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Abstract: The need for reducing the wear in mechanical parts used in the industry makes self-lubricant films one of the sustainable solutions to
achieve long-term protection under different environmental conditions. The purpose of this work is to study the influence of C additions on the
tribological behavior of a magnetron-sputtered TiN film in air, water, and seawater. The results show that the addition of C into the TiN binary
film induced a new amorphous phase, and the films exhibited a dual phase of fcc (face-centered cubic)-TiN and amorphous carbon. The anti-
friction and wear-resistance properties were enhanced in air and water by adding 19.1at% C. However, a further increase in the C concentra-
tion improved anti-frictional properties but also led to higher wear rates. Although the amorphous phase induced microbatteries and acceler-
ated the corrosion of TiN phases in seawater, the negative abrasion state was detected for all Ti—-C—N films due to the adhesion of the tribocor-

rosion debris on the wear track.
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1. Introduction

The sea has become an emerging field of human develop-
ment due to its tremendous resources, thereby generating a
steady increase in the demand for marine equipment for per-
forming deep-sea oil/gas exploitations, finding alternative
offshore green energy sources, and exploring marine fishing
[1-5]. Steels are widely used in the marine equipment in-
dustry as structure materials for making mechanical compon-
ents due to their excellent strength and toughness. However,
complex ocean conditions could easily induce multifactor
coupling damage to the tribological components of marine
equipment by severe wear/corrosion/tribocorrosion. This
condition leads to the irreversible degradation of equipment
parts, resulting in huge losses [6-9]. In this regard, coating
technology is one of the effective techniques for enhancing
the surface performance of marine tribological components
by either inducing self-lubrication and avoiding traditional li-
quid lubricants or improving the wear resistance for pro-
longed durability [10—13].

CrN and TiN nitride films synthesized using the physical
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vapor deposition method exhibited excellent wear resistance
in seawater [14—16]. However, their columnar morphology
could reduce the corrosion resistance as grain boundaries are
open channels from where corrosive media can act [17]. Al-
loying metallic (Al and Mo) or nonmetallic (Si and B) ele-
ments into binary nitride films is one of the solutions to en-
hance the mechanical and seawater tribological performance
of different films [18-21]. For instance, Cr—Si—N films ex-
hibited better seawater tribological properties than CrN films
due to the hydration tribocorrosion reaction between the
amorphous phase of silicon nitride in the Cr—Si—N films and
the seawater [22-23]. Zhang et al. [24] deposited a series of
Cr-Ti-Si—C-N films onto 316L and TC4 substrates and in-
vestigated the tribological behavior of the coated samples in
seawater. The results confirmed that the crystalline/amorph-
ous microstructure helped in improving the wear and corro-
sion resistance in the seawater. Moreover, the carbon ele-
ment could enhance self-lubrication and corrosion resistance,
leading to improved tribological performances of the depos-
ited films [25-29]. For example, Cheng et al. [30] synthes-
ized a series of Ti—C—N films and found that the amorphous
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phase of C with easy shear planes acted as a solid lubricant
and contributed to the low friction coefficient (Cof.). Similar
results were also reported in Ref. [31]. Moreover, carbon
generally avoids the formation of columnar morphologies
due to the formation of a nanocomposite structure (amorph-
ous C + nitride/carbide grains) [32—-34], thereby allowing en-
hance the hardness and toughness of films [35]. Although the
mechanical components of marine systems operate under
complex environmental conditions such as air, water, and
seawater, the literature does not provide enough investiga-
tions that focus on the tribological behavior of films under
different environmental conditions. Thus, in this study, the
influence of carbon (C) addition on the tribological perform-
ance of Ti-C—N films under different environments (air, wa-
ter, and seawater) was investigated.

2. Experimental
2.1. Deposition of films

Radiofrequency (RF) reactive magnetron sputtering sys-
tem was used to deposit a series of Ti—-C—N composite films
with different carbon concentrations. The depositions were
made using high-purity (99.9%) titanium and carbon targets
with a 75 mm diameter. The three-dimensional schematic
representation of the deposition system is shown in Fig. 1.
Polished AISI 304 stainless steel (SS) and silicon (100)
wafers were used as substrates. The substrates were first
cleaned ultrasonically using alcohol for 15 min and acetone
for 15 min and then dried using hot air before the deposition.
The films deposited over the SS substrates were used to
measure their mechanical and tribological properties, where-
as silicon wafer substrates were used for electron probe mi-
croanalysis (EPMA), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and transmission electron mi-
croscopy (TEM) analyses. In particular, an interlayer of pure
Ti was deposited on the substrates under the pure Ar atmo-
sphere with a fixed Ti target power of 150 W for 15 min be-
fore the synthesis of the Ti-C—N composite film to improve
their adhesion to the substrate. The detailed deposition para-
meters are summarized as follows: (i) background pressure
was below 6.0 x 107 Pa, and the deposition pressure was 0.3
Pa; (ii) the Ti target power was fixed at 200 W, whereas the C
target power was varied between 0 and 120 W with an inter-
val of 30 W; (iii) the argon-to-nitrogen flow ratio was 50/1.6
during the deposition; (iv) no substrate heating and bias
voltage were applied; and (v) the deposition time was 3 h.

2.2. Film characterization

An electron probe microanalyzer (CAMECA SX-50,

Fig. 1. 3D schematic representation of the deposition system.

France) was used to analyze the elemental composition of the
films. The crystal structure of the films was analyzed using
an X-ray diffractometer (Shimazu-6000, Japan) with Cu K,
irradiation at 40 kV and 35 mA, and 26 was in the range of
30°-80° with a step of 2°/min. An X-ray photoelectron spec-
troscope (ESCALAB250XI, USA) was used to analyze the
chemical bonding of the films, and Ag (3d 5/2, 368.2 ¢V)
was used as the standard sample to calibrate the spectra. The
film microstructure was also investigated using a transmis-
sion electron microscope (JEOL-2100F, Japan) with an ac-
celerating voltage of 200 kV. The curvature radius was meas-
ured using the surface profiler (Bruker, Dektak-XT, Ger-
many), and the residual stress of the films was calculated
based on Stoney’s equation [36]. A nano-indenter system
(CPX + NHT2 + MST, Swiss) using a constant load of 3 mN
for 10 s with an indentation depth of below 10% thickness of
the films was applied to analyze the films’ mechanical char-
acteristics (hardness and elastic modulus). Nine points (3 x 3)
at two different regions were chosen to evaluate the hardness
and elastic modulus. The tribological behaviors in the air/wa-
ter/seawater conditions were evaluated using the ball-on-disk
wear tribometer (UMT-2, USA) with a counterpart of an alu-
mina ball in a diameter of 9.4 mm. The test was run for
10 min. The sliding length was 10 mm, the applied load was
3 N, and the sliding speed was 60 mm/s. The relative humid-
ity during all the tests was ~30%. The seawater was prepared
according to the ASTMD 1141 98 standards. The experi-
ment was repeated thrice to ensure the reproducibility of res-
ults. The coefficient of friction of the films was continuously
recorded during the experiments. The wear rate (WR) was
calculated using the Archard law. A scanning electron micro-
scope and a Raman spectrometer (inVia, Renishaw, UK)
were used to measure the wear track surface and tribo-phase
on the wear track, respectively. The scanning vibrating elec-
trode technique (SVET, VersaSCAN, Princeton Applied Re-
search, USA) was applied to investigate the local corrosion
behaviors of the films in the seawater as a function of testing
times. A Pt-Ir micro electrode with a diameter of 10 um was
used as the scanning probe, with an amplitude of 30 pm and a
frequency of 80 Hz.

3. Results and discussion

3.1. Elemental composition, structure, and microstruc-
ture

Table 1 illustrates the elemental chemical composition of
the Ti—C—N films as a function of the power applied to the C
target. All the films displayed an over stoichiometric com-
position, with the nitrogen concentration always above
50at%. The C concentration in the films gradually increased
with the increase in the C target power, with a corresponding
decrease in the Ti and N concentrations. The O concentra-
tion remained unchanged with the increasing power applied
to the C target with a value of ~4at%.

Fig. 2 illustrates the XRD diffraction patterns of the refer-
ence TiN and Ti—C—N films with different C concentrations.
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Table 1. Elemental composition and residual stress of the Ti-C-N films as a function of the power of the C target

Elemental composition / at%

Power of C target / W - Residual stress / GPa
Ti C N (0]
0 309+2.0 0 55.5+2.8 3.6+0.2 -0.78 £0.1
30 304+1.5 12.1+0.6 53.0+2.7 45+0.2 -1.21+0.1
60 27.8+1.3 15.8+0.8 523+2.7 4.1+0.2 -1.31+0.1
90 253+1.3 19.1+0.9 51.7+2.6 39402 -1.59+0.1
120 204£1.0 269+13 479+25 48+0.2 -1.39+0.1

The XRD diffraction pattern of the TiN film displays two dif-
fraction peaks positioned at ~37° and ~78° corresponding to
a face-centered cubic (fcc) TiN phase (JCPDF card #65-
0715). The addition of C into the TiN film decreases the in-
tensity of the diffraction peaks. According to the literature,
generally, when C is added to TiN films, it is incorporated in
a solid solution in the TiN cell up to the saturation threshold
(4.2at%) [37]. This condition justifies the shift of the diffrac-
tion peaks to higher angles with C incorporation. Moreover,
the diffraction peak shifting is induced by the residual stress.
Above the saturation value, the amorphous C phase sur-
rounding the TiN grains is formed. Thus, less-intense diffrac-
tion peaks are detected as the amorphous phase inhibits the
TiN grain growth. No diffraction peaks of the carbon phase
can be detected due to its amorphous character [38].

The Raman spectra of the reference TiN and Ti—C-N
films with different C concentrations are shown in Fig. 3. The
spectrum of the reference TiN film does not exhibit any peak
at the Raman vibration energy range of 1000-2210 cm ™.
However, when C is added to the film, two peaks at ~1580
and ~1834 cm ™' can be observed, and the intensity increases
with the increase in the C concentration. The peaks corres-
pond to the D-peak (disorder peak, attributed to the breathing
mode of sp” atoms) [39] and the G peak (carbon peak, attrib-
uted to the breathing of pairs of sp® atoms) [40] of the carbon
phase.

The XPS spectrum of the film with a C concentration of
12.1at%, representative of all the C-doped coatings, is shown
in Fig. 4. The black continuous line represents the original
XPS peak, the color lines represent the peaks adjusted to the
original XPS peak, and the interrupted black line represents
the resultant of the fitting. Fig. 4(a) shows the total scanning
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Fig. 2. XRD diffraction patterns of the TiN and Ti—C-N films.

spectrum of the sample. Five elements, i.e., Ti, Ag, C, N, and
O, are observed. The signal of silver was not detected by the
EPMA results from the reference Ag 3d to calibrate the bind-
ing energy. Fig. 4(b) shows that the Ti 2p spectrum fits eight
peaks. Ti-N, Ti—-O-N, Ti-N satellite, Ti-O, Ti-N, Ti-O-N,
Ti-N satellite, and Ti—O bonds were detected in the Ti 2p
XPS spectrum with energies of ~454.5, ~455.1, ~456.7,
~458.1, ~460.2, ~461.3, ~462.2, and ~463.2 eV, respectively
[41]. The C 1s spectrum (Fig. 4(c)) is composed of three
peaks at 284.8, 285.9, and 287.7 eV. The first two peaks cor-
respond to the C—C bonds, whereas the last one refers to the
C—N bonds [42]. The solid solution of C into the TiN lattice
induces the appearance of C—N bonds, and the amorphous C
phase surrounding the TiN grains may also establish C-N
bonds with the neighborhood. The N 1s spectrum shown in
Fig. 4(d) illustrates three peaks at ~396.3, ~396.9, and ~398.8
eV, corresponding to the N—<(T1,C), Ti—N, and C-N bonds,
respectively [40,43]. Fig. 4(e) also exhibits three peaks at
~529.6, ~530.7, and ~532.9 eV, referring to the Ti-O,
Ti—O-N, and C-O bonds, respectively [44].

The TEM analysis was performed to investigate the film
microstructure, and the results of the film at 12.1at% C are
shown in Fig. 5. The cross-sectional TEM image shown in
Fig. 5(a) exhibits a dense morphology with no obvious
columnar grains. Nevertheless, a dense columnar structure
was detected in the TiN reference film based on our previous
observations [44—47]. The selected-area electron diffraction
(SEAD) pattern inset in Fig. 5(a) illustrates a series of dif-
fraction rings corresponding to the fcc-TiN phase. Further-
more, the high-resolution transmission electron microscopy
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1250 1500 1750 2000
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Fig. 3. Raman spectra of the reference TiN film and Ti-C-N
film with 12.1at% and 19.1at% of C.
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Fig. 4. XPS spectra of the Ti—-C-N film with 12.1at% of C: (a) survey scans, (b) Ti 2p, (c) C 1s, (d) N 1s, and (e) O 1s.

(HRTEM) image of the film (Fig. 5(b)) illustrates the pres-
ence of crystalline and amorphous phases. The crystalline
phase refers to the fcc-TiN that can be verified from its fast
Fourier transform (FFT) and the inverse FFT (IFFT) patterns.
Thus, a good agreement between the SEAD and XRD results
shown previously was observed. The amorphous areas in this
image correspond to the C phase.

The above results evidently show that the Ti—-C—N films,
regardless of the C concentration, consist of two phases,
namely, crystalline fcc-TiN and amorphous C. Moreover, the
films with C additions displayed a compact morphology.

3.2. Mechanical properties

The residual stresses at the reference TiN and Ti—-C-N
films with different C concentrations are listed in Table 1. All
the films are in a compressive residual stress state. The in-
crease in the C concentration on the reference film accounts

for an increase in the residual stresses. The only exception is
for the film with the highest C concentration of 25.6at%.
Several factors can contribute to the increase in residual
stresses. First, it may be due to the lattice distortion induced
by the solid solution of C into the TiN lattice, which could in-
crease the compressive residual stress of the films. Second, it
can be due to the different thermal expansion coefficients
between the film and substrate. The thermal stress of the
films could be calculated based on the equation form, and its
value is mainly attributed to the thermal expansion coeffi-
cient and deposition temperature [48]. Nevertheless, the de-
position temperature exhibits little dependence on the C con-
centration, and its value remained in the range of 80—-100°C
during the deposition. The thermal expansion coefficients of
TiN and C are 6.0 x 10°[49] and 1.2 x 10°°°C™" [50], re-
spectively. Thus, the thermal residual stress of all the films is
tensile regardless of the C concentration, and the formation of
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100 nm

Fig. 5. (a) Cross-sectional TEM image and its corresponding
SEAD pattern and (b)HRTEM image and the FFT and IFFT

patterns from the crystalline area of the film with 12.1at% of C.

the amorphous phase of carbon could drop the thermal ex-
pansion coefficient value of the composite films. Based on
the above mentioned three factors, the increase in the resid-
ual stress of films is mainly attributed to the lattice distortion
and differences in the thermal expansion coefficient between
the film and substrate. However, the formation of a large
amount of amorphous phase decreases the residual stress for
the film with a high C concentration.

Fig. 6 shows the hardness (H) and elastic modulus (E) of
the TiN and Ti—C-N films with different C concentrations. A
gradual increase in the hardness and elastic modulus took
place with the increase in the C concentration up to ~15at%
C. However, at ~19at% C, a sudden spike in both properties
was recorded. A further increase in the C concentration resul-
ted in a significant drop in both the measured properties.

The enhancement of hardness can be attributed to three
main factors: (i) solid solution hardening induced by the sub-
stitution of C into the TiN lattice attributes to the enhance-
ment of the hardness, (ii) increase in the residual compress-
ive stress on the films [51], and (iii) the amorphous phase in-
hibiting the growth of Ti—C—N grains (broad diffraction
peaks are seen in Fig. 2 when C is added) [52]. The drop in
the film hardness with the highest C is attributed to the form-
ation of a large amount of soft and amorphous C phase in the
films. The decrease in the residual stress on the film can also
account for this effect.

The plastic deformation resistance factor, i.e., the H*/E”
ratio, is another important mechanical parameter to consider
as it indicates film toughness [53]. The values as functions of
the C concentration are displayed in Fig. 6. The H°/E* ratio of
the reference TiN film was ~0.1 GPa. In general, when C is
added to the reference film, their fracture toughness is im-
proved. The film interfaces could be increased by the forma-
tion of the amorphous phase of C, thereby inducing micro-
crack deflection to enhance toughness [53]. However, C con-
centrations higher than ~19at% result in a slight drop in the
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Fig. 6. Hardness, elastic modulus, and H*/E” ratio of the ref-

erence TiN and Ti—C-N films with different C concentrations.

H/E? ratio to ~0.18 GPa due to the high amounts of the
amorphous phase of C.

3.3. Tribological properties

Fig. 7 illustrates the friction curves of the Ti—-C-N films
with different C concentrations in air, water, and seawater.
All curves, regardless of the C concentrations, could be di-
vided into two stages: the running-in stage and the stable
stage. The addition of C into the TiN reference could signi-
ficantly drop the Cof.

Fig. 8 shows the Cof. and WR of the Ti—-C-N films with
different C concentrations in air, water, and seawater. The
addition of C concentration to the TiN film reduced the Cof.
of the films under all the environments. For the tests conduc-
ted in air and water (Fig. 8(a) and (b)), the specific WR also
progressively decreases with C concentration up to 19.1at%
of C. Nonetheless, with the higher C concentration, the Cof.
decreased and the WR increased for the film. This result is at-
tributed to the loss of the mechanical properties of the film
with a high C concentration, as presented in the previous sub-
section. For tests conducted in seawater (Fig. 8(c)), the only
film displaying wear is the reference TiN film. All the C-rich
films did not display any wear, and only wear debris adhered
to the wear track surface was observed.

Fig. 9 shows the wear track surface image and corres-
ponding 2D profiles of the wear track under different testing
conditions. Scratches parallel to the sliding movement of the
ball appeared on the wear track of the film with 12.1at% C
tested in air (Fig. 9(a)). During the tests, asperities of the film
surface in contact with the counterpart broke under the shear
force, forming the initial wear debris. Due to the ball move-
ments, the particles were dragged to the surface, creating
scratches. Increasing the C concentration to 19.1at% slowed
down the interaction between the counterparts, leading to a
very smooth wear track surface, as detected in Fig. 9(b). The
wear track of the film in the water at 12.1at% C exhibited
grooves and furrows, as shown in Fig. 9(c). The width of the
wear track is ~500 um with a depth below 0.5 um. The as-
perities from the film and counterpart surface could be easily
crushed under the load force and then moved with the coun-
terpart under the shear force. Micropores might be formed by
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Fig.7. Friction curves vs. testing time of the Ti—C-N films with different C concentrations in (a) air, (b) water, and (c) seawater.

the brittle phase fracture of TiN. The hard debris could
scratch the wear track surface and thereby induce the forma-
tion of grooves and furrows. Increasing the C concentration
to 19.1at% enhanced the wear-resistance performance by
causing a reduction in the width and depth of the wear track
to ~400 and ~0.25 um, respectively (Fig. 9(d)). The disap-
pearance of grooves and furrows also confirms the self-lub-
ricant properties of the amorphous phase of C in the films. As
far as the wear test in seawater is considered, obvious debris
induced by the tribocorrosion reactions was detected on the
wear track surface (Fig. 9(e) and (f)). The value of the WR is
negative due to the significant amount of adhered tribocorro-
sion products in the wear track.

The Raman spectra from the wear track surface of the film
for different environment conditions at 12.1at% C are shown
in Fig. 10. The purpose of this investigation was to study the
formation of the tribo phase on the wear track in different
testing environments. Moreover, the spectrum of the as-de-
posited film is plotted for reference purposes. Two peaks at
~217 and ~311 cm™" with a low density appeared in the spec-
trum of the as-deposited film, and both peaks refer to the TiN
phase [54]. Moreover, the other two peaks at ~1571 and
~1835 cm ! corresponding to the G (sp?) [38] and D (sp*) [39]
peaks, respectively, were detected. The spectrum from the

wear track surface in the air still exhibited four peaks, which
are similar to that from the as-deposited film. No other peak
corresponding to TiO, was detected. However, the spectrum
from the wear track surface in the water exhibited the other
peaks at ~400 and ~640 cm™' corresponding to TiO, [55].
Tribo-chemical is induced by the interaction between the
counterpart and film in the water and is finally attributed to
the formation of the tribo phase of TiO,. Many peaks as-
signed to the TiO, peaks appeared in the spectrum of the
wear track in the seawater. Tribocorrosion activities are thus
attributed to the formation of the TiO, phase in the seawater.
The SVET system was applied to investigate the potential
tendency as a function of the testing time in seawater, and the
corresponding potential map is shown in Fig. 11. As shown
in Fig. 11(a), uneven corrosion activities could be detected
for the TiN film surface at 0 h, and all values of the current
densities in the map exhibit a positive state. The grain bound-
aries of the TiN film usually induce priority corrosion and at-
tribute to the high value of the current density (red area in the
map). The positively dense thin film (TiO,) could be easily
formed by the chemical corrosion action between the NaCl
solution and TiN film [56], and it could play the anticorro-
sion role by preventing the permeation of the NaCl solution
into the inner part of the films [57]. Therefore, an enhanced
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Fig. 8. Friction coefficient and wear rates of the Ti-C-N films with different C concentrations under different testing environments:

(a) air, (b) water, and (c) seawater.

anticorrosion performance could be detected at 1 h, as shown
in Fig. 11(b), and the area marked in red with a high current
density sharply dropped. However, uneven corrosion activit-
ies still existed during this period. This condition might also
be attributed to grain boundaries, which easily induce inter-
granular corrosion. The addition of C into the TiN film
changes their corrosion behavior. Although the SVET map in
Fig. 11(c) was utilized when the sample was immersed in the
seawater at 0 h, the time of scanning of the Pt probe from the
top to the bottom of the figure could be 0.5 h. The results in
Fig. 11(c) confirm a significant corrosion susceptibility as a
function of the testing time. Moreover, uniform corrosion
could be considered the main corrosion behavior for the
Ti—C—N film at 12.1at% C, and the uniform distribution of
the amorphous phase of carbon into the TiN matrix could in-
duce a form of local microbatteries between the amorphous
and TiN nanocrystalline phases. This result is attributed to
the acceleration of the TiN phase. Accordingly, the current
density in Fig. 11(c) is higher than that in Fig. 11(a). A fur-
ther increase of the testing time to 1 h leads to uniform corro-
sion with a high current density of ~50-60 pA-cm 2. The cor-
rosion of the film is aggravated by local microbatteries with
an increase in the testing time.

The passive protection oxide-based thin film could be eas-
ily formed on the film surface in the seawater, which was also
reported for nitride-based films [58]. However, it could be

easily worn out to expose the fresh as-deposited TiN phase
by the counterpart during the wear test, which causes further
penetration of the seawater into the inner part of the films
through the channel of the grain boundaries of TiN. There-
fore, tribocorrosion could be aggravated by the movements
of the counterpart, inducing a significant production of the
TiO, phase on the wear track. The tribocorrosion production
results in scratches in the wear track surface and degrades the
wear-resistance performance of the TiN film. This outcome
justifies the highest WR value in seawater. The addition of C
to the TiN film results in the disappearance of the columnar
grain structure and induces the formation of the microstruc-
ture of TiN crystals embedded into the amorphous phase of
carbon. The disappearance of the penetration channels of
grain boundaries could prevent the tribocorrosion reaction.
However, local microbatteries are also formed between the
amorphous and TiN phases due to the different anticorrosion
performances, and this condition accelerated the tribocorro-
sion of TiN phases on the film surface. The tribocorrosion
mechanism diagram of the Ti—C—N films is shown in Fig. 12.
The relative concentration of TiN decreases with the in-
crease in the concentration of the amorphous phases, and it
finally reduces the concentration of the TiN phase involved
in the tribocorrosion reaction. The high hardness of the
Ti—C-N films also enhances the load-bearing capacity. The
previous factors contribute to the enhancement of the wear
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resistance of the deposited films.

Based on the results, it can be concluded that increasing
the C concentration in a TiN film improves its tribological
performance. The C-rich transfer tribo layer was easily
formed during the wear test under the counterpart to reduce
the shear and stress effects, act as a solid lubricant, and en-
hance the antifriction performances [S9—60]. The high in-
tensity of the G peak from the wear track surface after the
wear test in the air also confirms this conclusion (see Fig. 9).
Moreover, the consequence of the repeated friction load and
frictional heat could induce the regraphitization of the C
phase in the composite films and finally form the lubricant
thin film on the wear track to lubricate the films [61]. The
main factors explaining the improvements in the WR are as
follows:

(1) High hardness. High hardness ensures a high capacity
of load bearing during the wear test, which could enhance the
wear resistance in some sense.

(i1) Lubricant phases in the deposited films. A continuous
provision of the lubricant phase softens the interaction
between the counterpart and wear track surface and thereby
reduces the WR during the wear testing.

(iii) Fracture toughness. The formation of amorphous
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Fig. 10. Raman spectra of the as-deposited films and the wear
track surface after the wear test in air, water, and seawater.

phases in the films could induce more interfaces, and this
limits initial crack sizes and also helps deflect and terminate
the crack growth.

Therefore, the addition of C enhances the fracture tough-
ness and thereby improves the capacity to avoid cracks dur-
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with a further increase in the C concentration from 19.1at%
t0 26.9 at%.

For the tribological results from water conditions, the wear
mechanism is similar to that in the air. However, water could

ing the wear test. The enhancement of the fracture toughness
could also be demonstrated by the value of the °/E” ratio for
the film with a C concentration of <19.1at%. However, the
drop in the hardness and H*/E” ratio reduced the WR value
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play the lubricant role during the wear test, which thereby in-
duces a low value of Cof. and WR of all films in water than
that with the same C concentration in the air. In addition, an
approximate C concentration makes Cof. decrease propor-
tionally due to the formation of lubricant C in the TiN matrix.

For the tribological behaviors in the seawater, the tri-
bocorrosion production of TiO, exhibited a relatively higher
Cof. compared with a TiN film [62]. Therefore, the Cof. of
the Ti~C—N films is higher than that in the water. Local mi-
crobatteries on the film surface could be induced by the sea-
water’s high corrosion resistance of the amorphous phase of
C to accelerate the formation of the tribocorrosion produc-
tion of TiO, and finally attribute to a negative WR of the
Ti—C-N film with high hardness. Moreover, some other
factors, such as hardness, A°/E” ratio, and compactness level,
of the structure contribute to the enhancement of the films’
wear resistance.

4. Conclusions

A series of Ti—-C—N composite films were synthesized us-
ing the RF magnetron sputtering system to investigate the in-
fluence of carbon (C) addition on the tribological perform-
ance of the Ti—C—N films under different environments (air,
water, and seawater). The major conclusions that can be
drawn from the present investigation are as follows.

(1) The Ti—C-N films exhibited a dual phase of fcc-TiN
and amorphous carbon, and the addition of C led to a com-
pact morphology.

(2) The addition of C also enhanced the hardness of the
Ti-C-N films to ~32 GPa at 19.1at% C. Solid solution
strengthening, refinement of the grain of the TiN crystallites,
and the increase of the compressive residual stress were the
main reasons for this enhancement.

(3) The antifriction properties were enhanced in air and
water by adding 19.1at% C due to the lubricant role from the
C phase in the films. Moreover, the enhanced hardness and
H/E” ratio enhanced the wear-resistance performance in the
air and water. Although the amorphous phase induced mi-
crobatteries and thereby accelerated the corrosion of the TiN
phases of the film surface in seawater, the negative abrasion
state was detected for all the Ti—C—-N films due to the adhe-
sion of the tribocorrosion debris on the wear track.
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