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Electrochemical and Tribological Properties of TiSICN Coatings in Coolant
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TiSiCN coatings were prepared using DC and RF magnetron co-sputtering system. The influence of target powers on
phase structures, mechanical properties, tribological and electrochemical properties were studied. The results indicated
the coatings presented an amorphous structure, and the highest microhardness of 1566.4 HV was obtained at a target
power of 200 W. In terms of the electrochemical properties in coolant, the higher charge transfer resistance of 2.64 x 107
Qcm? and the polarization resistance (~1.10 x 108 kQ.cm?) were obtained at low target power, indicating a better
corrosion resistance. Furthermore, the friction coefficient was 1.01 ~ 1.14 as sliding against SUS440C balls in air. In
contrast, the friction coefficient decreased to 0.45 ~ 0.58 in coolant, and the wear mechanism changed from oxidation

wear into abrasive wear.
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1. INTRODUCTION

It is well-known that the TiN or TiCN coating is
widely used for cutting tools, however, the low oxidation
resistance (about 500 °C) inhibits their application in high-
speed machining (about 8001200 °C) [1, 2]. It was found
that doping silicon in TiN-based coating (eg. TiN or TiCN
coating) could improve the corresponding hardness,
oxidation resistance and friction behavior [3-5].
Especially, in terms of quaternary TiSiCN coating, the
nanocrystallites of Ti(C, N) and some amorphous phases,
eg. a-SisN4, a-SiC, a-SiCN and a-C, could be formed in
TiSiCN coating simultaneously, which usually combined
the advantages of TiCN and TiSiN coatings. Accordingly,
the influence of the preparation conditions and chemical
compositions (eg. silicon or carbon content) on the
microstructure and mechanical properties of the TiSiCN
coating has been investigated [4 —7]. For example, Ref. [8]
has reported that a higher hardness of 42.9 GPa was
obtained for TiSICN coatings as compared with TiCN
coating (17.3 GPa). Ref. [7] also reported that the
TiSig2at99CN coatings presented the highest hardness of
4100 HV as compared with TiSie aw%-s atoN coating
(3700 HV), and the oxidation stability temperature for the
TiSiaa%)CN coating also upped to 900 °C. In addition, the
influence of carbon content (6.9-22.2at.%) on
microstructure and mechanical property also was discussed
[6], the nanocrystallite of TiN, TiC and Ti(C, N) was
formed in TiSICN coating as well as a-SisNg4, a-SiC and
little a-C, the maximum hardness of 39.8 GPa was
obtained for TiSICN coating at a carbon content of
11.9 at.%.

In terms of tribological properties of TiSiCN coating,
the friction behavior in air was usually improved due to the
lubrication of amorphous carbon phase by graphitization.
For example, with an increase in carbon content, the

* Corresponding author. Tel.: +86 25 85427674; fax: +86 25 85427674.
E-mail address: wzwlsky@163.com (Z. Wu)

159

friction coefficient of the TiSiCN coatings decreases from
0.51 to 0.16 as sliding against ZrO, balls, which was
attributed to the low shear strength of the graphitic sp?
clusters embedded in the amorphous carbon [6]. When the
tribo-test was performed in water, the low fiction
coefficient and wear rate also were obtained because of the
lubrication of hydrated silica gel that generated from
frictional oxidation of silicides [9, 10]. For example, after
doping silicon into TiCN coating, the friction coefficient of
TiSICN decreased from 0.52 to 0.21 as sliding steel ball in
air due to tribochemical reactions of amorphous phases
[11]. In addition, Wang et al. [12] studied the effect of bias
voltage on the properties of TiSiCN coating prepared using
arc ion plating technique, the results indicated that the
hardness of the TiSICN coating gradually increased from
28.3 GPa to 38.4 GPa as the bias voltage increased from
—20V to —100V, and an improving wear resistance was
also observed as sliding against ZrO, balls in seawater
lubrication. Especially, for the dynamic impact tests in
different condition (eg. in distilled water and in NaCl
solution), the TiSiCN coating presented a superior
performance in impact tests than TiCN coating, because
the hydrodynamic and corrosion effect could accelerate
coating failures and the dense structures were thus a key
reason to improve their impact wear [8]. For the corrosion
resistance, some Refs. [8, 13] reported that the protection
for silicon oxides passivation layers could improve the
corrosion resistance of coating after doping silicon into
TIiICN or CrCN coating. For example, the corrosion
resistance of TiSiCN coating increased from 1.7 x 10 MQ
to 46.2MQ in 0.6 mol NaCl solution with increase in
substrate powers densities, indicating an improving
corrosion resistance [14]. In addition, the tribocorrosion
properties of TiSiCN coatings have been investigated in
seawater [6, 12], the result indicated that sliding caused a
significant negative drop in OCP because the passive film
was destructed by sliding behavior, and corrosion could
accelerate the deterioration of materials in tribo-test.
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As tool material for the TiN-based coating, which
usually subjected the wear and corrosion simultaneous in
water-based coolant. Therefore, it is necessary to study the
electrochemical and tribological properties of TiSIiCN
coatings in coolant. However, Ref. [8] has pointed out that
the separate studies on friction and corrosion properties of
coating was a reliable experimental method to assess either
a mechanical or electrochemical effect because the
tribocorrosion could result in an accelerated material
degradation  [15]. Thus, the tribological and
electrochemical properties of TiSICN coating were
discussed in coolant separately.

2. EXPERIMENTAL DETAILS
2.1. Deposition of TiSiCN coatings

TiSiCN coatings were deposited on 316L stainless
steel substrate and Si (100) disks using DC and RF
magnetron co-sputtering system (Diamant-MINI-12). The
Ti and SiC targets with a purity of 99.9 % were installed
on the DC target and the RF target, respectively. In order
to eliminate the interference of the gas (air, steam, etc.) in
the deposition chamber, the chamber was first evacuated to
4 x 10 Pa, and then the substrates were cleaned with Ar
plasma sputter generated by glow discharge at a bias
voltage of —450V along with Ar flow of 16 sccm for
10 min. A pure Ti interlayer was first deposited on
substrates for 30 min at a DC target power of 100 W with a
negative bias voltage of 150 V. Usually, the N* ion energy
was mainly influenced by the bias voltage. If the bias
voltage was below (<—40V), the coating microstructure
became porous owing to the insufficient ion bombardment,
while high bias voltage could lead to the coating
delamination because of high inert stress. Thus, the bias
voltage was set to —150V. In addition, appropriate
substrate heating could remove the impurities (e.g. water
vapor) on the substrate and improve the adhesion between
coating and substrate, thus the substrate temperature was
set at 150 °C. Subsequently, the TiSIiCN coatings were
deposited for 3hours by adjusting RF target power
(100 W, 150 W, 200 W, 250 W) in a mixed gas of Ar and
N2 (16 and 15 sccm). The TiSiCN coatings were named as
TiSiCN-100, TiSiCN-150, TiSiCN-200, TiSiCN-250
according to RF target power.

2.2. Microstructure and mechanical
characterization of TiSiCN coatings

The crystal phase of TiSICN coatings was
characterized using X-ray diffractometer (XRD, Ultima
IV, Japan) with CuKa radiation source (A = 0.1542 nm) at
a scan rate of 5°/min from 20° to 80°. The thickness of
coating and element content were observed by a field
emission scanning electron microscope (SEM) (JEOL-
JSM-7001F) equipped with EDS (Inca Energy 350,
Oxford, UK). The surface roughness and depth of
indentation for TiSiCN coating were measured by atomic
force microscopy (AFM, Dimesion Edge, Germany)
operated in semi contact (tapping) mode with a SisN4
probe. The microhardness was tested by microhardness
tester (HVS-1000, china) with a 120° diamond probe, a
load of 9.8 mN was applied and held for 10 seconds. And

then the microhardness of the coatings was calculated
automatically according to the four point measurement
method. The adhesion strength of TiSICN coatings with a
thickness of about 1.2 um was measured using a scratch
tester (WS-2005, Scratch Tester, China) equipped with a
hemispherical diamond tip (R =0.2 mm). In the testing
process, the applied load, sliding speed and wear track
length were set as 20 N, 20 N/min, 3 mm, separately. The
scratch tests were repeated for three times to obtain the
average value.

2.3. Electrochemical and tribological properties of
TiSiCN coatings

The electrochemical tests of TiSICN coatings were
performed using a standard three electrode electrochemical
cell in coolant. The chemical composition of water-based
cutting fluid was listed in Table 1. The TiSiCN coatings on
Si (100) wafers were cut into 2 cm square specimens, after
a copper wire was connected on coating by conductive
carbon tape, which was enveloped by 704 silicon rubber
with an exposure area of 1 x 1 cm? The electrochemical
impendence spectroscopy (EIS) tests were tested at an AC
excitation of 10 mV over a frequency range of 1 mHz to
100 kHz after 1 hour of open circuit voltage (OCP) testing.
Subsequently, the potentiodynamic polarization tests were
performed as the voltage varied from —1V to 1V at a
sweep rate of 20 mV min™. The polarization resistance
(Rp) of coatings was calculated using Stern-Geary Eg. 1
[16].
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where the f. and p. are the Tafel anodic and cathodic
slopes, the corrosion current density (icorr) was deduced
by the Tafel extrapolation from the curves.

The tribo-test sliding against SUS440C balls was
performed using ball-on-disk tribometer in air and in
coolant, separately. The applied load, sliding speed and
sliding distance were set to 2 N, 0.1 m/s and 500 meters
separately. In addition, the diameter, hardness, elastic
modulus and surface roughness of SUS440C ball was
8 mm, 7.2 GPa, 204 GPa and 53.3 nm.

@)

Table 1. Chemical composition of water-based cutting fluid

Designation Content
H20 500 ml
(HOCH2): 983.12 ml
Na2B407.10H20 50 ¢
NazSiO3-5H20 16.67 g
NasPO4 3.33¢g
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3. RESULTS AND DISCUSSION

3.1. Microstructure and mechanical
characterization of TiSiCN coatings

As seen in Fig. 1, only a preferred diffraction peak was
obtained around 28°, which was the diffraction peak of
silicon substrate, indicating that the TiSICN coatings
presented the amorphous structure. Table 2 shows the
element concentration of TiSiCN coatings. With an




increase of SiC target powers, the C and N content all
showed an increasing trend. Though the content of Si
decreased from 73.2 at.% to 55.2 at.%, which still kept a
high concentration. As a result, there was a high content of
amorphous SisN4 and SiC as well as free silicon in the
coating, which resulted in the amorphous structure of the
coating.
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Fig. 1. XRD spectrum of TiSiCN coating

Just as shown in Fig. 2 a, the mean thickness was
about 1.2 + 0.1 um for all TiSICN coatings according to
images. The depth of indentation was about
test

SEM
150 nm according to AFM
which was less than coating thickness.

in  Fig.2b,

99.3 nm

b

Fig. 2. a—cross sectional image; b—depth of indentation of
TiSiCN-50 coating

Thus, the substrate has little effect on coating
hardness. The microhardness of the coatings gradually
increased (1152.6 HV—1192.2 HV—1566.4 HV) with an
increase in target power from 100 W to 200 W, and then
decreased to 1229.2 HV at a target power of 250 W. The
change of microhardness was related to the content of
amorphous SisNs and SiC phase in the coating [9-11].

When TiSiCN coating was deposited at 250 W, the content
of C and N increased to maximum value 11.7 at.% and
13.5at.% separately. That result indicated more
amorphous SisN4 and SiC phase were formed in TiSiCN-
250 coating, which caused a decline in hardness.

Table 2. Element concentration of TiSiCN coatings deposited at
different SiC target powers

Coatings Ti, at.% Si, at.% C, at.% N, at.%
TiSiCN-100 19.0 73.2 6.7 1.1
TiSICN-150 19.9 67.7 9.2 3.2
TiSiCN-200 19.7 66.2 8.8 5.3
TiSiCN-250 19.5 55.2 11.7 135
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Fig.3 shows the acoustic emission (AE) signals and
optical micrographs of scratches in scratch tester. The
critical load was determined by the intensity of AE signals
and friction force. As seen the AE signals in Fig. 3, the
sudden appearance of AE signal indicated the occurrence
of micro-cracks of coatings, the corresponding critical load
(Lc1) increased from 1.1 N to 2.8 N with an increase in
target power. However, the low intensity of AE signals
was affected by surface roughness occasionally was
pointed out [17]. To observe the change of AE intensity, a
sharp amplitude of AE signals appeared after a gradual
increasing intensity of AE signals with an increase of
applied loads, which indicated that the large cracks and
local spalling on coatings occurred now [17]. Similarly,
some it was also reported [8, 18] that the coating suffered a
serious spalling failure in such conditions. As seen the
friction force curve in Fig. 3 a, its slope changed on the
corresponding critical loads of L. In terms of optical
micrographs of scratch in Fig. 3 e, the critical loads of L,
was located at the position of the coating delamination.
According to friction force curves and optical micrographs
of scratch in Fig. 3 f, the critical loads of L., increased
from 10.5 N to about 13 N, which indicated that TiSiCN
coatings deposited at high target powers presented a
preferable adhesion strength.

3.2. Electrochemical properties of TiSiCN coatings

The Nyquist plots and Bode plots of TiSiCN coatings
in coolant are illustrated in Fig. 4. As seen in Fig. 4 a, the
incomplete capacitive reactance arcs were observed, and a
larger radius of capacitive reactance arcs was obtained for
TiSICN-250 coatings, indicating a better corrosion
resistance [13]. In addition, a higher modules of impedance
(1Z]) was obtained for TiSiCN-250 coatings at a low
frequency range (10°~10°Hz) in Fig.4b. In terms of
phase angle in Fig.4c, there was not any regular changes
for coatings at the low frequency range. The phase angle of
TiSICN-100 and TiSiCN-200 coating decreased at a low
frequency range (10°~10° Hz). In contrast, the phase angle
of TiSICN-250 coating increased from 20° to 80° at the
frequency range of 10-3~10' Hz, indicating that which
could play an ideal capacitor to prevent from electrolyte
attacking in a broader frequency ranges [19]. As read in
Ref. [13], the equivalent circuit (EC) for TiSiCN coatings
has been described, where the annotation of the component
also was explained in detail. The corresponding values of
each component in EC were fitted using Zsimpwin
software and listed in Table 3.
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Table 3. Characteristics of the equivalent circuits derived from the EIS spectra in cutting fluid
Coatings Rs, Qcm? | (CPE-Yo)po, Fcm? | (CPE-n)ro | Rpo, Qcm? (CPE-Yo)ro, Fcm2 | (CPE-n)ai Ret, Qcm?
TiSiCN-100 16.80 6.14 x 106 0.66 1.70 x 105 1.71 x 10 0.87 1.31 x 107
TiSiCN-150 15.56 1.18 x 106 0.80 1.77 x 10° 3.51x10° 0.75 2.64 x 107
TiSiCN-200 15.79 2.27 x 10°® 0.74 2.16 x 10° 1.24 x 105 0.77 1.95 x 107
TiSiCN-250 16.32 2.36 x 107 0.96 5.92 x 10° 8.27 x 10°® 0.73 1.89 x 107
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The pore resistance (Rpo) values increased from
1.70 x 10° Qcm? to 5.92 x 10° Qecm? with an increase in
target power, thus the dense microstructure in TiSIiCN
coating was formed at high target power. For the charge
transfer resistance (R¢), a higher value of 2.64 x 107 Qcm?
was obtained for TiSICN-150 coating, indicating a better
anti-corrosion ability.
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Fig. 5. Polarization curves of TiSiCN coatings in coolant

In order to evaluate the kinetic information on
corrosion performance, the potentiodynamic polarization
test was performed after EIS testing in coolant. The
polarization curves were shown in Fig. 5, the R, was
calculated according to Eq. 1 and listed in Table 4. The
TiSICN-100 and TiSiCN-150 coatings displayed lower
corrosion current densities (icor = 3.71~3.73 x 101% A/cm?)
than other two coatings. This implied that the corrosion
rates of TiSICN-100 and TiSiCN-150 coating were lower
than other two coatings during polarization process [20].
Furthermore, the higher R, values (~1.1 x 108 kQ-cm?)
also were obtained for TiSiCN-100 and TiSiCN-150
coatings, which indicated that TiSiCN-100 and TiSiCN-
150 coatings possessed better corrosion resistance than
other two coatings. As a result, the TiSICN coatings
deposited at low target powers presented a better corrosion
resistance in coolant.

Table 4. Results of potentiodynamic polarization tests

Coatings  |Ecorr, V| icorr, Alcm? | Ba, V | Be, V | Rp, kQ-cm?
TiSICN-100 | -0.70 | 3.71x10° | 0.28 | 0.14 | 1.10x108
TiSiCN-150 | -0.60 | 3.73x10° | 0.21 | 0.16 | 1.08x108
TiSICN-200 | -0.67 | 1.17x10° | 0.45 | 0.16 | 4.38x107
TiSICN-250 | -0.68 | 8.28x10° | 0.23 | 0.13 | 4.36x107

3.3. Tribological properties of TiSiCN coatings

The friction behavior of TiSICN coatings sliding
against SUS440C balls in air and coolant was shown in
Fig. 6. As seen in Fig. 6 a, a low friction coefficient was
obtained in running-in period accompanied with a short
running-in distance. That result was attributed to their low
surface roughness [21]. According to AFM tests, with an
increase of target powers, the average roughness (Ra) for
TiSiCN coatings was 2.91 nm, 0.67 nm, 1.10 nm, 0.88 nm,
respectively. Thus, there was no obvious difference in
friction coefficient within 50 meters sliding distance due to
their low R, values. The friction coefficient curves
fluctuated greatly in air than that in coolant. The friction
coefficient was steady at 1.01 ~1.07 after running in
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period except for TiSICN-150 in Fig. 6 a. In contrast, the
friction coefficient decreased to 0.44 ~ 0.58 in coolant. As
seen in Fig. 6 b, with an increase in target power, the
mean-steady friction coefficient increased from 1.01 to
1.14 first and then slightly decreased to 1.06 and 1.05 in
air. While the lowest friction coefficient of 0.44 was
obtained for TiSiCN-200 in coolant. The decreasing
friction coefficient was attributed to the lubrication of
sodium silicon and sodium borate in coolant. As seen in
Fig. 7, the black wear tracks on TiSiCN coatings were
observed as sliding against SUS440C balls in air (Fig. 7 a
and b), indicating that the wear tracks were covered by
tribo-layer. Similarly, also reported [10] that a large
amount of iron oxide (Fe;O3) adhered on the wear track of
CrSiCN coatings as sliding against SUS440C balls due to
the low hardness and poor coefficient of TiSICN coatings
sliding against SUS440C balls antioxidant properties of steel
balls.
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Fig. 6. a—friction behaviour; b—mean-steady friction

In that case, the iron oxide adhered to wear tacks to act
as the grinding medium and then resulted in high friction
coefficient. In addition, the deep scratches and large wear
radius were observed on the wear scar of SUS440C ball in
Fig. 7 b. Thus, the wear mechanism was dominated by
mechanical wear and oxidation wear in air. In contrast, the
abrasive wear scars (grooves parallel to sliding direction)
were observed as testing in coolant, and the width of wear
tracks also became narrowed. In addition, the radius of
wear scars on SUS440C balls decreased as compared with
that in air. Under the lubrication of coolant, the wear debris
was easy to dissolve in coolant and lost its protective
function, the titanium dioxide particles formed in friction
progress to play a cutting role not only on the steel ball but
also on the coatings, thus the scratches were observed on
the tribopairs in Fig. 7 c and d. In that case, the wear
mechanism changed into the abrasive wear.
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Fig. 7. Optical photographs of wear tracks for TiSICN/SUS440C tribopairs: a, b— TiSICN-150/SUS440C in air; ¢, d— TiSiCN-
150/SUS440C in coolant

. CONCLUSIONS

When the SiC target powers increased from 100 W to
250 W, the C and N content all increased, while the Si
element kept a high concentration (55.2 ~ 73.2 at.%).
As a result, the TiSIiCN coatings presented an
amorphous microstructure.

The highest microhardness of 1566.4 HV was
obtained for TiSICN-200 coating. And the adhesion
strength of coatings was improved with an increase of
target power.

For the influence of lubrication conditions, the friction
coefficient decreased from 1.01~1.14 in air to
0.45 ~0.58 in coolant, and the wear mechanism also
changed from oxidation wear to abrasive wear.

The high Rt and Ry values were obtained for TiSiCN-
150 coating, indicating a better anti-corrosion ability
in coolant.
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