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a b s t r a c t
TiSiN coatings with a thickness of 2.5 μm were deposited using a Large Area Filtered Arc Deposition (LAFAD)
technique with TiSi targets having different Si content. The inﬂuence of the Si content in the coatings on the
mechanical properties and tribological behaviors of the TiSiN coatings were systematically studied using
nanoindentation and a pin-on-disk tribometer. Nanoindentation results show that the hardness and Young's
modulus of the TiSiN coatings increase with increasing Si content in the coatings. Wear test results indicate
that the wear rate and friction coefﬁcient of the 440a stainless steel coupons were signiﬁcantly reduced by
deposition of the TiSiN coatings, and the tribological behaviors of the TiSiN coatings are strongly dependent
on the Si content in the coatings and the testing ball material. TiSiN coatings exhibit similar friction
coefﬁcient when tested against Al2O3 and 302 stainless steel balls, but increasing Si content in the coatings
causes an increase in the friction coefﬁcient of the TiSiN coatings. With the increase in the Si content in the
coatings, the wear rate of the TiSiN coatings decreases when tested against Al2O3 balls, but increases
signiﬁcantly when tested against 302 stainless steel balls. The capability of forming a transfer layer on the
ball surface contributes to the change in the friction coefﬁcient and wear rate with Si content in the coating
and ball materials.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Nanocomposite TiSiN coatings, consisting of nanosized TiN grains
embedded in amorphous SiN matrix with atomic thickness, have
gained considerable attention in the last decade due to their
extremely high indentation hardness (40–80 GPa) [1–7], excellent
high temperature oxidization resistance [8,9], and high abrasion and
erosion resistance [10,11]. Various deposition techniques, such as
Chemical Vapor Deposition (CVD) [8,12,13], Plasma Enhanced
Chemical Vapor Deposition (PECVD) [14], Magnetron Sputtering
[15–17], and Cathodic Vacuum Arc [18–20], have been utilized to
deposit TiSiN coatings. It has been proposed that super-hard
nanocomposite TiSiN coatings could only be deposited at high
deposition temperature (N500 °C) and high nitrogen partial pressure
(N1 Pa) [1–3]. However, our preliminary results show that super-hard
(N50 GPa) nanocomposite TiSiN coatings could successfully be
deposited at a low temperature of 350 °C and a low nitrogen pressure
of 0.02 Pa by our patented Large Area Filtered Arc Deposition (LAFAD)
technology due to the high ion energy and high ionization rate [21].
Si content in the TiSiN coatings is an important factor that
signiﬁcantly affects structure and mechanical properties, as well as
the tribological behavior of the coatings [1–4,16,22,23]. Generally,
with increasing Si content in the TiSiN coatings up to 7–12 atomic
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percentage (at.%), the TiN grain size decreases to a few nm and the
internal stress, hardness, and Young's modulus increase remarkably to
a maximum. Further increase in the Si content in the coating causes a
reduction in the internal stress, hardness and Young's modulus.
However, the reported tribological behaviors of the TiSiN coatings
have been signiﬁcantly different and even controversial. When wear
tested against steel balls, with an increase in Si content in the TiSiN
coatings, Ma et al. [22] found an increase in the friction coefﬁcient and
a reduction in the wear rate; K.H. Kim et al. [24] reported a decrease in
the friction coefﬁcient; S.H. Kim et al. [16] found a reduction in friction
coefﬁcient and an increase in the wear rate; and Patscheider et al. [25]
reported an increase in hardness, wear rate, and friction coefﬁcient.
In this study, a LAFAD-1 system was used to deposit TiSiN coatings
with different Si content by using TiSi alloy targets with different Si/Ti
ratio. The inﬂuence of the Si content in the coatings on the hardness,
Young's modulus, friction coefﬁcient and wear resistance of the TiSiN
nanocomposite coatings on 316 and 440a stainless steel substrates
were systematically studied.
2. Experiment
A LAFAD surface engineering system (LAFAD-1) was used to
deposit TiSiN nanocomposite coatings. The detailed description of this
deposition system was reported previously [26]. 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 vacuum system. The dual ﬁltered arc
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source consists of two primary cathodic arc sources utilizing round
TiSi targets, which are placed opposite to 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 440a stainless steel coupons were
used as the substrate for characterizing the wear resistance of the
nanocomposite coatings. Stainless steel coupons were cut from
ϕ18.75 mm × 300 mm bars, and then sent to Lap-Rite Ind., Inc. (Il,
USA) for grinding and polishing. The coupons were ﬁrst lapped to a
roughness of about 2 μm by using alumina slurry with a size of 17 μm.
Then the lapped coupons were polished using diamond slurry with a
size of 1 μm to a mirror ﬁnished surface with a surface roughness
(RMS) of about 12 nm.
The substrates were ultrasonically cleaned and then dried before
being loaded into the deposition chamber. Before deposition, the
coupons were subjected to Ar arc plasma cleaning at a pressure,
temperature, bias, and time of 0.08 Pa, 350 °C, −250 V, and 15 min,
respectively, followed by the TiSi ion subplantation at a pressure, bias,
and time of 0.02 Pa, 500 V, and 2 min, respectively. During the Ar
plasma cleaning, the arc plasma was turned on, but the deﬂection
magnetic ﬁeld was turned off, which alloy only electrons getting into
the chamber and ionize the Ar gas and forms dense plasma. After Ar
plasma cleaning, deﬂection magnetic ﬁeld was turned on, Ti and Si
ions were guided into the deposition chamber, which were used to do
subplantation and coating deposition. In order to improve the
adhesion of the TiSiN coatings, a TiSi–TiSiN gradient multilayer with
a thickness of about 200 nm was deposited onto the coupon surface.
The gradient layer was deposited by gradually increasing N2 fraction
in the mixed Ar and N2 gases from 0 to 100%. Following the deposition
of the gradient layer, TiSiN coatings with a thickness of 2.5 μm were
deposited.
TiSi alloy targets with Si content of 5, 10, 15, and 20 at.% were used
to deposit TiSiN coatings, which are referred to as TiSi5N, TiSi10N,
TiSi15N, and TiSi20N, respectively. The deposition parameters for
TiSiN coatings were: deposition pressure, 0.02 Pa; substrate bias,
−40 V; and deposition temperature, 350 °C. The Si content in the
coatings was measured by using X-ray photoelectron spectroscopy
(XPS) method. The corresponding Si content in the TiSi5N, TiSi10N,
TiSi15N, and TiSi20N coatings is 0.5, 1.4, 4.9, and 7.7 at.%, respectively
[15].
Nanoindentation 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. A conventional
ball-on-disk wear tester was used to characterize the dry friction and
wear performance of the TiSiN coatings coated and as-received 440a
stainless steel coupons. The tribological tests were performed using a
pin-on-disk wear tester (TRB) from CSM Instruments at a load of 1 N
and sliding distance of 300 m. During testing, 302 stainless steel and
alumina balls with a diameter of 6 mm were used as counter
materials. The wear loss of different samples was measured by a
surface proﬁlometer (Veeco Dektak8) scanning across the wear track.
The stylus radius and stylus force were set to 5 μm and 10 mg,
respectively. The friction coefﬁcient was determined as a function of
sliding distance. Wear morphology was observed using a Hitachi S4700 ﬁeld emission Scanning Electron Microscopy (SEM) operated at
20 kV.

CSM method. To eliminate the inﬂuence of the soft steel substrate on
the measured hardness and Young's modulus, the hardness and
Young's modulus values in the indentation depth range of 5–10%
coating thickness were averaged. These were regarded as the effective
hardness and Young's modulus of the TiSiN nanocomposite coatings.
Fig. 1 illustrates the dependence of the hardness and modulus of the
coatings deposited on 316 stainless steel coupons on the Si content in
the coatings. As shown, the hardness and Young's modulus of the
TiSiN coatings increases continuously from 36 GPa and 406 GPa to
51 GPa and 449 GPa, respectively, with increasing Si content in the
coatings from 0.5 to 7.7 at.%.
The X-ray diffraction (XRD) and XPS results [27] show that the
TiSiN coatings deposited by LAFAD is comprised of nanocrystalline TiN
and amorphous S3N4; the content of the amorphous Si3N4 phase
increases with increasing Si content in the coatings; and the increase
in the Si content in the coatings from 0.5 to 4.5 at.% results in a linear
decrease in the grain size from 14.9 to 5.4 nm. Further increase in the
Si content to 7.7 at.% leads to a slight increase in the grain size to
5.8 nm. As hardness is a measure of the resistance of materials to local
plastic deformation, it is directly correlated to the nucleation and
slipping of dislocation. It is well accepted that small grains typically
have lower dislocation density, and the decrease in grain size leads to
an increase in the grain boundary, which acts as obstacles to
dislocation ﬂow across grains. The combined effects of low dislocation
density and larger grain boundary area contribute to the decrease in
the hardness and modulus with increasing Si content in the coatings.
For the coatings with high Si content, the grain size reduced to below
6 nm. In this case, the dislocations are absent in the grains and the
plastic deformation mechanism changes from dislocation sliding to
grain boundary sliding. However, the high bonding energy of Si–N and
Si–Ti bonds in the grain boundary resisted the grain sliding, resulting
in the super high hardness of the TiSiN coatings.
The friction and wear properties of the TiSiN coatings were
investigated by a pin-on-disk test. Both 302 stainless steel and Al2O3
balls were used as counterparts. Fig. 2 shows the typical friction
coefﬁcient vs. the sliding distance curves of the uncoated 440a
coupons and TiSiN nanocomposite coatings coated 440a stainless steel
coupons tested at a load of 1 N with a total sliding distance of 300 m,
against (a) Al2O3 ball and (b) 302 stainless steel balls.
All friction coefﬁcients vs. wear distance curves exhibit two stages,
running-in stage and steady-state stage. In the running-in stage, the
friction coefﬁcient increases with increasing sliding distance. While in
the steady-state stage, all the curves are smooth and constant. When
Al2O3 balls were used, the sliding distances at the running-in stage
increased with increasing Si content in the coatings, while the curves
at the steady-state stage are ﬂat. As shown in Fig. 2b, when 302
stainless steel balls were used, large variations of the friction

3. Results
The hardness and Young's modulus of the TiSiN nanocomposite
coatings on 316 stainless steel substrates were measured by using

Fig. 1. Dependence of the hardness and modulus of the coatings on the Si content in the
coatings.
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Fig. 2. Typical friction coefﬁcient vs. sliding distance curves of the uncoated and TiSi5N, TiSi10N, TiSi15N, and TiSi20N coated 440a stainless steel coupons tested against (a) Al2O3 and
(b) 302 stainless steel balls.

coefﬁcient with wear distance were observed for the uncoated
stainless steel coupons. Fig. 3 summaries the friction coefﬁcient of
TiSiN coatings wear against Al2O3 and 302 stainless steel balls at the
steady-state as a function of the Si content in the coatings. The long
dash line and the dotted line show the friction coefﬁcient of the
uncoated 440a coupons against Al2O3 and 302 stainless steel balls,
respectively. As shown, when tested against Al2O3 and 302 stainless
steel balls, the uncoated 440a stainless steel possesses the highest and
similar friction coefﬁcient. It is interesting to note that the friction
coefﬁcient for each TiSiN coating is almost the same when different
ball materials were used. With the increase in the Si content in the
coatings from 0.5 to 7.7 at.%, the friction coefﬁcient increases
gradually from 0.6 to 0.9.
Fig. 4 illustrates the typical 3D images of the wear track on the
uncoated, TiSi10N, TiSi15N, and TiSi20N coated 440a steel coupons

Fig. 3. Friction coefﬁcient of TiSiN coatings against Al2O3 and 302 stainless steel balls as
a function of Si content in the coatings.

tested against Al2O3 ball at 1 N and 300 m. The 3D images taken by a
proﬁlometer show deep and wide wear tracks on the uncoated 440a
coupon surface. The high magniﬁcation SEM observation exhibits
plastic deformation of the top layer in the wear track caused by shear
force. On the wear track of TiSiN coated coupons, ﬁne abrasion wear
grooves appeared on the 3D images, indicating that the wear
mechanism for TiSiN coatings against Al2O3 balls is abrasive wear. In
addition, large debris particles were observed in the wear track, which
act as abrasive wear media during wear testing, leading to the
formation of wear grooves. With the increase in the Si content in the
coatings, the wear track becomes shallower and smoother. For the
TiSi20N coatings, the wear track is so smooth that no signs of wear
were seen on the 3D images, indicating excellent wear resistance of
the coatings.
The typical 3D images of the wear track on the uncoated, TiSi10N,
TiSi15N, and TiSi20N coated 440a steel coupons tested against 302
stainless steel balls at 1 N and 300 m are shown in Fig. 5. On the
uncoated 440a stainless steel coupon, the wear track is very rough and
wide. 3D images show clearly some extrusions on the wear track
surface indicating an adhesion wear mechanism. Deep grooves along
the sliding direction were observed on the wear track of all TiSiN
coatings. In addition, extrusions were also observed in some areas of
the high magniﬁcation 3D images of the TiSiN coatings with low Si
content. This implies that for TiSiN coatings with lower Si content, the
wear mechanism is a combination of adhesion and abrasion, but the
wear mechanism for the TiSi20N coating is abrasion wear.
To compare the depth of the wear track, the 2D wear track proﬁles
on the uncoated and TiSiN coated coupons against Al2O3 and 302
stainless steel balls are plotted in Fig. 6a and b, respectively. It is worth
pointing out that the scale of the Y-axis in Fig. 6a for the coated disk is
only half of the uncoated disk. For the uncoated 440a coupons, the
wear track is very deep (about 2 μm) and wide (200 μm). The wear
track surface is very rough, indicating low wear resistance of the
uncoated 440a stainless steel substrate. The coating of 440a coupons
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Fig. 4. Typical 3D images of the wear track on the uncoated, TiSi5N, TiSi10N, and TiSi20N coated 440a steel coupons tested against Al2O3 ball at 1 N and 300 m.

with TiSi5N results in a drastic decrease in the depth and width of the
wear track to 0.8 μm and 160 μm, respectively. For the TiSi10N
coatings, although some deep grooves (1 μm) were observed, the
average depth of the wear track reduces to about 0.6 μm. There is no

signiﬁcant change in the wear width. With the increase of Si content
in the targets to 15 and 20 at.%, the depth of the wear track reduces to
below 0.4 and 0.2 μm, respectively, and the wear track surface
becomes smoother.

Fig. 5. Typical 3D images of the wear track on the uncoated, TiSi5N, TiSi10N, and TiSi20N coated 440a steel coupons tested against 302 SS balls at 1 N and 300 m.
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Fig. 6. Typical surface proﬁles of the wear track on the uncoated and TiSi5N, TiSi10N, TiSi15N, and TiSi20N coatings coated 440a stainless steel coupons tested against (a) Al2O3 and
(b) 302 stainless steel balls.

When 302 stainless steel balls were used, generally, the depth of
the wear tracks is very shallow for all tested coupons. For the
uncoated 440a coupons, the wear track is very wide and many spikes
appear at the edges of the wear track. The spikes originated from the
adhesion of the 302 stainless steel ball. Only very shallow (b0.4 μm)
grooves are seen on the wear tracks of the TiN coated coupons. For the
TiSi5N coated coupons, the depth of the wear track is also below
0.4 μm. With increasing Si content in the target to 10 at.%, the depth of
the wear track increases to 0.8 μm. A further increase in the Si content
in the coating results in a continuous increase in the depth, width, and
the number of grooves in the wear track, indicating incorporation of Si
into the coating leads to an increase in the wear rate.
Table 1 shows the calculated wear rate of the uncoated and TiSiN
coated 440a stainless steel coupons against Al2O3 and 302 stainless steel
balls as well as the wear rate of the corresponding balls. When Al2O3
balls were used, the uncoated steel substrate measured a fairly high
wear rate of 1.8 × 10− 5 mm3/Nm. The wear rate (0.97 × 10− 5 mm3/Nm)
reduces by 50% after coated with TiSi5N. With the increase of Si content
in the coatings up to 7.7 at.%, the wear rate decreases continuously to
1.40 × 10− 6 mm3/Nm, which is one order of magnitude lower than the
uncoated coupons. It is observed that the wear rate of the Al2O3 balls is
very low for all the tests, but the wear rate of the Al2O3 balls was
signiﬁcantly reduced when wear tested against TiSiN coated coupons.
The coatings with higher Si content resulted in less wear of the Al2O3
balls.

When wear tested against 302 stainless steel balls, due to the high
hardness of the 440a stainless steel coupons, the uncoated coupons
exhibited a low wear rate (1.13 × 10− 5 mm3/Nm). However, the 302
stainless steel balls exhibited a high wear rate of 1.15 × 10− 5 mm3/
Nm due to the adhesion wear. The disk wear rate reduced slightly to
8.6 × 10− 6 mm3/Nm, for the TiSiN coatings with Si content of 0.5 at.%,
and the ball wear rate reduced by 75%. The further increase in the Si
content in the TiSiN coatings to 7.7 at.% results in a continuous
increase in the disk wear rate to 3.63 × 10− 5 mm3/Nm, which is about
2 times higher than that of the uncoated coupons.
4. Discussion
Friction and wear performances of coatings are not inherent
properties of the coating themselves. Instead, they are strongly
dependent on the mechanical, chemical, and physical properties of
the mating materials as well as their surface conditions.
Friction is the resistance to motion when two bodies in contact are
forced to move relative to each other. Generally, the force of friction
consists of two components: force to shear adhesion and force to
plough the asperities on one surface through the other [28]. As most of
the surfaces are rough on a micro or nano scale, only the tips of their
asperities will contact when two surfaces are placed in contact. For
clean surfaces, the atoms on one surface will attract those on the other
and produce strong adhesion, which prevents the sliding of one

Table 1
Wear rate of the coating and the balls after wear tests.
Ball materials
Al2O3
302 SS

Disk wear rate, mm3/Nm
Ball wear rate, mm3/Nm
Disk wear rate, mm3/Nm
Ball wear rate, mm3/Nm

Uncoated

TiSi5N

TiSi10N

TiSi15N

TiSi20N

1.83 × 10− 5
4.17 × 10− 7
1.13 × 10− 5
1.15 × 10− 5

9.74 × 10− 6
9.49 × 10− 8
8.61 × 10− 6
2.84 × 10− 6

7.25 × 10− 6
2.98 × 10− 7
1.87 × 10− 5
1.89 × 10− 6

3.43 × 10− 6
8.25 × 10− 8
1.58 × 10− 5
2.51 × 10− 6

1.40 × 10− 6
4.45 × 10− 8
3.63 × 10− 5
3.39 × 10− 6
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Fig. 7. Surface proﬁles of (a) TiSi5N, (b) TiSi10N, (c) TiSi15N, and (d) TiSi20N coated
440a coupons.

surface over the other and contributes to the ﬁrst cause of friction. The
asperities on the harder surfaces will plough out grooves in the softer
surface, which constitutes the second cause of friction. On the
uncoated 440a stainless steel, the local high temperatures generated
by friction tends to soften and/or melt the asperities on the coupon

surface, leading to the cold welding of these asperities to the Al2O3
and 302 stainless steel balls. This corresponds to the high friction
coefﬁcient of the uncoated 440a coupons when sliding against Al2O3
and 302 stainless steel balls. When 440a coupons were coated with
hard TiSiN coatings, the high melting point of both TiSiN coatings and
Al2O3 balls made the cold welding mechanism less important.
In addition, the maximum Si content in the TiSiN coatings is only
7.7 at.%, the change in the chemical attractions between the Ti, Si, and
N atoms in TiSiN coatings and the Al and O atoms in Al2O3 ball with
increasing Si content is also insigniﬁcant. In this case, the change in
the surface roughness of the TiSiN coatings plays an important role to
the friction.
Surface proﬁlometer was used to characterize the surface
roughness of the TiSiN coated 440a coupons. Fig. 7 depicts the typical
surface proﬁles of the (a) TiSi5N, (b) TiSi10N, (c) TiSi15N, and (d)
TiSi20N coated 440a coupons. Clearly, there are some spikes on all
coating surfaces. With the increase in the Si content in the coatings,
the density and height of the spikes increase continuously. The rootmean-square (RMS) surface roughness of the TiSi5N, TiSi10N,
TiSi15N, and TiSi20N coatings was calculated. It was found that the
RMS roughness of the TiSiN coatings increases monotonically from
38 to 63 nm with increasing Si content in the coatings from 0.5 to
7.7 at.%. As ﬁltered cathodic arc technique could not remove 100% of
the macro-particles, a small fraction of macro-particles will be
condensed to the coating surface, corresponding to the formation of
spikes as shown in Fig. 7. During the deposition of TiSiN coatings, for
the targets with higher Si content, the arc plasma is less stable and
tends to produce more macro-particles. As a result, more macroparticles were condensed on the coating surface for the coatings with
higher Si content, corresponding to the formation of rougher
surface. The increase in the surface roughness of TiSiN coatings with
increasing Si content in the coatings may contribute to the increase in
the friction coefﬁcient as shown in Fig. 3.
Furthermore, the formation of a transfer layer on the ball surface
plays a very important role in the friction process [29]. Optical
microscopy was used to observe the surface morphology of the wear

Fig. 8. Wear scar on Al2O3 balls tested against (a) TiSi10N and (b) TiSi20N coatings, and on 302 stainless steel balls when tested against (c) TiSi10N and (d) TiSi20N coatings.
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scar on the ball surface. Fig. 8 shows the optical images (20×) of the
wear scar on Al2O3 and 302 stainless steel balls tested against TiSi10N
and TiSi20N coatings. As shown, for the TiSiN coatings with low Si
content, part of the wear scar surface of both Al2O3 and 302 stainless
steel balls was covered with wear debris. This formed a loosely packed
transfer layer on the wear scar surface. However, when tested against
coatings with high Si content, the surface coverage area of the ball
wear scar with wear debris became smaller. These observations
indicate that for the coating with low Si content, the wear pairs
change from TiSiN/Al2O3 and TiSiN/302 stainless steel to TiSiN/TiSiN
transfer layer. As the transfer layer was loosely packed, the wear
debris on the transfer layer surface became free to slide and roll
during wear testing, which signiﬁcantly reduces the friction force and
corresponds to a low friction coefﬁcient. The coatings with high Si
content lack the transfer layer, which corresponds to the large friction
coefﬁcient.
It is interesting to note that with increasing Si content in the
coatings, the wear rate of the coatings decrease when tested against
Al2O3 balls and increases when tested against 302 stainless steel balls.
The change in the wear rate for different TiSiN coatings also results
from the formation of the transfer layer on the ball surface. When
Al2O3 balls were used, the wear mechanism for the TiSiN coatings was
abrasive wear. In this case, the coating hardness plays a major role in
the wear behavior. The hardness results show that the increase in the
Si content in the coatings result in a continuous increase in hardness,
corresponding to the monotonic decrease in the wear rate.
When 302 stainless steel balls were used during the wear test, the
asperities on the coating surface were forced into soft 302 stainless
steel balls, leading to wear of the 302 stainless steel balls. At the same
time, 302 stainless steel balls exert strong shear force to the asperities,
leading to the breakage of the asperities and formation of wear debris.
This super-hard wear debris acts as abrasion media during the wear
test, leading to the abrasive wear of the TiSiN coatings. Fig. 8 shows
that transfer layers formed on the ball wear scar surface when worn
against coatings with low Si content. The wear pairs change to TiSiN
coatings against transfer layer. With the increase in the Si content in
the coatings, less transfer layer formed on the ball wear scar surface.
302 stainless steel balls have more opportunity to directly rub against
TiSiN coatings. The hard wear debris was pressed and embedded into
the steel ball surface during testing, forming a composite surface layer
consisting of super-hard TiSiN wear debris and tough 302 stainless
steel. In this case, the embedded TiSiN wear debris was not free to
move during testing, and acts as a cutting edge, leading to the
formation of deep plough like grooves as shown in Fig. 6. This
corresponds to the high wear rate of the TiSiN coatings with high Si
content.
5. Conclusion
In this study, the mechanical properties, friction and wear
performances of the TiSiN nanocomposite coatings with a thickness
of 2.5 μm deposited using LAFAD technology were characterized by
nanoindentation and pin-on-disk tribometer. Al2O3 and 302 stainless
steel balls were used as counterparts. Nanoindentation results show
that the increase in the Si content in the TiSiN coatings leads to a
continuous increase in the hardness and Young's modulus to 51 GPa
and 449 GPa, respectively. Wear test results indicate that TiSiN
coatings signiﬁcantly reduce the wear rate and friction coefﬁcient of

2129

the 440a coupons. The tribological behaviors of the TiSiN coatings are
strongly dependent on the Si content in the coatings and the ball
material. TiSiN coatings exhibit similar friction coefﬁcient when
tested against Al2O3 and 302 stainless steel balls, but the friction
coefﬁcient of the TiSiN coatings increases from 0.6 to 0.9 with
increasing Si content in the coatings from 0.5 to 7.7 at.%, which
resulted from the increase in the surface roughness with increasing Si
content in the coating. With increasing Si content in the coatings from
0.5 to 7.7 at.%, the wear rate of the TiSiN coatings decrease from
0.97 × 10− 5 mm3/Nm to 1.40 × 10− 6 mm3/Nm when tested against
Al2O3 balls, but increases signiﬁcantly from 8.6 × 10− 6 mm3/Nm to
3.63 × 10− 5 mm3/Nm when tested against 302 stainless steel balls. No
signiﬁcant change in the wear rate of the balls with Si content in the
coatings is demonstrated.
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