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Mechanical performance and corrosion behavior of TiAISIN/WS, multilayer
deposited by multi-plasma immersion ion implantation and deposition and
magnetron sputtering
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Abstract: To reduce the friction coefficient of the superhard TiAISiN composite coating, TiAISiN/WS, multilayers were synthesized
by multiple plasma immersion ion implantation and deposition as well as radio-frequency (RF) magnetron sputtering. X-ray
diffraction (XRD), scanning electron microscopy (SEM), Raman spectrum, nano indentation, tribological and electrochemical tests
were employed to characterize the microstructure, mechanical properties and corrosion behavior of the as-deposited multilayers.
SEM results reveal that the TiAISiN/WS, multilayers have a good periodicity. Nano indentation results show that the nanohardness
of TiAISiN/WS, multilayers is between that of the TiAlISiN and WS, coatings. Tribological tests prove that the friction coefficient of
the TiAISiN/WS, multilayers is lower and more stable than that of the TiAlSiN coating. In addition, the TiAISiN/WS, multilayers

show excellent corrosion resistance and the corrosion current density decreases obviously at a relative small modulation period.
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1 Introduction

In recent years, nanocomposite coatings (TiAIN,
TiSiN and TiAlISiN) with hardness higher than 40 GPa
have attracted extensive attentions because of their
unique mechanical, chemical and wear properties [1-5].
Unfortunately, these coatings usually lack lubricating
properties and exhibit a relatively high friction
coefficients (0.6—1.0) at room or elevated temperatures
[6—8]. Since a low friction coefficient can effectively
reduce the contact temperature during the high speed and
dry cutting process, nanocomposite coatings with super
hardness and self-lubrication properties have great
potential for improving the lifetime and the performance
of cutting tools. Some researchers have mixed carbon
into the composite coating and obtained a low friction
coefficient [9—12].

Tungsten disulphide (WS,) has been used widely in
space applications due to its extremely low friction
coefficient and long lifetime [13—14]. However, since the
structure of tungsten disulfide (WS,) is similar to that of
molybdenum disulfide (MoS,), its wear resistance
deteriorates significantly when it is working in humid
atmosphere [15—16]. Pervious study proposed that the

MoS,/Ti multilayer structure was beneficial for
increasing the resistance of the MoS, film to the moisture
attack [17]. In order to reduce the friction coefficient of
the TiAISIN coating as well as increase the resistance to
moisture atmosphere, TiAISIN/WS, multilayer coatings
were fabricated and their mechanical performance and

corrosion behaviors were studied.
2 Experimental

Si (100) wafer and polished M2 (W18Cr4V) tool
steel were used as substrates. Fabrication of the
TiAISIN/WS, coating was carried out in a multi-purpose
plasma immersion ion implantation and deposition
facility [18]. The TiAlISiN layer was fabricated by the
multi-cathode plasma source using pure Ti (99.9%) and
SiAl alloy (70%:30%, mass ration) cathodes. The WS,
layer was obtained by the radio-frequency (RF)
magnetron sputtering system. By controlling the working
time of the multiple-cathode arc plasma source and the
sputtering target, TiAISIN/WS, multilayer coatings with
various modulation periods were obtained. The
parameters for synthesizing the TiAISIN layer are
displayed as follows: a pressure (N,) of 0.3 Pa, a pulse
bias voltage of 20 kV, a pulse repetition frequency of 50
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Hz, a pulse bias voltage duration time of 60 us, a pulse
duration time for the Ti cathode of 2 ms, a pulse duration
time for the SiAl cathode of 2 ms. The WS, layer was
deposited using the following parameters: a RF power of
600 W, a pressure (Ar) of 2 Pa, a bias voltage of 6 kV, a
pulse repetition frequency of 100 Hz, a bias voltage
duration time of 60 ps. The further processing
parameters for different multilayers are shown in Table 1.

Table 1 Processing parameters of different samples

Deposition time Deposition time

Sample Modulation

of each TiAISiN  of each WS, . Cycle
No. . . period/nm
layer/min layer/min

TO - 240 - 1
N 240 - - 1
W1 5 10 100 24
w2 20 40 600 6

The crystalline structure of the films was

determined by X-ray diffraction (XRD, Philips-X’pert)
with Cu K, radiation, and the diffraction angle was
scanned from 20° to 90°. A high-resolution field
emission scanning electron microscopye (SEM, FEI-
Quanta—200) was used to study the cross sectional
microstructure of the coatings. A MTS XP nano-
indentation system was used to measure the
nanohardness of the coatings in a mode of continuous
stiffness measurement, and six indentations were
conducted in each sample. The tribological properties
were characterized by a ball-on-disc test with a load of
2 N on the sample through a 6.3 mm Si;N, ball, and a
line speed of 7.5 m/min was used during the test. The
wear tracks of the coatings were observed by an optical
microscope (OLYMPUS-PMG3). In addition, Raman
spectroscope was used to characterize the structure of
wear tracks. Corrosion properties of all films were
evaluated by the anode polarization curve tests in a
saturated 3.5% NaCl solution with high purity graphite
as the counter cathode, and a saturated calomel electrode
(SCE) as reference electrode.

3 Results and discussion

3.1 Composition and microstructure

Figure 1 displays the XRD patterns of all samples.
According to XRD results, the preferred orientation in
the TiAISiN coating is TiN(200). The coating in sample
W1 also exhibits a TiN structure and no obvious WS,
peak can be found. However, the coating in sample W2
exhibits a strong WS, peak and the intensity of TiN peak
decreases greatly. This structural transformation of
TiAISIN/WS; multilayer may be attributed to the damage
effect by a high energy ion implantation [17—18]. For

sample W1, because the WS, layer is very thin (<60 nm),
high energy ion bombardment in the deposition process
will change WS, to be an amorphous phase. However,
since the coating in sample W2 has a thick WS, layer
(>400 nm), high energy ion bombardment has negligible
influence on the structure of WS,. Consequently, a large
intensity of WS, peaks can be found in sample W..
Figure 2 presents the cross-sections of samples TO
and W1 on Si wafer. According to Fig. 2(a), the TiAISIN
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Fig. 1 XRD patterns of samples TO, W1 and W2
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Fig. 2 SEM cross-sectional micrographs of samples TO (a) and
W1 (b)
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coating shows a typical columnar structure. However, the
cross section of the TiAISiN/WS, multilayer shown in
Fig. 2(b) exhibits an obvious layered structure formed in
the coating. In addition, because a high energy ion
implantation was applied during the layer deposition, the
interface between adjacent layers was not very clear.

3.2 Mechanical properties

Figure 3 shows the nanohardness of all samples.
The TiAISiN coating (sample T0) has a high hardness of
35 GPa. The WS, coating has a low hardness of 5 GPa.
The hardness of the TiAISiN/WS, multilayer with the
modulation period of 100 nm is about 16 GPa, and it
decreases to 11 GPa as the modulation period increases
to 600 nm.
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Fig. 3 Hardness of all samples

Figure 4 shows the friction coefficient curves of all
samples. The WS, coating exhibits excellent wear
performance and its friction coefficient is about 0.11. The
TiAISIN coating shows a high friction coefficient of
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Fig. 4 Friction coefficient curves of all samples

about 0.82. The TiAISiN/WS, multilayer coating exhibits
an improved wear performance, and the friction
coefficients of samples W1 and W2 are about 0.53 and
0.34, respectively, which is lower than that of the
TiAISiN coating.

Figure 5 shows the wear tracks of samples TO and
W1 as well as corresponding SizN, balls. According to
Figs. 5(a) and 5(b), the width of the wear track in sample
TO is about 640 um and the diameter of the wear track on
the corresponding Si;Ny4 ball is about 650 pum. Figures
5(c) and 5(d) reveal that the width of the wear track is
about 420 um and the diameter of the wear track on the
corresponding SizN4 ball is about 450 um. Comparing
the friction curves and wear tracks of sample TO with W1,
it is clear that the TiAISIN/WS, multilayer exhibits
excellent wear and self-lubricating
properties.

Figure 6 shows the Raman analysis for the wear
track of sample W2. Peaks at 340, 410 and 550 cm'
prove the presence of WS, inside the wear track.
However, WO, peaks at 650 and 801 cm ' also present
inside the wear track, which should be deduced from the
oxygen pollution during the deposition process. Based on

performance

the tribological and Raman results, the self-lubricating
properties of the multilayers should be originated from
the introduction of the WS,.

Figure 7 shows the anode polarization curves of all
samples. The corrosion current densities and corrosion
potentials derived from these curves are listed in Table 2.
It can be found that the corrosion current densities of
samples W1 and W2 are lower than that of samples TO
and SO. Sample W1 with the modulation period of 100
nm possesses the lowest corrosion current density.

Table 2 Corrosion potentials and corrosion current densities

Sample Cono§ion Current deznsity/
potential/V (A-cm?)
TO -0.707 4.378x107*
S0 -0.721 5.323x107*
Wi —0.685 5.972x107
W2 -0.703 3.635x107

Figure 8 exhibits the surface morphologies of
samples TO, SO and W1 after the anode polarization
curve tests. It is obvious that a larger amount of big and
deep corrosion pits are formed on the surfaces of samples
TO and SO. However, the surface of the sample W1 is
smooth and few corrosion pits can be found. In
accordance with the anode polarization curves and
optical images, it can be found that the TiAISIN/WS,
multilayer coatings possess excellent corrosion resistance.
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In general, the TiAISIN coating possesses a
columnar structure, which usually contains a lot of
growth defects, such as holes and interstices. In addition,
the WS, coating synthesized by magnetron sputtering has
similar structure. Apparently, these growth defects and
low surface density will provide corrosive channels and

eventually lead to the reduction of corrosive nature.
However, the TiAISIN/WS, multilayer coatings contain a
lot of interfaces, which can effectively prevent the
formation of columnar structure and large growth defects.
Therefore, the TIAISiN/WS, multilayer coatings possess
excellent anti-corrosion properties.

Fig. 5 Wear tracks of different samples after friction tests: (a) Sample TO; (b) Corresponding Si;Ny balls to sample TO; (¢) Sample

W1; (d) Corresponding SizN, ball to sample W1
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Fig. 6 Raman spectroscopy result inside wear track of sample
W2
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Fig. 7 Potential dynamic polarization curves of all samples
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Fig. 8 Corrosion morphologies of samples TO (a), SO (b) and
W1 (¢)

4 Conclusions

1) The TiAISiN/WS, multilayer coatings fabricated
by multi plasma immersion ion implantation as well as
the magnetron sputtering possess a typical layered
structure.

2) The nanohardness and friction coefficient of
TiAISiN/WS, multilayer coatings are both between those

of the TiAISiN and WS, coatings.

3) The TiAISiN/WS, multilayer coatings present
excellent corrosion resistances and the corrosion current
density decreases with the modulation period.
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