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Abstract: In preparing MoS2-based coatings by magnetron sputtering, the working pressure of the
vacuum chamber directly affects the number and kinetic energy of sputtering particles, which causes a
difference in coatings structure and performance. In this paper, MoS2 composite coatings with Ce and
Ti binary doping were prepared by unbalanced magnetron sputtering technology, and the variation of
composition, structure, and tribological properties of Ce-Ti/MoS2 coatings under different working
pressures was studied. The results demonstrated that Ce and Ti doping improves pure MoS2 coatings.
The Ce-Ti/MoS2 coatings reached the hardness of 9.02 GPa and the friction coefficient of 0.065 when
working pressure was at 0.6 Pa. It was also observed that the deposition efficiency and wear rate
reached the optimal value at 0.9 Pa. With the increase of working pressure, the columnar structure of
the coating was coarse due to the change of kinetic energy and quantity of particles in the chamber.
The intensity of the MoS2 (002) diffraction peak decreased, which eventually led to a poor lubrication
effect and aggravated wear. This study provides technical guidance for preparing metal-doped MoS2

composite coatings with excellent mechanical and tribological properties.

Keywords: magnetron sputtering; molybdenum disulfide coating; rare earth doping; working
pressure; tribological property

1. Introduction

The solid lubrication coating prepared by physical vapor deposition (PVD) technology
is widely used in aviation and aerospace fields due to its low friction coefficient and stable
working state [1]. Unlike common oxide coating structures [2], MoS2 is a classic transition
metal dichalcogenides (TMDs) with a sandwich lamellar structure. The two adjacent
layers of MoS2 are connected by the weak van der Waals, consequently resulting in a
low shear strength between the two layers [3]. Therefore, it provides superior lubrication
performance in the sliding process and even achieves a super-smooth state at a specific
scale [4]. However, the (100) and (110) planes of MoS2 is easily oxidized [5], showing poor
wear resistance in the atmospheric environment, which limits the storage period of coating
from preparation to the working environment. Currently, many rocket launch platforms
are located offshore, so the oxidation resistance and corrosion resistance of the coating also
need to be further improved.

In order to solve the problem that the tribological properties of coatings decrease
significantly in the atmospheric environment, the PVD field mainly relies on doping to make
improvements. At present, the preparation of MoS2 coatings by PVD is primarily through
the doping of metal elements [6–9], metal compounds [10–12], and non-metallic elements
such as C and N [13,14] to improve the bearing capacity and antioxidant performance.
These doping methods can improve the loose structure of the coating itself and achieve
the purpose of wear resistance and corrosion resistance. In addition to the commonly used
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metal-doped elements (Cr, Ti, Cu, Ni, etc.), the rare earth elements have active properties
and can regulate the growth of the coating [15]. However, rare earth doping is mostly used
to regulate the optical, electrical, magnetic, and insulating properties of materials in surface
technology [16–21]. Reports on improving the mechanical and tribological properties of
magnetron sputtering MoS2 coatings are rarely seen.

In addition, the quality of the coatings is affected by multiple parameters (sputtering
power, target distance, matrix bias, deposition temperature, etc.). For example, W. Song
used the biphase deposition method to prepare MoS2/Zr composite films at different
temperatures and found that appropriate preparation temperatures (180~200 ◦C) give the
films excellent tribological properties [22]. J. Park prepared MoS2 films with different RF
power using the RF power supply, and the results showed that the RF power increased
from 100 to 200 W, the thickness increased from 100 to 240 nm, and the surface resistance
increased with the increase of RF power [23]. F. Bulbul used unbalanced magnetron
sputtering equipment to study the effects of bias voltage and target current on the structure,
mechanical properties, and tribological properties of MoS2-Ti composite films prepared by
pulsed magnetron sputtering [24]. Prozhega, M. V. deposited MoS2 coatings under different
bias voltages (−20 or +100 V) by magnetron sputtering, and observed that positive bias
voltage increased the deposition rate [25]. These methods influence the growth mode of
molybdenum disulfide crystal and optimize the coating preparation process.

It cannot be ignored that the working gas pressure in the working process of PVD
equipment also plays a crucial role. In the process of sputtering material from the target
to the matrix, sputtering particles will collide, reflect and offset. However, the increase
or decrease of the pressure in the chamber affects the change of particle density to a
certain extent, resulting in different energy of sputtering particles reaching the matrix,
making the coatings growth pattern different. In addition, studies suggest that rare earths
inhibit grain growth and coarsening and promote ordered growth of crystal arrangement in
materials [26]. Therefore, this paper prepared unbalanced magnetron sputtering technology
under different working pressure for Ce, Ti dual-doping MoS2 coatings, using a variety
of characterization methods research, cross-section shape, nanomechanical properties,
and friction and wear performance. Thus, the law and principle of parameter influence
werevealed.

2. Materials and Methods
2.1. Preparation of Coatings

Ce-Ti/MoS2 composite coatings were deposited by a JGP045CA magnetron sputtering
system produced by Shenyang Scientific Instrument Company (Shenyang, China). A MoS2
target with purity of 99.99% and Ce-Ti alloy target with atomic ratio of 1:1 were used as
sputtering targets (target diameter of 50 mm and thickness of 3 mm). Monocrystalline
silicon was used to test the mechanical properties and section images of composite coatings.
In addition, 9Cr18 steel was used to test the friction, wear properties, and surface morphol-
ogy of composite coatings. Before sputtering, the matrix was polished by water-soluble
grinding paste on the cloth, cleaned with acetone and analytical ethanol for 15 min, then
dried in a drying oven and put into a vacuum chamber. In order to improve the adhesion
of Ce-Ti/MoS2 composite coatings, a 10 min Cr transition layer was deposited by 0.6 Pa on
the substrate before Ce-Ti/MoS2 composite coatings were deposited. Then, Ce-Ti/MoS2
composite coatings were deposited at different working pressure by co-sputtering of the
Ce-Ti alloy target and MoS2 target. The process parameters are shown in Table 1, and the
deposition process is shown in Figure 1.
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Table 1. Process parameters of Ce-Ti/MoS2 coatings deposition by magnetron sputtering.

Parameters Conditions

Background vacuum/Pa 5 × 10−4

Deposition pressure/Pa 0.6, 0.9, 1.2, 1.5,1.8
Argon flow rate/Sccm 50

Deposition temperature/◦C 200
MoS2 Targetpower/W 250
Ce-Ti Targetpower/W 70

Cr Targetpower/W 100
Deposition time of transitionlayer/min 10
Deposition time of compositefilm/min 60

Figure 1. Schematic diagram of the deposition process of the Ce-Ti/MoS2 coatings.

2.2. Morphology and Performance Characterization

The surface, cross-section, and wear morphology of Ce-Ti/MoS2 coatings were ob-
served by FESEM (field emission scanning electron microscopy, Sigma300, ZEISS, Jena,
Germany), and element analysis measurements were analyzed by EDS (Energy Dispersive
Spectrometer), which is integrated on the FESEM. The crystal structure of the coatings
was analyzed by GIXRD (grazing incidence X-ray diffractometer, Rigaku Smartlab 3 kW,
Tokyo, Japan) with CuKα radiation, λ = 0.15405 nm, operating voltage and current were
40 kV and 40 mA; fixed incidence angle 1◦, the scanning range was 5◦–90◦and the scanning
rate was 5◦/min. The composition of coatings was obtained by XPS (X-ray photoelectron
spectroscopy, PHI-Vesoprobe 5000 III, Thermo Fischer, Waltham, MA, USA). The vacuum
degree of the analysis room was 4 × l0−9 Pa with Al kαradiation (hv = 1486.6 eV). Working
voltage and working current were 14.6 kV and 13.5 mA, respectively, and 20 cycles of signal
accumulation. The passing energy was 20 eV; the step was 0.1 eV; the energy standard of
C 1s = 284.8 eV was used for charge correction. The microhardness and elastic modulus
of Ce-Ti/MoS2 composite coatings were analyzed by using the nano-indentation (iNano,
KLA, Ann Arbor, USA). Berkovich indenter was selected to test the single point hardness
on the monocrystalline silicon. In order to avoid the test error, five different positions were
tested, the average value of the test results was taken, the test load was 10 mN, and the
maximum indentation depth was set to be no more than 1/10 of the coating’s thickness.

The friction and wear properties of Ce-Ti/MoS2 composite coatings were tested on a
friction and wear testing machine in the atmospheric environment. The friction mode was
circular sliding friction under dry friction. The test conditions were as shown in Table 2.
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Table 2. Test conditions of the friction experiments.

Parameters Conditions

Loading force (N) 2.4
Rotating speed(r/min) 1000

Friction radius(mm) 10
Time(min) 20

Temperature (◦C) 15–20
Humidity (%, RH) 50
Ball diameter (mm) 6

The cross-section morphology of the wear marks was measured by the three-dimensional
white light interference module of the UST-2 scratch instrument (Rtec, San Jose, CA USA);
the wear area was obtained by integrating the profile. The wear volume was obtained by
multiplying the total length of wear mark, and the wear rate (W) was calculated according
to the formula [27]:

W =
V

F · L
(1)

In the formula, W is the wear rate (mm3·N−1·m−1), V is the wear volume (mm3), F is
the applied normal load (N), and L is the total friction stroke (m). The average value of the
wear rate of three friction tests was calculated to reduce the error, and the wear rate was
used as a measure of the wear performance of Ce-Ti/MoS2 composite coatings.

3. Results and Discussion
3.1. Coating Structure Characterization

The FESEM image of Ce-Ti/MoS2 composite coatings is shown in Figure 2, which
is different from the wormlike surface morphology of pure MoS2 coatings shown in the
literature [28–30]. After adding Ce and Ti, the surface forms the aggregation growth form
of small protrusions, and there is a small gap between the protrusions, which is also
reflected in the Ti/MoS2 composite coating [31]. Compared with the porosity of pure
MoS2 coating [32], the dense protrusion growth mode is more compact and flat. The
composite coatings show many of the small protrusions combined with individual large
protrusions under different working pressure. The more significant protrusions may be
related to the synergistic effect of impurities in the chamber and sputtering particles with
different kinetic energy under different working pressure. When the working pressure
is 0.6~1.2 Pa, the sputtered coatings are smoother, especially at 1.2 Pa. Small protrusions
dominate the surface. With the increase of pressure, the uniformity of the coatings at
1.5~1.8 Pa is poor. In addition to the large-scale agglomeration structure that leads to many
prominent protrusions on the surface, the protrusions in Figure 2e also become loose, and
apparent gaps can be seen. Figure 3 shows the cross-section morphology of Ce-Ti/MoS2
composite coatings. It can be seen from Figure 3a,b that the cross-section of the coating is
dense, and there is no obvious trace of columnar growth under the working pressure of
0.6~0.9 Pa. From 1.2 Pa, the coatings appeared to have columnar crystal growth. At this
time, sputtering particle energy changes the coatings’ growth mode. when the working
pressure increased, the columnar crystal became more loose, coarse, and porous, indicating
that the bearing capacity of the coatings began to decline gradually. In addition, the
columnar MoS2-based coatings are not conducive to reducing the sliding friction resistance,
which is easier to be oxidized, resulting in reduced friction life [32].
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Figure 2. Surface FESEM micrographs of the composite coatings (a) 0.6 Pa, (b) 0.9 Pa, (c) 1.2 Pa,
(d) 1.5 Pa, (e) 1.8 Pa.

Figure 3. Cross section FESEM micrographs of the composite coatings (a) 0.6 Pa, (b) 0.9 Pa, (c) 1.2 Pa,
(d) 1.5 Pa, (e) 1.8 Pa.

Comparing the morphology image and the mapping test of the coatings’ surface by
EDS, the atomic percentage of the coating chemical elements and the coatings’ thickness
information are shown in Table 3. After Ce and Ti doping, the number of S elements in
the coatings decreases sharply, and this is partly because the ionized S ions in the vacuum
chamber will combine with the residual O and H ions and are easily pumped out by the
pumping system of the vacuum chamber. On the other hand, due to the high emittance of
the S element [33,34], the back sputtering after bombardment fails to attach to the substrate
when it reaches the substrate. It is worth noting that although the 1:1 alloy target is used
in the experiment, the content of the Ce element is significantly lower than that of the Ti
element, indicating that the sputtering threshold of the Ce element is higher, resulting in
relatively low sputtering efficiency of Ce element [35]. The S/Mo of the coatings decreases
with the increase of working pressure. The main reason for this phenomenon is that the
structure of the coatings is loose and columnar growth under high working pressure, and
the burst leakage will be more easily oxidized in the air. Mo element is easy to combine with
O to form Mo oxide [36], which reduces the relative content of the S element detected. In
addition, the change of the coating thickness with pressure is very obvious. The minimum
thickness is only 1.25 µm at 0.6 Pa, and the maximum is 2.8 µm at 0.9 Pa. The coating
thickness decreases with the increase of pressure under other pressures. A large amount
of argon in the chamber makes the target easier to glow and sputter, and the sputtered
particles also increase. The particle density in the lower chamber decreases at low working
pressure, and the mean free path increases due to the decrease in collision probability when
the sputtered particles reach the substrate. This will cause the particle kinetic energy to
be too high, so the particles reaching the matrix are reflected and challenging to adhere to.
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When the working pressure is too high (1.5~1.8 Pa), excessive collisions reduce the average
kinetic energy when the sputtered particles reach the substrate. The coating thickness
is reduced, and the coating structure is loose. The 0.9 Pa pressure parameter maximizes
deposition efficiency and maintains a dense structure.

Table 3. Chemical composition and thickness of Ce-Ti/MoS2 coatings.

Deposition
Pressure (Pa)

S
(at.%)

Mo
(at.%)

Ce
(at.%)

Ti
(at.%)

S/Mo
Ratio

O
(at.%)

Thickness
(µm)

0.6 40.29 40.52 2.47 8.58 0.99 3.14 1.25
0.9 40.32 44.08 2.13 7.97 0.94 5.5 2.80
1.2 35.91 42.89 2.32 7.21 0.84 11.67 2.42
1.5 31.40 41.32 1.31 4.89 0.76 21.09 2.09
1.8 30.99 41.33 1.28 5.02 0.75 21.23 2.07

The GIXRD patterns of pure MoS2 coatings have obvious crystal structures [28–30],
with characteristic peaks of 14.5◦, 33.82◦, 49.93◦ and 59.93◦, corresponding to the (002),
(100), (105), and (110) crystal planes of MoS2, respectively. The GIXRD diffraction pattern of
the Ce-Ti/MoS2 composite coatings surface is shown in Figure 4. It can be seen that there
are almost no obvious diffraction peaks in the Ce, Ti doped composite coatings. This shows
that the doping elements make the original orderly growth of the crystal into a featureless
growth form, becoming a similar amorphous structure. Although the peak width of the
GIXRD pattern increases and the peak height is low under different working pressures,
the diffraction peak of the (002) crystal plane belonging to MoS2 still exists, and the peak
height is more obvious under low working pressure. According to the growth theory of
TMDs materials [32], the (002) plane of type II MoS2 grows parallel to the substrate, which
is beneficial for reducing friction resistance during the friction process. Therefore, it can be
inferred that the coatings under low working pressure may have better friction and wear
properties. Secondly, the peak of MoxSy (0.5 < x:y < 1) was found on the coatings (PDF
card: No.51-1004, No.27-0319). The peak was 53.0◦ at 0.6 Pa, and the peak was 46.7◦ when
the pressure was greater than 0.6 Pa. The possible structure was Mo7S8 and Mo3S4. From
the S/Mo in Table 3, it can be seen that the cause of MoxSy may be related to the large loss
of the S element. In addition, a small amount of CeO2 peaks were found in the coatings
at 0.6 and 0.9 Pa, which may be caused by the different reaction products of Ce and the
residual O element in the vacuum chamber.

Figure 4. GIXRD curves of the composite coatings deposited at different Ce-Ti deposition pressure.

3.2. Characterization of Mechanical Properties

Studies have shown that the higher the H/E value, the better the bearing capacity and
fracture toughness of the coatings, and, to some extent, this reflects the wear resistance
of the coatings [37,38]. As can be seen from Figure 5, due to the porous structure of pure
MoS2, the microhardness is usually low. The doping of Ce and Ti significantly increases
the coatings’ microhardness and improves the coatings’ bearing capacity. As the pressure
increases, the coatings’ hardness gradually decreases from a maximum of 9.02 GPa at 0.6 Pa
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to 4.72 GPa at 1.8 Pa. It shows that the pressure significantly affects the energy of the
sputtered particles to reach the substrate. Because of low pressure, the bombardment and
re-sputtering caused by the high particle kinetic energy help to form a dense structure
and improve the hardness. The hardness of the coatings decreases sharply when the
pressure range is from 1.2 Pa to 1.5 Pa because the surface morphology (Figure 2) begins to
change from fine and dense to coarse and loose after 1.2 Pa. According to the Hall–Petch
theory [39], it is inferred that the grain boundary strengthening effect of coatings greater
than 1.5 Pa is weakened, and the hardness is reduced. It can also be seen from Figure 5 that
it decreases with the increase of H/E value pressure until it drops to about 0.049 under the
parameters of 1.5~1.8 Pa. To a certain extent, the lower working pressure (0.6~0.9 Pa) has
high hardness and improves the wear resistance. It is noteworthy that the elastic modulus
has a certain specific increase when the working pressure is 1.2 Pa. Combined with the
cross-sectional structure of Figure 3, the coatings began to grow in columnar crystals after
1.2 Pa. Due to the different growth directions of the coatings under different pressures, the
elastic modulus detected by the nano-indentor also changed.

Figure 5. Hardness, elastic modulus and H/E of the composite coatings deposited at different
deposition pressure.

3.3. Tribological Performance Analysis

Friction coefficient curves at different deposition pressure are shown in Figure 6. It
can be seen from the figure that Ce and Ti doped MoS2 composite coatings generally
work under low friction coefficients below 0.1. It shows that the addition of Ce and Ti
doping metals facilitates the compact coatings structure and retains the lubrication property
of MoS2 itself. In terms of the fluctuation of the friction curve, the fluctuation range of
1.2~1.8 Pa is more extensive, and the fluctuation of the friction coefficient under 0.6 Pa
pressure is the smallest. It is concluded that in addition to the thickness of the transfer
film [40], the hard particles formed during friction also affect the coefficient change during
friction [41]. From the friction curve values, the friction coefficient under low working
pressure is small, the friction coefficient under 0.6 Pa pressure is stable at around 0.065 on
average, and the 0.9 Pa coating can also be stable within 0.07 in the stable friction stage
after 11 min. With the increase of working pressure (1.2~1.8 Pa), the friction coefficient
almost reaches 0.1 in the late stage of friction. This is because the coatings start to grow
along the vertical matrix when the working pressure is exceeds than 1.2 Pa, which is not
conducive to reducing friction coefficient [42].
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Figure 6. Friction coefficient curves at different deposition pressure.

Three-dimensional morphology reconstruction of wear tracks is shown in Figure 7.
The coatings abrasion area in the range of 1.8 × 1.1 mm2 was scanned to obtain the relative
height information of the abrasion area. As shown in Figure 7, wear track is in the middle
of the scan area, and debris accumulated in both sides of the wear track. The wear scars
at 0.6 Pa and 0.9 Pa were smooth, and they became deeper when the working pressure
increased to 1.2 Pa. Evident furrows began to appear on the surface of the wear scar at
1.8 Pa, which extension direction is parallel to the wear direction. In addition, there are
traces of coating delamination at the edge of the wear scar.

Figure 7. Three-dimensional morphology reconstruction of wear tracks (a) 0.6 Pa, (b) 0.9 Pa, (c) 1.2 Pa,
(d) 1.5 Pa, (e) 1.8 Pa, (f) FESEM track graph of 1.8 Pa.

Cross-section profiles andaverage wear rate are shown in Figure 8. From Figures 8 and 9,
it can be seen that the wear depths of 0.6 Pa and 0.9 Pa are 0.07 and 0.03 µm, respectively; the
wear rates are 7 × 10−8 and 2.1 × 10−8 mm3·N−1·m−1, respectively. There is no obvious
furrow in the cross-section profile of the wear scar. The wear depth reached 0.10 µm
and 0.13 µm at 1.2 Pa and 1.5 Pa, respectively, and the wear rate gradually increased.
In addition, the wear scar contour began to appear on many sawteeth, indicating the
appearence of furrows and abrasive wear on the wear scar surface. It is worth noting that
the coating under 1.8 Pa pressure not only has obvious wear traces, the wear rate reaches
23.7 × 10−8 mm3·N−1·m−1, and the edge of the wear trace also appears. The coating with
a depth of about 0.2 µm fell off (Figure 7f). According to the morphology analysis, it is
found that the columnar structure of the coating at 1.8 Pa is the coarsest, and the coating
structure is loose. According to the analysis of mechanical properties, the hardness of the
1.8 Pa coating is small, and the relative elastic modulus is large, resulting in a smaller H/E
value. Therefore, during the friction process of the coating, the cyclic action of the external
force causes the coating to produce tiny cracks. When the crack grows to a sufficient length,
it will peel off due to the stress generated by the extrusion of the steel ball. In studying the
tribological properties of MoS2 coatings, Ti element doping has always been a hot topic.
This study added the Ce element based on Ti doping to form binary doped MoS2-based
coatings. They have similar friction coefficients compared to Ti/MoS2 coatings with similar
composition, and even some Ti/MoS2 coatings have lower friction coefficients than Ce-
Ti/MoS2 coatings [43]. However, in terms of wear resistance, Ce-Ti/MoS2 coating has more
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tremendous advantages, which is significantly better than the wear rate of 9.2 × 10−7 and
10−7 mm3·N−1·m−1 in the study of Li and Qin et al. [44,45].

Figure 8. Cross-section profiles of different deposition pressure (a) 0.6 Pa, (b) 0.9 Pa, (c) 1.2 Pa,
(d) 1.5 Pa, (e) 1.8 Pa.

Figure 9. Average wear rate of different deposition pressure.

Figure 10 shows the FESEM image and energy spectrum mapping results of the steel
ball surface under various working pressures. It can be seen that the steel balls under
various deposition parameters have traces of the transfer film. The soft transfer film has
strong plastic flow and adhesion ability and can form good protection for the friction pair
during the friction process [46], which is one of the reasons why the wear rate is not high
under various working pressures. In addition to the attached transfer film on the dual
steel ball, the wear scars (part of the red dotted coil) formed by the parallel arrangement
of rubbing on the surface of the steel ball were also observed, among which the wear
scar area was the smallest under the working pressure of 0.6 Pa and 0.9 Pa, and increased
successively from the 1.2 Pa parameter, which also confirmed the changing trend of the
coatings wear rate. According to the study of the friction of the coatings in the atmospheric
environment [47], it was found that at the initial stage of the coatings wear, the nano-scale
adsorption film formed at the friction interface reduced the friction coefficient, and the
adhesion of the contact point after the adsorption film was destroyed caused the friction
coefficient to increase. The alternation of formation and shedding of adsorption film causes
both the fluctuation of the coefficient change and the accumulation of dense wear debris
around the wear scar. Because the bearing capacity and deformation resistance of different
materials with different deposition parameters are also different (as shown in Figure 5), the
contact interface area increases with the working pressure at the initial friction stage. When
the convex contact of the coatings surface is pushed and flattened, the excessive contact
area increases the adhesion, resulting in a higher overall friction coefficient of the coatings
under high working pressure. From the composition of the wear scar, the transfer film is
mainly composed of Mo and S elements, which is the main component of the coatings; a
small amount of Ti element was observed, and the Ce element was hardly observed. It
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shows that the friction process is not easy to transfer the Ce element and gather at the
wear scar.

Figure 10. FESEM micrographs and EDS mapping images of the wear scars for (a) 0.6 Pa, (b) 0.9 Pa,
(c) 1.2 Pa, (d) 1.5 Pa, (e) 1.8 Pa. The scratches on the surface of the steel ball are marked with red
circles. The scratch area increases with the increase of deposition pressure.

To further analyze the friction and wear differences caused by different working
pressures, XPS was used to analyze the Mo 3d, S 2p, Ce 3d, and Ti 2p orbitals in the low
pressure and high pressure samples, as shown in Figure 11. The peaks near 229.02 and
232.15 eV of (a) sample and 228.83 and 231.96 eV of (b) sample are referring to Mo 3d5/2
and Mo 3d3/2 for MoS2 [48], which are the main components that can reduce the friction
coefficient in the coating. The peaks near 230.32 and 233.45 eV in (a) sample and 230.51
and 233.64 eV in (b) sample are Mo 3d5/2 and Mo 3d3/2 peaks in (MoO3) 0.50 (Fe2O3)
0.50 [49]. In addition, the peaks near 232.73 and 235.86 eV of (a) sample and 232.73 and
235.86 eV of (b) sample are Mo 3d5/2 and Mo 3d3/2 peaks in MoO3 [50]. It can be seen
from these two peaks that Mo in the coating is mainly combined with S and O elements to
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form hard MoO3, which may aggravate wear [36]. The peaks near 162.36 and 163.54 eV on
the S 2p orbital and 162.02 and 163.20 eV on the (b) sample are S 2p3/2 and S 2p1/2 peaks
in MoS2, corresponding to the Mo 3d orbital results. In addition, the weaker MoOxS peaks
near 163.73 and 164.91 eV on the (a) sample and 163.55 and 164.73 eV on the (b) sample. By
and large, the peak intensity associated with MoS2 in the sample (a) is more obvious, and
the peak intensity associated with Mo oxide is weaker; the peak value of bonding with Mo
oxide in sample (b) is stronger than that in sample (a), indicating that the coatings are more
seriously oxidized under high pressure.

Figure 11. XPS spectra of Mo 3d, S 2p, Ce 3d and Ti 2p (a) 0.6 Pa, (b) 1.8 Pa.

The form of doping metal also affects the tribological properties of the coatings. As the
content of doping elements, Ce and Ti are relatively small, the relatively obvious peaks are
analyzed. The peaks near 882.23 and 900.33 eV of sample (a) in the Ce 3d energy spectrum
orbit are the Ce 3d5/2 and Ce 3d3/2 peaks in CeO2; (b) Only the 882.19 eV peak on the
sample is related to CeO2. In addition [51], the peaks of Ce2O3 were also found. The peaks
near 886.42 and 904.52 eV of (a) sample and 885.50 and 903.60 eV of (b) sample were Ce
3d5/3 and Ce 3d2/3 peaks in Ce3+ [52]. The peaks near 458.78 and 464.32 eV on (a) sample
and 458.84 and 464.38 eV on (b) sample are Ti 2p3/2 and Ti 2p1/2 peaks in TiO2 [53]. It can
be seen that the doping element Ti is easy to combine with O under various parameters to
form TiO2 dispersed in the coating. Ce element has the valence state of Ce3+ and Ce4+ in
the coating. Ce4+ combines with oxygen to form CeO2. As an additive, it is beneficial to
significantly reduce the friction coefficient and wear rate [54–56]. Ce3+ and oxygen form
Ce2O3, which has the effect of removing impurities and refining grains [26,57]. In addition,
it can also be seen that the relative content of CeO2 in (a) is higher than that in (b). Possibly
due to pressure, Ce reacts with O2 and H2O in the vacuum chamber to form different
oxides. The pressure affects the average kinetic energy of the Ce element in the sputtering
state, which affects the oxidation products. It also shows that the higher content of CeO2
under low pressure may be more likely to reduce friction.

4. Discussion

Combined with the above tests and analysis, the wear mechanism of the 9Cr18 steel
balls on Ce-Ti/MoS2 coatings is speculated, as shown in Figure 12. First, before the
friction behavior, as shown in Figure 12a, the Ce element and the Ti element are uniformly
dispersed in the coating, wherein the Ti element content is greater than the Ce element.
As shown in Figure 12b, the contact interface between the coating and the steel ball will
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form an adsorption coating in the early stage of friction behavior. The adsorption film
mainly comprises transferred Mo, S elements, and a small amount of Ti elements on the
coating. The compound of Ce is challenging to transfer and is enriched on the wear
scar. The adsorption film blocks the direct contact between the steel ball and the coating
during friction, making the shear action smoother and decreasing the friction coefficient.
Nevertheless, the adsorption film is soon destroyed in the friction, resulting in direct contact
between the steel ball and the coating, to produce adhesion and friction coefficient, and
wear increases. The coating material with high wear band becomes the adsorption film
again. Finally, it enters the cycle of ‘shear’ and ‘adhesion’, leading to the jagged fluctuation
of the friction coefficient curve [46]. After a certain friction time, the coating with low
working pressure is shown in Figure 12c. Due to factors such as high hardness and strong
deformation resistance, the coating wear is not apparent. The coating contains more CeO2,
which has the possibility of forming rolling polymer, catalytic dehydration, and other
favorable factors, thus reducing the friction coefficient [58–60]. The high working pressure
is shown in Figure 12d. The coating’s low hardness and low deformation resistance increase
the depth of the wear scar and lead to the continuous accumulation of cracks and the final
coating collapse. High wear increases the contact area of the interface, resulting in increased
adhesion and a corresponding increase in the friction coefficient. A large amount of wear
debris accumulates on the surface of the wear scar along the friction direction to form a
relatively thicker transfer film.

Figure 12. Wear mechanisms for Ce-Ti/MoS2 coatings sliding against 9Cr18 balls. (a) is the stage
before the beginning of friction, (b) is the early stage of friction. After a certain friction time, (c) is the
friction state at 0.6 Pa, (d) is the friction state at 1.8 Pa.

5. Conclusions

The Ce-Ti/MoS2 coatings were prepared by unbalanced magnetron sputtering under
different working pressures. The surface (cross section) morphology, element composition,
crystal structure, mechanical properties, and tribological properties were analyzed. The
following conclusions were obtained:

• In terms of structure, at 0.6~0.9 Pa, the grains are fine and grow in an approximate
amorphous structure. MoS2 is easy to grow along the (002) parallel to the substrate
direction, which is beneficial to improve the friction and wear properties. The coating
has the highest sputtering film formation efficiency at 0.9 Pa; when the pressure is
greater than 1.2 Pa, the coarse grains grow in the columnar structure, and the bearing
capacity of the coatings decreases.

• In terms of mechanical properties, the composite coating with 0.6 Pa working pressure
has the highest hardness of 9.02 Gpa and deformation resistance. As the working
pressure increases, the hardness gradually decreases to 4.72 GPa at 1.8 Pa.

• In the coatings composition, in addition to the main existing MoS2, MoO3 was also
found to affect the tribological properties. In addition, the doping elements are in the
form of TiO2, CeO2, and Ce2O3 in the coatings. The coatings at 0.6~0.9 Pa perform
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better oxidation resistance. With the increase of pressure, the oxidation degree of the
coating is more serious, and the content of rare earth oxide CeO2 is more at 0.6 Pa,
while the content of Ce2O3 is higher at 1.8 Pa.

• The coatings exhibit excellent tribological properties under low pressure: the minimum
friction coefficient is about 0.065 at 0.6 Pa, and the minimum wear rate is at a pressure
of 0.9 Pa. The friction coefficient and wear rate increase with the increase of pressure.
The coating even produces block shedding under the friction and extrusion of steel
balls at 1.8 Pa. Ce-Ti/MoS2 easily forms a transfer film on the surface of the dual steel
ball during friction. The wear scar area of the coating at 0.6~0.9 Pa is the smallest.
As the pressure increases, the wear scar area gradually increases, which shows that
the wear scar of the coating becomes wider, and the wear rate increases. Considering
the excellent wear resistance of the coating, Ce-Ti/MoS2 coating can be used in the
vacuum and space fields, with applications for spacecraft motion components and
rolling bearings.
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