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Abstract 

Reciprocating contacts occur in a wide variety of practical wear situations including hip 

joints and electrical contacts. In developing tribological tests for candidate materials with 

improved durability in these contacts it is beneficial that the contact conditions (e.g. sliding 

speed) can be reproduced. Hence, a fully instrumented capability for rapid high-cycle linear 

reciprocating nano-scale wear tests has been developed. It is multi-sensing with high data 
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acquisition measurements of probe displacement data, friction, cumulative frictional energy 

dissipation and electrical contact resistance. In comparison with other nanoindenters the 

design has the high level of lateral rigidity which provides sufficient stability to perform 

nano- or micro-scale wear tests for extended duration (e.g. several hours, up to 300 m 

sliding). In this study, reciprocating nano-wear tests with diamond probes have been 

performed on the biomedical alloys Ti6Al4V and 316L stainless steel, and with electrically 

conductive metallic probes on gold and silver alloys. The stainless steel exhibited a ductile 

response with low friction throughout the load range. At higher loads on Ti6Al4V, there was 

an abrupt transition to higher friction and fracture-dominated wear after ~20 cycles. 

Improved detection of the onset of wear and the subsequent failure mechanisms sliding 

against conductive probes was possible by a multi-sensing approach simultaneously 

monitoring friction and electrical contact resistance (ECR). Changes in ECR exhibited a 

complex correlation with changes to the measured friction. The reciprocating tests of noble 

metal-noble metal contacts (Au-Au and Ag-Ag) showed much longer endurance than gold vs. 

steel contacts although occasional isolated failures were observed. A new approach for the 

analysis of repetitive nano-scratch test data was also developed enabling improved data 

mining. 

 

1. Introduction 

Wear begins at the asperities between contacting surfaces but the contact pressures acting on 

these are not generally known accurately in a standard macro-scale tribological test. In 

contrast, testing at the nano-/micro-scale (“single asperity tribology”) enables the onset of 

wear to be studied conveniently and correlations with friction forces can be investigated to 

aid the design of surfaces with improved wear resistance. The simplified contact conditions in 



3 

 

the single asperity tests enables deconvolution of the individual factors that combine to result 

in the overall measured friction and wear. With the advent of methods for precision 

topographic control, e.g. to produce textured surfaces for friction control, there has been an 

increasing interest in studying the influence of surface topography on friction and wear [1-8]. 

This can be conveniently studied by nanomechanical tribology (using atomic force 

microscopes or nanoindenters) but this is typically limited to relatively small number of 

cycles (<100) and small track lengths of the order of 100 m. Although the term single-

asperity tribology was originally coined for AFM-based methods, the precision polished 

diamond probes with end radii of a few microns that are used in nano- and micro-scratch tests 

in nanomechanical instruments can effectively be considered as single asperity contacts. The 

metrology requirements for performing nano- and micro-scale scratch tests have been 

reviewed, with high lateral rigidity of the loading head being identified as important to 

minimise artefacts on rough surfaces [9]. 

An important development in microtribology is to integrate a capability for high cycle, high 

speed, high sliding distance reciprocating sliding at the mN level to commercial 

nanomechanical test instrumentation, where the high lateral rigidity of the loading head is 

retained together with sensitive friction and depth measurement. This capability could 

provide a linkage across the length scales usually probed in nano- or macro- scale tribological 

tests and enable the study of running-in processes in greater detail than possible previously. 

In this report we describe this development where, additionally, its multi-sensing capability 

has been expanded by the incorporation of electrical contact resistance (ECR) measurement 

during the wear tests. Although the benefits of ECR measurement have been criticized [10] it 

has generally proved extremely useful, as in fretting tests [11-15]. Echeverrigaray and co-

workers reported that ECR monitoring provided a valuable tool for detecting premature wear 
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of an electrically non-conductive DLC coating sliding against steel in a pin-on-disk test by 

dielectric breakdown [16]. 

Case studies have been performed with popular biomedical alloys and on materials used in 

sliding electrical connectors to benchmark the instrumentation and evaluate its sensitivity and 

stability for extended testing. Samples chosen for the case studies were (i) Ti6Al4V and 316L 

stainless steel (ii) multilayer electroplated sliding contacts (iii) bulk silver and gold alloys 

being developed as sliding contact materials. Ti6Al4V in particular is an important material 

with use in aerospace and biomedical applications but its tribological performance can be 

poor so greater understanding of the onset of wear on this alloy may be beneficial in 

mitigating this. Tribological behaviour of electrical connectors is key to the reliability of 

electronic systems. Understanding sliding failure due to frequent mating-unmating is 

important in developing improved connector systems. To achieve low contact resistance the 

real area of contact must be very high, so soft metals are pushed together at high force and 

conditions for electrical power contacts are more severe than most tribological contacts 

resulting in very short lifetimes (low sliding distance to failure) [17]. Tian and co-workers 

reported a multi-stage deformation in sphere-on-flat reciprocating sliding tests between 

electroplated gold contacts (Au-Ni vs. Au-Ni) on brass [10]. Typically, the failure was rapid 

with the top most gold layer removed within 100 cycles and the substrate exposed within 

~200 cycles. Although the friction coefficient was sensitive to the wearing away of the 

different layers the electrical contact resistance was almost constant throughout the sliding 

test. 

Bulk noble metals have shown improved performance compared to the electroplated systems. 

In this work extended reciprocating tests (~2-46 hr duration) have been performed on bulk 

gold and silver alloys. The reciprocating tests on a bulk silver alloy were also complemented 

by 20-cycle repetitive unidirectional scratch tests with a diamond indenter to (i) help 
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understanding of how wear proceeds in the more complex, higher cycle reciprocating test (ii) 

help determine whether nano-scratch tests can be designed more efficiently on rough 

surfaces.  

 

2. Instrument development 

Control software was written to enable a reciprocating stage to be controlled independently of 

the instrument loading head. Two different stages (from NanoMotion and PI) were 

successfully integrated and controlled within the NanoTest Vantage (Micro Materials Ltd., 

Wrexham, UK) software. The experimental setup with the PI stage is shown in fig. 1(a). The 

velocity-time profile is user adjustable but in the following tests it was set so the velocity was 

constant over 90% of the wear track and linearly reduced to zero at the turn-around points as 

illustrated in the velocity-time profile shown in fig. 1(b), for a 0.5 mm/s velocity and 5 s 

trace-retrace cycle duration. Friction was measured throughout the tests allowing the 

construction of friction loops. The (dynamic) friction coefficient was determined in software 

from the energy dissipation during full sliding using an approach similar to that employed by 

Fouvry and Liskiewicz for friction measurement in fretting tests [11-14].  

 = Energy dissipation/(2 x track length x applied load) Eqn. [1] 

The static friction coefficient is obtained from the static friction using a similar approach to 

Burris and Sawyer which accounts for any transducer misalignment [18]. The probe 

displacement is also monitored continuously and recorded over the entire wear track enabling 

in-situ wear measurements. Several authors have reiterated the potential usefulness in 

measuring wear in situ rather than relying on post-test profilometry measurements [19,20]. In 

wear prediction it is often assumed that the wear rate is linear but this is generally not the 
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case, particulary when there is a change in the predominant wear mechanism during the test 

[20,21]. 

Table 1 compares the typical conditions in the new capability for nano-scale reciprocating 

wear to other approaches for multi-pass sliding contacts (repetitive scratch and nano-fretting) 

with the same instrumentation. The loading head, load range (0-500 mN, for low load head) 

and capability for tangential (frictional) force and ECR measurement are common to all three. 

In the nano-scratch test the combination of high load and smaller probe radii result in high 

contact pressure (typically > 1 GPa) during the test. In the study of coated systems a key 

benefit is that the test parameters can be controlled - e.g. in a repetitive sub-critical load test - 

so that the peak stresses can be placed in the vicinity of the interface, enhancing sensitivity to 

subtle differences in interfacial bonding strength [22]. In the nano-fretting test the much 

larger number of cycles that can be conveniently run enables tests at lower stresses (larger 

radii and/or smaller contact loads). The small track length means that total sliding distance is 

relatively low but the transition from fretting/partial slip to gross slip can be studied [23,24]. 

The larger sliding speeds and larger sliding distances in the NanoTriboTest enable longer 

duration high contact pressure tests. The higher sliding speeds enable more direct replication 

of those in MEMS contacts [25]. The ECR was measured with a computer controlled 

National Instruments Dual-Output Power Source-Measure Unit. Electrically conductive 

probes such as metallic materials or Boron-doped diamond are required for ECR 

measurement. 

The case studies provided sufficient data to (i) evaluate instrumentation stability and 

suitability for long duration testing (ii) determine suitable data analysis approaches to handle 

the very large datasets (iii) investigate the correlations between different signals in the multi-

sensing tests. 
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3. Experimental 

3.1 Reciprocating wear of 316L stainless steel and Ti6Al4V 

A NanoTest Vantage (Micro Materials Ltd., Wrexham, UK) fitted with a NanoTriboTest 

module was used for the reciprocating tests. Reciprocating nano-wear experiments were 

performed on biomedical grade 316L stainless steel and Ti6Al4V alloy samples (supplied by 

the University of Birmingham, UK) with a diamond indenter of 25 m end radius. The track 

length was 1 mm and the maximum sliding velocity was 0.5 mm/s. The velocity was at its 

maximum over the central 90% of the track and linearly reduced to zero at the turn-around 

points. The applied loads were 10, 30, 50, 100, 200 and 500 mN on the 316L stainless steel 

and 20, 30, 40, 50, 70, 100, 200, 500 mN on the Ti6Al4V. For Ti6Al4V some additional tests 

were performed at 40 mN and above to assess test repeatability/sensitivity to local differences 

in wear resistance (e.g. due to microstructural variations). The friction force and the raw 

(unlevelled, uncorrected for any instrumental drift or frame compliance contribution) probe 

displacements were monitored continuously and recorded over the entire wear track. Final 

wear depths were also determined by confocal microscopy of wear tracks (Keyence VHX-

6000). 

3.2 Reciprocating wear of electroplated gold and bulk gold and silver alloys 

In the tests with metallic probes the ECR was also measured. Reciprocating sliding tests were 

performed at 10 mN between a steel ball of 1 mm radius and the flat surface of a multi-

layered sliding electrical connector (layer architecture ~50 nm Au/~2.5 µm Ag/nickel 

underplate/Cu alloy substrate) at a sliding velocity = 2 mm/s and track length = 5 mm. The 

nickel underplate layer is used as a diffusion barrier between the surface layers (gold and 
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silver) and the copper substrate. Tests were feedback controlled with a fixed current of 0.1 A 

and a maximum Voltage of 6 V. To assess the repeatability of the test, six tests were 

performed under the same conditions. 

As scoping tests to assess the stability of the instrumentation to perform extended testing, 

longer duration and higher load tests were performed with non-axisymmetric noble metal 

alloy probes sliding against noble metal alloy disks (disks and probes were supplied by 

Central South University, China). A gold alloy (Au-9wt.%Ni) connector was used as the 

probe against an Au-20wt.%Ag-Cu10wt.% disk. Two different Ag-20wt.%Cu-2wt.%Ni 

connectors were used as sliding probes against an Ag-10wt.%Cu disk.  The probe used for 

the shorter test at 50 mN test had a larger equivalent radius of the order of 2 mm. The test 

conditions in the reciprocating tests with the metallic probes are summarised in Table 2. 

3.3 Repetitive nano-scratch tests on silver alloy 

Repetitive nano-scratch experiments were performed on an Ag alloy disk (Ag-10wt.%Cu) 

with a diamond indenter of 18 m end radius sliding at 5 m /s over a 1 mm track. Peak 

loads were 50 and 200 mN with three repeat tests at each load separated by 100 m. Tests at 

200 mN were performed as 41 cycle tests with alternate topography (minimal load, 0.1 mN) 

and scratch cycles. Tests at 50 mN were 22 cycles, with pre-scratch topography and a post-

scratch topography after 20 scratches. The tests were designed with a loading rate to combine 

sufficient regions of ramped and constant loading in the scratch track. In the initial period of 

the scratch cycles the load was minimal (0.1 mN) before ramping to reach the peak load 

(after 100 m ramped at 0.5 mN/s to 50 mN; after 250 m ramped at 4 mN/s to 200 mN [see 

fig. 7(b)]). The initial track region was used for subsequent levelling of the data in the 

NanoTest software. Ra surface roughness measured under load and for residual scratch scans. 

After correcting the displacement data for sample slope and frame compliance in the 
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NanoTest software, the scratch recovery (SR) was determined from the on-load depth (ht) and 

residual depth (hr) data according to Eqn. 2:- 

SR = 100% x (ht-hr)/hr  [Eqn. 2] 

Additionally, 3 ramped load scratch tests were performed to 500 mN, loading at 4 mN/s and 

scanning at 5 m /s. 

 

4. Results 

4.1 Ti6Al4V and 316L stainless steel 

The friction force showed some variability over a single cycle which was more evident at 

lower load, and after a higher number of wear cycles. The mean friction coefficient vs. cycles 

are shown in figure 2 (a) (for clarity only 4 loads and the first 150 cycles are shown). 

Typically, over the first few cycles there was a decrease in friction that gradually slowed to 

reach a final friction coefficient of ~0.05-0.07 after 500 cycles. The initial decrease in friction 

was more pronounced at 500 mN. As the load increases the friction becomes higher around 

the turnaround points where the velocity is lower, implying that the static friction (µ st) 

becomes greater than the dynamic friction. This behaviour was first observed towards the end 

of the 30 mN test (µ st ~0.1). Larger static friction values were found in the tests at higher 

load, which increased with number of cycles (µ st ~0.15 to ~0.2 at 50 mN; µ st ~0.17 to ~0.2 at 

100 mN; µ st ~0.17 to ~0.38 at 200 mN; µ st ~0.2 to ~0.45 at 500 mN). As an indication of the 

wear rate, figure 2 (b) shows changes in the displacement value at the mid-point of the track 

with continued cycling. Corresponding SEM images of the wear tracks reveal ductile 

behaviour with increasing pile-up at the sides of the wear track at higher load (fig. 2(c,d). 
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At low load (20-40 mN) on Ti6Al4V the friction was low throughout the test (µ~0.04-0.05 at 

end). At ≥50 mN the friction was initially low (µ~0.05) but increased after ~10-20 cycles to 

reach high values (µ~0.5) with the transition complete within 2-3 cycles. An example at 100 

mN is shown in figure 3(a,b). Energy dissipation per cycle and cumulative energy dissipation 

are shown in figure 3(c,d). SEM images of wear tracks above and below the transition are 

shown in figure 4. Friction coefficient results at 30-50 mN on both materials are shown in 

figure 5 (a). The figure shows there was a marked correlation between friction coefficient and 

the observed deformation, with low friction for ductile ploughing and a transition to very 

high friction at 50 mN on Ti6Al4V. Although it was not possible to accurately determine the 

very low wear depths < 50 mN from confocal imaging the wear depth data at 50 mN shown 

in figure 5(b) confirmed the greater damage on Ti6Al4V than 316L stainless steel.  

4.2 Electroplated gold connector 

Tribological failure of the multi-layered interconnector system proceeded by a multi-stage 

wear process. Friction and ECR during 70 mm sliding distance segments (i.e. showing 7 

cycles) for a typical test are shown in figure 6 (a-d). In this test the first isolated increase 

(“spike”) in resistance was after ~340 mm of sliding. Thereafter occasional isolated spikes in 

resistance were observed with continued sliding, with electrical failure gradually occurring 

over more of the 1 mm wear track, but without any noticeable change in friction. Later in the 

test more of the track fails with marked increase in friction. The mean friction coefficient and 

mean resistance per sliding cycle are shown for another test in figure 6(e). In the initial stage 

the friction coefficient was around 0.25 and the resistance gradually increased to ~1  which 

marks a transition and the friction and resistance increase rapidly (stage 2), reaching a high 

friction coefficient of ~0.7, thereafter friction and resistance are high and variable (stage 3) 

with periodic increases and decreases in resistance until (stage 4) further increases in 
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resistance and slight decrease in friction. The corresponding non-averaged values of the 

contact resistance for the test shown in fig. 6(e) are shown in figure 6(f). In this test there are 

some isolated spikes of ~4  in the first 40 cycles and the spike density increases after 40 

cycles. 

Although there was some test to test variability in the number of cycles to failure, these 

features were observed in all bar one test, with a mean resistance of ~1  marking the 

transition (fig.6(g)). The initial stage with a gradual increase in ECR was also observed in the 

other test. It is assumed that the wear process was proceeding more gradually and the other 

stages would have been observed had the test been continued. Post-test optical microscopy 

revealed probe wear/debris and fracture-dominated wear tracks. 

4.3 Ag alloy scratch tests 

In ramped scratches to 500 mN the mean friction coefficient increased with load to reach a 

maximum value of µ = (0.27 ± 0.01) at 500 mN. The friction coefficient vs. scan cycles 

determined at 50 mN from the ramped portion of the 200 mN tests (i.e. at ~310 µm scan 

distance – figure 7(b)) was compared to that from the constant load segments at 50 mN in 

figure 7(a). There was good agreement, with both approaches showing a reduction in friction 

coefficient over the first few cycles and levelling out thereafter. The “single point during load 

ramp” approach was then used to investigate the load dependence in a 200 mN test in figure 

7(b). The friction coefficient increased slightly with load. The friction vs. cycles at different 

loads are shown in fig. 7(c). The variation in friction decreased with each cycle, most 

noticeably during the first few cycles. The corresponding on-load (ht), residual depth (hr) and 

scratch recovery data averaged over the entire constant load segment are shown in figure 

7(d). The figure shows that (i) ht and hr increase cycle by cycle (ii) after the first few cycles 
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(where there is more ploughing and debris removal from the wear track) the SR approaches 

an approximately constant value of ~40 %. 

The results from the last scratch and topography cycles for 3 repeat 41-pass tests at 200 mN 

are shown in Table 3. Surface profilometry measurements and SEM images (fig. 7(e)) 

showed that the initial surface topography had a periodic appearance from the grinding 

process, with alternate peaks and troughs and Ra ~ 60 nm, decreasing to ~25 nm within a few 

scratch cycles and staying around this level until the end of the test (figure 7(f)). SEM 

imaging of the wear tracks (fig. 7(e)) confirmed the smoothening within the wear track. The 

variation in surface roughness under load was typically lower than in the subsequent 

topographic scan (fig. 7(g)).  

4.4 Noble metal alloy- noble metal alloy contacts 

The mean friction and mean ECR per cycle are shown in figure 8 for (a) Ag-Ag (larger probe, 

50 mN) (b,c) Ag-Ag 200 mN (d,e) Au-Au 200 mN. The mean friction coefficients and ECR 

over the first 500 and 5000 cycles in the longer tests are summarised in Table 4. 

Directionality was observed in contact resistance but was largely absent in the friction signal. 

In each test there were periodic dramatic increases in resistance which were accompanied by 

simultaneous rises in friction (e.g. after ~13500 and ~26000 cycles in the 200 mN test on Ag-

Ag). Close examination of the event after ~13500 cycles is shown in figure 8(c) (confirms the 

change in friction). Aside from these events however, the friction and resistance were 

strongly inversely correlated. For the Au-Au there were two distinct types of resistance 

increase, either (i) approximately constant in forward and reverse directions or (ii) isolated 

failures occurring over a small portion of the sliding cycle, being more pronounced in one 

direction than the other. The first significant failure was preceded by a decrease in resistance 

and an increase in friction.   
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5. Discussion 

5.1 Influence of surface topography and ploughing on friction evolution 

There is reasonable agreement between the friction coefficient (~0.2) measured in the low 

cycle repetitive scratch test and that in the initial stages of the reciprocating tests on the silver 

alloy. In the model proposed by Bowden and Tabor the total measured friction force can be 

considered to be the sum of the interfacial and ploughing terms (equation 3). 

 = a + pl [Eqn. 3] 

where a = interfacial/adhesion component of the friction coefficient and pl = ploughing 

component. This 2-term equation has previously been used to explain the experimentally 

observed variation in friction with increasing number of cycles in the repetitive scratch test 

[9,26]. When the ploughing friction is sufficiently reduced by the repetitive cycling the 

measured friction has been taken as an estimate of the interfacial component [26]. The extent 

of quantitative correlation between the friction coefficient in the repetitive scratch and 

reciprocating wear tests to a large extent depends on the magnitude of the ploughing 

component in the tests, which is a function of the indenter geometry and applied load. The 

change in friction with load and cycles in the repetitive scratch test is consistent with changes 

in the ploughing term. The closeness of friction coefficients obtained from the ramped and 

constant load sections suggests a more efficient testing protocol than using only mean values 

from constant load segments in multi-cycle tests. For an instrument with sufficient lateral 

rigidity as the one used in this study, it is possible to obtain much more information from 

repetitive ramped scratches. 
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The initial cycles in the repetitive scratch test are dominated by changes due to wear altering 

the local surface topography within the scratch track. The variability in friction coefficient 

due to topographical variation along the scratch track decreased dramatically with each cycle. 

On smooth surfaces, it is possible to estimate the contact pressure in a repetitive scratch test 

by a Hertzian approach [27]. Applying this approach to the data in figure 7(d) results in an 

initial pressure of 2.7 GPa decreasing to 1.5 GPa after 20 cycles. The scratch width increased 

from 9.6 to 12.6 m. As shown by Korres et al [19], there is a correlation between track 

widening and the ploughing component to friction. 

The initial decrease in friction in the reciprocating tests on 316L stainless steel, reducing 

ploughing friction through smoothing of surface asperities, was also observed in 10-cycle 

nano-scratch tests at 30 mN with a 3.7 µm radius diamond [9] (data converted to friction 

coefficient in figure 9) and in 1 N tests on copper with a 100 m radius probe [26]. The 

higher friction measured in previous repetitive scratch tests with the smaller radius (3.7 µm) 

spheroconical probe are consistent with on-load scratch depths moving from the spherical to 

conical geometry. 

The surface/near surface microstructure of the alloy may also evolve during sliding and 

influence the friction. With continued sliding grain refinement and/or formation of a 

tribologically transformed structure (TTS) has been reported for many alloys [14,21,26,28-

32]. Suresh and co-workers have reported grain refinement resulting in an increase in 

hardness within the scratch track on Cu [26,30]. Cai and Bellon have shown that pin-on-disc 

wear tests of eutectic Ag-Cu (Ag-28.1wt.%Cu) resulted in grain refinement and work 

hardening within the wear track [31]. Laporte and co-workers used EDX measurements to 

show that a mechanically mixed layer (tribologically transformed structure) forms in 

multilayer sliding contacts with Ag top layers, with significant tribo-oxidation within the 
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wear track [14]. In the current work EDX maps of the wear tracks on the silver alloy revealed 

no oxidation within the track. EDX revealed Cu-rich regions of the unworn alloy. This 

structure was clearly visible by EDX in scratch tracks and in wear tracks from the 

reciprocating tests at 50 mN but in the 200 mN tracks there was some evidence of a TTS as 

the Cu distribution within the track was more uniform, indicating material movement and the 

formation of a more mechanically mixed layer. 

A simplified single-term adhesion model for friction has previously been used to estimate the 

friction coefficient in clean, smooth, unlubricated noble metal contacts [33]. When ploughing 

is minimal, according to this model the friction force is the product of shear strength and the 

area of welded junctions between contacting asperities [34] (i.e. the force necessary to shear 

these junctions). The coefficient of friction is then expressed as the ratio of shear stress to 

normal stress. Assuming that the shear strength is approximately half of the yield strength, Y, 

and the contact pressure is ~3Y when asperities are in plastic deformation, results in an 

estimate of 0.17 for the friction coefficient. Notwithstanding the simplicity of this approach, 

when ploughing is minimised the measured friction coefficient was often close to this, being 

around 0.15-0.2 for the silver alloy for example.  

5.2 Wear behaviour of 316L stainless steel and Ti6Al4V 

Marked differences between the alloys were observed. Stainless steel exhibited a ductile 

response throughout the load range. The friction force over a single cycle showed some 

variability due to the local surface topography which was more evident at the lowest load of 

10 mN. Above 200 mN the wear depth increased more strongly with load than at lower load, 

and the friction reduction with cycling was more pronounced, consistent with a gradual 

change in attack angle as the probe geometry moves from the spherical end cap to the conical 

part. In contrast, an abrupt transition to higher friction and fracture-dominated wear after ~20 
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cycles occurred at 50 mN on Ti6Al4V, resulting in higher final wear depth (figure 5(b)). 

The variation in the number of cycles to failure was expected due to the complex 

microstructure/local mechanical property variation in this alloy. 

Nanoindentation tests with a Berkovich indenter at 100 mN, i.e. a sufficiently high load that 

the native surface oxide (1.9 nm for 316L stainless steel [35] and 4-5 nm for Ti6Al4V [36-

37]) does not affect the results, have shown that Ti6Al4V is somewhat harder but lower in 

elastic modulus than the 316L stainless steel. This combination of mechanical properties 

results in higher elastic strain to break (H/E) and resistance to plastic deformation, H
3
/E

2
. At 

lower load wear appears to be controlled by its mechanical properties, resulting in more 

elastic deformation and lower wear depth than 316L stainless steel. 

EDX oxygen mapping across the 316L and Ti6Al4V wear tracks provide information on the 

nature of the TTS formed in the 500 cycle tests. On Ti6Al4V the amount of oxygen 

enrichment in the wear track was strongly load-dependent. For the tests at 20-40 mN there 

was no enrichment in the wear track (so EDX maps were completely featureless), slight 

enrichment at 50 mN and more significant oxygen from 70 mN. The changes in friction with 

continued cycling were accompanied by roughening of the wear track. To illustrate this figure 

10 (a,b) shows how the surface profile over the central part of the wear track changes from 

near the start (a = cycle 2) to the end (b = cycle 499) at 20 mN (i.e. below the transition, so 

little roughening). In comparison, friction and surface profiles from a test at 100 mN are 

shown in figure 10 (c-e) for cycles 6, 20 and 250 (before/after the transition). In contrast on 

the 316L stainless steel there was no oxygen enrichment in the wear track at 100 mN and 

only very slight enhancement at the edges of the track at 200 and 500 mN. 

We have previously investigated the tribologically transformed structures that form after 

reciprocating wear of 316L stainless steel and Ti6Al4V using FIB-imaging, EDX [21] and 
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nanomechanical measurements [32]. There are clear differences between the TTS on these 

biomaterials. On Ti6Al4V the TTS is much thicker and EDX shows it is accompanied by 

significant surface oxidation whereas on 316L it is much thinner and tribo-oxidation revealed 

by EDX is much less. It was shown that these structures form rapidly and initially increase 

hardness on both materials. After further wear cycles on Ti6Al4V there was a transition to a 

softer and less stiff TTS that is more porous [21,32]. 

The EDX measurements in the current study are in good agreement with the previous work 

[21] and provide further support for the influence of the TTS on the measured friction. When 

the native oxide is still present in the wear track it protects the underlying alloy enabling a 

hard, low friction TTS to form. With continued cycling at higher load the depth increases on 

Ti6Al4V there is a transition from the spherical end cap to the conical part of the tip 

increasing the attack angle which can influence the dominant deformation. Several authors 

have reported a transition from ploughing wear to cutting as the attack angle increases [38]. 

On Ti6Al4V this more severe contact results in break-up of the protective oxide leading to (i) 

much higher friction (ii) increase in oxygen (iii) rougher and more porous surface with 

reduction in mechanical properties. 

The friction and wear evolution in the Ti6Al4V tests has some parallels with what has been 

observed previously in nano-fretting (gross slip) and nano-scratch (unidirectional) tests on 

this alloy [39]. Abrupt transitions with load were observed in reciprocating nano-wear (nano-

fretting) tests (diamond, R = 3.7 m end radius, 3000 cycles over 10 m track length at 10 

Hz). At 1-3 mN there was minimal wear but there was a transition to severe wear from 4 mN. 

In repetitive nano-scratch tests at 30 mN with the same probe the friction and wear rate 

remained high with continued scratch cycles, and were accompanied by a large decrease in 

scratch recovery, consistent with less effective formation of a protective, load-supporting 
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TTS (in comparison to 316L stainless steel and CoCrMo where the wear rate and friction 

rapidly reduce and the reduction in scratch recovery is much less, indicating formation of a 

protective TTS). SEM images of repetitive nano-scratch tracks reveal similarities with the 

higher load reciprocating tests, with non-smooth profile within the track (i.e. indicative of 

cold-welding/adhesive stick-slip) consistent with the highly variable scratch depth along it 

[39]. 

Complex microstructure and susceptibility to brittle deformation makes wear difficult to 

predict in Ti6Al4V tribosystems [40-43]. Several factors appear responsible for the 

tribological behaviour on the Ti6Al4V with marked transition to more severe wear as the load 

increases. It has a harder surface oxide [44] which effectively protects the underlying alloy at 

low load. Removal of the hard oxide layer with increasing cycling at higher load exposes the 

Ti alloy surface. In fretting-wear studies its wear rate is typically an order of magnitude 

higher than 316L stainless steel despite the much lower hardness of the steel [21,32]. 

Molinari and co-workers have noted that the surface oxide which forms in dry sliding of 

Ti6Al4V can be very thick but oxygen tends to embrittle the matrix reducing its mechanical 

strength [42]. Li et al noted that the tribolayers on Ti6Al4V were relatively porous with a 

high number of cracks [43]. Dong and Bell reported that in pin-on-disc tests wear of an 

alumina ball sliding against Ti6Al4V was three orders of magnitude higher than when sliding 

against hardened steel [41]. Break-up of the weak surface oxide on the titanium surface was 

considered responsible.   

In contrast, in the current tests on 316L stainless steel the oxide is intact through the load 

range, resulting in ploughing and low friction. Under these conditions a hard, thin TTS can 

develop with continued cycling. Pile-up is more significant in sliding contact than indentation 

and is also influenced by H/E and a/R (where a is the contact radius and R is the indenter 

radius) [45-46]. There is more pile-up on 316L stainless steel due to its lower H/E. 
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5.3 Combining friction and ECR in reciprocating sliding in noble metal contacts 

A very low number of cycles to failure accompanied by a rapid rise in friction is typical of 

unlubricated electroplated Au sliding [33]. Tian and co-workers reported a multi-stage 

deformation in sphere-on-flat reciprocating sliding tests between electroplated gold contacts 

(Au-Ni vs Au-Ni) on brass substrate [10]:- (i) in stage I sliding was Au-Au with removal of 

the gold layer was associated with a significant rise in friction to µ~0.8 after about 90 cycles 

(ii) sliding was Au-Nickel in stage II with µ decreasing to ~0.4-0.5 and (iii) from ~200 cycles 

sliding was Au-brass in stage III with µ increasing to ~0.6-1.2 and becoming more variable. 

A similarly low number of cycles to failure and multi-stage process were also observed on 

the connector studied in this work. The observed variability in the time-to-failure being most 

likely related to differences in local surface roughness (at ~100 nm, the Ra was > thickness of 

the electroplated gold layer). Liskiewicz and co-workers have recently shown that surface 

roughness can exert a strong influence on the endurance of electrical connectors for 

automotive applications in fretting tests [47]. 

There are distinct benefits of combining ECR and friction measurements as they may be able 

to provide complementary information. Differing reports in the literature exist regarding the 

level of correlation between the two measurements. Prasad and co-workers reported an 

inverse correlation between the coefficient of friction and the electrical contact resistance for 

copper contacts in the mild wear regime (0.2 < µ  0.4) [48]. High contact resistance for µ < 

0.2 was considered to be due to an oxide layer at the interface. Tamai [49], Tian [10] reported 

a complete lack of correlation between friction and the electrical contact resistance. In these 

studies there was little or no change in contact resistance [10] or friction [49] to sliding wear 

whilst the other parameter was sensitive to it. Tamai argued that increasing resistance due to 

oxide debris may not alter the friction if the debris strongly adheres to the sliding surfaces 
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and does not change the shear strength. Tian et al stated that contact resistance is not a good 

indicator of the sliding failure of electroplated contacts in laboratory tests [10] but the results 

in this current work do not support this as a general conclusion. 

There were notable differences between the behaviour of the noble metal alloy systems and 

the electroplated multilayer thin film, most obviously that the number of sliding cycles 

required for failure of the bulk alloy was much larger than for the thin film interconnector 

system. In contrast to the multilayer films sliding against the nominally axisymmetric steel 

ball, the Au and Ag alloys sliding against connector pins with more complex (non-

axisymmetric) geometries showed marked directionality in the contact resistance once failure 

was initiated. The mean value of the electrical contact resistance over a single cycle loses this 

directional information but provides a convenient measure of changing behaviour with the 

number of cycles. 

The tests shown in fig. 8 have revealed a complex relationship between friction and electrical 

contact resistance. For the alloy systems, the friction and contact resistance generally 

decrease over the first few cycles [figure 11 (a,b)]. The decrease in contact resistance is 

consistent with the asperities on the probe and disk being smoothed out which increases the 

contact area. The decrease in friction occurs due to a reduction in ploughing, with a possible 

contribution from grain refinement [31]. ECR is higher for the tests with the larger probe at 

lower load as it is more difficult to flatten asperities so this is less efficient and takes longer. 

Correlation between the friction and ECR, when both increase dramatically and subsequently 

recover, is likely to be largely topographic in nature, with non-conducting non-noble metal 

oxide debris trapped in the contact increasing the contact area. In the 35000 cycle Ag alloy-

Ag alloy test the two obvious increases in friction and resistance (after 13500 and 26000 

cycles) may relate to oxide debris being trapped in contact that eventually is removed from 

the sliding contact. The inverse correlation observed otherwise may be related to changing 
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metallic/non-metallic composition of the contact, e.g. where the metallic contact area is 

decreasing this could be due to more (previously buried) oxide fragments in the contact, as 

suggested by Prasad and co-workers in the reciprocating wear of copper sliding contacts [48]. 

The general behaviour on the Au-Au was similar with a decrease in resistance and increase in 

friction preceding the first isolated failure of the Au-Au couple suggestive of an increase in 

metallic contact area. 

 

6. Conclusions 

The stability to perform long duration reciprocating tests, including a 35000 cycle (46 hr) 

test, has been demonstrated. Integrating the capability for high cycle, long duration 

reciprocating nano-/micro-scale tests into a commercial instrument extends the versatility of 

the multi-functional test instrumentation. In reciprocating tests noble metal-noble metal 

contacts (Au-Au and Ag-Ag) showed much longer endurance than gold vs. steel contacts. 

Improved detection of the onset of wear and the subsequent failure mechanisms was possible 

by simultaneously monitoring friction and ECR. Changes in electrical contact resistance 

showed a complex correlation with changes to the measured friction, through changes in the 

electrically conductive contact area.  

In reciprocating nano-wear tests with diamond probes the biomedical alloys Ti6Al4V and 

316L stainless steel showed markedly difference behaviour as a function of applied load. 

Stainless steel exhibited a ductile response throughout the load range. At higher loads on 

Ti6Al4V there was an abrupt transition to higher friction and fracture-dominated wear after 

~20 cycles, as illustrated by the data in figures 4 and 5. 
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The repetitive ramped scratch approach tested here has the potential to provide significantly 

more data on the evolution of the friction with cycling than the constant load repetitive 

scratch test. 
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Tables 

Table 1 Typical test conditions in various NanoTest Vantage microtribological tests 

 Nano-scratch Nano-fretting NanoTriboTest 

Motion Unidirectional Reciprocating Reciprocating 

Sliding speed 

(mm/s) 

0.001-0.1 0.01 1-10 

Track length (mm) 0.01-1 0.02 1-10 

Number of cycles 1-20 1000-200000 100-30000 

Total sliding 

distance (m) 

0.00001-0.01 0.01-0.1 1-300 

Probe radius (µm) 5-25 10-200 25-5000 

 

Table 2 Conditions in reciprocating nano-wear tests vs. metallic probes 

Sample Probe Load 

(mN) 

Track 

length 

(mm) 

Set I (A) Cycles Time (s) Sliding 

distance 

(mm) 

Au 

multilayer 

Steel 10 5 0.1 ~200 1000 2000 

Ag alloy Ag alloy 50 10 0.5 1221 5746 24420 

Au alloy Au alloy 200 5 0.5 11532 54908 115320 

Ag alloy Ag alloy 200 5 0.1 35000 166482 350000 
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Table 3 On-load and residual depths after 20 cycles at 200 mN* 

 ht (µm) hr (µm) SR 

Test #1 1.58 ± 0.17 0.92 ± 0.21 41.4 

Test #2 1.42 ± 0.14 0.98 ± 0.15 30.9 

Test #3 1.45 ± 0.23 0.83 ± 0.25 42.6 

* Scratch recovery (SR) was determined from the on-load depth (ht) and residual depth (hr). 

Mean and standard deviation data are taken over the entire track distance scanned at peak 

load i.e. from 250-1000 µm. 

 

Table 4 Mean friction coefficient and ECR over 500 and 5000 cycles in noble metal alloy 

contacts 

 Ag-Ag, 50 mN Ag-Ag, 200 mN Au-Au, 200 mN 

 500 cycles 500 cycles 5000 cycles 500 cycles 5000 cycles 

Friction 

coefficient 

0.14 ± 0.03 0.21 ± 0.03 0.15 ± 0.02 0.09 ± 0.01 0.09 ± 0.02 

ECR () 0.09 ± 0.08 0.03 ± 0.03 0.14 ± 0.12 0.01 ± 0.00 0.02 ± 0.01 
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Figure captions 

1. (a) Experimental setup for reciprocating wear with PI stage (b) Illustrative velocity vs. 

time profile in a reciprocating test, showing 3 cycles at 0.5 mm/s velocity and 5 s 

trace-retrace cycle duration. 

2. Reciprocating tests on 316L stainless steel. (a) Friction coefficient vs. cycles at 10-

500 mN (b) on-load wear depth vs. cycles. (c) SEM images of the wear tracks (d) high 

magnification image of 500 mN track. 

3. Reciprocating tests on Ti6Al4V. (a) An example test at 100 mN example showing 

transition (b) friction loops before (closed squares), just after the transition (closed 

triangles) and at the mid-point (open circles) of the 500 cycle test. (c) Energy 

dissipation vs. cycles (d) cumulative energy dissipation vs. cycles. 

4. SEM images of wear tracks on Ti6Al4V at (a) 30 mN (b) 40 mN (c) 50 mN (d) 70 

mN (e, f) 100 mN.  

5. (a) Friction coefficient vs. cycles on 316 L stainless steel and Ti6Al4V at 30 and 50 

mN (b) Final wear depth at 50-500 mN on 316 L stainless steel and Ti6Al4V. 

6. Reciprocating tests on electroplated gold. (a-d) friction and ECR for 4 time segments 

(a) 280-350 mm sliding distance; 133-166 s; (b) 350-420 mm sliding distance; 166-

199 s; 420-490 mm sliding distance; 199-232 s; d 910-980 mm sliding distance; 432-

465 s. (e) Mean µ and ECR vs. cycles in a typical test and (f) corresponding non-

averaged ECR (g) ECR vs. cycles from 6 repeat tests. 

7. Nano-scratch. (a) friction coefficient vs. cycles at 50 mN (b) Load history repetitive 

scratch at 200 mN (c) friction coefficient vs. load for 1,5,10,20 cycles (d) depth and 

scratch recovery in repetitive scratch at 200 mN (e) SEM image of 200 mN scratches 

(f) variation in topography for pre-scan and after scratches 1-5. Data offset in y-axis 

for clarity (pre-scan is lowest y, scratch 5 is highest) (g) comparison of on-load and 

topographic profile for #5,#6.  

8. Mean friction and mean resistance per cycle (a) Ag-Ag (larger probe, 50 mN) (b) Ag-

Ag 200 mN (c) Ag-Ag 200 mN; event after ~13500 cycles (d) Au-Au. (e) 0-5000 

cycles on Au-Au. (full red circles = friction coefficient; open blue circles = ECR). 

9. Friction coefficient vs. cycles in repetitive nano-scratch testing of Ti6Al4V and 316L 

stainless steel with 3.7 µm end radius diamond probe. 

10. Friction and surface profile correlations. Ti6Al4V at 20 mN, (a) = after 2 cycles, (b) = 

after 499 cycles. Ti6Al4V at100 mN, (c) = after 6 cycles, (d) = after 20 cycles, (e) = 

after 250 cycles.  

11. Friction (a) and resistance (b) decrease over the first 50 cycles in noble metal-noble 

metal contacts. 
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