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ARTICLE INFO ABSTRACT

Keywords: Since different properties of coating systems influence their friction and wear at different length scales contact
Nanotribology size can play a critical role in microtribological experiments. In this study the behaviour of 3 different types of
Topography coating system which vary in terms of their thickness, substrate and mechanical properties has been investigated.
ﬁzzt:h The coatings were chosen for either their industrial relevance in automotive or MEMS applications, or as model
Microtribology coating systems. A wide range of nano/microtribological tests have been performed with different indenter

geometries (tip sharpness), including single and repetitive scratch tests with unidirectional contact, and recip-
rocating wear tests, with depth and friction evolution monitored so that the relationships between failure
mechanism and friction in coating systems with differing mechanical properties could be explored. The influence
of surface topography on friction has been shown in ramped and constant load scratch tests. When fracture
occurred resulting in a sudden increase in probe depth there was an abrupt decrease in friction which is ascribed
to a contact area effect. In contrast, where deformation progressed through micro-wear a more gradual increase

in depth can be associated with higher contact area and higher friction.

1. Introduction

Diamond-like carbon (DLC) refers to a family of metas amorphous
carbon coatings whose properties vary depending on their sp?/sp® ratio
[1,2], level of hydrogenation and presence of doping elements. The sp®
ratio is directly related to the ion bombardment energy during deposi-
tion [3]. Generally, amorphous carbon coatings can have up to 60%
hydrogen within their structure [4]. Erdemir [5] found that the presence
of absence of hydrogen drastically changes the tribological performance
of DLC films.

A general naming convention exists for amorphous carbons with
amorphous carbon (a-C), it’s hydrogenated variant (a-C:H), the highest
sp° content containing ta-C and its respective hydrogenated variant (ta-
C:H) [6-9]. The key parameters for these films are the sp3 content, the
sp? clustering, orientation of the sp? phase, cross-sectional structures
and H content [6]. The clustering of the sp? phase can altering the op-
tical, electronic and mechanical properties of films with the same sp>
and H content [4].

The properties of carbon films can be further modified by the doping
of various elements into its structure during deposition. Doing so can
alter properties such as thermal stability, adhesion and internal stress

* Corresponding authors.

[10]. Tungsten has been explored a dopant for DLCs displaying excellent
adhesion and tribological properties despite its reduced hardness
(increased sp2 fraction) in comparison to other DLCs [11-13]. In
graphitic-like carbon (GLC), tungsten doping improves the hardness,
adhesion, elasticity and toughness of the film [14]. Silicon is another
popular dopant with relatively good wear resistance, adhesion and
increased temperature resistance [10,15-19]

The structural parameters discussed above can hugely affect the
mechanical properties of an amorphous carbon films [8,20,21]. Hains-
worth and Uhure [8] compared the properties of different DLCs noting
that hard a:C—H variants can have a range of hardness values from 10 to
20 GPa. Ohtake et al. [22] performed a similar comparison and noted
that a-C:H can vary from 9 to 25 GPa. The relation between hardness (H)
and elastic modulus (E) is well known to be a predictor of both friction
and wear performance [23-27]. H/E and H>/E? are the two main metric
used in this regard [23-25]. H/E represents the elastic strain to break or
(strain to failure) [23,24] whereas H3/E? relates to contact yield pres-
sure as derived from Hertzian contact analysis [23,28] with larger
values indicating a higher resistance to plasticity.

These amorphous carbon films are favoured for their high hardness,
wear resistance, low friction coefficient, chemical stability and high
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biocompatibility [9]. Due to these properties, DLCs see wide use in en-
gineering and medical fields [29-31] examples of which are as coatings
on razor blades, cutting tools and protective coatings for internal com-
bustion engines [8,32-34]. Ultra-thin (sub 100 nm) DLCs have proven
useful for protecting silicon MEMS devices [35,36].

Adhesion of DLC films is a key property to increase their usability in
the future; their high residual stresses can limit their applicability in
extreme environments [12,37-40]. Interlayer designs and multi-layer
structures have been used to increase DLC adhesion [13,38,40-42].
Additionally, bias voltage control during deposition has been used to
control the stress of films to limit delamination [43,44]. Figueroa and
co-workers [44-48] have produced numerous studies exploring silicon
containing adhesion layers to improve DLC adhesion on steel.

The tribological performance of DLC films is heavily dependant upon
the structure of the film itself and the environment in which they are
operating. Humidity plays a key part in this change in performance due
to the interaction with an dangling hydrogen bonds on the surface [29,
49]. DLCs are also noted to form a carbonaceous transfer layer, which is
graphitic in nature and can further reduce the coefficient of friction
during sliding [21,49-52]. DLCs have also been noted to be able to
achieve superlubricity in tribological interactions with 2D materials
[53-55].

To properly assess nanoscale friction and wear, a single asperity
approach is often taken thereby increasing the contact pressures but
more accurately modelling the real area of contact [56]. Under these
simplified contact conditions, topography can play a significant role in
controlling the friction response. Santner and co-authors [57-60] have
analysed the effect of topography of friction response and how subse-
quent surface modification can influence the friction signal. A number of
authors have studied how topography affects both the growth dynamics
of DLC films and their wear highlighting the importance of deposition
characteristics on the surface roughness of deposited films and delete-
rious effect of high surface roughness on wear [9,61-66].

Nano-scale wear has been explored in the form of nano-fretting and
nano-scratch tests demonstrating mechanisms that features a high de-
gree of surface topographic change [67-70]. The effect of length scale
has been explored by Achanta and co-authors [71-73]; they found that
on the nano-scale (where the pressure distribution applied by atomic
force microscopy is smaller than the meso- and macro-scale and single
asperity interactions dominate), surface roughness effects dominate the
friction trace. Furthermore, the measured coefficient was smaller as
nano-scale friction has increased effects of adhesion and molecular in-
teractions rather than deformation and third body influences [71-74].
Atomic force microscopy (AFM) is often seen employed in the mea-
surement of surface roughness and topography [66,75-78] in addition
to its use as a tribometer [73,79].

On this length scale, where low friction coefficients are typical, any
angular misalignment may need to be carefully corrected as the
misalignment will cause drift in the friction signal [80].

To compliment fundamental nano-scale experimental tribological
investigations, molecular dynamics simulations are employed. Moseler
et al. [81] have investigated the ultra smoothness of DLC surfaces
through growth dynamics. Similar studies have also been performed by
Neyts et al. [82], Ma et al. [83] and Li et al. [84]. Other areas of study
using this technique are simulations of the tribochemical interactions of
hydrogen bonds [85] and stress reduction mechanisms of doping [86].

Friction can be deconvoluted into ploughing and interfacial com-
ponents as shown in Eq. (1) [87-89].

Hiotat = Mptoughing T Hinterfacial @

Since different properties influence friction and wear at different
length scales contact size can play a critical role in microtribological
experiments.

In this study we have investigated the behaviour of 3 different types
of coating system which vary in terms of their thickness, substrate and
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mechanical properties. The coatings were chosen for either their in-
dustrial relevance in automotive or MEMS applications, or as model
coating systems.

A wide range of nano/microtribological tests have been performed
with different indenter geometries (tip sharpness), including single and
repetitive scratch tests with unidirectional contact, and reciprocating
wear tests, with depth and friction evolution monitored so that the re-
lationships between failure mechanism and friction in coating systems
with differing mechanical properties could be explored.

2. Experimental
2.1. Coating systems

80 nm ta-C film was deposited on Si(100) under floating bias using
an industrial filtered cathodic vacuum arc system (Nanofilm Technolo-
gies Pte. Ltd., Singapore) evacuated to a base pressure lower than 1 x
107° torr. The cathode was a 70 mm diameter, 99.999% pure graphite
target mounted onto a water-cooled copper block. The arc current was
~70 A. The silicon substrates were ultrasonically cleaned with deionized
water for 10 min, followed by drying with a static neutralizing blow off
gun. Prior 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
[35,90]. 450 nm and 962 nm DLC films were deposited on Si without an
adhesion-promoting interlayer by electron cyclotron resonance (ECR)
plasma chemical vapour deposition (CVD) at BAM, Germany [91]. They
provided a suitable model system for studying parameter sensitivity
since they delaminated consistently exhibiting small test-to-test varia-
tion in critical loads.

Multilayer coatings with un-doped DLC or Si-doped DLC top layers
were deposited on hardened M2 tool steel with a plasma enhanced CVD
(PECVD) Flexicoat 850 system (Hauzer Techno Coating, the
Netherlands) [13,92,93]. A WC/C commercial coating, Balinit C Star,
was deposited on hardened M2 tool steel by Oerliken Balzers. According
to the manufacturer specification, this is applied in a single-pass vacuum
process resulting in a homogeneous coating with multilamellar structure
with WC-rich/C-rich phases alternating every few atomic layers [94].
There is a hard CrN sub-layer for load support and improved adhesion to
the steel substrate. In the DLC and Si-DLC 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 PECVD stage, thus creating a functional gradient layer in
one continuous deposition process. The Si-DLC was doped with silicon
using hexamethyldisiloxane (HDMSO) precursor. Layer thicknesses
were:- DLC = 0.3 pm Cr/0.7 pm, W-C:H/2.9 pm, a-C:H; Si-DLC = 0.3 pm,
Cr/0.7 pm, W-C:H/2.8 pm, Si-a-C:H; WC/C = 1 pm CrN/2 pm a-C:H:W.

2.2. Nanomechanical and microtribological testing

Nanomechanical properties and microtribological behaviour of the
studied coatings were determined with NanoTest systems (Micro Ma-
terials Ltd., Wrexham, UK) under normal laboratory conditions (T ~22
°C; RH ~50%). Instrument and indenter calibration was performed in
accordance with ISO14577 [95]. Diamond Berkovich indenters were
used to perform the nanomechanical property measurements.
Coating-only hardness and elastic modulus (i.e. values independent of
substrate) were determined in the NanoTest software from nano-
indentation data according to the approach of ISO 14,577-4 [96]. For
the elastic modulus determination indentations were performed to a
range of indentation depths and extrapolating the results to zero pene-
tration depth to obtain a result free of substrate influence. For hardness
the value at h./t. = 0.1 (h. = contact depth, t. = film thickness) was
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taken to achieve a fully developed plastic zone in the coating without
substrate plasticity.

Nano- and micro-scale scratch tests were performed as 3-pass pro-
cedures involving a pre-scan surface profile, ramped load scratch and
post-scan surface profile that were subsequently analysed in the
NanoTest software to determine the on-load and residual depth data,
following the approach described in CEN/TS 17,629 [97]. Spher-
oconical diamond probes with a range of end radii were employed, as
summarised in Table 1 [35,36,90]. The end radii were calibrated by
nanoindentation testing over a wide load range on fused silica and
sapphire (0001) reference samples.

Simulated stress distributions of the von Mises, normal and interfa-
cial stresses developed at different applied loads in scratch tests on DLC,
Si-DLC and WC/C coatings on hardened M2 steel were generated using
the Surface Stress analyzer (SIO, Rugen, Germany) [98]. The input pa-
rameters were (i) mechanical properties of the coating (taken as mon-
olayered) and substrate, i.e. H, E and H/Y (H/Y = 1.2 for coatings, H/Y

Table 1
Summary of nano/micro-tribological tests.

(a) 450 and 962 nm soft DLC on Si

Coating ~ Test R Load (mN) Cycles Scratch
(um) under load length (pm)
450 nm  Nano-scratch 3.7 Ramped to 1 150
100
450 nm  Repetitive 3.7 40,50,60 10 300
nano-scratch
450 nm  Nano-scratch 6.5 Ramped to 1 1000
300%
450 nm Repetitive 6.5 84-170 20 1000
nano-scratch
962nm  Nano-scratch 3.7 Ramped to 1 150
100
962 nm  Nano-scratch 6.5 Ramped to 1 400
150*
962 nm  Repetitive 6.5 60,70,80 20 1000
nano-scratch
(b) 80 nm ta-C on Si
Test R Load (mN) Cycles under Track
(um) load length
(pm)
Nano-scratch 1.1 Ramped to 18 1 100
[90]
Nano-scratch 3.1 Ramped to 160 1 150
[36]
Nano-scratch 4.6 Ramped to 200%, 1 300%
[35] 300
Nano-scratch 9.0 Ramped to 500 1 150
[36]
Nano-fretting 5 10 1500-18,000 10
[35]
Nano-fretting 37 200 300-18,000 10
[35]
(c) DLC, Si-DLC, WC/C coatings on hardened M2 steel
Test R Load (mN) Cycles under Track
(um) load length
(um)
Nano-scratch [13] 5 Ramped to 500 1 500
Micro-scratch [13] 25 Ramped to 1 1000
5000
Nano-fretting [137] 5 100 4500 7
Reciprocating wear 25 10-500 500 1000

[125]

*Tests were carried out at x100 different loading rates and scan speeds but at the
same dL/dx.

** For both ramped and constant load scratches, this length includes a 50 pm
distance utilised for levelling in the data processing procedure.

* Tests to 200 mN were performed over a range of dL/dx, track lengths varied in
the range 150-850 pm. The track length was determined by the scan speed and
loading rate.
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= 2.5 for the steel substrate) (ii) coating thickness (iii) Poisson’s ratios
(iv) probe radius, applied load and measured friction coefficient in the
nano-scratch test.

Multi-pass (repetitive) nano-scratch tests were performed including
pre- and post- topographical scans in addition to the constant load
scratch tests, and analysed by the same methodology as the ramped load
scratch tests. The general approach has been summarised previously in
[33,89]. Regarding the critical load points described below: (i) Ly =
critical load for onset of non-elastic deformation (yield load); (ii) Ly =
critical load for cracking; (iii) L.y = critical load for total film failure
[33]. This was used for all the coating systems tested in this work.

Nano-fretting tests were performed with a NanoTest Vantage system
(Micro Materials Ltd., Wrexham, UK) using 5 and 37 pm diamond
probes. The configuration for nano-fretting includes an additional
oscillating stage with a multi-layer piezo-stack to generate sample mo-
tion. The piezo movement is magnified by means of a lever arrangement
to achieve larger amplitudes [99]. The fretting track length was set at 10
pm for the ta-C film and 7 um for the DLC, Si-DLC and WC/C coatings.
The oscillation frequency was 5 Hz. 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. Friction coefficients during the fretting
tests were determined from friction loops by the method of Burris and
Sawyer to eliminate any potential transducer misalignment issues [80].

A NanoTest Vantage fitted with a NanoTriboTest module including a
reciprocating stage (PI, Germany) controlled within the NanoTest soft-
ware was used for the reciprocating tests on the DLC, Si-DLC and WC/C
coatings. 500-cycle reciprocating wear tests were performed at 10-500
mN with a diamond indenter of 25 ym end radius as the test probe, 1 mm
track length and maximum sliding velocity of 0.5 mm/s. The sliding
velocity was at its maximum over the central 90% of the track and lin-
early reduced to zero at the turn-around points. The total sliding dis-
tance was 1 m. The friction coefficient in the reciprocating tests was
determined from the frictional energy dissipation as shown by Fouvry
and Liskiewicz [100-102].

Frictional energy dissipation

H (2

~ 2 X actual track length x applied load

The tests performed on each coating, applied load, number of cycles
under load and the probe radii are summarised in Table 1.

3. Results
3.1. Mechanical properties

The mechanical properties of the coatings are summarised in Table 2.
The approach described in ISO14577-4 was adopted to obtain values
that were independent of the hardness or modulus of the substrates (Si
(100) H = 12.5 GPa, E = 165 GPa; hardened M2 tool steel H =12 GPa, E
= 210 GPa). The thinner soft DLC coating system appeared significantly
more resistant to indentation due to the enhanced load support from the
harder and stiffer silicon substrate but the ISO approach shows that it is
only slightly harder and stiffer than the thicker coating.

Table 2
Coating mechanical properties* and surface roughness**.
H (GPa) E (Gpa) H/E H%/E? (Gpa) R, (nm)

80 nm ta-C 23.9 331 0.072 0.125 3.1
450 nm soft DLC 4.4 31.6 0.139 0.085 1.9
962 nm soft DLC 4.1 28.5 0.144 0.085 1.9
3.8 um DLC 23.4 234 0.100 0.234 10.3
3.9 um Si-DLC 16.8 151 0.111 0.208 10.9
3.0 um W-DLC 13 149 0.087 0.099 11.3

" Coating only (substrate free) values determined by applying 1S014577-4.
" Surface roughness was measured from the initial topography scan in the 3-
pass scratch tests (topography-scratch-topography).
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3.2. Ramped and repetitive nano-scratch tests on 450 and 962 nm DLC
films

Tables 3a,b) show that the critical loads for cracking and total film
failure were much higher for the thinner coating. Table 3a shows the
influence of a 100-fold change in loading rate with concurrent change in
scan speed, i.e. the tests were done at the same dL/dx, on the critical
loads. The Table shows that this change resulted in only a 10% increase
in the L¢; and L, critical loads. The influence of probe sharpness on the
critical loads in the nano-scratch tests are shown in Table 3b. The
variation in scratch recovery at failure is shown in Table 3c. The scratch
recovery (SR) is defined in an analogous way to elastic recovery in a
nanoindentation test (Eq. (3)).

100% x (maxiumum depth — residual depth) 3)

Scratch recovery =

maximum depth

Repetitive constant load scratch tests were performed at sub-critical
loads (i.e. below L¢1). An illustrative example at 70 mN on the 962 nm
coating is shown below (Fig. 1). In this example there were 41 cycles, of
which 20 were under load (“S”) and 21 were topographic (“T”). For the
on-load cycles the load was linearly ramped after 50 pm scan distance
reaching 70 mN just after 250 pm, remaining at this level until the end of
the track and then the probe was removed and placed at the start of the
track for the next pass (a topography scan) following a procedure
described in [89,97,103]. The cycles were T-S-T-S....T. In Fig. 1 (a,b)
only selected cycles are shown for clarity. Data are shown after correc-
tion for slope, instrument frame compliance and surface topography. In
this example the film fails over only part of the track in one cycle (cycle
11) with progressively more of the film failing with each subsequent
cycle. There is appreciable debris generation once the coating fails,
which precludes the probe reaching the bottom of the track along its
length until this debris is ploughed out with continued on-load scratch
cycles.

The mean depth values averaged over entire constant load region
provide a convenient graphical method to monitor the evolution of the
film failure [89,97]. The evolution in the on-load depth (hy) and residual
depth (h;) with continued scratch cycles from typical tests at 60-80 mN
is shown in Fig. 2(a). Since L.; ~98 mN in ramped scratch tests with the
same loading rate and scan speed (Table 3(a)) these tests were per-
formed at fractional loads (L/L.) of 0.61-0.82. At 60 mN contact was
almost elastic after 20 scratches but film failure occurred within 20
cycles for the tests at higher load. Fig. 2(b) shows SR vs. cycles. SR
gradually decreased over the first few cycles as the on-load depth was
almost constant but the residual depth gradually increased. Friction
coefficient vs. cycles is shown in Fig. 2(c).

Fig. 3(a-b) show the load dependence of the number of cycles to the
onset of film failure, defined as the beginning of cracking in part of the
track revealed in the on-load depth and friction data. For tests close to
the L., (at fractional loads near to 1) abrupt film failure typically
occurred within a single cycle over the entire region of the scratch track
under constant load (i.e. from 260 to 1000 pm).

Table 3a
Influence of loading rate and scan speed on the critical loads for soft DLC films on
Si.

Coating Loading rate (mN/s) Scan speed (um/s) L¢, (mN) Lc, (mN)
450 nm 0.167 0.5 170 + 14 172 + 14
962 nm 0.167 0.5 94 +1 102 +1
450 nm 1.67 5 182 +5 184 +5
962 nm 1.67 5 98 +1 107 £ 1
450 nm 16.7 50 192 + 4 193 +3
962 nm 16.7 50 105+ 0 113+ 2

[R = 6.5 pm; data previously reported in Nanoindent+ [91, 98]].
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Table 3b

Variation in critical load and friction with probe radius on soft DLC coatings.
Coating R Ly pat Ly unat Leo pat

(um) (mN) Ly (mN) La (mN) Lea

450 nm 3.7 6+1 0.03 69 +1 0.09 72+ 2 0.09
450 nm 6.5 20£2 0.08 182 +5 0.11 184 +5 0.11
962 nm 3.7 8+4 0.03 50+5 0.07 57+ 4 0.10
962 nm 6.5 27 £3 0.08 98 +1 0.10 107 £1 0.11

Table 3c

Variation in scratch recovery with probe radius on soft DLC coatings.

Coating R (um) % Scratch recovery at L¢; % Scratch recovery at L¢o
450 nm 3.7 67 65
450 nm 6.5 70 70
962 nm 3.7 79 69
962 nm 6.5 92 80

3.3. Nano-scratch and nano-fretting tests on ta-C

The influence of probe radius on the critical loads and friction co-
efficient at these in nano-scratch tests on 80 nm ta-C is summarised in
Table 4. Clear film failure and substrate exposure occurred at L.p [35,
104]. In contrast, in the nano-fretting tests only gradual changes in
depth and friction were observed. To illustrate the relationship between
friction and depth/wear rate Fig. 4(a) shows the friction coefficient and
depth increase over the first 1000 cycles of a 3000 cycles test that didn’t
result in complete wearing through of the film. At the start of the test
there is the suggestion of some blistering, presumably from debris
generation in the contact. Optical microscopy of wear scars confirmed
this debris was removed to edge of scar with continued cycling. Fig. 4(b)
shows the relationship between friction and depth/wear rate in a 6000
cycles test where the film was completely removed. In this longer test
there was an increase in wear rate after the depth increase reached ~70
nm (i.e. similar to film thickness).

3.4. Nano-scratch, micro-scratch, nano-fretting and reciprocating wear
tests on DLC, Si-DLC, WC/C coatings on hardened M2 steel

The critical loads and friction coefficients at these transitions in
scratch tests with 5 and 25 pm radius probes on DLC, Si-DLC, WC/C
coatings on M2 steel are summarised in Table 5. Table 6 shows simu-
lated von Mises stresses. In the nano-fretting and reciprocating wear
tests the hard DLC coating showed the best wear resistance and the
softer WC/C the worst. Fig. 5 (a-c) shows SEM images of the wear tracks
in reciprocating tests at 500 mN. The Si-DLC shows more debris to the
sides of the track than the other coatings. Fig. 5(d) shows the develop-
ment in friction with continued cycles at 500 mN.

4. Discussion
4.1. Rate dependence on critical loads and friction

Table 3a shows that the scan speed dependence is small, so it is
possible to compare results from different studies (e.g. with different
probe geometries) where experimental conditions of loading and scan
rates were not kept constant. This result is in agreement with data on ta-
C [35] and DLC and Si-DLC on glass [105]. The critical load for failure of
the 80 nm ta-C was almost constant (112 + 9 mN) over a 100-fold
variation in dL/dx [35]. Although slightly higher friction was associ-
ated with higher L., due to ploughing, over x100 difference in scan
speed (0.1-10 pm/s) the mean friction coefficient at L.y, was 0.14 +
0.01, as shown in Fig. 6. Similar results have been found at smaller
contact size by AFM where friction forces between amorphous carbon
and Si tips of radii 20-60 nm were almost invariant with scan speed over
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Fig. 1. Repetitive scratch test on 962 nm soft DLC at 70 mN; R = 6.5 pm. Selected cycles (a) probe depth under load (b) residual depth.

the range 0.1-2 pm/s [106].

4.2. Variation in scratch critical loads with probe sharpness

The indenter geometry calibration typically showed that the tip
radius was not invariant, but its variation over the depth ranges reached
in the scratch tests was sufficiently small that the probes could be
assumed to be of constant radius for comparison purposes. Comparison
of data in Tables 3(a-c) shows that the variation in critical loads with
probe radius was much stronger for the thinner coatings on Si than the
thicker DLC coatings on hardened tool steel. On the 80 nm ta-C the
variation in L.; with probe radius is shown in Fig. 7. This has been
modelled by the dependence of the critical load being of the form

L. = xR" 4

Where m is a best fitting parameter. Assuming that yield (or
cracking) occurs at a critical pressure, leads to the critical load
depending on R2. Contact mechanics analysis shows that for a flat sur-
face in elastic/plastic contact with a rigid ball of radius R the yield
pressure (Py) is given by Eq. (5) [28,107].

P, =0.78R*(H* / E?) (5)

For coating systems with different mechanical properties, thickness
etc., the situation is more complex. For the thinnest film, 80 nm ta-C, the
onset of yield is in the silicon substrate when using R = 1.1-9.0 pm
probes and m~1.8. The calculated mean pressure (Py) at yield was 12.0
GPa with R ~1.1 pm; 12.9 GPa with R = 3.1 pm; 14.8 GPa with R = 4.6
pm and 11.4 GPa with R = 9.0 pm. The mean pressures at yield were
calculated using the same method specified in [36]. Utilising a spherical
indenter, the contact depth (h,) in an indentation contact is given by:
%:m;m ®)
where hy, is the contact depth, h; is the on-load scratch depth and h; is the
residual depth from the final scan. The contact radius (a) is determined
by:

a=/(2Rh, ~ 1) %)

where R is the indenter radius. Finally, the contact pressure, P,,, can be
calculated at any point along the scratch track by:

L
" na?

(8
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Table 4
Variation in critical load and friction with probe radius on 80 nm ta-C.
R(um) Ly (mN) patLy L (mN) patLe  Lea (mN) patLea
1.1 1.7 £ 0.2 0.10 5.0+ 0.6 0.17 7.5+ 0.5 0.23
3.1 13.2 + 35.7 + * 91.3 + 3.8
0.7 8.5
4.6 52.8 + 0.09 74.7 £ 0.12 112.4 + 0.15
4.1 5.5 9.1§
9.0 127 +£ 18 182 + 6 365 + 16 *

Scan speed = 1 pm/s for 1.1 pm probe; 2 pm/s for others. *The frictional force
was not recorded for the tests with 3.1 and 9.0 um/s probes. § Some tests with
this probe were continued to much higher load to determine the critical load for
lateral cracking in the Si substrate, which was 276 + 20 mN, with friction co-
efficient ~0.23.

where L is the applied load. At the onset of non-elastic deformation, Py,
=1.1Y. As yield stress of silicon is 11.3 GPa, so 1.1Y = 12.4 GPa, which
is almost the same as the pressure required for phase transformation (12

GPa) and hardness (12.5 GPa) emphasizing the importance of yield by
phase transformation in the Si substrate [35,70]. Above this yield point
Eq. (8) is not strictly exact as the load is then supported more on the
front half of the sliding probe but nevertheless it can provide a reason-
able estimate of contact pressure.

The coating systems displayed different behaviour how the scratch
recovery at L.y and Ly varied with probe sharpness. On the ta-C film
there was a slight decrease in scratch recovery with increasing probe
radius and for the 450 and 962 nm soft DLC coatings the SR was higher
for the larger probe. The extent of elastic recovery in an indentation test
is correlated with the H/E ratio of the material being tested. SR is lower
for the DLC, Si-DLC and WC/C coatings as the steel substrate has lower
H/E than the Si. Rhee and co-workers reported that the deformation
observed in indentation tests on bulk materials was dependant the
radius of the indenter, with larger radii indenters (i.e. larger contact
size) producing more brittle deformation and smaller radii indenters (i.
e. small contact size) more plasticity [108]. In a sliding contact with
tangential loading, in a bulk material scratch recovery will increase as
contact size increases as plasticity is more important at smaller length
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Table 5
dependence of critical loads and friction on probe radius for DLC, Si-DLC, WC/C
in scratch tests with 5 and 25 pm radius probes.

Coating R Ly patLy Loy nat Lo pat
(um) (mN) (mN) Ly (mN) Lea
DLC 5 206 + 0.115 422 + 4 0.16 * *
5
DLC 25 356 + 0.075 2179 + 0.175 2612 + 0.195
9 120 127
Si-DLC 5 110 + 0.117 445 + 0.19 * *
10 12
Si-DLC 25 383 + 0.073 1827 + 0.142 2256 + 0.146
52 111 116
WC/C 5 68 + 4 0.145 * * *
WC/C 25 375 + 0.1 2830 + 0.236 3695 + 0.267

49 367 112

* Le1 or Leo not reached before the maximum load (500 mN) in these tests was
reached. Data previously reported in [13,125].

scales and fracture at larger scales. The relative proportion of defor-
mation and fracture has a large influence on the subsequent wear in a
tribological test and is an important factor in why coating hardness
alone can be insufficient to predict wear rate.

4.3. Mechanistic differences in ramped load scratch tests on 450 and 962
nm soft DLC on Si

In the scratch tests with either the 3.7 or the 6.5 pm probes, the
thinner soft DLC coating exhibited a slightly lower critical load for yield
but greater critical loads for cracking and film failure. The nano-
indentation results showed that the mechanical properties of these
coatings were very similar so that the main differences in behaviour
were due to their different thickness and how this influenced the stress
fields developed. Higher Ly for the 962 nm soft DLC coating appears to
be a consequence of the lower effective stiffness of the contact (rather
than the coating alone) than for the 450 nm DLC, which therefore
increased the resistance to plastic deformation (H3/E2) of the contact. In
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comparison to the results on the harder coatings, the soft DLC yield at
low Py, as has also been reported for 70-150 nm soft MoST coatings on
Si in scratch tests with a 3.1 pm probe [36]. Hertzian calculations sug-
gest Py, ~ 5.1 GPa with the 3.7 um probe and ~6.2 GPa with the 6.5 pm
probe. Maximum von Mises stresses were located at ~315 nm below the
surface with the 3.7 pm probe and ~540 nm below the surface with the
6.5 pm probe.

The greater load support provided by the harder and stiffer substrate
will lower the bending stresses developed in the coatings at high load.
SR (at failure) was higher for the thicker coating consistent with the
greater proportion of the deformation being from the coating which has
higher H/E than the Si substrate. There are differences in the developed

mean pressures at the onset of cracking for these coatings. Hertzian
estimation shows that they were higher for the thinner coating, with
maximum values located further below the surface. For the 450 nm DLC,
the mean pressures were close to those required for phase trans-
formation of the Si substrate, but they were lower for the 962 nm
coating. Hertzian analysis indicated the maximum von Mises stresses
were located within the substrate for the 450 nm coating and within the
coating for the 962 nm coating. This difference may help explain why
(Lco-Lcy) is larger for the 962 nm coating since how the interface is
weakened (from the coating side/interface side or both sides) has been
shown to have a strong influence on coating failure in scratch tests [109,
110].
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It is interesting to compare these soft DLCs with the behaviour of
uncoated Si(100). In scratch tests at room temperature silicon displays
brittle behaviour deforming by phase transformation and cracking [35,
70]. It has been shown previously that thin hard ta-C films were able to
protect Si, increasing critical loads required for yield, cracking and
lateral fracture [35,36,89]. Increasing film thickness improved their
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Fig. 7. Variation in L.; with probe radius for 80 nm ta-C.
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protective ability [35,36,89]. In contrast these soft DLCs exhibit much
lower critical loads for yielding, but nevertheless offer some protection
against cracking as they lower the stresses developed in the Si substrate,
so that they can remain below that for phase transformation until higher
load. For both probe geometries the critical pressures at L.; were lower
than needed for phase transformation for the thicker coating, indicating
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coating failure by an alternative mechanism.

4.4. Repetitive scratch test method development

The test methodology for assessing repetitive sub-critical constant
load scratch tests has been developed enabling S-N type relationships to
be determined. This approach is outlined in the recent CEN standard
[97]. In tests where the load was close to L., the entire scratch track
typically fails within 1-2 cycles of the onset of failure at a specific
location but at lower load failure was more localised. Using the
cycle-by-cycle evolution in the mean values (of h, h, SR, friction coef-
ficient) from the entire track length under the constant repetitive load
provided a convenient graphical method to follow the development of
the failure process. The differences in L¢y-L¢p for the two soft DLC films
discussed above influence their behaviour in the repetitive scratch test.
Fig. 8(a) compares the number of cycles to failure vs. the fractional load
(L/L.) for these coatings. Under the sub-critical loads, the thicker
coating shows relatively improved behaviour. This improved damage
tolerance is consistent with the higher L.,-L¢; found for this coating. In
scratch tests on Si(100) with the same probe at 70-80 mN contact was
almost elastic with low residual depth. Permanent deformation (i.e.
wear) was predominantly of the coating explaining why the final re-
sidual depth in the repetitive scratch tests at these loads was close to
coating thickness. In the repetitive scratch tests, the on-load depth at
failure was lower than in ramped scratch tests. The difference was
dependant on L/L. and the film thickness. For the 450 nm DLC the depth
at failure was much lower than for ramped tests. SR also decreased with
each cycle. The differences between films were stronger than the probe

Applied Surface Science Advances 9 (2022) 100248

radius dependence. When normalised, the number of cycles to fail the
450 nm coating is similar for both probes (Fig. 8(b)), consistent with
there being no change in failure mechanism over this range.

4.5. Contact size effects on critical loads

In studying wear mechanisms during repetitive scratching of steels
with a 30 pm spheroconical tungsten carbide indenter, Kato and co-
workers [111,112] observed that increasing load and contact strain
resulted in a transition in wear mode from ploughing to wedge forma-
tion and then cutting at higher cone angles. To explain these changes in
wear behaviour they introduced a degree of penetration parameter, Dy,
defined as the on-load contact depth/contact radius, to characterise the
severity of the abrasive contact. Coatings may experience greater
bending stresses in scratch tests with sharper probes. In sliding contacts
on coated systems Diao and co-workers proposed the ratio of coating
thickness (t) divided by contact radius (a), t/a as an alternative severity
index [113,114]. Finite element (FE) modelling showed that the
magnitude of the tensile stresses generated at the rear of the contact was
dependant on E./Es and t/a [113,114]. The dependence of these two
possible indicators of test severity, h,/a and t/a, on test probe sharpness
has been determined for the coatings systems studied. The contact radius
(half contact width) a at yield can be determined from Hertzian analysis.
Since elastic recovery is high for coating systems with high H/E an es-
timate of a can be determined at L¢; and Lco. For all the coatings the
values of t/a at the critical loads increased with decreasing probe radius.
This can be most clearly shown in data on the ta-C coating where t/a at
Ly increased from 0.046 with the 9.0 pm probe to 0.35 with the 1.1 pm
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probe. The dependence of h/a at the critical loads on probe radius and The friction coefficient at yield is not constant as different ploughing
friction coefficient is shown in Fig. 9(a) and 9(b) respectively. For the contributions are observed depending on probe sharpness (Fig. 9(b)).
coatings on hardened tool steel hi/a at critical load decreased with Higher friction from increased ploughing is observed when there is
increasing probe radius but this parameter was less influenced by probe appreciable plasticity prior to failure, e.g. as on DLC, Si-DLC and WC/C
radius for the ta-C and soft DLC coatings on silicon, with Ly being on M2 steel (as discussed below) and where increasing depth causes a
approximately constant, though a slight trend remained for L.; and L¢a. change in probe attack angle and/or reduction in effective tip radius.
0.3
e DLC
© Si-DLC
0.25 { | o wc/c

——Elastic contact, interfacial friction = 0
~~~~~~ Elastoplastic, IF = 0.072

= 024" Elastoplastic, IF = 0.04
s - - Elastoplastic, IF = 0.034 _o.ogS
] 906008
§ 0.15 - 00300 Y .
8 BEBB IO ot S
s . o FS <, g0 o0
(=] [e] .(gb 0 L\*‘%%
] R 0.8 o o902 ke
S01] %9 P
= gﬁx)%;@_
2 $en H

0.05 -

o T T T T T
0 250 500 750 1000 1250 1500
(a) On-load scratch depth (nm)

100 2%
0 R

% 1 ¢ %’%?iy

70 4 «w (§> ‘

2
2
3 60 - & o
o
o 50
S
8 40
[T}
R 30
e DLC
20 1 © Si-DLC
10 - owc/c
0 . . . T T
(b) 0 250 500 750 1000 1250 1500
Depth (nm)
0.3
-e-DLC
——Si-DLC
0.25 1 |-o-wc/c
------ Elastic to 300 nm, IF = 0.072
— — Elastic to 400 nm, IF = 0.040
e 02 1 |---Elastic, IF= 0.034
5§ | e
S
£ 0.15
o
(")
[
K=l
B 0.1
S
'S
0.05
0 T T T T
© 0 100 200 300 400 500

Scratch depth under load (nm)

Fig. 10. (a) Friction vs. on-load depth for scratch tests on DLC, Si-DLC and WC/C, R = 25 pm (b) scratch recovery with R = 25 pm (c) scratch tests on DLC, Si-DLC
and WC/CR = 5 pm.

12



B.D. Beake et al.

This appears to be the case for the tests on the ta-C with R ~1.1 pm.

4.6. Ploughing and friction

Several authors have attempted to deconvolute the interfacial and
ploughing components in the Bowden and Tabor model [88,115-117].

- <R2cos’1 (“‘%’)) — (R—h)/h(2R = h))

4 ((2Rh — 7)) ©

The ploughing term has been determined from the geometrical
comparison of normal and lateral contact areas. In the limit of fully
plastic scratching with no recovery q = 2 but this is not achieved in these
tests with spherical probes. In the fully elastic regime, the load is equally
supported on front and back !4 of the sliding probe (¢ = 1). From
calculating the ploughing component in the elastic regime and
comparing to measured friction the difference should be the interfacial
component. The measured friction will rise more rapidly with increasing
scratch depth once there is non-elastic behaviour as the load is less
supported on the back ' of the sliding contact.

The importance of elastic recovery on friction has been highlighted
by Lafaye and Troyon [118] to explain bilinear friction vs. load
behaviour in AFM nano-scratch tests on Cu, Ti6Al4V and Al. By simu-
lating the degree of elastic recovery through a varying rear angle they
were able to more accurately fit the experimental AFM friction data. In
the current work the friction model has been modified to account for
differences in elastic recovery by allowing g to be a fitting parameter
that varies with depth. Since the on-load and residual depths were
measured in our tests it is possible to determine the depth-dependence in
scratch recovery and use this in obtaining a better fit to the experimental
nano- and micro- scale scratch friction data. Scratch tests on uncoated Si
(100) with the 6.5 pm probe and scratch tests on the DLCs on M2 steel
with the 25 pm probe, clearly show increased friction at the onset of
non-elastic behaviour.

In the model, a constant probe radius has been assumed for
simplicity and surface topography has been neglected. Fig. 10(a) shows
results for the DLC, Si-DLC and WC/C with the 25 pm probe. Fitting
parameters are the interfacial friction, determined from best fit in the
elastic regime and the g parameter which gradually increased from 1 to
2 in accordance with the experimental scratch recovery data (Fig. 10
(b)). This approach could closely replicate the more rapid increase in
friction from the onset of non-elastic deformation. The frictional data at
low penetration depth show some variability due to the higher
geometrical influence of the surface topography as discussed by Achanta
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and co-workers [71-73], so the fitting was performed over a range of
on-load depths that were high enough to minimise topographic influ-
ence but below L.;. Pagnoux and co-workers have estimated the contact
boundary in scratch tests with 50-200 pm diamond probes on a similar
multilayered Si-DLC coating (2.5 pm (a-C:H + Si:a-C:H)/0.9 pm CrN +
Cr on M2 steel) [119]. Their data suggests that the contact is a little more
than half supported on the rear of the probe. This is close to our fitting
value rising to 1.57. SR is 100% to ~300 nm (q = 1) and then decreases
to ~65% at 1500 nm (q = 1.57).

The interfacial friction coefficients vs. diamond were estimated as
0.072 for WC/C, 0.040 for Si-DLC and 0.034 for DLC. These values of
interfacial friction were combined with the experimental SR data from
the R = 5 pm probe to fit the friction vs. depth data with this probe
(Fig. 10(c)). With the sharper probe the SR differed between the samples
due to their different mechanical properties (e.g. H/E and H°/E%).
Deformation was elastic over this range on the DLC, with non-elastic
behaviour above 400 nm for Si-DLC and 300 nm for WC/C. The fit is
not perfect but nevertheless encouraging. As a further test of the po-
tential robustness of the method it was applied to fitting the friction vs.
depth data of the thicker soft DLC with the 6.5 pm probe (Fig. 11).
Deformation is very close to elastic on this coating up to 400 nm so the
data was fitted with ¢ = 1 over this depth range. The behaviour was
contrasted to scratch tests on uncoated Si(100) with the same probe
where there was a more rapid rise in friction coefficient from ~200 nm.
The on-load and residual depth data in Fig. 12 show that this is
consistent with the onset of plasticity/fracture at this point.

4.7. Friction and wear mechanisms in the different tribological tests

The contact pressures are typically higher in ramped scratch tests
and lower in repetitive tests at lower load, although they can still be
relatively high. This can result in the dominant deformation mechanisms
changing in the different types of test. Failure is by relatively large-scale
cracking with abrupt events in nano-scratch (high compressive stresses,
tensile stresses etc.). In contrast, there is a transition to micro-wear in
fretting tests where the coating is gradually worn away, as shown in
Fig. 4b. Similar behaviour has also been reported in lower load nano-
fretting tests on 5 and 20 nm ta-C films where EDX profiles show
coating thickness reduction and oxygen incorporation in the wear track
(i.e. a tribo-oxidation component for these thin films that was absent on
the 80 nm ta-C) [35].

There was a correlation in coating performance between the 4500
cycles fretting and ramped nano-scratch test results on the 80 nm ta-C
despite the differences in contact pressure and failure mechanism in

0.14 1| calculated IF=0.02 efastic] =
0.12 - Te-sezmmple T
—1-5i(100)

c
K] 0.1 4. calculated IF=0.0305 —_-
s | e -
§ 0084 T T
S |\ e -
= L
:ﬁ 0.06 - .-
s T

0.04 - e

0.02 -

0 T T T T
0 100 200 300 400

On-load depth (nm)

Fig. 11. Friction vs. on-load depth for 962 nm and Si(100) with R = 6.5 pm.
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the tests. This 80 nm film provided more load support and protection of
the Si substrate than thinner films. Thinner films offered significantly
less protection, failing at lower load in the scratch test and more rapidly
and/or at lower load in the fretting test. Chen and co-workers studied
AFM nano-wear of 2 and 5 nm DLC films deposited by filtered cathodic
arc on Si(100) against R = 1 pm SiO3 and R = 0.5 pm diamond tips [68].
Although the thicker DLC showed the best wear resistance the thinner
film also was more wear resistant than the Si(100). Interestingly, Wilson
and co-workers reported in high cycle (to 216,000 cycles) nano-fretting
tests of 10-2000 nm sputtered Cr doped amorphous C films with a ruby
sphere of radius 150 pm the specific wear rate reduced exponentially
with decreasing film thickness [67,120-122]. Greater wear for the
thicker films may relate to them being more stressed than the thinner
films or simply that the coatings were significantly less resistant to
fretting wear than the Si substrate as the mean contact pressure in these
tests (at low load and with large radius probe) was much lower than the
phase transformation pressure so that the substrate did not wear at all.

4.8. Variation in friction with continued wear cycles

In the absence of film failure, the friction force in a repetitive scratch
test tends to gradually decrease with each cycle due to a progressive
reduction in ploughing component. In addition to hard coatings this type
of behaviour has been observed in several materials besides coatings,
including bulk metallic alloys such as 316 L stainless steel, CoCr [123]
and copper [103], the major exception is when sliding breaks up a
passive protective oxide resulting in severe wear and continuing high
friction, e.g. on Ti6Al4V. Korres and co-workers [124] developed a
geometric model correlating wear track widening and friction which
assumed no elastic recovery. Interestingly, although the contact ap-
proaches conformal with continued cycles it was still possible to corre-
late the friction with changing ploughing via changes to the track width.
When there is little change in depth with cycles, as e.g. in the test at 60
mN in Fig. 2(c), the friction coefficient did not change significantly,
remaining near to 0.1. However, the SR is changing slightly, indicating
some micro-scale cracking and/or densification, so the Korres model
potentially might be a slight over-simplification, at least for the first few
cycles of a repetitive test.

The relationship between evolving friction and cycling is more
complex when failure occurs and/or wear becomes important. After
initial reduction in ploughing component over a few cycles, subsequent
frictional changes are due to a combination of factors including (i)
changing contact area (ii) formation of transfer layers (iii) third body
effects (iv) changing probe geometry (e.g. moving from spherical end to
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conical part of the probe as penetration depth increases). At coating
failure (e.g. from cycle 11 at 70 mN in Fig. 2(c)) there is an increase in
mean friction and subsequent decrease as damaged material is ploughed
out of the scratch track.

In nano-fretting and reciprocating tests various types of responses
were typically observed including (i) a gradual initial increase in friction
followed by subsequent reduction — e.g. for DLC on M2 in fretting and
reciprocating sliding (ii) initial variability then reduction and subse-
quent increase — e.g. for ta-C on Si. To an extent friction and wear rate
are correlated, higher friction after failure could partly relate to
changing interfacial component since the interfacial friction between Si
and diamond is higher (e.g. see Fig. 11). Wang and co-workers have
reported that in ambient conditions in 2000 cycles of AFM sliding be-
tween a R = 100 nm Si tip and DLC the friction coefficient gradually
decreased from 0.17 to 0.16 [53]. Larger changes were observed in UHV
conditions and the authors proposed oxide layer breakage as responsible
and suggested that under ambient conditions it might be continually
being broken and reformed.

4.9. Influence of mechanical properties

In the tests on the DLC, Si-DLC and WC/C coatings on M2 steel the
radius of the scratch probe strongly influenced the yield behaviour.
Correlation between coating properties and critical load for yield was
found with the sharper probe but not with the larger radius probe [13,
125]. Simulations of the stress distributions generated in the scratch
tests have been performed. These were able to explain how the coating
mechanical properties influence the behaviour differently when
changing the probe sharpness, and result in different trends in Ly and L.
The developed von Mises stresses were compared to the yield stress at
that point to determine a local yield map, as has been done by Diao and
Kato [113] using FE. In scratch tests with the R = 5 um indenter the
initial yield occurred within coating for the WC/C and Si-DLC but in the
substrate for the much harder DLC coating [98]. Table 5(a) shows that
the von Mises stresses developed in the coatings, especially the DLC
coating system, were extremely high. With increasing load, the yielding
location moved into the steel substrate, which was over-stressed from
the coating-substrate interface, for all three coatings. The resistance to
cracking (L¢1) correlated with coating mechanical properties. In the
ramped load tests to 500 mN with the R = 5 pm indenter, the cracking
present on the DLC and Si-DLC coatings was not observed on the softer,
lower H/E WC/C coating [13]. More extensive yielding on this coating
may have acted as a source of stress relaxation reducing the driving force
for cracking. In the scratch test the shear stress distribution is
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asymmetric with maximum compressive stress in front of the probe and
a maximum tensile stress behind which results in cracking when it ex-
ceeds the fracture strength of the coating [126-129]. Peak tensile
stresses at the rear of the sliding contact were in the region of 5-7 GPa
[98]. With the R = 25 pym probe yield began in the substrate, resulting in
similar Ly and corresponding on-load scratch depths on all three coat-
ings. The results of the simulations are consistent with coating failure
occurring through a combination of high tensile stress with plastic flow
in the substrate adjacent to the coating-substrate interface, as has been
suggested previously for hard coatings on cemented carbide [130].
Table 6a

Table 6a
Maximum von Mises stresses with R = 5 pm.

Maximum von Mises stress (GPa)

in coating at in substrate at in coating at in substrate at

Ly Ly Lo La
DLC 20.6 5.1 8.7 5.2
Si- 13.8 3.2 7.2 5.0
DLC
WC/C 11.2 3.2 7.4 5.2
Table 6b
Table 6b

Maximum von Mises stresses with R = 25 pm.

Maximum von Mises stress (GPa)

in coating at in substrate at in coating at in substrate at

La L Lea Le2

DLC 6.5 5.2 6.5 5.2

Si- 6.7 5.1 6.6 5.2
DLC

WC/C 6.8 5.5 7.3 5.6

The relative wear resistance of the three coatings was dependant on
the type and severity of the test and the contact length scale as
controlled by the applied load and test probe radius as the optimum
coating mechanical properties (balance of load support and fracture
resistance) vary with the test. The WC/C performed best in terms of
higher L.; and L., in the scratch tests but in the nano-fretting and
reciprocating tests the coating ranking changed, with the hardest
coating showing the highest wear resistance and WC/C the least. In the
reciprocating and nano-fretting tests the initial contact pressures were
~11-14 GPa, gradually decreasing with continued cycling through
wear. On the ta-C the initial pressures in the nano-fretting tests are
lower. Material removal appears to be through a combination of fatigue
(micro) wear and plastic deformation.

The nano-fretting and reciprocating tests were performed at loads
well below those causing cracking in ramped scratch tests (i.e. (i) 4500
cycles at 100 mN with R = 5 pm; Lo; >420 mN, L/L. <0.24; (ii) 500
cycles at 10-500 mN with R = 25 pm; L; >1800 mN, L/L. <0.28). With
continued cycling crack formation is possible below L. 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
[131,132], resulting in formation of micro-cracks. The increase in wear
depth is a combination of material removal and plastic deformation
[131,133]. At nano/micro-scale plastic deformation is a major contrib-
utor to apparent wear. In the nano-fretting and reciprocating tests at low
L/L. and high t/a (i.e. small scratch depths) the tensile stresses were
much lower than at higher loads and coating wear resistance was largely
controlled by the coatings resistance to plastic deformation (i.e. hard-
ness). In reciprocating tests with a R = 1 pm diamond, Gee et al. also
reported lower wear resistance for WC/C than for harder DLC coatings

15

Applied Surface Science Advances 9 (2022) 100248

[134]. As the test severity increases t/a reduces and tensile stresses
become important, and wear is more influenced by micro-cracking. SEM
imaging of wear tracks show grooving wear and debris to the sides of the
track on Si-DLC which had the lowest L7 in scratch tests with same R =
25 pm geometry probe.

4.10. Friction and contact area/topography

The onset of variability in friction force observed at coating failure is
primarily due to instantaneous changes in contact area. Santner and co-
workers have studied the interdependence of friction and surface
topography describing the geometric changes in friction where sliding
probes encounter topographic features [57-60]. They reported a sharp
reduction in friction when sliding down an asperity/step and a sharp
increase when sliding up an asperity/step. This was explained by
changing contact area. When encountering a step there is a greater
contact area due to the additional contact in front. On encountering a
recessed region the contact area decreases and there is a reduction in
friction. Since the effect was present in oil and in air [57] adhesion was
not considered responsible [60].

This effect can also be clearly seen in the ramped and repetitive
scratch tests. Fig. 13 shows typical examples for the 962 nm soft DLC. In
this case the surface topography is being created by the scratch itself but
the frictional behaviour appears to be exactly the same. In Fig. 13 (a-c)
the surface profiles are inverted, i.e. probe depth (to be consistent with
how they are shown in nano-scratch tests [97]) rather than height is
shown. The abrupt change in friction with a reduction at first failure is
due to an abrupt decrease in contact area.

However, in the nano-fretting tests on ta-C shown in Fig. 4, friction
and wear rate are correlated which appears to be a contact area effect.
Effects including a transfer film formation and/or breaking/reforming <
1 nm native oxide layer may also play a role [52,53]. The adhesion term
dominates friction when there is high surface conformity and friction
scales with contact area [135]. The on-load and residual depth data
enable contact area to be estimated. Abrupt and gradual changes in
probe depth have different influences on the contact area and hence the
adhesion contribution to the measured frictional force. Typically, a
gradual increase in depth is due to material removal that gradually in-
creases the area in contact, whereas an abrupt increase in probe depth is
associated with a (transitory) decrease in contact area due to fracture.

In the reciprocating tests on the DLC, Si-DLC and WC/C the local
surface topography in the wear track influenced the mean friction co-
efficient at low load, although as the load was increased its influence
rapidly decreased. In AFM friction measurements more variability in
friction has been reported than in tests with higher loads and blunter
probes [71-73]. In the lowest load in the reciprocating tests 10 mN there
was a small increase in friction over the initial ~50 cycles, which was
suggested [125] to be a surface topographical effect through increasing
contact area (asperity polishing), together with difficulty in forming a
transfer layer in light contact on rough surfaces [136]. At higher load
changes in friction during the first few cycles were related to increasing
contact area as asperities break down. Similar behaviour was reported in
fretting testing of a hard DLC coating against silicon nitride under gross
slip conditions [73].

SEM images of wear tracks on the DLC, Si-DLC and WC/C show
differences that relate to relative proportion of micro-cracking and
friction. Si-DLC shows no reduction in friction with continued cycling at
>300 mN, grooving in the wear track and more debris on the side of the
track. Friction on DLC was consistent with ploughing/transfer film for-
mation at 50-200 mN with a transition to higher friction at 500 mN.
Friction on WC/C at > 100 mN tended to decrease with cycles at higher
load. In comparison, the nano-fretting tests on ta-C showed frictional
changes with cycling consistent with a gradually increasing contact
area, with debris working out of the contact.
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5. Conclusions

Contact size and mechanical properties influence the friction and
wear of DLC in scratch and reciprocating tests with diamond probes. In
scratch tests the critical loads and friction coefficients at failure were
relatively insensitive to changing loading conditions and scan speed.
This enables results of tests with different loading conditions to be
compared so that effect of probe sharpness can be assessed
quantitatively.

Friction was influenced by ploughing in ramped scratch tests, re-
petitive contact scratch tests and reciprocating tests through evolving
contact area. This results in, for example, different friction coefficients at
the onset of yield when different probe geometries are used.

Scratch tests on uncoated silicon with a R = 6.5 pm probe and on
DLCs with a R = 25 pm probe clearly show increased friction coefficient
at the onset of non-elastic behaviour. A 2-term friction model has been
modified to account for differences in elastic recovery. Since the on-load
and residual depths were monitored in the scratch tests it was possible to
determine the depth-dependence of the scratch recovery and use this as
a variable parameter in obtaining a better fit to the experimental nano-/
micro- scale scratch friction data.

A test methodology for assessing repetitive sub-critical constant load
scratch tests has been developed. The repetitive scratch test has ele-
ments of a low-cycle fatigue test where S-N type relationships can be
determined.

Mechanical properties influence the evolution in friction and wear
through e.g. yield location.

The influence of surface topography on friction has been shown in
ramped and constant load scratch tests. When fracture occurred result-
ing in a sudden increase in probe depth there was an abrupt decrease in
friction which is ascribed to a contact area effect. In contrast, where
deformation progressed through micro-wear a more gradual increase in
depth can be associated with higher contact area and higher friction.
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