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Abstract: The study investigates thermal stability and high temperature tribological performance
of a-C:H:Si diamond-like carbon (DLC) coating. A thin alumina layer was deposited on top of
the a-C:H:Si coating to improve the tribological performance at high temperatures. The a-C:H:Si
coating and alumina layer were prepared using plasma-activated chemical vapour deposition and
atomic layer deposition, respectively. Raman and X-ray photoelectron spectroscopy were used to
investigate the structures and chemical compositions of the specimens. The D and G Raman peaks
due to sp? bonding and the peaks corresponding to the trans-polyacetylene (t-Pa) and sp bonded
chains were identified in the Raman spectra of the a-C:H:Si coating. Ball-on-disc sliding tests were
carried out at room temperature and 400 °C using SizNy balls as counter bodies. The a-C:H:Si coating
failed catastrophically in sliding tests at 400 °C; however, a repeatable and reproducible regime of
sliding with a low coefficient of friction was observed for the Al;O3/a-C:H:Si coating at the same
temperature. The presence of the alumina layer and high stress and temperature caused structural
changes in the bulk a-C:H:Si and top layers located near the contact area, leading to the modification
of the contact conditions, delivering of extra oxygen into the contact area, reduction of hydrogen
effusion, and suppression of the atmospheric oxidation.
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1. Introduction

The minimisation of heat generation, friction, and wear demand in industry is an es-
sential issue for sustainable development [1]. Carbon-based coatings have wide industrial
applications (aerospace, automotive, machine tools, medical implants, etc. [1,2]) owing to
their low coefficient of friction (COF) for different types of friction pairs, good mechani-
cal properties, and chemical inertness. The challenge is that these properties should be
retained during intensive use of such coatings under aggressive conditions (temperature,
atmosphere, irradiation, etc.).

The tribological performance of carbon-based coatings is sensitive to their properties
(hardness, internal stress, adhesion, thermal stability, oxidation resistance, surface rough-
ness, etc.) and test conditions (sliding regimes, atmosphere, temperature, etc.). In addition
to the preparation of carbon-based coatings using different deposition techniques, there
are some straightforward approaches to modifying the structure of the coatings. First,
the surface and bulk properties can be changed by doping, annealing, and irradiation.
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Second, modification of the surface properties of the coating can be accomplished by using
different lubricants and ambient environments, post-treatment of the surface by plasma,
deposition of thin adaptive layers, etc. Third, the properties of the coating can be changed
in situ in tribological tests owing to mechanochemical processes. The frictional heat dissi-
pated within the coating and high stress within the contact area can cause changes in the
coating structure.

The main components of the structure of diamond-like carbon (DLC) and tetrahedral
amorphous carbon (ta-C) are the networks of sp? and sp® bonds and impurities (H, O, N,
Si, Ti, W, etc.). Inclusions of sp-hybridised trans-polyacetylene (t-Pa) and poly(p-phenylene
vinylene) chains were revealed in an a-C:H coating by resonant Raman scattering [3].
Longer and shorter t-Pa chains were found in DLC [4], and the formation of two types of
sp-hybridised chains (cumulene and polyyne) were reported by Ravagnan et al. [5].

The sp? and sp? bonds play a key role in the unique mechanical and tribological prop-
erties of DLC and ta-C coatings. The crucial parameters are the sp® content, clustering and
orientation of the sp? phase, cross-sectional nanostructures, and hydrogen content [6]. High
internal stress occurs in DLC coatings because of the large fraction of highly tensile-strained
sp® C-C bonds [7]. It is accepted that the sp® bond network affects the thermal stability and
mechanical properties (hardness, Young’s modulus) of DLC and ta-C coatings [6,8,9]. The
configuration of the order/disorder within the sp? phase can also influence the mechanical
properties [10]. At a relatively low temperature (200-300 °C), the graphitisation or transfor-
mation of sp? to sp? bonds occurs in DLC coatings [11-13]. Stress-induced graphitisation
can also occur because of the high contact pressure in sliding tests [9]. High hardness, sur-
face smoothness, and viscoelasticity /viscoplasticity are properties that strongly influence
the tribological behaviour of DLC coatings [14-17]. The passivation of dangling bonds
by different agents (H, hydroxyl (-OH), carboxyl (-COOH), etc.), graphitisation, and the
formation of a self-generated easy-shearing transfer layer consisting of carbon-based struc-
tures, oxides, water, etc., are the main mechanisms explaining the excellent tribological
properties of DLC and ta-C coatings, including superlubricity (COF < 0.01 [18]) [14,19-23].
Hydrogen and oxygen thus play important roles in understanding the friction mechanisms
of DLC and ta-C coatings.

There is increasing interest in improving the thermal stability, oxidation resistance,
and tribological properties of carbon-based materials under harsh conditions. One of
the most successful approaches is doping the a-C:H coating with Si. Low internal stress,
good adhesion [24], and enhanced thermal stability have been observed for a-C:H:Si
coatings [25,26], and a high load-bearing capacity was demonstrated for a Si-doped DLC
coating at room temperature (RT) [27]. The high temperature tribological properties of
DLC and Si-doped DLC depends on numbers of factors, for instance, applied load, sliding
distance, wear scar radius, counterbody material, etc. [24-26]. A significant fraction of
C-Si bonds forms within the a-C:H matrix, which inhibits the formation of strained C-C
bonds. This reduces the probability of sp> to sp? transformation, resulting in higher thermal
stability [7]. Further improvements in the thermal stability and tribological properties
have been achieved by doping a:C:H with both silicon and oxygen to form an a-C:H:Si:O
structure [28-30]. It was reported in a seminal publication [29] that under low Earth
orbit conditions, a-C:H:5i:O was more stable than an a-C:H coating. It was stressed that
good tribological properties, thermal stability, and suppression of oxidation are caused by
the formation of a SiO, layer on top of a-C:H:Si and a-C:H:Si:O, in contrast to the a:C:H
coating. Oxygen preferentially bonds to silicon in the a-C:H:Si:O coating, forming small
local amorphous clusters of a-5i:O [7]. An increase in the hardness and residual stress was
observed for an oxygen-doped Si-free a-C:H:O coating, in contrast to the a-C:H coating [31].

Annealing and surface treatment with oxygen-containing gases are used to modify the
properties of DLC, ta-C, diamond coatings, etc. Annealing leads to the effusion of hydrogen
from a-C:H at 200-300 °C, graphitisation, and the release of internal stress [11,12,32].
Annealing of a Si-doped DLC coating in air causes the formation of a SiO; layer on top of the
DLC, which results in good tribological properties at room and high temperatures [26,33].
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High-energy oxygen plasma treatment such as reactive ion etching (RIE) can be used to
etch the surface and modify the surface roughness [34,35]. Oxygen plasma etching of
carbon-based coatings enhances the scratch resistance owing to sp® bond formation [36].
Improvements in the running-in properties and enhanced surface energy were found on
low-energy oxygen plasma-treated ta-C specimens as compared with those treated with
high-energy plasma [34]. This difference was explained by the interplay between the
chemical reactions and physical collisions during irradiation. A reduced COF value was
observed after the oxygen plasma treatment of a Si-doped DLC coating [37]. Improved
tribological performance was also observed after the oxygen plasma treatment of a Si-free
DLC coating [38]. Oxygen functional groups, including hydroxyl, were found on DLC
coatings [38,39], and enhanced surface energy and hydrophilicity were reported after
oxygen plasma treatment of DLC coatings [39].

The influence of nitrogen impurities on the structure and properties of DLC and ta-C
coatings can be expected during annealing in ambient air and in sliding tests at high temper-
atures. The increase in the sp? bond content, release of the stress, and improvement in the
adhesion to Si and CoCrMo alloys were revealed for nitrogen-doped DLC coatings [40,41].

The search strategy for systems exhibiting reduced friction and wear can involve
investigating adaptive systems. These systems can self-organise (SO) under specific condi-
tions [42,43]. Soft alloys such as babbitt alloys on relatively hard substrates can significantly
increase the contact area, thus decreasing the contact pressure and wear rate at the initial
stage of running-in. The initial period determines the tribological behaviour during the
subsequent stages of sliding (hereditary effect). Thin oxide layers can have lower hardness
(approximately 8.8 GPa for SiO; [44] and 10 GPa for amorphous Al,O3 [45]) than the DLC,
ta-C, and diamond coatings; thus, they can be considered adaptive layers. For instance,
it was found that the hardness of a Si-doped DLC coating after oxygen plasma treatment
decreased owing to the formation of silicon oxide on top of the coating [37]. In conclusion,
a thin silicon oxide film formed on top of a Si-doped DLC coating can be considered an
adaptive layer with good lubricating properties that suppresses the atmospheric oxidation
of the DLC coating. It should be stressed that different types of silicon oxide (5i,O, SiO,
51,03, Si0,) can be formed on Si-doped DLC coatings [46], and the role of each type of
oxide should be specified in detail to explain these functionalities.

Alumina possesses many advantageous properties, including high thermal and chem-
ical resistance and retained hardness at elevated temperatures [47]. A thin Al,O3 layer was
deposited by atomic layer deposition (ALD) on nanocrystalline diamond (NCD) films, and
improved oxidation resistance and thermal stability were demonstrated [48].

In the present preliminary study, a thin Al,Osz film (200 nm thick) deposited on
top of an a-C:H:Si coating was considered an adaptive multifunctional layer. Improved
tribological performance was expected because of modification of the contact conditions
during running-in, delivery of extra oxygen into the contact area, reduction of hydrogen
effusion, and suppression of the atmospheric oxidation of the a-C:H:Si coating.

2. Materials and Methods

The a-C:H:Si coatings were synthesised by plasma-activated chemical vapour de-
position (PACVD) using an arc cathode physical vapour deposition (PVD) unit (Pi411)
(PLATIT®, Grenchen, Switzerland) with a PACVD option containing an MF bias supply
(150-350 kHz range) and process gases (CoH;, and Si-containing precursor). The coat-
ing process started with Ar and metal ion etching, followed by Cr/CrN-based adhesion
layer deposition via arc evaporation. The a-C:H:Si coating thickness and Si content in the
coating were 1.0 £ 0.1 um and <5 at.%, respectively. Typical hardness values of a-C:H:Si
were 26.5 £ 1.5 GPa. The a-C:H:Si coating was deposited on polished WC-Co substrates
(© 13 mm, height 5 mm, R, = 0.05 pm).

ALD was used to prepare Al,Ojz films. The deposition was conducted in a flow-
type reactor (Picosun R200, Espoo, Finland) at 300 °C using trimethylaluminum (TMA,
Aly(CH3)6) water as the precursor, and nitrogen as the purge gas. The pressure was
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10 mbar (1 kPa). The precursor pulse lengths were 0.1/4/0.1/10 s for TMA /N, /H;O/Np,
respectively. After 2000 cycles, the thickness of the Al,Os film was 200 nm. A spectroscopic
ellipsometer (SemilabSopraGES-5E, Budapest, Hungary) was used to measure the film
thickness, using 365 and 633 nm wavelengths at an angle of 75° on Si(100) reference
substrates. Fitting was performed using the Cauchy approximation.

A ball-on-disc tribometer (Bruker® UMT-2, Billerica, MA, USA) equipped with a
high-temperature chamber with a rotary drive was used to investigate the tribological
behaviour of the specimens. @ 10 mm Si3Ny balls (RedHill®, Prague, Czech Republic) were
used as counterbodies. The hardness, Young’s modulus, and Poisson ratio of the balls were
1400-1700 HYV, 310 GPa, and 0.27, respectively. Wear tests at RT and 400 °C were carried
out on the a-C:H:Si and Al,O3/a-C:H:Si coatings. The normal load was 2 N, the speed of
rotation was 200 rpm, and the wear track diameter was 3 mm. The samples were heated to
400 °C at a heating rate of 5 °C/min, and this temperature was stabilised for 45 min before
the sliding test. In total, two sliding tests (for 180 and 5 min, respectively) for each type of
specimen were carried out at RT. In the case of the tests at 400 °C, three tests were carried
out (two for 180 min and one for 5 min) on the a-C:H:Si specimens and four tests (two for
180 min, one for 60 min, and one for 5 min) for the Al,O3/a-C:H:Si specimens. Humidity
was 45% £ 5%.

The depth, width, and shape of the wear scars were investigated using stylus pro-
filometry (Mahr Perthometer®, Gottingen, Germany). Five line scans were taken across
each wear scar, and an average line scan was obtained. The apparent volume (V) of the
wear scar was estimated using the formula V = S x I, where the cross-sectional area is S
and the wear scar length is .

Micro-Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and scanning
electron microscopy (SEM) were used to evaluate the chemical structure and to monitor the
morphology of the native and wear scar surfaces. Raman measurements were carried out
using a Horiba LabRAM HR800 (Horiba®, Kyoto, Japan) Micro-Raman system equipped
with a cooled multichannel CCD detection system in the backscattering configuration
with a spectral resolution better than 1 cm~!. A Nd: YAG laser (wavelength A = 514 nm)
was used for excitation. The spot size was around 5 microns in diameter and spectra
accumulation time was 60 s. The composition was studied using XPS in a Kratos Analytical
AXIS ULTRA DLD (Kratos Analytical Ltd., Manchester, UK) spectrometer fitted with a
monochromatic Al K X-ray source and an achromatic Mg K /Al K« dual-anode X-ray
source. A monochromatic Al K, anode (1486.6 eV) operated at 150 W and 15 kV was used.
A 180° hemispherical energy analyser with a mean radius of 165 mm was operated using
a hybrid lens mode at a pass energy of 160 eV for survey spectra, 20 eV for regions, and
40 eV for regions acquired for the depth profile. XPS spectra were recorded at a 90° takeoff
angle from the surface of the sample holder using an aperture field of view & 220 um.
The samples were mounted on stainless steel 130 x 15 mm? sample bar. Binding energy
values were calculated based on the C 1s peak at 284.6 eV. For surface cleaning and bulk
composition information, a Minibeam I ion (Ar*) source (1 kV, 10 mA, 120 s per cycle) was
used. The SEM images were taken using a (Zeiss EVO® MA—15 system, Oberkochen,
Germany) with an LaB6 cathode in secondary electron mode, applying an accelerating
voltage of 10-15 kV and a 6.5-8.5 mm working distance.

3. Results
3.1. Morphology and Tribological Properties

Figure 1 shows the surface morphologies of the a-C:H:Si and Al,O3/a-C:H:Si coatings.
The alumina layer grew conformally, that is, it resembled the morphology of the a-C:H:Si
surface. Similar alumina growth was observed on the NCD film [48]. The morphological
peculiarities can be observed on the Al,O3/a-C:H:Si coating surface.
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CoF

Figure 1. SEM images of the native surface of coatings (a) a-C:H:Si and (b) Al,O3/a-C:H:Si.

Figure 2 shows the COF versus cycle curves obtained at RT and 400 °C. The COF
values for both types of specimens (a-C:H:Si and Al,O3/a-C:H:Si) are very similar for
the tests at RT, approximately 0.06-0.1. In other words, the thin alumina layer did not
strongly influence the friction behaviour of a-C:H:Si. After reaching the smallest value at
the beginning of the test, the COF value slowly increased during subsequent periods of
sliding. In contrast to the tests at RT, significant changes occurred in the tests at 400 °C. In
the case of the a-C:H:Si coating, coating failure occurred at the beginning of the tests after a
short running-in period. The tests were repeated three times (the 5 min test is not shown),
and the same friction behaviour was observed. However, in the case of the Al,O3/a-C:H:Si
coating, relatively stable periods of sliding were revealed, with a COF value of less than
0.03, and some periods had a super-low COF of less than 0.01 (Figure 2b). The extended
time tests were repeated three times. A short running-in period was found in the case of
the test at RT, which was practically absent from the tests at 400 °C. This shows that the
contact between the a-C:H:Si surface and the SizNy ball was already established at the
beginning of the tests.

1.0

(@) a-CH:Si RT (b) ——ALO,/a-C:H:Si RT
TSI 400°6 i 084 ——ALO,/a-CH:Si 400 °C_1
a-C:H:Si 400°C 2 ——ALO,/a-C:H:Si 400°C 2
X °
0.61 ——ALO /a-C:H:Si 400 °C_3
5 044
O
Running-in
0.2
0.0 fmdnbin et )
COF <0.01 COF <0.01 COF <0.01
5600 '13:000, 1270001 (36060 54600 551060 532.500 B6:060 0 4000 8000 12000 16000 20000 24,000 28,000 32,000 36000
Cycles Cycles

Figure 2. COF versus cycles curves taken on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings.

Figure 3 shows SEM images of the wear scars observed on the a-C:H:Si and Al,O3/
a-C:H:Si coatings after the sliding tests at RT and 400 °C. The smooth wear surfaces are
formed on both coatings after sliding for 180 min at RT. The alumina islands can be seen on
the Al,O3/a-C:H:Si coating as well (Figure 3b). In the case of the a-C:H:Si coating, islands
of the a-C:H:Si coating and the surface of WC-Co substrate can be seen after the test at
400 °C, in spite of uniform a-C:H:Si coating surface for the Al,O3/a-C:H:Si specimen.



Coatings 2021, 11, 495

6 of 15

RT a-C:H:Si RT 'Al,0;/a-C:H:Si
- ik . 1P 0

a-C:H:Si T

\ o ¥ s 1 / ¥

@ ! 7 ‘, %
Sliding direction Al,O, island

Sliding direction

(<)) 400 °C_Al,05/a-C:H:Si

Sliding direction

f
{8

Figure 3. SEM images of wear scars after sliding tests at (a,b) RT for 180 min and (c,d) 400 °C for 5 min.

Figure 4 shows line scans taken across the wear scars. The shape and width of the
wear scars obtained after the tests at RT differ between the a-C:H:Si and Al,O3/a-C:H:Si
coatings. The wear scar widths on the a-C:H:Si and Al,O3/a-C:H:Si coatings after the
5-min tests were approximately 200 and 310 pum, respectively. The wear scar was narrower
and deeper for the a-C:H:Si specimen and wider and shallower for Al,O3/a-C:H:Si after
the 180-min tests. The increase in contact area on Al,O3/NCD in contrast to an NCD film
was also observed in sliding tests at RT [48]. These results demonstrate the adaptation
effect mentioned earlier, that is, that an increase in the contact area leads to decreasing
contact pressure. The hardness of the SizNy balls was higher than that of the thin alumina
layer, thus it is unlikely that the increased wear scar width was caused by abrasive wear of
the balls. The depth of the wear scar was approximately 0.8 um for the a-C:H:Si coating,
which is close to the coating thickness. However, in the case of the Al,O3/a-C:H:Si coating,
an approximately 0.4 pm-thick a-C:H:Si layer was removed (Figure 4d).

Therefore, a longer lifetime can be expected for the Al,O3/a-C:H:Si coating in con-
trast to the a-C:H:Si coating at RT. The wear scar was also significantly wider after the
5 min test at 400 °C than after the 180 min test at RT for the Al,O3/a-C:H:Si coating
(Figures 4d and 5b). These results could indicate structural changes within the a-C:H:Si
coating, most likely owing to a-C:H:Si graphitisation and decreased hardness [11,26].

The apparent wear volumes were measured on the a-C:H:Si and Al,O3/a-C:H:Si
specimens (Figure 6). The calculation of the wear volume loss assumed an alumina layer
thickness of 200 nm (Figures 4 and 5). The wear volume measured on the a-C:H:Si layer
(black colour in Figure 6) was larger for the a-C:H:Si coating than for the Al,O3/a-C:H:Si
coating after the 180 min tests at RT. The wear volume was largest after the 5 min sliding
test at 400 °C on the a-C:H:Si coating owing to the coating failure (Figure 5a). It should be
stressed that the reduced hardness of a-C:H:Si at high temperature increased the wear scar
width for the Al,O3/a-C:H:Si coating (Figure 5b). Therefore, the apparent wear volume
loss may increase owing to the plastic deformation of the a-C:H:Si layer [49].
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Figure 4. Wear scars line profiles taken on the (a,b) a-C:H:Si and (c¢,d) Al,O3/a-C:H:Si coatings after

the (a,c) 5 and (b,d) 180 min tests at RT.
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Figure 5. Wear scars line profiles taken on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings after the
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3.0x107 ; -

o~ B A1,0, RT L a00c

g 2.5x107 | a-CHSI ; aCILSi

3 5

s 3] :

5 20710 ALOY | ALO/

z a-C:H:Si | a-C:H:Si

on -3 '

£ 15x10 a-C:H:Si |

g :

O 3 H

5 1.0x10 ALO./ 5

g . a-C:H:Si :

[ - 1

% 5.0x107™ a-C:H:Si :

Smin 180 min 5Smin 180 min 5 min

5 min

Duration of sliding tests

Figure 6. Apparent wear volumes measured on the a-C:H:Si and Al,O3/a-C:H:Si coatings.
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3.2. Raman and XPS Analyses

Raman spectra were obtained for the native and wear scar surfaces of the a-C:H:Si
coating after the sliding tests at RT (Figure 7a). Two characteristic D and G peaks indicated
sp? structure ordering, that is, the D mode (1365 cm~!) was active in the presence of
disorder, and the G mode (1545 cm™!) indicated the presence of well-ordered graphite [6].
Raman peaks corresponding to vibrational modes in t-Pa (1054 cm~!) and sp-bonded
chains (1900-2200 cm 1) were also observed. The shape and position of the Raman peaks
in the spectra of the native and wear scar surfaces after the 5 and 180 min tests at RT were
quite similar. In the case of the Al,O3/a-C:H:Si coating (Figure 7c), the peak positions
were similar to those observed for the a-C:H:Si coating, except that the G peak shifted to
1532 cm ™! after the 180 min sliding test. The Raman spectrum of the native a-C:H:Si surface
differed from that after heating at high temperatures. The G peak shifted to 1558 cm !, and
formation of a shoulder (arrow in Figure 7b) was observed after heating at 400 °C. The G
peak shifted to a higher value (1612 cm™1) after the 5 min test at 400 °C (Figure 7b), which
indicates the impact of mechanochemical processes on the a-C:H:Si structure. For the sake
of clarity, Raman measurements were repeated for at least three different locations within
the wear scar, and similar spectra were recorded (Figure 7b). However, in the case of the
Al,O3/a-C:H:Si coating, no further G peak shift was observed after the 5 min test at 400 °C
(Figure 7d). The peak positions and shapes were similar to those observed in the Raman
spectrum of the native surface of the a-C:H:Si coating after heating at 400 °C (Figure 7b).
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Figure 7. Raman spectra taken on the native surface and within the wear scars after the 5 and 180 min tests at RT and
400 °C on the (a,b) a-C:H:Si and (c,d) Al,O3/a-C:H:Si coatings. The insert shows the peak 1900-2200 cm ! corresponding
to sp-bonded chains. Deconvolution of Raman spectra of the native a-C:H:Si is shown.

The C 1s XPS spectra were recorded on the a-C:H:Si native surface (Figure 8). The
peaks corresponded to C-C spz, Cc-C sp3, C-0O, C=0, C-N, O-C=0 and COO-R
bonds [46,50,51]. Sp3 surface enrichment and increased intensity of the XPS spectrum
shoulder corresponding to the bonds formed between carbon, nitrogen, and oxygen atoms
were observed after heating at 400 °C (Figure 8b). Figure 9 shows the XPS spectra taken
on the surface of the wear scars after the sliding tests at RT and 400 °C. The intensity
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ratio between the XPS signal intensity related to the a-C:H:Si coating (convolution of the
C—C sp? and sp® peaks) and the intensity of the peak corresponding to C-O, C=0, etc.,
bonds is higher for a-C:H:Si than for the Al;03/a-C:H:Si coating. The C-C sp? and sp>
XPS signals can be more strongly shielded on the Al,O3/a-C:H:Si coating by a thicker and

more uniformly distributed layer formed by agents such as C-O, C=0, etc.
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Figure 8. C1s XPS spectra taken on the a-C:H:Si coating native surface at (a) RT and (b) 400 °C.
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Figure 9. C 1s XPS spectra taken within the wear scars after the 5 min tests at RT and 400 °C on the
(a,b) a-C:H:Si and (c,d) Al,O3/a-C:H:Si coatings.

Figures 10 and 11 show the O 1s and Si 2p XPS spectra, respectively. The O 1s XPS
spectra were quite similar for both types of specimens. It is expected that the XPS signal
indicates electrons released from oxygen bonded mainly with C, H, Si, Al, and N atom:s.
The stronger peak at 531.6 eV after the heating of a-C:H:Si at 400 °C can be observed in
contrast to the Al,O3/a-C:H:Si coating. Closely spaced spin-orbit components (A = 0.63 eV)
formed an asymmetrical Si 2p peak at 100.5-100.6 eV, which corresponds to Si—C bonds
in a-C:H:Si [52]. The broad Si 2p XPS spectra indicate the presence of several types of
silicon oxide with different chemical states of Si (Si'*(Si,0), Si**(SiO), Si®*(Si,O3), and



Coatings 2021, 11, 495 10 of 15

Si**(SiO,)) [46]. Due to the likely a-C:H:Si oxidation and formation of the silicon oxides,
the Si-C peak intensity decreased after heating at 400 °C (Figure 11a). The Si 2p XPS
spectra taken within the wear scars after the sliding test at 400 °C showed the strongest
peaks located at 102.5-103.2 eV, which could indicate the formation of stoichiometric SiO,
oxide. However, there is a difference between the Si 2p XPS spectra of the a-C:H:Si and
Al,O3/a-C:H:Si coatings (Figure 11a,b, respectively). For example, the strongest peak in
the spectrum taken on the Al,O3/a-C:H:Si surface is located at 102.5 eV, in contrast to
103.2 eV for a-C:H:Si. The Si 2p XPS spectra may also have been influenced by the SizNy
ball wear debris during the sliding tests.
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Figure 10. O 1s XPS spectra taken within the native and wear scars surfaces after sliding tests at RT
and 400 °C on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings.
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Figure 11. Si 2p XPS spectra taken within the native and wear scars surfaces after the sliding tests at
RT and 400 °C on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings.

Figure 12 shows the N 1s XPS spectra. In the case of the a-C:H:Si coating, the peak at
402.1 eV (N-O) [51] was observed after the 5 min sliding test at 400 °C.
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Figure 12. N 1s XPS spectra taken within the native and wear scars surfaces after the 5 min tests at
RT and 400 °C on the a-C:H:Si and Al,O3/a-C:H:Si coatings.
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4. Discussion

Figure 13 shows the results of the Raman and XPS investigations of the sp? and sp3
bond contents in the coatings. In the case of the a-C:H:5i coating, the intensity ratios of the
D and G peaks (Ip/I ratio) are similar for the Raman spectra taken on the native surface
and within the wear scars after the 5 and 180 min sliding tests at RT (Figure 13a). For the
same specimens, the sp?/sp° ratios of the corresponding XPS peak intensities were similar
(Figure 13b). Therefore, these results suggest that mechanochemical processes occurring
during sliding tests at RT did not affect the sp? and sp® hybridised bonding networks in the
bulk and on the surface of the a-C:H:Si coating. This demonstrates the high stability of the
a-C:H:Si structure in sliding tests at RT. However, the investigation of the a-C:H:Si native
surface after heating at 400 °C shows that the sp? and sp® contents in the bulk and on
the surface changed in different ways. In contrast to the investigations at RT, the analysis
of the Ip/Ig ratio suggests an increase in the sp? content in the bulk; however, the XPS
data showed a decrease in the sp? content on the surface and sp® surface enrichment. The
sp® surface enrichment after annealing in air owing to preferable etching of the sp? bonds
located within the grain boundaries has been found on diamond films [48,53]. The release
of carbon from the a-C:H:Si surface during annealing at 400 °C was observed by Rouhani
et al. [46].
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Figure 13. Summary of the results of (a) Raman and (b) XPS investigations.

In the case of the Al,O3/a-C:H:Si coating, comparison of the Iy /I ratios obtained for
the native and wear scar surfaces after the 5 and 180 min tests showed that this ratio also
remained stable at RT (Figure 13a). However, the Ip /I ratio tended to decrease for the
180 min test as compared with the measurements on the native surface and wear scar after
the 5 min test, which indicates likely surface sp® enrichment within the wear scar. The XPS
investigation supports this conclusion (Figure 13b), as well as the G peak shift to 1532 cm !
observed after 180 min (Figure 7c). The extra oxygen delivered by the alumina layer seems
to have caused surface sp® enrichment in the wear scars after the sliding tests at RT on
the Al,O3/a-C:H:Si coating owing to mechanochemical processes. This conclusion is in
good agreement with the increased sp® bond content in the oxygen-doped carbon-based
coating [31,36].

In the case of the a-C:H:Si and Al,O3/a-C:H:Si coatings, the increased I /Ig ratio
suggests an increase in the sp? content for both types of specimens after the 5 min tests at
400 °C (Figure 13a). The thermally and mechanochemically induced processes intensified
the a-C:H:Si graphitisation. However, the increase in the sp? bond content was significantly
higher for the a-C:H:Si coating than for Al,O3/a-C:H:Si coating, and a shift of the G peak
to 1612 cm ™! was observed for the a-C:H:Si coating (Figure 7b). This shift could indicate
an increase in the number of defects, formation of a graphene sheet owing to graphite
slicing, and formation of double bonds between carbon atoms [54]. There was a significant
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difference between the a-C:H:Si and Al,O3/a-C:H:Si coatings, namely, sp> enrichment
of the wear scar surface on the Al,O3/a-C:H:Si coating after the 5 min test at 400 °C
(Figure 13b).

The results of the Raman and XPS investigations suggest that the interaction between
the a-C:H:Si surface and atmospheric oxygen differed from the interaction with the oxygen
in alumina. It is expected that the alumina layer suppressed atmospheric oxygen diffusion
to the a-C:H:Si surface [48].

To summarise, improvements in the tribological properties and thermal stability were
observed in sliding tests at RT and 400 °C for the Al,O3/a-C:H:Si coating in comparison
with the a-C:H:Si coating. First, an increase in the contact area and sp® surface enrichment
within the wear scar was observed in the tests at RT and 400 °C. The alumina layer was
considered the adaptive layer. The adaptation effect was manifested owing to the use of a
relatively soft and thin alumina layer, resulting in the increased contact area. The delivery
of extra oxygen to the contact area led to increased sp? content within the thin tribolayer,
which improved the thermal stability and increased the hardness and internal stress of
the tribolayer [28-31,36]. In addition, it was shown in a study on an Al,O3/NCD film [48]
that the alumina layer is the atmospheric oxygen diffusion barrier layer. These factors
determine the running-in conditions and tribological performance during extended time
tests (hereditary effects). The decreased contact pressure owing to the increased contact
area and improved mechanical properties of the thin tribolayer led to the better tribological
behaviour of Al,O3/a-C:H:Si coating in contrast to the a-C:H:Si coating.

Second, carbon surface hydroxylation (C-OH termination) results in better tribological
properties [38]. This type of surface passivation improves surface hydrophilicity and the
absorption of atmospheric water vapour [39]. The super-low COF value for the a-C:H:Si
coating with a low Si concentration (3.6 at.%-11.4 at.%) is explained by the formation
of additional Si-OH hydrophilic bonds. Under ambient humid conditions (30%—60%
humidity), water and oxygen absorbed by the surface form a well-ordered easily shared
layer-like film, resulting in low friction [17]. In addition, higher surface energies for a-
C:H:Si and ta-C coating surfaces after oxygen plasma treatment have been reported [34,39],
which means higher surface wettability, which leads to more uniform water distribution
along the surface. This, in turn, is likely to be beneficial for the formation of a layer-like
water structure on the a-C:H:Si surface. In conclusion, it is expected that the hydrophilicity
and wettability of Al;O3/a-C:H:Si within the wear scar area can be improved owing to the
extra oxygen delivered by the alumina layer. This interpretation is supported by the XPS
investigation, as discussed in Section 3.2.

Third, silicon oxide affects the tribological behaviour of DLC coatings. The XPS study
revealed several types of silicon oxide formed within the wear scar. The influence of a
particular type of oxide should be investigated in more detail.

Fourth, the mechanism of hydrogen effusion may differ between the a-C:H:Si and
Aly,O3/a-C:H:Si coatings because of the alumina layer and a specific tribolayer layer formed
on Al,O3/a-C:H:Si during the sliding tests. Upon thermal treatment, the hydrogen content
decreases owing to the release of hydrogen and hydrocarbons (C,,Hy) [32]. The mechanisms
of hydrogen diffusion in alumina usually consider the diffusion of H atoms or H* ions [55].
The hydrogen diffusion coefficient in alumina has a certain value; therefore, the hydrogen
effusion in the Al,O3/a-C:H:Si coating can be suppressed by the alumina layer. In the case
of hydrocarbons, it was found that the pore size in a-C:H strongly influences diffusion [32].
Thus, hydrocarbon diffusion through alumina can be limited as well. In conclusion, the
alumina layer can be considered a hydrogen diffusion barrier layer.

5. Conclusions

A comparative study of the tribological properties of the a-C:H:Si and Al,O3/a-C:H:Si
coatings at RT and 400 °C was performed. After 180 min sliding tests at RT, a wider and
shallower wear scar was found on the Al;O3/a-C:H:Si coating in contrast to the a-C:H:Si
coating. The smaller depth indicates that the a-C:H:Si coating lifetime can be increased by
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preparing an Al,O3/a-C:H:Si structure. The alumina layer changes the contact conditions
and influences the running-in behaviour owing to the increased contact area and decreased
contact pressure (adaptation effect). The chemical composition in the contact area can
also be changed owing to the extra oxygen delivered by the alumina layer. The results
demonstrate the hereditary effect and the initial contact conditions strongly influence the
tribological performance of the extended time tests.

The thermal stability of the a-C:H:Si coating can be improved by deposition of an
alumina layer. The a-C:H:Si coating was unstable in sliding tests at 400 °C; however, a
stable low-friction regime of sliding over 80-160 min was observed for the Al,O3/a-C:H:Si
coating. The chemical composition of the tribolayer on Al,O3/a-C:H:Si differed from that
of the a-C:H:Si coating after the sliding tests at 400 °C. An increase in the sp® bond content
was observed for the Al,O3/a-C:H:Si coating; therefore, better mechanical and thermal
properties of the tribolayer formed on an Al,O3/a-C:H:Si coating are expected. The extra
oxygen in the contact area improved the structure and properties of the passivation layer
formed on the a-C:H:Si surface, resulting in low friction.

Further investigations are needed to continue efforts towards understanding the
mutual influence between the test conditions and the DLC and alumina layer properties.
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