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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 

/ mA 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. 
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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]  
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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 (2)

holds, where  and  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  of an ohmic-heated a-spot of 
radius a, given as [3]
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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 m in a copper-
copper contact,  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.
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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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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  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  and 16  AC. 

II. EXPERIMENTAL METHOD

A. The Sample 
The sample is a contact arrangement from a single pole 

rocker switch rated at 16 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  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  = 0.42  0.11 for Conductor 
A and = 0.25 0.04 for Conductor B [7]. In addition, the 
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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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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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Abstract — During 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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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 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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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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The Threshold Welding Current for Closed Vacuum Interrupter Contacts with ‘n’ Regions of 
Contact for Short Duration, High Fault Currents  
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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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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. 
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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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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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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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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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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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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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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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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; 
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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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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  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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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  = 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  = 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  = 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 , 
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  0.5, 
tarc  S–0.5, and Varc-ext  (VOC – Va-c)0.5, Varc-ext  0.5, 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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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 cm2 (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 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].
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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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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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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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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; 
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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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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 s 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 s 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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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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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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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 ,  theorem [4], where  is the electrical 
potential and  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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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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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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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-
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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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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 1 and 2 and the diameter D of the contact area. 

   

In the case of  1 = 2 = , 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. 
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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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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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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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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>1012 ). 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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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 mot
indenter could be moved in X, Y direction by motor drive with 

An indentation step which was computer-controlled could be 
The angle between sample 

surface and probe axis is from 80 to 89 degrees to observe the 
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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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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.

Principal strips

Auxiliary strips
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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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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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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 



On the self-healing of silver contacts

Åke Öberg, Erik Johansson & Sylva Arnell
ABB Corporate Research

SE-72178, Västerås, SWEDEN
ake.oberg@se.abb.com

Åsa Kassman Rudolphi
Dept. of Engineering Science, Applied Materials Science

Uppsala University, Ångström Laboratory
SE-75237 Uppsala, SWEDEN
asa.kassman@angstrom.uu.se

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 ( -phase, acanthite). At
higher temperatures, T>179 C, it forms a cubic structure ( -
phase, argentite), and at temperatures above ~600 C the -
phase is formed. Both the - and -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  to  phase
transition, where both the ionic and the electronic conductivity
increase substantially [2]. So, while the -Ag2S behaves like a
semi-conductor, -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].
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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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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 3 m and 3-5 m, respectively. The brush consists of 
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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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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 ( ).
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A. Experimental Materials 
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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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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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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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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  at 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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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
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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 
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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 



Electric Circuit with Passive Elements for 
Suppressing Arc Ignition in DC Contacts 

Noboru Wakatsuki   
Faculty of Science and Engineering 

Ishinomaki Senshu University 
Minamisakai, Ishinomaki Japan 986-8580  

Email: wakatuki@isenshu-u.ac.jp 

Takashi Saito 
Faculty of Science and Engineering 

Ishinomaki Senshu University 
Minamisakai, Ishinomaki Japan 986-8580

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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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 100 m/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 100 m/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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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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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.



Investigation and modelling of the limit load on
electromechanical switchgear using a fingerprint

method

Armin Strahl, Dr. Michael Anheuser
Siemens AG

Business Unit Low Voltage & Products
Regensburg & Amberg, Germany

armin.strahl@siemens.com;
michael.anheuser@siemens.com

Univ.-Prof. Dr.-Ing. Frank Berger
TU Ilmenau

Department of Electrical Apparatus and Switchgear
Technische Universität Ilmenau

Ilmenau, Germany
frank.berger@tu-ilmenau.de

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)
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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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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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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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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. 
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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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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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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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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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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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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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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 2nd and the 3rd order distortion voltages. 
The 2nd order distortion voltage shows a characteristic of non 
symmetrical property for current direction, which means 
rectification, and the 3rd 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 2nd order distortion voltage 
more than the 3rd order distortion voltage, because the 2nd

order distortion voltage is affected by applied DC voltage. If 
the 2nd 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 2nd 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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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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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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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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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 


