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Abstract - The electrical supply of moving trains is provided by a sliding

contact between the train’s pantographs and the catenary. This electromechanical
interface is composed of the strips of the pantograph — made mainly of carbon —
and the catenary contact wire. The objective is to define the real contact area with
a simple electrical measurement. In many practical or fundamental situations
involving contacting solids, the relevant notion of the real contact area is a very
delicate one and especially its experimental assessment.

Based on Drude’s classical transport model and within the linear elasticity
approximation, a phenomenological model of a metal/metal contact is built up,
offering an interpretation framework of experimental data. The model accounts
for the influence of the mechanical state of the contacting zone upon its electrical
properties, such as its impedance. Interpreting available data within this
framework leads to the assessment of the number of spots. The total contact force
works on the spots and on the average contact length. In this model, the interface

is treated as a new medium with its own conductivity.
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Nomenclature

A: real contact area [mZ]

C: Capacitance of the interface [F]

Ch: Holm’s capacitance [F]

Cq: Quantum capacitance [F]

G (Er): The Fermi level density of states per unit volume [J:.m™]
h: Spot height [um]

i: Imaginary number [dimensionless]
Lp: Drude’s Inductance [pH]

Les: Inductance effective [uH]

N: Number of spots [dimensionless]

R: Resistance of one spot [Q]

Req: Resistance of electrical analog [€2]
Rint: Resistance of the interface [Q]

S: Contact surface of one spot [m?]

Sa: The Average Roughness [um]

Zint: Interface impedance [Q]

y: Conductivity [Q*.m™]

yp: Drude’s Conductivity [Q.m™]

p: Resistivity [Q.m]

7: Drude’s relaxation time [S]

w: Angular frequency [rad.s™]



1. Introduction

Pantograph catenary systems have been used for a long time in railway
systems. The pantograph systems are used to transfer the electrical energy from
the catenary system to the train. A contact force must occur between the
pantograph and the contact wire of the catenary for a train to move on an
electrical railway system. Consequently, appropriate measures to reduce wear
should be taken into account. This will extend the lifetime of the equipment and
reduce the maintenance and repair costs. [1-4] To achieve better control of the
pantograph-catenary interaction, the contact force should be known.

Unluckily, a direct assessment of the force acting on the contact zone is made
difficult by its restricted accessibility. To address properly this complex issue, the
measurement of any appropriate physical quantity sensitive to the mechanical
state of the interface is required. Electrical and/or thermal resistance of a
metal/metal contact interface can fulfill these requirements since it mirrors the
mechanical conditions imposed to the interface. For instance, the dependence of
the interface resistance upon the applied compression forces is a well-known
effect [5-8]. Fundamentally, a better understanding of the transport properties of
such interfaces can lead to a control of the mechanical state through electrical
monitoring. Beyond the unwanted effects of unavoidable, wear processes, the
physical consequences of the discrete structure of the interface between contacting
solids falls within a multi-physical approach. To tackle the different degrees of
complexity of these discrete interfaces, a model of the electrical resistance and its

correlation with the surface state would be very helpful.



In many industrial applications, the discrete interfaces between contacting
solids are often given a tribological and/or a mechanical function and in some
cases an electrical function (e.g. for the needs of electrical monitoring). To
achieve this goal, the optimization of both mechanical and electrical properties of
such interfaces is thus needed, in spite of a limited knowledge.

Because of the complexity of the physical situation, previous research
investigated only D.C. [5-8] electrical properties of the contact, and which reveal
only limited information about the evolutionary process. Extended investigations
based on the impedance response would be of great help for a better
understanding of the pantograph—catenary system.

To highlight some fundamental aspects of the electrical transport through a
metal/metal interface, we achieved both experimental and theoretical studies of a
copper/copper contact. Having in mind the correlation between surface
mechanical states and, electrical transport, simultaneous current-voltage
characteristics along with a structural analysis of the metallic plates surfaces have
been carried out. The experimental results reported in this paper may help
understanding the physical mechanisms ruling the electrical contact in
pantograph—catenary systems and provide some assessment of relevant quantities
such as the number of contacts or the real contact area involved in contacting

solids and their dependence upon the applied forces.



2. Materials and methods

2.1. Experimental bench

The objective is to characterize the metal / metal interface and its evolution as
a function of the load. To do this, two copper plates of size 25x25x1 mm? are
taken in order to create an interface. For this, an experimental bench was
developed as a model system. This model system was developed to put face to
face the two copper plates. To extract relevant information about metallic
interfaces, AC electrical measurements were performed on a system of two copper
plates compressed against each other, using the experimental configuration
schematized in Figure 1. For this purpose, a dedicated experimental bench was
designed specifically. This device brings two copper sheets closer until the contact
is established. At this moment, there is an electrical transition, the phase change
between the current and the voltage. These plates are manually compressed by a
lever arm from O N (when the contact is established) to 15 N. The device allows
the measurement of both the electrical contact impedance between the two pieces
of copper, using an impedance analyzer Hioki IM 3570 At the interface, many of
parameters influences the impedance so, the operating conditions require a low
voltage to prevent electrical breakdown [9] due to the small separation between
the metal pieces and high temperature. For these reasons, all the measurements

were carried out with a voltage of 1 V.



2.2. Profilometer

Due to their surface roughness, the contact interface between two solids under
compression is of discrete nature and exhibits a complex structure arising from the
random distribution of the spots position, their sizes and shapes [10-11]. The total
number of spots (or equivalently the total contact area) as well as their sizes
depend on many parameters like the force, the macroscopic shape of the surfaces,
the fluctuations of the geometry of the surfaces (roughness), the mechanical
properties of materials (hardness, Young’s modulus). In this case, a better
knowledge of the surface hilly landscape is required. Using a Bruker DEKTAK
XT profilometer, the surface geometries of our solids have been inspected. The
radius of the stylus is 2 um and the maps are normalized to 1x1 mm? with a

resolution of 1 um in the x and y directions.

3. Results

3.1. Constant force

Setting the applied force to a fixed value at 6 N, the electrical impedance is
recorded for excitation frequencies lying within the range 4 Hz - 20 kHz. The
frequency range must be low compared to the relaxation time of the Drude model
to prevent new effects at the interface. Figure 2 a) shows the real and imaginary
parts of the impedance of the plates as functions of the frequency. The drift of the
real part can be explained by the error introduced by the measuring instrument. In

this case, the simplest electrical equivalent is an RL circuit schematized in Figure



2 b). So, the average of the real part is equivalent to the resistance which gives 1.3

mQ. An equivalent inductance L = @ is also deduced, (with @ = 2zf) which

yields an inductance of 0.15 pH.

3.2. Constant frequency

In this system, there is only the resistance of the interface which is sensitive to
the variation of the force that is why, panels composing the Figure 3 account for
the influence of the compression force on the electrical contact impedance. The
varying force, which is imposed as a ramp force, that is, a force increased at a
constant rate with a step of 37 mN. It can be clearly seen that both the resistance
and the inductance decrease with the applied force, though in a rather different
manner. The decrease in resistance on the Figure 3 a) is much faster than that of
the inductance (fig.3 b). Indeed, the resistance is clearly reduced by two orders of
magnitude. It is worth to notice, that the imaginary part of the impedance
decreases more slightly. As opposed to the fast resistance reduction, which is a
known effect [12], the decrease of the inductance is more difficult to understand.
Another striking difference regards the fluctuations of the inductance. These
differences suggest different mechanisms controlling the decrease of the
resistance and the inductance. This conclusion should extend to the inductance
variations: as a part of the impedance, it is connected to the resistance variations
through the Kramers-Kronig relations [13] (reflecting the constraints imposed by
the causality principle). As mentioned previously, the resistance is expected to

depend naturally on the real area of contact or, more generally, on the geometry of



the contacting surfaces. To evaluate the influence of the surface state on the

contact resistance, it is necessary to connect these features with its own roughness.

3.3. Surface properties

The obtained morphology (fig. 4) tells a lot about the importance of that
knowledge on the investigation of the physical behavior of a discrete interface.
From a scan of the surface, it is possible to extract different quantities to
characterize the surface state, such as the spatial parameters (S-parameters). S-
parameters characterize the area based on the vertical deviations of the roughness
profile from the mean surface. In our case, we will focus on surface roughness
through the "Average roughness™ (Sa) with typical values such as Sa = 0,167 pum.
This allows us to estimate an average height of each peak that can be useful for
estimating contact length. This parameter and its fluctuations have a sense only in
the absence of any mechanical contact. When initiated, the contact alters the
geometry (especially at the spot level) and the thermal and electrical transfer
features. For our purpose, the fundamental importance of such a surface
characterization relies on one fact: the discrete structure (spots) of the contact

zone is determined by the surface geometries of the solids.

4. Discussion

4.1.Assumptions of the electrical model of the interface



A physical model of the interface is necessary to interpret the previous results.
In the case of two metal pieces in contact, a simplified view of the discrete spot
structure is proposed in Figure 5 a). The surfaces of the solids (especially metals)
might be covered with a thin inhomogeneous oxide film [9]. Though we cannot
discard additional electrical transfer processes such as tunneling [14], the applied
current flows mainly through the mechanical spots generated by contacting
asperities. In the present study, we focus on the transfer properties of these
mechanical spots. Having in mind workable models as simple as possible, we
adopt a simplified view based on electrical analogs of the interface as depicted in
Figure 5 a). These analogs are made of a parallel assembly of resistances which
mimic the spots and a single capacitor accounting for the presence of the oxide
layer and/or any contribution arising from the mechanical contact. To simplify the
geometry of the problem, we can consider each contact like an equivalent cylinder
with its own height h and area S. Actually, the height h is an effective quantity
since the spots have no thickness (asperities crush) but, it can be computed
through an adequate model of the constriction effect (e.g. Maxwell/Holm’s
model) [9]- [15]. However, this issue will not be addressed in the present study
emphasizing the search for global electrical analogs of the interface. Furthermore,
these contacts are considered independent and circular. To deal in a simple way
with the electron A.C. transport properties of the interface, Drude’s “classical”

model will be used. According to the geometrical simplifications of our model,

the resistance of a single spot equated to a cylinder is simply R = :—S Within the
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approximations and other simplifications of our model, the A.C. impedance of the
interface reads, according to Drude’s model,

h h(l+iwt) Rk h

Zint(w) = = = + wi (1
mt Y(w)S YoS YoS  ¥pS D)
where the A.C. conductivity y, = lri’zn and yp is the D.C. Drude conductivity

of the metal pieces. In this expression, the resistances only were taken into

account. The extension to an arbitrary number of spots N leads to the expression

1 T
Zint(@) =——+——iv (2)
S wv®n vOw

In this expression, the quantity N (%) = Z’,Lli—" is averaged over the whole set of
k

cylindrical spots. This last quantity is an effective length. For a more realistic
view of the interface, it is possible to supplement the electrical analog with a
capacitor (fig 5 b), so that the low-frequency limit (owt<<l) of the previous

expression of the impedance becomes,

Zint(w) = ——(1- — iw | 3
T dn\ vOw

From this last expression, it is possible to extract a resistance (real part of the
impedance) and an effective inductance connected to its imaginary part. These last

parameters are simply given by,
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Actually, as we are dealing with metal/metal contacts, this effective

inductance incorporates a contribution referred to as the Drude (Kinetic)

inductance L = which does not have an inductive origin, but is rather

T
NYp(S/h)
connected to the kinetic energy of the electrons [16]. This contribution is a direct
consequence of the A.C. regime Drude model applied to the cylindrical spots. The
effective inductance can be rewritten as,

Less = |R?C — Lp| (6)

The main weakness of such a simple model regards the physical origin of the
capacitance which remains fuzzy. Further studies of these discrete interfaces are
clearly needed. Nevertheless, the overall capacitance C should comprise a
contribution Cy (or Holm’s capacitance) as required by the constriction effect of
the spots. In our case, this capacitance varies as Cy «< ge,N(S/h) (for a parallel
assembly of N spots) where g is a factor accounting for the geometry of the spots.
This first contribution, expected to be very small, must be supplemented with an
extra-contribution AC, much greater. Anyway, the contribution Cy provides the
physical meaning of the fundamental quantity N(S/h) associated with the spots:
up to a constant factor, it is proportional to Holm’s capacitance which, though
very small, gives the irreducible part of the capacitance of the interface arising

from the spots. The final effective electrical analog is thus a series R/L circuit. It
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is worth noticing that the capacitance was “absorbed” in the effective inductance

in which it reduces the influence of the kinetic inductance.

4.2.Interpretation and discussion

With the observed data, we extracted the fundamental quantities N(S/h)
(from eqg.4) and the capacitance C (from eq.5) to reveal their evolution with the
compression force. The first quantity was straightforwardly extracted from the
values of the resistance R, supposed to retain the only contribution of the spots.
The overall capacitance was then assessed from the effective inductance
variations with the compression force. The results are presented on Figure 6. The
very similar variations of these quantities confirm their mutual dependence, as
discussed in the previous section. But, the quantitative differences clearly suggest
that the overall capacitance does not only consist of Holm’s capacitance. Indeed,
the experimental values leads to an estimate Cy ~ 107 F, much smaller (by
several orders of magnitude) than the values reported on the right panel of (fig 6

a). An extra contribution is thus clearly present. The same data allows also to

assess Drude’s kinetic inductance Lp ~ ﬁ = 2,4.107'° associated with the spots,

expected to be negligible (as compared to the typical scale revealed by our data
about

10" H) because of the smallness of the microscopic time 7. Accordingly, the
effective inductance of the spots scales as L.g ~ R*C resulting in a capacitance
variation range. Such high values of capacitance (for a very thin interface!) cannot

be reached through a classical capacitance (geometrical) but rather arise from a
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quantum effect. The notion of quantum capacitance attached to metals [17], if
applied to our interface, leads to the assessment Cq =~ q*G(Er)N(S/h) hZ that is,

a capacitance proportional to the Fermi level density of states per unit volume, the

last combination of factors giving the total volume of the spots. Setting for copper

G(Er) ~ 105* J"'m~3and C, ~ 1073F (according to our data) we find h? ~

1071*m? or equivalently a thickness V2 ~ 1077 = 0,1um. The corresponding

real contact area is about A = N(S/h) h? ~ athat is a few 10 m2 This is a
reasonable assessment of the interface’s thickness which agrees with the typical
roughness of the surface (throw parameters Sa). It is thus interesting to notice that
a careful analysis of the electrical data leads among other quantities to an
assessment of the surface roughness and the real contact area. This interesting
agreement between profilometric and electrical data demands further
consideration. The assimilation of the extra contribution AC to the quantum
capacitance is questionable though it appears to be a relevant hypothesis. Only a
comprehensive physical description of the discrete interface should allow to
answer these legitimate doubts. More especially, the adequate electrical analog
should proceed from such a more detailed approach. A last interesting issue
regards the higher amplitude fluctuation regime developing at higher forces. The
physical origin of that noise should be investigated carefully since it can arise
from different sources: mechanical instabilities of contacting asperities (spots
number fluctuations), intrinsic spots’ electrical noise. Whatever its origin, the

study of that noise effect is an interesting prospect.
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5. Conclusion

All results prove that the impedance method contains more information than a
simple measure of resistance at the interface. The electrical analogs based on a
simplified view make a link between the properties of the impedance and the
mechanical states of the interface. The real part of the impedance give the quantity
N(S/h). This quantity is interesting because it is proportional to the real number
of contact. Moreover, the imaginary part of the impedance is proportional of the
interface capacity with a range from 10™ to 10™ F that it is compatible with
quantum capacitance. With this hypothesis, the calculated height for low
compression has the same order of magnitude than the measured one throw the Sa
parameter. This made it possible to estimate an interface capacity and a contact
length. In the future, a study will be carried out at low compressions to separate
the number of contacts and the effective length to estimate the number of contacts
in order to obtain a fine characterization of this interface. This will allow us to
optimize the catenary-pantograph system by the choice of materials, the optimal

strength to apply for a minimum of the resistance as well as other applications.
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Caption

Figure 1: diagram of the experimental measurement

Figure 2: Impedance Z as a function of the angular frequency (a); Equivalent
circuit with effective inductance L = 0,15 pH and resistance equivalent
Re=1,3mQ (b)

Figure 3: Electrical contact impedance as a function of the compression for the
copper/copper contact (measuring voltage of 1 V).

Figure 4: Real surface landscape 1 x 1 mm? as obtain from profilometry surface
inspection

Figure 5: diagram of the multi-contact system (a); Equivalent circuit of the
interface (b)

Figure 6: Holm’s capacitance N (S/h) (a); overall interface capacitance C

variations against the applied compression (b)
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20



¢ Re(@) =
Im(2) JE

[t} |.' T T T | T T T | T T T | T T T | T T T | T T T | T T T
a 2e+04 4e+04 Ge+l4 Se+04 1le+05 1,2e+05 1,9e+
Frequency (Hz)

a)

'
[ 1

b)

Figure 2

21



Rt (M)

Lett (HH)

0,195

0,19

0,185

0,18

0,175

0,17

5 10 15
Force (N)
a)
||
| I
i ot B L
— L I 1 |
N ‘ | [ '| I|
] | |
B I
T T T T | T T T T | T T
0 5 10 15
Force (N)

b)

Figure 3

22



Figure 4
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