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Abstract: WS,/a-C multilayer films with different layer thickness ratios and the
modulation period of ~50 nm were prepared on monocrystalline silicon substrate by
magnetron sputtering method. The morphology, microstructure and composition of
the films were characterized by using scanning electron microscopy (SEM), X-ray
diffractometry (XRD), energy dispersive X-ray spectroscopy (EDS) and Raman
spectroscopy. The surface chemical states under different etching conditions were
investigated by X-ray photoelectron spectroscopy (XPS) depth profile technique. The
hardness, the adhesion to the substrate and the tribological properties of the films
under various test environments were evaluated by means of nano-indentation,
scratching tester and ball-on-disk tribometer. The results showed that a WS, phase
with (101) preferential orientation was formed in WS, sublayer and the WC phase
was not present at the WS,/a-C interface. The effects of L, /Lws, ratio on the

microstructure of as-prepared films were negligible while the effects on the
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mechanical and tribological properties of the film were significant. An increased
hardness (the maximum of ~2.2 GPa) and a decreased adhesion were found in the
multilayer films. The WS,/a-C multilayer films were of the best wear resistance in
vacuum (the minimum of 5.7x10™"° m®> N"'m™) and exhibited much better tribological
properties than a single WS, film in various test environments.

Keywords: WS,; a-C; multilayer film; friction and wear; magnetron sputtering

1. Introduction

As a solid lubricant, WS; has been widely used in low temperature and aerospace
environments due to its excellent performance of high bearing capacity, low friction
coefficient, high wear resistance and so on [1, 2]. However, the friction coefficient
increases and the wear resistance deteriorates greatly when it serves in humid air. The
main reason is that the dangling bonds on the edge of WS, crystals are more
chemically active and can easily be oxidized in oxygen or humid atmosphere [3-5],
which limits the scope of its application.

Recent studies showed that the addition of metallic elements to WS, film such as
Cr [6], Ag[7, 8], Cu[9], Ti [10] could densify the film, thereby increase the hardness
and the adhesion to substrate and improve the wear resistance of the film. The doping
of nonmetallic elements such as C and/or N [11-15] could destroy the columnar
morphology, greatly increase the hardness and adhesion of the film due to the
presence of W-C and/or W-N phase and lead to a significantly improved wear

resistance. Moreover, the WC/DLC/WS; nanocomposite film [16, 17] also showed a



better tribological performance than WS, film.

Since the nanometer-scale multilayer film was expected to exhibit good
mechanical properties, the WS,/MoS, multilayer films [18-20] were also investigated.
The relevant results showed that the WS,/MoS, multilayer films were of low friction
coefficients and long endurance life in comparison to those of the individual
single-layer materials in atmosphere and/or in vacuum. Based on the results above
and the excellent tribological properties of amorphous carbon (a-C) in humid air [21],
the addition of a-C layer to WS, film is expected to fabricate a WS,/a-C multilayer
film with better tribological performance in humid air. In this paper, the WS,/a-C
multilayer films with various layer thicknesses ratios of a-C to WS; (i.e. Lo.c/Lwsy, or
modulation ratio) have been prepared by RF magnetron sputtering technique. The
microstructure and tribological properties of the films in vacuum, in humid air and in
distilled water have been investigated. Also, the effects of L, c/Lws, on microstructure,
mechanical and tribological properties of the films and the role of the a-C sublayer

have been discussed.

2. Experimental
2.1 Film preparation

WS,/a-C multilayer films were deposited on Si (111) wafer substrates by
sputtering alternately WS, target (99.9 wt.% in purity, 60 mm in diameter) and
graphite target (99.99 wt.% in purity, 60 mm in diameter) in Ar gas atmosphere. The

silicon substrate was degreased ultrasonically in acetone and absolute alcohol for 15



min in each solvent, then etched in an aqueous solution of HF (10 vol.%) for 20 min
and rinsed with distilled water. After being dried with nitrogen gas, the substrate was
loaded rapidly into the vacuum chamber (JGP-450 fast ion plating apparatus) in which
the spinning substrate can be switched to the position in front of each target. Before
deposition, the chamber was evacuated to 1x10~ Pa. The depositions were performed
at room temperature. The pressure of Ar gas (99.999 wt.% in purity) was fixed at 1.0
Pa and the sputtering power was set at 80 W for graphite target and 90 W for WS,
target. A pulsed DC bias voltage of -50 V (duty factor 50%) was applied to the
substrate during the deposition. The multilayer film samples were deposited by
controlling the exposure time of the substrate to the graphite target or WS, target. The
computer-operated target baffle in front of the target was used to control the exposure
time. The baffle was quickly opened at the beginning of the deposition and closed at
the end of the deposition duration of the target, and then the substrate was switched to
the position in front of the other target. The plasma was always turned on during the
deposition and the WS, sublayer was deposited firstly. The modulation period was
about 50 nm. The layer thickness ratios L, c/Lws, of 1:39, 1:19, 1:9, 3:20 and 1:4
inside each period have been studied. The layer thickness ratio was calculated
according to the measured thickness of WS, sublayer and the deposition rate of a-C
sublayer (due to a constant rate of 2.0854+0.037 nm/min). The total number of
modulation periods was 20 and consequently the total thickness of the films was
around 1 pm. For comparison, a single WS, film (3.3 um in thickness) and single a-C

film (0.45 pm in thickness) were prepared under the same process conditions.



2.2 Characterization of the films

To elucidate the phase structure of the films, the X-ray diffraction experiments
were carried out by using a X-ray diffractometer (X’PERT PRO, X'Celerator detector,
Cu Ka radiation, tube voltage of 40 kV, tube current of 40 mA, scanning velocity of
0.033 °/s). The surface and the cross-section morphology of the films were observed
by using a field emission scanning electron microscope (Zeiss, Y IGMA) with an
accelerating voltage of 15 kV. The chemical compositions of the films were analyzed
by the energy dispersive X-ray spectrometer (EDS) attached to the microscope. The
X-ray photoelectron spectra of the films were collected by using an X-ray
photoelectron spectrometer (Kratos Axis Ultra DLD, monochromatic Al Ka excitation
source, power of 45 W, resolution of 0.68 eV, energy step of 0.05 eV, pass energy of
20 eV). The samples were etched by Ar' ion with kinetic energy of 4.8 keV for
various durations. The standard etching rate, calibrated with Ta;Osis 1nm/min. The
energy calibration was performed with Cu 2ps;, line (932.67 eV) and Ag 3ds;, line
(368.26 eV). The spectrum fitting was performed by using XPSPEAK software,
Shirley method was used to deduct the background and Gaussian-Lorentzian function
was used to fit the curve. The vibration mode of a-C film was analyzed by using a
laser micro Raman spectrometer (LabRAM HR UV, Yvon Jobin, laser wavelength of
632.8 nm, detection range of 400~3000cm™). Linear interpolation method was used to
deduct the background and the spectrum was fitted with Gaussian-Lorentzian function

in LABSPEC software.



The hardness of the films was measured by using a nano-indenter (Nano Indenter
G200, Agilent) with a maximum load of 0.6 mN and the continuous stiffness method.
The adhesion of the films was evaluated by using a scratch tester (WS-2005) with
scratching speed of 4 mm/min, scratching distance of 4 mm, loading rate of 100
N/min, and the maximum load of 100 N. The tribological behavior of the films in
vacuum (107 Pa), in humid air (relative humidity =70%) and in distilled water was
evaluated by using a ball-on-disc tribotester (WTM-1E). The films served as the disk
and the Si3N4 ceramic balls (1200HV in hardness and 3 mm in diameter) acted as the
coupled part. The tests were performed at a normal load of 0.49 N and a sliding speed
of 0.105 m/s for 15 minutes. The average values of the instantaneous friction
coefficient in the specific range of sliding time were used and the wear rates were

calculated from the abrasion volume measured by using a profilometry (Dektak3).

3. Results and discussion
3.1 Composition and microstructure

Fig.1 shows the SEM morphologies of the films. It can be seen from Fig.la that
the surface of the single WS, film is composed of small stick-like crystals, while the
single a-C film is composed of small closely packed blocks (30~50 nm in size). The
morphology of the multilayer films exhibits a combination of stick-like crystals and
small blocks. The size of the blocks is significantly larger than that of the single a-C
film and the effect of L,./Lws, ratio is very weak. As shown in Fig.1b, the back

scattered electron (BSE) images of the multilayer films both exhibit the layered



structure, in which the bright strip corresponds to WS, layer and the gray strip
corresponds to a-C layer. The interface between WS, layer and a-C layer near the
substrate is very straight. According to the total thickness of the multilayer films and
the total number of modulation periods, the average period of the multilayer films are
about 51.7 nm for L, ¢/Lws,=1:19 and 53.2 nm for L, o/Lws,=1:4 respectively, which
close to the designed values.

The EDS results are listed in Table 1. There exist S, C, W and O elements in the
films. It can be seen that the S/W ratio of the films is between 1.38 and 1.62,
indicating a certain loss of S element during the deposition process, which is in
agreement with the results reported in the literatures [22, 23]. With the increase of
L,.c/Lws, ratio, the S/W ratio of the multilayer films also increases and it is higher
than the ratio for the single WS, film. It means that the addition of a-C layer can
significantly raise the sulphur content in WS, layer. The possible reason is that the
coverage of a-C layer onto WS, layer can prevent the WS, layer from being
bombarded by high energy species and then restrain the loss of sulphur element from
the WS, layer. The thinner the WS, layer thickness is, the shorter the bombarded
duration of the WS; layer is. Consequently, the sulphur content of WS, layer increases
with increasing the L, ¢/Lws, ratio.

The XRD patterns of the films are shown in Fig.2. The diffraction peak of WS,
(101) appears in the single WS, film and the peak (002) is very weak, indicating that
the single WS, film is of (101) preferential orientation and somewhat different from

the type I WS, named by P D Fleischauer [24, 25]. The single a-C film has a



microcrystalline or amorphous structure without the presence of the peaks neither
from graphite nor from diamond. The peak at 2theta of ~28.4° in all patterns is
attributed to the Si substrate. Compared to the single WS, film, the multilayer films
show a significantly weaker peak intensity of WS, (101). This is easily
understandable as the content of WS, phase in the films decreases with increasing the
L,.c/Lws;ratio. Since the atomic percentage of WS, layer (i.e. the sum of the content
of W and S, Table 1) is 62.8% in the sample with L, ¢/Lys, ratio of 1:19 and only
53.0% in the sample with L, ¢/Lws, ratio of 1:4, significantly lower than that of the
single WS, film, it is considered that the decreased content of WS, layer in the
multilayer films leads to the decreased diffraction intensity of WS, phase in both
samples. In addition, the diffraction peaks of WC phase are not observed in the
multilayer films, confirming the absence or the very low concentration of crystalline
WC phase.

Fig.3 shows the Raman spectrum of the a-C layer of the sample with L, ¢/Lws,
ratio of 1:19. The recent studies show that the Raman spectrum of the a-C films is
composed of D peak (~1350 cm™) and G peak (~1560 cm™). The D peak is derived
from the disordered structure [26-29] and the area ratio of D peak to G peak (/p/lg)
corresponds to the content of sp’ bonds in a-C film [30, 31]. In Fig.3, the
deconvolution results show that the spectrum of the a-C layer is composed of D peak
(centered at 1350 cm™) and G peak (centered at 1523 cm™) with an Ip/I ratio of 0.25,
corresponding to the typical characteristic of magnetron sputtered a-C films [28, 31,

32].



Fig.4 shows the XPS spectra of Oy, Syp, Cis, War and their fitting results of the
sample with L, ¢/Lyws, ratio of 1:19 under different etching durations. In Fig.4a, the
Oy; spectrum before etching (i.e., etching duration 0 s) can be deconvoluted into three
peaks [33-35] centered at binding energy (B.E.) of 530.8 +£0.1 eV (illustrated in
vertically dashed line), 531.9 £0.1 eV and 533.1 £0.1 eV, corresponding to the W-O
(WO3), C-O and H-O bonds respectively. With the increase of the etching duration
from 0 s to 360 s, the three peaks almost lie at the same position and the latter two
peaks become weaker and their area percentage considerably drops, indicating that the
percentage of both C-O and H-O bonds decreases. Further increase in etching
duration (960 s) leads to a still weaker C-O peak and the disappearance of the H-O
peak. This is expected since the C-O and H-O bonds can mainly be attributed to the
exposure of the sample in humid air and can be eliminated during the etching.
However, the permanent presence of W-O peak throughout the etching process
indicates a low oxidation resistance of WS, during the exposure of the film in the
atmosphere. In Fig.4b, the Sy, spectrum can be decomposed into four peaks centered
at 162.0 £0.1 eV (illustrated in vertically dashed line), 163.2 £0.1 eV, 163.5 £0.1 eV
and 164.7 £0.1 eV during the etching process, corresponding to the 2ps,, and 2p;,; line
of S element from WS, and WO,S, respectively [36, 37]. With increasing etching
duration from 0 s to 960 s, the total area percentage of the latter two peaks drops from
64.6% to 16.9%, indicating that the WO,S, is partially removed as a surface
contaminant by the etching. In Fig.4c, the Ci5 spectrum before etching can be

deconvoluted into four peaks [38, 39] centered at the binding energy of 284.5 £0.1 eV



(illustrated in vertically dashed line), 285.3 0.1 eV, 286.2 £0.1 eV, and 288.3 +£0.2 eV,
corresponding to the sp’C-C, sp’C-C, C-O and C=0O bonds respectively. Since the
contents of sp”C-C and sp’ C-C bonds can be calculated by using the area ratio of
these peaks [40], the ratio of sp>C-C to sp°C-C in the a-C layer is then evaluated and a
value of 0.22 is found. These results indicate that the sp’C-C bond is largely
dominating in the C layer. However, the Cls spectrum under both etching duration of
60 s and 360 s can be fitted by the first two peaks only, since the oxygen content
drops due to the etching and the C content decreases from 72.4 at.% before etching to
55.7 at.% after an etching during 360 s. After an etching during 960 s, the Cls
spectrum can only be fitted by one peak centered at 284.4 £0.1eV and the C content at
this moment is about 33.5 at.%. Considering the absence of the W-C bond (binding
energy locating at 282.9 eV), we can conclude that the WC phase is not formed in the
present film. Concerning the sample after an etching during 960 s, its spectra should
be derived from the WS, layer with therefore a very low C content (less than 1 at.%).
The possible reason for the high C content in this case could be that the interface
between the top a-C layer and the top WS, layer is not an ideal plane or/and the
long-time ion etching leads to the appearance of carbon contaminant on the surface. In
Fig.4d, the Wy spectrum before etching can be deconvoluted into four peaks [41, 42],
in which the binding energies centered at 32.6 £0.1 eV (illustrated in vertically dashed
line) and 34.8 £0.1 eV are attributed to WS, and 35.8 £0.1 eV and 38.0 £0.1 eV
(illustrated in vertically dashed line) to WO;. WO; phase is the major component on
the surface of the film because of the oxidation during the exposure of the film in the
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atmosphere. As for the Wyr spectra after different etching durations, all of them can be
decomposed into six peaks. The peaks located at ~32.7 eV and ~34.9 eV are assigned
to WS, and those centered at ~35.7 eV and ~37.9 eV are assigned to WOs, very close
to the spectrum before etching. However, at the low binding energy side, the
additional peak doublet is attributed to non-stoichiometric oxide WO, (x<2) [43] and
its position shifts to a lower energy as increasing the etching duration from 60 s to 960
s. Since the positive correlation between S/W ratio and the peak position of WO, is
observed in our experiments with respect to the etching of single WS, film, we
confirm that the shift of peak position of WO, in the sample with L, ¢/Lws, ratio of
1:19 is attributed to the decrease of S/W ratio (from 1.15 to 0.49). The decrease of
S/W ratio is easily understandable since WS, is prone to decompose at high
temperature induced by the etching with high ion energy of 4.8 keV, leading to a
significant loss of element S.

Based on the similarity of XPS spectra between the sample with L, ¢/Lws, ratio
of 1:19 and the single WS, film, it can be concluded that there is no obvious change in
phase structure of the a-C layer and WS, layer in multilayer films. The main reason is
that the deposition of the film is conducted at room temperature.

3.2 Hardness and adhesive strength of the films

Fig.5 shows the dependence of the hardness and the adhesive strength of the films
with different L, o/Lws, ratios. In Fig.5a, the hardness of the multilayer films reaches
the maximum at the L, ¢/Lws, ratio of 1:9 and is higher than that of the calculated
value (black solid bar) based on the rule of mixture. This suggests a positive effect of
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interface strengthening in the multilayer films and the inapplicability of the rule of
mixture here. As for the single a-C film, since the content of sp°C-C bond in the film
is much higher than that of sp’C-C bond, its hardness is therefore much lower
compared to the DLC films [44]. From Fig.5b, the adhesion of the multilayer films
rapidly decreases to reach the lowest value and then increases with an increasing
L,.c/Lws, ratio. We believe that this trend could be attributed to the change of stress
distribution induced by the increasing thickness of a-C layer in a modulation period.
The detailed stress distribution in the multilayer films needs further study.
3.3 Tribological properties of the films

Fig.6 shows the SEM morphologies of the films after tribological tests in
different environments. In vacuum, the surface of the single WS, film (Fig.6a) is
characterized by many wear debris, scratches and a large width of wear track, but the
film is not removed; on the contrary, the single a-C film (Fig.6j) has been completely
worn out and the width of the exposed silicon substrate in the wear track is
significantly large than that of the other films. According to Fig.6d and Fig.6g, we can
conclude that the wear resistance of the sample with L, c/Lws, ratio of 1:19 is
obviously better than that of the sample with L, ¢/Lws, ratio of 1:4. The results from
SEM observation and EDS element analysis (omitted here) for the wear scar of the
Si3N4 balls show that adhesive wear is the main wear mechanism between the
multilayer films and the SisN, balls, which is consistent with the literature [45]. In
humid air, all of the single WS, film (Fig.6b), the sample with L, ¢/Lys, ratio of 1:19
(Fig.6¢e) and the sample with L, ¢/Lys, ratio of 1:4 (Fig.6h) present a larger width of
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the wear tracks compared to that of the film in vacuum. This indicates that the wear
resistance of the above films in humid air is lower than in vacuum. Based on the
observation shown in Fig.6k and Fig.6j, we can conclude that the wear resistance of
the single a-C film in humid air is greatly improved in spite of partial peeling on the
wear track. The wear mechanism between the multilayer films and the Si3Ny balls in
humid air is found to be the same as in vacuum. In distilled water, it can be seen that
all of the films are worn out (Fig.6c¢, 6f, 61, 61), the exposed silicon substrate exhibits a
relatively rough topography with few debris, which may be related to the agitation (or
movement) of the distilled water by continuously taking away the wear debris during
the tests.

Fig.7 shows the instantaneous friction coefficient of the films as a function of the
sliding time. In vacuum (Fig.7a), the instantaneous friction coefficients of the films
are more stable after the running-in period (within 25s) except the single a-C film. An
abrupt increase then apparent fluctuation of the instantaneous friction coefficient of
the single a-C film after a sliding time of 230s suggests an obvious change of the
contact state between the film and the ceramic ball. The ball will directly slide on the
surface of Si substrate when the film is worn out (see Fig.6j). In humid air (Fig.7b), a
more stable instantaneous friction coefficient is presented for the single a-C film and
the multilayer films with L, c/Lws, ratio less than 1:9, while a violent fluctuation of
the instantaneous friction coefficient of the multilayer films with L, ¢/Lws, ratio of 1:9
and 3:20 is found, especially at the later period of the test, suggesting that the two
multilayer films are of inferior lubrication properties in humid air. In distilled water
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(Fig.7¢c), the instantaneous friction coefficients of all the films are stable before an
abrupt increase. However, the time at which the instantaneous friction coefficient
increases abruptly is apparently shorter than those of the films in vacuum and in
humid air.

Based on the data in Fig.7, the average (steady-state) friction coefficient is
calculated in the sliding time range of 51-450s for the film in vacuum and in humid
air and 51-350s for the film in distilled water and is illustrated in Fig.8a. As an
exception, the sliding time range of 51-200s is used for the single a-C film in vacuum
owing to its poor endurance life. As shown in Fig.8a, in vacuum, the single a-C film
receives the highest average friction coefficient (~0.130) and the multilayer film with
L,.c/Lws; ratio of 3:20 achieves the minimum value (~0.107), greater than the friction
coefficient of the single WS, film (~0.104), suggesting that the multilayered structure
results in a higher friction coefficient. Graphite is well-known to have a high friction
coefficient and a poor wear resistance in vacuum [46]. The fact that the single a-C
film presents a friction coefficient comparable to graphite is easily understandable,
since it has a similar structure to graphite. However, the decrease of the average
friction coefficient of the multilayer film with an increasing L,.c/Lws, ratio from 1:39
to 3:20 is hardly to be understood. A possible explanation is that the lubrication
property of the WS, sublayer becomes better due to an increasing S/W ratio and
decreasing oxygen content in the WS, sublayer as increasing the L, ¢/Lws, ratio. In
humid air, the single WS, film has an average friction coefficient of 0.237 and the
single a-C film shows the lowest value (~0.118), while the friction coefficient of the

14



multilayer films gradually decrease from 0.261 to 0.165 with an increasing L,.c/Lwsy
ratio. We can conclude that the increase of a-C content (i.e., the decrease of WS,
content) in multilayer films can decrease the friction coefficient since the friction
coefficient of the single a-C film is much lower than that of the single WS, film in
humid air. In distilled water, the dependence of the average friction coefficient with
the L, c/Lws, ratio is very similar to the trend observed in humid air. By comparing
the average friction coefficients of the multilayer films in the three test environments,
one can see that the multilayer film has the lowest average friction coefficient in
vacuum, and the highest average friction coefficient in humid air. A reasonable
explanation for the latter is that the tribological property of the WS, sublayer
deteriorates more seriously in humid air than in distilled water and a limited
anti-friction action of the a-C sublayer is presented in humid air. It should be noted
that the average friction coefficients of the multilayer film with L, ¢/Lws, ratio of 1:39
and 1:19 are always higher than that of the single WS, film in various test
environments. The appearance of this phenomenon is likely caused by a relatively
high content of oxygen in these films (see Table 1).

With respect to the wear resistance of the film in vacuum (Fig.8b), the wear rate
of the single a-C film is close to that of the single WS, film, while the wear rate of the
multilayer films is about 8% ~ 10% of the single WS, film and achieves the minima
value (5.7X10'15m3 N'lm'l) at the L, c/Lws, ratio of 1:9. The possible reason for the
better wear resistance of the multilayer films is that the multilayer film is of higher
hardness than the single WS, film (see Fig.5a), according to the Archard equation [47].
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In humid air, the single a-C film has the best wear resistance and the wear rate of the
multilayer films reaches the maximum value (4.5><10'14 m’ N'lm'l) at the L,.c/Lwsy
ratio of 3:20, which is only 1/3 ~ 1/4 of the value for the single WS, film. The
possible reason for the peaking of the wear rate of the multilayer films can be that the
adhesion of the multilayer films decreases with the increase of L, c/Lws, ratio and a
poor adhesion can easily lead to a delamination failure of the film. The single a-C film
exhibits an excellent wear resistance in the atmosphere of water vapor and oxygen
thanks to the dense structure and chemical inertia towards the environment. In
distilled water, the wear rate of the multilayer films is obviously lower than that of the
single WS, film and slowly drops to the lowest value (1.2x10™"° m? N'm™) at the
La..c/Lws, ratio of 1:4. The best wear resistance obtained with the sample (L,.c/Lwsx
ratio = 1:4) is attributed to the highest content (or volume percentage) of a-C in the
multilayer films, since the wear rate of the single a-C film (3.7x10™ m® N'm™) is
about 10 times lower than that of the single WS, film (4.1x10"° m’ N'm™) in
distilled water, demonstrating that the wear resistance of a-C film is much better than
that of the single WS, film in this condition. However, it can be seen that the wear
rate is quite constant for different multilayer films. The possible reason is that the
film’s wear rate in distilled water is about 3 ~ 4 times higher than in humid air and the
actual difference among the wear resistances of these films cannot be presented
accurately due to a rather thin thickness of the films.

By comparing the wear rates of the film in different environments, one can see
that the single WS, film is of the best wear resistance in vacuum, the wear rate in
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humid air or distilled water is 1.8 or 5.4 times higher than in vacuum. The single a-C
film exhibits the best wear resistance in humid air and the wear rate in vacuum or in
distilled water is 6.4 or 2.9 times higher than in humid air. As for the multilayer films,
the wear resistance of the films in vacuum is much better than in humid air or in
distilled water. Since the wear rates of different multilayer films under three test
environments are much lower than those of single WS, film and the friction
coefficients are close to or even lower than that of single WS, film, it can be
concluded that the WS,/a-C multilayer films are of better tribological properties and

longer lifetime compared with single WS, film.

4. Conclusions

WS,/a-C multilayer films with different layer thickness ratios have been
successfully prepared by magnetron sputtering method. The effects of L, c/Lws, ratio
on the microstructure of as-prepared films are negligible while the effects on the
mechanical and tribological properties are significant. The WS,/a-C multilayer films
are of the best wear resistance in vacuum and exhibit much better tribological

properties than single WS, film in various environments.
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Table captions

Table 1 The chemical components of the films
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Table 1

Lac:Lwsy S / at% W/ at% C/ at% O/ at% S/W
WS, 51.34 36.18 3.85 8.63 1.42
1:39 37.39 26.99 29.18 6.44 1.39
1:19 36.79 26.03 31.37 5.81 1.41

1:9 35.62 24.30 35.89 4.19 1.47
3:20 34.77 23.07 38.40 3.77 1.51
1:4 32.78 20.22 43.88 3.12 1.62

a-C - - 98.69 1.31 -
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Figure captions

Fig.1. SEM morphologies of the films. (a) Surface (SE); (b) Cross-section (SE: WS,,
a-C; BSE: L,.c/Lws,=1:19, 1:4).

Fig.2. XRD patterns of the films.

Fig.3. Raman spectrum of the a-C layer of the multilayer film (L,.c/Lws,=1:19).

Fig.4. Ols (a), S2p (b), Cls (c) and W4f (d) photoelectron spectra and their fitting
results of the multilayer film (L,.c/Lws,=1:19).

Fig.5. Hardness (a) and adhesive strength (b) of the films.

Fig.6. SEM morphologies of wear tracks of the films: Single WS, (a-c), WS,/a-C (d-1)
single a-C (j-1).

Fig.7. The instantaneous friction coefficients of the films as a function of the sliding
time.

Fig.8. Average friction coefficient (a) and wear rate (b) of the films in different

environments.
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Highlights

® The nano-multilayered structure results in an increased harness but a decreased
adhesion of the films.

® An increasing layer thickness ratio of a-C to WS, raises the sulphur content of the
WS, sublayer.

® The effects of layer thickness ratio of a-C to WS, on microstructure of the films
are negligible.

® The WS,/a-C multilayer films exhibit the best wear resistance in vacuum
compared with in humid air and in distilled water.

® The tribological properties of the WS,/a-C multilayer films are much better than

single WS film in various test environments.
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