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a b s t r a c t
TiCN coatings with different C content were deposited using a large area ﬁltered arc deposition (LAFAD)
technique from Ti targets in a mixture of N2 and CH4 gases. Scanning electron microscopy (SEM), nanoindentation, and pin-on-disc tribometer were used to characterize the cross-sectional microstructure,
hardness, modulus, wear rate, and friction coefﬁcient of the TiCN coatings. The increase in the CH4 fraction in
the gases leads to a continuous increase in the deposition rate of the TiCN coatings as well as an increase in the
defect density in the coatings. Nano-indentation results indicate that with an increase of the C content in the
coatings, the hardness and elastic modulus increase to a maximum at a C content of 2.8 at.%, then decreases
rapidly, which results from the increase in the defect density in the coatings. Tribological test results show
that when tested against Al2O3 balls, there is no signiﬁcant change in the friction coefﬁcient (0.78–0.88) of the
TiCN coatings with a C content of below 4.6 at.%, but the friction coefﬁcient decreases rapidly to 0.21 with a
further increase in the C content to 9.3 at.%. In addition, with increasing C content in the coatings from 0 to
9.3 at.%, the wear rate decreases remarkably from 2.5 × 10−6 mm3/Nm to 5.3 × 10−7 mm3/Nm. The low
friction coefﬁcient and the formation of a transfer layer correspond to the low wear rate for the TiCN coatings
with high C content.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Surface engineering of cutting tools and mechanical components
by the deposition of hard transition metal nitride and carbide coatings
has long been proven an effective way to improve their tribological
properties, and therefore, their service life [1–4]. Titanium carbonitride (TiCN) coatings are very interesting coatings that combine the
high hardness and low friction coefﬁcient of the TiC phases and the
high toughness of the TiN phases [5–9]. These unique properties make
TiCN coatings a good solution for the applications requiring high
abrasion and wear resistance.
A variety of deposition techniques have been developed to deposit
TiCN coatings, which include Chemical Vapor Deposition (CVD) [10],
Plasma Enhanced Chemical Vapor Deposition (PECVD) [11], and
Physical Vapor Deposition (PVD) techniques. Typically, CVD technique
was used to deposit TiCN coatings due to the high adhesion, high
hardness, and high crystallinity of the deposited coatings. However, the
high deposition temperature (1000 °C) limits the selection of the
substrate materials. To reduce the deposition temperature, various PVD
techniques, such as magnetron sputtering [12], laser ablation [13],
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cathodic arc [6], and ﬁltered cathodic arc [14,15], were used to deposit
TiCN coatings. Filtered cathodic vacuum arc technology is the most
attractive technique used to deposit TiCN coatings due to the high
ionization rate, high ion energy, and high deposition rate. Using a Large
Area Cathodic Vacuum Arc Deposition (LAFAD) technology, we
successfully deposited TiCN coatings with Ti targets at a mixture of N2
and CH4 gases, a temperature of 350 °C, and a pressure of 0.02 Pa [15].
It is well known that the structure and properties of the TiCN
coatings are strongly dependent on the C content in the coatings
[14,16,18]. We also found that the increase in the C content in the TiCN
coatings leads to an increase of the grain size, density of the coating, the
Ti–C bonding fraction, and the internal stress. It also leads to a decrease
in the TiN bonding fraction and the grain size, as well as a change in the
growth orientation from (111) to (220) preferred orientation for the
coatings deposited by LAFAD [16]. It is expected that the mechanical and
tribological properties of the TiCN coatings deposited by LAFAD will be
signiﬁcantly inﬂuenced by the C content in the coatings.
In this paper, TiCN coatings were deposited by LAFAD technique from
Ti targets under an atmosphere of a mixture of N2 and CH4 gases. The C
content in the coatings was adjusted by changing CH4 fraction in the gases
from 0 to 50%. The cross-sectional microstructures of the TiCN coatings
were investigated by Scanning Electron Microscopy (SEM). The hardness
and tribological properties of the TiCN coatings with different C content
were characterized and evaluated using nano-indentation and pin-ondisk tribometer. The inﬂuence of the C content in the coatings on the
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deposition rate, cross-sectional microstructure, mechanical properties,
and tribological properties of the TiCN coatings was systematically
studied.
2. Experimental details
A LAFAD-1 surface engineering system was used to deposit TiCN
coatings. The detailed description of the deposition system was
previously published [17]. Brieﬂy, this system consists of one dual
ﬁltered arc source, one rectangular plasma-guide chamber, one deposition chamber, auxiliary anodes, heating system, substrate bias system,
and a vacuum system. The dual ﬁltered arc source consists of two primary
cathodic arc sources utilizing round Ti targets, which are placed opposite
each other on the side walls of the plasma-guide chamber, surrounded by
rectangular deﬂecting coils, and separated by an anodic bafﬂe plate. The
deposition temperature was controlled by heating elements and
measured by a thermal couple located on top of the deposition chamber.
The deposition zone for this system is approximately 500 mm in
diameter×300 mm high. 316 and 17-4 stainless steel coupons were
used as substrates for characterizing the mechanical properties, surface
morphology, bonding structure and crystalline structure. 440a stainless
steel coupons were cut from ϕ187 mm ×182 mm bars, followed by
grinding and polishing to a mirror ﬁnish surface with a surface roughness
(RMS) of about 1.2 ×10−5 mm. The wear testings were conducted on the
coatings deposited on 440a stainless steel.
The substrates were ultrasonically cleaned and dried before
loading into the deposition chamber. Before deposition, the coupons
were subjected to Ar plasma cleaning at a pressure, temperature, bias,
and time of 0.08 Pa, 350 °C, −250 V, and 15 min, respectively,
followed by the Ti ion sub-implantation at a pressure, bias, and time
of 0.02 Pa, 500 V, and 2 min. In order to improve the adhesion of the
TiCN coatings, a Ti–TiN gradient layer with a thickness of about
200 nm was deposited onto the coupon surface. A gradient layer was
deposited by gradually increasing N2 content in a mixed N2 and Ar
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atmosphere from 0 to 100%. After the deposition of the compositional
gradient bonding layer, TiCN coatings with a thickness of 2.5 μm were
deposited. The TiCN coatings were deposited at a temperature of
350 °C, pressure of 0.02 Pa, substrate bias of −40 V. To deposit TiCN
coatings with different C content, the CH4 fraction in the mixed CH4
and N2 gases was varied from 0 to 50%. The coatings with a CH4
fraction of 5, 10, 20, 30, and 50% were denoted as TiC5N, TiC10N,
TiC20N, TiC30N, and TiC50N, respectively.
The coating thickness was measured using a Calo-tester (CSM). The
cross-sectional morphology of the TiCN coatings was observed using a
Hitachi S-4700 ﬁeld emission SEM with an acceleration voltage of 20 kV.
Nano-indentation tests were conducted using a MTS nano Indenter®
XP (MTS Systems Corp., Oak Ridge, TN, USA) with a Berkovich diamond
tip. Hardness and elastic modulus were measured using the continuous
stiffness measurement (CSM) option. Si was used as a standard sample
for the initial calibration. The hardness and elastic modulus were
obtained from the curves using the Oliver–Pharr method.
Conventional ball-on-disk wear testing was used to characterize the
dry friction and wear performance for the as-received and the TiCN
coated 440a stainless steel coupons. The tribological tests were
performed by using a pin-on-disk wear tester (TRB) from CSM
Instruments at a load of 1 N and sliding distance of 300 m. During the
test, an Al2O3 ball with a diameter of 6 mm was used as counter material.
The wear loss of different samples was measured by a surface
proﬁlometer (Veeco Dektak8) scanning across the wear track. The
friction coefﬁcient was determined as a function of sliding distance.
Wear morphology of the disk was investigated using SEM. The wear
morphology of the Al2O3 balls was characterized by optical microscopy.
3. Results and discussions
In order to investigate the detailed structure of the TiCN coatings
through the coating thickness, TiCN coated 440a coupons were sliced
using diamond saw and the cross sections of the coupons were grinded,

Fig. 1. Cross-sectional SEM images of (a) TiN, (b) TiC10N, (c) TiC20N coatings, and (d) plain view SEM image of TiC50N coatings.
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Fig. 3. Effective hardness and modulus of the TiCN as a function of the C content in the
coatings.

content in the coatings. The data in Fig. 3 came from the average of 15
measurements. The details in the method of measuring C content in
the coating and the relationship between the CH4 fraction and the C
content in the coatings could be found in Ref. [16]. As shown, the
effective hardness and modulus increase with increasing C content in
the coatings, reaching a maximum of 39.5 GPa at a C content of 2.8 at.%,
then decreases linearly with the further increase of C content in the
coatings.
The tribological behavior of TiCN coatings was characterized by a
pin-on-disk tribometer. Fig. 4 summarizes the friction coefﬁcient and
wear rate of TiCN coatings at the steady state as a function of C content
in the coatings. The wear rate was calculated from the surface
proﬁlometer measurements. As shown, there is no signiﬁcant change
in the friction coefﬁcient (0.78–0.88) for the TiCN coatings with C
content below 4.6 at.% when tested against Al2O3 balls. However, the
friction coefﬁcient decreases rapidly to 0.21 with increasing C content
to 9.3 at.%.
The wear rate of the TiCN coatings is strongly dependent on the C
content in the coatings. For pure TiN coatings, the wear rate is about
2.5 × 10−6 mm3/Nm. However, after adding 2.8 at.% of C into the
coatings, the wear rate reduced 62% to 9.5 × 10−7 mm3/Nm. A further
increase of the C content in the coatings to 9.3 at.% leads to a gradual
decrease in the wear rate to 5.3 × 10−7 mm3/Nm.
4. Discussions
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polished, and inspected using SEM. Fig. 1 shows the typical cross-sectional
SEM images of (a) TiN, (b) TiC10N, and (c) TiC20N coatings. As shown, all
coatings consist of two layers, the gradient layer and the TiCN top layer
with a thickness of about 0.4 and 2.2 μm, respectively. The top layer of the
TiN coatings is very dense and defect free. However, defects or cracks with
a length of 200–600 nm parallel to the substrate surface exist in the top
1 μm thick layer of the TiC10N coatings. For the TiC20N coatings, the
cracks exist over the entire coating thickness. The formation of the defects
or cracks in the coatings may be due to the high internal stress in the TiCN
coatings deposited from gases with high CH4 fraction. Fig. 1(d) show s the
typical plain view SEM image of the TiC50N coatings. It is interesting to
notice that circular defects exist on the coating surface. If we combine
Fig. 1(c) and (d), we may conclude that the defects are disk-shaped.
The hardness and modulus of the TiCN coatings on 316 stainless
steel substrates were characterized by nano-indentation. The hardness and elastic modulus of 316 steel were also measured to be
6.2 GPa and 213 GPa, respectively, by using the same nanoindenter.
Fig. 2 illustrates the hardness and elastic modulus vs. displacement
curves for the TiCN coatings deposited from different CH4 fractions.
For the pure TiN coatings, the curve exhibits a platform followed by a
gradual decrease with increasing displacement of the diamond tip.
The hardness corresponding to the platform is about 33 GPa. When 5%
of CH4 gas was added into the deposition chamber, the measured
hardness and modulus curves show a much higher peak, 43 GPa and
520 GPa, respectively, indicating the high hardness of the TiCN
coatings. However, for the coatings deposited with higher CH4
fractions, the measured hardness and modulus curves become more
complicated. All the curves exhibit a few shoulder peaks before
reaching the main peak. With the increase in the CH4 fraction, the
intensity of the main peak decreases and the peak center shifts to the
larger displacement of the diamond tip.
The hardness and modulus value in the penetration depth of 5–10%
of the coating thickness were averaged and referred to as effective
hardness and modulus value of the coatings. Fig. 3 illustrates the
effective hardness and modulus of the TiCN as a function of the C
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The hardness results, shown in Figs. 2–3, are contrary to the other
researchers’ reports, which showed a continuous increase in the
hardness and modulus with increasing C content in the TiCN coatings
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Fig. 2. Hardness and elastic modulus of the TiCN coatings deposited from different CH4
fractions.
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Fig. 4. Friction coefﬁcient and wear rate of TiCN coatings against Al2O3 balls as a
function of C content in the coatings.
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[14,18]. The cross-sectional SEM results, Fig. 1, show that disk-shaped
defects, parallel to the substrate surface, exist in the TiCN coatings
deposited from gases with high CH4 fraction. The defect density
increases with increasing CH4 fraction. When the nano-indentation
tests were conducted on the top of the defect, the diamond tip
easily deforms and/or penetrates the layers above the defects,
corresponding to low measured hardness and modulus values. For
the coatings deposited from gases with high CH4 fraction, the existence
of the defects corresponds to the decrease of the measured hardness
and modulus value with increasing C content in the coatings. The
appearance of the shoulder peaks in the hardness and modulus curves
result from the support from the coatings underneath the defects.
The friction behaviors of the coatings are strongly dependent on
the coating composition and the formation of transfer layer. Our
previous XPS results [16] show that an amorphous carbon exists in the
TiCN coatings deposited by LAFAD. The content of the amorphous
carbon increases with increasing C content in the coatings. Due to the
low shear strength, amorphous carbon is known to exhibit low
friction coefﬁcient and can be used to as a solid lubricant. The high
amorphous carbon content in the TiCN with high C content
corresponds to the low friction coefﬁcient. In addition, the formation
of transfer layer, which will be shown in Fig. 7, on the Al2O2 balls
tested against TiCN coatings with high C content also contribute to the
low friction coefﬁcient of the TiCN coatings with high C content.
To investigate the wear mechanism of the TiCN coatings against
Al2O3 balls, the surface morphology of the wear track was observed by
surface proﬁlometry. Fig. 5 shows the 3-dimensional surface proﬁles
of the wear track for the (a) Ti5CN, (b) Ti20CN, (c) Ti30CN, and (d)
Ti50CN coated 440a steel coupons tested with Al2O3 balls at 1 N and
300 m. On all the TiCN coated surfaces, the wear tracks are very
narrow and shallow, indicating excellent wear resistance of the TiCN
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coatings. Careful inspection of the wear tracks shows very shallow
scratches parallel to the sliding direction in the wear track. This
indicates an abrasion wear mechanism for the TiCN coatings tested
against Al2O3.
To compare the depth proﬁle of the wear track, the 2 dimensional
wear track proﬁles on the (a) Ti5CN, (b) Ti10CN, (c) Ti20CN, (d) Ti30CN,
and (e) Ti50CN coated 440a steel coupons tested against Al2O3 balls at
1 N for 300 m were plotted in Fig. 6. It is important to point out that the
scale ranges of the Y-axis in Fig.6(a) are much larger than that in the
other ﬁgures due to the very large depth of the wear track. As shown, the
wear track on TiN coating surface is much smoother, wider (about
200 μm), and deeper (0.28 μm) when compared with that on TiCN
coatings. The maximum depths of the wear track for the Ti5CN, Ti10CN,
Ti20CN, Ti30CN, and Ti50CN coatings are 0.16, 0.14, 0.13, 0.13, and
0.13 μm, respectively. This indicates a continuous decrease in the
maximum depth of the wear track with increasing C content in the
coatings. In addition, a continuous decrease in the width of the wear
track with increasing C content in the coatings was also observed.
The formation of a transfer layer on the ball surface signiﬁcantly
affects the wear mechanism and therefore, the wear behavior of the
coatings. The wear scar surface on the balls was observed using optical
microscopy. Fig. 7 shows the optical images of the wear scar formed
on the Al2O3 balls after the wear test. There is no signiﬁcant change in
the size of the wear scar on the Al2O3 balls. However, there is a
remarkable change in the color of the wear scar. For the coatings with
low C content, the wear scar on the Al2O3 balls exhibits a white color,
due to the removal of the ball material. No transfer layer was observed
on the wear scar surface except for the area close to the edge of the
wear scar. For the coatings with higher C content, the wear scar on the
Al2O3 balls exhibit a grayish color, resulting from the formation of a
transfer layer on the scar surface. For the wear scar on the Al2O3 balls

Fig. 5. 3D images of the wear track for the (a) Ti5CN, (b) Ti20CN, (c) Ti30CN, and (d) Ti50CN coated 440a coupons.
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tested against Ti30CN and Ti50CN coatings, the wear scar surfaces
were completely covered by a transfer layer, which signiﬁcantly
affects the wear behavior of the coatings.
The tribological behavior of the coatings is also strongly dependent
on the hardness of the coating, friction coefﬁcient, and the formation
of a transfer layer on the wear scar surface. For pure TiN coatings, the
combination of the relatively low hardness of the coating, large
friction coefﬁcient, and absence of the transfer layer on the wear scar
surface of the Al2O3 balls contribute to the high wear rate. When
2.8 at.% of C was added into the coatings, the hardness of the coatings
increases signiﬁcantly, which corresponds to a remarkable decrease in
the wear rate. With a further increase in the C content in the coatings,
the reduction in the friction coefﬁcient and the formation of a transfer
layer on the ball surface cause a gradual decrease in the wear rate.
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Fig. 6. Typical surface proﬁles of the wear track on the (a) TiN, (b) Ti5CN, (c) Ti10CN,
(d) Ti20CN, (e) Ti30CN, and (f) Ti50CN coated 440a steel coupons tested against Al2O3
balls at 1 N and 300 m.

TiCN coatings with different C content were deposited by using
LAFAD technique from Ti targets under the atmosphere of mixing N2
and CH4 gases. CH4 gas fraction was varied from 0 to 50% to change the
C content in the coatings. With increasing C content in the coatings,
the hardness and elastic modulus increase to a maximum at a C
content of 2.8 at.%, then decreases rapidly. Tribological test results
show that there is no signiﬁcant change in the friction coefﬁcient of
the TiCN coatings tested against Al2O3 balls when the C content in the
coatings is below 4.6 at.%, but the further increase in the C content in
the coating leads to a rapid decrease in the friction coefﬁcient. It was
also found that the increase in the C content in the coatings to 2.8 at.%
results in a signiﬁcant decrease in the wear rate of the TiCN coatings
and a further increase in the C content in the coatings results in a
slight decrease in the wear rate.

Fig. 7. Optical images (20×) of the wear scar on Al2O3 balls tested against the (a) Ti5CN, (b) Ti10CN, (c) Ti30CN, and (d) Ti50CN coated 440a steel coupons tested at 1 N for 300 m.
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