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Highlights
e TiSiC-Cr coatings were deposited via cathodic arc evaporation.
e The coatings derived from C,H, outperformed those prepared in CH,4 plasma.
e The coatings consisted of a mixture of crystalline solid solution carbide and
amorphous hydrogenated carbon phases.
e The coatings produced with C,H; exhibited the highest hardness, the lowest friction

coefficient and wear resistance.
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Abstract
TiSiC-Cr coatings, with Cr and Si as additional elements, were deposited on Si, C 45 and
316 L steel substrates via cathodic arc evaporation. Two series of coatings with thicknesses
of 3.6-3.9 um were produced, using either CH4 or C,H; as carbon containing gas. For each
series, different coatings were prepared by varying the carbon rich gas flow rate between 90
and 130 sccm, while maintaining constant cathode currents (110 and 100 A at TiSi and Cr
cathodes, respectively), substrate bias (-200 V) and substrate temperature (~320 °C). The

coatings were analyzed for their mechanical characteristics (hardness, adhesion) and
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tribological performance (friction, wear), along with their elemental and phase composition,
chemical bonds, crystalline structure and cross-sectional morphology.

The coatings were found to have nano-scale composite structures consisting of carbide
crystallites (grain size of 3.1-8.2 nm) and amorphous hydrogenated carbon. The
experimental results show significant differences between the two coating series, where the
films formed from C,H; exhibiting markedly superior characteristics in terms of
microstructure, morphology, hardness, friction behaviour and wear resistance. For the
coatings prepared using CHy4, the measured values of crystallite size, hardness, friction
coefficient and wear rate were in the ranges of 7.2-8.2 nm, 26-30 GPa, 0.3-0.4 and 2.1
4.8x10°mm?>*N™"m™, respectively, while for the coatings grown in C,Hy, the values of these
characteristics were found to be in the ranges of 3.1-3.7 nm, 41-45 GPa, 0.1-0.2 and 1.4—
3.0x10° mm*N™m™, respectively. Among the investigated coatings, that produced using
C,H, at the highest flow rate (130 sccm) exhibited the highest hardness (45.1 GPa), the
lowest friction coefficient (0.10) and the best wear resistance (wear rate of 1.4x10° mm>N"
m™.

Keywords: TiSiC-Cr coatings, cathodic arc, structure, mechanical properties, friction and

wear



1. Introduction

The incorporation of different metals into amorphous hydrogenated carbon (a—C:H) films
has been proved to be an effective method to reduce the residual compressive stress and
consequently to improve film adhesion to metallic substrates [1-3]. Other beneficial effects
of metal additions were found to be increased deposition rate, enhanced toughness, hardness,
thermal stability, and modified electrical properties [1-13]. Such nanocomposite carbon
based films (Me/a—C:H) containing pure metal (Me) or metal carbide (MeC) crystallites
embedded in an a—C:H matrix generated great interest in various industrial applications
within the last decade because of their superior characteristics such as chemical inertness,
smooth surface morphology, high hardness, excellent lubricating properties and high
resistance to wear [14-16]. Many of these films are considered as excellent candidates to
provide long durability to the coated parts and components, mostly used in tribological
applications. Various metals such as Ti, Zr, Nb, Ta, Cr, Mo, W, Ni, Co, Al, Ag or Cu having
different affinities to carbon that determine peculiar chemical bonding states and structures,
were taken into account, recently, as possible additives to a:C—H coating. The most known
methods to produce these films are based on plasma assisted chemical vapor deposition, in
which metallic elements are introduced by sputtering [4—7] or reactive magnetron sputtering
[9,13,16], where the targets are made from the metals intended to be used as additives.
Besides, ion beam assisted deposition [10,11,15] and cathodic arc evaporation [8,12] were
also employed. Cathodic arc process was found to be a successful technique to also prepare
other types of carbon containing films (e. g. doped a—SiC:H [17], graphene [18]). For both
a—C:H [19-27] and Me/a—C:H [4,5] deposition, various hydrocarbon precursor gases such as
CHg, CoH,, CoH4, CoHg, C4H1o or CgHg were used. In these studies, the significant roles of
the reactive gases, which are one of the key deposition parameters, on the structural,

mechanical and tribological characteristics of films have been identified. Effects of other



gaseous environments (He, H,, N; etc.) on the properties of C—based coatings (a—C, a—C:H,
a—C:N) have also been investigated [28—30].

The goal of this work was to investigate the effects of two carbon containing gases (CH4 and
C,H,) on the properties of TiSiC-Cr coatings, where Cr is an alloyed element to TiSiC basic
compound. The selection of this coating was motivated by the increasing interest for TiSiC
films which possess a combination of remarkable characteristics such as chemical stability,
high hardness and strength, superior tribological performance, as well as good thermal and
electrical conductivity [31-36]. The addition of small amounts of different metals to TiSiC
has also been tested in the effort to improve the properties of these films [37—40]. In our
previous works [38—40], we have examined the effects of alloying TiSiC with Zr, Cr or Ni
by preparing them in CH, atmosphere. Among these investigated coatings, TiSiC-Zr was
found to have the best tribological characteristics. In the case of TiSiC with Cr addition, it
was found that its tribological performance under dry sliding conditions was rather poor
[38]. In the present study, we show that the properties of the TiSiC-Cr film can be
significantly enhanced, even beyond those of TiSiC—Zr, if C,H; is used as the carbon
containing gas instead of CH,4. Herein, the TiSiC-Cr coatings were produced by cathodic arc
method under either CH,4 or C,H, hydrocarbon gas environment, where the deposition
conditions were chosen to yield TiSiC-Cr coatings with high carbon contents (in excess of
50 at. %), so that these films can be considered as a—C:H coatings alloyed with Ti, Cr and Si
in different concentrations, where Ti being the major alloying element. The films grown
with both CH4 and C,H, were fully characterized for their elemental and phase composition,
chemical bonds, crystalline structure, cross-sectional morphology, mechanical properties
and tribological performance. The role of hydrocarbon precursor gases (CH4 and C,H,) in

determining the properties of Me/a—C:H films is also discussed in detail.



2. Experimental procedure

The TiSiC-Cr coatings were prepared in a cathodic arc deposition unit equipped with two
cathodes made of TiSi alloy (84 at. % Ti, 16 at. % Si; 99.9% purity) and Cr (99.9 % purity).
Schematic of the deposition system is shown in Fig. 1. Two stainless steel grids were placed
in front of the cathodes (at a distance of 10 cm) to reduce the number of macroparticles
emitted by cathodes and deposited on substrate. The distances between the cathodes and
substrate holder are also indicated in Fig. 1. The base pressure in the deposition chamber
was typically in the 10 Pa range. The substrates were ultrasonically cleaned with
isopropanol (10 min) prior to the depositions and mounted on a rotating holder to ensure a
homogeneous composition of the films. The samples were subsequently surface cleaned by
sputter etching in Ar (10 Pa) through biasing for 10 min at -1000 V. Two series of coatings
were prepared using either CH, (series—M) or C,H; (series—A) as reactive gases. For each
series, three different gas flow rates (Fr) were used (90, 110 and 130 sccm), corresponding
to gas pressures of 1.9, 2.2 and 2.5 x10™ Pa, respectively. These values were chosen based
on our previous findings [38] where a higher CH,4 flow rate of 150 sccm yielded films with
rough surface morphology, due to the formation of agglomerated particles, which was
proved to be detrimental to the tribological properties of the films. The resulting coatings
were labelled M—90, M-110 and M-130 (for series—M) and A-90, A-110 and A-130 (for
series—A). The arc currents were of 110 A and 100 A at TiSi and Cr cathodes, respectively.
A negative bias voltage of -200 V was applied on the substrates, while the deposition
temperature was of about 320 °C. The choice of -200 V for the substrate bias was made
based on the preliminary experiments aimed to determine the best deposition conditions to
prepare high hardness coatings. These experiments showed that the highest hardness was
obtained for negative bias voltages in the range 180—220 V. As a temperature of ~320 °C

was generated and maintained in the deposition chamber as a result of the substrate ion



bombardment and cathodes’ thermal radiation, no additional substrate heating or cooling
was used.

All coatings were deposited on three types of substrates such as (i) on 316 L stainless steel
discs (@ 20mm) for X-ray diffraction (XRD), (ii) on C 45 steel discs (® 25mm) for energy-
dispersive X-ray spectroscopy (EDS), and for mechanical and tribological tests, and (iii) on
Si (111) wafers (15 x 15 mm) for X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy (RS), elastic recoil detection analysis (ERDA) and scanning electron
microscopy (SEM). Coatings with typical thicknesses of 3.6-3.9 um were prepared for XRD
analysis by confining the deposition duration to 50—70 min.

Elemental compositions of the coatings were determined by energy-dispersive X-ray
spectroscopy performed on a scanning electron microscope coupled with EDS (FEI Inspects
equipment). The hydrogen content in the films were assessed by ERDA [41], performed
using 2.537 MeV *He*" particle beams from a 3.0 MV Tandetron Van der Graaf accelerator.
For ERDA measurements, the samples were placed on the sample holder at an angle of
incidence of 75° with respect to the surface normal. The energy of recoiled particles was
measured by an ORTEC silicon detector, placed at an exit angle of 75° with respect to the
surface normal. A 3.2 mm diameter collimator was situated in front of this detector,
resulting in a solid angle of 1.000 msr. To filter out the scattered helium ions mylar foils (11
um thick) were placed in front of the detector. Counting rates were always kept small
enough in order to have a negligible dead time during the measurements. The chemical
binding state was investigated by XPS and Raman spectroscopy. The XPS experiments were
performed under ultra-high vacuum conditions (<2 x 10® mbar) on a VG Scientific
ESCAIlab Mk 11l system, using Al K, radiation (1486.6 eV). An electron flood gun was used
for charge compensation and the binding energy scale was referenced to the adventitious

carbon 1s core-level at 284.8 eV. The analyser pass energy was set to 200 eV for the survey



spectrum, and 20 eV for individual core-level spectra. The sampling area was approximately
1 cm in diameter and the spectrometer resolution was 1.15 eV. The Raman spectra were
collected in backscattering geometry using a LABRAM HR 800 instrument (Jobin -Yvon-
France). An Ar” laser served as an excitation source at =488 nm with a spot of 3 um
diameter and a power of 5mW at the sample surface. XRD analysis was used to determine
the crystalline structure, phase composition, texture and crystallite size (Rigaku Miniflex 11
diffractometer with CuK, radiation, operating in Bragg-Brentano configuration) of the films.
The films cross-sectional morphologies were examined by nanoSAM Lab Scanning Auger
Microscopy System (Omicron GmbH). Film thickness was measured using a Dektak 150
profilometer. Measurements of hardness were performed on a Vickers microhardness tester
(0.05 N load). The coatings adhesion was determined by scratch tests under the conditions:
indenter — 0.2 mm radius diamond stylus, load — continuous increase from 0 to 100 N,
scratching speed —10 mm/min, scratching length — 10 mm. The critical load L. was
evaluated by optical examination of the scratch tracks.

In order to characterize the friction and wear behaviour of the coatings, tribological tests
were conducted in dry atmosphere, using a CSM Instruments type ball-on-disc tribometer
(sapphire ball of 6 mm diameter, 0.15 m/s sliding velocity, 300 m sliding distance, 5 N
load). The worn volume was obtained by measuring the cross-sectional area of the wear
track at 6 points of each track using the surface profiler. The worn surfaces were analyzed on
the scanning electron microscope mentioned above.

All mechanical and tribological tests were conducted for each types of coatings on three

specimens produced in the same batch, to ensure the testing reproducibility.

3. Results

3.1. Elemental composition and chemical bonding structure



Film composition was determined using EDS (apart from hydrogen) and ERDA (for
hydrogen content). The elemental compositions of the TiSiC-Cr coatings as obtained by
EDS are summarized in Table 1, together with the C/(Ti+Cr) ratios. As seen, the Cr and Si
contents are roughly similar in all the coatings, while carbon content is higher for the
coatings deposited in C,H,, when using the same gas flow rate. Notably, the C/(Ti+Cr) ratio
is higher than unity in all coatings, showing an increasing trend with gas flow rate.

A typical ERDA spectrum of hydrogen is shown in Fig. 2 (sample M—90). The hydrogen
content in the deposited films as determined by ERDA (Table 1) is ranging from 0.5t0 1.1
at. % for series —M coatings and from 2.0 to 6.2 at. % for series —A, and increases with gas
flow rate. This relative low H content is most likely due to the high ion bombardment of
substrate [2] and to deposition temperature (~ 320 °C), both contributing to the loss of
hydrogen.

The chemical bonding structure of the coatings was examined using XPS. The contaminants
on the film surface (adventitious carbon, oxidized species) were removed by Ar* ion beam
etching (4 keV, 5 min). Fig. 3 presents typical XPS survey spectra before and after sputter
etching (sample M—90). As expected, the Ar” ion cleaning resulted in a significant
reduction in the intensities of the peaks corresponding to the surface contaminants (O, and
C), while the peaks corresponding to the metallic elements became more prominent.
However, it is to be noted that a certain amount of oxygen is still present. This is in
corroboration with a previous report (e.g. [42]) where a glow discharge optical spectroscopy
(GDOS) experiments has shown the presence of oxygen in such films even at depths
exceeding 100 nm.

Figs. 4 and 5 compare the Ti 2p, Cr 2p, Si 2p, and C1s XPS spectra after sputter etching for
the samples M—90 and A—-90, respectively. The peak assignment was done according to the

literature data on Ti-based carbide coatings [13,31,33,35,40,43-48].



As can be observed in figures 4 and 5, the Ti, Cr and Si spectra of the coatings in the two
series are not significantly different. The Ti 2p3/, peaks at 454.4-454.5, 455.2-455.3 and
457.3-457.8 eV can be attributed to Ti—C, Ti—-C-O and Ti—O bonds, respectively; and Cr
2p32 peaks at 574.6-574.7 and 577.3 eV to Cr—Cr/Cr—C and Cr—O bonds, respectively. In
the case of Si, SiC compound and different Si oxidized species were identified at energies of
100.6-100.8 and 102.6-102.9 eV, respectively. It is apparent from the XPS spectra that the
film contained various metals and Si oxidized species, in addition to the carbide compounds,
that may be originated from the oxidization process during sample handling in open
atmosphere.

The analysis of the carbon bonds was of special interest due to the major role played by the
carbon binding state in determining the properties of the investigated coatings. For the sake
of clarity, the XPS results comprising the identified carbon bonds, together with their
relative amounts (% area), the corresponding binding energies, and the sp?/sp° ratios are
summarized in Table 2.

It is worth mentioning that the XPS results show, for both coatings, the presence of a
significant amount of free (hydrogenated) carbon phase (sp? and sp® bonds). The data in
Table 2 also reveal the pronounced differences between the two types of coatings: for M—90,
the C—C bonds have a relative area of 54.7 % (39.3 % sp” and 15.4 % sp®), while for A—90
the relative area is of 77.5 % (67.7 % sp and 9.8 % sp°). As seen, the coating deposited with
C,H, contains a higher amount of free carbon and a higher sp?/sp® ratio, indicating a more
graphitic character of the carbon phase when using C,H; instead of CH,.

The features found in the range 282.1-283.4 eV are difficult to be clearly indexed as the
binding energies of C—Cr, C-Ti" and C-Si bonds are located with small differences between
them within this energy range and can not be clearly separated, as also reported for other

types of complex metal carbides [43-45]. For example, based on some recently reported
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studies on Ti-based carbides [33,35,43,44], the peaks at energies higher than 282.5 eV could
partially be attributed to the occurrence of C—Ti" bonds, which is assumed to be formed at
the interface between the carbide crystalline grains and the amorphous carbon matrix.
Specifically, in the case of M—90 and A—90 coatings, the carbon—metal (Si) bonds in the
range of 281.6-283.4 eV are tentatively ascribed as follows. For M—90, the peak positioned
at 281.6 eV is attributed to C—Ti bonds since 281.6+0.2 eV is the “standard” energy reported
in most of the previous studies for this binding type [31,35,38,45]. The feature centred at
282.7 eV originates most likely from both the C—Cr and C-Ti" bond contributions,
influenced by the presence of Si in the bonding structure. In the case of the A—90 coating,
similarly, the features at 282.1 and 283.4 eV were correlated with C—Ti and C—Cr/C-Ti"
bonds, respectively. According to this assignment, the binding energies in the case of A—90
sample appear to be shifted towards higher energies (with 0.5-0.7 eV). The observed shift
could be related to the presence of oxygen in the region from where the XPS spectra were
taken. Comparing the Ti 2p XPS spectra in Figs. 4 and 5 (B features), it appears that the
relative amount of Ti—C—O oxidized species is higher for the A—90 coating. The presence of
more oxygen generally leads to a shift to higher binding energies. Another possible
explanation could be the reduction of the kinetic energy of the emitted photoelectrons as a
result of the built-up of positive charge on the sample surface, which is more pronounced if
surface is contaminated by more insulating/amorphous materials such as oxidized species.
Carbon bonding structure was also examined using Raman spectroscopy. Fig. 6 shows
representative RS spectra in the range 1200—1750 cm™ of the films prepared under CH, and
C,H; gaseous environment (samples M—90 and A—90, respectively). As seen, the spectra are
characterized by the presence of the peaks specific to disordered graphite: G — due to Eyq
mode of stretching vibrations of sp? atoms in rings and chains, and D — due to Aqq breathing

mode of sp? atoms in rings, activated by disorder. The most important RS parameters (G
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position and intensity ratio Ip/lg) were obtained by peak deconvolution using a Gauss-
Lorentz function and a linear function background (Table 3). The film prepared with C,H,
exhibits a larger Ip/l ratio and a G peak position shifted towards higher wavenumbers when
compared with the film grown in CH,. According to the literature data [8,9,15,22,29,49],
these results indicate a higher sp? bonding content within the a—C:H phase for the A—90
film, and agree well with the earlier reported findings for a—C:H [22] and Me/a—C:H [5]
films derived from CH,4 and C,H,. The increased sp® hybridization for the A—90 sample is

consistent with the XPS results of the same samples (Table 2).

3.2. Crystalline structure and cross-sectional morphology

The X-ray diffraction patterns for all TiSiC-Cr films deposited on 316 L steel substrates are
shown in Fig. 7, where striking differences between the coatings of the two series are
observed. The diffractograms for the series—M coatings reveal the formation of a FCC solid
solution with (220) preferred orientation. The coatings from series—A exhibit a lower degree
of crystallinity, with a nearly random texture, low intensity and with wide (111), (200) and
(220) peaks.

The observed structure and chemical composition of the coatings can be assigned to the role
played by the amorphous hydrogenated carbon phase which is usually formed in carbide
coatings with relatively high carbon content. As shown in numerous studies dedicated to
multicomponent hard coatings (e.g. MeSiN, MeSiC, Me/a—C, Me/a—C:H), the presence of a
segregated amorphous phase such as SizNg4, SiC, a:C etc. hinders the grain growth of the
crystalline phase (MeN, MeC) [50,51]. This effect leads to a fine grain structure and an
improvement of related mechanical and tribological properties (enhanced hardness and wear

resistance, and reduced friction).
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The crystallite sizes (d) of the coatings, determined as a rough approximation using Scherrer
formula [52], are given in Fig 7. It is to be noted that all coatings are nano-scale structured,
having crystallite sizes of maximum 8.2 nm. In both series, the crystallite sizes vary within
narrow ranges (7.2—8.2 nm for series —M, 3.1-3.7 nm for series —A), but there is a clear
difference between the two series: the films of series —M have crystallite sizes almost double
the size of thoseof series —A. This could be explained based on the different amounts of
a—C:H environments present in the two cases, and also indirectly indicate the possible

homogeneous distribution of these a-C:H phases.

The SEM cross-section images (x100,000) of two representative samples prepared with CH,
and C,H; at a Fr of 90 sccm for 8 min are presented as Fig. 8a and 8b respectively, where
the differences between the microstructures of the two films are clearly visible. As seen, the
film in Fig. 8a exhibits a rough cross-section morphology. In contrast, the film deposited
with C,H, (Fig. 8b) shows a much finer, practically featureless microstructure. This
microstructural difference can be attributed to the presence of the higher proportion of the
free carbon phase in the coatings of series—A as compared to series M, as also evidenced
from the XPS data.

The smaller crystallite size and the finer microstructure observed for the series-A films could
be attributed to the distribution of the a-C:H phase at the grain boundaries of the composite
films. As the series-A films have more a-C:H phase, the distribution of them may be more

homogeneous over all the grains thereby hindering the crystal growth more effectively.

3.3. Deposition rate and mechanical characteristics

The deposition rates and main mechanical characteristics of the TiSiC-Cr coatings (hardness
and adhesion to C 45 steel substrates) are listed in Table 4. The deposition rates for the
coatings of series —A were higher than those for the coatings of series —M, as also reported

for DLC films prepared using CH4 and C,H, plasmas [24]. The increase of the deposition
13



rate (Dg) values with increasing Fg value was also observed for both coating series. This
increased deposition rate is consistent with the formation of more ionized as well as neutral
species in C,H, atmosphere as compared to the CH4 environment (C,H yields two carbon
atoms instead of one atom by CHy).

The hardness (H) measurements presented a marked difference in hardness between the
coatings deposited in CH,4 and C,H,. The hardness values for the coatings of series—M range
between about 26 GPa and 30 GPa, while the coatings of series—A show a significantly
higher hardness values (H values are in the range 41-45 GPa). The materials with such high
hardness values are normally classified as super-hard materials. This increase in hardness
observed for the series-A films can partially be attributed to the grain boundary hardening
phenomenon, as quantified by the Hall-Petch relationship: H~d™? (H — hardness, d — grain
size) [50]. From the H vs. d"? plot presented in Fig. 9, it can be seen that the hardness values
of the investigated coatings show a reasonable agreement with the Hall-Petch formula.

The results of the adhesion measurements (Table 4) showed a satisfactory adhesion strength
for the deposited films on the C 45 steel substrate, with measured critical loads (L) ranging
from ~21 to ~27 N. No significant differences between the critical loads of the two coatings

types were observed.

3.4. Tribological performance

The tribological tests were conducted on the TiSiC-Cr coated C45 steel discs. The
tribological performance of the coatings was assessed by plotting the variation of the friction
coefficient (W) as a function of sliding distance (D) and by calculating the wear rate (k),
defined as the worn volume (V) divided by the normal load (F) and the sliding distance (D):

k = V/F x D. The uncoated substrate was taken as reference. In order to identify the main

14



processes involved in the wear mechanism, the wear tracks morphology and composition
were investigated using SEM and EDS.

The variation of the coefficient of friction versus sliding distance is presented in Fig. 10. For
the uncoated sample, the friction coefficient is of approximately 0.55. For the TiSiC-Cr
coatings, steady evolutions in time of the friction coefficient can be observed. The friction
coefficients for the coatings of series—M show an increasing trend with sliding distance,
while an almost constant p value is observed for the series—A coatings. It is also to be noted
that the p values for the coatings prepared from C,H, are significantly lower than those for
CHj—derived coatings. It can also be seen from Fig. 10 that the friction coefficients for both
the coating series decrease slightly with increasing gas flow rate, which can be attributed to
the increase in the amount of the amorphous carbon phase, as presented in Table 2. The
presence and concentration of the a:C-H phase determines the formation of a graphite-like
transfer film in the sliding contact, with excellent lubricating properties, as currently
reported in several publications (e.g. [35,53]).

Fig. 11 shows the values of the wear rate (k) obtained from the ball-on-disc test for the
investigated coatings, as well as for the uncoated substrate. As seen, wear rates ranging from
1.4 t0 4.8x10°® mm>N™m™ were measured. A slight decrease of the wear rate with increasing
gas flow rate can be observed, the effect being more pronounced for the coatings of series—
M. The highest wear resistance was found for the A-130 coating prepared with the highest
flow rate of C,H..

A detailed characterization of the wear tracks was conducted using the SEM and EDS
analyses. Fig. 12 shows the SEM images of the wear tracks for selected samples (coatings
from both series prepared at the lowest and highest Fg).

The images taken at x 100 magnification (Fig. 12 a, c, e, g) reveal that the coatings grown in

CH, were markedly affected by the wear process. Within the wear track, a significant
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amount of plastically deformed adhering material is observed. By contrast, for the coatings
derived from C,H,, smooth surface morphologies are apparent. For both coating series,
accumulation of wear debris along the two edges of the wear track can be seen. It should be
also mentioned that by increasing the gas flow rate, the wear tracks become narrower,
indicating an increased wear resistance.

The differences between the worn surfaces of the two coating series are more clearly evident
at a higher magnification (x 2000; Fig. 12 b, d, f, h). For the series—M coatings, the adhering
debris that builds up within the wear track are indicative of an adhesive wear. Besides,
various defects (craters, scars) are observed on the worn surfaces. Also, zones with different
shades of grey can be seen, suggesting changes in chemical composition of the film as a
result of the wear process (probably oxidative phenomena, see below). In the case of the
C,H, derived coatings, the worn surfaces differ sharply. The film surfaces appear to be
smooth, with no scratches, fractures, cracks or plastic deformation being observed. It is
interesting to note that although the coatings of series—M appear to be more affected by
wear, the values of the wear rates for the two types of coatings are close. It seems that the
material adhered to the worn surface hinders the continuous progress of the wear.

EDS analysis was performed in order to determine the dominant wear mechanism of the
investigated coatings. The elemental compositions inside the wear tracks are given in

Table 5. On comparing the atomic concentrations inside the wear tracks (Table 5) with those
of the as-deposited films (Table 1), for the series—M coatings, significant changes in
chemical compositions, precisely, a marked decrease in both metal and carbon
concentrations are observed. These effects are accompanied by a corresponding increase in
oxygen content, pointing to the major role played by the oxidation processes in the wear
mechanism. Further, the presence of Fe (arising from the substrate) was detected in the EDS

spectra at the worn zone of all these coatings, which also demonstrated a marked wear
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damage for the coatings of series—M. Opposite conclusions can be drawn from the data for
the TiSiC-Cr coatings prepared using C,H; (series-A; Table 5). The values of the atomic
concentrations of the film components (Ti, Cr, Si, C) in the wear tracks are comparable to
those for the film unaffected by the wear (Table 1). It can also be seen that Fe and O
contents are relatively low, similar to the values measured for the as-deposited coatings.
These findings demonstrate that the coatings suffered only minor wear damages, in
agreement with the results from the SEM analysis.

To summarize, taking into account all the investigations performed, the TiSiC-Cr coatings
produced in a C,H, atmosphere revealed a superior friction and wear behaviour when
compared with the coatings deposited from CH4. Combining the results of wear rate
calculation, SEM examination and EDS analysis, the dominant wear mechanisms occurring
for the coatings deposited with CHj, is identified to be involving an adhesive and oxidative

wear, whereas the coatings with C,H, show a polishing wear mechanism.

4. Discussion

The experimental results have demonstrated that the type of the carbon containing gas is one
of the key deposition parameters which determine the properties of the TiSiC-Cr coatings. It
is shown that the films prepared from C,H, are superior to those deposited with CH, in
terms of morphology, hardness and friction behaviour. It is worth emphasizing that the
properties of metal alloyed a—C:H films depend on both the coexisting phases: crystalline
phase (metal or metal carbide) and amorphous hydrogenated carbon, so that the results for
alloyed a—C:H films can significantly differ from those of non-alloyed films. It appears that
the film hardness and wear resistance for the TiSiC-Cr coatings resulted from the present
study are mainly determined by the nanostructured carbide phase since, as shown above, the

hardness behaviour obeys the Hall-Petch relationship that applies to nanocrystalline
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materials [50]. The role of the a—C:H phase in the Hall-Petch mechanism is found to be
indirect, through its influence on the crystallite development: the a—C:H phase existing in
films prepared with C,H; hinders the grain growth to a greater extent compared to the films
grown using CHys. In the case of non-alloyed a—C:H films, their hardness was found to be
affected primarily by contents of hydrogen and sp® bonded carbon, and also by film density,
all these being related to the energy of the species striking the growing film [20,21,25]. For
example, the C,Hj radicals condensed in C,H, plasmas are reported to form polymer chains
as a result of the ion bombardment, leading to cross-linking and increasing sp® carbon bonds
[5]. It is quite possible that such events may have also happened here to some extent and
thus have affected the properties of the films investigated in the current study. On the other
hand, it seems that the friction characteristics of the TiSiC-Cr coatings are controlled
primarily by the amorphous carbon phase which works as a solid lubricant in the sliding
contact, wherein the films with higher carbon content (those derived from C;H;) exhibit
superior friction performance. These results are in contrast with those reported for a—C:H
films without alloying elements [19], where it was shown that films prepared in C,H,, CoHa,
C,Hs and CHy4 exhibited better friction and wear performance with increasing H/C ratio
(from C,Hzto CHy).

Regarding the presence of hydrogen in film composition, it is commonly admitted that it
plays an important role in the deposition process of the a—C:H films, significantly affecting
their properties [2,49,54,55]. The presence of H influence the film growth and the nucleation
process leading to formation of CH, and C,Hy clusters, increase the sp* content by saturating
the C=C bonds with H, stabilize the diamond clusters, preferentially sputter the sp carbon
and passivate the film surfaces. In the case of our films, the hydrogen content, as resulted
from ERDA measurements, is relatively low, ranging from 0.5 to 6.2 at. %. According to

Ferrari [54], for a low H content of < 20 at. % the hydrogen introduction in a mainly sp?
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carbon induces both disordering and ordering effects which tend to compensate each other.
However, it is not excluded that hydrogen would influence the properties of the films under
investigation in this work, particularly their friction characteristics. For example, the A—130
film, having the highest H content, revealed a significantly better friction performance and
this could be the result of the combining effects of both graphite-like carbon and hydrogen
contents. As commonly admitted, the presence of hydrogen leads to a reduction in the
adhesive component of wear-friction mechanism as a result of the passivation of the surface
dangling carbon bonds (e. g. [3,19]). At present, the effects of H content are difficult to be
distinguished from those of other factors.

It is also important to mention that in the existing studies focused on the precursor gas effect
on the structure and properties of the a—C:H films with or without metal addition, different
processing parameters were considered as experimental variables. For non-alloyed films,
such variables considered were reactive gas flow rate [26,27], ratio of hydrocarbon to total
gas flow [25], discharge power [24], substrate bias voltage [22,27], substrate current [27] or
V/pY? ratio (Vs — substrate bias, p — deposition pressure) [21]. The films were mostly
deposited by (microwave or RF) PACVD techniques and the tested source gases were CH,4
and C,H; [24], CH,4 and CgHg [21], C,H, and C,H4 [26], CoH, and C4H1o [25,27], CHy,
C,Hs, CoH4 and C,H,[19], CH4+Ar and CoH,+Ar [22]. The influence of the precursor gas on
the film characteristics was evaluated by a comparative film examination at similar values of
the above mentioned deposition parameters. In the case of metal alloyed films (Cu/a—C:H)
[5,8], grown by combined microwave PACVD and sputtering in CHz+Ar mixtures, the
experimental variable was the concentration of hydrocarbon in the gas phase and the films
were comparatively investigated for similar carbon contents in the film. For the present
study, the hydrocarbon (CH4 or C,H,) flow rate was taken as the variable process parameter,

while arc currents, substrate bias and substrate temperature were kept constant. Under these
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conditions, it was found that for the same value of flow rate the films grown from C,H,
possessed a significantly higher carbon content as compared to the CH, derived films.
Therefore, at first sight, the significant difference between the properties of the two coating
types could be explained by simply assuming that the amount of the free hydrogenated
carbon phase dictates the coating properties. This assumption is also supported by the fact
that, for the same reactive gas, film characteristics improved with increasing carbon content.
However, this does not entirely explain the results of the experiments. For example, if we
examine two coatings with comparable values of carbon contents but prepared from CH,4
and C,H, at different flow rates (samples M—130 and A—90, with carbon contents of ~ 57
and 59 at. %, respectively), marked differences are still present (sample A—90 has finer
microstructure, higher hardness and superior friction performance). As a consequence, it is
reasonable to consider that the peculiarities of the film chemical characteristics (hydrogen
content, chemical bonds) and of the hydrogenated carbon phase (carbon configuration —
clusters, chains, rings —, bonding structure, sp*/sp? carbon bond ratio, space distribution)
influence the properties of the coatings. Depending on the carbon containing gas, different
ionized and neutral species were identified in the plasma environment [4]. The radicals
formed in the plasma condense on the substrate surface and are considered to play a
significant role in the growth mechanism of the film [4]. For example, in CH,4 plasmas, the
major neutral species are CHy radicals, while the C,H, environment contains mainly CoHx
radicals and this can cause differences in film properties, particularly in the growth of
crystallites (dimensions, distance between crystallites) [4]. Therefore, in order to clarify all
the aspects regarding the effects of precursor gas on TiSiC-Cr coating characteristics, a more
detailed and deeper insight into the microchemical and microstructural properties of the
films are required, which are currently being performed and will be communicated

separately.
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5. Conclusions

TiSiC-Cr nanocomposite coatings were prepared by a cathodic arc method using either CH,4
or C,H; as reactive gases. The coatings, with carbon/metal ratios higher than unity (1.3-2.9),
consisted of a mixture of crystalline solid solution carbide and amorphous hydrogenated
carbon phases.

It was found that the coatings derived from C,H, outperformed those prepared in CH,4
plasma in all of the relevant film characteristics (microstructure, hardness, friction and wear
performance). The findings suggest that the source gas type should be considered as a key
experimental parameter in addition to the gas pressure, cathode current and the substrate bias
voltage. The experimental results demonstrate the significant role of the hydrogenated
carbon phase played in determining the properties of the coatings, wherein the films
deposited in C,H, atmosphere showing a significantly higher carbon content and hence
superior properties.

Importantly, a state of superhardness was achieved (H>40 GPa) for the Cr — alloyed TiSiC
coatings when C,H, was employed as the precursor gas. Further for both the coating types,
hardness, friction and the wear characteristics were improved with increasing the reactive
gas flow rate (or carbon content). For the coatings deposited from CH,, adhesive and
oxidative processes were found to be dominant in the wear mechanism, while for those
prepared from C,H,, a mild polishing wear was observed. A higher concentration of a-C:H
phase, and their possible homogeneous distribution around the grain boundaries are

proposed as the main reason for the significant enhancement of the overall properties.
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Figures caption:

Fig. 1. Schematic of the deposition chamber (d; = 500 mm, d,; = 300 mm and d3 = 80 mm)
Fig. 2. ERDA spectrum of hydrogen for the M-90 coating

Fig. 3. Typical XPS survey spectra before and after sputter etching (M—90 coating)

Fig. 4. XPS Ti 2p, Cr 2p, Si 2p and C 1s spectra of the M—90 coating after sputter etching
Fig. 5. XPS Ti 2p, Cr 2p, Si 2p and C 1s spectra of the A—90 coating after sputter etching
Fig. 6. Raman spectra of the M—90 and A—90 coatings

Fig. 7. X-ray diffraction patterns of TiSiC-Cr coatings deposited on 316 L substrates

(s — substrate; d — crystallite size)

Fig. 8. SEM cross-section images (x100,000) of the M—90 (a) and A—90 (b) coatings

Fig. 9. Hardness (H) as a function of inverse square root of the grain size (d)

Fig. 10. Plots of the coefficient of friction () as a function of sliding distance (D) for the
uncoated substrate and TiSiC-Cr coatings (dry testing conditions; sapphire ball, 0.15 m/s,
300 m sliding distance, 5 N load)

Fig. 11. Wear rate (k) for the TiSiC-Cr coatings and the substrate (C 45 steel)

Fig. 12. SEM micrographs, at two magnifications, of the wear tracks for the TiSiC-Cr
coatings (a): M—90 (x100), (b): M—90 (x2000), (c): M-130 (x100), (d): M—130 (x2000), (e):
A-90 (x100), (f): A-90 (x2000), (g): A-130 (x100), (h): A-130 (x2000) (the SEM images

at x2000 and the EDS analyses were performed within the circled areas)
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Table 1. Elemental composition of TiSiC-Cr films

Coatingl  Elemental composition (at. %) (EDS) C/(Ti+Cr) | Hydrogen content (at. %)
Ti Cr Si C O Fe (ERDA)
M-90 | 336 | 64 | 26 |522 | 43 0.9 1.31 0.5
M-110| 32.2 | 6.3 | 25 | 544 | 35 11 1.41 0.6
M-130| 29.6 | 6.1 25 | 566 |44 | 038 1.59 11
A-90| 275 | 6.7 | 35 | 587 | 32 0.4 1.72 2.0
A-110| 218 | 55 | 3.0 | 66.6 | 2.8 0.3 2.43 3.9
A-130| 19.2 | 55 | 27 | 703 | 21 0.2 2.85 6.2
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Table 2. Carbon bond types, binding energies (BE), relative area (%) and sp*/sp’ ratio

C-Ti C-Cr/C-Ti C-Csp” c-Csp® sp*/sp®
Coating BE (eV) BE (eV) BE (eV) BE (eV)
(relative area %) | (relative area %) |(relative area %) | (relative area %)
M-90 281.6 282.7 284.7 285.6 2.6
(31.6) (13.7) (39.3) (15.4)
A-90 282.1 283.4 284.7 286.0 6.9
(11.9) (10.6) (67.7) (9.8)
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Table 3. Summary of Raman spectroscopy results (A — laser wavelength)

Coating A (nm) G peak (cm™) Io/lg
M—-90 1554 0.53
A-90 488 1569 0.66
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Table 4. Deposition rate (Dg), hardness (H) and adhesion (scratch test critical load (L))

Coating Dr (nm/min) H (GPa) L. (N)

M-90 47.2+1.7 26.3+0.8 27+2
M-110 51.1+1.7 28.7+0.9 25%2
M-130 53.8+1.8 29.8+0.9 27+2

A-90 67.3+1.9 41.3+¥1.1 26%2
A-110 71.9+1.9 42.9+1.2 21+2
A-130 77.5+2.0 45.1+1.2 2312
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Table 5. The atomic concentrations of elements inside the wear tracks (EDS)

Coating Elemental composition (at. %)
Ti Cr Si C Fe O

M-90 25.3 3.9 24 34.9 8.9 24.6
M-110 22.9 3.8 2.3 30.5 7.8 32.7
M-130 15.6 2.5 24 33.9 13.1 32.5
A-90 27.4 6.8 3.8 53.8 0.6 7.6
A-110 21.8 5.7 3.2 64.5 0.4 4.4
A-130 20.5 5.2 2.6 69.6 0.4 2.7
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