Materials Chemistry and Physics 145 (2014) 434—440

Contents lists available at ScienceDirect

Materials Chemistry and Physics

journal homepage: www.elsevier.com/locate/matchemphys

Effects of substrate bias voltage and target sputtering power on the

CrossMark
structural and tribological properties of carbon nitride coatings
Pengfei Wang &b Takanori Takeno ¢, Julien Fontaine d Masami Aono ¢, Koshi Adachi €,
Hiroyuki Miki, Toshiyuki Takagi®
2 Institute of Nanosurface Science and Engineering, College of Mechatronics and Control Engineering, Shenzhen University, Shenzhen 518060, China
b Institute of Fluid Science, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan
€ Laboratory of Nanointerface Engineering, Division of Mechanical Engineering, Tohoku University, Aoba 6-6-1, Aramaki, Aoba-ku, Sendai 980-8579, Japan
d Laboratoire de Tribologie et Dynamique des Systémes, UMR 5513 — CNRS/Ecole Centrale de Lyon, Batiment H10, 36 Avenue Guy de Collongue, 69134 Ecully
Cedex, France
€ Department of Materials Science and Engineering, National Defense Academy, 1-10-20 Hashirimizu, Yokosuka, Kanagawa 239-8686, Japan
f Center for Interdisciplinary Research, Tohoku University, Aoba 6-3, Aramaki, Aoba-ku, Sendai 980-8578, Japan
HIGHLIGHTS
e Various CN, coatings are produced using a unique hybrid coating process.
e Structural and tribological properties of CN, coatings are investigated.
e The lowest friction coefficient of 0.12 is achieved at —800V 100 W.
o Friction is controlled by the directly sliding between coating and steel pin.
o Friction reduction is due to decrease of sp> carbon bonding in the coating.
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Accepted 17 February 2014 magnetron sputtering at various substrate bias voltage and target sputtering power in the order of

—400V 200 W, —400V 100 W, —800V 200 W, and —800 V 100 W. The deposition rate, N/C atomic ratio,
and hardness of CNy coatings as well as friction coefficient of CNy coating sliding against AISI 52100 pin in

gf,}:ggr?: N, gas stream decrease, while the residual stress of CNy coatings increases with the increase of substrate
Microsgtructure bias voltage and the decrease of target sputtering power. The highest hardness measured under single
Hardness stiffness mode of 15.0 GPa and lowest residual stress of 3.7 GPa of CN, coatings are obtained at —400V

Friction 200 W, whereas the lowest friction coefficient of 0.12 of CNy coatings is achieved at —800V 100 W.
Raman and XPS analysis suggest that sp> carbon bonding decreases and sp? carbon bonding increases
with the variations in substrate bias voltage and target sputtering power. Optical images and Raman
characterization of worn surfaces confirm that the friction behavior of CNy coatings is controlled by the
directly sliding between CNy coating and steel pin. Therefore, the reduction of friction coefficient is
attributed to the decrease of sp> carbon bonding in the CNj coating. It is concluded that substrate bias
voltage and target sputtering power are effective parameters for tailoring the structural and tribological
properties of CNy coatings.
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technique can give super-low frictions (¢ < 0.01) in N, gas envi-
ronment [3—6]. According to previous research, the structural and
tribological properties of CN, coatings are strongly related to the
coating deposition methods [3,4,7—10]. However, the key deposi-
tion parameter in controlling the tribological behavior as well as
structural behavior of CNy coatings is still not clearly identified. To
obtain a clear relationship among deposition parameter, tribolog-
ical behavior, and structural behavior of CNy coatings, a unique
hybrid coating process [11—14], combining radio frequency plasma
enhanced chemical vapor deposition (RF PECVD) and DC magne-
tron sputtering and possessing the advantage of separately
adjusting the various deposition parameters (e.g. pressure, source
gases, RF power, substrate bias voltage, target materials, and DC
sputtering power) have been applied for the development of high
performance CNy coatings in our recent work [15]. It has been
clarified that the structural properties (i.e. deposition rate, residual
stress, and hardness) of hybrid CN, coatings are greatly affected by
the N,/Ar flow ratio in the coating process. However, the friction
behavior of hybrid CNy coatings in N, gas stream shows less de-
pendency on the Ny /Ar flow ratio. The friction coefficients of hybrid
CN, coatings sliding against AISI 52100 pins in N, gas stream are in
the ranges of 0.33—0.42, at least 10 times higher than those
observed in IBAD CNy coatings. Low friction coefficient of hybrid
CNy coatings is not achieved, although the atomic composition of
the hybrid CNy coating (81.4% C, 10.8% N, and 7.8% O) is similar to
that of the IBAD CNy coating (81.8% C, 11.2% N, and 7.0% O). There-
fore, it is argued that the bonding structure other than the
composition of CNy coating is paramount important for achieving
low frictions of CNy coatings in N; gas environment [15].

The structural properties of CNy coatings can be tailored by the
nitrogen ion energy in the plasma during the coating deposition
process [16—19]. It has been revealed that both N/C atomic ratio and
sp3/sp? carbon ratio of IBAD CNy coatings decrease with increasing
bombarding energy of nitrogen ions from 300 eV to 1000 eV [19].
On the other hand, the nitrogen ion energy in the hybrid coating
process could be well controlled by adjusting the substrate bias
voltage and target sputtering power. Therefore, in this study, effects
of substrate bias voltage and target sputtering power on the
structural and tribological properties of hybrid CNy coatings are
investigated, with the objective to get lower friction coefficient of
the hybrid CNy coatings and further clarify the friction mechanisms
of hybrid CNy coatings from the viewpoint of bonding structure as
well.

2. Experimental
2.1. Coating deposition

CNy coatings (400 nm thick) were grown on Si (100) substrates
using a hybrid coating process with the combination of RF PECVD
and DC magnetron co-sputtering of a graphite target [11—15]. A
high purity graphite target (>99.99%) with dimensions of
¢76.2 x 5 mm was mounted on the water cooled cathode at a dis-
tance of 100 mm from the substrate. A stainless steel shutter was
placed between the target and substrate. The base pressure of
depositing chamber was pumped down to 4.0 x 104 Pa by utilizing
a turbomolecular pumping system. First of all, the silicon substrates
were etched by argon plasma for 10 min to remove contamination.
Thereafter, the shutter was closed and argon plasma was generated
on the surface of the graphite target by applying 200 W d.c. power
to pre-sputter the target and stabilize the sputtering condition at
the surface. The shutter was then opened and CNy coatings were
deposited onto the silicon substrates at a pressure of 1.3 Pa. A
mixture of nitrogen and argon gas with N/Ar flow ratio of 0.1 was

applied as source gas. The detailed deposition conditions are listed
in Table 1.

To get higher nitrogen ion energy during the coating deposition
process as much as possible, four combinations of substrate bias
voltage and target sputtering power in the order of —400V
200W, —400V 100 W, —800V 200 W, and —800V 100 W, were
employed. The substrate bias voltage increased from —400V
to —800V, whereas the target sputtering power decreased from
200 W to 100 W. In the hybrid coating process, —800V was the
maximum value of substrate bias voltage, beyond which the re-
sputtering rate of the coating by nitrogen and argon ions was
larger than the deposition rate of coating, and thus the coating
cannot be prepared on the substrate. 200 W was the maximum
value of sputtering power, beyond which a strong reaction between
nitrogen gas and carbon atom occurred, the reaction product then
covered the surface of graphite target and prohibited the deposi-
tion process (so-called target poison).

2.2. Coating characterization

A surface profiler (Alpha-Step 500 KLA-Tencor Ltd., USA) was
employed for thickness and residual stress measurement. The
deposition rate was calculated from the thickness of coating, which
was determined from a step between the CNy coating and silicon
substrate generated by a shadow mask. Another purpose to use the
surface profiler is to calculate the residual stress of the coating. The
residual stress was calculated from the Stoney equation after the
measurement of the curvature of CN, coated substrate [15,20].

Hardness of CNy coatings was evaluated under both single
stiffness mode and continuous stiffness mode for confirmation of
the results. In case of the single stiffness mode, the hardness of CNy
coatings was characterized on a Nano Indentation tester (ENT-2100,
Elionix Inc., Japan) using a Berkovich diamond tip with a load of
0.4 mN. The depth of indentation was below 10% of the coating
thickness in order to exclude the influence of substrate. In case of
the continuous stiffness mode, the hardness of CN, coatings was
determined on a Nano Indenter (Nano Indenter XP, MTS Systems
Corporation, USA) using a Berkovich diamond tip with a load of
50 mN. Before and after each experimental series, the tip shape
calibration procedure was repeated by indenting a standard fused
silica specimen to monitor the possible wear of tip shape. In both
conditions, the measurement was conducted ten times on each
sample to ensure data accuracy.

Chemical composition and bonding structures of CNy coatings
were characterized by an X-ray photoelectron spectroscope (XPS,
PHI1600, Physical Electronics Inc., USA) operating with a mono-
chromated Mg Ko irradiation. The structure of carbon bonds of CNy
coatings was analyzed by a Raman spectroscope (NRS-5100, JASCO
Corporation, Japan) operating with a 532 nm green laser as the
excitation source. The fitting of XPS and Raman spectra were both
conducted in Origin 8.0 software (OriginLab Corporation, USA).

Tribological properties of CN, coatings were measured by using
a pin-on-plate reciprocating tribometer. CNy coated Si substrates
(10 x 20 mm) were driven to run against AISI 52100 balls

(¢ =6 mm) with a normal load of 1 N, a sliding speed of 3 mms~, a

Table 1

Deposition conditions of CN, coatings.
Deposition parameters Value
Operation pressure (Pa) 13
N gas flow rate (ccm) 1.0
Ar gas flow rate (ccm) 10.0
Substrate bias voltage (V) —400, —800
Target sputtering power (W) 100, 200
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Table 2

The deposition rate, N/C atomic ratio, residual stress, and friction coefficient of CN, coatings.

Deposition condition Deposition rate N/C atomic ratio

Residual stress (GPa) Hardness (GPa) Friction coefficient

(nmmin~') in N gas stream
—400V 200 W 6.0 0.15 3.7 15.0 033
—400V 100 W 3.1 0.14 3.9 14.9 0.23
—800V 200 W 4.8 0.10 4.2 13.0 0.16
—800V 100 W 1.6 0.10 44 12.4 0.12

stroke length of 3 mm, and a sliding period of 5000 cycles. Friction
tests were performed in Ny gas stream in order to exclude the effect
of reactive species in air (water vapor and oxygen molecules) on the
friction behavior of CNy coatings. N, gas was blown to the contact
interface by a gas nozzle (inner diameter of 4.5 mm) with a flow
rate of 2.0 Lmin~'. The worn surfaces on the pins were observed
with an optical microscope. The structural changes of those worn
surfaces were detected by Raman spectroscopy.

3. Results and discussion
3.1. Composition and structure of CNy coatings

Deposition rate, N/C atomic ratio and residual stress of CNy
coatings are summarized in Table 2. Specifically, the deposition rate
of CNy coatings decreased greatly with the increase of substrate bias
voltage from —400 to —800V as well as the decrease of target
sputtering power from 200 to 100 W. The lowest deposition rate of
1.6 nm min~! was obtained at substrate bias voltage of —800 V and
target sputtering power of 100 W (denoted as —800V 100 W),
which was approximately one-fourth of the deposition rate
at —400V 200 W. The N/C atomic ratio of CN, coatings decreased
from 0.15 to 0.10 with the increase of substrate bias voltage
from —400 to —800V, whereas it kept almost constant with
decreasing target sputtering power from 200 W to 100 W. The re-
sidual stress increased slightly with the increase of substrate bias
voltage and the decrease of target sputtering power. The lowest
residual stress of 3.7 GPa was observed at —400V 200 W.

According to the deposition mechanism of CN, coating using the
hybrid coating process, carbon atom is sputtered from the graphite
target by a mixture of nitrogen and argon ions, and nitrogen atom is
incorporated into the carbon coating from the active nitrogen
species in the plasma. On the one hand, the decrease of target
sputtering power caused a reduction in the sputter yield of carbon
atom from the graphite target, and thus the deposition rate
decreased greatly with the decrease of target sputtering power. At
the same time, the decrease of target sputtering power resulted in a
reduction in the amount of nitrogen ions irradiated onto the carbon
coatings due to the decrease in plasma density. Therefore, the N/C
atomic ratio of the coatings can hardly be modified by the target
sputtering power. The residual stress of CNy coatings, which was
strongly related to the N/C atomic ratio, was slightly changed with
the decrease of target sputtering power [15,21]. On the other hand,
the increase of substrate bias voltage led to an increase in the
bombardment energy of nitrogen and argon ions arriving at sub-
strate. Re-sputtering of the growing coating by the high-energy
nitrogen and argon ions occurred, resulting in lower deposition
rate [22,23]. The sputtering rate of nitrogen atom in CNy coating is
much higher than that of carbon atom [22,23]. The preferential
sputtering of nitrogen atom should be responsible for the reduction
of N/C atomic ratio at higher substrate bias voltage. The decrease in
N/C atomic ratio caused an increased residual stress, which is in
consistent with our previous research [15].

As the sputtering yield of carbon atoms was scarcely affected
by the substrate bias voltage, the decrease in deposition rate

by substrate bias voltage was less than that by target sputtering
power. However, the bombardment energy of nitrogen ions
increased greatly by increasing substrate bias voltage, thus the N/C
atomic ratio and corresponding residual stress were affected
greater by the substrate bias voltage than those by the target
sputtering power.

Bonding structures of carbon and nitrogen atoms in CN, coat-
ings were characterized by Raman spectroscopy and XPS, respec-
tively. The Raman spectra and typical fitting curves of CN, coatings
are shown in Fig. 1. The Raman spectrum was profile-fitted with a
Lorentzian function for D peak located around 1350 cm™, a Breit—
Wigner—Fano (BWF) function for G peak located around 1550 cm ™!,
and a linear function for background subtraction [24—29]. The
fitting results for Raman spectra are shown in Table 3. Two repre-
sentative parameters, peak intensity ratio of D peak and G peak
(I(D)/I(G)) and coupling coefficient (Q) were employed for clarifying
the bonding states of carbon atoms. According to past research, the
peak intensity ratio (I(D)/I(G)) is related to the volume fraction of
sp> carbon bonding, the increase in peak intensity ratio indicates a
decrease in volume fraction of sp> carbon bonding [25—27]. The
coupling coefficient (Q) is correlated to the volume fraction of sp?
carbon bonding; the increase in coupling coefficient means an in-
crease in volume fraction of sp® carbon bonding [24,26,28]. In the
current work, the I(D)/I(G) increased from 1.7 to 2.1 and the Q
increased from —4.8 to —3.2 with the increase of substrate bias
voltage and the decrease of target sputtering power, suggesting
that sp> carbon bonding decreases and sp? carbon bonding in-
creases with the variations in substrate bias voltage and target
sputtering power. These results agree well with the previous
studies, where the amount of sp?/sp> carbon ratio increases with
the increase of bombardment energy of nitrogen ions in the
deposition process [17,19,28].

A typical N1s core level spectrum of CN, coating prepared
under —800 V 100 W is shown in Fig. 2. This spectrum was profile-
fitted with Gaussian-shaped lines. The deconvoluted N1s spectrum
showed three peaks at 398.3 eV, 399.5 eV, and 399.6 eV, which

e, ~400V 200W

Intensity, a.u.

. -400V 100W

800 1000 1200 1400 1600

Raman shift, cm™

1800 2000

Fig. 1. Raman spectra of CNy coatings and typical profile-fitting of Raman spectrum of
CNy coatings prepared at —800V 100 W.
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Table 3
The fitting results for Raman and XPS spectra of CN, coatings.
Deposition condition D peak G peak I(D)/I(G) Q N1s sp?
(em™)  (em™) C=N/sp> C-N
—400V 200 W 1338 1581 1.7 -48 15
—-400V 100 W 1362 1580 1.6 -39 25
—800V 200 W 1360 1580 1.8 -38 24
—800V 100 W 1360 1581 2.1 -32 23

were attributed to sp> C—N, sp? C=N, and N—O bonds, respectively
[15,27,30—33]. The variation of sp? C=N/sp> C—N ratio of N1s peak
with substrate bias voltage and target sputtering power is provided
in Table 3. The sp? C=N/sp> C—N ratio increased greatly from 1.5 to
2.5 with the decrease of target sputtering power from 200 W to
100 W. With the further changes in substrate bias voltage and
target sputtering power, the sp> C=N/sp> C—N ratio kept almost
constant (2.5—2.3). In summary of the Raman and XPS analysis, it
was concluded that sp? carbon bonding decreases and sp? carbon
bonding increases with the changes in substrate bias voltage and
target sputtering power.

3.2. Hardness of CNy coatings

Hardness curves of CNy coatings measured by single and
continuous stiffness modes are shown in Fig. 3(a) and (b), respec-
tively. In case of the single stiffness mode, a specific hardness value
at peak load of 0.4 mN was obtained. As summarized in Table 2, the
hardness of CNy coatings decreased from 15.0 to 12.4 GPa with the
increase of substrate bias voltage and the decrease of target sput-
tering power. The highest hardness of 15.0 GPa was obtained at
200 W —400 V.

In case of the continuous stiffness mode, a curve of hardness in
relation to the plastic penetration depth is shown in Fig. 3(b). The
typical hardness of the coating was obtained from the peak value of
the curve. Therefore, it was clarified that the hardness of CNy
coatings decreases in the following order: —400V 200 W > —400 V
100 W > —800 V 200 W > —800 V 100 W. The decreasing tendency
of hardness with the penetration depth, which can clearly be
observed from the curve of —400 V 100 W, was due to the substrate
effect [34]. Since the measured hardness is more or less influenced
by the substrate, the comparison of relative hardness among hybrid
CNy coatings is more significant than the exact value for the current
study [19,35]. Consequently, it was concluded that the hardness of
CN, coatings decreases with the increase of substrate bias voltage
and the decrease of target sputtering power.

N1s -800V 100W
Original data
N

Fitted curve

Intensity, a.u.

394 396 398 400 402 404 406
Binding energy, eV

Fig. 2. Typical N1s core level spectrum of CN, coating prepared at —800 V 100 W and
corresponding Gaussian curves.
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Fig. 3. Hardness curves of CN, coatings measured under (a) single stiffness mode and
(b) continuous stiffness mode.

The hardness of CNy coatings depends strongly on compositions,
bonding states and local structures [19,34,35]. It has been argued
that the hardness of CNy coatings is mainly determined by the
volume fraction of sp> carbon bonding (sp> C—C and sp> C—N) in
the coating [22,36,37]. According to the Raman and XPS analysis
results, the decrease in sp> carbon bonding causes the decreased
hardness of CNy coating in this study.

3.3. Tribological behavior of CNy coatings

Friction curves of CN, coatings sliding against AISI 52100 pins in
N, gas stream are shown in Fig. 4. The friction values in N gas
stream reached steady state after 2000 cycles. The average friction
coefficients of CNy coatings in N3 gas stream, which were calculated
from the final 1000 cycles in the friction test, are summarized in

0.5
Pin: AISI 52100

B8 Plate: CN, on Si (100)
£ 04y 400V 200W
.g Va
£ 0.3
] / -400V 100W
e 0.2
c 0. -800V 200W
o r'd
5 ~_ \
E 01 ¢ -800V 100W

0.0

0 1000 2000 3000 4000 5000

Number of cycles N, cycles

Fig. 4. Friction curves of CN, coatings sliding against AISI 52100 pins in N, gas stream.
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Table 2. The average friction coefficients decreased with increasing
substrate bias voltage and decreasing target sputtering power. The
friction coefficient decreased in the subsequent order: —400V
200 W > —400V 100 W > —800 V 200 W > —800 V 100 W, which
is in the same tendency to that of hardness. The lowest friction
coefficient of 0.12 of CNy coatings in Ny gas stream was obtained
at —800V 100 W.

It was found that higher substrate bias voltage and lower target
sputtering power are beneficial for reducing the friction coefficients
of CNy coatings in N, gas stream. According to the deposition
mechanism, the increase of substrate bias voltage and decrease of
target sputtering power caused a relative increase in nitrogen ion
energy. Therefore, it was clarified that the increase of nitrogen ion
energy in this research is effective in reducing friction coefficients
of CNy coatings in N, gas stream. To clarify the mechanism for the
reduced friction coefficient, the worn surfaces were analyzed by
optical microscopy and Raman spectroscopy.

Optical images of worn surfaces on the AISI 52100 pins after
friction tests in N gas stream are shown in Fig. 5. Tribo-film was
clearly observed on the worn surface of pin. The amount of tribo-
film on the pin surface decreased gradually from Fig. 5(a)—(d)
with the changes in substrate bias voltage and target sputtering
power. In particular, very few amount of tribo-film was observed on
the worn surface of pin after sliding against CNy coating produced
at —800V 100 W.

The formation of tribo-film on the pin surface is closely related
to the tribochemical reactions between the amorphous carbon and
iron in the CNy coating and steel pin, respectively. It is believed that
by removing the iron oxide on the top surface of the steel pin
during the initial sliding process (so-called running-in), strong re-
actions between carbon and iron occur, resulting in the build-up of
tribo-film on the steel pin surface [38]. As can be seen in Fig. 5, it
was assumed that the increase of the hardness of CN, coatings in-
creases the abrasive wear on the pin surface. Consequently, the
severe scratch and removal of the iron oxide on the pin surface
leading to stronger reactions on the contact interface and thus
higher amount of tribo-film on the pin surface. As the hardness of

D peak G peak (tribo-film)
5 \/‘/ G peak (CN,)
& | Tribo-film-P3 <
(]
S Tribo-f\ilm-P4
£ -‘.,-"“/‘\. - Tril:li/o-film-PS
InItIW - x—
800 1000 1200 1400 1600 1800 2000

Raman shift, cm’’

Fig. 6. Typical Raman spectra of tribo-films on the AISI 52100 pin surfaces after sliding
against CN, coatings in N; gas stream. The spectra of initial CN coating and AISI 52100
pin are also shown for reference.

CNy coatings prepared under —800V 100 W (12.4 GPa) is more
closed to that of iron oxide [13,38,39], the iron oxide on the steel
pin surface is hardly removed. Moreover, reaction of the carbon is
more favorable with iron than with iron oxide. Therefore, few
amount of tribo-films were observed on the steel pin surface, as
shown in Fig. 5(d).

Raman spectra of tribo-films on the worn surfaces of pins are
shown in Fig. 6. The Raman spectra of P1 and P2 in Fig. 5(a) can be
found in our previous work [15]. The appearance of D peak and G
peak together with the shift of G peak to a higher wavenumber on
the Raman spectrum suggested the formation of a graphite-like
structure in the tribo-film. The graphite-like structure is neces-
sary for achieving low friction coefficients of less than 0.10 of
carbon-based coatings in N5 gas environment [2,5,6,33,40]. How-
ever, this graphite-like structure is not enough for obtaining low
friction coefficients of hybrid CN, coatings in N, gas environment. It
has been proposed in our recent research that the high friction
coefficients between 0.33 and 0.42 in N, gas stream are due to

Fig. 5. Optical images of worn surfaces on the AISI 52100 pins after sliding against CN, coatings prepared at (a) —400 V 200 W, (b) —400 V 100 W, (c) —800 V 200 W, and (d) —800 V
100 W. The black arrows indicate the sliding direction of the pin. The dotted circles indicate the theoretical contact area on the steel pin surface.
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directly sliding between CNy coating and steel pin surface [15].
With the changes in substrate bias voltage and target sputtering
power, graphite-like structure was still observed on the tribo-film
from the Raman analysis, as shown in Fig. 6. However, it is still
not the key point for the friction reduction, as the amount of tribo-
film on the ball surface decreased with the decrease in friction
coefficient. Especially, the lowest friction coefficient was obtained
with very few amounts of tribo-films on the ball surface, as shown
in Fig. 5(d). Additionally, the Raman spectra of worn surfaces on the
CNy coated silicon plates (not shown here) are identical to that of
the initial CN, coating (as shown in Fig. 6), which suggests that
structural changes are not occurred on the worn surfaces of the
plate. Therefore, it was argued that the friction behavior of hybrid
CNy coating is still controlled by the directly sliding between CNy
coating and steel pin surface, the decrease of friction coefficient is
attributed to the structural changes of CNy coatings.

The role of carbon bonding in the friction mechanism of carbon-
based coating has been extensively investigated in the former
research. In case of a steel ball sliding against diamond-like carbon
(DLC) coating, it has been argued that reaction between sp> C—R
bond (R is macro-radicals) and steel ball leads to strong adhesive
force and causes high friction [41]. From the molecular dynamics
simulation result, it has been argued that preventing the formation
of sp> C—C bond results in the low and stable friction coefficient of
IBAD CNy coating in N, gas environment [42]. Thus, the decrease of
sp> carbon bonding in the hybrid CNy coatings is beneficial for
reducing the friction coefficient in N, gas stream. Furthermore, it
has been clarified that the decrease in the friction coefficients of
CNy coatings prepared by magnetron sputtering can be correlated
to the contribution of the sp? C=N bond in the coating structure
[43]. CNy coatings having the highest sp> C=N/sp? C=C ratio give
the best tribological performance (lowest friction coefficient of 0.14
and lowest specific wear rate of 27.5 x 10~/ mm® Nm~!) in N, gas
environment. Therefore, it was claimed that the decrease of sp>
carbon bonding and the increase of sp? carbon bonding in the
hybrid CN, coatings reduce the adhesive force between the sp?
carbon bonding and carbon tribo-film formed on the steel pin
surface, thus resulting in the reduced friction coefficient in N; gas
stream.

According to the structural changes in hybrid CNy coatings with
the variation of Ny/Ar flow ratio [15], substrate bias voltage, and
target sputtering power, it has been clarified that sp> C=N/sp> C—N
ratio decreases with the increase of Ny/Ar flow ratio and the min-
imum value is 0.7, whereas the sp> C=N/sp> C—N increases with
the increase of substrate bias voltage and the decrease of target
sputtering power and the maximum value is 2.5. On the other hand,
the friction coefficients of CNy coatings sliding against AISI 52100
pins in N, gas stream keep almost constant with the increase in N/
Ar flow ratio, but the friction coefficients decrease greatly with the
increase of substrate bias voltage and the decrease of target sput-
tering power. Therefore, a close relationship between the amount
of sp2 C=N bonding and friction behavior of the hybrid CNy coat-
ings in N, gas stream was confirmed. It was strongly argued that
higher amount of sp?> C=N compared with that of sp> C—N in the
hybrid CNy coatings definitely minimize the adhesion force be-
tween steel pin surface and hybrid CNy coating, thus leading to low
frictions of hybrid CN, coatings in N, gas stream.

It has been clarified that increase of sp> C=N/sp> C—N is
favorable for reducing the friction coefficients of CNy coatings in No
gas stream. Therefore, it can be summarized that substrate bias
voltage and target sputtering power are more effective than N»/Ar
flow ratio for preparing hybrid CNy coatings with low friction
performance, which suggest that control of nitrogen ion energy
in the coating process is an effective pathway for obtaining
CNy coatings with outstanding mechanical and tribological

performances. Moreover, the increase of nitrogen ion energy fa-
cilitates the formation of sp> C=N bonds in the CN, coatings and
the detailed mechanisms will be clarified in our future work.

4. Summary

Effects of substrate bias voltage and target sputtering power on
the structural and tribological properties of CN, coatings prepared
by a hybrid coating process with the combination of RF PECVD and
DC magnetron sputtering have been investigated in this study. The
main results are concluded as follows.

(1) With the increase of substrate bias voltage and the decrease
of target sputtering power in the order of —400V
200W, —400V 100 W, —800V 200 W, and —800V 100 W,
the deposition rate decreases from 6.0 to 1.6 nm min~!, N/C
atomic ratio decreases from 0.15 to 0.10, and hardness of CNy
coatings measured under single stiffness mode decreases
from 15.0 to 12.4 GPa, whereas the residual stress of CNy
coatings increases from 3.7 to 4.4 GPa. The highest hardness
of 15.0 GPa and the lowest residual stress of 3.7 GPa of CNy
coatings are obtained at —400V 200 W.

(2) Friction coefficients of CNy coatings sliding against AISI
52100 pins in Ny gas stream decrease greatly from 0.33 to
0.12 with the increase of substrate bias voltage and the
decrease of target sputtering power. The lowest friction co-
efficient of 0.12 of CN, coatings in N5 gas stream is achieved
at —800V 100 W.

(3) It is clarified that sp> carbon bonding decreases and sp?
carbon bonding increases with the increase of substrate bias
voltage and the decrease of target sputtering power. The
reduction of friction coefficient is attributed to the decrease
of sp> carbon bonding in the CNj coating.
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