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a b s t r a c t

Optimizing the MoS2-based coating to overcome its humidity sensitivity is still a challenge. In this work,
MoS2/Pb composite coatings with various Pb contents were synthesized by unbalanced magnetron
sputtering system. The microstructures of the coatings change from loose columnar structure for pure
MoS2 to a compact featureless structure for Pb doped MoS2. The hardness and elastic modulus of the
MoS2/Pb composite coatings gradually increase with the Pb content increase and exhibit a maximum
value at Pb content of 8.9 at%. Further increase in the Pb content results in a decrease in the hardness and
elastic modulus of the coatings. The tribological performance of the coatings was systematically eval-
uated under different humidity conditions, and the underlying mechanisms were investigated. The
results show that the mechanical property of the coating determines the wear properties under dry air;
whereas the antioxidant property of the coating becomes prominent with regard to the wear-resistant in
humid environmental. This benefits us to tailor or select the MoS2-based composite coatings for different
operating conditions.

& 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Solid lubricant coatings based on transition metal dichalco-
genides (TMDs) constitute a group of promising candidates for
many applications, such as high vacuum, aerospace, high-speeds,
high loads, where liquid lubrication is not available [1]. The
excellent tribological properties of TMDs are thought to be asso-
ciated with “easy shear” planes in the 〈0001〉 crystallographic
direction [2], resulting in very low shear strength as low as dozens
of MPa [3]. The “easy shear” properties of TMDs can be explained
by the dz2 character of the highest occupied molecular orbital
(HOMO) [4]. More precisely, in MoS2, the dz2 orbital is filled,
leaving only high energy antibonding orbitals available for inter-
layer bonding; therefore, the interaction between the interlayer is
weak, which results in very low shear strength. MoS2, as the most
abundant TMD (termed molybdenite), has been extensively stu-
died compared to the other TMDs, such as WS2, WSe2 and MoSe2.
However, MoS2 is very sensitive to moisture; the dangling and
unsaturated bonds of the crystal MoS2 are easy attracted by H2O to
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MoO3 and H2S (gaseous), which causes a higher friction coefficient
because of increasing shear strength of MoO3 [4,5]. The dis-
advantage of MoS2 restricts the technological applications in the
Earth's atmosphere. However, there is increasing demand for
environmentally robust solid lubricant coatings that can adapt
themselves to different environments. For instance, aircrafts are
repeatedly subjected to high and low humidity with altitude
changes. Satellites have to be exposed to moisture during assem-
bly or launch, and attacked by atomic oxygen in low Earth orbit.
For this reason, optimizing the MoS2 coating becomes an impor-
tant way to meet the challenges. Changing crystallographic
orientation of MoS2 from Random-oriented to basal-oriented is an
effective way to improve the wear behavior of MoS2 coatings in
humid air, as the ratio of the oxidation rate along the c-axis to the
one parallel to the basal plane is 10�11 at ideal perfect sites on the
basal surface [6,7]. Further, Chhowalla et al. [8] improved the tri-
bological and antioxidant properties of MoS2 by using MoS2 in the
form of isolated inorganic fullerene-like hollow nanoparticles.
However, it is hard to succeed in the applications of the novel
MoS2 coating as the requirement of the special equipment and
complex deposition processes. Otherwise, doping with another
element or compound in the MoS2 coating is an economical and
effective way to improve its tribological properties, the dopants
include metals [9,10–16], nonmetals [17–19], and compounds
[20–23]. Different doping elements play different roles in mod-
ifying the wear behavior of MoS2. Teer et al. [24] suggested that Ti
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Fig. 1. Schematic diagram of the deposition system.
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atoms were situated between the neighboring S planes, which is
responsible for reducing the sensitivity of the coating to water
vapor. The oxygen substituted for sulfur within the lattice of MoS2
could help reduce the friction [19]. Isaeva et al. [25] reported that
21–24% of the N atoms in amorphous W–S–N coating form quasi-
free N2 molecules, such N2 units were located in cages in the
amorphous matrix, where they were coordinated mainly by S
atoms. This structure made it easy access to W and S for con-
tinuous formation of WS2 in the contact region, and resulted in
ultra-low friction for an amorphous W–S–N film [26]. Voevodin
et al. found [27] that the WC/DLC/WS2 composite coating exhib-
ited excellent friction recovery in humid-dry environmental
cycling. The DLC phase is responsible for lubrication in humid
environments while the WS2 phase is contributed to lubrication in
dry nitrogen and vacuum. Zabinski et al. [28] found the Sb2O3

particles inside the MoS2/Sb2O3/C composite coating could effec-
tively block the propagation of cracks perpendicular to the sub-
strate, and hence slowed the coating delamination/wear-off.
However, for the most doped elements and compounds, which
neither interact with MoS2 nor play special role in improving the
wear behavior of MoS2. Those dopants can modify the coating
microstructure, adjust the residual stress state in the coating and
the hardness-to-modulus ratio, and then improve wear resistance
under humidity conditions [29].

Among the doped elements, Pb is one of the most promising
candidates for dopants, as Pb itself is an excellent solid lubricant
[30], and Pb can prevent the formation of randomly oriented MoS2
in the sputtering plasma [31]. Thus, MoS2/Pb composite coatings
exhibit superior wear resistance [32]. However, it is rarely repor-
ted the effect of the Pb content on the friction coefficient and wear
rate of the MoS2/Pb composite coatings under various environ-
ment. Moreover, the friction and wear mechanism of MoS2/Pb
composite coatings under different humidity conditions is still
unclear. In this study, the MoS2/Pb composite coatings were
deposited using unbalanced magnetron sputtering system. The
effects of the Pb content on the wear behavior of the MoS2/Pb
composite under three different environments were investigated,
and the main factors that influenced the wear properties of MoS2/
Pb composite coatings under different humid conditions were
discussed systematically. sp
.
2. Experimental details

MoS2/Pb composite coatings were deposited on 304 stainless
steel and silicon wafer using a Teer UDP-650 unbalanced magne-
tron sputtering system. The sputtering system contains two MoS2
targets, one titanium target and one Pb target, and the substrates
rotate among the targets, the schematic diagram of the deposition
system is shown in Fig. 1. Before deposition, the vacuum chamber
was evacuated to a background vacuum of 1.33�10�3 Pa using a
diffusion pump backed by a rotary pump, and then the substrates
were etched by Arþ ion for 30 min with a DC bias of �500 V.
Afterwards, all the four targets were sputter-cleaned for 5 min.
Prior to the deposition of composite coatings, a Ti interlayer of
approximately 200 nm thickness was deposited on the substrates
to improve the adhesion properties and load bearing capacity,
followed a gradient interlayer. The gradient interlayer was
deposited by sputtering from four targets simultaneously, with the
power on the titanium target being gradually reduced while the
power on the MoS2 targets and Pb target increased. A DC substrate
bias of �50 V was applied during the deposition. For all the
experiments, the target current for the MoS2 targets was fixed at
0.8 A while the sputtering current applied on the Pb target was
adjusted from 0 to 0.4 A.

www

The surface and cross-sectional micrographs of the MoS2/Pb

composite coatings were performed by field emission scanning
electron microscopy (FESEM, Hitachis-4800). Atomic force micro-
scopy (AFM, Benyuan CSPM 4000) under contact mode was used
to measure the surface roughness of the MoS2/Pb composite
coatings. The compositions of the coatings were analyzed by
energy-dispersive X-ray spectroscopy (EDS, Oxford Inca Energy
250) and X-ray photoelectron spectroscopy (XPS, PHI-5720) with
Al Kα radiation. Philips X'perts X-ray diffractometer with Cu Kα
radiation was used to measure the structures of the coatings. The
hardness of the as-deposited coatings was investigated by a nano-
indenter (MTS NanoIndenter G200), a Berkovich diamond tip was
used and continuous stiffness option was adopted, the maximum
indentation depth was 200 nm (less than 10% of total coating
thickness to minimize the substrate contribution). Six replicate
indentations were made for each coating sample and the hardness
was calculated from the load–unloading curves.

The tribological performances under ambient pressure were
evaluated using a ball-on-disk reciprocating sliding tribometer
(CSM, Tribo-S-D-0000) at room temperature. The humidity was
fixed at 1371.5%, 3573%, and 7573% RH respectively. As one of
the most commonly used high-chromium bearing steels, GCr15
was used as sliding mating materials. The diameter of the tribo-
pair was 4 mm, and the fiction tests were conducted under a
constant load of 5 N; therefore, the Hertzian contact pressures
were between 874.2 and 1034 MPa correspondingly, and this was
in the high contact stress regime that MoS2-based coatings were
usually used [10]. The reciprocating amplitude was 5 mm, the
frequency was 5 Hz, and the total reciprocating cycle number was
10,000 cycles. In addition, environmental adaptability of the
coatings were investigated by switching environment between dry
air (1371.5% RH) and humid air (7573% RH) every 5000 cycles,
for total test duration of 30,000 cycles. For this investigation, dry
air was obtained from refrigerated air dryer, the humid air was
obtained by a humidifier; the humidity was precise controlled by
mixing dry air and humid air in a proper ratio. The contact mating
surfaces were investigated by Micro-Raman spectrometer (Jobin
Yvon LabRAM HR800 UV, YGA 532 nm). The wear scars on the
tribo-pairs were characterized by JSM-5600 SEM. The wear rates
(K) of coatings were calculated via K¼V/(FS), where V was the
wear volume loss in mm3, F was the applied normal load in
Newton and S was the sliding distance in meters, and the wear
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Table 1
Deposition parameters, element content and surface roughness of the MoS2/Pb
composite coatings.

Run no. Target current (A) Mo (at%) S (at%) Pb (at%) O (at%) Ra (nm)

MoS2 Pb

1 0.8 0 33.8 54.6 0 11.6 4.32
2 0.8 0.1 36.5 53.7 2.3 7.5 3.42
3 0.8 0.15 36.1 53.9 4.1 5.9 2.48
4 0.8 0.2 33.9 54.2 6.8 5.1 1.67
5 0.8 0.25 33.7 54.8 7.6 3.9 1.17
6 0.8 0.3 33.7 53.2 8.9 4.2 1.15
7 0.8 0.35 30.6 54.4 10.4 4.6 1.10
8 0.8 0.4 50.6 50.2 14.8 4.4 1.00
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volumes of the coatings were obtained via equation V¼ l� S,
where l was the amplitude of the wear track, S was the wear track
depth profiles measured by an Alpha-Step D-100 profilometer.
Fig. 2. XRD patterns of (a) MoS2, and MoS2/Pb composite coatings at Pb contents of
(b) 2.3 at%, (c) 4.1 at%, (d) 6.8 at%, (e) 7.6 at%, (f) 8.9 at%, (g) 10.4 at% and (h) 14.8 at%.m.co
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3. Results and discussion

3.1. Composition and microstructure

The compositions for pure MoS2 and MoS2/Pb composite
coatings were analyzed by EDS, as shown in Table 1, the element
compositions of Mo, S, Pb and O were normalized to 100 at%. The
Pb content varies from 0 to 14.8 at% as Pb target current increases.
It is seen that the O content decreases with increasing the Pb
content.

The XRD patterns of pure MoS2 and MoS2/Pb composite coatings
are shown in Fig. 2. There is a remarkable peak at around 2θ¼13° for
pure MoS2 coating, which is assigned to the MoS2 (002) plane, the
peaks at around 2θ¼33° and 59° are ascribe to the MoS2 (100) and
(110) planes respectively [33,34]. This results indicate that pure MoS2
with its basal planes mainly oriented parallel to the substrate, and
this oriented coating shows high oxidation resistance and long wear
life [35]. However, the MoS2 (100) and (110) peaks disappear when
Pb is incorporated into the MoS2 coating. The presence of Pb during
deposition leads to re-arrangement of the deposited MoS2 and the
formation of the nucleation sites favoring basal crystalline growth
[31]. Moreover, as the Pb content increases, the appearance of a
broad bump is accompanied by the decreasing of (002) peak, which
implies that the coatings are amorphous. Therefore, the growth of
the MoS2 crystalline is restricted by the Pb doping. The cross-section
and surface morphologies of the pure MoS2 and MoS2/Pb composite
coatings are illustrated in Fig. 3. The MoS2 coating reveals a typical
porous with column morphology as shown in Fig. 3a, while the
MoS2/Pb composite coatings show a dense and featureless mor-
phology even when the Pb content as low as 2.3 at%. Furthermore, as
shown in Table 1, the Roughness average (Ra) of the coatings
decreases as the Pb content increases, which also confirms that the
composite coatings with high Pb content exhibit dense morphology.

The XPS spectra of pure MoS2 and MoS2 doped with 6.8 at% Pb
composite coatings are shown in Fig. 4. The surface of the coating
was firstly analyzed by XPS, then, the subsurface layer was etched
by Arþ ion for 20 s for further analysis. The etching was carried
out to check the antioxidant capability of the MoS2/Pb composite
coating after 15 days of store in ambient air (50% RH) and ensure
that the tested material represented the bulk coating. The Mo 3d3/
2 peak at binding energy position of 231.4 eV corresponds to Mo4þ

ions like those present in MoS2, while the Mo 3d3/2 peak at
235.0 eV is assigned to Mo6þ in MoO3 [36]. The Pb 4f 7/2 peak at
binding energies of 137.4 eV is between the position of Pb and
PbOx [37] or PbS [38,39], indicating that partial of the Pb in the
coating is in the oxygen or sulfur environment. However, it is
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difficult to distinguish the chemical state of element Pb due to the
similar binding energies between PbS and PbOx. The S 2p3/2 peak
at binding energies of 161.6 eV is assigned to MoS2 [40,41]. The O
1s peak at binding energies of 532.1 eV is ascribed to absorbed
oxygen (molecular oxygen) [42]. After Arþ ion etching for 20 s,
MoO3 was hardly detected. The binding energy of Mo 3d drops to a
lower level, which suggests that Mo in the bulk of the coating is
less influenced by oxygen. The Pb 4f 7/2 peak at binding energies
of 136.9 eV is on the position of Pb [43]. No obvious peak shift is
found for S 2p3/2. However, a weak O 1s peak is still observed at
the position of the O–Mo bond (529.8 eV [43]). The result shows
that the MoS2/Pb composite coating is mainly composed of MoS2
and metallic Pb, and part of MoS2 is oxidized during deposition;
there is no interaction between Pb and MoS2.

3.2. Mechanical properties

The hardness and elastic modulus of the MoS2 and MoS2/Pb
composite coatings were measured and the results are given in
Fig. 5a. As the Pb content increases from 2.3 to 8.9 at%, the hard-
ness of the composite coatings increases from 4.6 to 7.2 GPa sig-
nificantly, which is higher than that of pure MoS2 coating (around
4.3 GPa). The lower hardness of the pure MoS2 coating is related to
its columnar morphologies and porous structure. The hardness
enhancement of the composite coatings is ascribed to the densi-
fication of the coatings. However, the hardness of the composite
coatings decreases from 7.2 to 3.8 GPa with further increasing of
the Pb content from 8.9 to 14.8 at%. A similar behavior of metals
doped MoS2 coatings had been reported in MoS2–Cr and MoS2–Ti
composite coating [44]. There are two reasons for the reduction of
hardness with increasing of metal dopant: one is the negative



Fig. 3. FESEM micrographs of (a) MoS2, and MoS2/Pb composite coatings at Pb contents of (b) 2.3 at%, (c) 4.1 at%, (d) 6.8 at%, (e) 7.6 at%, (f) 8.9 at%, (g) 10.3 at% and
(h) 14.8 at%.
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Hall–Petch dependence of the hardness on the grain size, and the
other is the deformation of soft metal grains. According to the
Hall–Petch relationship, the hardness of the MoS2/Pb composite
coatings increases with the decreasing crystallite size as the dis-
cussion in the XRD and SEM results. However, when the crystallite
size decreases below a certain limit or the coating appears amor-
phous structure, the fraction of grain boundaries increases rapidly
and the strength and hardness of the coatings decreases due to a
grain boundary sliding [45–47]. Otherwise, Pb forms separate
grains when the Pb content is high enough in the MoS2/Pb com-
posite coatings. The Pb grains in the composite coatings relax the
compressive stress, and Pb is easy to deform under external
penetration, which results in the decrease of the hardness [48].

The same trend is seen in elastic modulus. With the Pb content
increasing from 0 to 8.9 at%, the elastic modulus of the composite
coatings increases from 68.8 GPa for pure MoS2 to 92.3 GPa. For a
further increase of the Pb content up to 14.8 at%, the elastic
modulus decreases from 92.3 GPa to 65.5 GPa. For an excellent
performance of coatings in mechanical and tribological testing not
only high hardness (H) but also a low elastic modulus (E) is
favorable. The ratio of the hardness to the elastic modulus H/E,
which is also called the plasticity index, is often a reliable indicator
of wear resistance for a coating [49]. Therefore, the wear resis-
tance of a coating could be improved for a high H/E value. Fig. 5b
shows the H/E values varied as the function of the Pb content for
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 the as-prepared MoS2/Pb composite coatings. In lower metal
content region, the H/E values increase with the increasing of
doping content. A maximum H/E value of about 0.078 is obtained
at around 8.9 at% Pb for the composite coatings. Then the H/E
values decrease rapidly with further increasing of the Pb content.

3.3. Tribological behavior under different humidity conditions

To investigate the effect of the Pb content on the friction and
wear behaviors of the MoS2-based coatings, the tribological
behavior of the as-fabricated coatings was performed under var-
ious ambient air environments including 13%, 35%, and 75% RH.
Fig. 6 shows the average friction coefficient and wear rate of the
MoS2 and MoS2/Pb composite coatings against GCr15 under three
different humidity conditions. The results show that the wear rates
of MoS2/Pb composite coatings are lower than pure MoS2 under
three different humidity conditions, and for all the coatings, the
average friction coefficients and wear rates increase with
increasing humidity levels. The significant differences between
friction in dry and humid air indicate a detrimental influence of
the humidity, whereas the effect of oxygen is minimal.

As shown in Fig. 6a, the friction coefficients obtained from both
MoS2 and MoS2/Pb composite coatings are close to each other under
dry air (13% RH). In other words, the antioxidant property of the
MoS2/Pb composite coatings shows little effect on the friction



Fig. 4. XPS spectra of Mo 3d, Pd 4f, S 2p and O 1s measured before and after Ar etching.

Fig. 5. (a) Hardness and elastic modulus of MoS2 and MoS2/Pb composite coatings. (b) H/E values of MoS2 and MoS2/Pb composite coatings.

H. Li et al. / Wear 350-351 (2016) 1–9 5
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coefficient. However, the wear rates of the composite coatings
decrease from 5.07�10�7 mm3/Nm for pure MoS2 coating to
1.47�10�7 mm3/Nm for the MoS2-8.9 at% Pb composite coating and
then increase dramatically with further increasing the Pb content. All
the MoS2/Pb composite coatings show better wear resistance than
pure MoS2. The H/E values in Fig. 5 show a good relation and
tendency with thewear rate in 13% RH (Fig. 6a), except for pure MoS2.
However, the MoS2-14.8 at% Pb composite coating still exhibits a
lower wear rate than that of pure MoS2, though the pure MoS2 even
with a lower H/E value. It is supposed that MoS2 oxidize easily even
under 13% RH condition. Fig. 7 shows the XPS spectra of wear tracks
for pure MoS2 and the MoS2-14.8 at% Pb composite coatings tested in



Fig. 6. Average friction coefficient and wear rate of MoS2 and MoS2/Pb composite coatings at (a) 13%, (b) 35% and (c) 75% RH.

Fig. 7. XPS spectra of wear tracks for pure MoS2 and MoS2-14.8 at% Pb composite
coatings tested in 13% RH.

H. Li et al. / Wear 350-351 (2016) 1–96
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13% RH. For pure MoS2 coating, the Mo 3d3/2 peak at 235.0 eV is
assigned to Mo6þ in MoO3 [36], while no signal of Mo oxidation
products is detected for the MoS2-14.8 at% Pb composite coating. It is
obviously that the MoS2/Pb coatings show better antioxidant prop-
erty, and their wear rates are less influenced by oxidation. Therefore,
the tribological performance of the MoS2/Pb composite coatings
under dry air is mainly determined by the mechanical properties.
Similar to Au, Ti and Cr doped MoS2 coatings [50], the average friction
coefficients and wear rates of the composites coatings are generally
lower than that obtained for the pure MoS2 in 35% RH, which is
attributed to a relatively denser structure [9]. The friction coefficient
decreases from 0.13 for pure MoS2 coating to a minimum level
around 0.070 for the MoS2-8.9 at% Pb composite coating, and then
increases to 0.099 with further increasing Pb content to 14.8 at%. The
wear rate under 35% RH remains consistent with the changes under
13% RH condition. It is clear that the antioxidant properties of the
MoS2/Pb composite coatings become prominent as the humidity level
increases, but the mechanical properties of the coatings still play a
vital role in determine the wear rate. Under humid condition (75%
RH), relatively low levels of dopant (2.3 at%) leads to a significant
decrease in friction coefficient and wear rate. The friction coefficient
of the coatings decreases rapidly to minimum value of approximately
0.083 for the MoS2-7.6 at% Pb composite coating. However, further
increase of the Pb content results in an increase of the friction coef-
ficient. Although the wear rate shows the same trend as that in 35%
RH, the minimum wear rate is obtained by the MoS2-6.8 at% Pb
composite coating. It is obviously that the tribological behavior of the
composited coatings under humid condition (75% RH) is not deter-
mined by the mechanical properties, as the friction coefficient and
wear rate is no longer in accord with the H/E values. There was no
significant association between wear, friction coefficient and density
of the coatings, which suggests that the tribological behavior under
humid air is not influenced by the density of the composite coatings.

m.



Fig. 8. Secondary electron images of the wear scars of a worn MoS2, and MoS2/Pb composite coatings with Pb content of (b) 2.3, (c) 6.8 and (d) 14.8 at% after sliding 10,000
cycles under 75% RH condition.

Fig. 9. Raman spectra of the wear scars of pure MoS2 and MoS2/Pb composite
coatings after sliding 10,000 cycles under 75% RH condition.

H. Li et al. / Wear 350-351 (2016) 1–9 7
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To further evaluate the effect of the Pb content on the tribological
performance of MoS2/Pb composite coatings in humid air, the
morphologies and the corresponding secondary electron images of
the wear scars were examined after sliding friction of 10,000 cycles
in 75% RH atmosphere. SEMmicrograph in Fig. 8 reveals that for pure
MoS2 and MoS2-2.3 at% Pb composite coatings, the transfer film
appears many cracks along their boundary. For the pure MoS2 coat-
ing, the transfer film in the contact zone appears to be uniform, while
for the Pb doped coatings, very few transfer film is found in the
center of contact surface. The same report was found in WS2/Ag
composite coatings against steel ball [51]. The transfer films of MoS2/
Pb composite coatings compose mainly of S, Mo and Pb, which is
similar to MoS2/Sb2O3/Au composite coating, where the transfer film
consisted of Au and (0 0 2)-oriented crystalline MoS2 [52]. The
remarkable signal of oxygen was detected in the secondary images,
which suggests that there is appreciable oxygen present in the
transfer films of pure MoS2, MoS2-2.3 at% Pb and MoS2-14.8 at% Pb
composite coatings. While the signal of oxygen is hardly observed for
MoS2-6.8 at% Pb composite coating, which confirms that the coating
with 6.8 at% Pb shows excellent antioxidant property. The wear scars
were further investigated by Raman scattering to figure out the
composition of the transfer films, as shown in Fig. 9. Features around
383 cm�1 and 408 cm�1 are consistent with the in-plane E2g and
out-of-plane A1g vibrations of MoS2, which are observed for all the
four coatings. The peak around 926 cm�1 observed for pure MoS2
and MoS2-2.3 at% Pb composite coatings is assigned to β-FeMoO4

[53,54]. For MoS2-14.8 at% Pb composite coating, two characteristic
peaks centered at 313 and 869 cm�1 are found to be correspond to
PbMoO4; however, no other Mo or Pb oxide is detected in the wear
scar [20,55,56]. Furthermore, no evidence for Mo or Pb oxidation
product (MoO2, MoO3, FeMoO4 or PbMoO4) is found for MoS2-6.8 at%
Pb composite coating, which is consistent with the results of sec-
ondary electron image. The shoulder peaks around 526 cm�1

(E1gþLA(M)) and 650 cm�1 (A1gþLA(M)) correspond to second-
order MoS2 vibrations [57–59]. The Raman results suggest that the
pure MoS2 and MoS2/Pb composite coatings with low Pb content are
easily oxidized into FeMoO4 under humid environment, while the
MoS2/Pb composite coatings with high Pb content are oxidized into
PbMoO4. However, both FeMoO4 and PbMoO4 show poor tribological
performance under room temperature, which accelerate the wear of



Fig. 10. Friction coefficient variation of (a) pure MoS2 and (b) MoS2-6.8 at% Pb composite coatings in tests for the environment varied from humid air (75% RH) to dry air (13%
RH) every 5000 cycles.
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MoS2 coating [60,61]. Thus, the MoS2/Pb coatings with relatively
lower and higher Pb content show poor triboligical performance.

It is obvious that the tribological performance of pure MoS2 coating
under humid air can be significantly improved by the incorporation of
Pb dopant, and the MoS2-6.8 at% Pb composite coating shows the
highest antioxidant property. Furthermore, it is believed that the
coating shows high environmental adaptability owing to its high
antioxidant property. Fig. 10 shows the variation of the friction coef-
ficient under the environment varied between dry air (1371.5% RH)
and humid air (7572.5% RH) every 5000 sliding cycles for both pure
MoS2 and the MoS2-6.8 at% Pb composite coating. In humid cycles, the
friction coefficients of pure MoS2 coating are about 0.2, while the
friction coefficients of the MoS2-6.8 at% Pb composite coating are
around 0.065–0.095. In dry cycles, pure MoS2 coating exhibits an
erratic friction coefficient of approximately 0.075, while the MoS2-
6.8 at% Pb composite coating shows a steady-state friction coefficient
lower than 0.05. This suggests that the friction coefficient of MoS2-
6.8 at% Pb composite coating in dry cycles is less influenced by the
former tribotest in humid cycles, and the coating shows higher
environmental adaptability than pure MoS2 coating. p
4. Conclusions

The structure and mechanical behavior of the MoS2 and MoS2/
Pb composite coatings were investigated. Furthermore, the friction
and wear behavior of the coatings was evaluated under different
humidity environments. The resulting wear scars were investi-
gated in order to gain an understanding of friction mechanisms.
The following conclusions are reached:

1. The composition of the MoS2/Pb composite coatings can be
controlled by changing the Pb target current during the
deposition process. Both the hardness and elastic modulus
increase at first and then decrease with the increasing of Pb
concentration.

2. Under dry air (RHE13%), the antioxidant property of the
composite coatings is negligible, while the mechanical property
determines the wear properties. The antioxidant property of the
MoS2/Pb composite coatings becomes prominent as humidity
increases. While in high humidity level (RHE75%), antioxidant
property of the coating contributes to the tribological perfor-
mance of the MoS2/Pb composite coatings.

3. The performance of the controlling friction coefficient can be
repeatedly and reversibly switched, permitting good perfor-
mance during humidity environmental cycling as high anti-
oxidant property.
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