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ABSTRACT 13 

We present in this work the experimental results of shear stress applied to a rough metallic 14 

interface. This interface was test using a weak DC current, measures of the voltage evolution were 15 

done on each end of the system while an increasing shear stress was applied. From these 16 

measurements we deduce the evolution of the interface electrical resistance to attempt to highlight the 17 

contact area evolution. Results show that the interface resistance follows a non-monotonic behavior: it 18 

first increases to a maximum and then decreases until the contact breaks. The evolution of the 19 

interface resistance is related to the evolution of the contact area, the non-monotonic behavior is 20 

interpreted as different deformation regimes in the spots of contact.  21 

1. INTRODUCTION 22 

The contact between two rough surfaces is occurs in tiny contact spots [1] where their 23 

number, distribution, shape or size – i.e. their geometrical properties – depends on the 24 

roughness, the nature of materials, and the stress applied on the contact interface. A direct 25 

assessment of relevant parameters acting on the contact zone is difficult because of its 26 

discrete nature, so that real contact consists in a distribution of individual N micro-junctions, 27 

each one with its own surface Sk (k = 1, 2, …, N) leading to a total area Ar (Ar = ΣSk) much 28 

smaller than the apparent contact area [2-4]. Actually, Ar follows two major behaviors: (i) it is 29 

proportional to the applied normal load [2, 5-11], and (ii) it logarithmically increases with time 30 

– as known as geometric aging or creep – [5, 12, 13]. 31 

To probe properly the interface and find relevant criteria of any influences from undergone 32 

stresses, the measurement of any appropriate physical quantities sensitive to the mechanical 33 

state is required. The measurement of electrical – or thermal – resistance corresponds 34 

perfectly to the requirements since it derives from the mechanical conditions imposed on the 35 

interface. The behavior of the interface resistance versus an applied normal stress is a well-36 

known effect [9, 14-20]. So, it is therefore legitimate to assume that the interface resistance 37 

have also its own dependence versus an applied shear stress.  38 

In [21] Courtney-Pratt and Eisner made an experimental study about the mechanical 39 

evolution of a spherically ended cone, bearing on a plane and undergoing a tangential force. 40 

In their study electrical measurements were made to probe the mechanical evolution of the 41 

sphere/plan contact between two polished metals of the same kind. Thus, they showed that 42 

the contact conductance seems to be proportional to the square of the shear force, for 43 
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polished platinum and steel. Due to the presence of an oxide layer, the model describing the 1 

behavior of noble metals did not make possible to correctly describe the behavior of steel. 2 

The present paper appears as a complement on the electrical aspect of the study made in 3 

[21]. Using cylindrical polished steel samples, we focus on the influence of shear stress on 4 

the interfacial electrical resistance in order to understand the mechanical behavior of this 5 

contact interface. The experimental protocol and samples preparation were specially made in 6 

order to understand and focus on the mechanical behavior of multi-contact interfaces. Thus, 7 

emerging a behavior law between real contact area and shear stress for metallic interfaces 8 

would directly affect the slipping properties of rough contact and so, the way we use and 9 

understand tribological models. 10 

2. MATERIAL AND METHODS 11 

2.1 Apparatus 12 

To study the contact interface, we use a pair of hand polished cylindrical samples made of 13 

steel (ISO683-1 C45 / AISI-SAE 1045) which were placed in a dry frictional contact 14 

arrangement in which a DC current flows (fig. 1). The applied current arrives and leaves from 15 

a small zone behind each of the samples where a wire was fixed by a silver conductive paint. 16 

Samples were sized to have a homogeneous current distribution in the bulk (fig. 2) to ensure 17 

that only the contact spots influence electrically the measure. The voltage at each end of the 18 

set was then measured during the increasing of the shear stress. The electrical probing was 19 

done by the “4 points” method using a Keithley SourceMeter 2611A wired to a computer to 20 

acquire the data. 21 

As shown on figure 1, the lower cylinder was adhered to the table and the upper one was 22 

driven horizontally through a wire attached in the plane of the contact interface. The normal 23 

load � was applied using labelled masses and the tangential force (shear stress) �� is 24 

applied through a pulley by an increasing mass ���� piloted by a sandglass which delivers 25 

6.36E-3 N/s. A sandglass was use here because of its very regular flow, which ensures a 26 

reliable application of shear on the system. 27 

2.2 Samples preparation 28 

Our samples were manually prepared using sandpaper to abrade the surface, then to 29 

polish them, and to finish with a 500-mesh sandpaper. For each measurement, the 30 

concerned surfaces were systematically finished and degreased with acetone before being in 31 

contact. 32 

To know the initial surface state of the samples, a map profilometry was made with a 33 

“DektakXT Stylus Profiler” from Brucker with a 2µm stylus at 3mg of load; also EDX 34 

measures were made with a “Quanta 200 FEG scanning electron microscope” from FEI 35 

Company. The first analysis shows the overall shape of the contacting surfaces and their 36 

roughness while the second one the chemical composition of the material. The figure 3a, 37 

shows an example of a typical profile of the surface, 3b a typical map and 4 an example of 38 

an EDX spectra with the percentage content of elements in the surface. 39 

Since our samples were manually prepared, the contact surface presents a curvature 40 

which can be fitted by a sphere (fig.3a) and so,  the contact between our samples is a kind of 41 

sphere/sphere contact, where the spheres have a very large radius (~4m). From the 42 

mechanical parameters we can estimate, using the Hertz’s model, the contact zone around 43 

0.15mm² under a normal load of 1N. 44 
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2.3 Protocol 1 

Right after the initial contact, the following specific protocol is applied: 2 

� [0 to 180s]: interface relaxes (creep phenomenon [5, 13, 16, 22]). 3 

� [180s to 210s]: an increasing current is applied from 0 to 1.5A. 4 

� [210s to 240s]: the current decreases from 1.5A to 0.25A. 5 

� [240s to 300s]: the current is maintained to its probing value 0.25A. 6 

� [300s to contact break-up] shear and voltage measurements begin. 7 

The increasing/decreasing current permits to ensure the creation of contact spots, to 8 

discard thermal influences, to break a possible oxide layer, and mainly to discard Branly 9 

effect [16, 22, 23]. This last effect, actually not well understood, consists mainly of a 10 

transition to a more conductive state usually related to micro-contacts nucleation. This 11 

phenomenon, mainly observed in granular media, is also observed in contact interfaces 12 

when a DC current is directly applied, leading to a significant drop of the electrical resistance 13 

by several orders of magnitude. 14 

To ensure a good statistics of measurements, we repeat each measurement at least five 15 

times, keeping carefully the same experimental conditions. Also, to ensure the non-16 

appearance of an oxide layer, all measurements were done one after the other and less than 17 

five minutes after polishing and cleaning the samples. 18 

3. RESULTS 19 

For different normal loads �, we determine the evolution of the interface resistance 	 vs. 20 

shear stress  �� (	 was directly get from the voltage divided by the applied constant current 21 

value). In all experiments the interface resistance, first increases with increasing shear to 22 

reach a maximum and then decreases until the contact breaks. Figure 5 focuses on the 23 

resistance evolution of a contact undergoing a normal load around 1N and highlights the gap 24 

∆	 of resistance between the initial value 	� (at �� = 0) and the maximum reached one 	�
� 25 

(∆	 = 	�
� − 	�).  26 

The existence of this gap, being reproducible, raises questions about the mechanical 27 

behavior of the contact interface. Thus, to compare each measurement, we plotted the 28 

evolution of 	 	�⁄  vs. �� �⁄  (= ��) on the figure 6. In each case, the maximum is reached at a 29 

value close to the half of the static friction coefficient (µs ≈ 0.38), which is determined from the 30 

linear fitting on the figure 7.  31 

The normal load has a clear effect on the top of the maximum in each measurement. To 32 

highlight its behavior we plot on figure 8 the evolution of ∆	 	�⁄  vs. �. If we exclude the first 33 

point, we can fit the data by a power law “y = axb” where a = 1.339 and b = -1.984. The curve 34 

“y = 4/(3x2)” has been added to estimate the proximity of the fit. This result leads to conclude 35 

that the normal load gradually erases the observed bump from the increment of the interface 36 

resistance by following a behavior close to the one from equation 01. 37 

 
∆	
	�

≈ 4
3 ∙ 1

�� (eq. 01) 

The decrement of the interface resistance seems to be also influenced by the normal load: 38 

the strongest the normal load, the faster the resistance decreases. If some curves remain 39 
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smooth enough to be fitted, others presents breaks – i.e. signatures of micro-displacements 1 

– making uneasy the study of this part of the behavior. 2 

From the Holm’s model describing the contact resistance 	� (eq. 02), and assuming that 3 

the contact is resume in one spot, we can deduce an associate circular area, of radius ��, for 4 

this one (eq. 03). Note that � designates the resistivity of the considered material. 5 

 	� = �
2��

 (eq. 02) 

 � = ���� = �  �
2	�

!
�
 (eq. 03) 

Using the same reasoning as for the resistance, we computed from eq. 03 the estimated 6 

values of ∆� ��⁄  and then plotted those vs. � on figure 9. For 1.5N of normal load, the gap 7 

between the initial assumed contact area and the minimum reached is about a drop of 60%. 8 

It would mean that a half of the initial contact area is lost by the shear effect.  9 

4. DISCUSSION 10 

In [21] the study of a steel interface was made under a normal load of 920 g wt (~10N) 11 

which is much bigger than the normal load we use. Their interpretation of the increasing 12 

conductance lies in the break of an oxide layer even if  it have sense for normal load of 13 

around 10N, it does not explains why and how the conductance decreases before it 14 

increases for lower normal loads. A comparison between the results from [21] (fig. 10) and 15 

the present work (fig. 11) can possibly give a first element of answer. In both cases, the 16 

evolution of the static friction coefficient with the conductance is represented. The shape of 17 

our results is much closer to the shape of the results of the lubricated interface from [21]. 18 

Thus, the lubricant seems to emphasize an already present phenomenon which seems to not 19 

be fully related to an oxide layer break. 20 

At the onset of slipping, old micro-junctions are replaced by smaller new ones [24]: slip 21 

inception is accompanied by a drop of real contact area [5, 12, 25, 26]. This effect is often 22 

considered to be the origin of the difference between static and dynamic friction forces [13]. 23 

For an elastomer, i.e. an elastic medium, the contact interface decreases with the shear 24 

stress due to the narrowing of the contact spots area [25-29].  In the case of the present 25 

study, the interpretation of the increasing interface conductance just as an increasing of the 26 

contact area vs. shear stress goes against those previous assertions. Metals are mainly 27 

plastic media (and it is clearly showed in [21]) but they still have an elastic behavior for weak 28 

shear stresses. This is why for a weak shear stress the mechanical behavior of the interface 29 

can be more complex than it is. 30 

Thus, our interpretation is summarized as follow: first the contact spots react elastically to 31 

the shear stress and their area decreases (	 increases), then the contact spots begin to 32 

react plastically and their area increases (	 decreases). During the shearing of the interface, 33 

some contact spots break but the interface area continues to evolve until the shear stress is 34 

strong enough to surpass the adhesion force between the contact spots. The normal load 35 

assists the deformation of the contact spots, accessing them more rapidly to a plastic 36 

behavior. This explains why the measured electrical resistance gap ∆	 decreases with the 37 

normal load �. In the lubricated case of [21] the lubricant, which fills the porosities due to the 38 
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roughness, creates a thickness which reduces the interpenetration of opposite surfaces, and 1 

so reduces the contact area. The lubricant acts against the normal load and so, the behavior 2 

of the interface looks like the behavior for weak normal load. 3 

The evolution of ∆� (or ∆	) with � were well fitted as for the exception of the first point. 4 

This point is excluded to find the best fit for a maximum of data points. The relevance of its 5 

exclusion remains in coherence with the current models about the effect of the normal load 6 

[1]. However, between 1N and 1.5N, it seems that the gap is able to increase due to a 7 

complex coupling between normal and tangential stresses occurring in the contact. A future 8 

experimental campaign for weak normal loads would give answers about this hypothesis. 9 

5. CONCLUSIONS 10 

As prove a series of experimental peer-reviewed studies over recent decades, contact 11 

properties of multi-contact interfaces are not fully understood especially for shear stress 12 

responses. For instance, smooth metallic sphere/plane contact typically grow as shear stress 13 

increases [2, 22, 30], unlike in smooth elastomer-based sphere/plan contact [26, 31-34] 14 

where it decreases. It is therefore relevant to assume from our results that the evolution of 15 

the contact area with shear is more complex than it appears in the previous cited situations. 16 

In the present study we highlighted a particular behavior of the mechanical response of 17 

the interface to shear stress using an electrical probing. This method has proved its 18 

effectiveness through some patents [35-37] and showed its ability to monitor the contact 19 

interface. Thus, we showed through its electrical response, the mechanical evolution of a 20 

metallic rough interface. This evolution follows a non-monotonic behavior and seems to show 21 

the distinction between two deformation regimes. Such a behavior would directly affect the 22 

understanding of the mechanical properties of contacting rough interface, the way we use 23 

current contact and friction models, and the physical meaning of the parameters of some 24 

friction law. 25 

Note that we used only a DC current to probe the interface. So, because of the complexity 26 

of the physical situation, extend investigations based on the impedance response, i.e. 27 

impedance spectroscopy, would be an important step for a better understanding of the 28 

contact area evolution.  29 
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FIGURES 1 

 2 

Fig.1. Experimental apparatus. 3 

 4 

Fig.2. Current distribution into the contacting cylinders (I=250mA, unit in A/m²). 5 
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 1 

Fig.3a. Global shape of contact surface.  2 

 3 

Fig3b. Map of a part of contact surface. 4 

 5 

Fig.4. Chemical analysis of contact surface. 6 
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 1 

Fig.5. Evolution of the interface resistance versus the applied shear under a normal load 2 

around 1N.  3 

 4 

Fig.6. Evolution of 	 	�⁄  vs. �" �⁄  under different normal load. 5 
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 1 

Fig.7. Linear fitting of the critical value of shear (contact breaking) versus the applied normal 2 

load. The static friction coefficient �� is estimated around 0.38. 3 

 4 

Fig.8. Evolution of ∆	 	�⁄  versus the normal load.  5 

 6 

Fig.9. Evolution of ∆� ��⁄  versus the normal load. 7 
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 1 

 2 

Fig.10. Friction coefficient vs. contact conductance from [21]: ○ dry contact, ● lubricated 3 

contact. 4 

 5 

Fig.11. Friction coefficient vs. normalized contact conductance, for different normal loads. 6 

The value of ∆# #�⁄  is directly deduced from ∆	 	�⁄  since # = 1 	⁄ . 7 




