to capture a parameter field in a 
single definition (e. g. convection depending on length and 
ambient temperature).  

Simulation results for ‘an “infinitely long” cable joined by a 
HVR200 connector’ thermal network correlated very well to 
measured data for a test case using pulsed current. It is, 
however, not an easy feat to capture all factors of a sizeable 
arrangement correctly.  

2) Modelling with Matlab Simscape 
While Rosenberger was developing a simulation model 

using ANSYS Designer, a corresponding Simscape model was 
built at Daimler. The simulation elements were parametrised by 
weighing and measuring the real physical parts. Some 
parameters, e.g. the electrical and thermal contact resistance, 
had to be obtained from Rosenberger.  

An additional Simscape element for the convection and 
radiation in the cylindrical gaps had to be developed by PSS. It 
was implemented to represent the gaps between the terminals 
and the shielding. 

Some parameters e.g. the geometry of the above mentioned 
air gap and the diameter of the connector housing, which was 
handled as a simple cylinder, could not be defined exactly and 
had to be populated with rough values at first.  

Nevertheless the results of the model were relatively close 
to the measured values from the beginning. It took a week of 
fine-tuning some parameters until the difference between 
simulation and reality became less than 2 K at any time. 

3) Lessons learnt 
Thermal networks that are designed using the “bottom-up” 

approach may incorporate both advanced mathematical models 
and look-up tables derived from FEM simulations. They can 
deliver very precise results. The physical granularity is 
sufficiently detailed to use the results for further development 
of the investigated component. This level of detail is important 
for the supplier but not necessary for the OEM. 

Developing such a detailed model is quite time consuming. 
Sophisticated elements of the models could not be exchanged 
between the different simulation tools and had to be developed 
independently at ROS and Daimler. The final matching of the 
two models could only be done by comparing the simulation 
results for several different arrangements, which seems 
practically sufficient, but is unsatisfying from the scientific 
point of view. 

C. Second Model of an HV Connector: HVP800 by TE 

After having successfully tried the “bottom-up” approach 
together with ROS, we tried the “top-down” approach (see 
chapter I.B.1)) together with TE.  

TE’s HVP800 is based on a common German car 
manufacturers’ specification from 2009. The interface between 
connector and pin header is standardized using 8 mm pins. 
There are two-pole and triple-pole versions of the HVP800, 
available in either a rectangular or straight shape. The 
simulation has been done on the straight two-pole version that 
can transfer up to 225 A at an ambient temperature of 85 °C 
using 50 mm² cross-sectional area cables.  

 

Fig. 8. TE Connectivity (TE) HVP800: pinheader and connector (courtesy of 
TE Connectivity, 2016) 

1) Modelling by Network Analysis (by Dr. Helge Schmidt) 
Modelling of unshielded contacts by using simple thermal 

networks is commonly used as a quick method to make rough 
approximations about heating behaviour. An additional 
challenge to thermal modelling the HVP800 connector is to 
include in the calculation the additional component shield 
contact that surrounds the main contact. After several 
iterations, a thermal schematic diagram (Fig. 9) has been 
developed which properly simulates the heating behaviour of 
the HVP800 connector with the power contacts (red) and 
including the shield component (light blue), as compared to 
experimental measurements. The contact elements (plug + 
receptacle) are connected to the inside housing (green) and are 
modelled in the same way for each pin. They are thermally 
coupled to each other (dark blue) and connected together over a 
housing sum resistance to the outside environment (pink).  

Mathematically, the thermal circuit (Fig. 9) was converted 
to a system of equations with 31 variables and was solved 
using Mathcad.  

For dimensioning the thermal resistances and capacitances 
of the network model, the geometry used was highly abstracted 
in the form of a combination of cylinders, pipes and blocks and 
adjusted by varying their values within the calculation model to 
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bring them in accordance with experimental measurements. By 
using this sequential simulation method, a good match between 
the simulated heating behavior and the experimentally 
measured data as a function of the current load was 
accomplished 

Furthermore, it is in principle possible to simply and quickly 
determine the influence of degradation effects by increasing the 
power loss in the nodes for the contact or crimp resistances. 

Plug 2 Receptacle 2Plug 1 Receptacle 1

Pv CR Pv CR

Pv SCR Pv SCR

 

Fig. 9. Thermal network for a two pole power connector with shields 

2) Modelling with Matlab Simscape 
The thermal equivalent network from TE was fairly easy to 

enter into Simscape. As it contains only plain thermal resistors 
and capacitors, no specific elements had to be used. At first 
there were certain discrepancies between the simulation results 
of Daimler and TE. The reason was determined to be different 
ways that the connected cables were simulated, which was no 
problem to harmonise. Any amendments of the model by TE 
could quickly be implemented in the Simscape model. 

3) Lessons learnt 
Exchanging thermal networks that consist of only linear 

elements is highly efficient. By defining the POIs at the 
beginning of the “top-down” approach, the network can be kept 
as simple as possible. As convection and radiation are 
approximately calculated by linear thermal resistors, the 
precision of this model is limited to a certain range of validity. 
When applying the model, it is necessary to know this range. 
That investigation is on-going.  

III.  FUTURE SERIES PROCESS – A PROPOSAL 

The decision to choose which of the approaches moving 
forward involves a trade-off between precision and speed. As 
simplicity and efficiency are the crucial criteria, we propose a 
procedure that is based on the “top-down” approach as 
described in chapter II.C. 

A. Model Exchange  

For the user (the OEM) the POIs are the same for every HV 
connector: the contacts for both the conductor and the 
shielding, the crimp or welding zones of the terminals, and the 
housing surface (because it is measurable in test cars). The 
necessity to know further values may be discussed in the 
future. 

The exchange of model data can be further optimized by 
using a standard model for an HV connector. For special 

applications it is still possible to exchange schematic diagrams, 
but for the bigger part of the HV connectors there is no need to 
do so. For HV connectors according to this standard model it 
leaves only a set of standard parameters to be exchanged.  

B. A Standard Set of Parameters (by Dr. Helge Schmidt) 

In principle, the proposed transformed circuit diagram (Fig. 
9) as a parameter set can be used for the thermal simulation of 
the intended application. It is easily possible to map different 
contact numbers in the model. A separation into plug and 
receptacle is also possible simply by splitting the contact paths 
and the housing’s resistor and capacity. Furthermore, sensitive 
contact spring elements can be embedded as thermal series 
resistances in the contact path to easily determine critical loads. 

C. Outlook 

The goal is to complement the data sheets of automotive 
HV connectors using simulation models, preferably with 
standard parameters as proposed in this paper. Future requests 
for quotes shall specify this demand. 

The proposed standard shall be discussed among the OEMs 
and the wire harness and connector manufacturers. Such 
companies are invited to get in touch with the authors. 
Coordination meetings shall initially take place in working 
groups already established, but it could be prudent to found a 
dedicated governing board if advisable. 

The next step for the thermal simulation of wire harnesses 
will be tying-in the thermal effects of electronic control units. 
First activities have already been undertaken. This will be 
intensified throughout the next months. 
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Abstract— This paper presents a mathematical model which 

describes the behavior of the electric arc in circuits. The model is 

compared with the classical Mayr-type model. Simulations and 

reals arcing cases are discussed for three common arcing 

situations. Results show the good performances of the presented 

model compared to Mayr-type models. 

Keywords—Electric Arc; Electric Arc Model; Circuit; Mayr 

Model; Shavemaker Model; Circuit Breaker; Arc fault; High 

Voltage Arcing; 

I.  INTRODUCTION 

In 1943, Otto Mayr introduces his famous electric arc 
model to simulate arcing in relays [1]. Many improvements of 
this model have been done [2] [3]. We can find in literature a 
huge number of papers using this model to simulate arcing in 
circuits, such as arcing fault, arcing in relays, arcing in 
furnaces. The purpose of the Mayr model is to characterize the 
behavior of the arc resistance independently of the shape of the 
arc and independently of the environment (electrodes or 
contacts material, temperature, pressure, gas composition…). 
The Mayr arc equation provides a sufficient qualitative result, 
but it is difficult to fit with real experimental data. We can find 
papers focusing exclusively on this particular problem [3]. As 
we will see in the following, Mayr model suffers from 
approximations that introduce differences between simulation 
results and experimental results. 

Mayr model is one of the first attempt to define the arc 
resistance. So it is considered as a starting point. We can find 
in literature that Mayr model improvements lead generally to 
an increase in the model parameters, and also leads to 
additional non-physical equations to make it work correctly. To 
resume, those improvements lead to complex non-physical 
black boxes that simulate the arc resistance. Good results are 
obtained if fitting is successful [4]. We attempted in previous 
work to find some corrections to the Mayr model with more or 
less success [5]. 

It is obvious that trying to define the arc resistance with 
only functions of arc current and/or voltage will end with 
inevitable approximations. Trying to find a physical and 
reliable model of an arc by considering only the current and 
voltage is almost impossible, due to the number of the omitted 
variables (pressure, temperature, arc length, geometries of the 
electrodes, contacts wear and oxidation, gas molecules, wind, 
arc orientation, electric field, magnetic field…). Then, we 

suggest that a simple mathematical model for circuits may be 
more reliable than the actual complex non-physical and hard to 
fit black boxes. That’s why we developed a new and simple 
mathematical model [6]. 

To demonstrate that the developed model is more accurate 
than the commonly used Mayr-type models, we do a 
comparison of simulations with real experimentations for three 
arcing cases: contact opening in relays, arcing faults on wires 
and high voltage arcing between electrodes. 

The paper is organized as follows: first we will discuss of 
the necessary background by presenting the static arc equation, 
the Mayr model and the suggested model. Secondly, we 
present the experiments realized to obtain real data. Third, we 
define comparison criteria and presents the comparison results. 
Finally, we conclude and describe some further works. 

II. ELECTRIC ARC MODELS IN CIRCUITS 

A. Simplified Arc Model 

Let’s consider the R circuit of Fig. 1. The circuit voltage 
equation is: 

 arcarcDC VRIV   

We want to simulate the normal arcing that occurs at the 
switch opening. To do so, we use a first arc model which 
consists in a simple electromotive voltage V0 (Fig. 1). At 
switch opening, an arc voltage V0 appears between the two 
contacts of the switch. Then, the distance x between the contact 
increases during the opening, and so does the arc voltage V0.  

 
 

Fig. 1. Simple R circuit with a switch. When the switch opens, the arc is 

simulated with an electromotive voltage V0. 
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Because the arc length is assumed to be equal to the distance 
between the contact, then V0 is approximated by a linear 
function of the arc length x: 

 baxV 0  

We know that Varc = V0, so from (1) we solve for the current: 


R

VV
I DC

arc

0
  

By replacing (2) in (3), we deduced the arc current and 
plotted it in function of time (Fig. 2). Circuit parameters are: 
R=1 and VDC=40V. The switch is open at t= 0.0025s. In Fig. 2 
(a), the voltage V0 varies from 12V to 40V. When the switch is 
fully open, V0 reaches 40V and Iarc becomes null: the arc is 
extinguished. In Fig. 2 (b), voltage V0 varies from 12V to 30V, 
the switch is also fully open. But the arc is not extinguished 
because the arc voltage is lower than the generator voltage. Fig. 
2 shows that this simple arc model provides an easy estimation 
of the waveforms of the currents and voltages during the 
contact opening. 

 

B. Static Arc Characteristic 

The static arc characteristic describes the behavior of the 
arc voltage in function of the arc current when the arc is stable. 
The arc is considered as stable when arc voltage and arc current 
are not varying in time. For this to happen, the arc length must 
be constant in time, so does the pressure, the temperature… 

To measure the static arc characteristic, we use the resistive 
circuit of Fig. 1. For a set of well-chosen generator voltage and 
resistance, the arc will not stop even if the switch is fully open 
(Fig. 2). If the switch is fully open, the arc length is constant. In 
a lab condition, pressure and temperature are also constant. 
Under those conditions, the arc is considered as stable. As the 
arc is stable, we measure the corresponding arc current and 
voltage for example at time t=0. 01s in Fig. 2 (b). We repeat 
the above procedure for all the possible sets of VDC and R that 
produce a stable arc. Fig. 3 is the plot of all the sets of the arc 
currents and voltages measured. 

We can see in Fig. 3 that the static arc characteristic is the 
same as for a constant electromotive voltage V0, except for low 
currents where voltage increases significantly. This static 
characteristic is then modelled by the following equation for 
positive and negative currents: 

 0

0 V
I

P
V

n

arc

arc   

Varc is the arc voltage and Iarc is the arc current. Parameter 
P0 has the dimension of a power, ±V0 is an electromotive 
voltage (the sign depends on the current sign). Parameter n is 
comprised between values 1 and 2, depending on the electrode 
material. 

To solve the circuit of Fig. 1 for a positive current, we use 
the system equation composed of (1) and (4). The solutions, if 
parameter n=1, are given by: 


   

R

RPVVVV
I

DCDC

arc
2

4 0

2

00 
  

Remark: we can see from (5), that if power P0=0 then (5) is 
reduced to (3). 

Depending on the sign under the squared root in (5), we can 
have one or two solutions for Iarc or no solution. So the 
condition to be sure to initiate an arc is: 

  00 2 RPVVDC   

Remarks: we can see from (6), that if power P0=0, VDC > V0. 

This is the condition for the arc extinction in the example of 
Fig. 2. Equation (6) is a better approximation of extinction 
condition, especially for low currents. 

 

(a) (b) 

  
 

Fig. 2. Simplified arc current and voltage waveforms during a switch 

opening. Curves are obtained from (2) and (3). 

 

 
 

Fig. 3. Static characteristic of an electric arc between two electrodes of 

tungsten separated by a gap of 2 mm. Dots are real data, the curve is the 

fit of the equation (4) with parameters P0=3.61 V0=28.6, n=1. 
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C. Arc Polarization 

If we rewrite (1) to express Varc, it gives us all the possible 
arc voltages allowed by the circuit: 

 DCarcarc VRIV   

Equation (7) is called the load line equation where –R is the 
slope. In Fig. 4 load lines are drawn for three cases of voltage 
VDC. As we can see in Fig. 4 a load line can cross the static 
characteristic in one or two points. Cross points are the solution 
of (5), they are called polarization points. When there are two 
possible cross points, the one which corresponds to the 
maximum of current is the right solution for a static arc. It can 
also have no cross points if the load line is below the static 
characteristic (in that case there is no arcing).  

D. Mayr Model 

The Mayr model is an attempt to define the arc resistance 
Rarc by using the arc voltage and current only. Mayr also 
describes the arc resistance as time variant by introducing the 
arc time constant. The conductance garc=1/Rarc according to 
Mayr is given by: 

 















 1

1

0P

IV

dt

glnd arcarcarc  

 is the arc time constant, P0 the cooling power dissipated 
by the arc to the environment. Mayr model suffers from 
approximations, the most evident one can be interpreted as 
follows: if the arc is stable, then (8) should reduce to (4).  

When the arc is stable, the arc conductance is not varying 
anymore. So the left term of (8) is equal to zero. In that case 
the right term of (8) must also be equal to zero, then: 


arc

arc
I

P
V 0  

Equation (9) is the static arc equation according to Mayr. It 
strongly differs from the expected (4). As a consequence, it is 

impossible to fit correctly with a real static characteristic. So, 
inevitably, using the Mayr model will lead to approximations. 

Improvements of Mayr model have been proposed [7]. All 
those improved models are given table 1. The associated static 
characteristics are also given. By comparing static equations of 
table 1 with real static characteristics such as the one of Fig. 4, 
we see that only the Shavemaker model leads to a correct static 
characteristic. 

Model equations of table 1 have no analytic solution (one 
equation, two unknowns). Only numerical simulations can be 
done. Moreover, there is not a unique set of parameters P0 and 

 for a particular arc. Indeed, many sets of parameters exist to 
fit the models with arcing experiments (i.e. physically not 
possible). So Mayr-type models are hard to fit with real 
experiments. 

 

To simulate all the model of table 1, we use the method 
proposed by Shavemaker in [8]. And to fit the model 
parameters, we use methods proposed by [4]. We notify that 
the Mayr-type models simulate the arc extinction, but not the 
arc ignition. To simulate the ignition, we need a trigger signal 
to connect and disconnect the model in the circuit. When 
simulating for a contact opening in a switch, we always know 
when the switch opens. But to fit with real cases, an analysis of 
the experimental data is required (find the ignition instants in 
data to configure the trigger signal of simulations). Also, when 
the arc stops, the model need to be disconnected to prevent 
from false re-ignitions. In AC simulations, only the 
Shavemaker model consider a negative current. For the other, 
the arc can only be simulated for positive current (e.g. during 
positive half cycle). 

E. Mathematical Model 

We suggested a mathematical model in previous work [6] 
that better defines the arc static characteristic, by considering 
the overall discharge (VT, IT) instead of considering only the arc 
discharge (Varc, Iarc). Indeed, before the arc is initiated, it exists 

 
 

Fig. 4. Static characteristic and load lines. Load lines are drawn for three 

values of VDC. So, depending on VDC, it exists one or two crossing 

between the static characteristic and the load lines. 
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a glow discharge or a melted bridge. To take those phenomena 
into account [6], the overall static discharge is given by: 







)Iarctan(I

I
V

TT

T
T

 

α and β plays the same role as P0 and n in (4). Equation 
(10) is very easy to fit with real data [6] in opposition to Mayr-
type model. Fig. 5 shows a fit example of (10); for very low 
currents, the static equation behaves like a resistance. The static 
equation is also defined for negative current, which is not the 
case for all Mayr-Type model of table 1. 

As for the simple static characteristic, if we write the load 
equation of the circuit and then draw it for different values of 
VDC, it crosses the static characteristic in one, two or three 
points. On the contrary of the simple static characteristic (Fig. 
4) it always exists at least one cross point as solution (Fig. 6). 
When solving for the current, we have to choose one of the 
possible cross points as solutions. This is done by applying the 
least efforts principle: at start the discharge is polarized at cross 
point (VT0, IT0). When the load lines varies the new polarization 
point is (VT1, IT1). There is one, two or three possible points for 

(VT1, IT1). For each points we calculate the power variation P:  


0011 TTTT IVIVP   

The right cross point is the one who corresponds to the 

minimal power variation P. 

The main advantage in using (11) with the suggested static 
equation (10) is that arc ignition and extinction is taken into 
account. This occurs when the load line goes above the 
maximum voltage value of the static characteristic or when the 
load line is tangential to the static characteristic [6]. As a 
consequence, there’s no need to know when the arc starts as for 
the Mayr-type models. The arc simply starts or stops like it 
must do. 

The dynamic behavior of the arc is defined by the following 
equations: 
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II

dt

dV
VV

arc
arcT
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 is the arc time constant. Equation (12) expresses the real 
arc current Iarc and voltage Varc in function of the static 
polarization point (VT, IT). If (10) is called VT =F(IT ), by using 
(10) and (12), we can write the general arc equation in the 
circuit: 
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The simulation of the model can be done with a Matlab 
script file. At each generator voltage sample VDC(k), we solve 
the circuit by using the circuit voltage equation e.g. (1) and the 
dynamic equation (13). It gives one, two or three possible 
solutions for (Varc(k), Iarc(k)). Then we choose the right solution 
by calculating: 

    1 kIVkIVP arcarcarcarc
 

This mathematic model is a general model. It is developed 

for all kind of circuits with AC or DC generator and for all 

kind of ignitions. 

III. COMPARISON OF THE PRESENTED MODELS 

To compare all the Mayr-type models with the suggested 
model, we use two criteria: the standard deviation of the error 
and the power of the error. Those two criteria are measured for 
three common arcing cases occurring in circuit: overvoltage 
ignition, carbonized path ignition and opening contact ignition. 

A. Experiments 

The experiments are made in resistive circuit like the one in 
Fig. 1 or in RL circuit, either with direct voltage VDC or with 
alternative voltage VAC. 

In an overvoltage ignition, the circuit is open and the 
electrodes or contacts are non-mobile. A sinusoidal voltage 
generator is used and a high voltage pulse (kV) is added to the 
generator voltage (this is done with the GDARC generator). 

 
 

Fig. 5. Static discharge characteristic of an arc between two wires. The 

arc is initiated with a carbonized path. Dots are real data, the curve is the 

fit of the equation (10) with parameters α=49, β=1.46, =2221. 

 
 

Fig. 6. Static characteristic and load lines. Load lines are drawn for four 

values of VDC. So, depending on VDC, it exists one, two or three 

crossing between the static characteristic and the load lines. 
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This high voltage creates a disruption of the gas between the 
two electrodes: the arc is initiated. Now the circuit is closed by 
the arc and the current flows through the resistor. Table 2 
shows both arc current and voltage when there is two 
successive pulses (20kV) created during the positive half cycle 
(VAC =900V, R=150Ω). 

In a carbonized path ignition, the arc is created between 
two wires instead of between contacts or electrodes. The wires 
are prepared so that it exists a resistance between them. To do 
so, the wires are placed side by side and carbonized locally. 
When the generator is turned on, the current flows in the 
carbonized path resistance. The path resistance reaches 
sufficiently high temperature so that the arc is initiated. Table 2 
shows both arc current and voltage (VAC =230V, R=47Ω). 

Both arc current and voltage for the contact opening circuit 
discussed in the first paragraph are given in table 2 for a RL 
series circuit (VDC =36V, R=0.11Ω, L=1mH). 

B. Comparison Criteria 

To compare the different models, we simulate them for the 
three experiments cited above. For the Mayr-type models, the 

experimental data are first analyzed to find the arc initiation 
instant (because Mayr-type models do not simulate the arc 
initiation). For each experiment, we calculated the difference 
between real signal A(k) and simulation signal S(k): 

 )k(S)k(A)k(   

The standard deviation (in V or A) is calculated with: 
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The error power is calculated with: 
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Remark: the power calculated using (17) is equal to one if   is 
a constant signal of value one. 
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C. Results 

Table 2 presents the simulation waveforms for the two best 
models: the Shavemaker model and the suggested model. By 
visually comparing them to real signals, we see that the 
suggested model is in good agreement with experiments. 

Table 3 presents the error deviation and the error power for 
all the models fitted to the three experiments. Each cell of the 
table 3 gives the results for, respectively, over voltage ignition, 
open contact ignition and carbonized path ignition. From Table 
3, we observe that all the models provide better results than the 
Mayr model. It was expected, because the other Mayr-type 
models are Mayr model improvements. We can also observe 
that the Shavemaker model provides better results than any 
other Mayr-type model. Finally, we observe that the suggested 
mathematical model provides better results than all the other 
models. 

To visualize the performances of the model, we also use 
radar plots of data in table 3. Fig. 7 shows the radar plots of the 
columns of table 3 for only Mayr, Shavemaker and the 
presented model. The three axes in plots represent the three 
experiments: the “OV” axe is the over voltage experiment, the 
“OC” axe is the opening contact and “CP” is the carbonized 
path. All the data in table 3 are normalized so that the values 
for Mayr model change to [1, 1, 1]. In that way, the 
representation of the Mayr model is an equilateral triangle (Fig. 
7). As the other model provides better results, their 
corresponding triangles are inside the Mayr triangle. With this 
kind of representation, the best model is the one who have the 
smallest area and who is the closest to the center of the figure. 
We clearly see in Fig. 7 that the mathematical model provides 
better simulation results than Shavemaker and Mayr models. 

 

CONCLUSION 

We presented a new model, which is easy to fit with real 
cases. It provides an analytic solution that permits to solve for 
all circuits. It simulates the arc ignition as well as the arc 
extinction. We compared the reel experimental arcing 

measurements with the simulated ones for three common 
arcing situations. We also compared the reel experimental 
arcing with the classical Mayr-type models used nowadays. 
Results presented in this paper show that the proposed model 
provides a better description of the arc behavior in circuit than 
the Mayr-type model. Further works consist in testing the 
model with other less common applications. 
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TABLE III.  SIMULATIONS ERROR 

Model 

Voltage 

Error 

Deviation 

Current 

Error 

Deviation 
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Error 

Power 

Current 

Error 

Power 
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1.1 
0.15 
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Shavemaker 

V.D. Sluis 
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0.32 
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0.05 
0.7 

0.1 

0.25 
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Suggested 

Model 

28.2 
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0.4 
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0.06 
0.4 
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0.011 
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Fig. 7. Radar plots of the error deviation and the error power for Mayr 
(dot line triangle), Shavemaker (solid line triangle), and the mathematical 

model (bold line triangle). 
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Abstract—

This paper describes how to define different limit loads.
Those can be mechanical (e.g. Lorentz forces), temperature based
(max. temperature of materials) as well a result of electrical
insulation properties (e.g. high voltage tests). It describes the
necessary investigation to create a numerical model on a physical,
statistical and empirical base. The cumulated information is like
a “fingerprint” of an electromechanical switchgear which helps
to find out the behaviour in short circuit tests. The main
background is the low voltage product Miniature Circuit Breaker
(MCB) in its application with an upstream Molded Case Circuit
Breaker (MCCB) in a backup protection arrangement.

Keywords—simulation, arc, limit load, low voltage, circuit
breaker, miniature circuit breaker (MCB), molded case circuit
breaker (MCCB), co-ordination, backup protection

I. INTRODUCTION

Due to an increase of decentralized power generation as
well as the demand for affordable and reliable power
distribution, the requirements for electrical switchgear are
increasing [1]. The availability of powerful computer aided
tools for engineering and simulation reduce the effort made
towards the development. On the one hand an efficient tool
environment can enhance the productivity in the processes of
planning, manufacturing, logistics and sales of a product. On
the other hand, the customer requests the technical data
relevant for the application as fast as possible. The focus is not
only on the data of a single device, but also in a combination
with another device as a system. Manufacturers offer different
tools for planning as well as mobile applications for service
purpose to ensure fast access to the data.

II. OVERVIEW

In the following sub sections we introduce the considered
devices and describe their application as well. The focus is on
the relevant data that describes the interaction of both devices.

A. Miniature Circuit Breaker (MCB)
As per standard [2] circuit breakers are often called

Miniature Circuit Breaker in the market due to their small

physical size. Their main purpose is the overcurrent protection
of the branch wires. There are two principles for different
tripping methods. For overload situations with a current
slightly above the rated current a bimetal is designed to bend
out. This activates the latch within seconds to minutes (acc. to
tripping chart) and causes the device to trip. Short Circuits that
are much greater than the rated current of a device are detected
by the magnetic system that consists of a coil and a plunger in
its center. The hit of the plunger to the latch also causes the
device to trip. A direct hit to the movable contact opens the
contacts while the latch can still be in ON position. The arc of
the MCB is separated in the arc chamber. The influence of the
arc column can be neglected because of the short arc length.
But the anode and cathode effects create a significant
impedance which causes a measurable arc voltage. When the
arc voltage is higher than the line voltage the arc will be
quenched. To make this procedure quick the arc is accelerated
from the contact area to the arc chamber via magnetic and gas
flow effects. In order to make this transition as fast as possible
and to protect sensitive parts like the bimetal, modern MCB do
have a commutation path which is also shown in Fig. 1.

Fig. 1. Miniature Circuit Breaker 5SY4 series without cover (Siemens)

Strahl 12.3367

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



In normal operation the current flows through the total
current path which includes the main current path. When the
arc comes closer to the arc runner the current ‘commutates’
from the main to the commutation path [3]. This is also visible
in a short circuit diagram such as Fig. 2.

Fig. 2. Short Circuit diagram of a Miniature Circuit Breaker

At the beginning of the short circuit the arc voltage Ua is
directly proportional to the impedance of the device. After the
contact opening at around 0.7 ms the current in the
commutation path Ic is increasing while the current in the main
path Im is decreasing. When the arc voltage is higher than the
line voltage Ul the current limiting starts. The measurement of
this commutation is shown in [3].

B. Molded Case Circuit Breaker (MCCB)
Modern Molded Case Circuit Breakers follow the standard

[5] and are current limiting. This is achieved by the design
which nowadays generates high arc voltages [6] immediately
after the contact opening. Fig. 3 shows the uninfluenced
prospective short circuit current Ip as well as two MCCB with
different current limiting behaviours.

Fig. 3. Comparison of two MCCB with different current limiting behaviour
[6]

By reason of design elements such as slot motors and
current loops the MCCB 1 can generate a suitable arc voltage
more quickly than the MCCB 2. Therefore the Imax value and
the Joule integral has a smaller amount at MCCB 1. The
selectivity co-ordination with classical breakers was usually
based on current selectivity concepts. Using the energy-based
tripping release in addition a total selectivity is even possible
with small rated current ratio of 1:2.5 [7].

C. Co-ordination of electromechanical switchgear
The standard [5] (annex A) describes the relevant

information regarding discrimination as well as backup. This
data must be provided to the prospective user of a device by the
help of selection tables or calculation tools. Due to this the
manufacturer of the devices must be able to generate these
data. Basically the data has to be proved by tests but “desk
study” is also allowed in some cases. The publication [6]
shows a method of simulation (desk study) using the system
simulation [8] to reduce the number of tests. Since there is an
enormous number of up- and downstream devices available a
tremendous number of combinations are possible in the
practical application. Any method to lower the effort finding
the co-ordination data can help to reduce the number of tests by
trial-and-error methods. The next chapter gives an idea about
the test effort.

III. TEST PROCEDURE FOR BACKUP

A. Arrangement
The main focus of this paper is in the area of backup tests.

In order to achieve a high value for a certain combination of
up- and downstream devices it is necessary to find out the
limits of the downstream device in particular, which is usually
operating above its design limits regarding the maximum short
circuit operation Icn acc. [2]. Fig 4. shows a one phase test setup
with two circuit breakers in series.

Fig. 4. One phase test arrangement of two circuit breaker CB1 and CB2

There is a grid surrounding the downstream breaker CB2 to
detect arc emission by the fuse element F. This current iF can
also be measured for further analysis purposes. Since the
making angle y influences the test result usually one phase has
a higher load in a three phase system. In order to find out the
limits it is reasonable to test at a one phase arrangement and to
prove a value in a three phase arrangement as per standard
shown in Fig 5.

Fig. 5. Three phase test arrangement of two circuit breakers with variable
ground connection T
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According to standard the ground connection T may be
either on load or supply side. By choosing the supply side a
more critical test situation can be established because the
compensation current between the phases can generate a higher
load in another phase. If the ground is connected to the load
side the test results are similar to a one phase test arrangement.
The test procedure starts typically at a prospective short circuit
current over the rated short circuit capacity of the MCB. This
test current will be gradually increased in order to find out the
limits for this combination. For each test a new set of test
samples is required. This causes a high effort for the test as
well as the sample quantity even for one combination.

B. Test Parameters
In order to align the demands of the standards [2] and [5]

the parameters are within the defined tolerances. The
prospective data (up,  ip, and the power factor) is adjusted
without any test specimen. The test is initiated by the making
switch (angle y) at an O operation or with the CB2 at a CO
operation. Each combination must fulfill at least the O and a
CO operation with a time interval of 3 minutes inbetween.

C. Test Results
The standards [2] and [5] describe the relevant data for the

test report. In the focus of the backup tests especially the Joule
integral and the maximum let-through current Imax are
important for analysing the data of combination tests.

D. Post tests
Besides the short circuit operation there is also a standard

requirement for the devices after the test. The upstream breaker
CB1 is not allowed to have any contact welding. This can be
checked by switching the device and checking its continuity.
The downstream breaker CB2 shall show no damage impairing
its further use [2]. It must also withstand the following tests
without any maintenance: high voltage test, leakage current
and a tripping test. The results of the short circuit test as well as
inspection of the device after the test and the post tests show
how critical this combination test was for the downstream
breaker. This limit load is described in detail in the next
chapter.

IV. LIMIT LOAD

A. Definition
The limit load of the electrical contact in electromechanical

switchgear has already been discussed in different papers such
as [9]. There were also some studies regarding the statistical
reliability of the MCB regarding endurance tests [10]. The
focus of this paper is the limit load of an electromechanical
switchgear especially for short circuit tests as per the following
definition:

An electromechanical switchgear is under a certain test
condition on its limit load. A marginal increase of test
conditions causes an exceeding of specifications as per
standards or manufacturer. A significant increase of test
conditions can destroy the switchgear. A limit load on a MCB
can be caused by electromechanical, dielectric or thermal
processes [4].

B. Types of Limit Load
1) Mechanical Limit Load: A high let-through current

leads to high Lorentz force. Depending on the design the
current path is exposed to a high force that leads to a breaking
of supporting points or housing and cover.

2) Thermal Limit Load: Due to the fact that the short
circuit operation is taking place within <10 ms it can be
considered as an adiabatic process. Therefore the worst case
situation can be assumed, i.e. that the electrical energy is
completely transferred into thermal energy. This constraint
can be expressed by (1).
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The maximal Joule integral of a certain cross section A can
be determined by the specific heat capacity cp, the density ρ,
the maximum temperature rise ΔT and the specific resistance
ρel. The ampacity coefficient ξ summarises the material
coefficients.

3) Dielectric Limit Load: Besides the positive short circuit
tests, the dielectric properties must also be fulfilled as
mentioned above. The arc causes a migration of conductive
material (e.g. contact or arc runner material) during the short
circuit operation. This conductive accumulation and
deposition on surfaces in the contact area reduces the creepage
distances and leads to reduced insolation properties.

C. Determination of the maximum Limit Load
1) Mechanical Limit Load (Determination): This can be

determined by statical compression-tension tests of supporting
points or housing parts. A dynamical study can also be
performed with short current pulses (similar to the short circuit
operation) but at a minimum of voltage in order to avoid an
influence of an arc. The occuring Lorentz force in conducting
parts has a certain mechanical impact on close-fitting areas.
Depending on the design of especially the magnetic tripping
unit a mechanical limit of a certain type can be determined.

2) Thermal Limit Load (Determination): Due to the
commutation behaviour of a MCB it is more complex to
describe the tolerable amount of the thermal energy in each
current path. Therefore this limiting behaviour is described in
the fingerprint. Depending on the different materials being
used in the main and commutation path a limit load can be
estimated by the ampacity coefficient ξ. Table I gives an
overview of common materials used in MCB and their
material parameters.
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TABLE I. MATERIAL PARAMETERS AND AMPICITY COEFFICIENT

Material
cP ρ ΔT ρel ξ

Kg
sW

×
×

3cm
g K m

mm ²×W
[ ]²²

2

mm
sA

steel 0.460 7.85 1300 0.350 13400
copper  0.386 8.39 1000 0.053 61100

TB1577  0.460 8.10 _450  1.00 _1680

The small ampacity coefficient of the bimetal TB1577
indicates a small maximum thermal load and confirms the
need for the commutation design. Otherwise a bimetal with a
much greater cross section would be necessary which would be
challenging for the design compact size.

3) Dielectric Limit Load (Determination): Depending on
the commutation behavoir of a MCB a certain amount of
conductive material is in the contact area. This influences the
dielectric properties. Depending on the design different
commutation and switching off behaviours can already give a
forecast about the dielectric properties. Therefore it is
necessary to perform not only tests as per standards; in order
to find a relation it is also necessary to spend more effort
through additional measurements as introduced in [4]

V. FINGERPRINT

There are different approaches to model the behaviour of an
electromechanical switchgear. On the one hand the “Black
Box” simulation is used to describe different parts of a device
like tripping mechanism, contact movement and the arc [4]
with physical and mathematical models. Through using
different levels of abstraction fast calculation times can be
achieved.

On the other hand the precise physical simulation is another
approach. As an example for an arc simulation the different
physical domains such as the multi body simulation, magnetic
field, gas flow and plasma [11]. This allows a very precise
simulation that is usually quite time intensive for modeling and
calculating.

The approach of this paper is to combine the advantages of
the Black Box method with a fingerprint description. The
fingerprint includes the arcing behaviour as well as the limit
load of an MCB. The arc that can be modeled in two main
routines: the commutation and the impedance of the arc. Both
items are typical for a certain design and can be modified for
different tripping characteristics or rated currents within a
design. The main intention is to use already existing test data as
an input for the model [4]. Besides the short circuit behaviour
the fingerprint also includes information about the maximum
limit load of the device which can be mechanical, thermal or
dielectrical.

VI. APPROACH BY SIMULATION

A. Overview of procedure
The simulation including the fingerprint models is one part

of the whole procedure for estimating the backup values.
Depending on the virtual combination test a set of virtual test
parameters is implemented. This can be increased step by step.

The input parameter for the system simulation is originated by
the database for up- and downstream devices shown in Fig. 6.

Fig. 6. Complete overview of method including databases

The simulation provides information for each step about the
limit load that is applied on the MCB. If the maximum Limit
Load is achieved these parameters can be used for a hardware
test. This way the minimum needed number of tests can be
significantly reduced.

B. Model Overview MCCB
The MCCB model receives the main input from the

database that describes the arc model as well as the contact
system. This information helps to calculate the current limiting
behaviour. Those models are already introduced in [6] for
selectivity purposes. As shown in Fig. 7 the behaviour of the
device depends on the electrical network and is in this way also
dependent on the current limiting functionality of the other
device in series. In particular the contact system is influenced
by the actual Id,Lx and gives in this way an arc voltage
depending on the contact opening [12].

Fig. 7. Three phase MCCB model with electrical network [6]

Regarding the backup arrangement the upstream MCCB
operates usually below its maximum ratings. MCCBs have
typically Icu [5] values in the area of 50..150 kA whereas
MCBs have an Icn [2] value of 6..25kA. Due to the strong
current limiting function on the MCCB the common Backup
values for this combination are in the area of 25…50 kA.

C. Model Overview MCB
The relevant part of the MCB model consists of a black box

description for the tripping mechanism as well as a fingerprint
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for the commutation and the arc impedance. The tripping
mechanism is modeled as a mathematical physical model and
describes the contact opening as a function of the prospective
current and the device design (nominal current In, kind of
tripping unit, …). Similar to the MCCB in Fig. 7 the contact
opening initiates the arc in an MCB. This fingerprint describes
the complex commutation and arc impedance behavior. Fig. 8
shows one submodel including the connection to the electrical
network.

Fig. 8. One submodel of a MCB

The commutation behaviour can be described with a tanh
function as described in [4]. The ratio Ic/I is a regression of
tests that leads to the coefficients c1 … c6 as shown in (2).

( ) [ ]tcccII regC ,,...,tanh 621= (2)

In this way, it is possible to calculate the Joule Integral of
the main and the commutation path in dependence of the
electrical loads with reasonable accuracy. Depending on the
material parameter in the commutation path (esp. the bimetal)
it is possible to estimate the maximum limit load. Fig. 9 shows
the comparison of the average test curve ( )IIc

 with the
empirical description as per (2).

Fig. 9. Comparison of fingerprint and hardware test of commutation
behaviour

Based on the Icn tests of a MCB an exponential function can
describe the arc impedance also for higher prospective currents.
To describe the arc with an exponential function has already
been shown for MCCB in previous investigations [13]. Based
on the fact that in the case of the MCB the current path

changes, a split exponential function is needed as shown in Fig
10.

Fig. 10. Resistance function for the arc in MCB

This example shows the arc resistance by test compared
with the empirical formula (3) for a certain MCB type. RN is a
value to normalize the curves. The curve fitting was performed
at the Icn value. The formula for the fingerprint is an equation
with four coefficients h1 to h4 as defined in (3).

[ ]cncn IthhhhItR ,,,,,exp),( 4321= (3)

Due to the dependence of the prospective current a forecast
for a higher current can be made. The background of each test
curve is an average of 6 measured curves. Due to a common
sample variance the accuracy is acceptable.

D. Verification
Based on the method described above the following Fig 11

shows the maximum limit load simulation results as well as the
performed test results according the estimated maximum limit
load.

Fig. 11. Comparison of simulation and real short circuit test

Slight differences in the slope of the current can be
explained by a slightly different power factor. The Joule
integral and the Imax value show similar results. The forecast for
the limit load was in the standard deviation of the performed
verification tests.
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VII. SUMMARY

Regarding a Miniature Circuit Breaker the introduced
method gives a possibility to take into account in detail the
limit load of a certain device for the simulation of backup
dependencies. Besides the commutation and arcing behaviour a
fingerprint can be provided in a system simulation
environment. When the MCB Model is combined with a
MCCB in series it is possible to describe a virtual test
arrangement. Especially when the MCCB is designed for
energy selectivity the complex interaction with the MCB has to
be considered in each study. Moreover it is also possible to
provide a forecast of the limit load of the downstream MCB
which is important for the backup value. Instead of executing
an extensive number of tests to find out the limiting current of
a MCB by trial- and error-methods it is now possible to
estimate a starting point for a test.
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Abstract—Silver tin oxide (Ag/SnO2) contact materials are 
widely used for relays and contactor applications. A general 
trend in these applications is the steady miniaturization of 
switching devices, resulting in growing energy densities to be 
handled. The higher arcing energy densities in such new designs 
are inducing increased thermo-mechanical stresses in the contact 
material. As these stresses cannot be measured, FEM simulation 
was applied to make them visible for heavy duty break arcs. 
Based on these simulations and the understanding of the material 
stress behavior of the complete system (sub-assembly) significant 
improvements can be achieved. 

As contact materials are process driven products, a new 
generation of Ag/SnO2 materials with adopted stress release 
behavior was developed. Basis for these developments were 
thermo-mechanical FEM simulations on material behavior 
during processing and application. A particular focus in this 
optimization was placed on the rolling and cladding processes as 
final production steps. The significant improvements by 
optimized Ag/SnO2 contact materials were finally proven by 
heavy duty endurance tests in contactor applications and have 
been benchmarked against other production technologies, e.g. 
sintered Ag/SnO2 contacts.  

Keywords—contact material; silver tin oxide; thermo-
mechanical stress 

I.  INTRODUCTION 

Silver tin oxide (Ag/SnO2) contact materials are widely 
used for relays and contactor applications. A general trend in 
these applications is the steady miniaturization of switching 
devices, resulting in growing energy densities to be handled. In 
addition, miniaturization and design to cost call for smaller 
contact tips, which are typically realized by a reduction in 
thickness, while the other dimensions are maintained. For 
contact material, these two aspects translate into the need for 
lower material erosion to fulfill endurance requirements, which 
is realized for Ag/SnO2 by increased total metal oxide contents 
and the use of appropriate dopants [1]. 

Moreover, the higher arcing energy densities in such new 
designs are inducing increased thermo-mechanical stresses in 
the contact material. As these stresses cannot be measured, 
FEM simulation was applied to make them “visible” for heavy 
duty break arcs. 

II. FEM ANALYSIS 

Target of thermo-mechanical modelling was studying the 
impact of break arcs during contactor AC-4 heavy duty 
endurance testing. The geometry of the component and the 
layout of the materials are shown in Fig. 1. During each 
operation, the heat generated by the electric arc will induce 
thermal stress in the component. Hence, the heat transfer 
analysis and mechanical analysis were conducted by using 
finite element method (FEM) on the platform of 
Abaqus/Standard.  

 

 

Fig. 1.  Geometry and materials layout. 

The movable contact of a 45 kW contactor switching under 
AC-4 conditions was modelled, and the arc root was modelled 
as a thermal power input. The mesh and the area of the thermal 
power input is shown in Fig. 2. Due to the symmetry of the 
movable contact, only half of the movable contact was 
modelled. The shape of the thermal power input area is 
approximated to be circular (red area in Fig. 2). The thermal 
power input area is placed near the edge of the contact 
material, so as to simulate the worst case scenario in which the 
contact materials are eroded faster and the component fails 
sooner in comparison with the case when this area is placed 
right in the middle of the contact materials. The diameter of 
this circular area, as well as the arc power and its duration, are 
listed in Table I. These parameters are derived from the 
experiments in Chapter IV as described in [2]. 

TABLE I.  HEAT INPUT PARAMETERS FOR SIMULATION 

Parameter Value 

arc spot diameter 1.25 mm 

arc power 1 kW 

arc duration 2.5 ms 
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As mentioned above, the heat transfer analysis and 
mechanical analysis were conducted. Thus, the necessary 
materials properties to carry out the simulation are the thermo-
physical (the thermal conductivity, the expansion coefficients, 
and the heat capacity) and the mechanical properties (the 
elastic and plastic properties) of the materials shown in Fig. 1. 
The material properties input will be detailed in another 
publication. 

 

 

Fig. 2. Mesh and boundary condition. The area of the thermal power input is 
in red color 

The resulting temperature distributions at 2.5 ms (when the 
thermal power input ends) is shown in Fig. 3. It shows that the 
highest temperature that the contact material endures could be 
close to the melting point of pure Ag, which is 1234.8 K. After 
arcing, at the thermal equilibrium, the temperature of the whole 
component increases by about 1 K.  

 

 

 

Fig. 3. Temperature distribution (in Kelvin) at 2.5 ms 

The stress (σ33) distribution after arcing, at the thermal 
equilibrium, is shown in Fig. 4. This stress component - σ33 - is 
the critical stress component to tear the Ag and the contact 
material layer apart, and also the magnitude of this stress 
component is found to be much higher than the other 
components. At 2.5 ms, the interface between the Ag and the 

contact material layer is found to be under tensile stress in the 
interior of the component, and it is under compression near the 
surface. The magnitude of the compressive stress is also high 
enough to undergo plastic deformation in silver. After arcing at 
thermal equilibrium, the stress state in the interior and at the 
free surface is exchanged, i.e. in the interior it is under 
compression, and the at the free surface it is under tension (see 
Fig. 4)  

 

 

Fig. 4. Stress (σ33 in Pascal) distribution after arcing (1 cycle) 

The stress evaluation between the free surfaces of Ag and 
Ag/SnO2, simulating multiple switching cycles, is shown in 
Fig. 5. Here, the evolution of 33 with switching cycle is 
illustrated in detail.  

 

 

Fig. 5. Stress evaluation simulating multiple switching cycles (33/MPa) 
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III. MATERIALS UNDER TEST 

The contact material Ag/SnO2 86/14 PMT3, with Bi2O3 and 
CuO dopants, was chosen as standard composition for all 
following tests.  

Production of sintered contacts 

According to the above composition starting powders of Ag 
(x90 = 41 µm), SnO2 (x90 = 5.4 µm), Bi2O3 (x90 = 4 µm) and 
CuO (x90 = 1 µm) were intensely dry-blended in an Eirich 
mixer. In order to produce bi-metal contact tips, in a first step 
fine Ag powder and in a second one the powder mixture were 
filled into a die and pressed to greenings with a density of 
approximately 80% of the theoretical density. After sintering 
greenings at 900°C, for two hours under air atmosphere, 
sintered pieces were re-pressed in order to achieve final 
densities of around 97%. 

Production of (co-)extruded contact materials 

Same powder mixture as for sintered contacts was used for 
the extrusion process. Therefore powders were intensively 
mixed in an Eirich mixer. The powder blend was 
homogeneously filled into polymer tubes and densified in an 
isostatic press to green billets. After sintering at 800°C for 2 
hours under air atmosphere, the billets were extruded to strips. 
Solid strips were hot cladded with Ag and braze (CuP 284) to 
final dimension. 

For the co-extrusion process, green billets were mantled by 
silver sheets and extruded in indirect operation mode. Extruded 
bi-metal strips were cladded with braze alloy (CuP 284) and 
rolled to final dimension.  

Production of extruded and hot-cladded contact materials 
following the plus approach 

Based on simulation results, pre-material properties were 
adjusted in order to reduce stress at the bonding area. Therefore 
particle size distribution and heat treatment prior and following 
the cladding process were optimized with focus on reducing 
mismatch in deformation behavior of bonding partners in the 
gauge. Starting powders showed x90 values of 41 µm (Ag), 1.9 
µm (SnO2), 4 µm (Bi2O3) and 1 µm (CuO). After intense 
mixing powders were compacted to a billet and subsequently 
heat treated to obtain grain growth fine-tuning mechanical 
properties achieved after extrusion process. Bonding partners 
Ag (continuous casted & rolled), Braze (CuP 284) and 
extruded contact material strips were separately heated to 
specific working temperatures and hot cladded between 550°C 
and 750°C. 

Assembling Process 

All manufactured types of contact tips were induction 
brazed with identical parameter set-up for endurance testing, 
while the bonding area was checked by ultra-sonic inspection. 
As area of bond is one important factor impacting endurance 
results [3, 4]. 

IV. EXPERIMENTAL SET-UP 

Endurance tests applying a 45 kW contactor were 
performed under ohmic load conditions with switching currents 
in the range of 4 times rated current to benchmark he different 
Ag/SnO2 material samples. Table II summarizes the electrical 
test parameters. 

TABLE II.  TEST PARAMETERS 45 KW CONTACTOR 

Parameter Value 

voltage U 400 V 

current I 324 A 

power factor cosφ 1 

switching frequency 250 1/h 

number of operations 120,000 

 

The make and break operations were closely monitored 
during the endurance test. Therefore, phase currents and 
voltages across contacts uc(t) were measured. Arcing energies 
stressing the contact material were calculated based on these 
measurements. The average bounce arc energy at contact make 
Wmake per phase was estimated by applying Eq. 1: 

 
bouncet

ACmake dttiUW )(  

where tbounce represents the bouncing time (open contacts 
after initial contact make). 

The calculation of the average arcing energy at contact 
break Wbreak per phase of a contactor providing a double 
breaking system was done in accordance to Eq. 2. Here, twice 
(double breaking) the anode cathode voltage drop UAC is 
multiplied with the integral of the phase current from contact 
opening t1 until an arcing voltage of 100V is reached, which 
equals the commutation time. 

  
Vt

t

ACbreak dttiUW
100

1

)(2  

The monitored average arcing energies – calculated in 
accordance to Eq. 1 and Eq. 2 – are summarized in Table III. 
Comparable values are a sign for mechanically stable and 
comparable devices, and therefore comparable boundary 
conditions for the electrical tests. Bounce arc energies at make 
operation Wmake are in a range from 3 to 10 Ws, depending on 
synchronism, phase delay, and bounce behavior. Average break 
arc energies Wbreak can be observed in a range from 10 to 
20 Ws.  
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TABLE III.  AVERAGE ARCING ENERGIES 

 Conventionally 
Cladded 

Sintered Contact 

L1 L2 L3 L1 L2 L3 

avg. bounce arc energy 
Wmake [Ws] 

3.3 8.4 4.4 4.4 5.5 3.0 

avg. break arc energy 
Wbreak [Ws] 

12.5 16.1 16.1 12.5 9.7 15.5 

 Co-Extruded Advanced Cladded 

L1 L2 L3 L1 L2 L3 

avg. bounce arc energy 
Wmake [Ws] 

2.8 10.4 5.6 2.7 10.5 6.5 

avg. break arc energy 
Wbreak [Ws] 

12.9 13.7 17.9 19.3 10.4 15.9 

 

V. RESULTS AND DISCUSSION 

Material loss of the electrical contacts is dominated by 
vaporization and splash erosion of molten material under 
applied test conditions. The erosion behavior for all material 
variants is illustrated in Fig. 6. The total mass loss of contact 
material per electrical phase, which was measured by weighing 
the contact parts before and several times during testing, is 
plotted over the respective average arcing energy at break for 
this phase taken from Table III. This can be done as erosion is 
dominated by break arc under the applied test conditions – see 
arcing energy levels in Table III. All four materials show a 
comparable mass loss under these test conditions.  

 

 

 

 

 

Fig. 6. Material loss over energy at break of different samples 
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After the endurance test, cross sections of all tested contact 
parts were performed to evaluate the changes in the 
microstructure caused by arcing. Fig. 7 is showing the standard 
Ag/SnO2 86/14 PMT3 material manufactured by extrusion and 
classical hot cladding technology after endurance test.  

 

 

Fig. 7. Cross section of conventionally cladded material after test 

The thermo-mechanical stresses are leading to formation of 
cracks in the Ag/SnO2 material and a delamination of the 
contact material from the pure silver layer at the edge of the 
movable (upper) contact. On the stationary (lower) contact a 
crack in the brazing zone is already visible as well. The higher 
stressed right side of the contacts are in the direction of arc 
movement. 

Fig. 8 is showing the co-extruded Ag/SnO2 material after 
endurance test. Here as well the arcing formed similar vertical 
thermo-mechanical cracks in the contact material and in the 
cooperatively thick silver layer. In addition the material 
delaminates not in the bond between the silver and the contact 
material, but within the brazing alloy diffusion zone – as the 
zone with lowest withstand capability against the stresses. 

 

 

Fig. 8. Cross section of co-extruded material after test 

The cross section of the sintered Ag/SnO2 contact tip 
variant after test is illustrated in Fig. 9. Cracks along the 
granulate boundaries can be observed in addition to the vertical 
cracks.  

 

Fig. 9. Cross section of sintered material after test 

Fig. 10 shows the cross section of the new Ag/SnO2 86/14 
PMT3 Plus material, manufactured by extrusion and advanced 
hot cladding technology. No more horizontal cracks appear in 
the contact tip, due to the much higher bonding strength 
between silver and contact material, which was achieved by 
fitting the two materials together based on the simulation 
results in Chapter 2. But, similar to the co-extruded material a 
next week boundary from silver into brazing joint can already 
be foreseen by the delamination in that zone, and will therefore 
be part of future studies. 

 

 

Fig. 10. Cross section of advanced material after test 

VI. CONCLUSIONS 

Higher arcing energy densities in new switching device 
designs are inducing increased thermo-mechanical stresses in 
the contact material. As these stresses cannot be measured, 
FEM simulation was applied to make them visible for heavy 
duty break arcs.  

As contact materials are process driven products, a new 
generation of Ag/SnO2 materials with adopted stress release 
behavior was developed. Basis for these developments were 
thermo-mechanical FEM simulations on material behavior 
during processing and in application. A particular focus in this 
optimization was placed on the rolling and cladding processes 
as final production steps. The significant improvements seen in 
the optimized Ag/SnO2 contact materials were finally proven 
by endurance tests in contactor applications and have been 
benchmarked against other production technologies e.g. 
sintered Ag/SnO2 contacts. 

The advantages of Ag/SnO2 materials produced by 
enhanced processing technology via extrusion and rolling are – 
in addition to performance improvements – the lower total 
thicknesses that can be realized as compared to sintered 
contacts, improved layer stability, and the possibility to 
produce strips for automated brazing processes. All three of 
these improvements are key for fulfilling the requirements of 
ongoing contact material volume reduction. 

More than 100 electrical tests in different contactor ratings 
from 20 – 250 kW including full load AC-4 and AC-3 
endurance test prove stability of the advanced cladding 
method. Studies on non-precious metal sub-layer cladding, and 
improvements in the mechanical strength of the brazing joints 
will be part of future work.  
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Abstract—Series arc fault that frequently occurs in 

photovoltaic (PV) generation system greatly reduces safety, 

economy and stability level of the operating system. However, 

factors as time-varying PV source caused by weather, outside 

electromagnetic interference especially from the inverter make 

PV series arc fault more complex to be detected. 

This paper aims at providing a relatively reliable method for 

a new smart device called arc fault circuit interrupter (AFCI) to 

prevent PV system from threats by arc fault. In this paper, 

normal electric signals, fault electric signals and fault-like electric 

signals have been acquired via an experimental platform with PV 

system and different loads. Bringing PV series arc fault into the 

system, fault electric signals appear transient-state stage and 

steady-state stage which is also adjusted by inverter working 

mode. Fault-like electric signals have nearly the same transient 

process as fault electric signals. Euler method based on electric 

change and short time Fourier transformation (STFT) based on 

harmonic change are chosen to diagnose this kind of fault. A 

relatively satisfying synthetic algorithm based on a detection 

variable from each method has been proposed to identify fault 

conditions regardless of interference by fault-like conditions. 

Keywords—photovoltaic series arc fault; synthetic detection 

method; fault-like conditions identification 

I. INTRODUCTION 

Photovoltaic (PV) arc fault is considered to be a kind of 
"bad arc" phenomenon subjectively which can cause serious 
damage in the non-control state. This kind of arc can not be 
extinguished unless PV power supply is cut off. Even without 
external damage or baits, inner aging wiring and loose 
connectors can also lead to arc fault easily when current flows 
through these places. Thus PV arc fault may frequently 
contribute to a fire when heating accumulation in common PV 
system polymers as polycarbonate, nylon 6,6, PET is enough, 
posing significant threats to PV modules, property and human 
safety [1]. Furthermore, PV arc fault may also consume output 
power from PV system, greatly decreasing working efficiency 
of PV system. 

PV arc fault may appear randomly anywhere in PV system, 
leading to different kinds of possible arc fault. Inherent 

compose of PV system makes factors as loose connections, 
aging modules and damaged insulations come out easily. Thus 
PV series arc fault occurs more frequently than other kinds of 
arc fault. However, traditional protection devices like circuit 
breakers or fuses are not able to trip the fault and isolate the 
faulty loop facing the smaller faulty current caused by PV 
series arc fault.  

PV system using renewable solar energy is worldwide 
installed in commercial and residential areas. Accordingly, the 
persistently improving system capacity and increasing 
connection cables make PV series arc fault become a major 
restrict factor to improve PV system efficiency and reliability. 
Therefore, identifying PV series arc fault accurately in time is 
of great significance to develop a smart device aimed at 
detecting PV arc fault and keep the whole system operating 
safely and reliably.  

However, methods to detect AC or DC series arc fault can 
not be directly used to detect PV series arc fault due to its 
special shape in time domain [2]-[4]. The unique power 
supply and load make it more difficult to discover series arc 
fault in the PV system. Compared with AC arc fault, current 
caused by PV series arc fault is without shoulders. This fact 
proves that PV series arc fault is not easy to extinguish and 
may bring much greater danger to the whole system. In 
comparison with DC arc fault, PV supply is varying instead of 
keeping constant under varying solar radiation and fault 
condition, making it more complex to be detected [5]. 
Additionally, the inverter working mode as maximum power 
point track (MPPT) may adjust faulty electric signals 
dynamically. These factors make PV series arc fault detection 
more complicated and challenged. 

Although some tests have been conducted to understand 
PV series arc fault, the unique characteristic of inverter 
adjustment has not been indicated in measured fault electric 
signals [6][7]. As for its detection method, fast Fourier 
transformation (FFT) has been proposed to analyze selected 
normal electric signals and fault electric signals by steady arc 
separately [8][9]. But FFT is a global transformation for 
stationary signals, only giving frequency information. Thus it 
is unable to give time-frequency characteristics of non-
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stationary signals including PV series arc fault current. This 
limitation is destined to failure of grasping when PV series arc 
fault occurs. What's more, spectrum characteristics of interim 
between normal and steady state have not been mastered. If 
selected characteristic frequency bands lose effectiveness for it, 
it is highly possible for the fire accident occurrence during 
long transient state. Thus clear detection variables need to be 
put forward for real-time detection covering this state [10]. As 
for unwanted tripping conditions, some normal conditions 
owning similar transient features have not been given full 
consideration. Effectiveness of selected characteristic 
frequency bands are still unknown when facing fault-like 
conditions. Thus researches on these parts are the key to 
improve detection speed and detection reliability. 

This paper focuses on PV series arc fault, occurring more 
frequently due to numerous connections in the PV system. 
Based on designed experiments, fault electric signals by PV 
series arc fault with different loads and fault-like electric 
signals in normal operating conditions occurring in PV system 
have been gotten. From different detection view, this paper 
selects Euler method and short time Fourier transformation 
(STFT) to differentiate normal electric signals and fault 
electric signals. To make the differences between normal-state 
and fault-state detection variable outputting more remarkable, 
window function in short time Fourier transformation has been 
carefully decided to fit characteristics of PV series arc fault. 
Through building an effective detection variable from each 
method, a synthetic algorithm can trip facing multi-fault 
conditions and not trip facing fault-like normal conditions in 
complex environment.  

II. EXPERIMENT RESULTS 

A. Experimental Method 

To understand how PV series arc fault effects PV system, a 
device named arc fault generator (AFG) is needed to imitate 
fault-state PV system by introducing arc into it artificially. 
Shown in Fig. 1, AFG is a core device for PV series arc fault 
test. Two copper electrodes are held by insulating clamps, 
which is able to bear with high temperature and high heating 
during arc ignition. To guarantee easier connection for AFG, 
there are loop clamps at the end of both two electrodes. A 
desired arc gap is formed by fixing the conical stationary 
electrode and moving another electrode by the adjustment 
device, which can also set up a desired speed of moving 
electrode accurately.  

Shown in Fig. 2, AFG is put on the incoming bus of the 
load to acquire fault electric signals by PV series arc fault. The 
PV system used for the experiment consists of six strings and 
ten PV modules each. The series switch is used to interrupt PV 
series arc fault artificially. The parallel switch is used to 
change operation state of the whole system. The desired arc 
gap and pull-apart speed of moving electrode can be set up via 
the controlled computer. Arc and PV current are measured by 

HIOKI CT6862 current sensor. Arc, voltage signals of the PV 

and load are measured by high voltage probes. They are all 
sampled as 200kHz in HIOKI 8860-50 memory recorder.  
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Fig. 1. Arc fault generator for PV series arc fault test. 
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Fig. 2. Experiment schematic of PV series arc fault test. 

While both two switches and electrodes are in close 
connection, the whole system is in normal state. Then the 
parallel switch opens, normal electric signals are acquired 
because closely connecting electrodes still provide an access 
to loop current. By pulling two electrodes apart, arc starts to 
ignite and the whole system steps into fault state. In all 
involved load conditions, arc gap is persistently increasing to 
6.4mm at the motion speed of 2mm/s during arc ignition 
according to UL1699B standard. 

B. Fault Electric Signals in Different Load Conditions  

First of all, load is set as three-phase grid-connected 
inverter I. In Fig. 3, the inverter is working in MPPT motion to 
gain maximum power inputting. Electric signals in stage I are 
in normal state. Increasing arc voltage represents the 
appearance of PV series arc fault. Sudden arc gap bringing 
into the system leads a abrupt change to all electric signals 
except the inverter voltage. With the increasing arc gap during 
arc ignition, the loop resistance rises, contributing to the fallen 
loop current in stage II. According to the inverse relationship 
between photovoltaic outputting voltage and its current, PV 
voltage increases in arc transition stage. Unlike constant 
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output voltage by DC series arc fault, increasing output 
voltage can in turn makes up the decreasing degree of loop 
current. Thus PV series arc fault is more complex to be 
detected due to dynamically increasing PV source output by 
introduced series arc fault or weather factors. Such a long arc 
transition stage triggers the adjustment by MPPT algorithm 
rather than forms stable arc. The decreasing inverter voltage 
marks the start of stage III. Under the control of MPPT 
algorithm, the working point of PV system in stage IV almost 
restores its original working point in stage I. Different from 
normal state in stage I, the existing arc keeps the inverter 
voltage in stage IV a persistently lower level. Finally, by 
opening the series switch, the PV system reaches to its open-
circuit point in stage V, compelling arc to extinguish. The 
inverter voltage still exists due to full-charged capacitors at the 
primary side of the inverter. 

Then the inverter is switched to operate in constant voltage 
motion to keep constant voltage inputting. The respond time 
of constant voltage motion is much longer than MPPT motion 
when facing fault electric signals. Thus there are relatively 
stable fault electric signals in stage III by stable arc in Fig. 4. 
The changing fault electric signals mark the start of stage IV. 
Compared with Fig. 3, the working point of PV system in 
stage IV changes slightly in Fig. 4. This fact indicates 
adjustment ability of constant voltage motion is much weaker 
than MPPT motion's. The inverter voltage keeps constant 
under the control of constant voltage algorithm, causing PV 
voltage and arc voltage change synchronously. 

Next, load is set as three-phase grid-connected inverter II 
with DC-DC converter. Compared with the condition in Fig. 3, 
the respond time of MPPT motion is much shorter in Fig. 5. 
Fault electric signals could trigger discrete adjustments rather 
than continuous adjustments in Fig. 3. Therefore, the whole 
system restores its normal working point through a series of 
discrete adjustment level.  
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Fig. 3. Electric signals with inverter I in MPPT motion as load. 
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Fig. 4. Electric signals with inverter I in constant voltage motion as load.  
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Fig. 5. Electric signals with inverter II in MPPT motion as load.  
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Fig. 6. Electric signals with adjustable resistor as load. 

Finally, load is set as adjustable resistor without any 
electric adjustment algorithms. Therefore, there are only two 
stages including transient-state arc and steady-state arc in Fig. 
6. Besides, these fault electric signals would not be effected by 
switch noises from inverter. Once arc fault occurs, the resistor 
voltage decreases because the increase of arc voltage is more 
than PV voltage's. 

C. Fault-like Electric Signals in Different Conditions 

From these fault electric signals described above, the 
conclusion is drawn that PV series arc fault leads to the 
decreasing loop current. However, normal operations or 
changing environment factors in PV system also may decrease 
loop current. These fault-like electric signals may lead 
unwanted tripping to AFCI because they are similar to fault 
electric signals in time domain especially in the transient state.  

AFG would be removed by closing the parallel switch, 
which is a premise to discuss fault-like conditions. Both load 
changes and source changes lead to the similar decreasing 
loop current to fault-state loop current.  
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Fig. 7. Loop current of fault-like electric signals in different conditions. 

In actual operating conditions, load changes are normal 
operations to make the whole system adapted to AC utility. I1, 
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I3 and I4 are caused by load changes. Decreasing output power 
under control of the inverter and increasing resistance of the 
resistor are illustrations to be discussed here, on behalf of 
continuous and discrete load changes respectively. In general, 
decreasing speed or level of loop current is adjustable by 
setting load parameters. For the experimental inverter, power 
adjustment by constant voltage motion I1 is fastest while 
power adjustment by MPPT motion I4 is lowest. For the 
resistor with taps, repeat load changes later are larger than the 
first load change in I3. Other switching operations as cutting 
off DC switch I5 contribute to the same loop current as a large 
load change. 

PV system would vary due to continuous solar radiation 
change or discrete topology change. Changing solar radiation 
under different climate conditions is an example to be 
discussed here. Decreasing solar radiation by any climate 
factors such as emergence of cirrostratus causes the decreasing 
loop current I2.  

Shown in Fig. 7, loop current I1, I3 and I5 are close to step 
signal due to faster changes. Compared with stage II in Fig. 3, 
they are short of transient-state arc ignition. For loop current I2 
and I4, they are continuously decreasing due to slower changes. 
Compared with stage II in Fig. 3, they are short of sudden 
decline by introducing PV series arc fault into the whole 
system. 

III. TIME-FREQUENCY-DOMAIN-BASED ANALYSIS 

AND DETECTION VARIABLES EXTRACTION 

Although arc voltage is the mark of PV series arc fault, it 
is unable to be analyzed for the reason that the location of PV 
series arc fault can be conducted only after its detection in 
reality. Thus only changing loop current or PV voltage from 
the start of stage II could act as inputting signals for proposed 
detection variables. Taking their nonlinear correlated 
relationship, loop current is chosen as the inputting signal 
based on principal component analysis theory.  

For a discrete-time signal x(n), its STFT is given as: 

 STFT ( , ) ( ) ( ) j m

x

m

t x m h t m e 






   

where STFTx(t, ω) is a two-dimensional signal in both 
time and frequency domain, h(t) is a real-value window 
function in time domain. 

Through a time-shifting window function, STFT is able to 
divide the original non-stationary signal into several locally 
stationary sections, which meet the inputting requirement of 
FFT. STFT has a constant resolution in time-frequency 
domain with a certain window function. The narrower the 
window in time is, the higher the time resolution is, the lower 
frequency resolution is. As a result, accurate time localization 
of high frequency components would not be realized if 
frequency resolution is high. On the contrary, the required 
frequency resolution for low frequency components would not 
be realized if time resolution is high enough. Thus time and 
frequency resolution need to be traded off. If the adopted 

resolution is acceptable, STFT is better to be applied than 
discrete wavelet transformation (DWT) for its less calculation. 

The performance parameters of these window functions 
are main lobe width, minor lobe peak and its decay rate. These 
selected parameters decide window shape in time domain. The 
main lobe of Rectangular window is centralized. With proper 
frequency resolution, it identifies frequency components more 
accurately. Although its lower decay rate leads to high-
frequency interference, the characteristic frequency band by 
PV series arc fault would not be effected for its maximum 
frequency limitation. Other windows like Blackman window, 
Bartlett window, Tukey window have a wider main lobe. 
Spectrum leakage leads energy in a certain frequency to 
spread among surrounding frequency components, which is 
called spectral leakage and spectrum distortion phenomenon. 
This phenomenon may be of benefit to make up fence effect 
by STFT to some extent. Spectral leakage transforms the 
characteristic frequency into the characteristic frequency band, 
extending characteristic frequency band to a higher frequency. 
Gaussian window and Chebyshev window have a widest main 
lobe. Almost all frequency components have a lower value 
once PV series arc fault occurs, similar to the change tendency 
of DC component. Meanwhile, the inverter noise and its 
harmonics are also disappeared using these windows. 

A. Time-domain Detection Variable Building Based on Euler 

Method  

Turning Rectangular window to Blackman window etc., 
value in each frequency would spread to other frequency 
components around. Two or more decreasing frequency 
components DFi as DC component are gotten after 
interactions between frequency components. Then for loop 
current I(t), a time-domain detection variable based on Euler 
method can be defined as: 



1

T ( 1) | ( 1) ( ) |
n

I i i

i

t DF t DF t


     

where n is the total decreasing frequency components 
using a certain window.  

To get largest difference between stage I and other stages 
in TI, the Blackman window has been chosen. Additionally, 
the window length also need to be carefully selected, which 
could influence the result. When window length is less than 
200, the window would be too short to identify the varying 
transient state. When window length is larger than 25000, the 
window would not improve TI disparity by arc, which 
suggests a much slower detection process. Thus window 
length is chosen as 4000. 

For arc fault produced with an inverter, different patterns 
can be clearly seen in Fig. 8a) corresponding to divided stages 
and their transient process. Viewed from two sudden current 
changes, it is concluded that arc ignition has the similar ability 
of pulses production to MPPT acting. Thus this kind of large 
pulse may also be caused by faster power adjustment in Fig. 
8b). For inverter II owning faster MPPT adjustment speed 
shown in Fig. 5, more large pulses at the end of stage II would 
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appear more quickly after each MPPT adjustment. Smaller 
pulses in stage II by arc fault are much longer because power 
adjustment by the inverter is required to be much faster. This 
may act as a second feature for arc fault. Stage III is absent in 
Fig. 8b) because no more adjustments would appear. When 
MPPT adjustment finishes, the detection variable TI shows 
that the self-sustained arc has lower value than transient-stage 
arc. Even if loop current in stage IV restores the same level as 
stage I in time domain, TI in this fault stage is still larger than 
that in normal state. This fact suggests larger fluctuations in 
loop current brought by arc. 

For arc fault produced with a resistor, self-sustained arc 
keeps its stable state without any adjustments. Thus there is 
only a locally larger pulse once stepping into stage III Fig. 9a). 
Compared with the pulse value produced by arc, it is obvious 
that continuously varying loop current produces much smaller 
value at the turning point. This feature may be used to 
recognize gradual-varying fault-like conditions like lower 
power adjustment I4, continuously varying solar radiation I2 
and continuously adjustable resistor. Shown in Fig. 9c), 
machinery operations delay also causes those smaller pulses 
when load changes continuously. This transient process 
between two load changes is much shorter than stage II by arc. 
By setting detection time of small pulses long enough in a 
proper scale, small pulses would disappear for the reason that 
TI3 steps into stage III more quickly than TIarc. Other fast-
varying fault-like conditions including varying PV topology, 
switching operations I5 could be also recognized due to the 
same saltus step as I3. 

TIarc(A)

t(s)
0 1 2 3 4 5

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Arc Ignition

II

MPPT Acting

IIII

IV

0.5

1

1.5

2

2.5

0

-2

-1.5

-1

-0.5

TI1(A)

I

Power Adjustment 

by Inverter

II
IV

a)

b)

 

Fig. 8. Time-domain detection variable results. a)loop current in Fig. 3 b)I1 

in Fig. 7. 
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Fig. 9. Time-domain detection variable results. a)loop current in Fig. 6. b)I2 

in Fig. 7. c)I3 in Fig. 7. 

B. Spectrum Detection Variable Building Based on STFT 

|Iarc(f)|(A)

t(s)

Inverter Noises

Stable Arc  

MPPT 

Acting

f(×104Hz)

Top View

Arc Ignition

Arc Ignition

DF1

DF2

DF3

 Noises Harmonics

0

1

2

3

4

5

6

7

012345678910

0
1

2
3

4
5

1

2

3

4

5

6

 

Fig. 10. Spectrum analysis of loop current in Fig. 3 using STFT. 

To improve the reliability of gained result, frequency 
points number is also selected as 4000. Thus frequency 
resolution is 50Hz a subsection according to Nyquist 
Sampling Theorem. Seen from top view in Fig. 10, the 
switching frequency of inverter I at 10kHz and its harmonics 
up to 90kHz can be easily identified for their local maxima 
feature. This feature also appears in fault-like signals I1, I2, I4 
and I5 taking the inverter as load. For high frequency noises, 
inverter adjustment in I1 has a stronger influence than arc 
ignition. Thus changes at arc ignition disappear and only exist 
at inverter adjustment moment for 60kHz and other higher 
noises. This feature acts as an add index to further avoid the 
interference from I1. Switching operations in I5 would make 
inverter noises disappear for opening the circuit. For all fault-
like signals caused by solar irradiance, power adjustment or 
switching operations, their variations are only able to lead 
highest changeable frequency up to 0.9kHz. Therefore, to 
avoid unwanted tripping, frequencies above 1kHz owing 
increasing value are considered to be the suitable 
characteristic frequencies for PV series arc fault. Highest 
changeable frequency by Iarc depends on how much energy 
owned by arc. 

As analyzed above, occurrence of PV series arc fault forms 
unique characteristic frequencies. Then a spectrum detection 
variable based on STFT can be defined as: 



1

F ( ) ( )
n

I i

i

t IF t


  

where n is the total increasing frequency components 
above 1kHz using a certain window. Inverter switching 
frequency and its lower harmonics have decreasing value after 
arc ignition. Thus they need to be removed in selected 
frequency band according to its local maxima feature.  

By using (3), multi-frequency analysis result for arc 
current is shown Fig. 11. A series of small pulses after large 
pulse also appear in spectrum detection variable. Spectrum 
result enlarges FIarc in stage IV even though input in this stage 
has nearly the same value as stage I. This feature could 
identify load changes condition with small pulses only in a 
short time. If load changes are large enough in I3, it may also 
own enough energy to spread highest changeable frequency up 
to 1kHz. However, high frequencies HF from 60kHz to 80kHz 
also vary in this condition due to a relatively larger saltus step 
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than that when separating electrodes. All local maxima LM 
shifts to higher frequencies than 60kHz and lower frequencies 
than 80kHz. This feature acts as an add index to further avoid 
the interference from I3. 
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Fig. 11. Spectrum detection variable result. 

IV. SYNTHETIC DETECTION ALGORITHM 

Based on two detection variables above, a synthetic 
detection algorithm is proposed to recognize PV series arc 
fault regardless of fault-like conditions' interference. 
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Fig. 12. Flowchar of the proposed synthetic detection algorithm. 

Using DFi rather than original signal to calculate TI 
shortens the response time while ensuring multiple detection 
variables judgment. Effectiveness of TI, FI are guaranteed by 
its measurement of the inputting current's slope and energy 
shift separately. It is found out that large pulses TI after arc are 
generally around 4 times that before arc. To identify large 
pulses produced by arc, threshold value need to be properly set 
to avoid gradual state transition interference. Thus it is set as 
[3.5,4.2] times the average value in normal state. Lower pulses 
are the essential distinction between Iarc and fast-varying loop 
current. Thus they need to be sufficient to reach [8,10] times 

per 0.5s to ensure arc fault. As for its threshold value, its 
initial value is set as [1.2,1.5] times and should be updated 
with the current level once it is judged to normal state. 
Threshold value setting procession for FI is the same as TI. 

As claimed above, HF noise changes and LM shifts are 
essential differences between arc fault and load changes. To 
prevent unwanted tripping under special conditions, they need 
to be act as additional detection features aimed at different 
loads separately.  

V. CONCLUSION 

Fault-like electric signals by normal operations or varying 
solar radiation own the similar decreasing transient state to 
fault-like electric signals in time domain. Based on varying 
slope in time and energy shift in spectrum, an effective 
detection variable from different view has been built. Through 
choosing Blackman window and proper frequency resolution, 
the differences between normal-state and fault-state are much 
more remarkable. Large pulse and a series of small pulses are 
selected as unique feature owned by PV series arc fault. 
Changes of inverter noise at high frequencies and shifts of 
local maxima are used as extra feature to improve the 
reliability of a synthetic algorithm facing complex fault-like 
conditions by different loads. To fit time-varying PV source, 
the synthetic algorithm also adopts dynamic threshold value. 
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Abstract— To check the possible influence of arc root mobility 
on the contact erosion of composite rivets in DC automotive relay 
applications a model switch is designed to measure the arc root 
position with high time resolution. Seven different silver/tin oxide 
materials are examined under 70A inductive load – six of them 
manufactured by internal oxidation, one by powder metallurgy.  

The experiments reveal a material transfer from anode to 
cathode for all materials. For most of the materials the results 
show a tendency to lower anode contact erosion with higher 
anode arc root mobility. 

Comparing the materials to each other the finding is just vice 
versa: the materials with higher anode erosion show higher 
anode arc root mobility. Thus it is concluded that the main 
parameters for anode erosion are contact material properties as 
oxide content, manufacturing process, additives and oxide 
particle distribution. 

While keeping these parameters constant, higher arc mobility 
usually comes along with lower contact erosion. 

Keywords— Ag/SnO2 contact materials, automotive relays, arc 
root mobility, material transfer, internal oxidation 

I.  INTRODUCTION 

 The expansion of semiconductor components was 
conspicuous since the last decades. Particularly for information 
technique switching applications, a successive replacement of 
electromechanical switches and relays was the consequence for 
cost reduction and technical advantage. Regarding switching 
contacts for power applications in the automotive sector, a 
different development can be observed. 

 Since a focus for new car wiring systems is switching of 
motor loads, the demand for electromechanical switching 
devices is still notably high in this business sector. Especially 
when it comes to electromechanical relays, the technical 
requirements considerably changed. As the technical focus in 
the past was in switching of lamp loads, the devices needed to 
be optimized for withstanding high inrush current peaks on 
make operations. The requirement for the contact material used 
was thus to have a low probability for contact welding or 
sticking. Good results were obtained with powder metallurgical 
silver/tin oxide (Ag/SnO2) contact materials. Nowadays, the 
relay and contact material optimizing is focused on the break 
operations of motor loads. 

 For the contact materials used in those relays, this means 
that the critical load is not the make operation with a high 
inrush current, but severe arcing with the break operation. With 
this application shift, the key requirement for contact material 

changed to low contact erosion and low material transfer [1]. It 
has been shown that the contact materials optimized for lamp 
loads are less suitable for a sufficient contact life when 
switching off high current inductive loads. For the latter 
application and after legal restriction in the European Union [2, 
3] for Ag/CdO material, Ag/SnO2 materials with indium oxide 
(In2O3) proved to be advantageous, particularly when the 
process of internal oxidation is chosen for their preparation [4, 
5, 6, 7, 8, 9, and 10].  

 The present work is focused on the question, whether an 
additional reduction in contact erosion with internally oxidized 
Ag/SnO2/In2O3 [13] contact material can be obtained by 
increasing the arc root mobility on the contact surface. 

II. MATERIAL MANUFACTURING 

A. Manufacturing of the Contact Rivets 

 Overall, seven silver/tin oxide materials (Ag/SnO2) were 
teste: six manufactured by internal oxidation and one for 
comparison reasons by powder metallurgy (p.m.). 

 The p.m. material (Table 1, material E) is manufactured by 
mixing silver, tin oxide, and additive powder (tungsten oxide 
(WO3)), isostatic pressing of a billet and subsequent wire 
extrusion. After cold drawing of the wire with intermediate 
annealing steps, composite rivets with a head diameter of 3 mm 
were manufactured. [10, 14] 

 The manufacturing of the internally oxidized 
Ag/SnO2/In2O3 materials starts with casting of a silver tin 
indium alloy billet. After extrusion and wire drawing, the 
internal oxidation was performed at defined temperature, 
oxygen pressure, and process time. After chopping of the 
oxidized wire, a new billet was compacted and again extruded. 
If required, chopping and extrusion was repeated. The wires 
obtained after cold drawing and intermediate annealing were 
used to manufacture composite rivets as mentioned above. For 
all internally oxidized materials, some manufacturing 
parameters as well as the total oxide and / or indium contents 
were varied. Details and microstructure images are shown in 
Table 1 for all materials tested. [11, 12, 14] 

III.  EXPERIMENTAL PART 

 A Relay Model Switch was built up in accordance to a 
commercial automotive relay designed for high current 
inductive loads.  
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The test measurement devices & test parameters were as 
follows: 

A. Parameters of the Modelswitch 

• Contact force: 2.5 N 
• Opening force app. 0.5 N 
• Single break, contact gap app. 0.9 mm 
• Typical bouncing time on make: none, rarely up to 

300 µs 
• Typical contact displacement/sliding after/prior on 

make/break respectively: 100 µm 
• Make/break operating velocity vm/b ≈ 0.6 mm/ms 
• Control & operating voltage U = 13.5 Vdc 

 

B. Test Conditions 

• Quantity of switching operations: 1,000,  
20,000, or 50,000 

• Electrical Current 70 Adc 
• Inductivity L: 0.1 mH 
• Operating sequence: 1 sec on & 3 sec off time 
• Ambient temperature: 22°C ± 5 °C 
• Polarity: inverting after every single test run 
• Number of test runs for every material: 8 up to 15 

 

C. Measurement Setup & Evaluation of Test Results 

• Recording / calculating the following results with the 
aid of a digital 4 CH oscilloscope :  

o Switching-on and -off delays 
o Arc energy and arcing time – both separated 

for make and break operations 

o Contact bouncing behavior 
o Contact resistance, measured 500 ms after 

make 
• High speed camera, operated with 30,000 frames per 

second (fps) 
o Geometrical resolution on the contact 

surface: better than 0.1 mm 
o Recording of break arc position by 

evaluating two images recorded from two 
positions under an angle of 90° 

o Based on this: calculation of arc root 
mobility on the anode as well as on the 
cathode 

• Erosion measurement by microbalance (resolution: 
±1µg & repeat accuracy: ±1.5 µg) 
Weight of stationary as well as moveable contact 
were evaluated prior and after the test to determine 
contact erosion or material transfer. 

 

IV.  TEST RESULTS 

A. Contact Resistance 

 The initial contact resistances for all tested materials before 
the service life tests were in the range of 1 - 2 mΩ. As shown 
in Figure 1 for materials C, D, E, and H, the contact resistance 
increases to typically 4 - 12 mΩ and seems to stay pretty 
constant from 1,000 to 50,000 switching operations. The only 
exemption is material E, where in some cases the contact 
resistance became that high that the contacts failed or welded. 
These test results are not included in Figure 1. 

Ag/SnO2 ad 
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Figure 1 Development of Rc with increasing switching op’s, 99.5%- 
quantiles 

B. Contact Bouncing, Arcing Behavior 

 As the model switch relays showed almost no bouncing 
during the make operation in any case, a significant difference 
between the contact materials tested was not observable. 

 Investigations for the switching parameters make & break 
arc energy and make & break arcing time, similar results were 
obtained: No significant difference between the materials. 

 Exemplary: for the arc energy during break operations, 
values of 1,200J ± 100J /1000 switching operations were 
measured for all materials. 

C. Material Erosion 

 The change in weight of contact materials during electrical 
tests is a common parameter to “predict” the expectable service 
life. A loss of material of the anode part and an accumulation 
of the cathode part was measured for all contacts. 

 Since the material transfer was pretty uniform on the 
contact surfaces for all materials (no punctual accumulation of 
contact material at the cathode part – i.e. no pip-crater-
formation), the gain in weight at the cathode part can be seen as 
irrelevant for electrical service life.  

 Thus, the following results presented are just the material 
loss at the anode. 

 For all materials, the contact erosion at the anode part was 
remarkably higher when using the moveable contact as anode. 
This is probably due to the higher temperature of the moveable 
contact in comparison to the stationary. As an example, Figure 
2 illustrates this for material B using a Weibull probability 
diagram. 

 The commercial automotive relay used as a blueprint for 
the model switch setup has no specification in regard to the 
polarity. Thus, the evaluation of anode erosion rates 
summarizes both, anode as moveable contact as well as 
stationary. 

 
Figure 2 Weibull probability plot of anode erosion rate of material B, 
stationary & moveable contacts separated, n = 20,000 op‘s 

 Figure 3 shows the erosion rate on the anode as a function 
of the number of switching operations for three of the materials 
tested 

 
Figure 3 Development of the anode erosion rate with increasing 
switching op’s 

 For all contacts shown above, the erosion rate decreases 
significantly from n = 1,000 switching operations to the erosion 
rate of n = 20,000 operations. Comparing the results between n 
= 20,000 and n = 50,000 operations give reasons to believe that 
in regard to contact erosion a stationary state is reached after 
20.000 operations. 

 Material E (manufactured by p.m.) showed conspicuously 
poor results. It failed 5 times due to contact welding before 
reaching 20,000 / 50,000 operations. 

 An overview about the material erosion rate at the anode is 
shown in Figure 4 for n = 20,000. For reasons of clarity, 
material E is shown separately in Figure 5. 
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Figure 4 Weibull probability plot of anode erosion rate, n = 20,000, 
all tested materials except material E 

 

 
Figure 5 Weibull probability plot of anode erosion rate, n = 20,000, 
Mat E in comparison to Mat. B and G 

 As shown in Figure 4, the materials tested show mainly a 
significant scatter range. The most reliable one in regard to a 
prediction of the anode erosion rate is Mat F – while Mat B and 
G show remarkably higher scatter 

 To visualize in a very marked way, the observation, that the 
known p.m. manufactured contact materials are not suitable for 
the investigated kind of automotive relays, coming along with 
high inductive loads, a comparison for Mat E (p.m.) with Mat 
B and G (both manufactured by using internal oxidation) is 
shown in Figure 5. 

D. Arc Root Mobility 

 Figure 6 shows a typical distribution of the break arc root 
paths (center of the anode arc root) on the anode contact 
surface of material F during 20,000 switching operations. Since 
the high speed camera recorded every twentieth operation, 
Figure 6 shows the superposition of overall 1,000 break 
operations. 

 Figure 6 shows, that over time the arc root path covers 
almost the whole rivet surface 

 
Figure 6 Arc root path over the time on material F, n = 20,000 
switching operations. Circle indicates the edge of the rivet head. 

 As during the break arc the current decreases from rated 
current (70A) to 0 A during the arcing time, the amount of 
energy transmitted to the contact material thus decreases as 
well. So, for obtaining a quantitative determination of the stress 
level for the contact surface at certain rivet surface positions, 
the electrical arc root path as a function of the surface position 
is needed. The quantity of the arc energy continuously 
decreases with time. This parameter can be calculated since all 
necessary information like arc root position and arc velocity are 
available. 

 

 As an example, Figure 7 shows a way how to visualize the 
position-based stress level on an anode contact rivet with 
material F by applying the method, which is described above. 
The units shown on the color range are chosen in an arbitrary 
manner. 

 

 
Figure 7 Position-based stress level on an anode contact rivet, 
material F, n = 20,000 switching operations, circle indicates the edge 
of the rivet head  

 The dependency between the two parameters ‘Anode 
Erosion’ and ‘Arc Root Mobility’ is shown in Figure 8. 
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Figure 8 Anode erosion rate after 20,000 operations as a function of 
mean anode arc root travel per operation. 

 In accord with the results shown above, mat. E shows the 
poorest results, when it comes to the anode erosion rate.  Fig. 8 
shows clearly that the anode arc root mobility is not the 
dominant influencing factor for anode erosion rate. But under 
the precondition that the most important parameters are the 
same (composition, size of oxide particles, electrical 
conductivity etc.) – in other words comparing the different tests 
of the same material the results reveal with material B, E, and F 
a positive influence of anode root mobility to reduce contact 
erosion. 

V. DISCUSSION 

 As shown the anode erosion rate of mat. E is substantially 
higher compared to all other materials tested (see fig. 5). This 
model switch result is in good agreement with test results in the 
field demonstrating that the additive WO3 for Ag/SnO2 
material leads to unfavorable service life for inductive DC 
automotive loads. 

 As with all other materials tested, mat. E  app. 50% of 
anode mass loss is transferred to the cathode and causes a 
material gain. As shown in the microsection after 20.000 
operations (fig. 9) the material gain covers the total switching 
surface of the cathode – there is no evidence for a pronounced 
pip-crater formation and thus a reduction in service life by 
mechanical interlinking of the contact surfaces. The 
microstructure of the transferred material is very fine in 
comparison to the original structure.  

 

 
Figure 9 Microsection, Mat. E, cathode after 20.000 operations: 
severe material gain on the surface due to material transfer 

 

 
Figure 10 Microsection, Mat. E, anode, transition of fine 
microstructure to crease oxide enriched areas 
 
 This fine microstructure changes in some areas to a croase 
oxide enriched structure as shown with fig. 10. It can be 
speculated that a crack formation parallel to the switching 
surface reduced the heat transfer from the arc root in the 
contact rivet, thus increased temperature of the molten contact 
surface and thus fosters evaporation of silver on the one side 
and coagulation/sintering of oxide particles on the other. 

 

 Similar effects were observed with the internally oxidized 
materials A – D, F and G with the additive In2O3 – but at a 
lower magnitude. Probably a root cause for the differences 
observed is the higher vapor pressure of WO3 compared to 
In2O3 resulting in higher material transfer as well as a 
reduction in WO3 content. WO3 acts as a wetting agent 
between the SnO2 particles and the molten silver of the melt 
pool under the arc root and thus contributes to homogenous 
distribution of the SnO2 particles in the arc treated contact 
surface. In turn this means that a reduction of WO3 content 
will cause oxide layer formation and thus increased contact 
resistance. Thus, for mat. E the high contact resistances (see 
fig. 1) measured as well as the elevated material loss of the 
anode (see fig. 3 / fig. 5) can be related to the properties of 
WO3. 

 While in regard to the contact resistance measurements the 
internally oxidized Ag/SnO2 materials did not reveal 
significant differences (fig. 1), the erosion rates are obviously 
influenced by manufacturing parameters and composition. As 
shown in the microsections of mat. D in fig. 10 and 11 for 
cathode and anode respectively there occurs especially with 
this material an additional mechanism contributing to material 
losses: crack formation and thus erosion by lost particles.  
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Figure 11 Material D, cathode, after 20.000 operations with material 
break off and subsequent material gain  

 

 
Figure 12, Material D, anode, after 20,000 operations, with material 
break off at the contact surface 

VI.  CONCLUSIONS 

 The evaluation presented shows that p.m. Ag/SnO2 contact 
material with WO3 additive is less favorable compared to 
internally oxidized Ag/SnO2 materials with In2O3 additive. 
But in this family of internally oxidized Ag/SnO2 materials a 
substantial reduction in contact erosion can be realized by 
optimizing production parameters. 

 An increase of arc root mobility on the contact surface is 
obviously not the dominating factor for contact erosion in the 
relay design applied. But there are indications that an 
optimization of contact material for increased arc mobility can 
contribute to improved service life. 
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Abstract—In the electromagnetic relay, generally, the dusts 
are generated by the shaven engineering plastics. However, at the 
specified environment, it was observed that the dust are needle-
like crystal, and they are not shaven engineering plastics. When 
the operating relay has these dusts between anode and cathode 
contacts, the contact failure occurs. In this paper, firstly the 
sublimation of needle-like dust is discussed. Secondary, the dust 
is analyzed by chemical method. Thirdly, the generated condition 
of the needle-like dust is discussed. It is suggested that the needle-
like dust of the organic substance of the derived from the flame 
retarder are the key factor for the high reliable electrical contact 
and the electromagnetic relay. 

Keywords—Electromagnetic relay; Needle-like Crystal; Flame 
Retarder; Housing Material; Polybutylene Terephthalate 

I.  INTRODUCTION 
In the devices of the electronic, the components of the 

electromagnetic relay are needed for the circuit current 
switching and control. The important function of the 
electromagnetic relay is the electrical connection and insulation 
between the anode and the cathode of the contacts at closed 
and open contacts [1] and [2]. 

The authors have studied and published the improvement of 
function about electromagnetic relay [3]-[6]. However, to 
develop the high reliable electromagnetic relay, it is necessary 
to reduce the dust caused by the contact failure. 

In the electromagnetic relay, generally, the dusts are generated 
by the shaven engineering plastics. However, at the specified 
environment, it was observed that the dusts are needle-like 
crystals, and they are not shaven engineering plastics. The 
dusts of needle-like crystals are shown in Figs.1 (a) and (b). 
These dusts cause the connection malfunction when 
sandwiched in between the anode and the cathode contacts. 
Therefore, it is necessary to examine what this dust is. 

 

 

 
(a) Electromagnetic relay at side view 

 

 
(b) Inside relay housing 

Fig. 1. Photographs of generated dust of needle-like crystal in the 
electromagnetic relay at housing. 

Needle-like Crystal 

Needle-like Crystal 

2mm 
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In this paper, in order to clarify the property, generated 
mechanism and condition of the dust, firstly the sublimation of 
needle-like dust is discussed. Secondary, the dust is analyzed 
by chemical method. Thirdly, the generated condition of the 
needle-like dust is discussed. Finally, it is suggested that the 
needle-like dust of the organic substance of the derived from 
the flame retarder are the key factor for the high reliable 
electrical contact and the electromagnetic relay. 

II. EXPERIMENTAL AND ANALYZED METHOD 
In order to clarify the property, generated mechanism and 
condition of the dust, two methods for the three step 
approaches are explained in this part. 

A. The method of the obsereved sublimation of dust 
The illustration of the experimental of the heating the needle-
like crystal is shown in Fig.2. The needle-like crystal is heated 
by heating plate. The temperature condition is shown in Table 
I. The observation time is selected by the finish of sublimation.  

B. The method of the analysis by GC/MS 
In order to clarify the material of the dust, the specimen are 
analyzed by the GC/MS (Gas Chromatograph Mass 
Spectrometer). The illustration of measurement system and 
condition of analysis of GS/MS are shown in Fig.3 and Table 
II. The carrier gas is He. The cryofocus temperature is from 
150°C to 260°C. The specimen are the needle-like crystal, 
the relay components, the pellet of the PBT (Polybutylene 
terephthalate) material and the material for PBTs. 

III. RESULT AND DISCUSSIONS 
In this part, the result of the three steps of experimental and 
analyzed data are discussed. 

A. Sublimation of needle-like dust 
The observation of sublimation behavior of needle-like dust 
by heating at 100°C and 125°C are shown in Figs.4 and 5, 
respectively. At the Fig.4, it is observed that the needle-like 
dust has disappearance through sublimation. The time of 
disappearance through sublimation is over 18 hour at 100°C. 
On the other hand, in the case of heating temperature 125°C at 
the Fig.5, the time of disappearance through sublimation is 
over 180 min. Therefore, the sublimation behavior of needle-
like crystal is strongly affected by environmental temperature. 
In addition, if dust grows up between the anode and the 
cathode contacts in the electromagnetic relay, the contact 
failure occur. This instance means serious problem for the 
electromagnetic relay. 

B. Generated mechanism of the needle-like dust 
In order to clarify the generated mechanism of the needle-

like dust, the dust is analyzed by the GC/MS. The result of 
chromatogram of generated gas from needle-like dust, the 
relay component A, B and C by GC/MS are shown in the Fig. 
6. At the Fig.6 the dust of needle like has peak of retention 
time at 23 min. This peak is caused by the PBBA 
(Pentabromobenzyl alcohol). In the components of relay, 
“Relay component A” has same substance of retention time at  

 
 
 
 

 
Fig. 2. Illustration of the experimental of the heating needle-like crystal. 

 

TABLE I.  EXPERIMENTAL CONDITION OF HEAING OF DUST 

Items 
Values 

Condition Temp. [°C] 

Temp. of heating plate 

1 100 

2 125 

 

 
 

 
Fig. 3. Illustration of measurement system of GC/MS. 

 

TABLE II.  ANALYSIS CONDITION OF GC/MS 

Items Conditions or Values 

Equipment 

Agilent 6890 Gas-Chromatograph 
Agilent 5973N Mass Spectrometer with Gerstel TDS 
(Thermal Desorption System) Gas Sampler 

GC Column HP-5MS, 250µm in diameter, 30m long 

Column Temp. 50°C (1min)  Ramp 10°C/min 
 260°C (10min) 

Carrier Gas Helium 
Flow Rate 1ml/min 
Split Ratio 50:1 
Ionization 
mode EI (Electron Ionization) 

m/z range 15-700 
Cryofocus 
Temp. 

150°C (Condense Phase) 
 260°C (Vaporize Phase) 

 

Specimen 

Electron Ionization Mass Spectrometer 

Cryofocus 
TDS Heater 

He Gas 

GC Column 

Heating Plate 

Steel Plate 
 (ts = 1mm) 

Glass Plate 
 (tg = 0.3mm) 

Needle-like Crystal 
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(a) Initial                                             (b) After 2h 

     
(c) After 5h                                           (d) After 10h 

 
(e) After 18h 

Fig. 4. Observation of sublimation behavior of needle-like dust by heating at 
100°C. 

     
(a) Initial                                            (b) After 30min 

     
(c) After 60min                                      (d) After 90min 

 
(e) After 180min 

Fig. 5. Observation of sublimation behavior of needle-like dust by heating at 
125°C. 
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Fig. 6. The result of chromatogram of generated gas from needle-like dust, 
the relay component A, B and C by GC/MS. 
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Fig. 7. The result of chromatogram of generated gas from “relay component 
A (after injection molded)” and pellet of PBT for component A (before 
injection molded)  by GC/MS. 

 
 
23 min. This component material is PBT (Polybutylene 
terephthalate) with flame retarder. The PBT may use often 
PBBA as materials of the fire retarder. Therefore, it is 
suggested that the needle-like crystal dust are the organic 
substance of the derived from the flame retarder in the PBT. In 
order to clarify the PBT including PBBA, the chromatogram 
of comparing the pellet (before injection molded) with 
component A (after injection molded) are shown in Fig.7. The 
pellet of PBT has peak of retention time at 23min. Therefore, 
the PBT for component A includes the PBBA. It is expected 
that the PBBA is generated by hydrolysis of PBBAE 
(Pentabromobenzyl acrylic ester). The retention time of 
PBBAE is about 24.8 min at chromatogram. In the Fig.7, the 
pellet has peak of 24.8 min. Therefore, the PBBAE generates  
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(b) Enlargement and replot of (a) at retention time of PBBA and PBBAE 

Fig. 8. The dependency on environment temperature from 100°C to 250°C of 
generated PBBA and PBBAE. 

 
 
from pellet of PBT. In order to clarify the relationship between 
the PBBA and the PBBAE, the dependency on environment 
temperature of generated the PBBA and the PBBAE are 
analyzed. The dependency on environment temperature of 
generated the PBBA and the PBBAE are shown in Figs.8 (a) 
and (b), respectively. The (a) and (b) are full range, and 
enlargement and replot of (a) at retention time of the PBBA 
and the PBBAE of chromatograms. In the Fig.8 (a), when the 
environment temperature is increase, the total ion count at the 
PBBA and the PBBAE become large. Therefore, the 
generation of the PBBA and the PBBAE have environment 
temperature dependency. In the Fig.8 (b), when the PBBAE 
generate and increase, the PBBA becomes generate and 
increase from 175°C to 250°C. Since the PBBAE observes 
only small, the PBBA cannot observe at 100°C. Therefore, it 
is suggested that the PBBA is generated by the PBBAE. 

C. Verification of PBBA generated by hydrolysis of PBBAE 
In order to clarify the verification of the PBBA generated by  
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Fig. 9. Trend gram of PBBA in different conditions. 

 
 
hydrolysis of the PBBAE, the environmental temperature and 
relative humidity dependency is analyzed by GC/MS. The 
sample is flame retarder for PBT. Trend gram of PBBA in 
different conditions are shown in Figs.9 (a) and (b). The (a) 
and (b) are the PBBA and PBBAE, respectively. At the Fig.9 
(a), the total ion count of PBBA increases at 100°C. On the 
other hand, when the relative humidity varied, the total ion 
count of PBBA is not varied rapidly. At the Fig.9 (b), the total 
ion count of PBBAE is same substance at each condition. 
Therefore, it is suggested the PBBA generated mechanism are 
not simple mechanism only of hydrolysis of the PBBAE. 

IV. CONCLUSIONS 
 To develop and design of the long lifetime and high reliable 
electromagnetic relay, the dust of needle-like crystal in the 
electromagnetic relay housing are discussed experimentally. 
The conclusion in this paper are as follows: 

 The dust of needle-like crystal has grown through the 
sublimation. 
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 The dusts are the organic substance of the derived from 
the flame retarder in the PBT. 

 The PBBA generated mechanism are not simple 
mechanism only of hydrolysis of PBBAE. 

It is suggested that the needle-like dust of the organic substance 
of the derived from the flame retarder are the key factor for the 
high reliable electrical contact and the electromagnetic relay. 

In the future work, it is necessary to discuss the mechanism of 
generated PBBA in more detail. 
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Abstract— This paper presents a flexible setup to investigate 

ablation-assisted interruption of load currents. The electrical test 

circuit is grid connected with a transformer secondary voltage 

from 6.9 kV to 24 kV. The applied stress to the switching device, 

such as load current amplitude and transient recovery voltage 

amplitude and shape, can be set to a large range of values by 

adjusting the circuit components–resistors, reactors and 

capacitors–in fine steps. 

A parallel capacitive-resistive voltage divider ensures high 

bandwidth and low offset voltage measurements. A resistive shunt 

is used for current measurement and, in addition, a post-arc 

current sensor is dedicated to the exact measurement of currents 

lower than 3 A. The high quality of the measurements allows for a 

detailed study of the extinction voltage peak, current trace prior 

to current zero and the post-arc current. 

Load current interruption measurements from one forced 

airflow switch and two ablation switches are presented and 

compared. The ablation switches have a clear current limiting 

effect close to current zero, whereas the air switch gives a linear 

decline of the current to zero. One of the ablation switches sustains 

a post-arc current for 7 ms, without experiencing a re-ignition. 

Keywords—experimental setup; post-arc current; ablation; 

medium voltage; load-break switch 

I.  INTRODUCTION 

The urge to replace SF6, without driving up size and cost, is 
nowadays an important driver for further development of 
medium voltage switchgear. The improved utilization of 
polymer ablation for arc quenching is one of the promising 
technologies that could contribute to such a development [1]. 
Ablation-assisted current interruption is no new technology, and 
a range of products utilized this effect from early 1900s and 
onwards [1-5]. However, a good description of their 
performance and limitations, as well as a thorough physical 
explanation of the arc quenching properties, especially for lower 
currents, is lacking in literature.  

Ablation-dominated static arcs, which is a valid assumption 
in the high current region, have been described [6-9]. However, 
from a current interruption perspective, the arc behaviour in the 
high current region is not necessarily the most important 
phenomenon. In [10], the authors try to determine which 

measures are most suited for evaluating interruption 
performance in a low voltage circuit breaker. They conclude that 
their macroscopic evaluators, such as 10-ms arc energy, 
maximum and mean voltages, and maximum and mean currents, 
are not very useful for evaluating interruption performance. On 
the other hand, their microscopic evaluators, for example 
conductivity and current the first microseconds after current 
zero, are in general suited for evaluating interruption 
performance. 

The extinction of ablation-dominated arcs has not been 
thoroughly described in literature. Jonsson et al. [11] present 
some experimental results under low voltage conditions, 
suggesting that high hydrogen content in the ablation gas is 
beneficial. Onchi et al. [12] have calculated the decay in 
temperature and conductivity around current zero for different 
polymers, and present it in 10-µs time steps. This gives valuable 
insight into the mechanisms contributing to a fast decay in 
conductivity. 

As shown, the fast processes near current zero are decisive 
for the interruption performance of a switch. In order to evaluate 
properly the interruption capability of medium voltage ablation 
switches, it is critical to get high-quality measurements in the 
tens of microseconds around current zero. This paper presents a 
complete experimental setup for the investigation and 
development of medium voltage ablation switches. In the next 
section, the electrical test circuit is presented, followed by a 
description of the measurement system and the contact driving 
mechanism. To demonstrate the adequacy of the experimental 
setup, results from experiments with two different ablation 
switches are presented, together with a reference measurement 
from a forced airflow switch experiment. 

II. ELECTRICAL TEST CIRCUIT 

The electrical test circuit is designed to provide, in essence, 
the same stress on the test object as the tests described as “mainly 
active load current duty” in IEC 62 271-103, i.e. the same 
current and transient recovery voltage (TRV) up to the first peak. 
The rationale, further elaborated in [13], is that the test duties in 
the standard, ranging from 7.2 kV to 52 kV, can be replicated 
using a relatively inexpensive transformer. 

The electrical circuit is supplied from the 11.4-kV utility grid 
via a 600-kVA transformer. The transformer has been 

This work is part of a research project supported by the Research Council 
of Norway and ABB Norway. 
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constructed with two sets of secondary windings that can be 
connected in parallel or series. In addition, the secondary 
windings can be connected in delta or star configuration, 
resulting in four available source voltages – 6.9, 12, 13.8 and 24 
kV. 

The main network components in the test circuit are shown 
in Fig. 1. All the components can be set to a large range of 
values, and can be adjusted in small steps in order to fine-tune 
the current and TRV shape. A detailed description is given in 
[13]. Calculating the resulting current in the circuit is trivial, and 
is depending on the source voltage, source-side inductor, load 
inductor and load resistor. The exact calculation of the TRV 
amplitude and shape on the other hand, is more laborious. The 
TRV is first simulated in ATP Draw to find the values of the 
circuit components. The circuit is then tested to see if the correct 
current, TRV amplitude, rate of rise of recovery voltage (RRRV) 
and voltage shape are produced. The parameters of the circuit 
elements are then adjusted if necessary. 

In the present setup, the circuit elements are configured to 
give a current of 600 Arms, a first peak amplitude of TRV of 5 kV 
and a RRRV of 120 V per µs. The source voltage is 6.9 kV. The 
TRV is evaluated when the circuit is interrupted by an air switch 
without ablation effect. As the ablation switch changes the arc-
circuit interaction, and the circuit is unchanged, the resulting 
TRVs can become different. The values set for the network 
components are given in Table 1.  

III. MEASUREMENT SETUP 

A. Data link and acquisition system 

All experiments are monitored and controlled from a control 
room. The measurement signals are transferred to the control 
room by means of fibre optic links with bandwidth from DC to 
12.5 MHz and 12-bit resolution. The fibre optic transmitter’s 
analogue input is selectable; ±1 V or ±5 V. The fibre optic 
receiver’s analogue output is ±5V. The signal is finally collected 
to a computer with a NI-2110 and NI-6110 PCI, with 12-bit 
resolution and 5 MS/s. The analogue input has a bandwidth of 
4.8 MHz.  

B. Arc voltage measurement 

The voltage measurement should have sufficient resolution 
and bandwidth to detect details in arc voltage, especially around 
current zero, and measure the slope and amplitude of the 
transient recovery voltage (TRV) after current zero with high 
precision. It is crucial to have a reliable detection of zero voltage. 

The arc voltage is measured with a parallel capacitive-
resistive voltage divider. The resistive part dominates in the low 
frequency range and enables a correct zero voltage detection, 
whereas the capacitive divider gives a good high-frequency 
response. The voltage ratio is the same for both the resistive and 
the capacitive divider parts. The impedance of the divider is 
sufficiently high to make the influence on the test circuit 
negligible. The high voltage resistor is 480 kΩ and the high 
voltage capacitor is 208 pF. The capacitor branch has a damping 
resistor of 200 Ω to avoid high-frequency oscillations.  

The low voltage part of the divider is interchangeable with 
three different sets of impedances giving the following voltage 
ratios: 1:600, 1:2000 and 1:6000. The response is linear within 
3dB from low frequencies and up to more than 1 MHz. For 
voltage measurements, the divider is the component limiting the 
bandwidth. 

C. Current measurement 

Two different sensors are used for current measurement, one 
for measuring in the high-current region and another to measure 
the current close to zero with high precision. For the high-current 
region, an inductance-free 2.5-mΩ shunt resistor is used.  

In the study of arc interruption phenomena, there is a need 
for exact measurement of the current around current zero, as this 
is when the decisive processes governing the success or failure 
of the thermal interruption takes place.  It is not practical to 
measure both regions with the same sensor, so for the 
measurement of small currents, a post-arc current sensor was 
built in-house. The sensor is based on the one described in [15]. 
A 50-mΩ shunt is by-passed by diodes when the current is high. 
In the low current region, the diodes are not conducting, and the 
voltage over the resistive shunt is linear with the current. 

The transition between the open and closed states of the 
diodes is critical for the performance of this sensor. The current 
level at which the transition takes place is determined by the 
forward voltage drop of the diodes and the resistance of the 
shunt. To ensure a swift transition, Schottky diodes are used. 
They offer a low capacitance and practically no reverse recovery 
time. The shunt and the diodes are placed in a co-axial layout in 

 

Fig. 1. Electrical test circuit for load-break switch development 

 

TABLE I.  NETWORK COMPONENT VALUES IN THE PRESENT 

EXPERIMENTS 

Component Symbol Value 

Source-side inductor a Ls 12.33  mH 

Source side resistor b Rs 1.24  Ω 

Capacitor C 0.032  µF 

Damping resistor Rsd 190  Ω 

Load inductor Ll 32.52 mH 

Resistance of load inductor RLl 1.73 Ω 

Load resistor Rl 13.05 Ω 

a. : Includes transformer inductance 

b. Sum of transformer and source-side inductor resistance 
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order to reduce parasitic inductance that would increase the 
transition time and negatively affect the measurement. 

The two current signals are merged in a post-processing 
procedure. For any current lower than 3 A the signal from the 
post-arc current sensor is used, and for any other value of the 
current, the signal from the shunt is used. At low values, close 
to 3 A, the signal from the shunt is small –only a few times the 
least significant bit– and becomes noisy. The signal from the 
shunt is therefore smoothed with a Savitsky-Golay filter, with a 
moving evaluation window of 4 µs, and using second order 
polynomials. No filter is applied to the signal from the post-arc 
current sensor. 

D. Contact driving mechanism and position measurement 

The driving mechanism is shown in Fig. 2. The movement 
of the contact pin is driven by a pre-charged spring that is held 
in place by an electromagnet. Switching off the magnet releases 
the moving contact and initiates its movement, in a reproducible 
manner and synchronized with respect to the source voltage. The 
force of the spring can be adjusted. In the experiments presented 
here, contact speed is around 5 m/s. The contact travel is 
recorded by means of a linear potentiometer, giving a signal 
from 1 to 4 V. An example travel curve is shown in Fig. 3. 

IV. INITIAL EXPERIMENTAL RESULTS 

A. Parallel-plate ablation switch 

Initial tests have been conducted to compare the voltage and 
current characteristics of different switch designs, shown in 
Fig. 4, and to verify the setup’s ability to measure accurately. 
Switch A is similar to the one presented in [16], but with some 
modifications. This is a parallel-plate arrangement where 
ablation of polypropylene (PP) contributes to quenching the arc. 
The plates are 70 mm in the direction of the contact movement, 
30 mm of height and are placed 4 mm apart. The two short sides 
and the bottom is closed, so that the arcing chamber is open only 

upwards. The pin diameter is 4 mm and the contact gap at end 
position is 65 mm. 

An air switch is used as a reference for the experiment. Fig. 5 
shows the measured currents and voltages for the parallel-plate 
ablation switch (A) and the air switch (B). In addition, the 
resulting conductance for switch A is shown – the signal is 
smoothed from t = -10 µs to t = 10 µs to suppress the unreliable 
and high values when the voltage is approaching its zero 
crossing. The conductance of switch B is not shown here, but it 
is straightforward to see that it drops about 15 µs later than for 
switch A, and that it goes linearly to zero – or a very low value 
– about 3 µs before voltage zero crossing. The time from this 
abrupt decrease in conductance to the voltage zero crossing, is 
simply a result of the arc voltage and circuit the elements. 

The most obvious difference between switch A and B, is the 
higher arc voltage of switch A, 650 V in switch A and around 
200 V in switch B, in the high current region (not shown in the 
figure). Close to current zero, the arc voltages increase to about 
500 V for the air switch B and 1500 V for the ablation switch A. 
The distinct voltage peak in switch A is a result of its rapidly 
decreasing conductance. The current is limited by the switch and 
can be seen as a new rate of change of current below 5 A. The 
interaction with the circuit forces the voltage to increase. 

 

Fig. 3 Example travel curve for a switch similar to switch C. 

 
Fig. 4 Drawing of the three switches A (top), B (middle) and C (bottom) in 

open position. Solid black parts are tungsten-copper contacts, solid grey 

are PTFE and areas with stripes show ablation material. 

 
Fig. 2  The mechanical driving mechanism in open position. The pin contact (a) is fastend to a movable shaft. The spring (b) is hold in place by c. In the closed 

position, the spring (b) is armed by (d), which is fasted to the movable shaft, as the shaft is in its far-left position. The shaft is hold in the armed position by 

the electromagnet (e) that atracts the steel plate (f). The movment is measured by means of the linear potentiometer (g). 
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Another feature by ablation switch A, is the residual 
conductance of 400 µS after the arc is apparently extinguished, 
about 18 µs before current zero crossing. From that point, the 
conductance decreases slowly. 100 µs after current zero crossing 
it is 150 µS and it reaches 10 µS about 700 µs after current zero. 
The conductance then increases and decreases again until the 
next current zero crossing occurs after about 7 ms, without 
resulting in a full restrike. The first peak of the post-arc current 
of 1.1 A appears after 42 µs. A second peak comes after 3.1 ms, 
with a value of 0.2 A. Such a long period of post-arc current 
could indicate that some kind of energy balance is reached in 
this case, and that this switching is on the borderline to fail. The 
mechanisms causing such a long-lasting post-arc current have 
not been investigated here, but possible explanations include 
high conductance along the surface of the arcing chamber or 
some hot gas or hot electrode phenomena. In studies of low 
voltage circuit breakers, a similar long-lasting post-arc current 
has been reported, with explanation that a glow discharge can 
keep the current running [17]. More typically, post-arc currents 
are present for  shorter periods, from a few microseconds and up 
to a few hundred microseconds [15, 18]. 

B. Tubular ablation switch 

Tests have been conducted on a different ablation switch (C) 
as shown in Fig 4. The arcing chamber is a 90-mm long tube 
with an inner diameter of 5 mm. As the moving contact pin 
moves in this tube, away from the fixed contact, the arc is 
elongated in this volume. A 2-mm section of the tube, at a 
distance of 30 mm from the fixed contact, is removed. This 
opening in the tube serves as a gas outlet and as a physical barrier 
to ensure that current cannot flow on the surface between the 
electrodes. 

Fig. 6 shows an example of current interruption 
measurement with switch C in an identical electric circuit as the 
experiments in Fig. 5. The contacts are 40 mm apart when the 

current is interrupted. Two main differences between switches 
A and C can easily be pointed out: 

 Switch A provides a significantly higher arc voltage than 
switch C, and this leads to an earlier decay in current.  

 Switch C has zero, or a very low, post-arc current, which 
significantly improves the thermal interruption capability 
of switch C compared to switch A. 

Even though the post-arc current sensor is not able to detect 
any post-arc current in this case, a small current could still be 
present – the least significant bit is 10 mA. To investigate this 
properly, the sensitivity of the post-arc current sensor could be 
further improved, by increasing the shunt resistance or 
amplifying the sensor’s output signal. However, considering the 
heating of the post-arc channel, the significance of this small 
post-arc current is probably limited. In the case of switch A, the 
maximum power dissipation in the post-arc channel is about 5 
kW, whereas for switch C it is less than 50 W. 

V. DISCUSSION AND CONCLUSION 

In this paper, a direct test setup with precise current and 
voltage measurement systems has been presented. This is 
intended for investigation of the thermal phase of load current 
interruption in medium voltage load break switches.  

The electrical test circuit is designed to generate load current 
and voltage stress similar to the IEC testing procedure for 
“mainly active load current duty”, up to the first peak of the 
TRV. The measurement system is able to detect all relevant 
voltages and, more importantly, currents in both the high-current 
region and near current zero. 

First measurements show the significant impact of the arc 
voltage on the current flowing through the load break switch, 
especially near current zero. This is of particular importance if 
load break switches with a strong ablation effect are evaluated. 

C. 

 
Fig. 5 Voltage and current measurements for an ablation switch (A) and an 

air switch (B) in an identical electrical circuit. The conductance of the 

contact gap is calculated and shown for A, smoothed to suppress the 
unreliable and high values when voltage is close to zero. 

 

 
Fig. 6 Voltage and current measurements for ablation switch (A) as in Fig. 5 

and another ablation switch (C) with a tubular arc chamber and more 

restricted arc in an identical electrical circuit. 
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The initial experiments also reveal that the ablation switch, 
depending on design, can sustain a post-arc current for quite a 
long time. A maximum post-arc current of 1.1 A has been 
observed, along with durations, though at a lower current, of up 
to half a power cycle. A post-arc current of such a magnitude 
and duration is generally an unwanted feature in a medium 
voltage switch, because it increases the risk of a thermal 
runaway and re-ignition. 

Future work on this experimental setup will include 
systematic investigations of the interruption performance of 
ablation switches. Tests should be carried out with different 
current and voltage stresses and with changes in switch 
geometry, in order to identity the most important arc-quenching 
mechanisms.  
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Abstract— Stationary electrical connections and contacts, 

such as power connections, are commonly applied in electric 

power systems. The degradation by film development as a result 

of chemical reactions is often considered as a reason for contact 

failure. In this research work, the impact of film development 

produced by chemical reactions, such as oxidation, on the long-

term behavior of stationary electrical connections and contacts 

was studied with crossed rods with typical material systems for 

electric power systems: Cu-ETP bare or coated, Al99.5 and 

AlMgSi0.5. The initial contact resistance and the plastic 

deformed area were measured in experimental tests. The film’s 

impact was further determined through comparative 

experimental studies in standard atmosphere and inert gas at 

initial conditions. During the experimental long-term tests, other 

degradation mechanisms such as force reduction were 

suppressed. In electric powered tests, the long-term behavior at 

200 °C was tested for 12000 h with crossed rods. It was found 

that the time dependent film development caused by chemical 

reactions such as oxidation might possibly not result in a 

significant degradation of stationary electrical contacts with 

circular contact area and a constant force. The observed long-

term behavior of perpendicularly crossed rods was similar for 

low and high forces. 

Keywords— electrical contact, degradation; film development; 

circular contact area; crossed rods; long-term behavior 

I.  INTRODUCTION 

Stationary electrical connections and contacts applied in 
electric power systems/power engineering have to fulfill high 
reliability requirements to prevent black outs in the grid or in 
other components of the power system. The aging of stationary 
electrical connections and contacts is caused by a number of 
different degradation mechanisms (see Fig. 1). Through the 
aging processes the contact resistance rises and eventually 
results in higher Joule heating as well as higher contact 
temperatures. This process continues until the contact 
resistance and the contact temperature are too high (thermal 
runaway) and the contact fails. Individual degradation 
mechanisms, such as film development caused by chemical 
reactions, are often considered as the main reason for contact or 
connection failure in electric power systems. 

Electrical contact

with initial resistance R

Aging through degradation 

mechanism, R , ϑ 

• Continuous load 

on the contact

• Further stress   

through various 

environmental 

conditions

Contact failure,

R  , ϑ  

• Aging results in 

increased contact 

resistance R and 

temperature ϑ

Degradation mechanisms

Sliding wear & fretting

Force reduction

Interdiffusion

Chemical reactions

Electromigration

Degradation mechanisms can interfere at power connections
 

Fig. 1: Overview of degradation mechanisms (power connections) and 

interaction with electrical contacts [1] 

In [1] (see free accessible URL) a selection of previous 
experimental research on the long-term behavior of stationary 
electrical connections and contacts was presented and sorted 
according to their study focus on power connections, long-term 
(t >> 1000 h) or short term and degradation mechanism. 
Unfortunately, other degradation mechanisms cannot be 
excluded for the majority of the known investigations and 
technical applications on stationary electrical power 
connections. Consequently, the question on whether individual 
degradation mechanisms, such as film development, influence 
the aging of stationary electrical connections and contacts 
arises. The purpose of this research study is to investigate the 
degradation mechanism due to film development by chemical 
reactions, such as oxidation, on stationary electrical 
connections and contacts applied in electric power systems. 

II. EXPERIMENTAL DESIGN AND SETUP 

Considering the film growth on the surface of an individual 
circular contact spot, only a few growth mechanisms seems to 
be possible. The film growth could occur in axial direction (z 
direction, Fig. 2 (A)) on a plane contact area or in radial 
direction towards the contact area center (x-y-plane, Fig. 2 
(B)). The combination of (A) and (B) is theoretically possible 
too. The here considered films might occur during the long-
term operation of power connections. 
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Fig. 2: Individual contact spot with axial (A) and radial (B) film growth, white 

arrows → direction of film growth 

A. Test Setup 

Until today various methods have been developed and 
introduced in order to investigate electrical contacts, e.g. 
crossed rods [2]–[6]. For the intended tests perpendicularly 
crossed rods were chosen as samples. At low forces, crossed 
rods cannot be used easily due to the very low mechanical 
stability. Preliminary studies were conducted to determine 
suitable dimension and loads. In line with the long-term study 
the dimension of the cylindrical rods was set to the 
diameter d = 10 mm. A specific test design was constructed for 
this dimension and is described in detail [7]. The rods were 
used to establish a circular contact point and contact each other 
only in vertical direction between the sockets (Fig. 3). The 
contact force F was applied by a tension spring via the frame 
and adjusted through the spring elongation. In order to measure 
the contact resistance, the measuring current was fed into the 
rod’s long end. The vibration-free voltage measurement was 
taken at the currentless short end of the rods. 

B. Material Properties 

In power engineering, copper and aluminum are common 
materials for power connections and contacts. The studied bulk 
materials are electrolytic tough pitch copper Cu-ETP, pure 
aluminum Al and an aluminum alloy AlMgSi. Cu-ETP is a 
standard material found in power engineering and is regularly 
used in high current components. Aluminum and its alloys are 
commonly used materials for transmission line components 
and substations. Coatings are frequently used in power 
engineering to improve a contact system’s properties, corrosion 
resistance and other characteristics. For this study several 
copper rods were coated with silver, tin or nickel (TABLE I. ). 
In this publication only Cu, Cu-Ag, Al and AlMgSi are 
presented. 
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Socket

Frame

Side view
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135 mm 135 m
m

2
5
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1.
1.

2. 3.

2.

3.

1. Cylindrical rods
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    electrical

    insulation

3. Socket

F

 

Fig. 3: Experimental setup crossed rods 

TABLE I.  STUDIED MATERIALS AND SETUP [1] 

Al

Al

AlMgSi

AlMgSi

Cu
Cu

Copper Aluminum

Material
Cu ETP

(CW004A R250)

Al 99.5 (EN AW-

1050A H111)

AlMgSi0.5 (EN AW-

6060 T6, extruded)

Coating Bare Ni Ag Sn Bare Bare

Force 200 N & 3.6 N

Dimensions Cylindrical rods, d200 N = 10 mm & d3.6 N = 3 mm 

Ni  (1 µm)

Cu
Cu

Ni (16 µm) Sn (16 µm)

Ni  (1 µm)

Cu

Cu

Cu

Ag (16 µm)

Cu

Cu

Sn (16 µm)Ag (16 µm)Ni (16 µm)

R
o
d

 1
R

o
d

 2

Material Cu Ag Sn Ni Al AlMgSi

Surface

cleaning

Ethanol + 

abrasive pad,

grit size 200

Ethanol

Ethanol + 

abrasive pad, 

grit size 1000

Ethanol + wire 

brush

 

III. EXPERIMENTAL RESULTS 

The purpose of the experimental work conducted in this 
chapter was to determine the initial state of the considered 
contacts and to determine the influence of films on the 
considered contacts dependent on the material system at initial 
state. The resistance measurement was conducted at ambient 
temperature with temperature correction to 20 °C. 

A. Contact Resistance at Initial State 

The results in Fig. 4 show that the normalized ratio R(rt)/R 
is close to one for Cu and Cu-Ag graphs. The possible error 

caused by inaccurate radii determination is up to  10 % for all 
materials. The results for Al (and AlMgSi [1]) do not match 
with the calculations. The significant difference between 
calculated and measured contact resistance might arise from 
the high resistive oxide films that occur within the contact area. 
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Fig. 4: Ratio between computed contact resistance R(rt) dependent on the 
plastic deformed area rt and the mean of the measured contact resistance R, 

resistivity ρ and coating thickness s; Cu & Al determined according to Holms 

ellipsoid model; Cu-Ag determined with an solution of Holms ellipsoid model 
(data for ρ, rt & s from [1]) 
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These not necessarily entirely covering films develops 
initially after cleaning and may work as insulation barrier as 
well as could either add an additional film resistance or they 
could also reduce the current carrying area. So far, this is 
mostly known. 

IV. STUDIES IN AN INERT GAS ATMOSPHERE 

The possible ingrowth of films into the contact area can 
take place over long time durations. However, also the initial 
film formation might influence the long-term behavior for 
metals such as aluminum and aluminum alloys alloys [8], [9]. 
Initial films could significantly increase the contact resistance 
for metals with brittle oxides and a strong attraction to oxygen. 
The following study tries to determine the quantitative 
influence of oxide films on aluminum (present in axial 
direction between the contact interfaces) in the initial phase 
after the contact has been established. 

A. Experimental Design and Setup 

Atmospheres with reduced oxygen levels might 
significantly reduce the oxidation processes on such fresh 
cleaned aluminum surfaces. The focus in this study was pure 
aluminum Al. The experimental setup and the used geometry 
are the same as described in Fig. 3. The experiments were 
conducted in an inert gas atmosphere in a glove box. Inert 
gases are chemical passive compared with other gases like 
oxygen. In this study gaseous nitrogen N2 was used. The 
experimental processes were cleaning, contact establishing, 
resistance measurement and the microscopy of the contact 
interface. Except the microscopy, all process steps were 
conducted in N2 to reduce the oxygen influence (Fig. 5). 

 

Fig. 5: Experimental proceeding steps within the inert gas atmosphere 

A constant positive pressure (greater than atmospheric 
pressure) was created by a vacuum pump to avoid external 
oxygen infiltration into the glove box. The concentration of 
unwanted gas components was kept small by a gas purification 
system.  

in N2

Box conditions:
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Fig. 6: Glovebox, experimental setup and devices, conditions inside the box, 

contact resistance was measured with a microohmmeter 

B. Experimental Process and Results 

The experimental process was done at ambient temperature 
inside the glove box according to Fig. 5. The resistance 
measurement was temperature corrected to 20 °C. Fig. 7 
reveals that there is a significant difference of up to 40 % 
between the contacts measured in air and in N2. Both variants 
have been equal cleaned. The concentration of oxygen within 
the glovebox was < 0.03 %. This amount is three orders of 
magnitude lower than in ordinary air. In Fig. 7 the spreading of 
the measurements in air show the influence of an oxide film 
with a variable thickness. If the films are thick enough to 
prevent tunneling, they might reduce the current-carrying 
contact area and increase the constriction resistance. Eventually 
the films might influence the contact resistance in both ways. 
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Fig. 7: Measured resistance of Al contacts with equal cleaning in air and 

gaseous nitrogen 

V. IMPACT OF FILM DEVELOPMENT DURING THE 

FORMATION 

Within the formation phase, stationary electrical contacts 
and connections are exposed to its operating temperatures for 
the first time. Temperature and material dependent physical 
processes in solids will be activated during the heat treatment 
[10]. From prior works it is known, that the measured contact 
resistances might be changing within the formation phase [11]–
[14]. The effect occurred in aging tests in air with current and 
Joule heating as well as in aging tests in oven in air 
(currentless). Parallel to the formation phase, a significant film 
growth occurs on the fresh cleaned surface. At steady 
conditions, the film growth is strongest in the initial period 
after cleaning and begin of thermal operation. It is supposed 
that interactions exist between film growth and physical 
processes dependent on time, material, and temperature.  

A. Experimental Design and Setup 

The considered material for this study was Cu-ETP. The 
same geometry of crossed rods was used with the same 
dimensions (d = 10 mm) as described in Chapter II. Three test 
assemblies were stored in an oven for 1000 h at 200 °C (Fig. 
8). The considered degradation mechanism should not 
significantly change in this temperature range according to 
previous research [5], [14]. As observed by Rönnquist [15], it 
is expected that mainly copper(I) oxide Cu2O should develop 
within this temperature range. 

Cleaning
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Fig. 8: Oven and experimental setup as well as test assemblies and devices, 

the contact resistance was measured with a microohmmeter LoRe 

B. Surface Oxidation 

The contact resistance measurements were conducted at 
ambient temperature and during operation at 200 °C. The 
thermal operation was interrupted for measurement at ambient 
temperature. All measurements were temperature corrected to 
20 °C. The surface was inspected regularly together with the 
resistance measurement. At t = 0, the surface was bright and 
typical copper-colored (Fig. 9). Shortly afterwards the surface 
color was changing to reddish, partially violet and 
subsequently brownish. Later, the surface color became darker 
and eventually black. Since 750 h operation time, small areas 
of the now black cover layer spalled from the surface. Below 
the spalled surface areas, reddish and violet areas were 
observed. 

The theoretical film thickness s in nm was determined in 
Fig. 9. The growth rate decreases over time as long as the film 
remains intact. If the film would be penetrated by mechanical 
stress, the copper surface could be exposed to atmospheric air 
again and the growth rate would increase again. 
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Fig. 9: Theoretical film thickness sf of Cu2O according to [2] and surface 
conditions of crossed copper rods, both dependent on time and temperature 

(200 °C); the activation energy is 1 eV or 96 kJ∙mol-1, kB is the Boltzmann 

constant, T is the temperature in K 

C. Influence of Simultaneous Film Growth and Material 

Yielding on the Contact Resistance 

In Fig. 10 there is a clear trend of stable contact resistances 
after the formation phase. Although it can be seen from Fig. 9 
that a strong film was grown on the surface. Fig. 10 provides 
the determined radii of the current-carrying contact area 

dependent on time. Conversely to the resistance, the 
determined radii increase in the formation phase. Subsequently 
after the heat treating (1000 h) was finished, at ambient 
temperature the contacts were opened and microscopic analysis 
were conducted. In Fig. 10 the two microscopic images I and II 
represent the same contact. Close inspection of the microscopic 
images reveal different results. The entire plastic deformed area 
(dashed circle, Fig. 10, II) consists of areas without noticeable 
films in radial direction towards the contact area center. In the 
center a more reddish area can be identified (continuous circle, 
Fig. 10, II). More detailed microscopic inspection showed that 
parts of the entire plastic deformed area were possibly covered 
by a thick film before being deformed [1]. The thermally 
activated material yielding process enlarged the plastic 
deformed area and decreased the contact resistance. This 
process proceeded until the film on the surface could not be 
penetrated anymore and became highly resistive. At this point 
the increase of area does not contribute to the resistance 
decrease and the contact resistance remains stable. This effect 
might be different in inert gas atmosphere when far less oxygen 
is present and the film growth would be reduced. In this case, 
the process would continue until the mechanical stress is too 
low to resume the material yielding. 

After the formation phase, the further radial film growth is 

slowly and probably depends on the diffusion of oxygen into 

the oxide free contact area. The thicker the film the lower the 

film growth. Obviously both processes (I and II, Fig. 10) occur 

simultaneously. The material yielding is increasing the contact 

area until the film growth prevented the increase of oxide free 

contact area. Overall, these results thus indicate an equilibrium 

between material yielding and the oxide film growth process. 

Even the material yielding process continues, the true contact 

area did not longer increased. The contact resistance remain 

constant. 
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Fig. 10: Radius dependent on time and microscope image I and II at 

t = 1000 h; r was determined with r = ρ / (2∙Rmeasurement), process I: Thermally 

activated material yielding; process II: Slowly radial film growth towards the 
contact area center; process I dominates process II 
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Fig. 11: Test assembly with five contacts connected in series and detailed 

view of an individual contact pair of cylindrical rods [1] 

VI. LONG-TERM BEHAVIOR OF STATIONARY ELECTRICAL 

CONTACTS WITH REFERENCE TO FILM DEVELOPMENT 

In this chapter experimental long-term studies were carried 
out to determine the influence of films on the long-term 
behavior of stationary electrical contacts. Other degradation 
mechanisms should be excluded somehow or significantly 
suppressed to ascertain the true influence of the films. 

A. Experimental Design and Setup 

The dimensions of the rods are the same as described in 

Chapter II with diameter d = 10 mm. For each material 

combination, a number of contact pairs was serially connected 

in a test assembly (Fig. 11). During contact resistance 

measurement the circuit was fed with a measuring current and 

the resulting potential per contact was determined at the 

voltage taps. For copper rods, five contacts were connected in 

series. Due to stronger scattering, for Al and AlMgSi, ten 

contacts each were connected in series in a larger test 

assembly. To promote an accelerated film growth a 

temperature of 200 °C is selected. According to previous 

investigations and the findings of the literature, the physical 

processes of the film development should not significantly 

change within the considered temperature range [2], [5], [12], 

[14], [16], [17]. Any other degradation mechanisms according 

to Fig. 1 were suppressed. The entire test setup is described in 

more detail in [1], [7]. 

B. Long-Term Behavior of Crossed Rod Contacts 

The experimental tests were operated for 12000 h at 
200 °C. The test results [1] reveals that no significant 
difference of the measured resistance dependent on time was 
observed. The measured resistance drops for all selected 
materials systems even for aluminum (Al and AlMgSi). Finally 
all contacts eventually have stable measured resistance after 
12000 h (Fig. 12 & Fig. 13) at 200 °C. 

In [9] it is assumed that the rise of the connection resistance 
of aluminum busbar joints in the formation phase is associated 
with film development by chemical reactions. In this study no 
increase of the contact resistance was observed in the formation 
phase, in fact, the contact resistance decreases. This might 
come from the stable contact force which is not the case for 
each technical electrical connection. 

After 12000 h the radii significantly increase compared 
with initial state and result in lower resistance (TABLE II. ). 
Thermally activated material yielding occurs during operation. 
On each material system film growth occur and was visible 
whereas the film on Cu-Ni, Al and AlMgSi is transparent [1]. It 
can be seen from Fig. 12 that the measured resistance of all 
material systems significantly decreased dependent on time. 
The mean reduction of the measured resistance R(t = 1.4 a) 
based on R(t = 0) is between 17 and 54 % dependent on 
material system. 

TABLE II.  MEAN MEASURED RESISTANCE AFTER 1.4 A AT 200 °C 

AND INITIAL STATE 

 Cu / Cu 
Cu-Ag / 

Ag-Cu 
Al / Al 

AlMgSi / 

AlMgSi 

t in a 0 1.4 0 1.4 0 1.4 0 1.4 

R(t) in µΩ 22.1 17.1 22 10 32.8 27 38.9 17.6 
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Fig. 12: Measured contact resistance dependent on time, material and coating for 90 °C and 200 °C 
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Fig. 13: Measured contact resistance Cu-Ag / Ag-Cu dependent on time 
(90 °C curve from [1]) 

The experimental studies over 12000 h at 200 °C have 

shown that the principal long-term behavior is similar for 

90 °C [1] and 200 °C (Fig. 13). The resistance decrease in the 

phase of formation at 200 °C is significantly larger compared 

to 90 °C operating temperature. As a consequence, the contact 

area increases faster because of the temperature dependency of 

the yielding processes. While the film growth is accelerated by 

higher temperature, the reversely yielding processes finally 

dominated the contact area increase in the formation phase. 

This process proceeds until the film on the periphery of the 

contact area cannot be penetrated by the contact partners. The 

material yielding process itself continues but is decelerating. 

The constant force distributes over a larger area and results in 

decreasing mechanical stress. The remaining radii of the 

plastic deformed area rt(t = 12000 h) are significantly larger 

after 200 °C operation than 90 °C [1]. 

Even Al presented the largest deformed plastic area after 

12000 h, the relative reduction of contacts resistance is the 

lowest for AlMgSi. The softer Al is not able to penetrate the 

hard oxide film of Al2O3. For the above treated material 

systems at 200 °C (Al, AlMgSi, Cu-Ni [1] and partly Cu), the 

larger hardness of the native oxide and sufficient oxide film 

thickness are probably the cause that the contact resistance 

decline halts after the formation phase.  

Fig. 13 shows that there has been a steady decline of the 

contact resistance of Cu-Ag / Ag-Cu over the entire operation 

time. Concordant with the other material systems the strongest 

resistance drop is within the formation phase. Even after the 

formation phase and t > 6000 the contact resistance declines. 
Possible films on the silver surface might be Ag2O (when 

ozone is present) and Ag2S (when hydrogen sulfide H2S is 
present [18]). The permanent presence of Ag2O is only 
theoretical because it is very soft, only weak adhesive and 
decomposes at 200 °C. The development of silver sulfide Ag2S 
occurs already in the presence of very small amounts of H2S in 
air. Ag2S is not passivating and three times softer than silver 
itself [19]. Obviously Ag2O or Ag2S will be penetrated or 
squeezed away from the contact area by the constant force. 
This indicate that the contact area will increase as long as the 
force and the temperature are high enough. No equilibrium 
between film growth and material yielding will develop. The 
process is dominated by material yielding. 

VII. CONCLUSION 

The impact of film development dependent on time, 
material and temperature (200 °C) was studied on crossed rods 
with constant force in long-term tests. However, in the long-
term, the individual film development caused by chemical 
reactions (such as oxidation) might not result in a significant 
degradation of stationary electric contacts with circular contact 
points and a constant force within the considered testing time. 
This fact was confirmed by experimental tests of crossed rods 
(d = 3 mm) at 200 °C and low forces (3.6 N per contact point 
[1]). In fact, this indicates, that other degradation mechanisms, 
such as force reduction, might be of higher importance on the 
long-term behavior. The above-mentioned results for circular 
contact points are not straightly applicable on plane contacts 
because of the nonuniform stress distribution for this type of 
power connections. Overall these results show that even in the 
formation phase the film growth was restricting the resistance 
decrease by thermally activated material yielding processes. 

The study results are concluded in Fig. 14 below. 

Generally, during operation temperature dependent material 

yielding processes and radial film growth occur. If the contact 

material’s hardness is higher than the oxide film (H* > Hf) and 

F = constant, the film will be ruptured and metallic contact 

spots can develop (Fig. 14, (A)). As result the current-carrying 

contact area will increase. This process lasts as long as the 

force and the temperature are high enough. The slope dR/dt 

will reduce over time. The difference in current-carrying 

contact area and plastic deformed area depends on the oxide 

film properties. For an oxide with very weak mechanical 

properties and high electrical conductivity the radii rt  rw. 

Considering case (B) in Fig. 14, the slope drt/dt is positive as 

long as force and temperature are high enough. The radius of 

the true contact area is increasing with declining slope until t1. 

At time t1 the increase in deformed area gives no increase in 

the true contact area because of the oxide hardness (H* < Hf). 

The oxide film will be no longer ruptured and dR/dt = 0. The 

radial film growth will become very slow over time. While no 

mechanical disturbance or other impacts on the contact area 

occur, the contact resistance remains constant. 

F = constant

t

R, r

dR
dt

< 0

H* > Hf drt

dt > 0

drw

dt > 0
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Fig. 14: General behavior of the contact resistance R dependent on time t and 

radial film growth for stationary electrical contacts applied in power 
engineering (with large force F = constant); H* material hardness, Hf oxide 

film hardness, rt radius deformed area, rw radius true or current-carrying 

contact area, Aw current-carrying contact area, t1 time when dR/dt becomes 
zero, white arrows: direction radial film growth, black arrows: direction of 

temperature dependent material yielding processes, 1. True or current-carrying 

contact area, 2. Transition area, 3. Unimpaired film-covered area (insulating) 
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Abstract—The connectors are by many electric utilities 
considered the weakest link in high voltage overhead trans-
mission lines. Contact aging, seen as a gradually increasing 
resistance may develop into severe connector overheating and in 
the worst cases cause a complete mechanical breakage and the 
conductor to fall down. The shortcomings of infrared imaging, 
which is the most commonly applied technique for monitoring 
such connectors, are becoming increasingly evident. Hence, many 
transmission line operators would like to have a more reliable 
means for evaluating the condition of their overhead line joints. 
A novel method and apparatus for evaluating the condition of 
overhead line connectors is proposed and described. Current 
pulses with amplitudes up to several kiloamperes, but with short 
durations are passed. The connector condition is assessed with 
basis in the temperature of its contact points; a parameter which 
is indirectly observable from the measured current vs resistance 
relationship. The weight of the current source is well below 10 kg. 
Diagnostic tests carried out on overhead line connectors give 
consistent and convincing results, supporting the claim that the 
pulse the current method provides clear advantages compared to 
existing techniques. 

Keywords—connectors; overhead lines; contact degradation; 
diagnostics; contact resistance 

I.  INTRODUCTION 
The conductors of high voltage overhead power 

transmission lines are usually spliced using compression 
connectors. Various designs are in use, but in most cases the 
conductors are fed into a long hollow aluminum cylinder or 
tube from both sides and compressed using a mechanical tool 
or by detonating a pyrotechnical charge surrounding the tube. 
The mechanical deformations generated during this process 
normally results in a low electric resistance across the contact 
interfaces between the hollow cylinder and the two conductor 
ends. 

However, in recent years many electric utilities have 
become increasingly concerned about the reliability of these 
connectors. They find that that a large increase in their 
electrical resistance, causing overheating is relatively common. 
Sometimes this develops further into a complete breakage of 
the connector, and the conductor falls down, causing a lengthy 
outage of the line. 

Obviously, for maintaining a safe operation of a line and 
for avoiding unplanned outages it is important to know the 

technical condition of the joints. The most widely used 
diagnostic method is infrared (IR) imaging (“thermography”), 
usually carried out by using a helicopter. 

However, the shortcomings of the infrared imaging 
technique have gradually become more evident: The results are 
dependent of load and weather conditions, reflections can give 
erroneous readings, the sensitivity for discovering even 
substantial increases in electrical resistance is poor, certain 
contact flaws that lead to a fluctuating resistance can easily be 
overseen, and replacement of perfectly healthy connectors due 
to incorrect condition assessments also occurs [1] - [4].  

A new diagnostic method, referred to as "the pulse current 
method" [4] – [6], is without many of the shortcomings of the 
methods mentioned above. The actual condition of the 
electrical contact interface is determined with a high 
sensitivity, and without relying on empirical experience, 
previous measurements or on information about the connector 
design. The method is based on resistance measurements using 
current pulses, and the interpretation considers a crucial 
physical parameter of a contact interface, namely the local 
temperature rise in the contact spots during rated load current.  

Initially, the phenomenon of current heating of contact 
spots is briefly reviewed. The overall design of a prototype test 
instrument dedicated to overhead line connectors is then 
explained. Finally, results obtained by applying this instrument 
on several connectors, both in the laboratory and the field are 
presented and discussed. 

II. CONTACT RESISTANCE CHARACTERUSTICS 
When current passes through the very small contact spots at 

the interface between two electrical conductors, the 
temperature in these spots may increase [7, Ch. 13]. All contact 
spots will be at the same temperature, and the extent of the 
temperature increase is determined by their number, size and 
quality, in relation to the magnitude of the current being passed 
through the interface. 

If the current is very high compared to the current carrying 
capability of the contact spots combined, the temperature may 
locally increase by several hundred degrees. In a connector 
having sufficiently many, large and good contact spots, the 
contact spot temperature remains virtually constant and the 
same as in the bulk of the connector and conductors.  
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Fig. 1. Temperature increase in the contact spots (top) and the associated 
resistance increase (bottom). The latter is given as the ratio between “hot” (I 
≫ 0) and “cold” (I ≈ 0) contact resistance. The material parameters are as for 
aluminum, and the bulk of the contact is at room temperature. 

Any temperature changes in the contact spots also change 
the electrical resistivity of the metal in this region. This in turn, 
affects the contact resistance and thereby also the voltage drop 
that can be measured. Thus, the contact resistance will, if the 
contact is poor/overstressed, take one value for currents so 
small that only a negligible local heating occurs, and a higher 
value if the currents passed are sufficiently large to cause a 
substantial local temperature rise.  

Fig. 1 shows the temperature increase in the contact spots 
and the associated resistance increase, both as a function of the 
voltage drop across the interface. The resistance increase is 
given as the ratio between these “hot” and “cold” resistances, 
denoted R and R0. These curves are determined analytically 
from contact theory by using material parameters as for 
aluminum. More details about the derivation and the 
assumptions it is based on can be found elsewhere [5].  

For example, for a (very poor) contact with a voltage drop 
of 150 mV when passing a certain current, the contact spot 
temperature is almost 300 K higher than in the bulk of the 
conductors. The resulting local resistivity increase gives an 
R/R0 ratio of approximately 1.5. This means that about 50 mV 
of the 150 mV being measured across the interface is due to the 
local resistivity increase in the contact spots. This resistance 
change is reversible. By reducing the current the contact spot 
temperature drops, and the resistance returns to a lower value.  

If very high currents are passed or the contact is extremely 
poor, the local temperature in the contact spot may exceed the 
melting point of the metal and local melting occurs. This so-
called “melting voltage” is 300 mV for contacts of aluminum 
[7, App. X]. Melting alters the contact spot geometries and 

usually causes irreversible changes in the contact resistance; it 
may increase or decrease significantly.  

From this it is clear that resistance measurements using 
currents of different magnitudes can disclose to what extent the 
contacts spots become heated. 

III. DIAGNOSTICS BY MEANS OF CURRENT-RESITANCE 
RELATIONSHIP 

It is generally accepted that the contact spot temperature is 
a good indicator for how severely a connector is electrically 
stressed. Nearly all conceivable mechanisms and processes that 
may contribute to the degradation of the contact spots 
(oxidation, corrosion, diffusion, mechanical creep etc.) proceed 
at a much higher rate at elevated temperatures. Mechanical 
stresses induced by thermal expansion and contraction of the 
contact spot region under thermal cycling may also gradually 
deteriorate the contact spots [8]. 

Consequently, to ensure stable and reliable service over a 
lifetime of several decades, power connectors should not 
experience any notable contact spot heating when passing rated 
load currents. Thus, the voltage drop created by the maximum 
rated load current should not exceed a few tens of millivolts, 
see Fig. 1. If the associated contact resistance becomes larger 
than this, the contact spot heating is no longer negligible and 
the long-term stability can be at risk.  

The proposed diagnostic method relies on this correlation 
between contact spot temperature and the condition of the joint. 
Currents I of increasing magnitudes up to and well above the 
rated load current of the connector are passed, and the 
resistance R is accurately measured each time. The condition of 
a connector is then evaluated with basis in how different 
current magnitudes I cause the contact spots to heat up and 
thereby change the contact resistance R. The assessment 
criteria becomes as follows: 

• R(I) is constant up to several times the estimated rated load 
current => Very good  

• R(I) is constant up to the estimated rated load current => 
Good  

• R(I) increases in a reversible manner below the estimated 
rated load current  => Poor 

• R(I) changes significantly and in an irreversible manner 
below the estimated rated load current (contact spots melt) 
=> Very poor 

Hence, the evaluation is based solely on the obtained R(I) 
relationship and by knowing the rated current of the connector. 
There are no need for prior measurements, or using evaluation 
criteria based on resistance threshold values that might be of a 
dubious origin and applicability. 

IV. INSTRUMENTATION 
Overhead transmission line conductors may have rated load 

currents of several kiloamperes, so to be able to perform 
diagnostics based on the R(I) relationship as outlined above, 
current amplitudes well above these values must be provided 
by the test equipment.   
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Fig. 2. Test setup (schematically). The current source is indicated by the 
arrow, and current and voltage measurements by A and V, respectively. Only 
the left half of the connector is here tested.  

Furthermore, the test equipment is connected to the 
overhead line joint in a similar way as for conventional DC 
resistance measurements, i.e. by using the well-known four-
point method for current cables and voltage probes, see Fig. 2. 
In practice, this implies that the test equipment and the operator 
must be brought to the connector to be tested by using a sky-
lift, crane and basket, helicopter or other kinds of lifting 
arrangements. Limiting the size and weight of the test 
equipment, in particular the current source, becomes an 
obvious and important issue. Furthermore, providing electric 
power both for high-current source and for the measuring and 
signal processing units is also a challenge. A transformer-based 
current source powered through cables from the ground level 
or from a portable generator becomes much too heavy and is 
clearly unfeasible. 

The solution is to take advantage of the fact that the amount 
of metal in the contact spot regions being heated is minute, and 
cooling conditions excellent (solid metal in all directions), so 
that the thermal time constant for a contact spot is usually well 
below 1 ms [7, Ch. 21]. Hence, resistance measurements can be 
carried out by using a current source that generates current 
pulses with a large amplitude (up to many kiloamperes) but 
with a short duration (milliseconds). Thus, the energy 
consumed for one resistance measurement becomes low. 

A practical way to generate high current pulses is to 
discharge a capacitor. Fig. 3 shows a simplified circuit diagram 
for the test instrument. A built-in battery provides the electric 
energy to the entire system, making it completely autonomous. 
When closing the disconnector the DC/DC converter charges 
the capacitor to a level determined by the desired amplitude of 
the current pulse. The disconnector is then opened. A portable 
laptop computer then sends a triggering signal that fires a 
thyristor and at the same time starts measuring the current that 
passes through the connector and the associated voltage drop 
across the connector. A freewheeling diode (FWD) placed in 
parallel with the capacitor prevents reverse charging of the 
capacitor.  

A signal processing algorithm [5], [6] running on the laptop 
accurately determines the connector resistance at the peak of 
the current pulse. Then, the condition of the connector (or one 
half of it each time) is evaluated by considering how the 
resistance varies with current amplitude, as described above. 

The weight of the instrument is greatly influenced by the 
size of the capacitor, which in turn determines the rise time and 
the duration of the current pulse. In order to limit weight, a 
careful investigation of the minimum pulse length required to 
give a reliable assessment was carried out. Extensive tests on 
aged connectors removed from service showed that current 
pulses with rises times as short as 0.4 ms resulted in the same 
assessment of the condition of the connector as pulses with rise 
times of around 5 ms (approximately corresponding to that of a 
50 Hz AC current). A steeper pulse of course causes a different 
skin depth and thus different resistance values, but as long as 
the assessments are based solely on how resistance varies with 
the current amplitude, the absolute values do not matter.  

Fig. 4 shows the prototype test instrument (excluding 
laptop, cables, Rogowski coil for current measurements and 
voltage probes). The weight is 8 kg, and it can supply current 
pulses with amplitudes up to around 6000 A. The built-in 
battery has sufficient energy to generate hundreds of current 

 

 
 

Fig. 3. Schematic circuit diagram for the instrument used for determining the resistance Rconn across the connector to be tested. The disconnector operation 
and the charging voltage (determining the amplitude of the current pulse) are controlled from the laptop computer.  
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pulses, sufficient to test several dozen connectors of a typical 
rating, before recharging is necessary. 

V. LABORATORY AND FIELD TESTS  
Extensive test programs using the instrument and 

procedures just described have been carried out, both in the 
laboratory and in the field. The laboratory measurements were 
done on connectors that had been removed from service, and 
these test objects included a few meter of conductor on each 
side. Some of the results from these investigations are 
described in the following sections.  

Figs. 5 and 6 are resistance vs. current measurements 
obtained in the laboratory on hexagonal mechanical 
compression connectors that have been installed in the 
transmission grid. They had been taken out of service as a part 
of a planned line renewal and capacity upgrade program, and 
not as a result of any condition assessments. Hence, prior to the 

measurements the condition of these connectors was unknown. 
The connectors were installed on a conductor of type "Ostrich", 
and the rated load current is estimated to 500 A. 

As can be seen from Fig. 5, the resistance of the connector 
half presented in the left plot remains virtually constant for 
currents over the entire tested range, i.e. up to nearly 4000 A or 
some six times the rated current. (A careful examination of the 
data shows a variation within +/-1%.) Hence, according to the 
criteria described above, the condition is "Very good". Most 
likely, the contact on this half of the connector would have 
showed a stable and reliable performance in many more years.  

The other half in contrast, shows clear signs of aging, see 
right plot of Fig. 5. The resistance increases with around 70% 
over the current range tested. The resistance seems to start 
increasing already below the rated load current, so this part is 
considered to be in a "Poor" condition. Hence, if the connector 
had stayed in service, its replacement should have been 
scheduled, although it would probably not pose an acute threat 
within the first couple of years.  

Note that the resistance level as measured with low currents 
for the two halves are not that different, around 80 µΩ and a 
little above 100 µΩ. Still however, the overall condition, 
observable as thermal stress at the contacts spots at higher 
currents, differs considerably.  

 
 

 
 

Fig. 4. Test instrument, excluding cables and laptop computer (top), and 
plot of a 4500 A and an 800 A current pulse generated (bottom). 

 

 
 
Fig. 5. Pulse current diagnostics on the two halves of a connector removed 
from service. The rated current of approximately 500 A is indicated in the 
plots as a broken vertical line. 

 
 

 
 

Fig. 6. Pulse current diagnostics on the two halves of a connector removed 
from service. The rated current of approximately 500 A is indicated in the 
plots as a broken vertical line. 
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The results shown in Fig. 6 are obtained on the same type 
of connector. Here the R(I) curves show a substantial upturn for 
both halves. Since the increase starts below the rated load 
current, both sides are consider to be in a "Poor" condition. At 
four times the rated current, resistance is up by 35 – 40%, 
clearly signifying that the contact spots are quite stressed, and 
that the connector is soon approaching the end of its technical 
lifetime. 

The plots shown in Fig. 7 are from field measurements in a 
part of a 420 kV system put into operation several decades ago. 
The connectors are compression joints made by using a 
hydraulic tool. During the diagnostic testing, the line was de-
energized and the connector was accessed by means of a basket 
and crane. This connector is still in service, and as can be seen 
from the R(I) plots, both halves are obviously in a "Very good" 
condition according to the interpretation criteria above. 

The resistances of this joint remains constant within a few 
per cent up to six times the rated load current. Hence, this 
connector resistance is likely to maintain stable and the 
connector to provide reliable service for many years to come. 
Probably, at least another five years can pass before it makes 
sense to do another diagnostic test on this connector. 

VI.  DISCUSSION AND CONCLUSION 
The obvious and major drawback with the pulse current 

method is that the test equipment has to be electrically 
connected to the joint. In practice, this normally means 
applying cranes, vehicles running on the conductors, 
helicopters or other type of linemen equipment. Moreover, up 
to now tests have only been carried out on de-energized lines. 

Developing the pulse current method for use from a helicopter 
platform on live lines is clearly possible and would make 
testing much faster, but rigorous safety procedures would be 
required. 

The great advantage with the pulse current method is the 
much better quality of the condition assessment. Connector 
aging can be disclosed at a much earlier stage, with better 
precision and with a much higher reliability than when 
applying infrared imaging. Poor quality condition assessments 
leading to false alarms followed by replacements of healthy 
connectors, as well as failing connectors being overlooked, are 
associated with high costs.   

All testing reported on here are on real life test objects, 
aged through many years of service in the transmission system. 
No major differences were experienced between the 
applicability of the method in the laboratory and in the field, 
beyond the practical aspects of accessing the connector. This 
supports the assertion that the pulse current method can be a 
useful tool for overhead line asset management. 
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Fig. 7. Resistance vs. current relationship recorded on a connector in the field. 
The rated current of the line is 1000 A. 
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Abstract—The wear resistance of tin coated sliding contacts 

(rider on flat) depends on several factors. Geometry, contact 

force and the coating system are strong factors of influence. Tin 

as contact material is known for low wear resistance and is often 

used for applications with low requirements. First a 

mathematical description of the wear volume for frequently used 

hemispherical and U-type geometries is given. The hardness of 

the surface depends on the substrate material, the underlayer 

and the finish layer. Thick tin layers are worn abrasively and 

adhesively. In the first stage the flat becomes ploughed by the 

rider, in the second stage adhesive wear dominates. A wear model 

depending on the equation of Archard with consideration of the 

abrasive wear and the depth depending hardness for 

hemispherical and U-type geometries is proposed. With 

theoretical methods an optimization of tin surfaced contact 

geometries could be achieved. 

 
Keywords—sliding; ploughing; numerical analysis; indentation 

I.  INTRODUCTION 

An electrical connector consists usually of at least two 
contacts and an insulating case. An often used contact concept 
is the combination of a rider and a flat contact. Different 
contact geometries like hemispherical and U-type geometries 
are used for the rider contact. The contact force is usually 
generated by an elastic deformation of the rider contact or an 
additionally spring. A principal drawing for a rider/flat 
combination with the contact force FN, the friction force FR and 
the insertion length l is shown (Fig. 1). 

 

Fig. 1. Principal drawing of a rider/flat combination, adapted from [1]. 

The contact resistance is one of the most important 
parameter for evaluating the contact quality. A high contact 
resistance would result in a high current heating. HOLM found 
the fundamental connection between the contact force and the 
constriction resistance: 

          

 
With an exponent n = 1/3 for elastically deformation and     

n = 1/2 for plastically deformation[2].  

For non-nobel metals the deformation behavior of the 
coating affects the contact resistance[3].  Plastic deformations 
encourage that the oxide layer can be broken through, as a 
result more micro-asperities can be formed. For tin layers a 
dependence on the contact geometry can be consited, because 
of different contact pressures and therefore varying 
deformation behavior. Low contact radii would result in a 
better electrical resistance performance, but the high contact 
pressure would raise the wear rate. The contact surface is 
usually worn by mating cycles and vibrations. Wear and 
friction depend on several factors like: Contact geometry, 
contact force, substrate, coating system, lubrication. There are 
in principle four different wear mechanisms: 

 Adhesive wear 

 Abrasive wear 

 Disruption 

 Tribooxidation 

 
Usually several wear mechanisms occur at the same time. 

For a tin layer with a relatively high thickness of 5-12 µm a 
wear mechanism with abrasive wear in the first stage, the rider 
is ploughing the flat, and adhesive wear in the second stage, the 
rider is reaching an equilibrium state of penetration, can be 
predicted[4][5]. 

II. THEORETICAL ANALYSIS 

A. Strategy 

The Archard equation is an often used model to describe 
adhesive wear with the wear volume V, the contact force FN, 
the track length x, the hardness H and the dimensionless wear 
coefficient k[6][7]: 

    
    

 
 (1) 

 

For thin layers the hardness is not constant, it depends on 
the surface thickness, underlayer and substrate material. A 
wear model based on the Archard equation for a tribological 
system with adhesive and abrasive wear for non-constant 
hardness data was not available yet. The following strategy for 
developing a lifecycle model was pursued[1]: 
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1. A mathematical analysis of the available wear 

volume of rider and flat geometries. 

2. Description of the wear process in two stages: 

a. Abrasive wear 

b. Adhesive wear 

3. A lifecycle model based on the Archard equation 

with combining both wear stages. 

B. Calculation of available wear volumes 

Fig. 2 is an abstraction of spherical contact geometries with 
the outer radius r and the surface thickness s. For the 
calculation of the available wear volume for rider contacts with 
hemispherical and U-type geometries the equation for the semi-
circle (Eq. 2) is used. Considering the flat geometry of the 
contact partner it is defined that planar wear dominates, further 
it is defined that the contact is worn when the substrate or 
underlayer is reached[1]. 

   √      (2) 
 

 

Fig. 2. Abstracted rider contact, adapted from [1]. 

 

1) Available wear volume for hemispherical riders 
The available wear volume for hemispherical riders can be 

estimated from Eq. 3[1]. HOPPE got the equation in a similar 
way[8]. 

     ∫ (√     )
 

   
 

   

 (3) 
 

2) Available wear volume for hemispherical riders 
For the U-type geometry a similar method is used. The area 

in the limits from r - s to r has to be calculated, mirrored at the 
x-axis and multiplied with the contact width b. The available 
wear volume can be estimated from Eq. 4[1]. 

 

 

     ∫ √     
 

   

    (4) 

3) Available wear volume for hemispherical/flat 

combinations 
It is predicted that the rider contact is the critical contact 

partner with respect to wear, because of the lower available 
wear volume[1]. For the calculation of the available wear 
volumes for the flat contacts it is defined, that the rider contact 
is worn when the underlayer or substrate of the flat contacts is 
reached (Fig. 3). For a connector with a sliding insertion the 
wear track contains two parts: 

 Wear track 

 Track end 

 
Next the calculation for the flat contact with a 

hemispherical rider is shown (Eq. 5)[1]. The first term is for the 
wear track (V1), the second term for the track end (V2). 

      ∫ √     
   

    

     
 

 
∫ (√     )

    

    

    (5) 
 

 
Fig. 3. Abstracted hemispherical rider and flat combination, adapted from [1]. 

Both partners are worn. a is the side view and b the top view. 

4) Available wear volume for U-type/flat combinations 
For the wear process of the U-type/flat combination the 

same assumptions as for the hemispherical/flat combination are 
used (Fig. 4). The available wear volume of the wear track is 
the product of the track length l, the contact width b and the 
layer thickness s (Eq. 6)[1]. The first term is for the wear track, 
the second term for the track end. 

         ∫ √     
   

    

    (6) 
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Fig. 4. Abstracted U-type rider and flat combination, adapted from [1]. 

Both partners are worn. a is the side view and b the top view.   

 

C. Calculation of abrasive wear 

1) Strategy 
A huge amount of the available wear volume of ductile 

surfaces with a low hardness is worn within the first mating 
cycles by ploughing, this general wear mechanism was already 
described by BOWDEN in 1943[9]. The effect of ploughing is 
described theoretically in three steps for hemispherical and U-
type geometries combined with a flat partner[1]: 

1. Determination of the indentation depth of the 

ride into the surface of the flat contact 

2. Determination of the wear profile as a function 

of the indentation depth 

3. Calculation of the abrasive wear volume 

 
Step 2 and 3 are processed by using the adapted Archard 

equation for flat contacts (Eq. 17). 

The indentation depth is calculated with a definition of the 
hardness as the ratio of force and area: 

   
 

 
 

(7) 
 

As already has been explained, for thin layers the hardness 
depends on the hardness of the underlayer and the substrate, 
thus the hardness is not constant. Hardness measurements of tin 
[10] and gold[11] coatings with a copper substrate have shown, 
that the hardness development for this material combinations is 
approximately linear (Fig. 5). A linear increasing hardness is 
considered by[1]: 

             (8) 
 

 

Fig. 5. Microhardness of a tin layer on a copper substrate, adapted from [10]. 

The indentation depth h depending surface Ah for 

hemispherical geometries is given by Eq. 9 and Au for U-type 

geometries by Eq. 10[1]. 

        (9) 
 

            (
   

 
) (10) 

 

2) Indentation depth for hemispherical/flat combinations 
With Eq. 7 and Eq. 9 for the indentation depth h is 

given[1]: 

   
 

    
 (11) 

 

Considering a linear increasing hardness (Eq. 8) the 
following equation is obtained[1]: 

   √
 

     
 

 

 
(
  

  
)
 

 
  

   
 (12) 

 

3) Indentation depth for hemispherical/flat combinations 
With Eq. 7 and Eq. 10 for the indentation depth h is 

given[1]: 

        (
 

   
) (13) 

 

 

 

Dyck 14.4423

28th International Conference on Electric Contacts, 6-9 June 2016, Edinburgh



Again, taking into consideration linear increasing hardness 
with Eq. 8 the following relation (Eq. 14) is obtained, the 
solution must proceed numerically, e.g. by an iterative 
approach[1]: 

        (
 

          
) (14) 

 

D. Development of lifecycle models 

To calculate the adhesive wear the Archard equation (Eq. 1) 
is used. The equation has to be transferred to mating cycles, 
hence the x for the track length is changed with 2l for one 
mating cycle with a defined length and N for the number of 
cycles[1]: 

    
       

 
 (15) 

 

Then an universally valid equation for adhesive wear and 
coating systems with a linear increasing hardness is developed 
(Eq. 16)[1]. For the volume V Eq. 3 is used for hemispherical 
geometries or Eq. 4 for U-type geometries. 

  
 

       
∑(          )           

 

   

 (16) 
 

For flat contacts it is assumed with Eq. 17 that within the 
first cycles abrasive wear dominates and then the flat contact is 
adhesively worn[1]. The number of abrasive wear cycles Nabr 
must be determined empirically[1]. The upper bound of 
summation is the surface thickness s minus the calculated 
indentation depth h with Eq. 12 for hemispherical or Eq. 14 for 
U-type geometries[1]. 

       
 

       
∑(          )           

   

   

 (17) 
 

III. RESULTS 

A. Rider contacts 

Available wear volumes for hemispherical geometries (Fig. 6) 

and U-type geometries (Fig. 7) with the radii 0.5 mm, 1 mm 

and 1.5 mm, surface thicknesses up to 7 μm and a contact 

width of 0.8 mm (for U-type geometry) are shown. The 

available wear volume for U-type riders is about 5 times 

higher than for hemispherical riders[1]. 

 

Fig. 6. Available wear volume for hemispherical riders. 

 

Fig. 7. Available wear volume for U-type riders. 

B. Flat contacts 

Track lengths of 2 mm are often used for a reliable connection 

and an acceptable wear behavior. The available wear volume 

for the flat partner of a hemispherical/flat combination (Fig. 8) 

and an U-type/flat combination (Fig. 9) is shown. The rider 

contact of the U-type/flat combination is also the critical 

partner, but the difference between flat and rider is much lower 

than for the hemispherical/flat combination. Hence it can be 

deduced that for wear intensive applications the U-type/flat 

combination is the better contact concept[1]. 

 

 
Fig. 8. Available wear volume for flats with hemispherical riders. The assumed 

track length is 2 mm. 
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Fig. 9. Available wear volume for flats with U-type riders. The assumed track 

length is 2 mm, the assumed contact width is 0.8 mm. 

C. Indentation depths 

TABLE 1. CONTACT PARAMETERS 

 

Calculated results for the indentation depths of hemispherical 

(Eq. 12) and U-type (Eq. 14) riders into a flat surface are 

shown (Fig. 10). A linearly increasing hardness with a surface 

hardness of 100 N/mm
2
 and an increase of 10 N/mm

2
 per 1 μm 

indentation is used (Tab. 1). It can be clearly seen that the 

indentation depths for U-type riders are much smaller than for 

hemispherical riders (Fig. 10). 

 

 
Fig. 10. Indentation depths for rider contacts into flat surfaces. 

 

 

 

 

 

D. Lifecycle models 

TABLE 2. CONTACT AND WEAR PARAMETERS  

 

Exemplary calculations for reachable mating cycles with 

assumed contact and wear parameters (Tab. 2) are performed. 

The adapted Archard equations for a linear increasing 

hardness (Eq. 16 and Eq. 17) are used.  The results are 

compared with a constant hardness calculation using the 

classical Archard equation (Eq. 1). The available wear 

volumes for the rider contacts are calculated with the 

developed equations for hemispherical (Eq. 3) and U-type 

riders (Eq. 4). The available wear volumes for the flats are 

calculated for hemispherical/flat (Eq. 5) and U-type/flat      

(Eq. 6) combinations with considering of the rider penetration 

into the flat by the developed equations for hemispherical/flat 

(Eq. 12) and U-type/flat (Eq. 14) combinations. The wear 

behavior of hemispherical riders (Fig. 11), U-type riders    

(Fig. 12), flats of hemispherical/flat and U-type/flat 

combinations (Fig. 13) is shown. 

 

 
Fig. 11. Lifecycle model for hemispherical geometries. 

Surface hardness H0: 100 N/mm
2
 

Hardness increase ∆H: 10000 N/mm
3
 

Surface thickness: 7 µm 

Contact width b (U-type): 0.8 mm 

Surface hardness H0: 100 N/mm
2
 

Hardness increase ∆H: 10000 N/mm
3
 

Surface thickness s: 7 µm 

Track length l: 2 mm 

Contact force FN: 3 N 

Wear coefficient k: 1·10
-4

 

Contact width b (for U-type): 0.8 mm 

Nabr (for flat partner) 20 
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Fig. 12. Lifecycle model for U-type geometries. 

 
Fig. 13. Lifecycle model for flat geometries with a 7 µm coating. 

IV. CONCLUSIONS 

In principle can be found that the available wear volume for 

U-type riders is higher than for hemispherical riders          

(Fig. 6 and Fig. 7). With the developed equations for the 

indentation depth the abrasive wear for flat contacts with 

hemispherical (Eq. 12) and U-type riders (Eq. 14) can be 

estimated. The phenomenon of non-constant hardnesses in 

relation to thin layers can be considered with a linear equation. 

It can be supposed that the abrasive wear for U-type/flat 

combinations is much smaller than for hemispherical/flat 

combinations because of the less deep indentation (Fig. 10).  

A disadvantage of U-type riders is the more complicated 

positioning, because it has to be ensured that the edge of the 

rider does not rub on the flat. The adapted Archard equation 

(Eq. 16) gives the opportunity to use the developed equations 

for the available wear volume of hemispherical and U-type 

geometries in combination with an equation for a linear 

increasing hardness. Because of the higher available wear 

volume the wear resistance of U-type riders is superior to 

hemispherical riders (Fig. 11 and Fig. 12). An Archard 

equation for a two stage wear mechanism with abrasive wear 

in the first and adhesive wear in the second stage has been 

developed (Eq. 17). It could be shown that the theoretical wear 

resistance of flat contacts (Fig. 13) is much higher than the 

wear resistance of rider contacts (Fig. 11 and Fig. 12), also 

could be shown, that the use of hemispherical riders reduces 

the wear resistance of flats essentially (Fig. 13). The 

exemplary calculations (Fig. 11, Fig. 12 and Fig. 13) show 

that a higher accuracy of the adapted Archard equations by 

considering a linear increasing hardness could be reached. 

Based on the theoretical considerations it can be concluded 

that for wear intensive applications U-type riders with high 

radii and low contact forces should be used[1]. 
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Abstract— Emerging technologies are applied to create a new 
category of "contactless couplers". Various coupling options have 
been compared: ultrasound, high & low frequency RF, 
capacitive, optical, infrared and inductive coupling for power as 
well as data. TE Connectivity integrated state of the art 
Inductively Coupled Power Transfer (ICPT) technology with RF 
technology for data transfer into a M12 sized coupler-to-coupler 
prototype, and developed and released a M30 sized coupler 
system. This new connectivity system no longer has the 
limitations of physical contact based connectors, can increase 
productivity of existing industrial applications, and enables new 
applications. Latest developments focus on a higher frequency 
RF coupling capable of at least handling 1 Gbps data rates. 

Keywords— Contactless, Connectivity, Inductively Coupled 
Power Transfer (ICPT). 

I. INTRODUCTION 

In a disruptive new category of so called "contactless 
couplers" TE Connectivity described the development of a 
prototype coupler in 2012 [1], [2]. The technology used 
combines benefits like reliable power and signal transmission 
of contact based connections with the flexibility of wireless 
connections. This paper will recapture some of key 
development choices made and summarizes the new 
developments to date. It will be shown that effectively all 
applications with moving parts and electronics to be connected 
in a harsh environment can potentially benefit. Productivity can 
be increased, installation and maintenance cost can be reduced 
and safety and ease of use can be improved. In addition 
contactless coupler technology enables new solutions where 
traditional cables and connectors fail. 

A comparison of technology options for both contactless 
data as well as power transfer will be provided based on which 
TE selected the best options for the 1st and 2nd generation 
contactless coupler designs. The key performance results, 
based on the prototype 1st generation and released 2nd 
generation design will be outlined in this paper. Signal 
transparency, robustness in harsh environments and size are 
key factors to facilitate an easy introduction to applications of 
customers. Other key factors are power density & efficiency, 
thermal management, the ability to quickly customize the 
coupler shape and the ability to manage electromagnetic 
interference (EMI) from and to other users. 

The design of contactless couplers requires a mixture of 
specific competencies and technologies such as magnetics, 
power electronics, antenna design, embedded system design, 

mechanical miniaturization, electromagnetic compatibility 
(EMC), thermal design, manufacturing process design, 
verification, validation and testing. This paper will also 
describe some key aspects found during the design and initial 
validation of the system, including the contactless power 
transfer link, the contactless data transfer link and the 
mechanical design. 

II. DEFINITION OF CONTACTLESS CONNECTIVITY 

Contactless connectivity is defined as the system that can 
electrically connect and disconnect at least two subsystems, 
behaving similar to a regular contact based connectivity 
system, but without any electrically conducting contacts. 
Contactless connectivity enables the transfer of electrical (data) 
signals and power, from one subsystem to another subsystem 
with a minimum of distortion (e.g. delay, jitter, noise), as soon 
as the subsystems to be connected are brought into their so 
called mating range. This mating range is proportional to the 
diameter of the coupler, as opposed to wireless connectivity. 
Fig. 1 shows an example of a contactless coupler system. 

 

Fig. 1. a contactless coupler system, “coupler-to-coupler”, M30 size 

In table I differences between contact-based, contactless and 
wireless connectivity systems are listed, showing the key 
advantages of contactless couplers: no physical contact means 
no wear, more freedom of movement and no arcing. 

 

A. Definition of Interfaces and Transparency 

A system containing a host (e.g. control unit) 
communicating and powering a simple device (e.g. a sensor or 
actuator) is often interconnected using standardized physical 
contact based interfaces (e.g. PLC 0-10V, CAN, I2C, etc.) 
supporting a whole eco-system of device and host vendors. 

Fig. 2 shows how such host is typically connected to a 
simple device. 
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TABLE I.  CLASSIFICATION OF CONTACT-BASED, CONTACTLESS AND WIRELESS CONNECTIVITY SYSTEMS 

Connectivity Mating range Key advantages Key disadvantages 
Contact 
based 

Conductive contacts 
physically touching each 
other (0 millimeter or 
overlapping several 
millimeters). 

Fully transparent: signals are transported 
without the need of any intelligent host. 
Unidirectional and bi-directional signals 
can be transferred almost without any 
distortion and usually without active 
electronics. 

Wear, limited mating cycles and connection 
does not allow for rotation or other 
movements. Connectors are susceptible to 
contamination, especially when connectors are 
unmated. 

Arcing can occur during mating and un-
mating. 

Contactless Maximum a few times the 
diameter of the coupler, 
but typically less. 

Freedom of movement, no wear, unlimited 
mating cycles, no transfer of noise and 
vibrations, ability to connect though walls 
and fluids. Bandwidth is fully available, 
i.e. not shared with other users. 

Can support one-to-many communication, 
but typically one-to-one. Not interfering 
others, not sensitive to interference from 
others users. No arcing. 

Not able to bridge a large distance. 

Requires embedded electronics increasing cost 
compared to contact based connectors. Needs 
alignment feature (or application itself) to stay 
in mating range. 

The solution requires the electrical 
characteristics of each signal to be known by 
design, only in this case the signal transfer can 
be made transparent. 

Wireless Many times the diameter 
of the connector, typically 
anything between 1 meter 
and 1 km, typically using 
RF radio technology with 
antennae. 

Freedom of movement / no alignment 
feature needed for mating. Can reach a 
very long distance. Can support many-to-
many (network) or one-to-many 
(broadcast) communication. 

 

There are no cost effective solutions yet to 
efficiently transfer significant amounts of 
power over a long distance. It requires an 
energy storage device, combined with 
charging or energy harvesting. 

Bandwidth available at medium is shared with 
many users, heavily limiting the data rate per 
user. A data link layer implementation is 
needed to support this bandwidth sharing. 
Prone to interference and hacking. 

 

                

Fig. 2. A typical host-to-device contact based interconnection system. 

 

 

Fig. 3.  Transparent contactless interconnection system. 
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In a similar way the host can be connected to the device in 
a contactless way, without the host knowing. This has the 
advantage that the host hardware or software does not need to 
be modified. Fig. 3 shows this so called “transparency”. The 
wired signals (green) are converted to contactless (pink) signals 
and vice versa using a contactless physical layer (pink PHY) 
and wired physical layer (green PHY). In this way the host and 
device do not have to implement a new interface to connect to 
the contactless PHY. The contactless connectivity system 
consisting of a CC-Tx (Contactless Coupler – Transmitter) and 
CC-Rx (Contactless Coupler – Receiver) unit operates just like 
a repeater. This transparency has clear benefits such as easy 
integration and enabling a wide use using existing host and 
devices interfaces. The PHY implementation of the contactless 
connector system does not necessarily have to implement the 
same full green PHY of the host. It can also be only a lower 
part of the green PHY, as long as the pink contactless PHY is 
able to easily interface with that. This further simplifies the 
solution, but such lower level PHY solution may not be 
available as an integrated solution on the market. To achieve 
signal transparency with available components on the market, 
it is sometimes even necessary, depending on signal latency 
introduced by the contactless PHY, to integrate a (lower part of 
the) data link layer (blue) of the host and device in the CC-Tx 
and CC-Rx systems. Hybrid connectivity standards for contact 
based connectivity, e.g. Power-over-Ethernet (PoE), PLC I/O, 
USB, etc., are becoming more and more popular due to smarter 
and decentralized production requiring intelligent devices and 
the fact that separate power and data cables and connectors are 
not required anymore. Also contactless connectivity solutions 
follow this trend. Furthermore to transfer data signals in a 
contactless way, also contactless power transfer is needed as 
often the CC-Rx does not receive electric power from the 
device to feed the active electronics of the CC-Rx. So a 
contactless connectivity solution is often an “active hybrid” 
solution: a combination of a contactless data and a contactless 

power system. This solution may also provide power to the 
device itself, since the device could be part of a moving system 
or can simply be detached from the power grid. This paper will 
focus on point-to-point connectivity and not cover contactless 
point-to-multi point connectivity.  

B. Technology Options and Selection 

Various technology options are available to create a 
contactless data physical layer (PHY) as well as a contactless 
power physical layer. Table II shows the options considered 
and their advantages and their challenges. The sub 1 GHz and 
2.4 GHz RF technologies, combined with a near-field antenna 
instead of a far field antenna, are considered most suitable for 
up to medium data rate (< 1 Mbps) connections. Transceivers 
using these license free frequency bands are readily available, 
are affordable and support sufficient bandwidth to support 
basic devices using interfaces such as PLC, CAN bus, etc. Also 
the near-field link proposed is insensitive to e.g. dust, water 
etc. and therefore making it suitable for a wide range of 
applications. For bandwidth requirements of 10-100 Mbps and 
beyond (e.g. for Gigabit Ethernet and USB3.0), the 2.4 GHz 
and sub 1 GHz RF solutions do not offer enough bandwidth. 
The 60 GHz band is considered the best solution here, because 
of its huge license-free continuous spectrum, from 59 GHz till 
64 GHz in almost any country [3], offering more than 1 Gbps 
bandwidth with very simple and low latency modulation 
schemes like On Off Keying (OOK) which can be 
implemented in low cost CMOS IC technology. Optical 
transceivers can increase bandwidth beyond 1 Gbps but 
contactless optical links require accurate alignment, will be 
prone to mechanical stress, dust, water and other contamination 
and would need lenses and sealing to compensate for this. This 
makes it only applicable for very specific applications. 

 

TABLE II.  PHYSICAL LAYER TECHNOLOGY OPTIONS  

Data PHY Advantages Challenges 
Capacitive coupling Low EMI interference to others. Suitable for 

ring-to-ring structures. Up to 200 Mbps solution 
available. 

Requires large plate area making it unsuitable for tiny (rotating) 
coupler-to-coupler connectors 

60 GHz EHF (Extremely 
High Frequency) RF  

Large Bandwidth (> 1 Gbps), low latency 
(nanoseconds). Low cost On-Off Keying (OOK) 
solutions available using CMOS technology. 

Should support circular polarize antenna to support rotation. 
Penetration through water is challenging. 

2.4-5 GHz RF operating in 
near field 

Various RF solutions widely available for 
2.4GHz ISM band. 

Not supporting 10-100 Mbps bandwidth unless using OFDM 
modulation adding additional latency and cost. Up to 2 Mbps data 
rate without OFDM techniques. 

sub 1 GHz RF operating in 
near field 

Easy near field antenna design (simple loop). 
RF solutions widely available. 

Sub Mbps bandwidth. 

Via ICPT power link No separate antenna element needed. Up to 100 kbps bandwidth only. 
Optical Very high bandwidth possible (> 10 Gbps)  Can not be sealed easily. Very accurate alignment or lenses 

needed. Sensitive to medium (contamination). 
Infrared Low cost IrDA transducers available. Up to 

4Mbps bandwidth. 
Sensitive to medium: susceptible to oil, water and other 
contaminations. Transducer itself needs to be at edge of connector 
/ connector sealing material may block IR. 

Power PHY   

Inductively Coupled 
Power Transfer 

High power density/large distance/high power 
efficiency possible. Available technology. 

Can not penetrate through metal. 

Capacitive Power Transfer Can penetrate through metal. Low EMI 
interference. 

Short range (<< plate diameter) only, not a very high power 
density. 

Ultrasound / vibrations Can penetrate through matter (hulls) well. Research phase. Medium dependent. 
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Inductively Coupled Power Transfer (ICPT) is considered 
the most effective solution to transfer power over a short 
distance, since it can provide a high power density (amount of 
power per connector surface area) and efficiency (up to 90%). 
ICPT operates through all non-electrically and non-
magnetically conducting media (e.g. air, water, oil, glass, 
vacuum, etc. but e.g. not metals or ferrites) without losses 
caused by eddy currents or disturbances of the magnetic 
coupling, so is suitable to many applications. Capacitive Power 
Transfer does not offer a very high power density as it requires 
a relatively large connector diameter (plate area) to bridge a 
few millimeters. Transferring power via vibrations has a 
reasonable efficiency but is still in a research phase and 
depends on the medium making it application specific. 

C. Benefits and Applications  

The benefits outlined in table III can enable TE 
Connectivity to offer higher valued connectors and penetrate 
into applications found in industrial, consumer, automotive, 
aerospace, defense and energy markets. Besides applications 
visible to consumers, such as wireless electrical vehicle 
charging, wireless phone charging and contactless docking of 
phones, many industrial applications are possible. The next 
section shows a field example. 

In a case study in a TE Connectivity plant in Trutnov - 
Czech Republic, an automated production line with a 
traditional pick & place solution was fitted with ARISO M30 
couplers, Fig. 4. The pick & place station has a reciprocating 
motion, with sensors and actuators on a moving slider. The 
repeating movements caused breakage of the electrical 
connections in the chain type cable carrier. By placing a 
contactless receiver coupler on the moving slider, and fixed 
transmitter couplers, the receiver coupler can “connect” at each 
end of the translation stroke. The electrical cables are no longer 
stressed by continuous bending. 

TABLE III.  PHYSICAL LAYER TECHNOLOGY OPTIONS  

Benefits over contact based 
connections 

Benefits over wireless based 
connections 

No wear caused by physical contacts. Ability to transfer significant 
amounts of power. 

Offering unlimited and easy mating 
cycles in harsh environments 

Does not interfere other users. 

Freedom of movement: connect while 
having rotation, tilt and vibration. 

Not being interfered by other 
users. 

Galvanic isolation avoiding ground 
loops and sparking during hot mating 
and un-mating. No transfer of noise. 

Intrinsically safe data link: 
communication only possible on 
short distance 

Ability to penetrate through fluids and 
walls. No need to feed cables or 
connectors through walls. 

Bandwidth is not shared, 
achieving a much high 
bandwidth per data link. 

Not susceptible to ingress like dirt, 
dust or fluids. No maintenance needed 
and immunity against steam cleaning. 

 

No transfer of vibrations.  

 

 

Fig. 4. Pick & place station using traditional cable chain (A) and same station 
using ARISO couplers (B) 

Other industrial application examples are: automatic tool 
changing for robots (tools containing sensors), injection 
molding machines (pressure sensors in mold cavities) printing 
drums (sensors embedded in the rotating drums measuring the 
paper position), vacuum chambers (penetrate through the 
chamber’s wall or view port without risk of leakage), 
lithography equipment (avoiding highly unwanted vibrations or 
gasses from outside), material handling systems and milling 
machines (add sensors to tools to optimize milling process, 
automatic mill replacements). In general equipment requiring 
sensors or actuators operating in a harsh and non-stationary 
environment can benefit from contactless connectivity 
technology increasing up-time, yield or throughput of the 
machine or process. 

III. SYSTEM DESIGN OF THE ARISO CONTACTLESS 

CONNECTIVITY PLATFORM 

A. System Overview 

A system overview of an active hybrid and transparent 
contactless coupler solution for point to point connections, 
based on ICPT and 2.4 GHz RF technology and a 
unidirectional PNP data connection, is shown in Fig. 5. The 
ARISO Contactless Connectivity generations “Low Power 1” 
(LP1, size M12) and LP2 (size M30) are based on this 
architecture. The CC-Tx is a functional unit supplied by a 24V 
DC voltage and generates a time varying magnetic flux via its 
Power Transmitter (PTx) and front-end (FE) unit. The front-
end and the Power Receiver (PRx) unit of the CC-Rx convert 
this flux into a 24V DC voltage for the application and the CC-
Rx unit itself. This power link is based upon Inductively 
Coupled Power Transfer (ICPT). The CC-Tx and the CC-Rx 
unit can also receive and transmit data, each using a 2.4 GHz 
data transceiver (DTRx) and loop antenna in the FE unit. 
Signals imposed to the PHY unit will be transparently 
replicated to the other side without the need of an intelligent 
host in the application. 

 

 
Fig. 5. Contactless connectivity system based on ICPT and 2.4 GHz RF 
technology. 
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Based on the target industrial applications described and a 
competitor benchmark analysis, a CC-Tx and CC-Rx coupler 
system with a M12 form factor and a power transfer level of 6 
Watt has been set as the first design target. It focuses at the 
sensor connectivity market. M12 is a very commonly used 
format for sensors and it has been shown that the diameter 
should be minimized to make integration into a device axis 
possible. The voltage for the power input and output is set at 
24V DC, since that is a commonly used supply voltage for 
industrial applications. The data PHY chosen for the sensor 
communication is unidirectional and based on PNP, supporting 
up to 8 discrete sensors or 4 analog (0-10V or 4-20mA based) 
PNP sensors simultaneously. These digital interfaces are 
commonly used as low cost interface for sensors in industrial 
applications. The DTRx unit of the LP2 generation supports a 
bi-directional PHY link. 

B. Contactless Power Transfer 

Due to the ICPT principle used, rather high power levels 
can be transferred without physical contact, but the coils 
required must be close enough so that the receiver coil captures 
a majority of the magnetic flux of the transmitter coil. When 
the distance becomes large, the efficiency drops significantly. 
Furthermore, power transfer is only possible if the coil at the 
primary side is driven with an AC current as this is the only 
way to generate a voltage at the receiving coil at the secondary 
side via the mutually coupled magnetic flux. The use of 
resonant technology increases the maximum power that can be 
transferred significantly. The total power link of a contactless 
connector consists therefore of the following stages, Fig. 6. 

 
 Fig. 6. Total power link of the contactless coupler pair. 

The first products are intended to be used in an industrial 
environment. This sets the following parameters: input voltage 
= 24 V ± 10%, output voltage = 24 V ± 1%, maximum power 
level at output ≈ 12 W and maximum temperature increase ≈  
35 °C. For electronic power converters it holds in general that 
the higher the switching frequency, the smaller the 
components. However beyond 200-400 kHz switching 
frequency, the switching components (like powerFETs and 
gate drivers) become more and more expensive. An optimum 
between cost and size is therefore reached in the range from 
200 – 400 kHz. 

The Reverse Polarity Protection is implemented with a low 
Rds-on P-type powerFET located in the +24V supply 
connection gated by a simple zener diode with resistor bridge. 
The drawback of using such P-type powerFET is its relative 
high Rds-on compared to a similar N-type powerFET. 
However, such N-type powerFET would need to be located in 
the Gnd connections resulting in an undesired small voltage 
difference between the internal and external ground. 

The DC-DC converter shown in Fig. 7 is needed to 
decouple the input of the DC-AC converter from the variations 

 
Fig. 7. Buck DC-DC converter (left side) and Current-fed Push-Pull DC-AC 
converter (right side) of the PTx. 

at the supply input. Variations on the input supply voltage of 
the DC-AC converter would directly influence the current 
through the primary resonant tank and the voltages upon the 
switching elements. To create a stable input supply voltage a 
DC-DC converter is put in front of the DC-AC converter. For 
the DC-DC converter several topologies exist with their own 
pros and cons. Known DC-DC converters are the Buck, the 
Boost, the Buck-boost, the Fly-back, the Forward, the Cuk and 
the Sepic converter. 

Based on the fact that the size should be as small as 
possible and that the input voltage of the DC-AC converter is 
set around +18V, the Buck converter topology has been chosen 
at the input part of the Power Transmitter. To reduce power 
losses in this part of the circuitry, a powerFET has been used to 
create the necessary diode function. A simplified circuit 
diagram is given in Fig. 7. 

The DC-AC converter generates the necessary AC current 
through the primary resonant tank / power coil needed for the 
generation of the magnetic flux to be coupled to the secondary 
resonant tank. The principle of resonance is used in order to 
implement soft-switching techniques such as Zero-Voltage 
Switching or Zero-Current-Switching. These soft-switching 
techniques reduce power switching losses and relax the 
requirements put onto the switching devices. Furthermore, the 
resonant principle increases the current through the power coils 
without the need for heavier switching devices. As a result 
larger distances can be bridged. 

The most well-known topologies are Current-fed Parallel 
Resonant Push-Pull, Current-fed Parallel Resonant Half-
Bridge, Voltage-fed Series Resonant Half-Bridge and Voltage-
fed Series Resonant Push-Pull. For both Push-Pull and Half-
Bridge, the current-fed version requires either one or two extra 
inductors and subjects the switching devices to higher voltage 
stresses than the voltage-fed types. But reliable designs are 
harder to achieve with voltage-fed types since they suffer from 
large start-up voltage and current transients. Voltage-fed 
circuits have also greater difficulty coping with open- or short-
circuited loads while current-fed schemes can operate 
indefinitely with such loads. Current-fed circuits also yield 
cleaner sinusoidal waveforms. For these reasons the Current-
fed Push-Pull topology is chosen, see Fig. 7. 

To improve the performance of the Power Transfer, the 
Controller of the DC-AC converter has an extra algorithm 
implemented called Dynamic Tuning (DT). Dynamic Tuning 
controls the Push-Pull converter in such manner that the 
driving frequency remains constant over load. The secondary 
side has as series resonance tank which creates a constant 
voltage after rectification. Dynamic Tuning at the primary side 
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makes passive tuning of the resonance tank at the secondary 
side possible. For this purpose the drain voltage of both 
switching devices are compared to each other and each time a 
zero crossing is detected a trigger signal is sent to the micro 
controller. 

Safety: Both primary and secondary DC-DC converters are 
short-circuit proof. Also an algorithm is implemented in the 
controller of the DC-AC converter called Foreign Object 
Detection (FOD). This algorithm stops the power transfer in 
case a metal object is present between the power transmitter 
coil and the power receiver coil. If the converter would keep on 
running that metal object will run hot creating a potential 
unsafe situation. The max. current at the Rx DC converter 
determines the max. power transfer, while the max. current of 
the primary DC/DC converter is used for Foreign Object 
Detection (FOD). 

To model the two resonant tanks, one at the PTx side and 
one at the PRx side, first the ‘transformer’ needs to be 
modeled. The model has to take into account that the ‘leakage’ 
flux is substantial and can in fact be higher than the flux 
coupled by both coils. To create rotational invariance, the 
‘transformer’ is based upon the known pot cores. Furthermore, 
to increase the ICPT link performance, the magnetic structure 
has a recessed outer ferrite part. Because the coil at the PRx 
side is identical to the coil at the PTx side, the equivalent 
circuit diagram can be modeled. A sketch of the coil structure, 
composed and the equivalent circuit are given in Fig. 11. 

The primary inductance Lprimary of the coil for the power 
transmitter, representing the influence of the magnetic flux 
coupled to the primary current only (Iprimary), is more or less 
independent of the distance between the two coils. The same 
holds for the secondary inductance Lsecondary at the power 
receiver, representing the influence of the magnetic flux 
coupled to the secondary current only (Isecondary). Since the 
primary and secondary coil have the same geometry, both 
Lprimary and Lsecondary have the same value. The 
magnetization inductance Lmagn, representing the influence of 
the magnetic flux coupled to both the primary and secondary 
current, depends strongly upon the distance and is, even at a 
zero distance, lower than the square root of Lprimary x 
Lsecondary. This rather loose coupling is again an effect of the 
geometry of the coils. The addition of resonance components at 
both the primary and secondary side overcomes the negative 
effect of loose coupling. To optimize the power transfer 
further, both resonant tanks are tuned to the same frequency. 
As the switching frequency is rather high (in the order of 250 
kHz), litz wire is used to decrease the AC resistance and 
consequently the losses.  

 

 
Fig. 11. Coil structure with ferrite design and layered litz windings for the PTx 
and PRx (A) and the equivalent circuit diagram (B). 

The coupling factor and coil quality factor determine the 
efficiency. For a resonant system the relation between the 
maximum efficiency and coupling is [4]: 

 (1) 

 

Where Q is the quality factor of the Tx and Rx coil. K is the 
coupling between primary & secondary coil. To reach an 
efficiency of ŋ >  0,75 the product KQ > 7. As an outcome of 
the measurements of the first prototypes the key challenges are: 
heat management, decreasing the size of the electronics and 
improving the maximum distance between the power 
transmitter and power receiver. Additional (simulation) effort 
was put in understanding the relation between electrical, 
magnetic and mechanical design of the front end [5] to increase 
the maximum distance that can be bridged. This resulted in a 
total efficiency including power overhead of the data link, as 
shown in fig. 12 and 13. 

 

 
Fig. 12. Total M30 coupler efficiency vs. distance from coupler to coupler and 
axial misalignment. 

 
Fig 13. Total M30 coupler efficiency at different tilt angles. 
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C. Contactless Data Transfer 

The data PHY to contactless data PHY connection, 
depicted as PHY PNP (green) and DTRx (pink) in Fig. 5, is 
implemented as follows: 8 digital PNP signals at the input of 
the CC-Rx are sampled and aggregated into a packet with a 
fixed preamble pattern, a predefined “address” identifier and 
CRC (Cyclic Redundancy Check) data before being modulated 
with a 2.4 GHz RF chip. This is also functionally depicted in 
Fig. 14, option C. The receiver will receive the packet after a 
PLL lock and will only accept that packet if it has the right 
predefined address and if the CRC is correct. From there on the 
data signals are de-aggregated and provided to the PNP output 
data pins of the CC-Tx unit in the right order (i.e. digital input 
channel 1 is linked to digital output channel 1 etc). If packets 
are not properly received (no PLL lock, incorrect address or 
CRC failure) none of the 8 data outputs will change (the 
previous properly received data will be repeated). So 
effectively a packet loss in the contactless interface is 
represented as (extended) jitter on the data outputs.  

The PNP PHY to 2.4 GHz PHY connection is 
asynchronous and based on sampling of the PNP data signals 
by the transmitter. This sampling process always introduces 
latency and jitter, because PLC I/O data is an asynchronous 
and does not provide a clock signal to indicate a possible 
change of the data signal. The sampling rate must be a 
magnitude higher than the data rate to keep latency and jitter to 
an acceptable level. Because the CCP LP1 platform samples 
the 8 digital signals every 200 microseconds and because the 
bandwidth of each digital PNP sensor is typically very limited 
(a few hundreds of bits/sec or less) sampling of PNP data 
signals is considered acceptable.  

 
Fig. 14. Options for digital data signal PHY interface to contactless PHY - 
transmit path. 

A contactless data link, if not based on a packet based 
transmissions but based on a continuous data transmission 
stream (options A and B), has the benefit that the transmission 
latency and jitter will be much lower, since no buffering of data 
to create a packet is needed. Direct modulation of a data signal 
by the transmitter (option A), as opposed to sampling of the 
data signal (option B), has the lowest jitter and delays and 
would be the best option for future high speed data links such 
as contactless Ethernet. If multiple digital data signals for 
option A and B need to be transferred, additional circuitry 
would be required increasing latency, unless a multiple of 
modulators would be used, increasing cost and PCBA area. 

Because multiple low bandwidth PNP signals are required, 
options C and D are chosen for the first generation design, 
where an implementation with N = 8 (8 channel digital PNP) 
and an implementation for M = 4 (4 channel analog PNP) has 

been created. Option C is also a good candidate for a data link 
based on CAN which is already using packets for data 
transmission.  

The (de)modulator is created using a 2.4 GHz RF chip, a 
matching circuit and a loop antenna, as shown in Fig. 15. The 
only position where the antenna could be placed is in the head 
of the contactless coupler in front of the power coil. In such an 
antenna envelope there is one type of antenna which can help 
bridging a small distance in the required direction: the 
magnetic loop antenna which acts as a near field antenna. 
Benefits of a loop antenna are insensitivity to fluids, rotational 
invariance, strong coupling at close distances, small size of the 
antenna and little far field radiation and reception. 

 
Fig. 15. Physical view of the (de)modulator. 

However, to utilize these benefits it is important that the 
circumference of the loop antenna remains small compared to 
the wavelength. On the other hand the larger the size of this 
loop antenna, the larger the distance it can bridge without too 
many losses. As a rule of thumb is given that for a magnetic 
loop antenna the circumference should be 10 times smaller 
than the wavelength. The RF chip chosen is operating at 
2.4GHz, which has a wavelength of 0.125m giving a loop 
diameter of 4mm, which is also implemented in the M12 
design. Another issue is that the larger the loop becomes 
compared to its wavelength, the more power will be radiated 
which can cause cross-talk to a neighboring coupler pair. 

The matching circuit connects the magnetic loop antenna to 
the antenna connections of the RF chip and is located at the 
edge of the PCBA. Other functionalities of this circuitry are 
blocking the induced currents of the power link by means of 
capacitors and feeding the output stages of the RF port of the 
chip. Due to the construction of the contactless coupler the 
matching circuit could not be placed next to the antenna. 
Normally it is desired to have these two elements close to each 
other to have less losses and smaller tolerances on the 
matching. To connect the magnetic loop antenna with the 
matching circuit a transmission line is used, which is a broad-
side coupled strip line. When everything is matched with each 
other, the return loss and insertion loss values, as given in Fig. 
16, are created. 
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Fig. 16. Return loss and Insertion loss. 

The low return loss values show that the loop antennas are 
matched well to the 2.4GHz ISM band. Also these graphs show 
that when the loop antennas are placed further apart from each 
other, the coupling between them will reduce, resulting in 
much more insertion loss. Fortunately, the link budget of the 
RF chip chosen is 82dB and therefore the transmission will 
operate properly. When a good physical data link between two 
contactless couplers is created, the next step is to ensure that 
only data received from the closest CC-Rx (so not from any 
adjacent CC-Rx coupler) will be accepted by the CC-Tx. For 
this a few methods are available such as static pairing, dynamic 
pairing and closest proximity pairing, as shown in table IV. 
Static pairing means that two couplers always belong to each 
other and have a predefined (and unique) address. Dynamic 
pairing means that the addresses are assigned on the fly. 
Pairing by closest proximity is the most flexible method. For 
the M30 design the dynamic pairing method was chosen. 

TABLE IV.  PAIRING METHODS 

Pairing method Description 
Static pairing Both CC-Tx and CC-Rx have fixed addresses.No 

flexibility at all. 

Dynamic pairing Both CC-Tx and CC-Rx exchange addresses during 
mating. Provides high flexibility, but during mating 
additional time is required to obtain fixed addresses. 
Also care must be taken that the correct couplers are 
connected. 

Closest 
proximity 

Both CC-Tx and CC-Rx have no addresses. They will 
accept data nearby that has a signal strength above a 
certain level. 

 

D. Mechanical Design 

Using the M12 form factor as a challenging starting point, 
the main mechanical requirements are listed in table V.  

Most M12 sized sensors for industrial applications use a 
metallic housing for rigidity, and as also shielding is required 
the choice for a metal alloy housing seemed obvious. Using 
M12 means that the internal volume available for the coupler 
electronics depends on the thread size used. 

TABLE V.  KEY MECHANICAL REQUIREMENTS 

requirement Implications on 
Small size electronics packaging, keep overall length as short 

as possible 

ICPT Link 
performance 

specific coil layout requirements for the front-end 

Mechanical stability / 
ruggedness 

metal housing, potting, potting material and front 
end polymer choice 

IP67 ingress 
protection 

Limit amount of seams, use potting 

Thermal budget heat generated by the coupler itself needs to be 
dissipated efficiently in order to reach the 
operating temperature window (-20°C to 55°C) 

Design for 
Manufacturability 

automatic winding of the coil, assembly sequence 
and potting method 

 

 The M12x1 size chosen resulted in a long 9.0 mm wide 
PCB assembly (PCBA) design. The overall layout consists of a 
PCBA inserted into a metal tube, a cable is soldered to the 
PCBA on one side, with the cable exit secured by a crimp and 
overmold. On the other side of the PCBA, the front-end 
subassembly holding the power coil and loop antenna closes 
off the tube. Because of the waterproof (IP 67) requirement, 
and the mechanical robustness (vibration proof) needed, the 
complete assembly is potted. The potting material chosen has a 
high thermal conductivity ( > 0.5 W/mK) as various 
components (inductors, powerFETs) on the PCBA and also the 
coil in the front-end itself generate heat. In the front-end 
subassembly all the major components for the power and data 
contactless connection are placed; power coil, ferrite and the 
loop antenna. The loop antenna had to be placed on the front 
side of the front end, because of the near-field principle used 
by the loop antenna. A flex foil to create the loop antenna is 
chosen because of several benefits: it is a thin antenna which 
can easily be handled and bended into the desired shape, the 
transmission line feeding the antenna through the center hole in 
the ferrites can be incorporated into the same part, and the 
transmission line impedance can be matched by tuning the 
dielectric material thickness. The M30 layout, construction and 
manufacturing method resemble the M12 design. 

 

 
Fig. 17.  Contactless Couplers, M12 and M30 sized designs  
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Finding the best potting method and material proved 
challenging because of contradicting requirements. After 
thermal modelling, heating measurements, potting application 
tests and heat stress tests a best balance was found between 
thermal (thermal conductivity), electrical (relative permittivity, 
loss tangent, volume resistivity, dielectric strength), mechanical 
(E-modulus, hardness, glass transition temperature, shrinkage, 
coefficient of thermal expansion) and processing (viscosity, 
mixing ratio, pot life, filler percentage) environmental 
(Flammability, REACH, cost) requirements and their 
interactions [6]. 

IV. EMC COMPLIANCE OF M30 COUPLER 

CE marking is a mandatory conformity for most electrical 
products sold within the European economic area.  EMC 
compliance is a major requirement for CE marking. As 
contactless couplers transmit and receive RF signals they fall 
under radio equipment category of Radio & 
Telecommunications Terminal Equipment Directive 
1999/5/EC. A notified body was consulted for advice on the 
technical construction file procedure. 

EMC compliance was obtained upon meeting required test 
results defined in the associated standards conducted by 
accredited test laboratories [5]. 

V. CONCLUSION 

The design and realization of the M12 sized coupler pair 
demonstrators proved a good way to show a best in class power 
density for industrial use. It required a diverse mix of 
mechanical, power electronics, magnetic, RF & antenna, data 
PHY and manufacturing technologies. 

It was proven to the possible to create a full transparent 
GPIO data link, and to transfer 6 watts over a 4 mm gap in a 
M12 sized tube housing. The released M30 size LP1 product 
[7] has proven not only to pass validation tests and CE 
certification, but also to perform in various industrial 
application uses with 73% overall efficiency in a large mating 
range and angle. 

Developments continue on higher frequency RF coupling 
capable of at least handling 1 Gbps data rates [8],[9]. 
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Abstract—The application of micro USB is highly expanded 

by the development of many terminal electronic products, such as 

smartphones. But in recent years, it has been found that the 

micro USB connectors used for recharger or data transmission in 

mobile phones are frequently burned around voltage bus (VBUS) 

during service. In this paper, the failure mechanism of the 

burned micro-USB was studied in details. Firstly, the dielectric 

performance of insulation material used in micro USB was tested, 

such as comparative tracking index (CTI) of liquid crystal 

polymer (LCP). Then, various environmental tests were designed 

to simulate the possible effects of service conditions on the 

insulation among electrical contacts in the micro USB, including 

damp heat, electric stress, contamination and their interactive 

effects. The surface insulation resistance (SIR) between VBUS 

and ground (GND) was monitored during simulation tests to 

evaluate the degradation of micro USB. Chemical reaction 

happened between two electrodes under humid contamination 

condition was analyzed based on the test results and 

electrochemical theory. It was found that the Joule heat caused 

by the increased film resistance on the contact of VBUS was the 

main reason for the burning of micro USB. 

Keywords—Micro USB; burning failure; electrochemical 

reaction; dielectric performance 

I. INTRODUCTION  

The development of smartphones pushes the wide 
application of micro USB as the connector of data transmission 
and recharger. But in recent years, the feedback from the 
market shows that the contact failure of micro USB in mobile 
phones happens when they are mating with recharger or 
computers, even the insulation material is burned during their 
service.  According to the burning phenomena of micro USB 
connectors disassembled from the mobile phones, the 
insulation material supporting the contacts inside the micro 
USB is melted, which means high heat is formed to increase 
local temperature.  

In general, there are several possible reasons to cause such 
results depending on the working voltage of conductive parts 
on the insulation materials. Under high voltage condition, 
progressive formation of conducting paths can cause tracking 
failure, which are produced on the surface and/or within a solid 
insulating material, due to the combined effects of electric 
stress and electrolytic contamination [1]. Usually insulation 
material has relatively high surface resistance, but weak 

leakage current still exists on the surface. When the 
contaminants, fibers, dust particles, moisture and other 
substances are deposited on the surface to form a conductive 
film of water, the SIR will be reduced [2]. Then, an electric 
field generates Joule heat to evaporate surface moisture and to 
form uneven drying belts, so that strong electric field is 
produced locally to cause discharge between drying belts. Heat 
generated by the discharge makes carbon to decompose from 
insulation material, so that the carbonized conductive path 
eventually damages the insulation property, which is tracking 
failure [3]. It seems that pollutants, electric stress, and moisture 
is the necessary condition to induce tracking failure of 
insulation materials. Yoshimura and Kumagai mentioned two 
conditions to cause tracking failure of polymer insulation 
material, one was the huge thermal energy produced by 
discharge, the other was surface carbonization at the absence of 
oxygen [4].  

On the other side, under low voltage application condition, 
the leakage current on the insulation material between two 
conducting parts increases when the insulation material is 
contaminated under high humid environment, which increases 
the Joule heat. Literature [5-7] found that the copper electrode 
on the insulation material participated the electrochemical 
reaction, so that the flashover discharge was more obvious, and 
the insulation material was more likely to fail. According to the 
galvanic corrosion theory, an electrolysis reaction of water and 
an electrochemical reaction of metal materials could happen if 
the two electrodes with different potentials, the electrolyte and 
conductive path exists at the same time. The heat released from 
these chemical reaction forms another heat source [8-10]. At 
the same time, the corroded film can be formed on the contact 
interfaces by chemical and electrochemical reaction to increase 
contact resistance, which also produces Joule heat. For micro 
USB of mobile phones, the working current is about 1A while 
recharging, which has potential danger for the thermal failure 
of the corroded contacts. 

In this paper, the failure mechanism of burned micro USB 
in mobile phones will be analyzed by both theory and 
simulation experiments based on possible reasons. A failed 
micro USB was disassembled and detected to propose possible 
failure reasons. Then the CTI of insulation material of micro 
USB was tested. The influencing factors, such as humidity, 
electric stress, contamination on the insulation performance of 
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micro USB were all studied by damp heat tests. The failure 
mechanism of micro USB was discussed based on the 
phenomena of simulation tests and thermal analysis. 

II. ANALYSIS OF BURNED MICRO USB IN MOBILE PHONE 

The burned micro USB connectors in mobile phones were 
collected from the market. The morphology of the micro USB 
was observed by an optical microscope (OM) and a scanning 
electronic microscope (SEM). The element compositions on 
the failed micro USB was detected by an X-ray energy 
dispersive spectroscopy (XEDS).   

A. Detection of Burned Micro USB 

A micro USB in the mobile phone failed in real application 
is shown as Fig. 1. The insulation material supporting the 
contacts was burned severely around VBUS.  

VBUSGND

 

Fig. 1. A burned micro USB connector 

The shield of micro USB was disassembled to reveal the 
center part of the burned micro USB, its SEM photo is shown 
in Fig. 2. The four areas on both the contacts and insulation 
materials of micro USB were detected by the XEDS, shown in 
Fig. 3a~3d, and the element compositions are listed in Table I. 

VBUS GND

1

2

3

4

 

Fig. 2. Surface of the contacts in the burned Micro USB 

The results reveal that Au and Pd is adopted as the surface 
coating and underplating materials of contacts in the burned 
micro USB, Ni is the intermediate coating material, and Cu is 
the substrate material, but both Ni and Cu were detected on the 
surface. There is a high content of C and O depositing on the 
contact areas after burning. The insulation material around 
VBUS in the Micro USB was badly burned, where there is very 
high content of C and O. Meanwhile, some contaminants, such 
as Si, Al, Ca, Na, K and Cl depositing on the micro USB, 
especially shown in Area 4 in Fig. 2. Fibers were also found on 
the root of pins in the Area 2 in Fig. 2. 

  

a. Area 1;                                           b. Area 2; 

 

  

c. Area 3;                                           d. Area 4; 

Fig. 3. XEDS analysis of the four areas in Fig. 2. 

TABLE I. ATOMIC PERCENTAGE OF VARIOUS ELEMENTS ON DIFFERENT 

REGIONS OF BURNED MICRO USB 

Location VBUS 
Root of 

contacts 
Data pin GND 

Element Area 1 Area 2 Area 3 Area 4 

C 33.83 65.78 24.11 44.33 

O 23.65 32.77 24.49 40.56 

Na / 00.66 / 02.59 

Al 00.15 / / 00.64 

Si 00.34 00.28 / 02.63 

Cl / 00.51 / 01.45 

K / / / 00.99 

Ca / / / 01.02 

Pd 22.11 / 21.60 01.11 

Au 10.63 / 19.13 02.23 

Ni 07.75 / 08.72 01.61 

Cu 01.27 / 01.95 00.84 

 

B. Primary Analysis of Failure Mechanism 

 According to the primary analysis of the burned micro USB, 
there are two questions needed to be answered. One is what 
forms heat sources to burn the insulation material in the micro 
USB, the other is why the VBUS is burned most severely. 
Since obvious contaminants were deposited on both the electric 
contacts and insulation material surface, the tracking failure 
under electric stress and electrolytic contamination needs to be 
considered. In addition, the galvanic corrosion on the electric 
contacts and electrolytic reaction between conductive parts 
should be analyzed, since the mobile phones may be 
contaminated under certain humid condition and recharged at 
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the same time. Therefore, the CTI of insulation material in 
micro USB will be tested. Simulation experiments will be 
designed to study the effects of humidity, electric stress, and 
contamination on the insulation material in micro USB. 

III. COMPARATIVE TRACKING INDEX OF INSULATION 

MATERIAL 

According to IEC 60112 [1], plate samples of insulation 
material were used to test CTI and to evaluate the performance 
level categories (PLC), as listed in Table II.  

TABLE II.  THE PLC CORRESPONDING TO CTI  

CTI (V) PLC 

600≤CTI 0 

400≤CTI<600 1 

250≤CTI<400 2 

175≤CTI<250 3 

100≤CTI<175 4 

CTI<100 5 

 

A. Test Method of CTI 

The test equipment and the structure of test electrodes are 
shown in Fig. 4. The CTI/PLC test will be carried out on 5 
samples respectively. The CTI requires the determination of 
the maximum voltage at which 5 specimens withstand the test 
period for 50 drops 0.1% NH4Cl without failure whether, at a 
voltage of 25V lower than the maximum 50 drop figure, the 
specimen withstands 100 drops. If this is not the case, the 
maximun 100 drop withstand voltage has to be determined on 
another 5 specimens. 
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Fig. 4. The structure of test electrodes in test equipment for CTI   

B. CTI of LCP 

Liquid crystal polymer (LCP) is one of the insulation 

materials usually used in micro USB for mobile phones. The 

CTI test result of LCP (with 40% glass fibers) is 125V 

averagely and its PLC is 4 correspondingly, shown in Table III, 

which means the CTI of LCP is relatively low, but the 125V 

voltage is still much higher than the working voltage, 5V, of 

micro USB in mobile phones. 

TABLE III. CTI AND PLC OF LCP (WITH 40% GLASS FIBERS) 

Samples CTI (V) PLC 

1 125 

4 

2 125 

3 125 

4 125 

5 125 

Average 125 

 

IV. THE ENVIRONMENTAL EXPERIMENT SIMULATION OF 

MICRO USB  

According to the primary analysis of burned micro USB 

samples, it seemed that moisture, electric stress and 

contamination were the necessary environmental impacts on 

the insulation material burned in micro USB. Therefore, an 

accelerated simulation scheme was designed by combining the 

multi-influencing factors for micro USB. 

A. Experimental Methods 

1) Test samples 
The micro USB made of LCP (with 40% glass fibers) was 

taken as the test sample shown in Fig. 5. All the micro USB 
was mated with a plug during simulation tests. 

 
Fig. 5. The five conductive contacts in a micro USB 

2) Simulation methods 
A testing system of SIR with 30 channels was designed and 

manufactured, whose block diagram is shown in Fig. 6.  

 
Fig. 6. The block diagram of a test system for SIR of micro USB with 30 

channels 
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 The test system consists of an SIR measurement unit, a 
constant voltage supply unit, a switching unit of 30 channels, a 
control unit, an anti-interference unit and control software. A 
10KΩ protection resistance was connected with each testing 
channel to prevent the insulation test from short circuit. When 
the testing samples of micro USB were stored at different 
environmental conditions, the SIR between VBUS and GND 
can be tested by connecting the VBUS and GND contacts to a 
picoammeter and was automatically measured for each channel.  

According to an enterprise standard, a damp heat cyclic test 
was used for environmental simulation. It takes 8 hours for one 
damp heat cycle, so that there are 3 cycles in one day. And 9 
cycles for 3 days was adopted, shown in Fig. 7. The relative 
humidity was constantly set at 93%, and the temperature was 

between 30 º C and 65 º C. Temperature and humidity 

alternating chamber was used to realize the damp heat cyclic 
test conditions. A deionized water machine was used to supply 
pure water whose resistivity is 18.2MΩ∙cm. 
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Fig. 7. Test profile for damp heat cyclic test (3 days) 

The simulation of contamination in micro USB adopted 
0.5wt% of NaCl solution. Proper salt solution was dropped into 
the shield of micro USB, and then the micro USB samples 

were put into an oven to evaporate water under 402℃ for 24 

hours. After being dried, micro USB contaminated by salt 
solution could carry out the other simulation experiments.  

To investigate the effects of humidity, electric stress, and 
contamination on the insulation material in micro USB, the test 
samples of micro USB contaminated by salt solution were 

carried out for temperature humidity bias (THB) test under 

25V electric stress. The SIR between VBUS and GND of each 
micro USB sample was measured every 5 minutes during 3 
days THB tests.  Part of the samples without being applied by 
electric stress and salt solution were tested for comparison. 

B. The Characters of Micro USB after Simulation Tests 

1) SIR of micro USB 

The SIR between VBUS and GND of three micro USB 

samples was shown in Fig. 8 respectively. The first one is the 

sample without salt contamination and no electric stress, the 

second one is the sample with salt contamination but no 

electric stress, the third one is the sample with both salt 

contamination and electric stress. The temperature cycles are 

also shown in the Fig. 8, so that the change trend of SIR can 

be understood clearly.  
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Fig. 8. The SIR of micro USB made of LCP during THB for 3 days.  

The SIR of micro USB without contamination and no 

electric stress changed as the temperature cycles. When the 

temperature was at 65℃, absolute moisture was higher than 

that at 30℃ though the relative humidity was constant at 93%, 

so that SIR of micro USB at 30℃ was half to one order higher 

than that at 65℃. The lowest SIR of micro USB are higher 

than 108. After three days damp heat test, the SIR of micro 

USB did not show decrease trend. For the micro USB with salt 

contamination, the SIR of micro USB dropped sharply to 

106 in the first cycle, and decreased gradually close to 105 

during 3 days damp heat test. This SIR cannot be accepted in 

usual application of micro USB connectors. When the  micro 

USB contaminated by salt was applied by 25V electric stress 

during 3 days damp heat test, the SIR of micro USB dropped 

sharply to 106 within one cycle, and decreased to 103 after 

six cycles, which means the short circuit happened.  

2) Morphology of micro USB 

 The morphology of the micro USB samples after simulation 

tests was shown in Fig. 9a~9d.  

 
a. a fresh micro USB sample 

 
b. the micro USB without salt contamination and no electric stress after 3 

days damp heat test 

  
c. the micro USB contaminated by salt solution and stored under damp 

heat condition for 3 days 

 
d. the micro USB contaminated by salt solution and stored under THB 

condition (25V) for 3 days 

Fig. 9. The morphology of the micro USB samples before and after 

simulation tests.  
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 Fig. 9a is a fresh micro USB sample. Fig. 9b is a micro 
USB without salt contamination and no electric stress after 3 
days damp heat test. There was no obvious difference between 
this sample and that fresh sample in Fig. 9a. Fig. 9c is the 
micro USB contaminated by salt solution and stored under 
damp heat condition for 3 days. There were some salt particles 
depositing on the bottom of the micro USB connector. Fig. 9d 
is the micro USB contaminated by salt solution and stored 
under THB condition for 3 days. There were some white salt 
particles and green corroded products concentrated around the 
VBUS contact of the micro USB. The insulation material had 
slightly deformed. 

3) Contact resistance of micro USB 

The contact resistance of micro USB samples mating with 

plugs before and after simulation tests was measured by four-

point method, listed in Table IV. The constant current was 

100mA. The contact resistance of the VBUS and GND 

contacts in the fresh micro USB sample shown in Fig. 9a is 

similar, 32.1mΩ and 31.4mΩ respectively. After damp heat 

test for 3 days, the contact resistance of the VBUS and GND 

contacts in the micro USB sample shown in Fig. 9b is 34.1mΩ 

and 32.2mΩ respectively, which had no obvious change from 

the fresh sample. When the micro USB was contaminated by 

0.5wt% NaCl and stored under damp heat condition for 3 days, 

the contact resistance of the VBUS and GND contacts shown 

in Fig. 9c is 44.2mΩ and 39.2mΩ respectively, which 

increased 25-38% comparing with the fresh sample. When the 

micro USB was contaminated by 0.5wt% NaCl and stored 

under 25V THB condition for 3 days, the contact resistance of 

the VBUS and GND contacts shown in Fig. 9d is 156.6mΩ 

and 36.4mΩ respectively, where the contact resistance of 

VBUS contact markedly increased by 4 times comparing with 

that of the fresh sample, but the contact resistance of GND 

contact was similar with the sample in Fig. 9c. 

TABLE IV. THE CONTACT RESISTANCE OF THE VBUS AND GND 

CONTACTS IN THE MICRO USB SAMPLES  

Micro USB 

Samples 

Contact  Resistance 

of VBUS (mΩ) 

Contact  Resistance 

of  GND (mΩ) 

Fig. 9a 32.1 31.4 

Fig. 9b 34.2 32.2 

Fig. 9c 44.2 39.2 

Fig. 9d 156.6 36.4 

V. ANALYSIS AND DISCUSSION 

A. Chemical Reaction Happened on the Micro USB 

 The analysis of the burned micro USB revealed that 
underplating and substrate metals, Pd, Ni, Cu were detected on 
the contact surface, and some contaminants or corroded 
products, such as Si, Al, Ca, Na, K, Cl and O also deposited 
on the micro USB, as listed in Table I. The burning 
phenomenon mainly concentrated around VBUS in the 
connectors. Since the mobile phones may be contaminated 
under certain humid condition and recharged at the same time, 

simulation experiments mainly considered the effects of 
humidity, electric stress, and contamination on the micro USB.  

 After damp heat test for 3 days, there was no obvious 
change of SIR and morphology for micro USB without 
contamination and electric stress. When the micro USB was 
contaminated by 0.5wt% NaCl, the SIR dropped markedly in 

the first damp heat cycle, but still higher than 105 during 3 
days. Then when the contaminated micro USB was applied by 

25V electric stress during damp heat test, SIR dropped to 103 
after 6 damp heat cycles, and obvious corrosion reacted on the 
electric contact of VBUS.  

 When there are salt contaminants and electric stress on the 
micro USB, electrolytic reaction of water between conductive 
contacts and galvanic corrosion on the contact of VBUS 
happened, as shown below. 

Electrolytic reaction of water:  
H2O→H+ + OH- 
Negative electrode (GND): 2H+ +2e-=H2 ↑ 
Positive electrode (VBUS): 8OH- - 8e- → 2O2↑+ 4H2O 

Galvanic corrosion: 
Positive electrode (VBUS): 

Ni2+ + 2Cl-+6H2O→ NiCl2·6H2O (yellow, green) 

Ni2++2OH- → Ni(OH)2↓ (green） 

 Under electric stress, the electrolytic reaction of water 
released hydrogen on the negative electrode and oxygen on the 
positive electrode. Solution appeared alkalescent around 
positive electrode. On the positive electrode (VBUS), since the 
gold plating was thin, the nickel underplating can be exposed 
in the salt solution. Galvanic corrosion happened between Au 
(Cathode) and Ni (Anode) caused by the difference of 
electrochemical potential of Au and Ni. Cl- and OH- reacted 
with Ni to form green NiCl2·6H2O and Ni(OH)2. Therefore, 
main corrosion happened on the contact of VBUS.  

B. Failure Mechanism of Burned Micro USB 

 Since obvious contaminants were found on both the 
electric contacts and insulation material surface of burned 
micro USB sample, the tracking failure under electric stress 
and electrolytic contamination was suspected as a failure 
reason. But the CTI of insulation material (LCP) in micro 
USB was 125V, much higher than the electric power applied 
on micro USB, 5V. Therefore, it was deduced that tracking 
failure was not the main burning failure reason of micro USB. 

 From the test results of environmental simulation, damp 
heat cycles cannot destroy the insulation of micro USB. Salt 
contamination with low concentration can decrease the SIR to 
0.1MΩ level, but there was no obvious chemical reaction. 
Under the combined effects of salt contamination and electric 
stress, the electrolytic reaction of water and salt contaminant 
increased the ion concentration in the solution, SIR of micro 
USB decreased to 0.1MΩ level at first damp heat cycle. As the 
galvanic corrosion happened on VBUS contact, more ions 
produced, so that SIR dropped to 1 KΩ after 6 damp heat 
cycles. And at the same time, the corroded products increased 
contact resistance on the VBUS contact to form more Joule 
heat, which combined with the heat released from chemical 
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reaction to give impact on the insulation materials in the micro 
USB.  

 Taken the micro USB sample in Fig. 9d as an example, the 
contact resistance (Rc) of the VBUS is 156.6mΩ after 
contamination and 3 days THB test; the SIR (Ri) was 1KΩ 
according to Fig. 9. The protection resistance (R0) in the 
testing circuit was 10KΩ. The voltage between VBUS and 
GND is 5V while the micro USB is recharged, so the leakage 
current of circuit (Il) is as in (1). 

Il=U/(R0+Ri)=5/11000≈0.455mA.                  (1) 

 The power (Pi) of the SIR of micro USB is as in (2). 

Pi=Il
2Ri=(0.455×10-3)2×1000 =0.207×10-3 W        (2) 

 The current (Ic) of the contacts in micro USB is 1A while 
the mobile phone is recharged, so the power (Pc) of the contact 
resistance of VBUS is as in (3).  

Pc=Ic
2Rc=12×0.1566 =0.1566 W               (3) 

 Pc formed by contact resistance is much higher than the Pi 
produced by leakage current. Therefore, the Joule heat (Q) 
mainly depended on the contact resistance of VBUS. Suppose 
the recharging time is 3 hours for a mobile phone, then the 
Joule heat can be calculated by (4).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

Q=Pc×t=0.1566×3×60×60=1691.28J             (4) 

 The specific heat (C) of LCP is about 1000J·Kg/ºC, and 
the mass (m) of LCP is about 2g in micro USB. According to 
Q=C∙m∙T, ignoring the heat dissipation of micro USB while 
mating with a plug, the temperature (T) of contact on VBUS is 
as (5). 

T=Q/C∙m≈1691.28/(1000×2×10-3)=846K =573ºC        (5) 

 The accumulative heat is enough to attain to the melting 
point of the insulation materials LCP of micro USB, so that 
the micro USB was softened, even to be melted. 

VI. CONCLUSION 

 By analyzing the burned micro USB, it was found that 
underplating and substrate metals, Pd, Ni, Cu were detected on 
the contact surface, and some contaminants or corroded 
products, such as Si, Al, Ca, Na, K, Cl and O also deposited 
on the micro USB.  

 The CTI of insulation material (LCP) in micro USB was 
125V, much higher than the electric power applied on micro 
USB, 5V. Therefore, it was deduced that tracking failure was 
not the main burning reason of micro USB. 

 The simulation experiments mainly considered the effects 
of humidity, electric stress, and contamination on the micro 
USB. From the test results of environmental simulation, under 
the combined effects of salt contamination and electric stress, 
the electrolytic reaction of water and salt contaminant 
increased the ion concentration to decrease the SIR of micro 
USB to 0.1MΩ level at first damp heat cycle. As the galvanic 
corrosion happened on VBUS contact, SIR dropped to 1 KΩ 
after 6 damp heat cycles. The corroded products increased 
contact resistance on the VBUS contact to form more Joule 

heat, which was the main heat source to burn the insulation 
materials in the micro USB.  
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Abstract—Nonlinear distortion voltage between gold wire and 

copper surface is observed. It is known nonlinear characteristics 

come from electron tunneling through a thin insulation film and 

electron flow over a Schottkey barrier. The height of nonlinear 

distortion voltage is changed by copper surface condition. In our 

study, we examined in the process of destroying copper surface 

film by DC contact voltage and current. There is a tendency that 

characteristic of the 2nd  order distortion voltages are changed by 

copper surface film’s condition. The 2nd  order distortion voltage 

produces a V type valley by applied DC voltages. The applied DC 

voltage to minimize the 2nd order distortion voltage is same to 

“contact potential difference”. Therefore a symmetric point of 

nonlinear characteristic is usually not lay at the origin of V-I 

characteristic. The contact potential difference changes by 

copper surface condition, such as oxide film thickness. It is an 

interesting method to measure contact potential difference while 

the surface is destroying. It is almost same the characteristics of 

oxide thickness 50nm and 100nm, but a characteristic of 150nm 

and 200nm thickness are different from the formers. 

Keywords—Au-Cu contact, contact resistance, contact potential 

difference, destroy of surface film 

I.  Introduction  
Contact resistance is one of an important factor to know 

electrical contact condition. Contact resistance is a total 

amount of constriction resistance and film resistance as 

Holm’s theory. Film resistance is usually not linear for applied 

voltage because current tunnels through insulation layer or 

flows over Schottky barrier. Therefore it seems effective to 

analyze nonlinear factors to get physical information of oxide 

layer to keep same contact state.  

In this study, we attempt to destruct oxide film by DC 

voltage and current to know the change of “contact potential 

difference” measured by the second order distortion method. 

We can measure the 2
nd

 and the 3
rd

 order distortion voltages. 

The 2
nd

 order distortion voltage shows a characteristic of non 

symmetrical property for current direction, which means 

rectification, and the 3
rd

 order distortion voltage shows 

strength of symmetric nonlinear property of V-I characteristic. 

An image of nonlinear characteristic of a contact is shown 

in Fig.1. Two diodes D1 and D2 are connected with opposite 

direction, but each characteristic is not same, therefore 

symmetric point is not lay on the origin of V-I, then it yields 

distorted and rectified current wave by applied input sign 

wave voltage.   

Fig. 1. An image of nonlinearity of a contact. 

 

It is interesting to measure the 2
nd

 order distortion voltage 

more than the 3
rd

 order distortion voltage, because the 2
nd

 

order distortion voltage is affected by applied DC voltage. If 

the 2
nd

 order distortion voltage reduced to a minimum value by 

an applied DC voltage, the symmetrical point of nonlinearity 

is appeared. The DC applied voltage to reduce the 2
nd

 order 

distortion voltage minimum indicates “contact potential 

difference” between contact metals.  

 

It is known that oxide copper layer of Cu2O makes p type 

semiconductor because oxygen atom easily release from 

copper. It may be considered that insulation layer Cu2O2 is 

made on the top of surface because there are rich of oxygen in 
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the air, whereas semiconductor layer spread into inside of 

copper.  Therefore it is expected that metal and metal contact 

caused after breaking thin film , whereas metal semiconductor 

contact after breaking thick film. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Contact mechanism with Au and Cu. 

Fig. 3. Dual frequency method to measure the 2nd and the 3rd order distortion 

voltages. 

 

Fig. 4. Examples of V valley by the 2nd order distortions [3],[4]. 

 

Fig. 5.  Example of V valleys by the 2nd order distortions [3],[4]. 

  

 

II. Measurement Method 
Contact mechanism is shown in Fig.2. Gold wire of 1mm 

and 2.5mm curvature radius is contact on copper surface 

which oriented (100) direction. Contact load is about 10 to 15 

g to keep stable during the measurement for high sensitive 

measurements.    

Dual type of nonlinear distortion method is shown in Fig.3. 

Dual frequency current with frequency of f1 =10.555 kHz and 

f2=10.000 kHz are fed from each synthesizer through each 

power amplifier to a contact. If inter modulation is occurred at 

the contact surface, a difference of frequency, f1-f2=555Hz is 

detected. Our equipment can detect nonlinear voltage about 

0.5μV [2]-[4]. 

Next the dual frequency current is gradually increased, then 

the 2
nd

 order distortion voltage V2d is increased according to 

almost the second power by applied AC voltage (Vf1
2
 + 

Vf2
2
)

1/2 
in

 
logarithmic scale as shown in Fig.4. And also

 
 

characteristic of the 3
rd

 order distortion voltage V3d cause 

almost the third power line versus (Vf1
2
 + Vf2

2
)

1/2
 when 

current of frequencies, f1=20.555kHz and f2=10.000kHz are 

fed to a contact.  A sample data for the 2
nd

 and the 3
rd

 order 

distortion voltages are shown in Fig.4. 

The 2
nd

 order distortion voltage V2d is affected by applied 

DC voltage, whereas the 3
rd

 order distortion voltage is affected 

little. When DC current is fed through contact, the 2
nd

 order 

distortion voltage has a valley as shown in Fig.5, which is a 

minimum point and it shows the symmetric point of nonlinear 

characteristics shown as Fig.1. The DC applied voltage 

produces a minimum distortion voltage of the V2d which is 
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indicated as Voff. Voff would show a contact potential 

difference between gold and copper surface.   
 

III. Oxidation procedure 
Single crystal copper, oriented in (100) direction, surface is 

oxidized on a hot plate forcibly in the air. At first, copper is 

etched by dilute hydrochloric acid and washed well in pure 

water ultrasonically, and next the copper surface polished by 3

μm aluminum powder about 10 minutes to 15 minutes and it 

is washed well and etched again, finally it is washed well 

again.  

Hot plate is kept at 220 ℃. It needs 200 seconds to make 

50nm thickness film, 700 seconds for 100nm, 1800 seconds 

for 150nm and also 2400 seconds for 200nm according to 

ellipsometry solution of Tamai’s work as shown in table 1. 

The sample is used soon after cooling or kept in the pure water 

to avoid more oxidation. 

TABLE I.  OXIDATION FILM THICKNESS BY HEATING (220℃) 

Film Thickness and Heating Time(220℃) 

Film 

Thickness 
50nm 100nm 150nm 200nm 

Heating 

Time 
200sec. 700sec. 1800sec. 2400sec. 

 

Sample data of Auger Electron Spectroscopy (AES) of 

50nm, 100nm and 200nm are measured. For oxide thickness 

of goal of 50nm, center part has 47.5nm thickness from AES 

results with sputtering. For oxide thickness of 100nm, center 

part is 98.3nm as shown in Fig.6. And for 200nm thickness, it 

is 280nm at the center area and it is 170nm thickness at edge 

site. Therefore it seems widely different in the area for thick 

oxide film as shown in Fig.6.  

Fig. 6. AES sample datum of 100nm thickness. 

 

IV. Film destruction and the 
measurement results 

Destruction of film is made by DC applied voltage and 

current from 0 to 5.0A incremented by 0.2A. At the first 

stage, applied DC voltage break the insulation layer and next 

DC current regulator feeds current from 0 to 0.4A and down to 

0A gradually, just after the contact resistance Rc and the  

Fig. 7. A typical sample of destruction process of oxide for 50nm thickness. 

 

Fig. 8. A typical sample of destruction process of oxide for 100nm thickness. 

 

contact potential difference (applied DC voltage to minimize 

the 2
nd

 order distortion voltage) Voff are measured. At the 

second stage, current regulator feeds current from 0 to 0.6A 

and down to 0, just after Rc and also Voff are measured, and the 

third stage it feeds 0 to 0.8A and down to 0, and so on.. 
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Fig. 9. A typical sample of destruction process of oxide for 150nm thickness. 

 

Typical type of destruction for film thickness d=50nm, 

100nm, 150nm and 200nm are shown in Fig. 7, Fig. 8, Fig.9 

and Fig.10.  

DC voltage is applied to a contact, at the first stage 

breakdown occurred at 375mV for 50nm thickness, 445mV 

for 100nm, whereas over 2V for 200nm. 

 

Ⅳ-Ⅰ Contact resistance by destructing film 

 

Contact resistance of 50nm, 100nm and 200nm thickness 

reduced to around 0.05 Ω  after 5.0A is fed. Contact 

resistances Rc of 50nm and 100nm are almost same 

characteristics which reduce to 0.05 Ω with increase DC 

current up to 5.0A. For 150nm and 200nm, Rc increase and 

decrease to around 0.06Ωfinally. It is obvious that maximum 

contact resistance of 150nm thickness is higher than 200nm 

case and the maximum point is lower in DC current 1.5 A DC 

than 200nm case of 2.5ADC. 
 

Fig. 10. A typical sample of destruction process of oxide film for 200nm 

thickness. 

 

Ⅳ- Ⅱ Contact potential difference Voff by destructing film 

 
The other measurement of Voff show different movements 

of 50nm thickness and 100nm thickness compare to 150nm 

and 200nm cases. Contact potential differences of 50nm and 

100nm start from a minus volts move up and down sometimes 

repeat and finally close to zero voltage. For 150nm and 200nm 

thickness it starts from plus region and goes to minus region 

on the way. Finally it is different each other at 5ADC. 

 

Fig. 11.  Contact resistance Rc and Voff for 50nm thickness destruction. 

Fig. 12. Contact resistance Rc and Voff for 100nm thickness destruction. 
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Fig. 13. Contact resistance Rc and Voff for 150nm thickness destruction. 

 

Fig. 14.  Contact resistance Rc and Voff for 200nm thickness destruction. 

 

 

V. Discussion 
It may be considered that insulation type layer Cu2O2 is 

made on the top of surface because there are rich of oxygen in 
the air, whereas semiconductor layer is made inside of copper. 
Therefore the first break is occurred by applied voltage, its 
break insulation barrier, next gold contacts with 
semiconductor layer. After voltage breaking, DC current heat 
up of the contact area, especially circumference of a circle 
spot, current constriction occurs for small current in outer side 
of a circle as Holm’s theory. Joule heat releases oxygen or 
diffuse inside, then Cu2O becomes Cu metal state gradually, 
finally it makes contact with gold and copper metals. Joule 
heat breaking left a mark of whole bright circle after 5A 
feeding.  

R=ρ/2a + ρf /πa
2
   (1)  

There is a tendency that natural oxidation film shows not so 

high resistance compare to the case of forcible oxidation. 

Therefore, forcibly oxide layer makes thick Shottky barrier.  

A model of how to yield contact potential difference and 

how to disappear by applied DC voltage through barrier is 

shown in Fig. 17. If surface potential of gold side (A) is higher 

than copper side (B), contact potential difference disappear. 

When gold side is positively biased then the 2
nd

 order 

distortion voltage disappear. Furthermore higher DC voltage 

than Vbo (Voff in this case) is applied, the opposite side of 

potential difference yield once again.     

Work functions concerning surface potentials are 5.31~5.47 

eV for Au and 4.48~4.98 eV for Cu from a chronological 

science table, but there is a case that oxide surface potential of 

copper becomes higher than gold one.  

Surface potential of copper oxidation has tendency to 

slightly increase with thickness increases as shown in Fig. 15.  

Therefore oxide thickness may change contact potential 

difference while breaking. 

Furthermore in the case of natural oxidation, 5 days after 

etching shows 1.02V maximum and reduces to 7 days after 

0.98V and 13 days after 0.88V as just after etching as shown 

in Fig. 15. 
 

Fig. 15. A contact potential model with a barrier which causes a minimum 

point of the 2nd order distortion voltage between metals, in this case work 

function of ΦA is higher than the one of ΦB. 

 

 

Voff shows complicated movement and not close to zero volt 

at 5.0A in the case of 200nm. It seems 200nm thickness may 

be considerably thick, therefore after Schottky barrier is break 

semiconductor layer may be remained as shown in a model of 

Fig.16 (b) and ohmic contact between metal and 

semiconductor would be remained. 
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VI. Conclusion 
Observation of contact potential difference Voff by dual 

frequency method in the process of destroying film was 

performed.  

Metal and metal contact was obtained after current feeding 

up to 5.0A in 50nm and 100nm case, because contact 

resistance well reduced to 0.05Ω , and furthermore contact 

potential difference Voff closed to zero.  

For 150nm and 200nm thickness, contact resistances well 

reduced as the formers. Whereas the Voff remained around -

0.25mV for 150nm thickness and +0.4mV for 200nm after 

5.0A feeding, therefore it would make ohmic contact between 

gold and semiconductor.   

It is said for 200nm, copper surface remained p type 

semiconductor yet as shown in Fig. 16 (b), because it seems 

reasonable compare to our contact potential model of Fig.17.  
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Fig. 16. Metal-semiconductor contact barrier model. 

(a) Schottky barrier between metal and p type semiconductor in the case of (qΦm ≺ qΦs) 

(b) Metal and semiconductor contact (qΦm ≻ qΦs) 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 17. Contact potential barrier model between A and B metal 
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Abstract— This paper presents the design and principles 

of operation of the test stand for investigations the arc 

phenomena in contacts and arc extinguishing systems in power 

DC contactors. The test stand is powered from 6 kV, 50 Hz 

network  and consists of a power transformer, rectifier, load 

resistors and inductors, measurement and control system. 

The measurement and control system consists of a shunt, 

an electronic block of measurement signals, a digital inputs block 

and a PC data acquisition card PCL. It works under the control 

of a proprietary software. 

The computer-based measurement and control system allows 

to acquire and visualize on the PC screen a number of electrical 

waveforms on switching off current (current, voltage, arc power 

and arc energy, ∫i2dt integral). 

As an example of the capabilities of this test stand, this paper 

presents results of arc phenomena measurements in a traction 

contactor with a rated current 150 A and a rated voltage of 230V. 

The research was carried out at a switching current of 180 A, 

230V, and switching frequency of 600 switches/h. 

Keywords — test stand, direct current contactors, electrical 

contacts, arc phenomena  

I.  INTRODUCTION 

Knowledge of the arc trace in contacts and arc 
extinguishing systems of power DC contactors is important for 
designers of electrical switches. The shape and material of the 
contacts and extinguishing chamber (arc chute, arc runners 
and splitters) design and magnetic blowout system are crucial 
for the course of extinguishing an arc. Those factors influence 
among others: time to move off an arc, the way and the speed 
of movement of an arc, arc entry time on arcing contacts and 
extinguishing chamber and thus the arc extinguishing time. 
The heat action of an electric arc on the contacts causes 
erosion and degradation of the contact material, which 
determines the durability and reliability of the switch. 
The current state of theoretical knowledge does not allow 
to determine the process of arcing phenomena and contact 
erosion in the analytical way, therefore experimental studies 
are still essential [1] and modern methods of electrical contact 
research [2]. Department of Electrical Apparatus Technical 
University of Lodz has a research laboratory of high-current 

contacts for different model and factory switches [3-6].  
This paper presents a new computer controlled test stand 
of the arc phenomena in power DC switches (i.e. electric 
traction application) on switching off currents of 100-500 A 
and voltage of 230 V. If required the stand can be easily 
adapted to testing of contactors for rated voltages of 110-600 
V DC and the rated current of 200 A.  

II. TEST STAND BLOCK DIAGRAM  

Fig. 1 depicts a block diagram of the test stand. High 
Current part consists of a three-phase power transformer, 
powered from 6 kV, 50 Hz network, the safety switch, 
the semiconductor rectifier, disconnectors, manoeuvre 
contactors, the adjustable set of resistors and inductors, 
measurement shunt, detection shunt and the three switches 
under test. The computer- based measurement and control 
system consists of a PC data acquisition card type PCL818 
HD, electronic module and auxiliary switches (not shown in 
the figure) operating in electromagnets drive circuits of the 
tested switches.   
 

 

Fig. 1. Block diagram of the test stand 
T - power transformer, SS - safety switch,  R - rectifier, D – disconnectors, 
MC – manoeuvre contactors, TC1, TC2, TC3 – tested contactors,  
MS - measuring shunt, DS -detecting shunt, LR - load resistors,  
L – load inductor; ICB - input circuits block, DOB - digital outputs block,  
PC – personal computer, PCL 818 – data acquisition card 
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All of the elements of the test stand were assembled in two 
metal constructions and adjustable control panel located in the 
low-voltage short-circuit laboratory (Fig. 2 and 3). The 
transformer type is T3xc 500/6, with a rated power of  
500 kVA, specially designed for the laboratory, with multiple 
taps and the secondary voltage range: 100-1200 V. The 
manoeuvre contactor type is SU6-2, for the rated voltage of 
600 V DC and the rated current of 200 A. 

 

Fig. 2. View of electrical appliances in the test field 
1 - manoeuvre contactor, 2 – set of load inductors 3 - tested contactors, 
4 - control panel (adjustable section) 

 

Fig. 3. View of electrical equipment in the feed 

1 - power supply transformer (section), 2 safety switch, 3 – disconnectors 

A. Construction and purpose of the electronic module 

 Electronic module acts as an interface coupling the test 
object with a computer and consists of two blocks: input 

circuits block ICB and digital outputs block DOB [7]. Digital 
input block acquires differential signals of: 

 voltage at the terminals of the tested contactors (signals 
Uhi, Ulo); 

 voltage drop across detection shunt (signal Idhi PII), which 
determine the residence time of the arc on the movable 
contacts; 

 current in the test circuit (Ihi and Iio signals from the 
measurement shunt). 

The tasks of the input circuits block system are to fit 
measurement signals safely to the capabilities of the data 
acquisition card, the maximum measuring range is +/- 10 V. 
On the output of this block there are three asymmetrical 
measurement signals: the voltage signal at the u terminals, 
which during the arcing is the arc voltage ua, detection signal 
id and the current signal i. 

The digital outputs block DOB allows the computer to 
switch the control connections of the tested contactors. This is 
performed by the means of triacs, which are executive 
elements of the block outputs. 

B. Control tested contactors 

Current paths of all tested contactors TC1, TC2 and TC3 
are connected in parallel and the switches operate sequentially 
so that at a time only one of them conducts current. Automatic 
operation of the measurement and control system, according to 
a specified sequence, with a specified switching frequency, is 
carried out under the supervision of proprietary software: 
ErozjaDC [7]. 

III. SYSTEM SOFTWARE 

The computer program was written in visual platform 
Borland Delhi 4. 

A. The tasks of the software 

 remote control of the device under test (tested contactors), 

 data acquisition of voltage and current waveforms on 
switching off testing current 

 periodic measurement of the contact resistance 

 automatic reading and analysis of the test results 

 visualization of the acquired data and test results. 

B. Implementation of the technical tasks 

the first three tasks are associated with the computer 
communication with the tested object. This communication 
is carried out entirely using the data acquisition card PCL 818 
and manufacturer-adapted module called driver.pas. The main 
file of the project was supplemented with the following forms: 
the main program window, the window test parameters, 
contact resistance measurement window, notepad window, test 
options window and window containing information about  
the program. Analog-to-digital conversion is performed by 
data acquisition card, which can operate with a sampling 
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frequency up to 100 kHz on 16 input channels. The three 
channels were used, which gives a sampling of 33.3 kHz per 
channel. For the transmission of the acquired data DMA 
channels are used. Suitably programmed Timer component is 
responsible for the control of digital outputs of the data 
acquisition card. The drive circuits of the auxiliary switches, 
which control the tested switches, are connected to the digital 
outputs. Time of arc presence on the contacts of the tested 
switches is adjustable and can be set to 200, 500 or 700 ms. 
Data acquisition starts after 60 ms from the signal of opening 
of the switch. 

C. Software features 

Computer program ErozjaDC allows to control three 
switches with assigned test frequencies of 240, 600 and 1,200 
switches/h. In terms of data acquisition (with the subsequent 
visualization) it enables acquisition of three basic waveforms 
on switching off of current: 

● voltage waveform across the contact u = f (t),  

● testing current waveform i = f (t), 

● detection current waveform id = f ( t). 

On the basis of the first two waveforms the following 
derivative waveforms are determined: 

● arc power waveform P = f (t)  

● Joule integral waveform ∫i
2
dt = f (t)  

● arc energy waveform W = f (t). 

The program calculates the following characteristic 
parameters: arc power maximum, arc energy, arcing time, 
arcing time on movable contact and the arc energy during 
arcing on movable contact. The recorded waveforms and 
acquired characteristic parameters are stored on the hard drive 
and displayed on the PC screen for the purpose of test 
performance verification. 

D. Description of program windows 

Dialog setting test parameters (Fig. 4) allows to enter basic 
data of the experiment: the contacts data and test parameters 
(testing current, testing voltage, operating frequency and 
required number of operations).  

 

Fig. 4. Dialog window of test parameters settings 

 

In the Options dialog box it is required to determine the 
automatic sequence data acquisition and record settings 
(Fig. 5). 

 

Fig. 5. Test options dialog window 

The most important is the main application window, which 
is updated after each completed data acquisition cycle (Fig. 6). 

 

Fig. 6. The main program window during tests 

It contains five blocks: a block folding MENU,  
a waveforms block with a frame for displaying a chosen 
waveform of the derivative parameters (arc power, arc energy 
or integral ∫i

2
dt), a test parameters block, a parameters readout 

block, and a messages block. These results are always stored 
in a binary individual files (directories). At the bottom of the 
window there is a message bar indicating the current 
measurements and which switch is activated. 

IV. EXAMPLE OF EXPERIMENT  

A. Object of the experiment 

Research and evaluation of the arc extinguishing process 
in the contacts and the arc extinguishing system of electro-
magnetic switches for tramways and railway vehicles, were 
carried of for the STT-152 type switch, for the rated current  
of 150 A, in DC systems at voltages up to 600 V (Fig. 7). 
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Fig. 7. Contactors installed for testing 

These are single-pole electromagnetic-driven DC 
electromagnetic contactors equipped with magnetic blowout 
extinguishing system (from the fixed contact side) and crevice 
ceramic chamber. Copper contacts are L-shaped and, in a 
custom construction, they are equipped with silver rivets 
(Fig. 8). 

 

Fig. 8. Photograph of a piece of the contact system of the tested contactors 
1 - fixed contact, 2 – moving contact,  3 – arc extinguishing electrode 

The switch is also equipped with two arc extinguishing 
electrodes, one of which is mounted in the chamber (not 
shown in Fig. 9) and is not directly connected to the movable 
contact. Their task is to expand an arc thus increasing 
resistance of the arc what makes it easier to extinguish the arc. 
Magnetic field is induced by the flowing load current and is 
applied to lengthen the electric arc and push it into arc-chutes. 
The blowout occurs simultaneously with the opening of the 

extinguishing contacts which take over electric arc from the 
main contacts. 

a) 

 

b) 

 

c) 

 

Fig. 9. Typical electrical waveforms recorded during the switching off 

B. The test parameters 

The following test parameters were adopted for DC5 [8] 
category: 

● making current Im = 2.5 Ic = 180 A; 

● breaking current Ib = 2.5 Ic = 180 A,  where Ic = 75 A 
is prospective rated switching current; 

● making voltage Um = 230 V; 

● breaking voltage Ub = 230 V; 
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● time constant 7.5 ms; 

● switching frequency 240 operations/h; 

● number of operations: 1000; 

● the number of recorded tests: 200. 

Polarization contacts: fixed contact – anode (+), movable 
contact – cathode (-). 

C. Measurement results and analysis 

Fig. 9 depicts the waveforms of current and voltage at the 
terminals registered on switching off the current for three 
typical cases: 

1) Arc extinguishing process involving all the elements 
of the contacts and arc extinguishing system (Fig. 9a). 
A strong magnetic field causes arc foot transfer and 
introduction of the arc column into the arc extinguishing 
chamber. Such a process has been identified in 92 % 
of switching off. The measured time of the arc foot on the 
movable contact was 7.8 ms, time to start of arc extinguishing 
was 13.5 ms, arc energy 219 Ws, overvoltage  436 V 
(the arithmetic mean values). 

2) In the process of arc extinguishing an arc extinguishing 
electrodes  cooperating with the movable contact does not take 
part (Fig. 9b). It stood only for a 7 % of cases. Extinguishing 
time was slightly longer (14 ms), with slightly lower arc 
energy (212 Ws), lower overvoltage (399 V). 

3) The case similar to 1) (Fig. 9c), wherein the movement 
of the arc occurred after a very long time and was 16 ms 
(in the previous cases: only 2.5 ms and 4), causing the long 
extinguishing time (23 ms) and higher energy arc (240 Ws). 
This was a rare case (1 %). 

In this experiment, the double weighing contacts made: 
before the start of the test and after the 1000 operations 
(Table I). We found that the weight loss of contact has 
occurred only on the movable contact (cathode). The fixed 
contact (anode) mass increased (almost of the same value) due 
to the transport of the molten metal particles from the cathode 
to the anode. 

TABLE I. The results of measuring the mass contact 

Contact Polarity 

 

Mass 

before 
the test 

[g] 

Mass 

before the 
test 

[g] 

Weight 

loss 
 

[g] 

Fixed 
Movable 

Anode  
Cathode 

32,925 
33,120 

33,155 
32,865 

-0,230 
0,255 

 

Photographs of contacts made after the tests show 
distinctive marks left by the arc foot, different at the anode and 
the cathode (Fig. 10). It is clearly visible, that the electric arc 
moves better along the fixed contact (anode), whereas on the 
movable contact the arc traces are shorter. The phenomenon of 
uneven wear of the contacts of different polarities have been 
repeatedly observed by many researchers and developed 
theoretically in the [1] publication. 

 

Fig. 10. Photograph of the contacts after the tests: 
1- fixed contact (left), 2 - moving contact (right) 

V. CONCLUSION  

A new computer-controlled test stand was developed and 
built, intended for testing DC electromagnetic contactors for 
switching current range: 100-500 A, at a voltage of 230 V. It 
was equipped with measuring and control system which 
allows to record waveforms of many electrical parameters, 
data acquisition of the records, presentations of the results on  
a computer screen. The system works in automatic cycle 
supervised by proprietary software. It allows to explore and 
evaluate the processes of arc extinguishing on switching off 
current in the arc extinguishing systems of different 
electromagnetic switches. It can be easily adapted to test 
contactors for other nominal voltages (110-600 VDC). 
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Abstract—Modern DC distribution grids and DC systems of 
renewable energy production require more elaborated safety 
concepts than AC applications. Due to the stability of DC arcs for 
system voltages above 20V, a short fault detection time is 
essential for circuit protection devices. 

In many applications, the implementation of overcurrent and 
overvoltage protection is not sufficient. Reliable and fast fault 
detection, including low power faults and gradual malfunction in 
an early stage, will increase system safety by preventing further 
severe damage.  

Signal processing functions and predictive methods based on 
self-learning system models can detect fault signatures before 
dangerous situations occur. Protection devices with implemented 
model-based machine learning methods are advantageous 
compared to conventional mechanical or electronic circuit 
breakers. For this purpose, analytical and numerical models of 
the system components and the lines have to be used, including 
models of possible fault scenarios. For an implementation of 
intelligent real-time methods in local safety devices with 
restricted computing power and memory, system modeling based 
on the wave digital principle is beneficial for the setup of 
accurate digital representations.  

Keywords—DC grids; faults; modeling; predictive circuit 
protection; machine learning  

I.  INTRODUCTION 

Due to modern semiconductor power devices, DC 
applications for distributed renewable energy production and 
with storage units have been well established over the last few 
years. Especially with the use of decentralized photovoltaic 
systems or batteries close to the loads, also the transformation 
of the distribution grids from AC to DC is advantageous in 
many applications avoiding numerous ACDC- and DCAC-
conversions. Common low voltage levels of stationary DC 
grids are in the range of 24V for automation technology up to 
1500V for photovoltaics. 

Specific mechanical, electronic or hybrid switchgear has 
been established for DC systems. For protection devices the 
specific characteristics of DC sources and loads as well as the 
fault physics in DC have to be considered: 

• Switching arcs are more stable due to the absence of 
repetitive zero current. 

• For the same reason arcs in series fault events might 
lead to high secondary damage. 

• Low power faults in parallel or in series are often more 
challenging to detect compared to AC systems.  

• In many applications the maximum short-circuit current 
caused by a low-ohmic parallel fault is limited by the 
sources (e.g. photovoltaic modules) or by the 
converters.  

For off-line methods of fault characterization and fault 
location within transmission lines, well established techniques 
used in AC can be transferred to DC grids, as time or 
frequency domain reflectometry or arc reflection methods [1-
2].  

 Real-time methods for the detection of low-power faults 
(including arc faults and glowing at loose contacts) or of 
gradual malfunction of loads in AC grids are often based on 
signal analysis with respect to the mains frequency and its 
harmonics. However, in DC grids different approaches are 
required.      

II. OBJECTIVE 

Due to the specific characteristics of DC systems a short 
fault detection time is essential for circuit protection devices. 
Implementing only overcurrent and overvoltage protection is 
not sufficient in many applications – a reliable detection of low 
ohmic faults in series and high ohmic faults in parallel, 
including arc faults, is important.  

Protective devices with implemented intelligent and refined 
fault detection methods can be advantageous compared to 
conventional circuit breakers or current limiting devices. Using 
signal processing and predictive methods including self-
learning system models, they can detect signatures of low-
power faults and gradual malfunction in an early stage before 
dangerous situations occur (Fig. 1). 

Depending on the system voltage and the application, the 
following issues lead to diverse research subtasks, which will 
provide information about the tailor-made implementation and 
the specific benefits of predictive protection devices: 

• How dangerous are different kinds of faults within the 
system? Can they occur also within sources and loads or 
are the main fault locations within transmission lines?   

• Is a dangerous fault always detectable, or are 
measurable effects quite small compared to input or 
load variations and system noise? 

Funded by the Bavarian Research Foundation (Bayerische Forschungs-
stiftung, Vorausschauende Schutzgeräte für Gleichspannungsnetze), grant 
number 1108-13. 
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• How many sensor devices at which locations within the 
grid are necessary to measure a sufficient number of 
relevant current and / or voltage signals? Which 
bandwidth, resolution and sampling rate is needed for 
each device? What is the specific upper limit for 
measurement noise? What will be the costs of the 
sensors and microcontrollers required for signal 
processing? 

• Which basic information about sources and loads must 
be given? Is it possible to classify them in typical 
clusters and define specific profiles? Which types of 
component models can be used (black / grey / white 
box, stochastic / nonlinear / linear)? 

• Which system characteristics (types of sources and 
loads, control methods) influence the selection of 
suitable identification methods? Does it make sense to 
analyze not only large-signal, but also small-signal 
(ripple) behavior of the system?  

• How important for fault detection are cable length and 
possible fault positions? Do they have an impact on the 
choice of the detection method?       

• How precisely can the position of the fault be 
determined from the sensor measurements? 

• Is it possible to apply specific suitable input signals for 
system identification purposes (active methods), or can 
only passive methods be implemented? 

• How can faults be handled if they occur during 
learning? Or must the system be faultless for that 
purpose? 

• What are the probabilities for a non-detection of faults 
or for nuisance tripping (false negative, false positive), 
for widely branched grids in particular? Is it possible to 
differentiate between contact or shortcut faults and 
intrinsic faults (topological faults in system and 
components, control malfunction, resonances, etc.)? 

These topics are currently under investigation in a joint 
research project. An overview on interim results follows.    

III.  MODELING 

Modeling the components of the observed system and 
combining them to a system model will deliver fundamental 
information for pattern recognition and discrimination 
methods.  

For some applications heuristic black-box models with only 
little knowledge about the physical components and about 
control methods will be the matter of choice. In particular this 
is the case, if repetitive low frequency large-signal 
characteristics occur during normal and faulty operation, and if 
they are measurable at a given sensor location not impaired by 
large storage or specific filter components between sensor 
location and load. Analyzing e.g. the current drain of a 
brushless DC motor (see fig. 2) and comparing short time 
characteristics with previously learnt patterns of normal 
operation will deliver a significantly better detection of 
mechanical overload or aging compared to conventional 
protection devices. 

 
 

Fig. 1.  Predictive fault detection device: Using a system model and machine 
learning techniques common protection devices can be improved in order to 
detect low-power faults and gradual malfunction.  

 
 

Fig. 2. Current drain of a starting brushless electronically commutated DC 
motor, mechanical overload and normal operation. Mechanical overload can 
be detected by analysing large-signal components with a black-box model 
approach. 
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However, in most DC applications low energy faults are not 
easy to discern from load or source variations only by means of 
large-signal monitoring – small-signal components have to be 
analyzed to gain sufficient information to discriminate faults 
from other events [3]. For this reason, physical knowledge 
about the system and its components has to be used as far as 
possible to build up gray-box models with a mathematical 
description of the relationships between inputs, state variables, 
as well as system and measurement noise. With a primary 
estimation of the parameterization, a successive improvement 
in knowledge about the system behavior will be possible over 
time by means of machine learning. 

The target hardware of intelligent protection devices is 
restricted in computing power and memory. Discrete system 
models based on recursive algorithms using the estimations of 
variables for a span of only a few time-steps beyond have to be 
implemented to distinguish between normal operation mode 
and faults. 

 However, for the development of these real-time methods a 
generalized sensitivity analysis is required with respect to 
parameters of sources, lines and loads including DCDC 
converter stages, as well as to general physical conditions of 
faults and to noise transmission. Thus analytical parametric and 
nonparametric modeling is necessary in advance.   

A. Modeling Converters, Sources and Loads 

Buck and boost converter stages in switch mode power 
supplies and in load side DCDC converters usually operate at 
switching frequencies of several tens up to several hundreds of 
kHz, depending on the application and on semiconductor 
technology. For an exact description of the unit behavior, 
switched models can be used, but they require a high 
computing effort. Particularly if the amplitudes of signal 
components of higher frequency are quite small compared to 
those of DC- and low frequency components, segmentation 
into large-signal and small-signal modeling is favorable. 

For practical large-signal modeling and control purposes 
switched models are usually substituted by nonlinear averaged 
models. They provide an adequate accuracy in time domain by 
averaging over a short time span. Especially for steady-state 
large-signal analysis, behavioral models are quite common 
mainly to describe sections of characteristic curves based on 
different operating or regulation zones [4]. 

On the one hand, small-signal modeling is used to linearize 
nonlinear large-signal behavior at certain large-signal operation 
points by Taylor expansion [4], often for the purpose of 
sensitivity analysis. On the other hand, small-signal equivalent 
AC-sources of low amplitudes, also depending on the actual 
large-signal operating point, can provide a precise description 
of the inverter ripple.   

According to those methods for modeling switched power 
electronics using large- and small-signal submodels, an 
equivalent approach is used for the description of the nonlinear 
physical characteristics of DC sources and loads. 

 Depending on irradiation and temperature, the large-signal 
relation between voltage and current of a photovoltaic cell is 
modeled as an implicit function using an equivalent circuit of 

operating-point depending elements, which are a current 
source, several diodes and resistors. Small-signal 
characteristics can be described by a passive linear network, 
including a voltage-dependent capacitor representing the 
extensive pn-junction of the semiconductor. The component 
values can be obtained by small-signal impedance-
spectroscopy at different cell voltages, irradiations and 
temperatures. A similar approach can be used to model 
rechargeable batteries with the main input parameters being 
state of charge and temperature [3]. 

B. Modeling Transmission Lines 

Especially for the analysis of high frequency signal 
components, models for transmission lines based on the 
classical telegraph equation have to be included. The voltage 
and current distribution along a homogenous line section of 
length � can be described with the distributed quantities 
resistance ��, inductance ��, conductance �� and capacitance �� as a differential equation in the frequency domain 

�
�� 	


(�, )�(�, ) � = �	 0 �� + ���� + �′ 0 	� 	
(�, )�(�, ) � + 	 �′��(�)�′
�(�)� , 
 (1) 

with respect to the initial distributions 
�(�)	and ��(�)	along 
the spatial variable � with 0 ≤ � ≤ �. 

Using the characteristic impedance   

 ��() = �(�� + ��)/(�� + ��) (2) 

and the propagation coefficient    

 �() = �(�� + ��)(�� + ��) , (3) 

the relations between the voltage and current signals at the 
primary and at the secondary side of the line section can be 
calculated as  

 	
(�, )�(�, ) � = �(�, ) �	
(0, )�(0, ) � +  �()! . (4) 

The transformation matrix is given as   

 �(�, ) = 	 cosh(��) −�� sinh(��)−��)* sinh(��) cosh(��) � , (5) 

the initial distributions along the line section can be represented 
by concentrated equivalent sources     

  �() = +
,�()�,�() - = . �(−�, ) 	 �′��(�)�′
�(�)� ��
/01
/0�  (6) 

at the primary side, see fig. 3 and [5]. 

For many low frequency modeling tasks the parameters ��, ��, �� and �� can be assumed to be constant. However, their 
frequency dependency has to be considered when model-based 
fault detection requires the analysis of higher frequency signal 
components. 

The  skin- and the proximity-effect are clearly observable 
for solid wires in installation cables [6]. An increase in �� of 
approx. 100% and a decrease in �� of approx. 20% at 200kHz 
compared to the 0Hz values have been measured by impedance 
spectroscopy. For stranded wires the effects are significantly 
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smaller due to a more evenly distributed current profile in the 
conductor cross-section. 

The parameters �� and �� are mainly influenced by the 
dielectric loss of insulation material. Due to a high temperature 
dependency and the non-homogenous multilayer structure of 
many insulations (wire insulation: PVC, intermediate cover: 
polyamide or polypropylene fabric, cable jacket: PVC), 
simplified models can only give rough estimations [7-8]. They 
can be improved for specific cable types by measurements and 
by an inclusion into machine-learning procedures, if necessary.    

C. Modeling Faults 

Serial or parallel faults in electrical grids usually cannot be 
characterized by stationary ohmic conditions. In most cases 
random processes have to be included to describe conductivity 
noise at the fault location, especially if the contacts are glowing 
or arc faults occur.  

For large-signal modeling, well known stationary arc 
models should be sufficient for arcs with a short length. This 
usually is the case for the low-power fault situations of interest. 
For longer and fluctuating arc columns large signal modeling 
becomes quite complicated due to thermodynamic effects. 
Then only rough estimations of time-constants with the help of 
Cassie and Mayr equations are possible [3]. 

Conductivity noise due to ejection and impact of material at 
the contacts and oscillations of plasma usually are described 
with pink noise models up to 1MHz. If there is a large high 
frequency ripple on the line, a resonant behavior of the plasma 
column might be provoked. Here further research is necessary 
to investigate the frequency range for which the pink noise 
model is valid. 

D. Combining the Component Models to a System Model 

Using a suitable segmentation, the component models of 
sources, lines, loads and possible faults can be combined to a 
system model of the grid as a branched network of two- or 
multi-ports. For simplicity, the discussion is restricted to two-
ports.  

 Each two-port represents a preferably linearized 
component description valid at a specific large-signal operating 
zone. If a change in large-signal behavior occurs, e.g. due to a 
load change, to a transition to another converter control zone or 
to a fault, the so far used two-ports might become inapplicable. 
They have to be replaced by others with a better description of 
the actual signal behavior of the new large-signal operating 
zone.  

For that reason a subdivision of each two-port is suitable 
(fig. 4). The chain matrix BBBB maps the passive components, an 

active part Q combines all custom and all equivalent sources. BBBB 
as well as Q may include submodels of random processes. The 
equivalent sources in Q represent the stored energy in the two-
port-elements. If one or more of the two-ports in the network 
are exchanged due to large-signal transitions, and another new 
signal representation is valid, the equivalent sources represent 
initial conditions for the next time segment.  

  This two-port structure allows to model faults within a 
transmission line easily at different possible fault locations. At 
a given fault position the line model can be split up into two 
subsections and a multi-part fault-two-port can be included. 
Before the fault occurs, BBBBa = EEEE and Qa = 0000 are valid, during the 
fault event BBBBb and Qb describe the physical behavior of the 
fault.  

In general, an analytical closed form calculation of voltage 
and current signals in systems with transmission lines is not 
possible. Only with a spatial discretization of lines using a high 
number of finite two-port elements with concentrated 
parameters, so called RLCG transmission line block models, an 
analytical or numerical approximation can be calculated. This 
requires a high computational effort in particular for frequency 
dependent distributed parameters. 

However, if steady-state conditions of DC as well as of 
AC-components (ripple) can be assumed in the network before 
a fault or another event occurs, the initial distributions of each 
line segment and consequently the spatially concentrated 
equivalent sources in (6) can be calculated analytically in the 
frequency domain [5]. This furthermore allows an analytical 
closed form calculation of sensitivities with respect to lumped 
and distributed parameters [9], as well as to physical fault 
characteristics for further machine learning purposes. With the 
use of specific inverse Laplace transform methods [9-10] also 
time-domain representations can be derived, which are 
favorable in real-time applications.  

Experimental tests in a DC24V grid with different switch-
mode power supplies, loads and installation cables according to 
fig. 5 proved the suitability of the presented modeling approach 
for estimating the location of low-power faults within 
transmission lines. Especially for the analysis of high 
frequency signal components, the transmission characteristics 
of lines, output and input filter stages and DC-link capacitors of 
source-side and load-side converters play a crucial role for the 
distinction of faults and other events.  

 
 

Fig. 3. Model of a homogenous section of a transmission line with equivalent 
sources representing initial conditions. 

Fig. 4. Section of a small-signal system model consisting of two-ports with 
subdivisions in passive and active components BBBB and QQQQ. Different large-signal 
operating zones require different small-signal representations a and b of two-
port k. 
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Fig. 5. Structure of a grid with a prospective implementation of a intelligent circuit breaker device and possible fault locations on the lines or at the load.  
 

IV.  REAL-TIME METHODS 

In order to achieve a suitable digital representation of DC 
grids for real-time applications, different modeling techniques 
can be used.  

The wave-digital (WD) principle allows a simple and 
suitable modeling of Kirchhoff‘s network elements. In the WD 
domain network elements are described by incident and 
reflected waves instead of voltages and currents, see [11]. Also 
non-linear network elements (cores, semiconductors, etc.) and 
transmission lines can be modeled using the WD principle.  

Another modeling technique is the functional 
transformation method (FTM) described in [12], which derives 
a transfer function model for a given set of partial differential 
equations. Especially for the modeling of transmission lines the 
FTM is a good choice, particularly because the frequency 
dependence of the parameters can be considered in the single 
bands of the transfer function model. 

The application of these modeling techniques leads to a 
digital representation of individual network elements. These 
blocks can be connected to form a network of arbitrary shape 
for real-time simulations. These real-time algorithms are the 
starting point for the design of predictive protection devices, 
which use models from machine learning. 

V. MACHINE LEARNING 

As a first group of real-time machine learning methods, 
Kalman filter algorithms were analyzed with respect to the 
suitability for fault detection purposes in DC grids. Using 
model-based methods they are helpful to develop a predictive 
approach for fault detection. They deliver information whether 
small deviations from estimated current and voltage signals can 
be interpreted as first indications for an emerging serious event 
and whether circuit breakers can be activated in advance.    

Kalman filters can be categorized as Bayesian estimators of 
linear or linearized systems with a given state space 
formulation based on gray-box modeling, assuming Gaussian 
distributions as sufficiently precise approximations for system 
and measurement noise [13]. They are suitable for real-time 
learning, because they operate in a recursive way: only using 
the estimations of state variables from the previous time step 
and actual measurements of outputs, new estimations for the 
current time step are calculated.  

For an estimation not only of state variables of linear 
systems, but also of system parameters, the linear Kalman 
approach can be extended to a nonlinear one, to improve 
initially given rough estimations of network components. In 

order to overcome divergence problems caused by 
linearization, so called unscented Kalman filter techniques 
[14], which use sample approaches for mean and covariance 
calculations, will be implemented and tested for different 
system setups.  

VI.  CONCLUSION 

Current research has been presented for the development 
and evaluation of more precise and predictive real-time 
methods for fault detection in DC grids.   

Modeling of the components as sources, lines and loads,   
and their combination with fault models to a system model is 
the first step to develop suitable machine learning methods, 
which can be implemented in future intelligent protection 
devices.          
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Abstract—In electrical power systems and networks an 

immediate interruption is required at a fault in general. The 

interruption should lead to a safe state or to damage limitation 

for the installation and if applicable for service or maintenance 

staff too. However, under certain conditions, an interruption 

cannot be executed in time or all hazards cannot be controlled. In 

these cases, a permanent short-circuit is prepared or a safe 

interruption is initiated by a defined short-circuit. For self-

protection of the electrical equipment used in installations, 

providing of a short-circuit state may be required in addition to 

interruption. 

In particular surge protective devices (SPD) for high-capacity 

systems with short-circuit currents in the range of several 10 kA 

require in some cases a short-circuiter. The requirements for 

level and duration of short-circuit currents are described, which 

must be handled in fault cases. During normal operation, high 

impulse currents with already mentioned range of several 10 kA 

must be conducted several times safely, without compromising 

the functionality of the powerful short-circuiting device. 

The optimization of a contact arrangement for reliable 

conducting of impulse and short-circuit currents in case of fault 

is carried out. Also the continuous current-carrying capacity of 

such arrangement by closing and conducting of high short-circuit 

currents is investigated. Optimization of forces required for the 

spring drive of the moving contact during flowing of high 

currents, which is based on FEM calculations, is shown. To 

evaluate the characteristics of arrangement, specific tests were 

performed in laboratory with high impulse and short-circuit 

currents. 

In addition to overload protection function of overvoltage 

protective device further applications of such switchgear solution 

based on short-circuit function are represented. 

Keywords—short-circuiter, spring drive, moving contact system, 

impulse current, short-circuit current, continuous current, FEM 

calculation, Lorentz force 

I. INTRODUCTION 

Electrical networks, installations and equipment are often 
provided with surge protective devices to protect them against 
transient overvoltages. These devices ensure reliable operation 
of the installations even in case of repeated surges arising e.g. 
due to thunderstorms or switching operations. However, these 

devices have a load limit and are subject to ageing. If this load 
limit is exceeded or the device has aged, an integrated 
protection mechanism is actuated. 

Surge protective devices (SPD) typically equipped with 
components which disconnect them if there is a risk of its 
overload. This disconnection is indicated and signalled via 
data-line and the devices need to be replaced or maintained. 
Disconnection of the surge protective device ensures safe and 
undisturbed continued operation in many applications until a 
planned short-term maintenance is carried out. 

In some applications, the loss of overvoltage protection 
resulting from the disconnection of the SPD presents an 
increased risk for the installation or persons. Under these 
conditions, preparing of short-circuit and subsequent 
interruption of entire installation by control or overcurrent 
protective devices can bring the installation to a safe state. 
Execution of short-circuit can also be useful in installations 
where high requirements exist regarding interruption, for 
example applications with high rated voltage values or fault 
conditions caused by high voltages and applications with high 
power ratings or energy storage systems. It is advisable to use 
this procedure of bringing the installation to safe state in 
installations which are highly vulnerable to lightning strikes or 
difficult to maintain, for example wind turbines and PV 
systems. However, short-circuit can also be useful in 
conventional installations, for example for protecting motors or 
traction systems. 

SPDs frequently consist of different components and basic 
circuits depending on relevant application; however, they have 
a lot in common in terms of the requirements placed on the 
short-circuiter. The short-circuiter must trip and switch on 
reliably if the SPD is overloaded without posing risk to the 
installations and/or to persons. It must safely carry the short-
circuit currents at the point of installation until the installation 
is interrupted. Some applications also require high continuous 
current carrying capability, for example, applications where the 
short-circuit current is almost equal to operating current and 
faults can only be detected or eliminated after an extended 
period of time. 

In the following, a SPD with short-circuiter used in a 
traction system is described with focus on the requirements for 
such a short-circuiter. 
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II. APPLICATION IN RAIL SYSTEM OF TRACTION SYSTEMS 

Due to their vast expansion, installation systems for rolling 
stock are highly vulnerable to direct and indirect lightning 
strikes. The rail system is frequently also used to transmit 
control and information signals and therefore only one rail is 
earthed especially in a.c. systems. The potential of the 
unearthed rail may critically rise in the event of a fault e.g. a 
lightning strike / transient or permanent short-circuit with the 
overhead line. This potential rise is an inacceptable risk for 
passengers and maintenance staff of rolling stock. Therefore, 
comprehensive protection measures must be taken for rail 
systems to prevent impermissible touch voltages and to protect 
the control technology. 

Protective devices against transient overvoltage are 
installed, amongst others, between the isolated and the earthed 
rail (see Fig. 1). 

 
Fig. 1. Type of traction system and fault as well as external lightning impact. 

In case of a direct or nearby lightning strike, these 
protective devices operate due to the lightning overvoltage and 
impulse currents are dissipated to ground. These protective 
devices should be largely reversible at high impulse currents so 
that maintenance is not required and signal transmission is 
ensured. The devices should have sparkover voltages of less 
than 1.5 kV for transient impulses and less than 1 kV for long-
term loads. When combined with other devices, requirements 
regarding personal protection can be met. The impulse currents 
to be discharged have 4/10 µs, 8/20 µs, and 10/350 µs wave 
forms and range from some kA to some 10 kA [1], [2], [3], [4] 
(see Fig. 2). In the rare event of connection with the overhead 
line, these surge protective devices automatically operate to 
protect the installations against surges. 

For safety reasons, it is neither advisable nor possible with 
reasonable effort to disconnect the SPD against the operating 
voltage before it is overloaded. In case of high short-circuits, 
however, reversible protective device can only be achieved 
with additional effort. As an alternative, non-reversible short-
circuit can be prepared. In this case, the short-circuiter must be 
tripped when or before the SPD is overloaded and must safely 
carry the short-circuit current until the installation is 
interrupted by means of the overcurrent protective device of the 
overhead line at minimal voltage drop. In this context, short-
circuit currents can reach peak values of several 10 kA over 
durations of some 10 ms. 

 
Fig. 2. Impulse currents of different wave forms. 

Consequently, a short-circuiter which is integrated in a SPD 
must fulfil several requirements. The short-circuiter must 
automatically trip before or when the SPD is overloaded. The 
short-circuiter must be passive at numerous impulse current 
loads without losing its functionality. The short-circuiter must 
be capable of switching on and carrying high currents. The 
short-circuiter should generate defined bolted (metallic) short-
circuit particularly to ensure low voltage drop and, if required, 
carry continuous current. 

III. BASIC PRINCIPLE OF THE SHORT-CIRCUITER 

Fig. 3 shows the basic principle of a SPD with integrated 
short-circuiter in open state. The device has two main terminals 
which can be used, for example, for busbar installation. The 
internal current path leads from first main terminal via the 
surge protective unit and a conductive fuse element 5 through a 
sliding contact to second main terminal. The fuse element, 
which is integrated in the main current path, serves at the same 
time as mechanical spacer for spring-loaded movable inner 
contact. 

 

 
Fig. 3. Surge protective device with short-circuiter – open state: 1, 2 – main 

terminals; 3 – current path (red line); 4 – surge protective unit; 5 – fuse 
element; 6 – sliding contact; 7 – movable inner contact; 8 – spring. 

During normal operation, both main terminals are isolated 
from each other by a surge protection unit. In case of transient 
overvoltage, voltages of less than 1.5 kV trip the unit and 
impulse current flows through current path shown in Fig. 3. 
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Thus, impulse currents in the range of some 10 kA do not 
only stress the fuse element, but also the sliding contact 
between the movable element and the second main terminal. 

In case of critical heating of the surge protective unit, the 
fuse element is either shifted by the spring force or deformed 
by continuous or high currents. In this case, the spring force 
moves the movable contact towards the fixed contact and the 
surge protective unit is short-circuited. The resulting main 
current path is shown in Fig. 4 for closed short-circuiter. 

 
Fig. 4. Surge protective device with short-circuiter – closed state: 1, 2 – main 

terminals; 3 – current path (red lines); 4 – surge protective unit; 6 – sliding 

contact; 7 – movable inner contact; 8 – spring; 9 – main contact areas of the 
short-circuiter. 

To ensure the desired reversible behaviour at high impulse 
currents, the fuse element may neither age nor may the sliding 
contact be damaged, for example by arc formation, mechanical 
deformation caused by high forces or welding. Damage to the 
sliding contact by repeated high impulse loads would 
compromise contact movement or could lead to impermissible 
heating at continuous currents due to increased impedance 
resulting from the bolted short-circuit. In addition to ensuring 
the properties of contact area with regard to the movable 
element of the short-circuiter, which is loaded with impulse 
currents during normal operation, contact of the movable 
contact with the fixed main contact of the short-circuiter which 
is not involved during normal operation must be ensured even 
in case of high switch-on currents or continuous currents after 
the movement has been started. In addition to sufficient contact 
surfaces and forces in closed position, the dynamics during the 
closing process must be observed, taking into account the 
effective forces. The aim of the examinations concerning the 
sliding contact and main contacts of the short-circuiter was to 
determine the most cost-effective and space-saving geometry 
since the short-circuiting function of the surge protective 
device is only required once in case of overload. 

IV. EXAMINATIONS CONCERNING THE SLIDING CONTACT 

To examine the overall function, the sliding contact 
between the movable contact of the short-circuiter and the 
fixed connection element is integrated in defined multi-contact 
arrangement based on radial spring ([5]). This arrangement 
ensured contact with the cylindrical parts on all sides at defined 
friction. The material, number of contact springs, their 
geometry, and their number of windings allows to exactly 
adjusting the current carrying capability in case of impulses, 
short-time currents, and continuous currents. 

 
Fig. 5. Impulse current load on the surge protective device (device reversible 

for surge currents). 

Fig. 4 shows an arrangement with contact spring which is 

designed for impulse current of more than 20 kA 10/350 µs and 

continuous current of more than 1 kA. Fig. 5 shows the 

relevant impulse load and Fig. 6, temperature characteristic 2, 

heating at the housing shell at continuous current of more than 

1 kA. The contact arrangement after being loaded and the 

movement of the contact piece is shown in Fig. 7 a). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Heating of the housing in case of closed short-circuiter with load of 

1 kA; 1 – sliding contact made of copper, uncoated; 2 – sliding contact with 

radial spring; 3 – sliding contact made of copper, tinned. 

In further tests, the defined multi-contact arrangement was 
no longer used and coaxial sliding contact which is set to 
precise tolerance was examined instead. As a first simple 
geometry, the copper contacts were not coated. In this case, it 
could be seen that after applied impulse and/or short-time 
currents lead to partial melting in the contact area (Fig. 8) 
which, in event of a fault, can only be overcome by high spring 
forces. In case of continuous currents, the temperature 
considerably rises compared to the defined multi-contact 
arrangement (Fig. 6, temperature characteristic 1). 
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Fig. 7. a) contact arrangement after the contact piece has been loaded and 

moved and b) movable contact made of tinned copper after repeatedly being 
loaded by impulse currents. 

 
Fig. 8. a) melting at fixed contact and b) at movable contact element – both 

contacts uncoated. 

To eliminate these disadvantages, differently coated 
contacts were examined. It could be seen that both partial 
melting at impulse and short-time loads, partial welding and 
excessive temperature rise caused by continuous currents can 
be prevented in the area of the sliding contact. Fig. 7 b) shows 
a contact element with simple tin coating after being subjected 
to different loads (impulses; short-time current; continuous 
current). In this case, areas with high current densities can only 
be identified by matt coating areas which do not compromise 
functionality. It became evident that in case of gap clearance of 
less than 0.1 mm tin coating with thickness of approximately 
20 µm for surface of less than 1000 mm² between the contact 
pieces is sufficient for impulse and continuous current load 
before contact movement (Fig. 6, temperature characteristic 3). 
This surface is equal to the surface which would be required for 
the complex multi-contact system (laminated contact, radial 
spring). 

V. EXAMINATIONS CONCERNING MAIN CONTACTS OF 

SHORT-CIRCUITER 

Several interdependencies result from the geometry of the 
short-circuiter based on spring-loaded fuse element shown in 
Fig. 3. The required minimum distance between the main 
contacts depends amongst others on the geometry and the 
desired operating voltage. The intensity of the currents, the 
desired closing time, and the contact geometry influence the 
forces which must be provided by the spring during the closing 
process and in the closed position. 

A space-saving arrangement with the shortest possible 
stroke travel and simple materials has several disadvantages 
which must lead to reasonable compromise particularly at high 
impulse loads. 

The main contacts should close within about 1 ms after 
tripping or shifting of the fuse element since an arc may form if 
the SPD and the fuse element are overloaded. This additional 
load in the form of an arc should be avoided or at least limited 
for a certain period of time. The simple spring system with 
short stroke travel results in a geometry with basically parallel 
contact surfaces in the direction of movement. Therefore, the 
contacts are inclined to bounce and forces which counteract the 
spring force may occur. To prevent that these forces cause 
undesired contact lifting at relatively low spring forces, the 
geometry was optimised for high currents. 

Fig. 9 shows sample busbar installation of the surge 
protective device with current carrying terminals. To optimise 
the short-circuiter with regard to the acting current forces, a 
simple geometry a) and an optimised geometry for high 
currents b) is shown (closed position of the main terminals of 
the short-circuiter). 

 
Fig. 9. Installation of surge protective device on busbar: a) simple geometry 

with parallel contact surfaces; b) optimised geometry; closed position of the 

short-circuiter in each case; 1, 2 – main terminals, 7 – movable contact; 8 – 

spring. 

 
Fig. 10. Current direction and current density in closed position of short-

circuiter at about 120 kA: a) simple geometry; b) optimised geometry. 

During current flows, the connection geometry leads to 
uneven current directions (arrows) and current densities despite 
the coaxial geometry of the short-circuiter (Fig. 10 a)). 
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For reasons of clarity, Fig. 11 shows the resulting magnetic 
field strength in a simplified way. In these figures, significant 
differences in terms of the intensity and distribution become 
evident between the simple a) and optimised b) geometry. 

 
Fig. 11. Magnetic field strength in the short-circuiter: a) simple geometry with 

parallel contact surfaces; b) optimised geometry; closed position of short-

circuiter in each case; 1, 2 – main terminals; 7 – movable contact; 8 – spring. 

High current densities and an unfavourable distribution 
cause Lorentz forces which are applied to the movable inner 
contact within the short-circuiter. In case of unfavourable 
connection conditions and currents of more than 100 kA shown 
in the figure, counter-forces can act against spring force in case 
of the simple geometry (Fig. 12 a); [6], [7], [8]). These forces 
can be more than 10 % of the spring force and do not only 
counteract the direction of movement, but can also cause lifting 
or tilting of the movable inner contact from the closed position. 

In case of the optimised geometry with central current lead 
and cone-shaped contacts (Fig. 12 b); [5], [9]), however, 
Lorentz forces always act in the direction of movement of 
part 7 (movable contact; see Fig. 3) and counteract the contact 
lifting. Besides, the presented geometry is free from Lorentz 
force components, which are having an effect in direction 
perpendicular to the direction of inner contact motion. 

 
Fig. 12. Directions of Lorentz force densities fL, resulting Lorentz forces FL 

and spring forces FS for a) simple geometry and b) optimised geometry. 

Fig. 13 shows simplified illustration of the individual areas 
for the FEM calculation as well as the resulting current, spring 
force and Lorentz force directions ([10], [11]). 

The Lorentz force density fL and the resulting Lorentz force 
vector FL can be calculated by 

BJfL
V

L dV)( BJF

where J is current density vector 

BHJ
1

and B is magnetic flux density (or magnetic induction B; 
magnetic field strength H; magnetic permeability µ). 

 
Fig. 13. Simplified illustration of the arrangements for the FEM calculations: 

a) simple geometry with parallel contact surfaces; b) optimised geometry with 

cone-shaped contact and central current lead; closed position of short-circuiter 

in each case; 1, 2 – main terminals; 7 – movable contact; 8 – spring; FL – 

spring force (direction); FL – Lorentz force (direction); ISC – short-circuit 
current flow (direction). 

In contrast to this, computation of Lorentz force in FEM is 
done by integrating of the Maxwell’s stress tensor over exterior 
surfaces or on the surface of the object that the force acts on 
[11], [12]. 

nSF dA
1

L

In equation (3) S is the Maxwell’s stress tensor, n is unit 
vector pointing out of the surface, and A is the surface. 

Fig. 14 shows the closing process for such an arrangement 
at currents of some 10 kA. The device was overloaded by a 
current far above the reversible operating range so that an arc is 
already drawn between the main contacts when the fuse 
element is destroyed. After the slight bouncing of the contacts 
has stopped, the high current is led via the extremely low-
impedance bolted short-circuit path of the surge protective 
device without arc formation. 

Despite the forced arc formation between the main contacts 
and their pre-loading, continuous currents in the kA range can 
safely flow under these conditions without impermissibly 
heating the device. 
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In combination with a SPD, a simple short-circuiter 
arrangement as described above with simple contact areas is 
also capable of repeatedly carrying transient impulse currents 
and to quickly cause safe bolted short-circuit in case of an 
overloaded SPD even at high short-circuit currents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Short-circuiting process with optimised short-circuiter at mains short-

circuit current of 45 kA rms. 

Due to the functional principle of the short-circuiter, which 
can be tripped amongst others by overload of the fuse element 
resulting from current flow, such a short-circuiter with control 
option can be used to generate short-circuit independent of the 
state and load of the surge protection components [13]. 

 
Fig. 15. Short-circuiter in NH fuse design: 1, 2 – main terminals; 3 – third 

terminal (for tripping of short-circuit). 

For this purpose, a control input for bypassing the surge 
protection components or a third terminal for a direct 
connection to the fuse element can be provided. Fig. 15 shows 
a short-circuiter with NH fuse design and the relevant contact 
blades. The control option can, for example, be used to ensure 
fire protection, arc fault protection or personal protection. 

VI. SUMMARY 

Devices for overvoltage protection, especially in traction 
systems, need support by (built-in) short-circuiting device for 
safety reasons. Design and technical details of such a short-
circuiter were pointed out. 

The examinations show that a simple cylindrical coaxial 
sliding contact allows defined contact movement for generating 
short-circuit even after repeated impulse current loads. 
Moreover, it could be demonstrated that a simple geometry of 
the short-circuiter main contacts is suitable for closing and 
carrying high currents of some 10 kA and also for continuous 
currents above 1 kA. The use of complex and expensive multi-
contact arrangements or high-quality contact materials is not 
mandatory for non-reversible short-circuiters. 

Simple optimisation of the arrangement of the main 
contacts can prevent forces which counteract the direction of 
the spring force even in case of cylindrical coaxial basic design 
with short stroke travel. The forces resulting from high currents 
can act in addition to the spring force during and after the 
closing process. This considerably reduces efforts especially 
for the spring and/or contacts particularly in case of extremely 
high short-circuit currents. 
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Abstract—The paper presents and discusses investigated 

results of the study of arc to glow transformation at breaking of 

DC inductive load of a low power (less than 10J) and low voltage 

(about 250V).The ratio in duration of  arcing and glowing is 

investigated  in dependence on circuit parameters, gas quenching 

medium and its pressure and in particular on contact material. 

The transition, to complete the study, was analyzed also by 

means of  fast photography and radiation spectra measurements. 

On the basis of the results the conclusions on possibility of 

control of the arc to glow transformation,  for practical use in  

low power contact switching devices, are formulated.   

Keywords — switching dc arc; small power; low voltage; 

transition in glowing 

I.  Introduction  
The recently it is stated a growing interest in home 

installations DC due to increased use of direct current 
renewable energy sources (notably photovoltaic batteries), and 
possibilities to limit maintenance costs by eliminating 
additional power electronic converters. This is all the more 
important that on  the market are available different types of 
receivers adapted for direct DC power including in particular 
LED light sources. It is therefore proposed, especially in 
residential buildings, the use of additional installation of a 
separate DC adapted to work with applied AC installation, as 
shown for example in [1]. The use of a DC, however, carries 
with it some technical inconvenience, resulting mainly from 
the inability of its transformation to a higher voltage levels 
and therefore, necessity of  so current transmission with 
significant values as well as its effective commutation. Fast 
switching of DC loads needs the use of both special 
semiconductor and/or hybrid devices with the overvoltage 

protection. In certain applications, however, particularly under 
small values of currents and where the breaking speed is not as 
important the contact switches can be used with additional 
resistors [2, 3]. However, during breaking inductive loads the 
switching arc duration can be prolonged significantly and can 
lead, as e result, to rapid damage of the switch. Studies of the 
arcing under low voltage DC showed that in a number of cases 
it can be found advantageous effect of spontaneous transition 
of the arc into glow discharge. This reduces the erosion of 
contacts surface and increases considerably, as a result, the 
electrical life of the switch at a very effective limitation (often 
to zero) the switching overvoltage values [4]. The duration of 
the glow discharge is of course dependent on the energy of the 
inductive circuit and in some cases, therefore, it is necessary 
to use even its forced limitation. However, in most 
applications there is no such necessity. The problem, however, 
remains the practical realization of the construction of the 
switch so that you could predictable control the transition of 
DC switching arc in glow discharge as fast as possible after 
the start of opening of the contacts. The question is difficult 
because of the complexity of mutually interacting phenomena 
within the contact gap associated with the electrical discharge. 
It is thus found either a fast transformation of initial unstable 
electrical pre-arc in the glow discharge, or his initiation after a 
while of a burning arc duration or at all lack of glow 
discharge. Thus the efficiency of the transformation process 
changes during cycles, but fortunately there is a statistically 
predictable. This is due primarily to the difficulty in 
maintaining the same reproducible physical-chemical 
conditions as on the contact surfaces as well as within a 
relatively small gap area between the contacts. Some 
explanations of the conditions of instability provides a 
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mathematical description of this effect based on the 
experimental results obtained [5]. 

 The article presents and discusses the results of 
experimental studies  of transition effect of  switching DC arc 
in a glow discharge when interrupting a DC inductive current 
of low power (≤10J) and low voltage (≈250V). The study 
concerned the impact of such factors like pressure and type of 
quenching gas, current and voltage value, inductive energy of 
switching circuit and selected parameters of the switch like 
opening speed of the contact. Particular emphasis is placed on 
the selection of contact material. Based on the results of 
experimental study using, among other things, fast 
photography and spectroscopy both mathematical criteria have 
been formulated and practical lessons have been learned for 
the implementation of the arc to glow transition effect in 
selected contact switches of a low power and low voltage DC. 

II. Theoretical evaluation of 
conditions of the arc instability 
The study showed that a glow discharge appears in the 

time of unstable burning of the arc and can be initiated or 
almost immediately after the start of the opening the contact 
and/or after some time of the arc existence [6-10]. 
Approximate theoretical analysis of the arc in a glow 
discharge, for the electric circuit as shown in Fig1. is given in 
detail in [5,11]. On the basis of the investigated results 
[4,5,11] the process of contact opening, associated with arc to 
glow discharge, can be presented in four stages representing 
different phenomena [2,3,5,6,9-12] as illustrated in Fig.2. The 
stage I (pre-arcing) is related to the initial conditions  for arc 
ignition in particular the values of current, voltage, density of 
evaporated metallic particles from contacts, length of contact 
gap, as well as electric field intensity that are important for 
further arc evaluation. According to different temperature  
value in the contact spot, one can distinguish here, three 
intervals as follows: first-from initial to softening temperature 
(elastic restitution); second-from softening to melting (plastic 
deformation) and third-from melting to boiling temperature 
(bridging) respectively. Since the first two parts are of a very 
short duration in our case (under consideration) thus, a liquid 
contact bridge is the most important factor for the further arc 
development. There are two existing mechanisms of the bridge 
formation and its dynamics strongly related to physical 
properties of contact material. The first one corresponds to a 
bridge formation due to melting of a micro-asperity on the 
contact surface, whereas the second is due to the extension of 

a liquid drop from the melted area in the constriction zone [6].  

 

 
This drop extension mechanism of the bridge formation is 
typical for low-melting point metals with high thermal 
conductivity like silver and its compositions. Therefore, for 
such contact materials the length and duration of the ruptured 
bridge (tb in Fig. 2) is large enough to provide thermal 
ionization of metal vapours needed for the arc ignition [7,8]. 
The further evaporation is also enough sufficient to maintain 
stable arc of a relatively long duration (extended stage II-
Fig.2). Therefore, silver and its compositions are not suitable 
for the arc-to glow applications what was confirmed by 
experiment. On the contrary the micro-asperity genesis seems 
to be peculiar for more refractory metals such as nickel. The 
quantity of vapours of micro-asperity is not sufficient for 
stable arc ignition and its occurs because of field emission 
breakdown and/or air avalanches breakdown. The bridge is in 
such case significantly reduced or even invisible. Sometimes it 
may be accompanied by showering phenomena [12] and/or 
explosive electron emission (ecton process) [13]. As a result 
the arc duration at this mechanism of bridge formation is small 
and depends on the pressure according to Pashen’s law [2]. 
When the decreasing current reaches the certain critical value 
Icr at the critical time tcr the arc becomes unstable therefore, 
even a very small perturbation of current or voltage may cause 
the arc collapse (see Fig.2.). From mathematical point of view 
arc instability correlates with instability of the solution of the 
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Fig. 1. Electrical circuit diagram of the test rig (U0,I-supplied voltage and 

load current, UA-arc voltage ,R,L,C-load resistance, inductance and circuit 

capacity, LW,RW- wires inductance and resistance respectively) 
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Fig. 2. Illustration of voltage current characteristics at contact 

opening ( tt,tG,tA,tb, tcr- total, glowing, arc discharge, bridge and 
critical arc time respectively,U0,Ug-supply and glow voltage, Icr, 

IG-critical arc and glow transition current respectively). 
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differential equations for arc current and voltage 
corresponding to the electrical circuit from Fig1. Of course, 
the heat equation for the arc temperature that is related to arc 
thermal capacity, radius and length as well as with its 
electrical conductivity and anode, cathode and radiation losses 
have to be also taken under consideration [7]. When neglect 
LW and RW (2-5µH and 20-100Ω in our experiment) and use 
Lyapunov theory and Gurwitz criterion the conditions of arc 
instability can be written in the form [5,11];  
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where: RA arc resistance (4) and kA is the thermal heat 
constant (5) that is very important for the relation between arc 
duration  tA and its of glowing tG (VA is the arc volume, TA–
arc temperature, P-arc power) [14]. The criterion in form (1) 
defines the impossibility of the stationary arc existence; 
whereas, criteria according to (2) and (3) formulate addition 
conditions of the dynamic arc instability. Therefore, the 
solution of the non-linear (RA and kA parameters are non-
linear) equation set (1)-(3) makes possible to find critical time 
tcr, critical arc power and critical current Icr (Fig 2.) for arc 
instability however, only for particular cases[5]. 

III. Experimental study 

A. Investigation procedure 

In order to conduct research a special testing system 
equipped with a dismountable hermetic chamber with the 
contact system inside, controlled by a PC was designed and 
assembled [15]. Plain, round contacts (5mm in diameter and 
1mm of thickness) operated in different gaseous medium (air, 
pure argon and N2+H2 5% mixture) under variable pressure 
from a few kPa up to about 300kPa. As a contact material 
were used different both refractory and non-refractory fine 
metals (like W, Mo, Ni, Ti, and Ta), selected fine powder 
tungsten-copper sinters (with some additives like Co 2%) and 
vapour deposited copper molybdenum and copper chromium 
compositions. 

Contacts opening velocity was ranged from 0.04m/s up to 
about 0.4m/s at contact force from 0.6N up to around 40N. 
During the study with the use of fast photography (2200 
frames per second) and radiation spectra measurements the 
length of contact gap was enlarged up to about 7mm (from 
2.5mm). Due to the limitation of performance in transient of 
the selected fiber-optics spectrometer (time spectrum analysis 
about 200ms) the research of emission spectrum (in visible 
light range from 300nm to 750nm) was carried out for 
separately generated arc and glow discharges produced under 
the dc inductive load breaking. The investigations were 
performed for currents in the range of 0.5-3.0A at voltage 
from 48V to 250V and at a circuit time constant varied from 
10ms up to 40ms (discharge energy less than 10J). The 
voltage, current, discharge power and the contact gap length 
variation were respectively recorded. To reduce the influence 
of surface contaminations, the contacts were preliminary 
mechanically and chemically cleaned and subjected to 
preliminary operation before testing. Ten samples for each 
contact material were selected and mean values and predicted 
ranges with 95% level of confidence were calculated after 
completed testing. 

B. Results and discussion 

The study showed that effect of transition of the arc 
discharge in a glowing is primarily dependent on contact 
material applied. However, it is noticeable for both refractory 
as well as non-refractory different materials under specified 
conditions of operation no less for materials such as silver and 
its alloys it is unattainable. It has been also found, that for 
consecutive switching under identical conditions, the 
transition is not identical but similar. It reveals that, some of 
the mechanisms depend on the probability of various events 
and therefore, the arc to glow transformation is not completely 
determined, but is subject to the lows of probability. The dc 
arc to glow transition can be attainable at the beginning of 
contact opening [11] however, usually it is generated due to 
transition from very unstable arc discharge (e.g. short arc 
,showering arc) as it can be seen from Fig3. In these cases the 
discharge tends to lead to random arcing due to explosive 
erosion from the cathode (as seen from Fig.3 for 30ms and gap 
3.6mm). This is related to sudden change of the cathode 
surface conditions with associated reinforced emission what 

 

Fig. 3. The unstable arc to glow transition when use the fine nickel 

contacts (250V, 1A, 40ms, open air ≈100kPa) ( tt, tA, tG –total, arcing 

and glow discharge time respectively, UG, -glow voltage ,IG –arc to 

glow transformation current value) 
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confirms the major role of this electrode. The best results if 
about transition efficiency were obtained for fine nickel as a 
contact material. Comparision of performance for different 
materials operating in open air is presented for example in 
Fig.4. It must be noted that the arc to glow transition can be 
initiated at a current value (IG) higher than so called 
”minimum arcing” value (Icr) for applied contact material [2]. 
For the fine nickel the ratio IG/Icr is the highest up to about 2.5 
[11]. Besides, just at the transition moment the anodic spot 
may be split into a few separate parts (three) [11] what, 
confirms the importance of the anode as well and complexity 
of the problem. For the contacts made of refractory materials 
like tungsten and/or molybdenum as well as their copper 
condensed compositions the arc to glow transition is also 
visible but with a small portion of glow duration [16]. Since 
the arc appearance for tungsten and molybdenum contacts 
does not vary significantly in pure argon (as a quenching 
medium) therefore, the increased oxidation of the contact 
surfaces in open air at an elevated temperature does not seem 
to be a major arc stimulating factor [11]. 

 

Because, with  the additions of cobalt and/or titanium (1%) 
increases probability of the glow triggering (fig 4), which is 
not fully understood, and in turn the fine nickel provides the 
best conditions for the transformation, (what is also not 
repeatable), it was decided to carry out a similar comparing 
study for specially prepared, selected composite material 
copper-chromium type. A composite material was prepared in 
the form of sheets of appropriate thickness and of varying 
amounts of chromium and copper [17].  

 Samples of flat contact with a diameter of 5 mm and a 
thickness of 2.5mm for  the test was respectively selected from 
the base material and formed, as shown for example in Fig. 5. 

 

Fig. 5. Selection of the composite base material for the preparation of contact  

samples (1 ... 4 example of samples number of different chromium content) 

 

Fig. 4. Comparison of total discharge time and portion of the arc(tA) and 

glow (tG) duration for tested contact materials when interrupt inductive 

load DC (250V, 1.0A, 30ms) in open air  under normal pressure 

(≈100kPa) 

 

Fig. 6. Surface inspection results of elements composition for selected  

contact samples prepared of Cu-Cr  laminated material: (a)-No1,(b)-No4  
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According to results of material examinations the 
chromium content (in weight) was ranged from about 0.6% up 
to about 80%, what can be seen from Fig.6. The surface 
structure of a new contact samples is in turn shown in Fig.7 
and Fig.8 for example. Inspection of the state of the contact 
surfaces showed that the surfaces are not free from 
contaminations but the level of pollution like carbon and 
silicon for all samples is similar and does not exceed 10% for 
coal and 2% for silicon, respectively. Impurities of this kind 
can however, stimulate arcing although they are also 
(especially coal) quite easily removed from the contact surface 
during the arc burning [2]. During the research, under similar 
conditions as before, the value of the contact pressure force 
was fixed to about 0.58N, the average opening speed contact 
about 0.2 m /s and the length of the contact gap 2.4mm 
respectively. However, in order to limit the interference due to 
electromagnetic fields (during electrical discharge within 
contact gap area) on the results of the emission spectra was 
used a special low-pass filter(interference eliminator)during 
recording. It did not disturb basically the transformation effect 
of the arc to glow discharge, no fewer in recorded current and 
particularly voltage waveforms high harmonics content was 
found to be suppressed. Research has shown that regardless of 
the chromium content in the contact material the tendency for 
initiating a glow discharge occurs almost immediately at the 
moment of the opening process of the contact. It is manifested 
by sudden increase in the voltage value between contacts but 
the transition effect not always is successful (Fig.9) It is 
related to the conditions prevailing within the real contact area 
at a moment of current interruption which is also reflected in a 
contact resistance value. The contact resistance is typically 

highest for the first switching and increases with the increase 
in a chromium content (from 0.3Ω to about 1.0 Ω at Cr 80%.). 
The switching arc duration is found to be the longest for the 
contacts made of smallest chromium content. Whereas, with 
the increase in the chromium amount is achieved not only the 
shortest arc time but increases significantly probability of 
glowing even immediately at the contact opening moment. 
The measuring results  of the radiation spectra during 
electrical discharges at contact opening confirm the arc to 
glow transition phenomenon. The contribution of gaseous 
elements (when operated in  open air) in arc radiation intensity  
is about 60% which indicates the existence of both metallic 
and gaseous arc phases. Whereas, intensity of the glowing 
radiation is about 10-times lower and exhibits an identical 
picture ,independently of the contact material. The 
contribution of electrodes material elements, which is found to 
be around 14%, results most probable from the fact that the 
metallic vapours are injected into the gap area just at the 
moment of bridge or protrusion explosion [11]. As a result of 
the glow generation ,the discharge energy within the contact 
area is dissipated at a much higher voltage level (UG is around 
400V) and  for current decreasing almost linearly with time. 

 

 

Thus, both contacts erosion and switching overvoltages are 
reduced significantly. So, without the need to use additional 
external measures is  provided the safe and long-lasting work 
of a switch. Due to the fact that transition effect  is proposed 
to use in the hermetic  structure of the auxiliary contact 
switches  hence maximum speed of movement of the contacts 
does not practically exceed 0.4m/s (attenuation of a bellow) 
[15]. The research conducted for this limited speed range have 
shown that this effect is negligible. It was also found that the 
length of the contact gap , in this case, is no so important 
(≈2.5mm), particularly for immediate initiation of glow 
discharge. This impact occurs of course ,after a certain 
burning time of the arc. It is noted, however, that such an 
effect was observed for contacts made of a silver-alloy alloy 
(AgCdO). For higher (0.5m/s) opening velocity it was also 
found that, both velocity at contact separation as well as 
variation of acceleration can be important for the control of 
arc-to-glow transformation [5]. In the case of occurrence of 
the transition  the inductive circuit energy to be dissipated 
(0.55J-2.2J under investigations) does not affect significantly 

 

Fig. 9. Voltage current waveforms at contact opening (110V,0.5A, 

30ms) in open air under normal pressure for contacts of highest 
amount of chromium (…76%) at 48th  (a),and 85th (b) consecutive 

breaking 

 

Fig. 7.  Surface structure of a new contact sample (No1) with the 

lowest (0.6%) content of chromium 

 

Fig. 8.  Surface structure of a new contact sample (No4) with the 

highest content (about 76%) of chromium in composite material 
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the duration of arc whereas, increases linearly the glow 
discharge time. With an increase in a supply voltage value the 
glowing time increases as well [4]. The transition is obviously 
significantly dependent on the interrupted current value hence, 
the thermal surface conditions of the applied contact material 
are of great importance. An important factor here is also the 
type of the protective (quenching) gas and its pressure [11]. It 
has been found however, that the optimum value of the 
pressure required for effective transition is related to the type 
of the contact material. For example, for the pure nickel the 
best effect was attainable for decreased pressure of  pure argon 
or open air in the range of (50-75) kPa  respectively, as shown 
in Fig.10. In pure argon however, the duration of the glow 
discharge is extended due to the decreased glowing voltage UG 
value [11]. 

 

The research of the surface topography and the erosion 
elements of the contacts surface after operation [11]showed, 
that in all cases of the glow discharge existence  (regardless of 
the type of contact material) the erosion was less extensive. 
For example, for pure nickel the erosion extent of the contact 
surface (particularly the anode) after about 300 switching was 
found to be significantly smaller than after 40 switches with 
predominant arcing [4,11]. This is equivalent to an increase in 
electrical life of the switch. 

IV. Conclusions 
The occurrence of glow discharge and/or transition of the 

switching arc in a glowing observed in inductive circuits of 
low voltage and low power (the most onerous category of 
utilization - DC-13) is an advantages because it decreases 
significantly erosion of the contact surfaces, thus extending 
the switch life, reducing simultaneously the voltage surge 
values. 

Due to the complexity of mutually interacting phenomena 
greatly affected by the electrodes and their neighboring 
contraction regions the accurate control of  transition effect of 
the DC switching arc in a glow discharge is particularly 

difficult to achieve. It is almost impossible to keep the same 
conditions at both the electrode surfaces and within the contact 
gap area during subsequent switching cycles in particular 
under varying load conditions. 

Theoretical conditions specifying the criteria to ensure the 
arc instability can be  mathematically formulated for particular 
electrical circuit on the basis of non-linear differential 
equations of the circuit with electric arc. 

The obtained test results can, however, for drawing 
practical conclusions if about designing of a low power, low 
voltage contact switch for specific applications .Thus, 
although repeatability of as current as well as and switching 
voltage waveforms at each successive cycle is not satisfied 
but, statistically the transition of arc in a glow discharge will 
be achieved. As a result the contact life time in the absence of 
dangerous surges will be met. However, the transition can be 
obtained for any low voltage and low power contact switch, 
operating even in open air, but it is particularly recommended 
for auxiliary encapsulated (hermetic) switches of a compact 
structure, in which many interfering effects such as oxidation, 
contamination etc. can be reduced or even eliminated. 
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