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Abstract

Wear and stiction forces limit the reliability of Silicon-based micro-systems when mechanical
contact occurs. Ultra-thin filtered cathodic vacuum arc (ARC\Ma-C films are being
considered as protective overcoats for Si-based MEMS devices. Fretting, nano-scratch and
nanoindentation of different thickness (5, 20 and 80 nm) ta-C films deposited on Si(100) has
been performed using spherical indenters to investigate the role of film thickness, tangential
loading, contact pressure and deformation mechanism in the different contact situations. The
influence of the mechanical properties and phase transformation behaviour of the silicon

substrate in determining the tribological performance (critical loads, damage mechanism) of



the ta-C film coated samples has been evaluated by comparison with previously published
data on uncoated Silicon. The small scale fretting wear occurs at significantly lower contact
pressure than is required for plastic deformation and phase transformation in nanoindentation
and nano-scratch testing. There is a clear correlation between the fretting arstnadcto-

test results despite the differences in contact pressure and failure mechanism in the two tests.
In both cases increasing film thickness provides more load support and protection of the Si
substrate. Thinner films offer significantly less protection, failing at lower load in the scratch

test and more rapidly and/or at lower load in the fretting test.

1. Introduction

Wear and stiction forces limit the reliability of Silicon-based micro-systems N&EHIS)

when mechanical contact occuik-3]. Silicon exhibits highly complex mechanical and
tribological behaviour with phase transformations and lateral cracking observed in
indentation and brittle fracture in a wide range of mechanical contacts [4-6]. It exhibits little
or no conventional plasticity at room temperature and its deformation is dominated by phase
transformation and fracture. Its nanoindentation behaviour has been extensively studied [7-
12]. It has been established that a phase transformation to metallic behaviour occurs beneath
the contact site and the pop-out during unloading is a consequence of phase transformation
and volumetric expansion. Less well studied is its behaviour under the type of more complex
loading geometries that can occur in practical tribological situations [13] so we recently
investigated the behaviour of highly polished Si(100) under different contact situations, using
a nanomechanical test system to perform nanoindentation, nano-scratch and 10000 cycle
small scale fretting tests all with the same dné sphero-conical diamond indenter [14-15].
Tangential loading in the nano-scratch and fretting tests promoted non-elastic yield at lower
critical load. Silicon showed subtle rate sensitivity in the nano-scratch and nanoindentation

tests but the wear behaviour in the fretting test was more strongly dependent on the rate of
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initial loading. When the load was applied abruptly in <0.3 s, radial and lateral cracking and
material removal was observed and large displacement jumps (pop-ins) were observed during
the subsequent fretting test. In contrast, when the load was applied more slowly in 10 s radial
cracking was not observed and there was a distinct threshold load at arouni hrking

the transition to a more severe wear mode with extensive lateral cracking and material

removal.

Several approaches are being considered including liquid lubrication [16], and solid
lubrication with self-assembled monolayers [17], ALD [18, 19] and carbon films [20-23].
Particularly promising results on actual MEMS devices have been obtained for conformal
deposition strategies (WSy ALD [19], DLC by PECVD [20]). Tetrahedral amorphous
carbon (ta-C) films deposited by FCVA have been developed for MEMS applications
including capacitive sensors and protective coatings for micromachined components [21-23].
The mechanical and interfacial behaviour of the contacting silicon surfaces is modified by
these thin, low surface energy films. Nanoindentation with a Berkovich indenter has shown
that the films are hard (hardness of 80 nm ta-C is ~22 GPa) and {4s#86]. This high
hardness and H/E is due to >78% [26] but the films can be highly stressed if deposited to
too great thicknes§27-28]. Nano-scratch testing of ta-C films has shown that they are
sufficiently thin to not show large area delamination and scratch resistance increases with
H/E [24-23. Increasing the ta-C thickness from 5 to 80 nm was found to increase the critical

load for film delamination by a factor of two.

In this current study nanoindentation and nano-scratch tests have been performed on 5, 20
and 80 nm ta-C films with a 4.6 um radius probe, and fretting with 5 and 37 um probes to
determine (i) rate sensitivity of pop-outs during unloading in nanoindentation (ii) whether the

thin ta-C films influence the occurrence of large pop-ins at high load in nanoindentation (iii)



the extent of rate sensitivity in film failure in the nano-scratch test (iv) the influence of the ta-
C on lateral cracking thresholds in nano-scratch testing (v) the mechanism of film failure in
the fretting test and the influence of film thickness on the fretting wear. The influence of the
mechanical properties and phase transformation behaviour of the silicon substrate in
determining the tribological performance (critical loads, damage mechanisms) ofGhe ta-
film coated samples has been investigated by comparison with previously published [14-15]

data on uncoated Silicon acquired with the same probe and experimental conditions.

2. Experimental

Nanoindentation and nano-scratch tests were performed on ta-C films deposited on silicon
wafers with a commercial ultra-low drift nanomechanical test system (NanoTest, Micro
Materials Ltd.) fitted with a 4.um end radius sphero-conical diamond indenter which was
calibrated by nanoindentation measurements on a fused silica reference sample over a wide
load rangeta-C films of 5, 20 and 80 nm thickness were deposited on Si(100) substrates by
FCVA [24-25]. The substrates were ultrasonically cleaned with deionized water for 10 min,
followed by drying with a static neutralizing blow off gun. The samples were placed in the
deposition chamber of an industrial filtered cathodic vacuum arc system (Nanofilm
Technologies Pte. Ltd.) evacuated to a base pressure lower than i trrlOPrior to
deposition, the silicon surface was sputtered by an argon ion beam from a dc ion beam source
for 3 min to remove the native oxide. The substrate holder was in floating bias. The film
thickness of the 20-80 nm films was measured by a surface profiler and the thickness of the 5
nm film was estimated from the deposition rate. Thesirface roughness was 1.8, 2.1 and

3.1 nm for the 5, 20 and 80 nm films respectively][Z¢he influence of the films on the

composite film-substrate response was investigated by comparing results to those on an



uncoated highly polished 3Qdm thick Si(100) wafer provided by PI-KEM (Tamworth, UK)

using the same 446m sphero-conical diamond indenter.

Three repeat indentation tests to 10, 50, 100, 200, 300, 400, 500 mN peak load, loading and
unloading in 20 s, with a 5 s hold at peak load were performed on the 5, 20 and 80 nm films.
Further tests were performed on the 80 nm ta-€ range of peak loads and unloading rates
with a 5 s hold at peak load:- (i) Peak load = 100 mN, loading rate = 5 mN/s; unloading rate =
1-50 mN/s, 10 repeats for each unloading rate; (ii) Peak load = 200 mN, loading rate = 10
mN/s; unloading rate = 1-50 mN/s, 20 repeats for each unloading rate. In all tests a 60s hold

at 90% unloading was used to correct the data for (any) thermal drift.

Nano-scratch tests to 200 mN were performed on the 80 nm ta-C film tests over a wide range
of loading rates (dL/dt = 0.1-12 mN/s) and scan speeds (dx/dt = Quin/&) to provide

critical load data over a range of dL/dx = 0.1-100 pri\/ 1-5 repeat tests were performed

for each set (11 in total) of experimental conditions. Tests were performed as multi-pass (3-
scan) experiments (topography-scratch-topography) that were subsequently analysed in the
NanoTest software to determine the on-load and residual depth data, following the procedure
described in reference 18. Additional scratch tests were carried out on the ta-C films and
uncoated Si(100) to a peak load of 300!l with a loading rate of 12 mN/s and scanning

speed 1Qum/sto investigate lateral cracking (3 repeats on Si, 5 on the ta-C films). All tests

were spaced at least pfn apart.

The fretting tests were performed in a NanoTest Vantage system using 5 @amddg&mond
probes whose end radii were calibrated by nanoindentation testing over a wide load range on

fused silica and sapphire (0001) reference samples. The configuratemdbrscaldretting



includes an additional oscillating stage with a multi-layer piezo-stack to generate sample
motion. The piezo movement is magnified by means of a lever arrangement to achieve larger
amplitudes [29 The fretting track length was set at i and the oscillation frequency 5

Hz. Fretting experiments of differing number of wear cycles and applied load were performed
in normal laboratory conditions (~50 % RH) on the ta-C films as summarised in T&lble 1.

mean initial Hertzian contact pressuirghe tests ranged from ~3-4 GPa at 10 mN to ~10
GPa at 200 mN using the 3 probe and were ~6 GPa using thend probe. Adjacent tests

were spaced 100m apart. Tangential (friction) force data were acquired simultaneously with
depth data throughout the nano-scratch and fretting tests using a lateral force transducer

which was calibrated by a method of hanging masses.



Table 1 Fretting test experimental conditions

5 nm ta-C 20 nm ta-C

80 nm ta-C

R=37um,L=1mN

R =37um, L =10 mN

R =37um, L =50 mN

R =37um, L = 200 mN

R=5um, L=10 mN

The Electron microscopy was done utilising Zeiss Supra 40 VP (variable pressure) electron
microscope. Secondary electron imaging was done by conventional (Everhart-Thornley) and
In-Lens secondary electron detector. The detectors have different sensitivity to the surface
charge and topography, when In-Lens detector is more sensitive to surface charging and less
sensitive to topography. Surface charging can be caused by the surface enrichment with
oxygen (oxidation) and this was utilised in this communication. Backscattering is strongly
affected by average atomic number when heavier species, like silicon, have higher

backscattering coefficient then the lighter one like carbon. When carbon film is thin, like in
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this paper, part of the backscattering signal is coming from top carbon layer and part of the
signal from silicon. If across the scan view the thickness of carbon varies, then more signal is
coming where carbon thickness is less. The Silicon Drift Detector from EDAX was used to

obtain qualitative results of film composition and thickness. The results were obtained at 5
keV electron beam in order to increase top layer sensitivity. Fully quantitative results in the

situation with the variable composition and thickness films on a substrate can only be
obtained in conjunction with modelling and will be published later. The line scans presented

in the paper can be used for the qualitative analysis.

3. Reaults

3.1 Nanoindentation

Figure 1 (a) shows illustrative nanoindentation curves to 500 mN on all of the samples. Large
pop-ins (extensive lateral cracking) were observed occasionally at >400 mN, as in one of the
tests shown on the 80 nm @-but there was no obvious dependence of the critical loads
required on film thickness. Figure 1 (b) shows typical nanoindentation curves to 100 mN on
the 80 nm film and uncoated Si(100). At low load the curves are elastic and virtually identical
as both are due to the elastic behaviour of the Silicon. As the load increases small but clear
differences are observed with pop-ins on Si at ~37 mN, at ~43 mN on the 80 nm film and an
additional popn at higher load, more obviously on the ta-C film at ~76 mN. The pop-out
during unloading occurs at higher load on the uncoated Si. Figure 1 (c) shows the variation in
pop-out load after unloading from 100 or 200 mN at 1-50 mN/s together with previously
reported [15] data on Si(100) acquired with the same probe and experimental conditions for
comparison. Pop-ins are less clear in the 200 mN tests where loading was at 10 mN/s than in

the tests to 100 mN at 5 mN/s.
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Figure 1 (a) typical nanoindentation curves to 500 mN on 5, 20 and 80 nm ta-C
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Figure 1 (b) Typical nanoindentation curves to a peak load of 100 mN on Si (thickemithe
80 nm ta-C (thinner line). Unloading rate = 2.5 mN/s. The pop-ins during loading are marked

with down arrows and the pop-outs during unloading marked with up arrows.
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Figure 1 (c) Variation in critical load for pop-out with unloading rate on Si (filled symbols)
and 80 nm ta-C (open symbols). The peak load was 200 mN for the circles and 100 mN for

the triangles.

3.2 Nano-scratch

The films exhibited the expected critical load transitions as the load increased. A depth trace
from a typical test is shown in figure 2 (a)he data shown has been corrected for
topography, sample slope and instrument compliance following the procedure described in

reference 25, allowing true depth data to be displayed under the scratch load and at minimal
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scanning force (after load removal). In this example the onset of non-elastic belfhayjour
occurs after 13am (44 mN). At Le; (192um, 71 mN) there is step in the residual depth data
and total film failure occurs a depth change of just over 80 nm.,a266 um, 108 mN).
Backscattered SEM images confirm total film failure and substrate exposure at this point (e.g.

insert in figure 2 (b)).

900
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Figure 2 (a) Nano-scratch behaviour of the 80 nm ta-C film. Loading rate = 1 mN/s. Scan

speed = 2im/s.

On the 80 nm t& clear film failure (L) was observed in all the tests to 200 mN but lateral
cracking(Lc3) was absent. Above the critical load for edge crackigg,dut prior to the total

film failure some isolated small delamination events could occasionally be seen in the scratch
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track. SEM images (e.g. figure 2 (b)) show periodic cracking across the scratch track between

Lc1 and L. At film failure the abrupt change in depth is very close to the film thickness.

Figure 2 (b). SEM image of the scratch on the 80 nm ta-C film shown in figures2ofang
L., failure preceded by cracking across the scratch tfmain image = SE image, insert =
back-scatttered image)he scratch direction (left to right) is shown by an arrow on the SE

image.
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Figure 2 (c) Variation in the critical load for film failure £ in the nano-scratch test with

dL/dx for the 80 nm ta-C film.

Table 2 Critical load for lateral cracking in nano-scratch tests

Si 5 nmta-C 20 nm ta-C 80 nm ta-C

Lcs(MN) 130 + 10 152 + 35 163 £ 45 276 £ 20

Figure 2 (¢ shows the variation ind vs. dL/dx for the 80 nm ta-C film. Friction coefficients

were ~0.09 at yield;- 0.14-0.15 at L, film failure and ~0.21-0.24 at the onset of lateral
14



cracking. The variation in the critical load for lateral cracking with film thickmeskown in
Table 2. The critical load for the.4 failure increased dramatically on the 80 nm ta-C and the
lateral cracking was less pronounced. For the uncoated, 5 and 20 nm ta-C film sample the

scratch track is more jagged afteg Hue to the more extensive lateral cracking (figure 3).

Figure 3. Optical micrographs of nano-scratches to 300 mN on (a) uncoated Si, (b) 5 nm ta-C,
(c) 20 nm ta-C and (d) 80 nm ta-C films. The onset of lateral crackigdajlure) is marked

by an astesk.

3.3 Fretting and SEM/EDX analysis of fretting scars

The on-load probe depth did not show abrupt steps during the fretting tests, more typically
showing an initial slight decrease before a transition point after which it increased
progressively through the test. The point marking the onset of the increase in depth was

accompanied by a gradual increase in the friction. Friction coefficients at film failure were
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typically (0.10 + 0.01). In the fretting of the 20 nm ta-C film at 50 mN the friction and on-
load depth signals show a transition occurring at >1500 cycles. SEM/EDX analysis of the
fretting tests stopped after 1500 and 3000 cycles was performed to investigate the behaviour

in more detail (figure 4).

Figure 4. SEM imaging of wear scars after fretting the 20 nm ta-C film at 50 mN for 1500
cycles (a = SE image, b = back-scatttered image) and 3000 cycles (omadt d = back-

scatttered image).
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Figure 5. EDX line profile across the wear scar corresponding to the 1500 cycle test shown in

figure 4 (a-b).

EDX line profiles across the fretting wear scar of the 1500 cycle test revealed thinning of the
20 nm film and oxygen incorporation in the worn region (figure 5). The worn scar of the
3000 cycle test showed more oxygen incorporation in the track and in the debris particles
together with some exposed Silicon due to removal of the film and the C signal dropped to
zero. 300 cycle tests also showed reduction in coating thickness and oxygen incorporation.
Similar behaviour was observed on the 5 nm film at 10 mN with oxygen incorporation and
film thinning within 1500 cycles and complete removal of the film from the wear scar region
in the 3000 cycle test. EDX analysis of short duration fretting wear scars on the 8@nm ta-
film did not show the same oxygen incorporation as on the thinner films. For the 80 nm film,
at 200 mN with the 37 um probe, the total film failure occurs between 3000 and 6000 cycles.

Comparison of tests at 50 mN shows the 20 nm film was worn through after a smaller
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number of cycles than the 80 nm film, and at 10 mN similarly the 5 nm film is worn away
more rapidly than the 20 nm film. Wear scars from 18000 cycle tests on the 80Gim ta-

showed a reduction in track length at 200 mN compared to 50 mN.

4. Discussion

The presence of the ta-C film affects the phase transformation behaviour of the Si by
providing load support, reducing the effective load reaching the substrate and spreading the
deformation out over a wider area. Critical loads for pop-ins and pop-outs are modified by the
presence of théa-C overlayer. While their exact positions change, the rate dependence of
them is virtually identical with and without the ta-C (e.g. see figure 1(iii)) confirming that
they are due to transitions in the underlying Si rather than the film. It is interesting to
compare and contrast this behaviour with that observed for thicker films. Haq and co-workers
used SEM, focussed ion beam microscopy (FIB) and cross-sectional transmission electron
microscopy (XTEM) techniques to investigate the deformation occurring in indentation
contacts with a 5 um probe for Si coated with 1.6 pum RF a-C:H [30], 600 nm RF a-C:H [31
and a 30 GPa 170 nm FCM&C [26]. For the 1.6 um a-C:H they found that at 100 mN the
coating showed a reduction in thickness of ~4.5 % but there was no deformation at the
interface or in the substrate and phase transformation was suppressed. At 100 mN on the 600
nm a-C:H film they observed 4.4% compressive strain in the coating, some bending at the
interface with some slight delamination and some plastic deformation accompanied phase
transformation. From the presence of slip without transformed material at 50 mN they
suggested therefore that plastic deformation in the Si rather than phase transformation or any
coating cracking was responsible for the first pop-in. For the 170 nm ta-C film they observed

plastic deformation in the Si for indentation loads as low as 10 mN, with the first observable
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pop-ins at 12-18 mN and phase transformation and cracking at higher loads. Even though the
indentation depth at 10 mN was over 50 % of the film thickness XTEM showed no evidence
for plastic compression of the coating, only some bending at the interface. As with the thicker
film, the first critical load at ~15 mN was assigned to slip in the Si and the second at ~24 mN
to phase transformation. Although the 170 nm ta-C film was harder (30 GPa) than the 80 nm
ta-C, Haq et al reported penetration depth at 10 mN of ~100 nm which could suggest that
the radius of the tip veactually considerably less than the nominal 5 pum and/or it has
developed some asperity damage at the tip. This would provide an explanation of why the
critical loads in that study were observed at much smaller loads than in all of the reported
tests on Si(100) with 4.2-5.0 um indenters [7,8,15,32]. In the current work with a 4.6 um end
radius probe the on-load indentation depth was only ~75 nm for all the ta-C films amdl we d
not see any critical loads until ~44 mN. Although it is conceivable that the first pop-in in the
80 nm film/Si system is a result of plastic deformation phase transformation is at least as
likely, as indentations to 50 mN on the 80 nm ta-C show an elbow event (phase
transformation) in unloading at ~10 mN. For uncoated Si, the first pepathich XTEM

shows is due to phase transformation - occurs around 40 mN with this 4.6 um probe,
consistent with reported values of 28 mN with a 4.2 um probe [7,8] and 37 mN with a 5 pm
probe [32]. On uncoated Si phase transformation (elbowing) during unloading was observed

on unloading from 55-65 mN.

Nevertheless, some localised slip may occur at low load in the 80 nm ta-C system; evidence
for the influence of the film in initially retarding phase transformation but promoting slip in
the substrate is provided by the presence of in the much larger pop-out that occurs on the film
at around 70-85 mN than on the uncoated Si where aesrpaf-out occurs at ~80-95 mN. It
seems reasonable to assume that this is phase transformation. In unloading from 100 mN

(figure 1(c)) characteristic pop-outs are observed for both Si and the 80 nm film/Si system.

19



Since the rate dependence is virtually identical with and without the film, it is clear that these
relate to the same process in the silicon, with the presence of the ta-C film retarding the pop-
outs, as has been observed for thicker systems and in our own work with a sharper Berkovich
indenter where the mean pop-out load unloading from a peak load of 20 mN at 0.5 mN/s
decreased from 4.7 mN on the uncoated Si to 4.0 mN and 3.3 mN for 20 nm and 8C nm ta-

respectively|24].

The influence of film thickness and indenter radius on the critical loads for yield, edge
cracking and total film failure in the nano-scratch test have been extensively studied
previously. With a 3.1 um end radius probe a contact pressure of about 12 GPa was required
for yield on the 5, 20 and 80 nm films. Hertzian analysis of contact pressure at failure using
the 4.6 um probe gives a contact pressure of (15 + 1) GPa for the 80 nm fijgnvaliich is

close to the value of 14.5 GPa previously determined with the 3.1 um probe. Chang and
Zhang have reported that in Berkovich indentation of uncoated Si (100) the critical load for
pop-in is around 14 GPa, close to a theoretical value of 14.3 GPa for the transition from Si-
to Si-ll under spherical indentations [11]. They therefore intezgditée inelastic deformation

as being solely due to phase transformation. After the pop-in the contact pressure dropped to
~12 GPa, i.e. the hardness of silicon. Although tangential loading promotes yield (as
described in [15] for uncoated Si(100)) the contact pressures in indentation and nano-scratch

of Si or coated Si are not that different as the friction at yield is low.

Here we were also interested in the lateral crackingfailure) that occurs on Si at higher

load and whether the ta-C films could protect the substrate or not. The nano-scratch test data
show that tangential loading promotes the formation of large lateral cracks on allGhe ta-
film samples at much lower load than in nanoindentation as was recently observed for
uncoated Si(100) [15]. The occurrence of large pop-ins at high load Silien is indented

with spherical indenters has been shown to be highly stochastic in nature, with Oliver and co-
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workers reporting a threshold load of (350 £ 100) mN with a 4.3 um probe and larger pop-ins
(>1 pm) more likely at >500 mIB3]. In the limited number of high load nanoindentation
tests performed the thin hatd-C films showed no significant protection against lateral
cracking, which occurred only occasionally, irrespective of the ta-C film thickness. However,
in the nano-scratch test the tangential loading promoted dramatic film failure at much lower
load (e.g. ~115 mN for 80 nm ta-C; see figure 2) with extensive lateral cracking occurring
below 300 mN. Marked differences emerged for the 80 nm film where the critical load for
this L¢3 failure increased dramatically and the lateral cracking was less pronounced. These
thin films do not show any of the large-area delamination outside the scratch track commonly
observed on failure of thicker hard and elastic (high H/E) coatings [34]. It appears that when
the film fails in the scratch track, the intdatC film outside the scratch track is capable of

maintaining a measure of load support and providing some protection.

Although, as expected for a brittle material, Silicon has been shown to be very rate sensitive
in rapid (<0.3 s) loading [14] or at high sliding speeds [35], in our previous study of the rate
dependence dfs behaviour in the nano-scratch test [15] we noted ardgnall dependence

of the critical load on dL/dx, which was consistent with similarly small kinetic effects on the
phase transformation events observed in nanoindentation testing with the samé&lanabe
scratch tests on the 80 nm ta-C film on Si have been performed over a much wider range of
dL/dx in the current study revealing minimal rate dependence, with the critical load for film
failure being (113 + 15) mN over a 100-fold variation in dL/dx from 0.1-100pumiN/This

very small rate-sensitivity in the scratch response is consistent with previous studies of a-C:H
and a-C:H/Si films on glass which showed no obvious rate sensitivity over a 20-fold range of
dL/dx from 0.05-1 mN4im [36]. The increase ifriction force with load follows closely the
behaviour observed on uncoated Si. In both cases this is due to increasing ploughing

contribution to the friction force as the severity of the contact increases. Similar behaviour
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was observed by Sundararajan and Bhushan in AFM-nanoscratching, where friction
coefficients on 3.5-20 nm ultra-thin carbon films were initially 0.04-0.06, which was the
same as Si(100) tested under the same conditions, increasing to ~0.1 at the critical load
[37,38]. Liu et al reported that graphitic layers at the surface (~3 nm) were responsible for
lower friction coefficients of ~0.09 ot&-C than other a-C:H films [39 Tangential loading

with friction can promote yield, with the magnitude of the decrease depending on the friction
as shown by Zok and Miserez [40]. Blees and co-workers reported that the critical load in
scratching sol-gel coatings on polypropylene decreased by an order of magnitudéhevhe
friction increased from 0.5 to 3 [41]. However, the friction coefficient is only 0.07 at yield on
Si so the effect was rather small, with critical loads for yield (first pop-in) being (40 £ 5) mN
in indentation and (37 = 5) mN in nano-scratéfu and co-workers noted a reduction in the
critical load for phase transformation in nano-scratching compared to nanoindefation

As the friction coefficient at yield of the ta-C films is only 0.09, it is unsurprising that there
was little difference in the critical load for yield in the nano-scratch test being generally no

lower than in nanoindentation.

In the fretting test deformation proceeds by a fatigue mechanism with a gradual wearing
away of the film, as shown by the EDX profiles across scars, and the absence lofughy a
changes in depth or friction. Li and Bhushan reported that fatigue wear and fatigue-induced
delamination occur in reciprocating sliding of ta-C films depending on film thicKd&$s

Wilson and Sullivan reported a similar process in nano-fretting of 10-150 nm a-C films
deposited on Si by closed field unbalanced magnetron sputter ion plating (CFUBK&IP)

46]. This fatigue wear process is in marked contrast to the behaviour in the nano-scratch test
where the contact pressure is greater and distinct critical loads are observed, with abrupt
increases in probe depth and friction. Appreciable substrate deformation and bending at the

film-substrate interface is necessary before the thin films fail. The probe depths under load at
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failure are significantly lower in the fretting test due to lower substrate deformation and
consequently the friction force at failure is lower ire thetting test due to a smaller
contribution from ploughing. A similar friction coefficient (0.09-0.12) was found by Qian
and co-workers in low-cycle nano-fretting of NiTi shape memory alloy with aurs0
diamond when the contact pressure was sufficiently low that ploughing was minimized [47].
Hertzian analysis can be used to estimate the contact pressure at the start of the reciprocation
in the fretting tests assuming initially elastic contact. For the 37 um probe this gives ~3-4
GPa at 10 mN, ~8 GPa at 50 mN and 9-11 GPa at 200 mN. For the 5 um probe this gives ~6
GPa. The on-load probe depth data typically show a small reduction during the first wear
cycles which may be due to blistering, delamination, phase transformation and oxygen
incorporation. Hillocks have been shown to form at contact pressures > 1 GPa in nano-
fretting tests in an AFM on Si(10(8] and volume uplift due to the phase transformation of

the underlying Si may be occurring here. Hard carbon films are known to suffer from poor
adhesion and delamination-induced blistering, and in repetitive spherical nanoindentation of
500 nm DLC films on Si(100) blistering and delamination of the film resulted in a reduction

of indentation depth with loading cycles when a spherical indenter was used [49].

Li and Bhushan proposed a mechanism for fatigue failure of 3.5-2Qa@nfilms in
reciprocating sliding with 81m sapphire sliders. In this mechanism wear fatigue cracks form

in the coating and on thinner (3.5, 5 nm ta-C) propagate to the interface resulting in
delamination but for 20 nm do not reach the interface. We have previously noted that this
mechanism does not take into account substrate deformation and interface bending and
therefore is not directly applicable to the behaviour in the nano-scratch test where appreciable
elastic and plastic substrate deformation occurs and failure does not occur until the probe

depth is greater than the film thickness. In the small scale fretting test the mechanism of film
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failure is closer to that proposed by Li and Bhushan although some substrate deformation

does occur.

Analysis of the SEM images of fretting wear scars revealed distinctive gross-slip type of
damage with scratches generated during sliding present within the wear scafharea.
damage mechanics of @films seems to be progressive wear by debris generation and
debris aggregation outside the contact area. Wang and Kato observed transitions from no-
wear to a wear particle regime in low cycle pin on disk testing of €Mdtings in an SEM

over the contact pressure range 5-18 GP3. [0 low load initially only “feather-like”

particles were produced and with increasing wear cycles a transition to “platedike” particles

was found [50]. In macro-scale reciprocating wear of Si [43,51] or ta-C films 452]
significant running in period of high friction has been reported. This has been interpreted as
adhesive wear resulting from the low real area of contact and high local stresses. Fretting
wear particles were generated and as the test progressed a transition to flake morphology and
deep grooves in the wear track due to abrasive wear was observed. In the nano-scale tests the
running-in period was much shorter. As a result of using 37 um radius probe rather than 5
pim, no cracking or coating delamination, as observed in the case of nano-scratch test, has
been observed around fretting wear scars even under maximum load of 200 mN. The
geometry of the wear scars correlated with the loads applied and wider wear tracks were
observed as a result of higher contact pressures and larger Hertzian contact radius. The
reduction in wear track length with increased load from 50 to 200 mN on the 80 nm ta-C is
consistent with other studies of small-scale fretting [53]. EDX analysis confirmed coatings
perforation for longer tests with EDX line scans showing higher oxygen content and lower
carbon counts due to thinning of coatings. Low cycle tests showed coating thinning and
corresponding oxide formation even after short 300-cycle experiments. Oxygen incorporation

in the thinner films may limit their durability. Recent molecular dynamics simulations have
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indicated oxidation as a possible mechanism in the sliding wear of ta-C films [54]. With the 5
pm probe the 80 nm ta-C film wears readily at a much lower load of 10 mN. The maximum
von Mises stress is well into the substrate (at a depth ~260 nm) and the applied load below
that required for Si phase transformation. Fretting damage may be initiated by micro-slip in
the substrate, as has been shown in low load indentations of 170 nm ta-C films. Phase
transformation is expected to play a key role siDekun and co-workers have shown that

ion implantation of Si(111) significantly improved its wear resistance in a reciprocating wear
test [51], presumably as the amorphous near-surface layer formed did not undergo phase

transformations in contact in the same way.

5. Conclusions

The presence of the ta-C film affects the phase transformation behaviour of the Si by
providing load support, reducing the effective load reaching the substrate and spreading the
deformation out over a wider area. Critical loads for pop-ins and pop-outs are modified by the
presence of the ta-C overlayer. While their exact positions change, the rate dependence of
them is virtually identical with and without the ta-C confirming that they are due to
transitions in the underlying Si rather than the film. The nano-scratch test data show that
tangential loading promotes the formation of large lateral cracks on all the ta-C film samples
at much lower load than in nanoindentation. Increasing the ta-C film thickness to 80 nm
significantly increased the critical load for this lateral crackidgiall scalefretting wear

occurs at significantly lower contact pressure than is required for plastic deformation and
phase transformation in nanoindentation and nano-scratch testing. There is a clear correlation
between the fretting and nano-scratch test results despite the differences in contact pressure
and failure mechanism in the two tests. In both cases increasing film thickness provides more

load support and protection of the Si substrate. Thinner films offer significantly less
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protection, failing at lower load in the scratch test and more rapidly and/or at lower load in

the fretting test.
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