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The MoS2-Ti composite coatings were deposited by a hybrid high power impulse magnetron sputtering
(HIPIMS) source of Ti combined with a direct current magnetron sputtering (DC-MS) source of MoS2. The
composition, microstructure, mechanical and tribological behaviors of the MoS2-Ti composite coatings
were investigated using the various analytical techniques (XPS, SEM, XRD, TEM, nano-indentation, scratch
and ball-on-disk test). The results showed that doping Ti using HIPIMS technique enabled MoS2 coatings to
grow in the form of a dense amorphous structure. The crystallization degree of the MoS2-Ti composite
coatings decreased with the increase of doped titanium content. Ti reacting with O to form titanium oxides
in the surface inhibited the oxidation of MoS2. The hardness and adhesion of the composite coatings reached
its maximumwithin a certain range of Ti content. Doped Ti improved the tribological properties of pure MoS2
coatings in the atmospheric environment. The coefficient of friction (COF) decreased with the increase of
Ti content. The lowest average COF at 0.04 and the wear rate at 10−7 mm3 N−1 m−1 were achieved at the
optimum of Ti content at 13.5 at.%. The improved tribological property was discussed in terms of the
obtained higher hardness and better adhesion of the composite coatings combined with inhibition of MoS2
oxidation.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Sputtered MoS2 coating as an excellent solid lubricant has been
widely used in the vacuum and space field such as the spacecraft
motion components and rolling bearings due to the high wear
resistance durability and very low coefficient of friction [1,2]. However,
pure sputtered MoS2 coating generally exhibits the loose structure,
low hardness and high chemical activity to oxygen, resulting in the
deteriorated wear durability and the corrosion resistance [3]. Recently,
doping small amount of metal or ceramic elements into MoS2
coatings has been attempted to improve the lubricant and corrosion
performance of MoS2 coating [4–9]. It is found that doping the
metals such as Al, Au, W, etc., in the MoS2 coatings by magnetron
co-sputtering showed good friction stability in ambient air with
long-lasting wear durability [5–7]. In addition, introduction of TiN or
TiB2 was also developed to modify the tribological properties of pure
MoS2 coatings [10,11]. Specially, note that the addition of Ti into the
MoS2 coating in recent years has drawn much attention because of
the significant improvement of the oxidation resistance and tribological
performance dependent on the humidity in ambient air [12].

Usually, the employed doping metal components are acquired
using a conventional direct current magnetron sputtering. However,
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the ionization degree of the plasma particles is relatively low, leading
to poor coating adhesion to substrate and densification deterioration
of coating structure [12,13]. As a consequence, the coating was
suffered from the structural degradation due to oxidation causing
lubrication failure.

A magnetron sputtering method, which is called high power
impulse magnetron sputtering (HIPIMS), has been developed since
1990s, where high density plasma with electron densities about 2–3
orders of magnitude larger than those obtained in conventional mag-
netron sputtering and high sputtering particle ionization rate may be
achieved [14–16]. A great deal of research has been conducted to
study the effects of this technique on properties of the deposited
coating [17,18], such as densification, changes in structure and
properties of coating [19]. From a durability and reliability prospec-
tive of MoS2 coatings in multi-environmental application, if the
HIPIMS technique as a metal plasma source is combined with the de-
position of MoS2 coatings, rather than the general used DC-MS and
cathodic arc plating hybrid method, one can expect that the structure
and properties of coating could be well tailored according to the
demanded applications [19].

HIPIMS requires higher excitation voltage, then the ionized
particles may be draw back by target itself because of the high
negative voltage of the target surface, causing low film deposition
rate. To solve the problem, a modified HIPIMS power supply coupled
a DC unit with the high power pulse unit has been employed in the
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Fig. 1. Schematic diagrams: (a) the hybrid HIPIMS deposition system of MoS2-Ti
composite coatings and (b) a parallel connection operation mode of HIPIMS power
supply.
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present work. On the one hand, a high deposition rate can be
obtained by the coupled DC unit; on the other hand, a DC unit
could optimize pulse glowing and plasma stabilization through
pre-ionization [11,20]. During the deposition, the power supply was
able to deliver both pulses and DC, where a DC unit was also used
to easily control the doped Ti content in the coatings. In addition, a
high power impulse could produce plasmas with highly ionized
metallic species with high ion energy. In the preliminary research
work, we obtained the optimized parameters of high power pulse
part, pressure and bias voltage, which were fixed in the process and
were beneficial to enhanced mechanical and tribological behaviors
of MoS2-Ti composite coatings.

MoS2-Ti composite coatingswith different Ti contentswere thereafter
deposited by the co-sputtering of the hybrid HIPIMS system for Ti and a
DC magnetron sputtering unit for MoS2. Different Ti doping contents in
the coatings were obtained by varying the target current. The influence
of Ti contents on microstructure, mechanical properties and tribological
behaviors in atmospheric environment was investigated.

2. Experimental details

Hybrid high power impulse magnetron sputtering system was
employed to deposit the pure MoS2 and MoS2-Ti composite coatings
onto mirror-finished high speed steel (HSS) discs and silicon
P-(100) substrates. The system was combined with a Ti target
connecting to high power impulse power supply with a MoS2 target
Table 1
Process parameters for MoS2-Ti composite coatings deposition.

Deposition parameters Ti interlayer MoS2-Ti composite coatings

Ar (sccm) 40 50
Bias voltage (V) −100 −300
Pulse width (μs) 100 100
Pulse frequency (Hz) 100 100
Ti target pulse voltage (V) 500 500
Ti target direct current (A) 2.0 0.5, 0.8, 1.0, 1.5, 2.0
connecting to DC power supply. The distance between the target
and the substrate was 11 cm. The schematic diagram of the system
is shown in Fig. 1(a), and the parallel connection of HIPIMS power
supply is shown in Fig. 1(b), in which the pulsed power by the
constant voltage mode is adjusted to achieve the high impulse
power and the DC power by the constant current mode was regulated
to obtain the different content of doped Ti. Before loading into the
vacuum chamber, all the substrates were ultrasonically cleaned in
acetone and ethanol for 15 min, respectively, and then dried in air.
Thereafter, the cleaned substrates were mounted on the rotated
substrate holder in the chamber. Prior to deposition, the chamber
was pumped down to less than 3 × 10−5 Torr, and the substrates
were cleaned in the argon plasma for 30 minutes. The Ti interlayer
(~100 nm) was first constructed to enhance the coating adhesion to
the substrate. During the deposition of top MoS2-Ti composite
coatings, DC magnetron sputtering current applied onto the MoS2
target was fixed at 1.0 A, and HIPIMS power with various currents
(0.5, 0.8, 1.0, 1.5 and 2.0 A) was supplied to the Ti target magnetron
sputtering unit to control the doped Ti content in the coatings. The
process parameters are shown in Table 1. A negative pulsed direct
current bias, with a frequency of 350 kHz and reverse time of 1.1 μs,
was applied to the substrates during the coating deposition.

The thicknesses of the deposited coatings were measured by a
surface profilometer (KLA-Tencor, Alpha-Step IQ) through a step
between the coatings and the Si wafers covered with a shadow
mask. Surface morphology of the coatings was studied by a field
emission scanning electron microscope (S4800, Hitachi). The compo-
sition and chemical bonds of the deposited coatings was analyzed by
X-ray photoelectron spectroscopy (XPS, Axis ultraDLD) with Al
(mono) Kα irradiation at the pass energy of 160 eV. Before taking
the measurement, an Ar + ion beam with the energy of 3 keV was
used to etch the sample surface for 5 min to remove contaminants.
X-ray diffraction (XRD) measurements were performed by AXS D8
Advance diffractometer (Bruker). High-resolution transmission elec-
tron microscopy (TEM) of the coatings was carried out on a Tecnai
F20 electron microscope (FEI), which was operated at 200 KeV
with a point-to-point resolution of 0.24 nm. The specimens for TEM
analysis, with thicknesses of about 50 nm, were deposited directly
on freshly cleaved single-crystal NaCl wafers and then were peeled
off through dissolving the NaCl wafers in the deionized water.

Mechanical properties of the coatings were tested by the
nano-indentation technique (MTS NANO G200) in a continuous
stiffness measurement mode using a Berkovich diamond tip. The
characteristic hardness was chosen in a depth of around 1/10 of the
coating thickness where the contribution of Si substrate to the results
could be ignored. The adhesion of the coatings on the HSS substrate
was performed by a CSM scratch tester with a Rockwell-G diamond
Fig. 2. Ti content of MoS2-Ti composite coatings with different Ti target direct currents.
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Fig. 3. Surface SEM images of MoS2-Ti composite coatings with different Ti contents at (a) 0 at.%, (b) 4.6 at.%, (c) 13.5 at.% and (d) 19.9 at.%.
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indenter (200 μm tip radius) at a constant sliding speed of 6 mm/min
and a scratch length of 3 mm. The normal load increased linearly to
60 N (the maximum load was 20 N for the pure MoS2 coating). The
critical loads at which the films were delaminated from the substrate
with the thinning deformation of the film were usually assessed as a
criterion of the adhesive strength. Two to three tests were done on
each sample to confirm the critical load. The tribological behavior
of coatings deposited on the HSS discs was tested by a rotary
ball-on-disk tribometer (JLTB-02) at room temperature with a
relative humidity of about 70%. A steel ball (SUJ-2, HRC60) with a
diameter at 6 mm was used as the friction counter ball. All the tests
were performed at 0.2 m/s sliding velocity for a maximum distance
of 500 m, and the applied load was 3 N.
3. Results and discussion

Fig. 2 shows the Ti content in the deposited MoS2-Ti coatings as a
function of the Ti target direct current. With the increase of the
Ti target direct current, the Ti content in the coatings increased
monotonically. As the current increased from 0.5 to 2.0 A, the
Ti content was found increasing from 4.6 to 19.9 at.%. This indicates
that the Ti content in the coatings could be well controlled by
adjusting the Ti target direct current in the hybrid HIPIMS system.

Fig. 3 shows SEM images of the surface morphology for MoS2-Ti
composite coatings with different Ti contents. For the pure MoS2
without Ti doping, as shown in Fig. 3(a), the surface revealed a
loose and granular structure, where the gaps between agglomerated
grains were visible. Doping Ti leaded to the densification and
compaction of the coating, displaying a dense structure, as evidently
demonstrated in Fig. 3(b) and (c). As the Ti content increased, the
grain size in the surface decreased, and the dense dome structure in
the surface of the coating emerged. Considering of the observed
increase of hardness with increasing the Ti content reported
elsewhere [11,21], it could be deduced that the structure densifica-
tion caused by the doped Ti would improve the mechanical property
and oxidation resistance in humid environment of the MoS2 coating.
Further increase in Ti content to 19.9 at.% led the grains to expand
as revealed from Fig. 3(d), which may cause decreased mechanical
properties of the coating.
The chemical bonds of the deposited MoS2-Ti coatings with
different Ti contents were characterized by the XPS spectra as
shown in Fig. 4. In order to further justify the chemical forms of Mo,
S and Ti in the coatings, the Mo 3d, S 2p and Ti 2p spectrum of the
typical coating with the Ti content at 13.5 at.% is fitted by Guassian–
Lorentian function (GL30), as shown in Fig. 5. The Mo 3d spectrum
for all the samples shows a small shoulder peak at around 226 eV
binding energy, which is identified as the S 2s peak. The Mo 3d
spectrum (Fig. 4a) at the binding energy of 228.8 and 231.9 eV
corresponds to the standard spectral line of Mo 3d5/2 and Mo 3d3/2in
MoS2 (Mo4+), respectively [22,23]. However, there is another Mo 3d
doublet in the deconvolution of the Mo 3d spectrum shown in Fig. 5a.
The peaks at 228.1 and 231.2 eV are consistent with the Mo 3d5/2 and
Mo 3d3/2 in MoS. For the pure MoS2 coating, there is a peak at higher
binding energy with Mo 3d3/2 at 235.6 eV shows the existence of
Mo-O bonds (Mo6+) [24]. The S 2p spectrum (Fig. 4b) shows a doublet
at binding energy of 162.1 and 163.3 eV, which represents the S 2p3/2
and S 2p1/2 spectral lines of S2− in MoS2, but S/Mo does not match the
stoichiometric ratio of 2:1. The deconvolution of the S 2p spectrum in
Fig. 5b reveals that the S 2p peaks at 161.5 and 162.7 eV are identified
corresponding to the standard S 2p3/2 and S 2p1/2 lines in MoS, which
is in good agreement with the analysis on the Mo 3d spectrum
[22,23,25]. It can be concluded that both MoS2 and MoS exist in
the composite coatings, and that the ratio of S to Mo is lower than
2, about 1.4 by XPS. In the Ti 2p spectrum (Fig. 4c), there is a slight
increasing of the intensity occurredwith the increase of Ti contentwith-
in the coating. The deconvolution of the Ti 2p spectrum in Fig. 5c shows
that the obvious Ti 2p peaks at 457.5 and 463 eV correspond to Ti 2p3/2
and Ti 2p1/2 in TiO2, and other two peaks correspond to the standard
Ti 2p3/2 (455.2 eV) and Ti 2p1/2 (460.7 eV) in Ti2O3, respectively [22].
Detailed XPS line positions and chemical state assignments can be
seen in Table 2 [22,23]. In our case of the MoS2-Ti composite coatings,
the Mo-O bond was invisible from the XPS spectrum. Instead, there
were more obvious Ti-O bonds with the increase of the incorporation
of Ti, implying that the doped Ti combiningwith O formed the titanium
oxides in the surface. As a consequence, the oxidation of MoS2 was
inhibited to a great extent.

Fig. 6 shows the crystallinity evolution of the coatings as a
function of the Ti contents measured by the XRD spectra. Besides
the diffraction peak arisen from the Si substrate (marked as Si in
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Fig. 4. XPS spectrums of MoS2-Ti composite coatings with different Ti contents: (a) Mo 3d, (b) S 2p and (c) Ti 2p.
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the figure), there was an evident peak at around 2θ from 10° to 15° for
the pure MoS2 coating (without Ti incorporation in the top layer),
which was assigned to the MoS2 (002) plane. The intensity of MoS2
(002) diffraction peak was weakened and gradually disappeared
with the increase of the doped Ti content. The degree of crystalliza-
tion of the MoS2-Ti composite coatings decreased with the increase
of Ti content, and the structure of the MoS2-Ti composite coatings
turned into the possible dominated amorphous structure. The phe-
nomena could be attributed to the lattice distortion caused by the in-
corporation of Ti [26]. Meanwhile, the peaks at around 2θ = 38° was
visible in the obtained XRD spectra, assigned to the Ti diffraction
peak, which was likely to have resulted from the Ti interlayer or the
top composite coating.

In order to further clarify the cause of observed Ti diffraction peak,
TEM characterization was carried out. The specimen with thicknesses
of about 50 nm was deposited directly on freshly cleaved
single-crystal NaCl wafers using the DC magnetron sputtering with
the MoS2 target current at 1.0 A and the Ti target HIPIMS pulse
currents at 1.0 A. After deposition, the coating was peeled off through
dissolving the NaCl wafers in the deionized water. Fig. 7 shows the
representative TEM micrograph and the corresponding selected area
electron diffraction (SAED) pattern of the coating with 13.5 at.%
Ti. The SAED showed the broad and diffuse halo diffraction, which
was almost the typical amorphous feature. Comparing with the
results shown in Fig. 6, this confirmed that the top MoS2-Ti composite
coating essentially was in the state of typical amorphous structure. As
a result, the Ti diffraction peak in XRD spectra was deduced resulting
from the Ti interlayer, which was in good consistency with the
analysis in Fig. 6.

The hardness of the MoS2-Ti composite coatings as a function of
the Ti content is given in Table 3. Within the current lower Ti content
region of 0–13.5 at.%, increasing the Ti content led to the significant
increase of the hardness of the coatings. For the pure MoS2 coating,
the hardness was only about 3.33 GPa, while it increased to
9.69 GPa with the Ti content of 13.5 at.%, which was almost three
times larger than that of pure MoS2. However, further increasing
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Fig. 5. Decomposition of the Mo 3d (a), S 2p (b) and Ti 2p (c) spectral region of the typical coating with the 13.5 at.% Ti.
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Ti content to 19.9 at.% caused the hardness decrease to 6.82 GPa.
Taking into account the structure densification dependence on the
Ti content, the hardness increase of the MoS2-Ti composite coating
could be understood by the solid solution hardening effect [7]. In
this case, the hardness firstly increased and reached to the maximum
value due to the structure densification with a certain of saturation
value of Ti content. Beyond of this threshold value of 13.5 at.%
Ti, the overrich doped soft Ti atoms in turn caused the structure
deterioration and led to the decrease of hardness. Similar results
could be found in the other study of MoS2-Ti composite coating
[4,26].

To obtain the high adhesion is one of the major technology
challenges for sputtered MoS2 solid lubricating coatings on bearing
steel, which play the crucial role on the tribological property of the
coating. Table 3 shows the critical loads of the pure MoS2 and
MoS2-Ti composite coatings on HSS substrate. The results showed
that all the MoS2-Ti composite coatings with different Ti content
owned much higher critical load than the pure MoS2 coating, and
within the lower Ti content region of 0–13.5 at.%, increasing the
doped Ti content led to the significant increase of the critical load of
the coatings. It can be deduced that Ti concentration seemed to
play a considerable role in coating adhesion. Previous studies [27]
Table 2
XPS line positions and chemical state assignments.

Line Position (eV) Assignment

Mo 3d5/2 228.8 MoS2
228.1 MoS

S 2p3/2 162.1 MoS2
161.5 MoS

Ti 2p3/2 457.5 TiO2

455.2 Ti2O3
indicated that adhesion failure mechanisms displayed the film
cohesion failure at the beginning, followed by spalling between
coating and buffer, then substrate. This improvement in coating
adhesion with increase in Ti content maybe attributed to the
bombardment of more high-energy Ti particles, resulting in enhanced
densification and cohesion of the coating. There was also interdiffu-
sion between MoS2-Ti composite layer and Ti interlayer deposited
at the initial stage of coating preparation. The more bombardment
by Ti particles provided better bonding between coating and buffer
and better adhesion [28]. It can be observed that maximum coating
adhesion was obtained with a critical load of 58 N for the 13.5 at.%
Ti content, consistent with the results of hardness. The previous
research by Bidev and Holmberg [29,30] showed that the adhesion
intensified with the increase of film hardness. Thence, the critical
Fig. 6. XRD spectra of MoS2-Ti composite coatings.
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Fig. 7. TEM images of MoS2-Ti composite coating with 13.5 at.% Ti.
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loads of the coatings that were consistent with the results of hardness
correspond to the conclusions in literature. However, further increasing
Ti content to 19.9 at.% caused the densification deterioration of the
coating, thus lowering the coating hardness and adhesion.

In order to investigate the effect of doped Ti content on the tribological
behavior of the MoS2-Ti composite coatings, ball-on-disk friction tests
were performed under ambient air against steel balls. Fig. 8(a) shows
the friction coefficient of the coatings as a function of the sliding distance.
For the pure MoS2 coating, the friction coefficient kept in the relative
steady statewithin thefirst sliding period and rose sharply at the distance
of about 100 m, implying the lubrication failure in humid atmospheric
environment and a poor wear durability. Meanwhile, the friction showed
a significant fluctuation and unsteady state. However, doping the Ti into
the coatings containing some Ti content (b15 at.%) presented a relatively
steady and low friction coefficient lower than the pure MoS2. It indicated
that the doped Ti improved the tribological properties of pureMoS2 in the
atmospheric environment. Fig. 8(b) shows that with the increase of the
Ti content, the average friction coefficient of the coating reduced from
0.24 (pure MoS2) to 0.04 (MoS2-Ti, 13.5 at.% Ti). In some literature
[9,11], the gradual optimization of tribological properties is due to the
increase of both hardness and adhesion of the MoS2-Ti coatings. There-
fore, the highest coating hardness and best adhesion together with
dense structure for the MoS2-Ti composite coating with 13.5 at.% Ti con-
tent may account for its best tribological behavior. In addition, during
wear, MoS2 could be oxidized into MoO3, directly causing an abrasive ef-
fect as an anti-lubricating component [31]. The formation of oxidation
products led to an increase of CoF and decrease of wear life, thus creating
a corrosive and abrasive effect on the contrary. Based on the XPS analysis
of theMoS2-Ti composite coatings, the incorporation of titanium can pro-
tect MoS2 structure from oxygen contamination. The presence of the tita-
niumatomswithin theMoS2 structure prevented the erosion of thewater
vapor and oxygen. With the increase of the Ti content, more MoS2 was
protected, and less formation of MoO3 existed. Hence, the coatings are
more resistant to the effects of humid air and maintain the lower CoF.
However, further increasing the Ti content, the friction coefficient of the
Table 3
Hardness and adhesion test results of MoS2-Ti composite coatings with different Ti
contents.

Ti content (at.%) Hardness (GPa) Critical load (N)

0 3.33 3
4.6 5.21 21
10.6 6.82 29
13.5 9.69 58
19.9 6.82 12
coatings increased with a short wear life due to its lower hardness and
poor adhesion. Similar results were also reported in earlier literature [32].

It is well know that the MoS2 layer is easy to slide due to its low
shear force in a tangential direction [1], but the loose structure is
prone to water adsorption and easily oxidized in humid atmospheric
environment, causing an increase of friction coefficient and a
decrease of coating friction lifetime [3]. Appropriate doped Ti led to
high coating adhesion and hardness combined with the densification
Fig. 8. (a) Sliding friction curves and (b) average friction coefficient of MoS2-Ti com-
posite coatings with different Ti contents.
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and compaction of the coating, which benefited sliding possible with
a extremely low friction coefficient and the improved endurance in
sliding contacts even under humid atmospheric environment
[6,12,33]. In addition, the formation of titanium oxides in surface of
the coating could effectively prevent the oxidation of MoS2, thus
improving the wear life of the coating.

4. Conclusions

MoS2-Ti composite coatings with Ti contents varying from 0 to
19.9 at.% were deposited by a hybrid HIPIMS system comprising of a
DC magnetron sputtering source and a HIPIMS source. Doping
Ti into MoS2 coating led to the emergence of structure densification.
With the increase of Ti content, the phase crystallinity of the
MoS2-Ti composite coatings decreased, and the increased amorphous
structure played great role to the coating performance. The results
showed that both the mechanical and the tribological behavior of
the coating were significantly improved as the Ti was doped into
the sputtered MoS2 coatings. Note that the maximum hardness and
adhesion were found with the Ti content of 13.5 at.% of the MoS2-Ti
composite coatings. Meanwhile, coatings with approximately doped
13.5 at.% Ti displayed the excellent lubricant and wear resistant
performance, where the friction coefficient showed the very steady
state behavior and the lowest average value of 0.04. The higher
coating hardness and better adhesion had vital influences on the
tribological property of the composite coatings. The present results
provide us the effective way to modify the tribology behavior of
pure MoS2 coating and realize its widely industrial applications as
solid lubricants with high performance.
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