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Abstract 

Reciprocating micro-scale sliding tests and micro-scale repetitive impact tests were 

performed with diamond probes on un-doped, Si-doped and W-doped diamond-like carbon 

(DLC) coatings on hardened steel with a nanomechanical test instrument. Analytical 

modelling showed that differences in coating behaviour during sliding contact could be 

interpreted by differences in the stress distribution that develops. The softer W-doped DLC 

exhibited the lowest wear resistance in reciprocating sliding. The deformation in the wear 

track under the test conditions (R = 25 µm, P  500 mN, total sliding distance = 1 m) was 

largely controlled by plastic deformation and hence hardness, since micro-scale fatigue wear 

was only a small contributor. The relationship between friction and wear was more complex, 

due to the changing influence of surface topography, asperity ploughing and wear with 

increasing reciprocating sliding cycles. The Si-doped DLC showed the lowest resistance to 

repetitive impact. The hardest and highest H
3
/E

2
 coating, un-doped DLC, was also 
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susceptible to fracture throughout the load range. Although the W-doped DLC was the softest 

coating studied and had low wear resistance in reciprocating sliding, it was significantly more 

damage tolerant to repetitive impacting than the other coatings despite its low hardness and 

low wear resistance in reciprocating tests.  

Keywords: Diamond-like carbon; Micro-/Nano-scale Friction; Ploughing; Impact 

1. Introduction 

Deformation and wear begins at the asperities between contacting surfaces [1-5] but the 

contact pressures acting on these are not generally accurately known in a macro-scale 

tribological test with multi-asperity contact. The contact zone is hidden and the real area of 

contact is initially a small fraction of the apparent contact area [3,4,6]. The actual contact 

pressure during the running-in phase is therefore significantly higher than the nominal 

calculated Hertzian pressure.  The simplified contact conditions in single asperity tribological 

tests with much lower forces and sharper probes provide an alternative approach to study the 

onset of wear, its correlation with friction, and the influence of surface topography and 

mechanical properties. [4-5,7-8] With their small radius probe tips, higher resolution and low 

noise floor atomic force microscopes (AFMs) have been used for single asperity tribological 

tests [7,9], although there are certain limitations including (i) short track distances (ii) low 

sliding speed (iii) high contact pressures (iv) susceptibility to probe wear due to the small tip 

radius. TEM single asperity and MD approaches have also been used to study the onset of 

wear in single asperity contacts [8,10-12]. Another popular approach is to use a nanoindenter 

with typically larger probe radii (often in the micron range) and larger available force range 

to perform nano-scratch tests [13]. Contact pressures in ramped load nano-scratch tests are 

often necessarily high (due to the requirement to cause coating failure in a single cycle) and 

the ploughing component to the friction force can be relatively large. The contact pressure 
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remains high in a repetitive sub-critical load scratch test, where the conditions are chosen so 

that the peak stresses can be placed in the coating or in the vicinity of the interface. The test 

shows enhanced sensitivity to subtle differences in interfacial bonding strength [13], although 

the number of repeat cycles in the tests has been typically low. 

Nanoindenters and microtribological instruments have been used by several researchers to 

study solid lubricant coating behaviour in reciprocating friction and wear tests at the mN 

force range [14-25]. Schiffmann studied the correlation between friction and the evolution of 

elastic, plastic deformation and wear in reciprocating testing of DLC and Si-doped DLC on 

glass. Stoyanov and co-workers studied the microtribological properties of Au, Au-MoS2 

composite and Au/MoS2 bilayer coatings showing improved behaviour in reciprocating tests 

for the composite and bilayers, and ex-situ characterisation of the wear track revealing 

tribofilm formation [23-24]. Achanta and co-workers performed reciprocating sliding tests at 

different length scales and showed that the topographical influence on friction was significant 

at small scale contact [15,17,19]. At NPL Gee and co-workers developed a microtribometer 

that could be used as a bench top system or in an SEM [18,20]. Wilson and co-workers 

described a modular addition to a commercial nanoindenter with stability to run reciprocating 

(nano-fretting) tests to over 200000 cycles [21-22]. In the nano-fretting test the much larger 

number of cycles that can be conveniently run enables tests at lower stresses (via probes with 

larger radii and/or using 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 was 

studied in wear of amorphous carbon films [21-22]. 

An additional microtribology capability has been implemented in the same modular 

commercial nanoindenter and validated on biomedical alloys and sliding interconnector 

materials [26]. When electrically conductive probes were used improved detection of the 

onset of wear and the subsequent failure mechanisms was possible by a multi-sensing 
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approach simultaneously monitoring friction and electrical contact resistance. The larger 

sliding speeds and larger sliding distances than in other microtribological tests enable longer 

duration high or low contact pressure tests. Higher sliding speeds enable direct replication of 

those in MEMS contacts [27]. Table 1 (a) compares the typical conditions in the new 

capability for nano-scale reciprocating wear to AFM nano-wear and to other approaches for 

multi-pass sliding contacts with the same instrumentation.  

In this work it has been used to study the micro-scale friction and wear of DLC coatings in 

reciprocating tests over sliding distances that were large in comparison to those normally 

used in micro-scale testing. Low friction diamond-like carbon (DLC) coatings are applied to 

many components in the automotive power train such as tappets, pistons, piston rings and 

fuel injectors [28-29]. Friction reduction in automotive engines reduces fuel and helps meet 

environmental and legislative requirements [30-32]. With power train trends to downsizing, 

turbocharging, low lubricant viscosity and start-stop the number of components operating in 

boundary/mixed lubrication regime will increase. Under boundary conditions the surface is 

critical to achieve low friction and wear. In several of these applications repetitive impact or 

impact-sliding may also occur [29]. Additional deformation mechanisms can occur in cyclic 

tests that are not observed in single loading tests [33-35]. A recently developed micro-impact 

test, using a diamond probe of similar sharpness to that used for the micro-scale reciprocating 

tests, can be used to study fracture resistance and damage tolerance. 

The micro-scale reciprocating wear and repetitive impact tests have been used to investigate 

the performance of Si-doped and W-doped DLC coatings in comparison with a typical hard 

un-doped DLC. W-doped DLC has been shown to perform well in a wide range of 

tribological conditions [36]. Si-doped DLC has low friction and has been evaluated for a 

range of applications, although it has been noted that its wear resistance can be inferior to un-

doped DLC [37]. Their behaviour in reciprocating nano-wear [25], nano-scratch and micro-
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scratch tests [38] has been reported previously. Since their relative performance was found to 

be dependent on the testing conditions [25,38] it is of interest to study how they perform over 

longer sliding distances and higher sliding speeds, while maintaining the same probe 

geometry as in the micro-scratch tests. The relationship between wear and friction was 

investigated with support from simulated stress distributions. Their behaviour under 

repetitive impact was compared to tests on other carbon coatings [39] under the same 

experimental conditions to improve understanding of the role of coating mechanical 

properties on their damage tolerance. The differences in test probe geometry, applied load 

and number of cycles in the previous studies and the new reciprocating wear and micro-

impact tests are summarised in Table 1 (b). 

 

2. Experimental 

2.1 Materials 

Multilayer coatings with a-C:H (un-doped DLC) and Si-a-C:H (Si-doped DLC) top layers 

were deposited on hardened M2 tool steel with a PECVD Flexicoat 850 system (Hauzer 

Techno Coating, the Netherlands). a-C:H:W (W-doped DLC or WC/C) was a commercial 

coating, Balinit C Star, deposited on hardened M2 tool steel by Oerliken Balzers. According 

to the manufacturer specification, Balinit C Star is applied in a single-pass vacuum process at 

temperatures between 180 and 350 °C, resulting in a homogeneous coating with 

multilamellar structure with WC-rich/C-rich phases alternating every few atomic layers [40]. 

There is a hard CrN sub-layer for load support and improved adhesion to the steel substrate. 

EDX surface measurements on the commercial W-doped DLC coating showed 66.9 wt.% W, 

25.2 wt.% C with a minor amount (5.3 wt. %) of Ni also present that was presumably residual 

contamination from a previous coating run.  EDX surface composition was 95.0 wt.% C, 3.6 
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wt.% W for a-C:H and 67.5 wt.% C, 22.1 wt.% Si, 5.4 wt.% W and 3.5 wt. % O for Si-a-C:H.  

In the a-C:H and Si-a-C:H coating systems the adhesion layer is a 300 nm Cr and then 

gradient tungsten carbide layers are applied to adapt the elastic modulus of the soft substrate 

to the elastic modulus of the hard top coating, improving of the coating’s ability to resist both 

abrasive and impact fatigue wear. The Cr layer was deposited using magnetron sputtering, 

while the WC layer was deposited using magnetron sputtering with the gradual introduction 

of Acetylene gas to the complete PACVD stage, thus creating a functional gradient layer in 

one continuous deposition process. The Si-a-C:H was doped with silicon using 

hexamethyldisiloxane (HDMSO) precursor. Thickness of the coatings was assessed by ball 

cratering (Calotester, Tribotechnic, France). Full details of the composition, thickness and 

mechanical properties of the coatings are shown in Table 1(a). In this publication the coatings 

are referred to by their top layer composition. Nanoindentation and micro-scratch tests were 

performed using the NanoTest Vantage (from Micro Materials Ltd., Wrexham, UK). The 

micro-scratch tests with a spheroconical diamond probe of end radius 25 m were carried out 

as 3-scan procedures involving a pre-scan surface profile, ramped load scratch and final post-

scan surface profile as described in ref. [38]. The critical load data previously shown 

graphically in [38] are tabulated in Table 1(b). The Ra surface roughness was 11-12 nm on all 

the coatings. 

2.2 Micro-scale reciprocating wear testing 

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

module including a reciprocating stage (PI, Germany) controlled within the NanoTest 

software was used for the reciprocating tests. 500-cycle reciprocating wear tests were 

performed at 10-500 mN with a diamond indenter of 25 m end radius as the test probe. In 

the reciprocating tests the track length was 1 mm and the maximum sliding velocity was 0.5 
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mm/s. The sliding velocity was at its maximum over the central 90% of the track and linearly 

reduced to zero at the turn-around points. The total sliding distance was 1 m. For each coating 

there were 3 repeat tests at 10, 100 and 500 mN, with additional tests at 50 mN and 200 mN 

on a-C:H, and at 50, 200 and 300 mN on Si-a-C:H. The friction force and the raw (i.e. 

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

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

the reciprocating stage gradually expands during the tests and no thermal drift correction was 

applied in this work the on-load depth data were only used to assess changes in 

roughness/topography as the test proceeded. Final wear widths were determined by confocal 

microscopy of wear tracks (Keyence VHX-6000). The (dynamic) friction coefficient was 

determined in software from the energy dissipation during full sliding (Eqn. 1) using an 

approach similar to that employed by Fouvry and Liskiewicz for friction measurement in 

fretting tests [41]. 

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

The Surface Stress Analyzer (SSA, from SIO, Rugen, Germany) which uses a physical-based 

analytical methodology to determine simulated stress distributions of the von Mises, tensile 

and shear stresses during sliding was used to provide simulated stress distributions of the 

initial sliding contact in the reciprocating tests and in nano-fretting tests at 100 mN with a R = 

5 m probe. Input parameters for the simulations were (i) mechanical properties of the 

coating (taken as monolayered) and substrate, i.e. hardness (H), elastic modulus (E) and the 

ratio of hardness to yield stress Y, H/Y (ii) coating thickness (iii) Poisson ratios (iii) probe 

radius, applied load and measured friction coefficient (taken from previously published 

micro-scratch test data on these coatings with a diamond indenter of the same nominal 
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geometry). H/Y varies strongly with H/E [42-43]. H/Y was set to 1.2 for the coatings and 2.5 

for the hardened steel substrate. 

2.3 Micro-scale impact testing 

Micro-impact tests were performed on a NanoTest Vantage system (Micro Materials Ltd., 

Wrexham, UK) using a spheroconical diamond of end radius 18 µm, as determined by 

indentation testing on fused silica, as the impact probe. The area function of the probe did not 

change after the impact tests. The impact energy and effective impact force in an impact test 

can be controlled by varying the static load and the accelerating distance [44]. In these tests 

the accelerating distance was set at 40 m from the initial coating surface and the applied 

load varied from 500-2000 mN. The load was applied when the indenter is separated from the 

test surface by the accelerating distance and the load was maintained throughout the impact 

process. After the probe came to rest it was retracted and the surface re-impacted at the same 

position, at 4 s intervals. The test duration was 300 s, resulting in 75 impacts in total. For 

each load there were 5 repeats which were separated by 100 µm. The raw test data are the 

continuously recorded impact probe position vs. time. A software routine was written to 

convert these to give the mean depth on coming to rest after each impact. The depth vs. 

impact cycles data in the figures are under-load, so include the elastic, plastic/fracture 

deformation. The mean depth data are reported after removing the contribution from the 

compliance of the test frame. 

3. Results 

3.1 Micro-scale reciprocating wear 

The sensitivity to detect local changes in friction along the scratch track is illustrated by 

figure 1(a) which shows the raw friction vs. sliding distance data from a test on a-C:H at 500 
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mN where a change from lower to higher friction occurred rapidly over a few cycles. Figure 

1(b) shows friction loops for selected cycles before and after this transition. The slope of the 

near-vertical section at the beginning and end of the friction loops is the total contact stiffness 

of the tribosystem, which was ~2000 N/m for the tests at 500 mN. The initial friction 

coefficient was 0.08-0.10 under all conditions. The evolution in friction coefficient with 

cycles at 10-500 mN is shown for each of the coatings in figure 2(a-c). At 10 mN the mean 

friction coefficient averaged over the wear track showed more fluctuations than at higher load 

for all three coatings. On a-C:H there was a slight decrease with continued cycling at 50-200 

mN but at 500 mN there was a transition to higher friction during the tests. Figure 3(a) shows 

the behaviour in the 3 repeat tests at this load. There was larger variation in the friction over 

the wear track and in the mean friction per cycle during the test that showed fracture and 

partial removal than in the other two tests. On Si-a-C:H the friction varied little with 

continued cycling at 50-200 mN but at 300 mN there was a transition to a more periodic 

friction, although the mean coefficient of friction was unchanged, as illustrated by the three 

tests at 500 mN in fig. 3(b). On a-C:H:W there was an initial increase in friction at 100 mN to 

0.1 before a gradual decrease to µ = 0.09. At 500 mN there was a gradual decrease to a final 

friction coefficient of ~0.075 (fig. 3 (c)). 

SEM images of wear tracks at 500 mN are shown in (figure 4 (a-d)). For a-C:H the wear was 

relatively low in two of the three tests at 500 mN (one of these is shown in figure 4(a)). 

However, in the other test on a-C:H there was coating failure over a large part of the track. 

Figure 4(b) shows a typical transition region between fractured and non-fractured wear track. 

For the fractured regions EDX revealed Cr and W exposure in the track. The wear depth 

measured during the test was ~1.5 m greater in these regions than in the less worn regions. 

The wear depth monitored during the test showed that with continuing cycles the coating 

fractured progressively over more of the 1 mm track. There were abrupt changes in apparent 
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friction on moving between the greater and lesser worn regions. On Si-a-C:H the abrasive 

marks present in the wear track and debris on the sides of the track were more pronounced 

(figure 4 (c)). On a-C:H:W the track was smoother with no debris at the sides (figure 4(d)). 

SEM images (such as in figure 4(a,c and d)) and confocal microscopy showed differences in 

track width, with a-C:H:W being the widest and a-C:H being narrowest. These differences 

were present throughout the load range except at 50 mN where track widths were similar on 

a-C:H and Si:a-C:H and at 10 mN where the Si:a-C:H coating performed best. 

3.2 Micro-scale impact testing 

Illustrative plots of the variation of impact depth with the number of impacts for tests at 500-

2000 mN are shown in Figure 5. On the a-C:H and Si-a-C:H these are characterised by an 

initial period of rapidly increasing depth over the first few impacts. Thereafter the rate of 

increase slowed until there was a transition to a more rapid damage rate which gradually 

slowed, with further transitions between faster and slower damage rates often occurring in the 

higher load tests. On a-C:H:W after the initial rapid increase in depth as on a-C:H and Si-a-

C:H the damage rate continued to decrease through the test so that depth stabilised to reach 

an approximately constant level after a number of impacts. The transition to a more rapid rate 

of damage was notably absent on a-C:H:W, although small events were observed 

occasionally in some of the tests at 1750 and 2000 mN. In these cases the discontinuities in 

depth that preceded transitions to slightly more rapid damage rates were abrupt small depth 

reductions (figure 5(f)). The inflexions in the depth data were also absent in 2 of the 5 tests at 

500 mN on a-C:H but were seen in every test at 750 mN and in all the tests on the Si-a-C:H. 

SEM and optical imaging showed the inflexions were related to the lateral fracture of the 

coating system. Lateral fracture was absent in the tests without the inflexions but present in 

all tests where the inflexions marking the transition to faster damage rate occurred. To more 
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clearly show how the initial damage evolves across the load range the data from fig. 5(a-b) 

are replotted as depth increases after the initial impact depth (i.e. setting depth = 0 for the 

initial impact) for the first 30 impacts in Fig. 5 (d-e). Figs. 5 (d,e) show that the rate of 

change of probe depth before the inflexion on a-C:H and Si-a-C:H was also load dependent, 

with the probe depth approaching a plateau only at the lowest loads. The tests showed some 

variability in the number of impacts required to cause lateral fracture at a given load. The 

variability for a-C:H was larger than for Si-a-C:H. The load dependence of the mean depth 

after a single impact, the depth at fracture failure (for a-C:H and Si-a-C:H) and final impact 

depth are shown in figure 6 (a-c). The figure shows that the probe depth at which failure 

occurred was dependent on load but was much more consistent from test to test. Final depth 

comparison is shown in figure 6 (d). 

SEM images of selected impact craters are shown for each of the coatings in figures 7-9. 

Optical imaging confirmed that the tests on a-C:H at 500 mN without the more rapid 

increases in depth did not show lateral fracture but cracks within the impact crater were 

observed. There did not appear to be any well-developed radial cracks on a-C:H or Si-a-C:H 

but extensive lateral cracking was observed (e.g. as in figs. 7,8). In contrast, on a-C:H:W the 

dominant cracking mechanism was circumferential/radial. From low load there appeared to 

be a single faint circumferential crack, with ~5-7 m radial cracks developing from 1000 mN 

(fig. 9(a)). These gradually increased in number and length at higher loads, with 10-15 m 

long cracks observed at 1750-2000 mN (e.g. figure 9(b)). EDX analysis of impact craters on 

a-C:H showed enhanced Fe, Cr and W at the periphery with C depletion but C remaining in 

the central region. Similar behaviour was observed on Si-a-C:H (fig. 8). EDX analysis of 

impact craters on a-C:H:W revealed no compositional changes, including in the two tests at 

1750 and 2000 mN where there was lateral cracking between adjacent radial cracks. 
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4. Discussion 

4.1 Influence of coating mechanical properties 

The a-C:H, Si-a-C:H and a-C:H:W coatings differed in their mechanical properties and 

behaviour in the micro-scale reciprocating wear and micro-impact tests, and in previously 

reported micro-scratch and nano-fretting tests. In particular the behaviour of the softer a-

C:H:W was very different to the a-C:H and Si-a-C:H. In addition to being the softest of the 

three coatings, the a-C:H:W has lower H/E and elastic recovery in indentation than the other 

coatings. H/E is related to the elastic recovery and elastic and plastic work done in 

indentation through Eqn. 2:- 

Wp/(Wp + We)  1 – x(H/Er) hr/hmax   [Eqn. 2] 

where Wp is the plastic or irreversible work done during indentation, We is elastic 

deformation, Wp/(Wp + We) is a dimensionless plasticity index, hr is the residual indentation 

depth and hmax is the maximum indentation depth [45]. In low load nanoindentation 

measurements where substrate contribution is minimised the plasticity index was 0.30 for a-

C:H, 0.36 for Si-a-C:H and 0.48 for a-C:H:W. It has been reported that high plasticity index 

coatings are less susceptible to cracking whilst hard and elastic coatings with lower plasticity 

can be susceptible to cracking under severe loading as they cannot as easily relieve 

accumulated strain by plastic flow [13, 38, 39]. In the micro-impact test a-C:H:W showed 

circumferential and radial cracking but without the significant lateral cracking which 

occurred from low load on the other coatings. In the micro-scratch test it had higher Lc1, Lc2 

and scratch toughness with more localised coating chipping on failure and substrate exposure 

in the scratch track (i.e. wearing out rather than delamination). However, in reciprocating 

micro-scale wear tests the a-C:H:W had a lower wear resistance than the other coatings, as it 

did in reciprocating 4500 cycle nano-fretting tests at 100 mN with a sharper (R = 5 m) 
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diamond probe [25]. The relative coating ranking in the 500 cycle reciprocating tests with the 

R = 25 m probe is the same as in the reciprocating tests with smaller contact size (nano-

fretting tests) but very different to the impact tests with a similar contact size. 

4.2 Modelling reciprocating micro-scale wear 

In this section analytical modelling of nano- and micro-scratch data has been used to provide 

an indication of the initial stress state developed in the reciprocating sliding tests. Differences 

in reciprocating wear behaviour between the coatings can be understood with reference to the 

stress distribution during initial sliding contact calculated from the probe radii, applied load, 

friction coefficient and mechanical properties of the indenter, coating and substrate. The 

simulation results show the regions where the von Mises stresses are greater than the yield 

stresses so the system is overloaded in these regions and plastic flow is expected. This 

modelling treatment assumes that the coatings are monolayered, single asperity sphere-on-flat 

contact and that the surfaces were perfectly smooth, but nevertheless has proved useful in 

explaining how contact size and coating properties can control the yield location in 

nano/micro-scale scratch and reciprocating tests. The deformation in nano/micro scratch tests 

on DLC coatings can be interpreted as effectively single asperity contact with ploughing 

friction and no/minimal third body wear as the diamond indenters are precision polished to 

low surface roughness and the DLC surfaces are also smooth (Ra ~0.011 m). 

During sliding contact with a R = 25 m diamond probe the deformation was initially elastic 

or very close to it. The 10-500 mN applied loads in the reciprocating tests ranged from well 

below those resulting in plastic deformation in a single micro-scratch (Ly ~400 mN), to 

slightly above although the residual depths were 50 nm at 500 mN [38]. The maximum von 

Mises stresses at 500 mN were located within the coatings but analytical modelling showed 

the location of initial yield was in the substrate due to its lower yield stress. For the lower 
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yield stress a-C:H:W analytical modelling has shown appreciable yielding within the coating 

as well (peak von Mises stress in coating at 400 mN was 9.6 GPa) as the substrate. The 

modelling shows that despite the high stresses developed in the a-C:H and Si-a-C:H coatings 

they remain below the coating yield stress. The on-load and residual depths in the micro-

scratch tests with same nominal probe geometry did not vary noticeably between the three 

coatings to 1500 mN, confirming the role of substrate properties on the initial deformation. 

Analytical modelling of the initial stress distribution was also able to explain differences in 

coating wear in the nano-fretting experiments at 100 mN on these coatings using a sharper 

diamond probe of 5 m end radius. At 100 mN the contact was elastic for a-C:H but there 

was a small region of yield within the coating for Si-a-C:H and more extensive yielded region 

in the a-C:H:W coating (figure 10). Experimentally, critical load for yield in sliding varied as 

in Table 2(b). The analytical results are consistent with these differences in the critical load 

for yield and in on-load and residual depths in scratch and in fretting tests. Although the wear 

rate was lower on a-C:H fully elastic contact was not observed in reciprocating sliding due to 

higher contact pressure at asperities on the coating surface. Initial pressures at 500 mN in the 

reciprocating wear tests were ~14 GPa. The initially very high pressures in the sliding contact 

were reduced by plastic deformation and wear, with track width measurements from SEM 

imaging implying the greatest decrease for a-C:H:W (to ~4 GPa) and the least for a-C:H (to 

~7 GPa). 

Micro-fatigue and cracking 

In sliding the shear stress distribution is asymmetric with maximum compressive stress in 

front of the probe and a maximum tensile stress behind which results in cracking when it 

exceeds the fracture strength of the coating [46-49]. The load required for cracking (Lc1) at 

the rear of the contact due to high tensile stress of ~5.5-6.3 GPa was 1800 mN in the micro-
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scratch test, i.e. well above the 10-500 mN in the reciprocating tests [38]. Below the critical 

load crack formation is possible due to low cycle fatigue. Schiffmann noted that periodic 

loading in reciprocating sliding leads to an accumulation of plastic deformation and/or 

densification of the material that gradually increases the subsurface stress in the coating 

[14,16]. After a number of wear cycles micro-cracks may be formed even though the critical 

load is not exceeded. Apparent wear at the micro-scale is a combination of material removal 

and plastic deformation [14,23]. Under these conditions (R = 25 µm, P  500 mN) the friction 

measurements and SEM of wear tracks show that wear of the coatings was dominated by 

plastic deformation and micro-wear was only a small contributor, particularly for a-C:H:W. 

The extent of wear is largely controlled by the coatings resistance to plastic deformation (i.e. 

hardness) rather than fracture resistance. The trends observed between the three coatings 

parallel those found previously in the nano-fretting tests, where wear correlated with hardness 

and Y/E [25]. In reciprocating tests with a sharper R = 1 m diamond Gee et al also reported 

low wear resistance for a-C:H:W and for other relatively soft coatings (MoST and Graphit-IC 

from Teer Coatings) in comparison with harder DLC coatings and ceramic coatings [20]. 

Simple models of abrasive wear, such as Archard’s law, focus on hardness as a key parameter 

although Leyland, Matthews and other authors have shown that H/E (and Y/E) may be more 

reliable [50-52]. In these micro-wear tests an additional consideration for coatings is that the 

wear is influenced by the yield position and the size of the contact can therefore be critical. 

Michler and Blank have shown that the ratio of indenter radius to coating thickness is 

important in determining where cracking begins in indentation contact [53]. In a repetitive 

sliding contact the applied load is another important factor since this influences the depth of 

the peak von Mises stresses. To illustrate this, Shi and co-workers showed how the relative 

performance of a-C coatings in repetitive scratch tests varied with applied load and hence 

peak stress position [13]. Under light loading peak stresses were within the coating and 
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coatings with highest hardness performed best but at higher load peak stresses were localised 

at the interface and fracture was more important, resulting in an inversion in performance 

with lower hardness coatings (with hardness more closely matched to substrate) performing 

much better. 

Friction in micro-scale reciprocating wear 

Although friction loops revealed the presence of occasional track-position sensitive changes 

in friction, determining an average friction coefficient from the energy dissipation over the 

entire track sliding at full velocity proved a reliable approach enabling differences between 

coatings as a function of load and cycles to be investigated. The friction coefficient at the 

start of the reciprocating tests was ~0.08-0.10, which was close to that determined in (non-

reciprocating) micro-scratch tests with a probe of the same nominal geometry, as illustrated 

in Table 2(c) for 100 and 500 mN. In the reciprocating tests at 10 mN the friction coefficient 

shows more fluctuations between cycles than at higher loads. Achanta and co-workers also 

reported higher variability in friction in smaller scale contact [15,17,19]. They considered 

that the surface topography influences the frictional fluctuations through two major effects, 

geometrical (local slope/ratchet mechanism) and adhesive (contact area). In the current study 

the slight increase in friction observed during the first ~50 cycles for all three coatings before 

levelling out is considered to be a surface topographical effect through increasing contact 

area and the difficulty in forming a transfer layer in light multi-asperity contact on rough 

surfaces [54]. 

Running-in effects causing changes in friction during the first few cycles at >10 mN are 

related to increasing contact area as asperities break down. When there is high surface 

conformity and the average gap between the surfaces is very low adhesion dominates friction, 

so friction scales with contact area [55]. Increasing friction during the fretting testing of a 
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hard DLC coating against a Si3N4 ball under gross slip conditions (100 mN, R = 2.5 mm, 

displacement amplitude = 300 m, 0.2 Hz) has been interpreted as changing roughness and 

break-down of asperities on both surfaces, with a limiting value associated with a reduction 

in average asperity inclination in multi-asperity contact [17]. The subsequent constant friction 

was explained as third body wear with micro-particles rolling in the contact. The grooving 

wear appearance of the wear track at 500 mN on Si-a-C:H is consistent with this 

interpretation. There is minimal ploughing and smoothening of the wear track that would 

result in friction reduction. 

As the load was increased the influence of the local surface topography in the wear track on 

the mean friction coefficient decreased. The main exception to this was the 500 mN test on a-

C:H where fracture occurred accompanied by spikes in friction. To a lesser extent the friction 

force was also more variable in the other tests at 500 mN after the transition (see figure 3(a)). 

The micro-cracking in these tests may be the start of the low cycle fatigue process that is 

sensitive to areas of coating inhomogeneity. Santner and co-workers have described 

geometric changes in friction where sliding probes encounter topographic features [56-59]. 

These authors observed sharp increases in friction sliding up steps and similar reduction 

sliding down steps. Adhesion was ruled out as the explanation since the effect was present in 

oil and in air [57], although triboreaction layers and wear particles could obscure the 

topographical effects [59].  

In the tests at 100-500 mN on a-C:H:W and 50-200 mN on a-C:H the friction continued to 

decrease with further wear cycles after the running-in stage. On a-C:H:W the SEM image 

(fig. 4) shows a very smooth wear track at 500 mN with no debris at the edges consistent with 

a reduction in the ploughing component to the measured friction. As shown by Korres et al 

[60], when there is minimal third body wear there is a correlation between track widening and 
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a reduction in the ploughing component to friction. The a-C:H:W coating is reported to have 

a microlamellar structure with alternating C- and WC-rich layers (produced by rotation 

during deposition) which may shear easily, and provide low friction [40], consistent with the 

smooth appearance of the wear track (and wear tracks in nano- and micro-scale scratch 

testing). 

Reciprocating vs. unidirectional sliding 

In low-cycle repetitive scratch testing of amorphous carbon films the friction initially reduces 

due to the ploughing contribution decreasing then, provided there is no adhesive failure, 

stabilises within a few cycles at µ~0.08 [61]. On a-C:H the more pronounced decrease with 

cycling at 50-200 mN to reach values of 0.04-0.08 may be related to formation of a low-

friction graphitic tribolayer. Holmberg and co-workers also noted decreasing friction to reach 

µ~0.04-0.06 in reciprocating sliding on DLC-DLC contacts, with a greater reduction in 

friction than in pin-on-disk tests [54]. In a study of unrepeated and repeated reciprocating 

sliding, where each cycle was on a virgin region of the surface in the unrepeated sliding tests, 

it was reported that repeated sliding promotes the formation of a third body composed of 

compressed wear particles that stabilizes the friction [55]. Singer and co-workers showed that 

a low friction, partially graphitised tribolayer can form in sliding on DLC [62], as has been 

reported elsewhere, e.g. in boundary lubricated sliding of an a-C:H coating produced with the 

same multilayer structure, against steel [63]. This friction reduction mechanism does not 

appear to be effective at 500 mN. The abrupt increases soon after the start of the test may be 

related to micro-cracking resulting in more topographical influence on friction. Initially 

increasing friction before levelling out has also been observed on a-C:H in nano-fretting tests 

[25]. On Si-a-C:H the mean friction is constant from 50-500 mN, although at 300 mN 
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periodic changes suggestive of some micro-cracking were noted, which are consistent with 

the SEM image showing abrasive/grooving wear. 

Extent of friction-wear correlation 

The dissipated energy during reciprocating sliding contacts has been used as a measure of 

wear rate, based on the assumption that the majority of the frictional losses occur through 

plastic deformation and cracking [64-65]. This approach has mixed success with micro-scale 

reciprocating contacts. In nano-fretting tests [25] the friction increases more rapidly with 

cycles on a-C:H:W which showed much higher wear rate than the other two coatings. 

Friction forces in nano-fretting experiments were higher than in the reciprocating tests, 

particularly on a-C:H:W. The higher values reflect the dominant contribution of changing 

attack angle when wearing to greater depth for the sharper probe [66,67]. However, a 

friction-wear correlation was less clear in the micro-scale single-asperity contacts at 500 mN 

(since the highest wear is for a-C:H:W which has the lowest friction). In 25-cycle 

reciprocating tests with a R = 1 m diamond Gee et al also reported that the micro-scale 

friction coefficient was µ = 0.04-0.08 for a range of soft and hard coatings and there was no 

particular correlation to either macro-scale friction or to micro-scale wear [20]. The authors 

speculated whether capillary forces were responsible, with water from the moist atmosphere 

in which the tests were performed forming a lubricating layer between indenter and sample 

exerting a large influence on the friction at the micro-scale. The similarities in the friction 

evolution in these contacts with 1, 5 and 25 m radius diamond probes which can be largely 

understood in terms of the varying contributions of ploughing, changing contact area and 

micro-wear. 

4.3 Impact 
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In contrast to its poor wear resistance in reciprocating sliding, the a-C:H:W coating displayed 

much better performance than the other coatings when subjected to repetitive impact. Despite 

differences in the contact conditions in micro-scale scratch and impact tests in both of these 

tests a-C:H:W was the most crack resistant coating and Si-a-C:H least crack resistant. 

Although it has been stated that Si-doping can improve DLC adhesion this was not the case 

for the current coatings. The adverse effect of Si-doping on wear resistance was in agreement 

with other findings in the literature (summarised in ref 37). Differences in impact and scratch 

resistance with the mechanical properties of carbon coatings have also been observed for 

graded C/Cr and graded a-C:H coatings on M42 steel under similar conditions [39]. With 

relatively low hardness (14 GPa), high plasticity (H/E = 0.077) and low resistance to plastic 

deformation (H
3
/E

2
 = 0.82 GPa) the C/Cr coating has mechanical properties similar to a-

C:H:W and also exhibited good performance in the micro-scratch and impact tests, with more 

localised rather than extensive cracking in micro-scratch tests and no lateral cracking in 

micro-impact tests.  

Substrate load carrying capacity has an important role on the behaviour of the coating system. 

All the DLC coatings underwent dramatic impact failure when deposited on unhardened tool 

steels or stainless steel, substrates with much lower load carrying capacity, even at lower load 

[68]. Poor fatigue resistance of the a-C:H and Si-a-C:H coatings on hardened tool steel under 

repetitive micro-impact contrasts with TiAlN-based nitride coatings on cemented carbide 

where increased H
3
/E

2
 in the nitride coating or the carbide substrate improved their fatigue 

resistance in the micro-impact test [69-71].  The carbon coatings were deposited on a 

substrate with lower hardness and elastic modulus than cemented carbide. The steel substrate 

provides less load support, and the resulting increased substrate deformation causes the 

coatings to be subjected to higher bending strains at a given load. For this reason a-C:H and 

Si-a-C:H coatings on hardened tool steels impact resistance is not improved by increasing 
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coating hardness and H
3
/E

2
. The smaller difference in hardness between the coating and the 

hardened tool steel substrate in a-C:H:W and C/Cr helps the coating to accommodate plastic 

deformation of the substrate without cracking [72]. In a study of nitrogen-containing 

chromium (Cr1-xNx) coatings on a softer stainless steel Rebholz and co-workers noted that the 

hardest coating with Cr2N cracked most in impact testing but the impact crater volume was 

low [73]. In contrast, coatings with x =0.10-0.16, where the nitrogen is incorporated in solid 

solution, were softer (H ~10-14 GPa) and more ductile with only small amounts of radial 

cracking in impact and higher Lc2 in scratch tests. 

Deformation in the micro-impact test was strongly load dependent since the extent of plastic 

and elastic deformation of the steel substrate, and hence coating bending and tensile stresses 

developing at the edge of the contact is controlled by the applied load. Increasing the applied 

load resulted in greater substrate deformation and higher tensile stresses and failure became 

more severe and occurred after fewer impacts on a-C:H and Si-a-C:H. In simulated stress 

distributions by analytical modelling of micro-scratch tests the a-C:H:W coating can tolerate 

a higher tensile stress than the other coatings [74]. 

The ratio between coating thickness t and indenter radius R (t/R) in the micro-impact tests 

was 0.17-0.22. A FEA study of spherical indentation of DLC on a tool steel substrate with Y 

= 2 GPa showed that this ratio influences the failure behaviour [53]. In this coating system 

the initial damage was by substrate plasticity at, or below, the coating-substrate interface. The 

subsequent preferred location for cracks to nucleate was determined by the position of peaks 

in the principal stress. For t/R = 0.33 crack nucleation at the interface was dominant although 

circumferential cracks also nucleate at the surface at radial distances up to twice the contact 

radius. For t/R = 0.033 interfacial and circumferential cracking were predicted.  
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Experimental studies have shown the importance of substrate stiffness and load support in 

cracking in indentation and scratch tests [75-77]. From FIB x-sections of scratch tracks on 

DLC on stainless steel Xie and co-workers noted that lateral cracking was the result of 

intersection of cracks originating at the interface and the surface [75]. Borrero-López and co-

workers found that a more compliant and soft substrate promoted cracking at the DLC 

coating surface but a more stiff and hard substrate resulted in median and lateral cracking 

[76]. Wang and co-workers noted that increasing substrate hardness generated higher stresses 

in the substrate which reduced the interface strain, delaying fracture until higher contact load 

[78].  

As mentioned above, when deposited on unhardened tool steel or stainless steel substrates 

that both have much lower load carrying capacity, the un-doped, Si-doped and W-doped 

coatings cracked on immediate impact. However, the coatings studied here were deposited on 

a hardened steel substrate, and in the case of a-C:H:W, with a hard CrN sub-layer, that 

provides improved load support so their mechanical properties do not decrease as 

dramatically as the indentation depth increases as with a soft and compliant substrate. This 

was confirmed by nanoindentation tests to ~25-30% of the total coating thickness that 

revealed little change in hardness from tests at much lower depth. Although the hardened 

substrate improved impact resistance somewhat, there was cracking after a few impacts on a-

C:H and Si-a-C:H. The SEM images in figures 7-8 show delamination, consistent with 

cracking starting at or near the interfaces, as was observed in the studies above, in FIB 

sections of impact craters on Si-a-C:H [79] and on graded a-C:H under similar test conditions 

[39]. 

On a-C:H:W there was radial cracking but interfacial cracking was completely absent. 

McMaster and co-workers reported FIB-images of impact cross-sections (R~13.5 m, 1 N) to 
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show that there was cohesive cracking for a-C:H:W deposited without a CrN sublayer but 

again interfacial delamination was not observed [79]. Ramirez and co-workers reported 

enhanced resistance to contact fatigue for W-doped DLC with ~7.5 GPa hardness on 

hardened tool steel [35]. In comparison to TiN-coated steel which fractured under the same 

conditions, they found cohesive and adhesive damage was suppressed in the W-doped 

coating. In cyclic loading of brittle ceramics with spherical tungsten carbide indenters radial 

cracks were observed that were absent in single loading [33]. In cyclic Vickers indentation of 

hard coatings on tool steels the type of cracking depended on the H/E ratio of the coatings 

[80]. A quasi-plastic damage mode with radial cracks that grew with number of cycles was 

typical in lower H/E coatings. Karimi and co-workers reported that radial cracking was more 

common in Berkovich and Vickers indentation than in spherical indentation [81]. In TiAlSiN 

coatings they noted that radial crack propagation was favoured by (i) nanolayer structure (ii) 

small elastic modulus mismatch (iii) good adhesion and (iv) high toughness of the coating 

and substrate. Despite being much softer, when deposited on hardened steel the a-C:H:W 

coating appears to have similar beneficial properties. 

The micro-impact tests at higher load allow the increasing contribution of the substrate to the 

composite response to be studied whilst retaining sensitivity to the coating properties. Figure 

11 shows how the mean damage rate over the final 10 impacts varied with load. The rate is 

highest for Si-a-C:H throughout the load range and lowest on a-C:H:W. This difference 

reflects whether fracture has occurred and subsequent damage tolerance of the system. The 

error bar on a-C:H:W remains small until 1750 mN when some of the tests show some small 

depth depths associated with cohesive lateral cracking that cause stress rearrangements under 

the probe (see figs. 5(f) and 9(b)). The gradual increase in depth of ~ 2-3 nm/impact on a-

C:H:W at these loads was slightly higher than the ~1 nm/impact at lower load and ~1 

nm/impact for graded C/Cr on hardened M42 tool steel where the small depth decreases and 
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cohesive fractures were not observed under the same experimental conditions. The gradual 

~1 nm/impact increase in depth may be a combination of coating wear with some substrate 

fatigue involving fracture of carbides in the steel substrate. In studies of contact fatigue of 

coated tool steels Ramirez and co-workers showed sensitivity to the steel microstructure, with 

large primary carbides acting as stress concentrators [82]. 

5. Conclusions and outlook 

The capability for high cycle, high speed, long sliding distance reciprocating sliding at the 

mN level has been incorporated into 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. Although a diamond probe with 25 m 

end radius was used in the reciprocating tests to provide direct comparison with micro-

scratch tests on these samples, larger radius probes could be used and longer wear tests run in 

future work. Since electrical contact resistance monitoring has been shown to be a valuable 

tool for detecting premature wear of DLC sliding against steel in a pin-on-disk test by 

dielectric breakdown [83] this approach could be used for the micro-scale reciprocating tests, 

using an electrically conductive boron-doped diamond probe. 

Analytical modelling of nano- and micro-scratch data provided an indication of the initial 

stress state developed in the reciprocating sliding tests which could explain differences in 

reciprocating wear resistance. Under the test conditions the deformation in the wear track was 

largely controlled by plastic deformation and hence hardness since micro-scale fatigue wear 

was only a small contributor. Si- and W-doped DLC coatings, which are softer than the 

undoped DLC therefore showed lower wear resistance in reciprocating sliding. 
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Micro-scale repetitive impact tests revealed differences between the coatings which 

correlated to their behaviour in micro-scratch tests. There was low resistance to impact-

induced fracture and more extensive cracking in the scratch tests for a-C:H and Si-a-C:H. 

Whilst high H/E and H
3
/E

2
 can be advantageous in impact tests of coatings on cemented 

carbide the same trends were not observed on the tool steel. The hard and elastic undoped and 

Si-doped DLC coatings perform poorly due to a combination of factors: (i) lower load 

support from the softer and lower modulus tool steel increasing bending stresses in the 

coating (ii) being amorphous they have limited micro-toughening mechanisms (iii) low 

plasticity (iv) lower interfacial strength. In contrast the W-doped DLC exhibited excellent 

impact resistance. This coating has (i) lower hardness and H/E (ii) closer hardness to 

substrate (iii) lamellar structure. 

In reciprocating sliding the coating ranking changed, with the hardest coating showing the 

highest wear resistance. The results emphasize the importance of considering contact 

conditions in coating choice as the optimum mechanical properties (balance of load support 

and fracture resistance) vary with the test. The relative performance of the three coatings was 

dependent on the type and severity of the test and the contact length scale as controlled by the 

applied load and test probe radius. Table 3 summarises the relative coating ranking in the 

different nano/microtribological tests. In terms of hardness, H/E and H
3
/E

2
, the coatings rank 

as a-C:H > Si-a-C:H > a-C:H:W, which is beneficial in situations where load support is more 

critical than fracture resistance. The length-scale probed by the test is also important. Micro-

impact correlates with micro-scratch as both tests probe the complete coating-substrate 

system whereas the reciprocating micro-scale wear test correlates with nano-fretting and the 

onset of yield in nano-scratch as the stresses are concentrated in the coating. The friction 

coefficients of the coatings vary with the contribution of ploughing friction in the different 

tribological tests. A benefit of the micro-impact test lies in its ability to concentrate stresses 



26 
 

near the interfaces in coating systems. At higher load it can be used to study the increasing 

contribution of the substrate to the composite response whilst retaining high sensitivity to the 

coating properties. 
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Tables 

Table 1 (a) Typical test conditions in nano- and microtribological tests 

 AFM wear Repetitive nano-

scratch 

Nano-fretting NanoTriboTest 

Motion Reciprocating Unidirectional Reciprocating Reciprocating 

Sliding speed 

(mm/s) 

0.001-0.25 0.001-0.1 0.01 1-10 

Track length 

(mm) 

0.001-0.1 0.01-1 0.02 1-10 

Number of 

cycles 

1-50 1-20 1000-200000 100-30000 

Total sliding 

distance (m) 

0.000001-

0.001 

0.00001-0.01 0.01-0.1 0.1-300 

Probe radius 

(µm) 

0.02-1 5-25 10-200 25-5000 
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Table 1 (b) Comparison of tribological test conditions  

 Nano-fretting Nano-scratch Micro-

scratch 

Reciprocating 

micro-wear 

Micro-impact 

Probe Radius 

(µm) 

5 5 25 25 20 

Applied 

Load (mN) 

100 Ramped to 

500 

Ramped to 

5000 

10-500 500-2000 

Cycles under 

load 

4500 1 1 500 75 

Reference [25] [38] [38] This work This work 
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Table 2 (a) Coating structure and mechanical properties 

 Short 

name 

Coating structure 

H (GPa) E (GPa) H/E H
3
/E

2
 

(GPa) 

a-C:H 0.3 m Cr/0.7 m W-

C:H/2.9 m a-C:H 

23.4 ± 1.2 226 ± 13 0.104 0.254 

Si-a-C:H 0.3 m Cr/0.7 m W-

C:H/2.8 m Si-a-C:H 

16.2 ± 0.6 157 ± 4 0.103 0.173 

a-C:H:W 1 m CrN/2 m a-C:H:W 11.5 ± 0.9 161 ± 7 0.072 0.059 

From nanoindentation at 20 mN. Contact depths were 4-8 % of the total coating thickness. 

Table 2 (b) nano- and micro-scratch critical loads 

Coating R = 5 m nano-scratch R = 25 m micro-scratch 

 Ly (mN) Lc1 (mN) Lc2 (mN) Ly (mN) Lc1 (mN) Lc2 (mN) 

a-C:H 206 ± 5 422 ± 4 > 500 356 ± 9 2179 ± 120 2612 ± 127 

Si-a-C:H 110 ± 10 445 ± 12 > 500 383 ± 52 1827 ± 111 2830 ± 367 

a-C:H:W 68 ± 4 >500 > 500 375 ± 49 2256 ± 116 3695 ± 132 

Peak load 500 mN in nano-scratch; 5000 mN in micro-scratch. 

Table 2 (c) Micro-scratch friction coefficient 

 µ at 100 mN µ at 500 mN 

a-C:H 0.067 ± 0.015 0.077 ± 0.013 

Si-a-C:H 0.084 ± 0.021 0.082 ± 0.003 

a-C:H:W 0.079 ± 0.015 0.108 ± 0.003 

R = 25 m diamond.  
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Table 3 Relative coating behaviour in different tribological tests 

 Nano-fretting Nano-scratch Micro-

scratch 

Reciprocating 

micro-wear 

Micro-impact 

Wear 

resistance 

a-C:H >  

Si-a-C:H >  

a-C:H:W 

- - a-C:H >  

Si-a-C:H >  

a-C:H:W 

a-C:H:W >> 

a-C:H >  

Si-a-C:H 

Friction 

coefficient 

a-C:H:W > 

Si-a-C:H >  

a-C:H 

a-C:H:W > 

Si-a-C:H > 

a-C:H 

a-C:H:W > 

Si-a-C:H ~  

a-C:H 

a-C:H >  

Si-a-C:H >  

a-C:H:W 

- 

Ly critical 

load 

- a-C:H >  

Si-a-C:H >  

a-C:H:W 

a-C:H ~  

Si-a-C:H ~  

a-C:H:W 

- - 

Lc1 critical 

load 

- a-C:H:W >> 

Si-a-C:H ~  

a-C:H 

a-C:H:W > 

a-C:H >  

Si-a-C:H 

- - 

Lc2 critical 

load 

- - a-C:H:W > 

a-C:H >  

Si-a-C:H 

- - 
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Figure captions 

1. (a) Raw friction vs. sliding distance data from a test on a-C:H at 500 mN where a 

change from lower to higher friction occurred rapidly over a few cycles (b) example 

friction loops from the test before and after this transition. 

2. Variation in friction coefficient with load for (a) a-C:H (b) Si-a-C:H (c) a-C:H:W. 

3. Variation in friction coefficient at 500 mN for (a) a-C:H (b) Si-a-C:H (c) a-C:H:W. 

4. SEM images of wear tracks at 500 mN. (a) a-C:H (b) showing partially fractured 

region on a-C:H (c) Si-a-C:H (d) a-C:H:W. 

5. Variation of impact depth with the number of impacts for tests at 500-2000 mN (a) a-

C:H; (b) Si-a-C:H; (c) a-C:H:W. Corresponding depth increases after the initial 

impact depth for first 30 impacts (d) a-C:H; (e) Si-a-C:H. (f) Depth increases at 1750 

and 2000 mN on a-C:H:W in tests showing fracture. (g) Optical images of the arrays 

of multiple impact tests at 500-2000 mN on (left) a-C:H and (right) Si-a-C:H. 

6. Load dependence of the mean depth after a single impact, the depth at fracture failure 

and final depth (a) a-C:H; (b) Si-a-C:H. (c) Load dependence of the mean depth after 

a single impact and final depth on a-C:H:W (d) comparison of final depth. 

7. SEM images of impact craters on a-C:H. (a) 500 mN (b) 1250 mN (c) 1750 mN (d) 

higher magnification image of crater in (c). 

8. SEM and EDX images of an impact crater on Si-a-C:H at 1750 mN. 

9. SEM images of impact craters on a-C:H:W (a) 1000 mN (b) back-scattered electron 

image at 1750 mN. 

10. Simulated von Mises stress distributions below the sliding contact for sliding at 100 

mN with R = 5 m diamond probe. Left = a-C:H; middle = Si-a-C:H; right = a-
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C:H:W. Maximum and minimum von Mises stresses were 18.9-1.0  GPa for a-C:H, 

13.6-0.7 GPa for Si-a-C:H and 11.5-0.5 GPa a-C:H:W. The overstressed areas (where 

the von Mises stress > yield stress) are shown by hashed regions. The scratch 

direction is left to right. The dotted line marks the coating-substrate interface. 

11. Load dependence of the mean damage rate over the final 10 impacts. 
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