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The mechanical and tribological properties of three types of diamond like carbon (DLC) coatings, i.e., non-doped,
Si-doped, and W-doped DLC, are evaluated. Dry reciprocating sliding wear tests were performed to evaluate the
effect of sliding frequency/velocity on friction, adhesion, and wear. The degree of graphitization of non-doped
and W-doped DLC increases with sliding velocity, which results in a lower coefficient of friction (COF), and a
decrease in wear rate. Si-doped DLC, however, exhibits distinct friction behaviour, with increasing COF and
severe fluctuations in friction at higher sliding velocities. In Si-DLC frictional heating drives the formation of an

oxide-rich tribofilm and large amounts of Si-rich oxide wear debris that are both adhesive and abrasive. The
oxide-rich tribofilm, and lack of surface graphitization, result in the severe fluctuations of Si-DLC friction via
stick-slip and surface fracture/wear mechanisms, and significantly increased COF and wear rates at higher sliding

velocities.

1. Introduction

Solid lubricant coatings have been widely applied in real industrial
applications to improve tribological performances of machine compo-
nents, particularly in conditions such as clean environments, severe
load, slow relative velocity between mating surfaces, and high working
temperatures where fluid lubricant films cannot be used or formed [1].
Amongst such coatings, diamond-like carbon (DLC) coatings have
attracted a lot of interest because of their low friction, high hardness,
good wear resistance and protection of the uncoated counter surface
[2-4]{Tyagi, 2019 #32}. These advantages make DLC coatings suitable
for many tribological applications in mechanical systems to improve
efficiency and durability of machine elements, especially for automotive
machine components such as valve train tappets, gears, and piston pins
[5-8].

To tailor DLC coatings to specific requirements, it is necessary to
apply appropriate DLC coatings for specific machine parts. A variety of
coating structures such as multiple functional layers, gradient layers,
and variations of material composition, doping and thickness, have been
introduced to enhance the tribological performance of top DLC layers

[9-12]. Fundamental studies to investigate the correlations between
tribological characteristics of specific DLC coatings and working con-
ditions (contact pressure, sliding velocity, rolling condition, lubrication
condition, etc.) are required to predict the tribological behaviour of DLC
coatings when in use. Many dopants have been used to influence DLCs
coating properties; notable dopants include metals, the metalloid Si [13]
and non-metal F [14]. Metallic dopants, including Ti and W [15], are
often used with the aim to increase the surface activity to oil additives,
improving coating/substrate adhesion and altering carbon bonding
within the DLC [1].

Si doping of DLC is generating much interest as its inclusion can
positively affect the friction coefficient of the coating [16-19], alter the
spz/ sp3 ratio of the coating, and increase adhesion of the coating to the
substrate [20]. A study by Kim et al. reported that non-lubricated Si-DLC
contacts can have a lower friction coefficient than non-doped DLCs and
that the friction coefficient decreases with increasing silicon concen-
tration in the DLC films [16], however, most lubricated Si-DLC test re-
sults are not as favourable [21-23]. In most cases, Si-DLC is reported to
increase the overall wear of the coating when compared to non-doped
DLCs [24,25]. W-DLC also exhibit a higher wear rate compared to
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other a-C:H and a-C type coatings [26,27].

In this study, the mechanical properties and tribological properties of
W and Si doped DLC are studied and directly compared with non-doped
DLC. Dry reciprocating sliding tests are carried out to determine DLC
friction and wear characteristics against alumina counter-bodies under a
range of sliding velocities from 1 Hz up to an extremely high frequency
of 36 Hz. This aims to evaluate the effect of sliding frequency/velocity
on friction, adhesion, and wear, and to investigate if there is a fre-
quency/velocity related transition when the tribological behaviour of Si
and W doped DLCs deteriorates. This knowledge will aid the selection of
working conditions where it is advantageous to use Si or W doped
coatings in real mechanical systems.

2. Experimental
2.1. Coating deposition

AISI 52100 bearing steel disks with a diameter of 30 mm and a
thickness of 2 mm were used as substrates for the DLC coatings, which
were mechanically polished to a mirror finish (Ra ~ 0.1 pm), then
washed with heptane in an ultrasonic bath for 15 min, wiped by ethanol
and stored in a dry chamber prior to coating deposition. An industrial
sized and customized Hauzer Flexicoat® 850 Multi-Purpose Platform
was used to produce the DLC thin films. Interlayers were deposited for
the adhesion of the functional DLC coatings on the steel substrate. For
the functional DLC coatings, the non-doped DLC was deposited using
acetylene gas by plasma enhanced chemical vapour deposition (PECVD);
the Si-doped DLC was deposited using both Hexamethyldisiloxane
(HMDSO) and acetylene by PECVD; the W-doped DLC was deposited
using both tungsten carbide magnetron sputtering and acetylene by
PECVD. The maximum deposition temperature in the chamber did not
exceed 200 °C during the coating procedures.

2.2. Coating characterization

The surface and cross-sectional microstructure of the as-deposited
coatings were examined using a field emission scanning electron mi-
croscope (FEG-SEM) equipped with a focused-ion beam (FIB, Helios
NanoLab G3, FEI), and a 3D optical profilometer (Contour GT Bruker,
USA). The mechanical properties of the DLC coatings were measured by
nanoindentation (TriboScope, Hysitron, USA) using a Berkovich dia-
mond tip at 10 mN load. The indentation contact depth was kept within
less than 10 % of the film thickness to obtain the intrinsic film properties
with minimal effect from the substrate underneath. The DLC thin films
were further examined by Raman Spectroscopy using a Renishaw InVia
Raman Microscope with 50x objective at an excitation wavelength of
514 nm at ambient conditions with 2 mW laser power (10 mW for W-
DLC due to insufficient signal strength as caused by the rough surface)
and 10s exposure time. The three DLC nano-composite coatings are all
fully amorphous with no crystalline peaks detected by grazing incidence
X-ray diffraction (GIXRD; PANalytical model X’Pert PRO diffractometer,
Cu Ka radiation at 1° angle).

2.3. Wear testing

Tribological tests were carried out using a UMT-2 TriboLab (Bruker,
USA) at room temperature 20-25 °C, relative humidity 50-60 %,
unlubricated, and under ambient atmospheric conditions. Reciprocating
sliding tests were conducted in a ball on plate configuration, which
conformed to ASTM G133, with the parameters listed in Table 1. The
load condition corresponds to an initial Hertzian contact pressure of
700-800 MPa and a maximum shear stress of 200-250 MPa. During the
sliding tests, the dynamic COF was recorded as a function of time using
the servo-controlled normal load and lateral load on the DFM-0.5
loading cell (0.05-5 N) with a resolution of 0.25 mN. At least three
reciprocating tests were conducted at each test condition, and the
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Table 1
Reciprocating wear tests at variable frequency 1-36 Hz to alter average sliding
velocity.

Normal Force 4N

Frequency 1 Hz 6 Hz 36 Hz
Stroke length 2 mm

Number of cycles 108,000

Total distance 43.2m

Average velocity 4mm/s 24mm/s 144 mm/s
Test Duration 180min 30min Smin

Counter-body
Test environment condition

Al,0O3 ball (@ 4 mm, grade 10)
Temperature 20-25 °C, Humidity 50-60 %,
unlubricated

averaged specific wear rates are reported. The number of repeated tests
was determined by the repeatability of the COF measurements, i.e., if
the COF varied significantly between two tests, then further repeated
measurements were carried out to evaluate the statistical spread.

2.4. Wear analysis

After DLC wear tests, the wear scars were examined under an optical
microscope (Nikon Eclipse E600 POL). Wear volumes were measured
from the post-test wear tracks using a 3D optical profilometer (Contour
GT Bruker, USA). Average COF and specific wear rate results were sta-
tistically analysed by one-way analysis of variance Tukey test in Ori-
ginLab software. Statistical significance was reported at p, 0.05 (*), p,
0.01 (**), p, 0.001 (***) and p, 0.0001 (****) unless otherwise stated.
The wear debris was analysed using a FEG-SEM (Inspect F50, FEI) and an
energy dispersive X-ray spectroscopy (EDX, Oxford Instruments, UK).

3. Results
3.1. Coating characterization

The DLC, Si-DLC and W-DLC coatings were successfully grown by
PVD. Fig. 1 shows the cross-sectional microstructure of the three DLC
coatings on steel substrates. A thin layer of platinum was deposited on
the coatings surface for protection during focused ion beam milling of
the cross-sections. The DLC coatings have a multilayer coating archi-
tecture, with an underlying 0.3 pm thick Cr adhesive layer and a 0.7 pm
a-C:H:W gradient layer (amorphous tungsten-doped hydrogenated car-
bon, which has similar composition to the W-doped DLC coating in Fig. 1
(c)). Details of the multi-layer structure and layer thickness measure-
ments of the three DLC coatings are listed in Table 2.

The surface topography of the as-fabricated DLC coatings was eval-
uated using SEM (Fig. 2), and 3D profilometry across a larger area
(Fig. 3, note the significant difference in scale bars). All three coatings
exhibited shallow cap-shaped bumps, of heights <200 nm, and in-plane
widths up to 2 pm (Fig. 2). Si-doped DLC exhibits the smoothest surface
with a surface roughness (Sa) of 15.1 nm (Fig. 3 (b)), compared to the
non-doped DLC surface roughness Sa = 35.6 nm (Fig. 3 (a)). The W-
doped DLC coating exhibited the roughest surface with Sa = 52.6 nm
(Fig. 3 (c)) due to coarser micro-bumps on the as-fabricated coatings
surface.

Surface mechanical properties of the three DLC coatings were ana-
lysed by nanoindentation at 10 mN load (Fig. 4). The contact depths of
all measurements were less than 10 % of each coating thickness to avoid
influence of the steel substrate (Fig. 4 (a, b)). The average reduced
modulus (Er) of the three coatings is similar, within the range of
140-160 GPa. The average hardness (H) decreases from 22 GPa in the
pure DLC coating down to 16 GPa for Si and 13 GPa for W doped DLC
(Fig. 4(c)), resulting in the same decreasing trend for the H/Er ratio
(Fig. 4(d)). The scatter of Er and H is seen to be higher for W-DLC than
for DLC and Si-DLC, likely related to it having the roughest coating
surface (Sa = 52.6 nm) covered in micro-bumps. The W-DLC surface
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Fig. 1. Cross-sectional SEM imaging of the as-fabricated DLC coatings on the steel substrates with Cr interlayer and a-C:H: W gradient layer: (a) DLC; (b) Si-DLC; (c)

W-DLC.

Table 2

DLC multilayer coating architecture with layer thickness measurement.

DLC Si-DLC W-DLC

DLC layer (pm) 1.9 4.2 3.0
Adhesive Cr layer (pm) 0.3 0.3 0.3
Gradient W-C:H layer (ym) 0.7 0.7 -
Coating total thickness (pm) 2.9 5.2 3.3

micro-bumps result in the widest range of contact conditions, with
indent depths at 10 mN load ranging from 100 nm to 200 nm, and lateral
indent sizes of 1-2 pm that extend over a few bumps on the surface.

3.2. DLC friction coefficients

The variation of COF with sliding velocity was investigated for the
doped and undoped DLC coatings. Fig. 5(a—c) show typical variations of
friction coefficients of DLC, Si-DLC and W-DLC coatings as a function of
number of cycles at reciprocating frequencies of 1 Hz, 6 Hz and 36 Hz.
For non-doped DLC (Fig. 5(a)), the COF stablized quickly after the initial
run-in period and then remained almost constant for a given frequency
during the entire sliding distance, and lower COF occurred for the higher
sliding velocities. For Si-doped DLC (Fig. 5(b)), the measured COF is
stable at 1 Hz, however severely fluctuated at 6 Hz and 36 Hz

reciprocating frequencies, with more frequent and larger COF spikes at
6 Hz than 36 Hz. For W-doped DLC (Fig. 5(c)), the COF is relatively more
stable at 1 Hz and 36 Hz than at 6 Hz, which for the analysed sample
shows a nearly 50 % drop of COF after ~2000 cycles. This transition of
COF to lower values was observed in all W-doped DLC samples tested at
6 Hz.

To quantitatively analyse the frictional behaviour of the different
coatings as a function of sliding frequencies, average COF values were
calculated over 0-108,000 cycles from three repeated reciprocating
wear tests for each coating and frequency. Fig. 6 shows the dependence
of average COF on reciprocating test frequency. Error bars indicate the
spread of average COF values among all tests under identical conditions,
and the asterisks on the top of two chosen columns indicate the confi-
dence interval for the difference between the two means.

Non-doped and W-doped DLC show a trend of decreasing COF at
higher frequencies (Figs. 5 and 6). In particular, the average COF of W-
DLC significantly decreases from 0.18 at 1 Hz, to 0.13 at 6 Hz and 0.09 at
36 Hz. For non-doped DLC, the drop of COF is not significant from 1 Hz
to 6 Hz within the range of 0.08-0.10, however at 36 Hz the COF
significantly drops to 0.05. In contrast, however, the average COF of Si-
DLC show the opposite trend, increasing with sliding frequency/veloc-
ity, namely COF 0.05-0.06 at 1 Hz and 6 Hz significantly rising to 0.13 at
36 Hz.

-1000

s 158,005 316.010 74015 632,020 L 158,005

474015 632,020 = 158,005 316,010 aors 632,020

Fig. 3. Surface topography of the as-fabricated coatings: (a) DLC, (b) Si-DLC and (c¢) W-DLC imaged by 3D profilometry on a wider scale (note the significant

difference in scale bar with SEM).
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3.3. DLC specific wear rate

Fig. 7 shows the dependence of the specific wear rates of the DLC, Si-
DLC and W-DLC coatings on the reciprocating sliding frequency. The
specific wear rate rank order is non-doped DLC < Si-DLC < W-DLC at 1
Hz and 6 Hz. However, at 36 Hz Si-DLC has a substantial increase in
wear rate whilst W-DLC drops. This increase in Si-DLC’s wear rate with
sliding frequency accompanies the significant increase of measured COF
at 36 Hz (Fig. 6). For non-doped DLC, there is no significant difference of
the specific wear rates at the three investigated frequencies. While Si-
DLC shows a trend of increasing wear at higher frequencies, and W-
DLC shows a mixed trend, with the highest wear rate at the intermediate
6 Hz frequency.

3.4. Reciprocating wear tracks

The reciprocating wear tests cause localised surface damage to the

V) 1Hz

6Hz .
V7 36Hz

£

8)(1.2__

H .
%O'G_— | %
£ 04 , |
2 o) A B

DLC Si-DLC

W-DLC

Fig. 7. Dependence of the specific wear rate of the DLC, Si-DLC, and W-DLC
coatings on reciprocating frequency (1 Hz, 6 Hz and 36 Hz), with specific wear
rates obtained from three repeated tests. Asterisks indicate a statistical differ-
ence (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, as obtained using
Tukey test, which computes a confidence interval for the difference between the
two means).
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DLC coatings, and the wear-scars were examined by optical microscopy
and SEM. Figs. 8-10 show the surface morphology of the DLC, Si-DLC
and W-DLC coatings after dry reciprocating wear tests (4 N, total dis-
tance 43.2 m and frequencies of 1 Hz, 6 Hz and 36 Hz), together with the
associated wear of the counter-face Al;O3 balls (the reciprocating di-
rection marked by the white arrow). For the undoped DLC, occasional
spalled areas occurred within the wear tracks, exposing the adhesive/
gradient layer (Fig. 1) and substrate underneath (Fig. 8(d and e)). The
fracture of the undoped DLC indicates the coatings’ brittleness, with low
fracture toughness. Fig. 8 (f) shows typical submicron size wear debris
particles that were found accumulating in the vicinity of spall scars,
whilst larger wear debris particles distributed around the edges of the
main wear scars.

The Si-DLC coatings tested at three different frequencies: 1 Hz, 6 Hz
and 36 Hz exhibited smooth wear tracks and surrounding wear debris
(Fig. 9). The amount of wear debris formed on the surface and counter-
face ball significantly increased with sliding frequency 1 Hz-36 Hz
(Fig. 9(a—c)). Fig. 9(d-f) show the typical sub-micron particle
morphology of the wear debris that was formed on the Si-DLC at 6 Hz.
The wear debris was distributed around the entire wear track, with a
higher volume deposited at the two ends of the reciprocating tracks.

Significant wear and debris were also found on the W-DLC (Fig. 10)
compared to the non-doped DLC (Fig. 8). Notably, the W-DLC wear
tracks also exhibit deep grooves at all three test different frequencies
(Fig. 10(a—c)), indicating an abrasive wear mechanism against the Al,O3
counter-body balls, which have also been severely worn and abraded.
Wear debris around the wear tracks is seen in the form of sub-micron
particles (Fig. 10(f)). In addition, a network of cracks is observed at
the bottom of the wear-tracks (Fig. 10 (e)) that appear to preferentially
propagate along the boundaries of the original coarse surface bumps of
the W-DLC (Fig. 3 (c)).

Fig. 11 shows representative line profiles of the topography of the
wear tracks on the DLC coatings, taken in cross-section perpendicular to
the reciprocating sliding direction. The depths of all wear tracks are
within the DLC coatings thickness (Table 2, DLC: 1.9 pm, Si-DLC: 4.2 pm
and W-DLC: 3.0 um), confirming that the coatings are not worn down to
the adhesive and gradient layers underneath the DLC after the wear test
(total distance 43.2 m). The wear tracks on both non-doped DLC and Si-
DLC coatings exhibit minimal lateral pileups (<0.2 pm), whereas the
wear tracks on the higher wear-rate W-DLC show up to 1 pm pileup at
both scratch edges (Fig. 11(c)). After reciprocating wear tests, wear
debris is also found on the Al,O3 balls slid against both Si-DLC and W-
DLC, with more debris on the latter, whilst nearly no debris is seen on
the ball slid against non-doped DLC (Figs. 8-10). The quantity of debris
surrounding the ball wear scars is higher along the linear reciprocating
direction, particularly for the W-DLC tests (Fig. 10). The Al,O3 balls
rubbed against non-doped DLC and Si-DLC showed minimal wear scars,
corresponding to specific wear rates in the order of 10~° to 101% mm?3/
Nm, which are significantly lower than the associated wear rates of the
investigated DLC coatings. For the Al;03 ball rubbed against Si-DLC, the
wear scar becomes clearly larger at 36 Hz as compared to 1 Hz and 6 Hz.
The Al,O3 balls rubbed against W-doped DLC show larger wear scars,
corresponding to specific wear rates in the order of 1078 to 10~ mm?/
Nm.

The chemical composition of the wear debris adjacent to wear tracks
on the Si-DLC and W-DLC after the 36 Hz wear test (Si-DLC wear rate 1.5
x 107° mmS/Nm; W-DLC wear rate 1.05 x 107° mm3/Nm) was ana-
lysed by EDX spectroscopy (Fig. 12). Carbon is detected across the
analysed areas, which comprise large <3 pm debris particles on sub-
strate for Si-DLC (Fig. 12(a)), and smaller <1 pm particles for W-DLC
(Fig. 12(b)). There is a clear reduction in carbon K, X-rays signal in the
locations of large debris particles, due to both the particle chemistry and
the underlying DLC substrate having a reduced contribution to the X-ray
signal. The wear debris on the Si-DLC coatings (Fig. 12(a)) is primarily
oxide, with a significant aluminium content (from the wear of the
counter-face balls). In comparison the debris on the W-DLC is also oxide,
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Fig. 8. Surface optical imaging of typical wear tracks on non-doped DLC coatings after 4 N wear tests at (a) 1 Hz; (b) 6 Hz; (c) 36 Hz; with inset showing wear of the
counter-face Al,O3 balls (the reciprocating direction marked by the white arrow). (d, e) SEM imaging of spalled area within the 6 Hz wear track, and (f) wear debris
found in the fractured area under higher magnification.

siDLc (PN sioLC (©F N, . SiDLC

-

Fig. 9. Surface optical imaging of typical wear tracks on Si-DLC coatings after 4 N wear tests at (a) 1 Hz; (b) 6 Hz; (¢) 36 Hz; with inset showing wear of the counter-
face Al,Og3 balls (the reciprocating direction marked by the white arrow). (d—-f) SEM imaging of wear debris distributed around the edge of the 6 Hz wear track.

. W-DLC (b) o

— 200pm — S5

Fig. 10. Surface optical imaging of typical wear tracks on W-DLC after 4 N wear tests at (a) 1 Hz; (b) 6 Hz; (c) 36 Hz; with inset showing wear of the counter-face
Al,03 balls (the reciprocating direction marked by the white arrow). (d—f) SEM imaging of a 6 Hz wear track with (e) cracking along the base of the wear-scar, and (f)
wear debris deposited beyond the end of the wear track with surface cracking of the underlying coating.

containing tungsten, but with a reduced aluminium (<0.1 wt%) content. obtained from the DLC coatings surface can be decomposed into D
To examine changes to the DLC coatings with friction and wear, laser (disorder) and G (graphite) bands by Gaussian peak separation method
Raman spectroscopy of the DLC coatings was carried out. Raman spectra [28], and factors related to the D and G bands were used to estimate the
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Fig. 11. Line profiles of the topography of the wear tracks on the DLC coatings after the sliding wear tests (total distance of 43.2 m) at reciprocating frequencies 1 Hz,

6 Hz and 36 Hz: (a) DLC, (b) Si-DLC, and (c) W-DLC.

EDS Layered Image 1

Fig. 12. EDX spectroscopy of the chemistry of wear debris adjacent to a 36 Hz reciprocating wear track on (a) Si-DLC and (b) W-DLC. For each coating, individual X-
ray maps are shown for O K,, Si K,, Al Ko, W M,, and C K, X-rays adjacent to the normalised composite map (The chemistry tables at the right corners are these

averaged over the whole scan area).

phase and structure of amorphous carbon or hydrocarbon molecules
[28]. The peak intensity ratios between D and G bands (I(D)/I1(G)) and

wave number of G band peak positions are presented in

Table 3,

comparing the pristine as-fabricated DLC coatings with Raman spectra
taken after the coatings were tested at 1 Hz, 6 Hz and 36 Hz. The in-
crease of the peak intensity ratios (I(D)/I(G)), and the shifting of the
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Table 3
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Raman peak intensity Ip/I; ratio and position of G band peak (cm ') measured on the surface of the DLC original coatings and in the wear tracks.

Original surface Wear track 1 Hz

Wear track 6 Hz Wear track 36 Hz

Ip/Ig ratio G band (cm™Y) Ip/Ig ratio

G band (cm™1)

Ip/Ig ratio G band (em™ 1) Ip/Ig ratio G band (cm™Y)

DLC 0.52 1553 0.76 1563
Si-DLC 0.27 1502 0.26 1502
W-DLC 1.11 1563 1.20 1569

0.75 1562 0.75 1564
0.27 1503 0.26 1501
1.21 1570 1.21 1570

position of G band peak to a higher wave number on both non-doped
DLC and W-DLC after wear tests, indicates a near-surface graphitiza-
tion transformation from sp3 to sp2 bonds [29]. The I(D)/I(G) ratio and G
peak position on the Si-DLC coatings remains unchanged at ~0.27 and
~1502 em ™! indicating no detectable change in level of sp3 bonds.

Distinct from the DLC and W-DLC, the worn Si-DLC surface is
dominated by a tribofilm of oxide-rich wear debris (Fig. 9), reducing the
likelihood of surface graphitization. However, it is possible that a small
degree of graphitization of the Si-DLC coatings occurs during the
reciprocating contact when the tribofilm fractures exposing the fresh
pristine Si-DLC surface underneath, particularly during stick-slip events
(Fig. 5(b)).

4. Discussion

The friction and wear of DLC coatings are dependent on the DLC
coatings’ microstructure, surface morphology, chemical composition,
mechanical properties and working conditions, and are influenced by
complex tribological phenomena, such as adhesion, shearing, and
abrasion [30]. Despite the wide use and outstanding mechanical and
tribological properties of DLC coatings, there are still unclear aspects
related to its self-lubricating properties, optimal chemical composition,
and drawbacks when working under extreme conditions.

4.1. Doping effect on DLC mechanical properties

For the DLC, Si-DLC and W-DLC coatings investigated, a decrease of
hardness and H/Er was observed in Si-DLC coatings (Fig. 4) that was due
to the change in sp®/sp? ratio compared to non-doped DLC. Si doping
increases the Si—C (four-fold co-ordinated network) bridging bond and
therefore weakens the adjacent C-C bond. This leads to an increase of
the spg/sp2 ratio because Si does not form © bond [3], which is consistent
with the decrease of I(D)/I(G) ratio in Raman spectra from 0.52 to 0.27
after doping with Si (Table 3). For Si doped DLC, the coating hardness
decreases with the content of Si from 16 GPa down to 12 GPa, as
measured from dynamic indentation tests, corresponding to a Si content
ranging from O to 3 % [31]. It has been shown that 1 %-2 % of Si doping
is suitable for improving the adhesion of film and reducing internal
stress while maintaining the surface hardness of DLC film with 15-16
GPa, which is close to the 16 GPa hardness of the Si-doped DLC coatings
as measured in this study.

For W-doped DLC, the hardness also decreases with respect to non-
doped DLC, due to the decrease of sp>/sp? ratio consistent with the in-
crease of I(D)/I(G) ratio in Raman spectra from 0.52 to 1.11 (Table 3).
The 13 GPa W-DLC hardness measured in this study was slightly higher
than those reported in Vengudusamy et al. [27] who reported 11-12
GPa on DLC doped with 12-21 at% W. Reducing W content up to 3.1 %
can greatly improve the coating toughness and the adhesion with the
substrate [32]. W contents >3.1 % can result in metallic W and WC
phases in the DLC coatings [32], which were not detected here (Fig. 2).

4.2. Effect of sliding velocity on friction

Previous studies have only reported a decreasing trend of COF with
higher sliding velocity for dry sliding tests of DLC coatings [33,34],
interpreted as resulting from the graphitization process, i.e., the surface
transformation from sp° to sp? bonds. The graphitization temperature of

hydrogenated DLC coatings is normally within the range of 400-500 °C
[35], which is caused by the hydrogen release from sp® bonds. The de-
gree of graphite-like transformation increases with temperature [35],
and the approximate rise in flash temperature at the contact interface
due to sliding friction can be estimated based on a simple model for
surface asperity [36].

uPv P

aT=— MV =L
dalk 1K)

) @

where AT is the induced temperature rise, y is the COF, P is the applied
normal load, v is the sliding velocity, K; and Ky are the thermal con-
ductivities of the coating and the ball, respectively, a is the contact
radius of the real contact area, and H is the measured coating hardness.

According to Equation (1), the contact interface temperature in-
creases with higher sliding velocity; and which can therefore enhance
the graphitization rate. The local heating effect will also be accentuated
by dry reciprocating wear tests. This prediction agrees well with the
observed graphitization and decrease in COF with increased sliding
velocity behaviour of non-doped and W-doped DLC (Table 3 and Fig. 6).
However, this graphitization-driven friction mechanism is not consistent
with the behaviour of Si-doped DLC in this study, in which a significant
increase of COF is observed at the highest velocity of 36 Hz (Fig. 6) and
no graphitization was detected by Raman (Table 3). The increase in
frictional-driven contact interface temperature due to higher sliding
velocity is associated in Si-DLC with an increase in surface oxidative
debris (Fig. 9), indicating a different wear mechanism.

For Si-DLC, in addition to an increase in COF with sliding velocity,
severe fluctuations of the values of COF occurred within every few
hundreds of cycles at the higher sliding velocities (6 Hz and 36 Hz, Fig. 5
(b)), with the formation of noticeably more wear debris comprising Si-
rich and Al-rich oxide (from the counter-body) (Fig. 9). The severe
fluctuation in COF of Si-DLC has been seen previously for Si-DLC [37,
38], and attributed to the chemical interactions with counter-faces and
gaseous molecules in their surroundings, which may form SiOx (OH)y gel
that could be adhesive that could lead to a higher friction [39]. Here, the
significant fluctuations in Si-DLC COF (Fig. 6) occurring at higher sliding
velocities are likely indicative of increased interfacial adhesion between
the Al-Si surface oxides, and the tribo-surface of the Al,O3 counter-face
ball. High interfacial adhesion can result in stick-slip events, together
with shear, fracture and pull away of surface tribofilms, all of which can
result in significant transitory increases in friction, formation of inter-
facial third-body particles, and wear.

4.3. Effect of sliding velocity on DLC wear

For the DLC, Si-DLC and W-DLC coatings and reciprocating wear
tests evaluated, it was observed that the Si-DLC and W-DLC had signif-
icantly higher wear rates than the DLC (Fig. 7). The doped coatings have
lower hardness than the DLC (Fig. 4), and their propensity to form brittle
surface oxides under ambient testing conditions (Fig. 12) modifies their
wear mechanism and wear rate. It was observed here that the wear
debris of the Si-DLC and W-DLC worn against Al;O3 had significant
oxide component (Fig. 12), consistent with enhanced wear.

The wear rate of the Si-DLC and W-DLC increased with sliding fre-
quency (Fig. 7), with the W-DLC wear rate peaking at 6 Hz. At higher
sliding velocities, and under reciprocating conditions, the temperature
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at contact asperities increases. Higher surface temperatures will reduce
local asperity hardness, increase the rate of DLC graphitization/
hydrogen loss, and increase the rate of surface oxidization/tribofilm
formation, all of which can increase wear rate.

A reduction of W-DLC wear rate at the highest sliding velocity 36 Hz
(Fig. 7), similarly to what was observed for DLC by Kim [32], may be due
to the formation of a thicker, protective tribofilm containing increased
graphitic carbon. For a constant normal load, at lower sliding velocities
tribofilms may be thin/not well formed [34], and thus easily displaced
by the reciprocating ball. However, at high velocity, and increased
surface temperature, the faster build-up of a thicker tribofilm can act as
a protective mechanism, reducing subsequent wear rate as observed for
the W-DLC here (Fig. 7). The reduction in wear rate of W-DLC at high
frequency (36 Hz) via a stable tribofilm containing graphitic carbon
(Table 3) also correlates with the observed reduction in COF (Fig. 6) at
higher sliding velocities. In contrast, the Si-DLC exhibits a progressive
increase in wear rate, which by 36 Hz is larger than the W-DLC (Fig. 7).
This correlates with the dominance of oxidative friction and wear pro-
cesses of the Si-DLC coating, and no detectable formation of graphitic
carbon in the surface tribofilm (Table 3).

5. Conclusions

The friction and wear behaviour of non-doped, Si-doped, and W-
doped DLC coatings, have been evaluated by reciprocating dry sliding
tests at three reciprocating frequencies 1 Hz, 6 Hz and 36 Hz. Three key
conclusions are:

1. Si-doped DLC has the lowest surface roughness and initially exhibits
a lower COF than DLC and W-DLC at low frequencies of 1 Hz and 6
Hz. However, at 6 Hz and 36 Hz, Si-DLC exhibits significant fluctu-
ations in COF with the highest COF at 36 Hz, the opposite trend to
non-doped and W-doped DLC whose COF systematically drop with
increased sliding velocity.

2. Si-DLC friction and wear is dominated by oxidative mechanisms,
which degrade performance at higher sliding velocities. Significant
amounts of wear debris were observed on the Si-doped DLC post-test,
comprising mainly Si-rich and Al-rich oxide (from the Alumina ball).
The oxide-rich tribofilm, and lack of surface graphitization, result in
severe fluctuations of Si-DLC friction via stick-slip and surface frac-
ture/wear mechanisms, and significantly increased COF and wear
rate during the sliding tests at higher 6 Hz and 36 Hz reciprocating
frequencies.

3. Higher velocities increase the local surface temperature at the tri-
bocontact region leading to increased surface graphitization of DLC
and W-DLC and resulting in decreased COF. The surface oxidised W-
DLC coatings exhibited a significant increase in wear rate at inter-
mediate sliding velocity (6 Hz), however the wear rate reduced at
high sliding velocity (36 Hz) due to a more resistant protective tri-
bofilm containing graphitic carbon with a low COF.
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