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a  b  s  t  r  a  c  t

The  lubrication  of  molybdenum  disulfide  coatings  has  commonly  been  limited  by  the  application  environ-
ments,  for  instance,  the crystal  MoS2 are  easily  affected  by  water  to form  MoO3 that  causes  a  higher friction
coefficient  and  short  lifetime.  Therefore,  to improve  the tribolgical  performance  of  MoS2 in  high humidity
condition,  the  co-doped  Pb-Ti/MoS2 composite  coatings  are  deposited  by  unbalanced  magnetron  sput-
tering  system.  The  design  of  the  co-doping  elements  in MoS2-based  coatings  can  not  only  maintain  the
characteristic  of  low  humidity-sensitivity  as the  Ti/MoS2 coating  but also  improve  the mechanical  prop-
erties  and  tribological  performance  of  coatings  as a comparison  with  single-doped  ones.  Moreover,  the
ultra-low  friction  coefficient  with  a  minimum  value  of  0.006  under  the  vacuum  condition  is  achieved  for
Pb-Ti/MoS2 composite  coating  containing  about  4.6  at.%  Pb, depending  on  the  densification  structure  of

.co
m.cn
ltra-low friction coefficient
/E  ratio

coating.  Intriguingly,  the  wear  behaviours  of Pb-Ti/MoS2 composite  coatings  are in accordance  with  the
variation  in H/E  (hardness  to the elastic  modulus)  ratio  that the coating  with  higher  H/E exhibits  lower
wear  rate.  These  results  demonstrate  that  the  lubricating  properties  of MoS2 coatings  in  both  humid
environment  and  vacuum  condition  can  be  achieved  through  the  Pb  and Ti  co-doped,  which  is of  great
significant  for developing  MoS2 coatings  as the  environmentally  adaptive  lubricants.

© 2017  Elsevier  B.V.  All  rights  reserved.

m

. Introduction

The tribological properties of solid lubricant coatings based on
he transition metal dichalcogenides (TMD-sulfides) are of tech-
ological interest for reducing friction in circumstances where

iquid lubricants are impractical [1–3]. The low friction of TMDs
erives from the weak interatomic interactions between their lay-
red structures, resulting in very low strength shearing [4,5]. MoS2,
s the most abundant TMD, has been widely used in various appli-
ations on earth and space such as main weather sensor bearings,
elease mechanisms, precision bearing applications, and many oth-
rs [6,7]. Unfortunately, when the S-Mo-S planes are oriented

www.sp
erpendicular to the substrate, the exposed edges of these basal
lanes are easily oxidized by water molecular and oxygen which
ay deteriorate the sliding properties [8,9]. Therefore, improving
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169-4332/© 2017 Elsevier B.V. All rights reserved.
the tribological performance of MoS2-based coatings is an increas-
ing demand for environmentally robust solid lubricant coatings. In
general, the space components are often exposed in moist environ-
ment for a period of time during the moving mechanical assemblies
(especially for the coastal launch site) [10].

Controlling the deposition parameters is an effective method
to improve the lifetime of MoS2 coating in humid environments
[11]. Researchers found that coating with basal plane orientation
(002) parallel to substrate had a best tribological performance
than that with other orientations [12–14]. Moreover, basal-oriented
coatings are denser than random-oriented ones which can enhance
the oxidation resistance of coating in humid [14]. However, this
orientation is obtained only in a few cases since most deposition
processes results in a random orientation [15,16]. In the past two
decades, metal dopants in MoS2 had been studied and reported,
which could increase the densification of coating and consequently
reduce porosity columnar structure. At the meantime, the hardness,

adhesion strength and tribological performance of the composite
coatings were also improved significantly in air over the pure MoS2
coating. Among many metals used for alloying (Ti [6,17,18], Pb
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Table  1
Parameters for deposition process of the composite Pb-Ti/MoS2 coatings.

Run No. 1 2 3 4 5 6

Magnetron current (A), MoS2 0.8
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The compositions of as-deposited Ti/MoS and Pb-Ti/MoS com-

m

Magnetron current (A), Ti 0.2
Magnetron current (A), Pb 0 0.1 0.2 0.3 0.4 0.5

19–21], Al [22,23], Au [5,23,24], Cr [25,26]), titanium, as the most
otential candidate from the view of commercial application, that
dded into molybdenum disulphide can increase the hardness and
ear resistance of coating and make it less sensitive to humid envi-

onments. However, the addition of Ti could not give a contribution
or ultra-low friction in vacuum [8]. It is well known that Pb is the
romising dopant, which is not only because it is an excellent solid

ubricant for space [27], but also because it can facilitate the forma-
ion of basally oriented MoS2 crystallites during wear process to
chieve a long endurance of MoS2 coatings [20,28]. Until now the
ynergistic effect of co-doped Pb-Ti metals with MoS2 coating was
till not reported in the literature.

In this study, a series of Pb-Ti/MoS2 composite coatings were
eposited using unbalanced magnetron sputtering system. Accord-

ng to previous researches [29,30], it could be found that the MoS2
oating with low content of Ti exhibited enhanced mechanical
roperties than pure MoS2 coating, whereas MoS2 coating with
igh content of Ti presented high friction coefficient in air and
hort wear life in vacuum. Hence, a constant target current for low
ontent of Ti and varying target current for different content of
b were controlled during the deposition process. Unlike results
btained in Ti/MoS2 or Pb/MoS2 coating, the co-doped Pb-Ti/MoS2
omposite coatings showed lower friction coefficient and longer
ear life in both humid and vacuum environments than that of

ingle-doped ones. The major objective of this study was  to inves-
igate the effect of Pb-Ti co-doping elements on the microstructure,

echanical properties and tribological performance of the coating.
dditionally, the friction and wear mechanism of Pb-Ti/MoS2 com-
osite coatings in both humid and vacuum environments were also
iscussed systematically.

.  Experimental details

.1.  Deposition of the Pb-Ti/MoS2 composite coatings

A  series of Pb-Ti/MoS2 composite coatings with different Pb
ontents were deposited on 304 stainless steel and silicon wafer
ynchronously by a Teer UDP-650 unbalanced magnetron sputter-
ng system. The sputtering system was combined with one Ti target,
ne Pb target and two molybdenum disulphide compound targets.
ll the targets were sputtered with direct current (DC) power. The
ubstrates were first cleaned ultrasonically in acetone and alcohol
ath for 20 min, respectively, and then dried in nitrogen. Prior to the
oating deposition, the substrates were etched by Ar+ ions in a vac-
um chamber to remove the surface contaminations. Subsequently,

 titanium intermediate layer with a thickness about 0.2 �m was
eposited on the substrate to improve the adhesion between the
oating and substrate. The final step was deposition of the main
ulk of composite Pb-Ti/MoS2 coatings. During the deposition pro-
ess, control of the coating composition was achieved by applying

 constant DC power density on the Ti and MoS2 targets and tun-
ng the power density on the Pb target. The samples were denoted
s Run No. 1–6 coatings (Run No. 1 coating corresponding to the
i/MoS2, and Run No. 2–6 coatings corresponding to the Pb-Ti/MoS2

www.sp
oatings with various target current of Pb, respectively). Detailed
arameters for deposition process of the composite Pb-Ti/MoS2
oatings were summarized in Table 1.
ence 401 (2017) 362–372 363

2.2.  General characterization

Atomic  force microscopy (AFM, Benyuan CSPM 4000) with con-
tact mode was used to measure the surface roughness of the
Pb-Ti/MoS2 composite coatings. The cross-sectional micrographs
of the Pb-Ti/MoS2 composite coatings were observed by field emis-
sion scanning electron microscopy (FESEM, Hitachis-4800). The
composition and chemical bonds of the deposited coatings were
analysed by X-ray photoelectron spectroscopy (XPS, Axis ultra DLD)
with Al (mono) K� 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 each the sample surface for 5 min to remove contam-
inants. The structure of the coatings was  measured by a Philips
X’perts X-ray diffractometer with Cu K� radiation and the scanning
was range from 5◦ to 75◦. Further investigation of the microstruc-
ture characterization was  performed via transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) using Tec-
nai F20 operated at 300 kV. The lamella of sample was prepared
by using a focused ion beam (FIB, Auriga, Germany), followed by a
short ion-beam thinning using the precision ion polishing system
(PIPS) of Gatan. The nanohardness (H) and Young’s modulus (E) of
as-deposited coatings were measured using a Nanoindenter (MTS
NanoIndenter G200) with a diamond Berkovich (three-sided pyra-
mid) indenter tip, and the indentation depth was  about 200 nm (less
than 10% of the coating thickness to minimize the substrate contri-
bution). The indentations of each coating specimen were measured
for five measurements to calculate the average value.

2.3.  Tribological experiment

The  tribological behaviour of the Ti/MoS2 and Pb-Ti/MoS2 com-
posite coatings under atmosphere condition was investigated by
a ball-on-disc reciprocating sliding tribometer (CSM, Tribo-S-D-
0000). The humidity was  fixed at 75 ± 3% RH. Friction tests were
performed at a constant load of 5 N, the reciprocating amplitude
was 5 mm,  and the sliding frequency was 5 Hz. The total recip-
rocating test duration was 20,000 cycles. The counterpart was a
GCr15 ball with a diameter of 4 mm and the hardness of 6.1 GPa. The
tribological performance in vacuum was  evaluated by a Bainano
rotational ball-on-disc vacuum tribometer. The normal load of 5N
was applied through a stationary loading system. The rotate radius
was 10 mm at 600 rotations per minute (rpm) and the total rotation
sliding cycle number was  20,000 cycles. The tribopair was identi-
cal to the atmosphere condition. All the friction tests were carried
out at room temperature and the vacuum chamber pressure was
less than 1.0 × 10−3 Pa. The friction coefficient was continuously
recorded during testing. After friction test, the depth of wear track
was measured using a surface profiler (Alpha-step D-100). The wear
volume of each wear track was  calculated for three to five measure-
ments to obtain the average value. The wear rates of the coatings
were calculated from their wear volumes using the following equa-
tion:

K = V/SF (1)

where  V is the wear volume in stere, S is the total sliding distance
in meter, and F is the normal load in newtons.

3. Results and discussion

3.1.  Composition and microstructure

.co
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2 2
posite coatings are analysed by XPS, as shown in Table 2. The
content of Ti ranges from 2.0 to 2.9 at.% because of the constant
target current during deposition process (0.2 A). The Pb content
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Fig. 1. AFM morphologies of Ti/MoS2 (a), and Pb-Ti/MoS2 composite coati

Table 2
The  elemental content and surface roughness of the Pb-Ti/MoS2 composite coatings.

Run No. 1 2 3 4 5 6

S% 51.5 49.8 51.2 49.4 49.8 48.8
Mo% 37.6 37.2 34.1 34.8 35.5 36.0
Ti% 2.0 2.6 2.9 2.9 2.6 2.4
Pb% 0 1.7 4.6 6.3 6.8 8.7
O% 8.9 8.7 7.2 6.6 5.3 4.1
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S/Mo 1.37 1.34 1.50 1.42 1.40 1.36
Ra/nm 2.75  0.63 0.33 0.25 0.13 0.12

ncreases from 0 to 8.7 at.% with the increase in the target cur-
ent of Pb. The change of S/Mo ratio (the atomic percent of S to

o) is not obvious and the value of ratio is lower than that of
oS2 stoichiometric, regardless of the variation of Pb content. The

elative low S/Mo ratio of as-deposited coating is due to the S is
asier to sputter out of the surface than Mo  during deposition of
he coating [31]. The AFM surface morphologies of the Ti/MoS2 and
b-Ti/MoS2 composite coatings are presented in Fig. 1. It is found
hat the surface morphologies and roughness of the as-deposited
omposite coatings are obviously different. Moreover, the surface
f coatings is composed of small spheres which size decreases with
he increase in the Pb content. The concrete value of surface rough-
ess is shown in Table 2. Compared with the roughness value of
he Ti/MoS2 coating (Ra = 2.75 nm), the roughness of Pb-Ti/MoS2
omposite coatings decreases dramatically. When the Pb content
ises to 8.7 at.%, the coating has a flat texture and the value of Ra

s only 0.12 nm.  Therefore, it can be concluded that the Pb-doping
robably caused reduction of the roughness of MoS2 coatings.

The  cross-sectional images of as-deposited Ti/MoS2 and Pb-
i/MoS2 composite coatings by FESEM are illustrated in Fig. 2. The
otal film thickness ranges from 2.2 to 2.6 �m,  which is attributed
o the discrepancy of deposition rates. The Ti/MoS2 coating reveals

 typical porous with columnar structure as shown in Fig. 2(a),
hereas the Pb-Ti/MoS2 composite coatings (Fig. 2b–f) show a

ense and featureless microstructure even when the Pb content is
s low as 1.7 at.% (Run No. 2 coating). This is probably because the
oping Pb disrupted the MoS crystallite growth and the resulting

www.sp
2
oatings are typically amorphous [19]. Moreover, the amorphous
tructure does not change obviously with the variation of Pb con-
ent.
ngs with Pb content of 1.7 (b), 4.6 (c), 6.3 (d), 6.8 (e), and 8.7 at.% (f).

The  chemical bonds of the deposited Ti/MoS2 and Pb-Ti/MoS2
composite coatings with different Pb contents are characterized by
XPS spectrum as shown in Fig. 3. The peaks shapes of all samples
are very similar to each other, which indicate the chemical bonds
of mainly containing elements of coatings don’t change obviously.
Interestingly, the intensity of Pb 4d spectrum for Run No. 6 coating
is higher than that of No.2 ones which implies higher content of Pb.
In order to further justify the chemical forms of Mo,  S and Pb in the
coatings, the Mo  3d, S 2p and Pb 4f spectrum of the typical coat-
ing with the Pb content at 6.3 at.% is fitted by Guassian-Lorentian
function, as shown in Fig. 4. The Mo  3d spectrum for all the samples
with a small hump at around 226.0 eV is identified as the S 2s peak
[32]. The Mo  3d peak at binding energy of 228.8 and 231.9 eV corre-
sponds to Mo4+ ions like those present in MoS2, whereas the Mo 3d
peak at 235.0 eV assigned to MoO3 is hardly detected [28,32–34].
This suggests that Mo  in the bulk of coating is less influenced by
oxygen. Moreover, there is another Mo  3d doublet in the deconvolu-
tion of the Mo  3d spectrum shown in Fig. 4a. The peaks at 228.1 and
231.2 eV are consistent with the Mo  3d5/2 and Mo  3d3/2 in MoS2-x,
respectively, which can be explain why  the ratio of S to Mo  is lower
than 2 (about 1.34–1.50) [32–34]. The S 2p spectrum (Fig. 4b) shows
a doublet at 162.4 and 163.6 eV, which represents the S 2p3/2 and
S 2p1/2 spectral lines of S2− in MoS2. And the deconvolution of
S 2p peaks at 161.6 and 162.8 eV corresponds to the standard S
2p3/2 and S 2p1/2 lines of Sx−2, which is in good agreement with
the analysis of Mo  3d spectrum [32–34]. For the Pb 4f spectrum
(Fig. 4c), the Pb 4f7/2 peak at 136.9 and 138.2 eV is assigned to Pb
and PbOx, respectively, indicating that part of Pb in the coating is
oxidized [28,34,35]. However, for the Ti 2p spectrum, it is difficult
to distinguish the chemical state by Guassian-Lorentian due to its
low content and high interference signal. Fortunately, as shows in
Fig. 3, the weak peak of Ti 2p3/2 at about 454.1 and 458.8 eV is
assigned to Ti and TiOx, indicating Ti element mainly exists in the
form of metallic Ti and oxidized Ti [32,34]. Therefore, Pb-Ti/MoS2
composite coatings are mainly composed of MoS2, metallic Pb and
Ti, and part of Pb and Ti are oxidized during deposition. Oxidation
of MoS2 is reduced to a great extent owing to the existence of Pb

.co
m.
The  structures of the as-prepared coatings are checked by XRD
and HRTEM. Fig. 5 shows the evolution of crystallinity of the as-
deposited coatings as a function of the Pb content measured by the
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Fig. 2. Cross-sectional SEM micrographs of Ti/MoS2 (a), and Pb-Ti/MoS2 composite coatings with Pb content of 1.7 (b), 4.6 (c), 6.3 (d), 6.8 (e), and 8.7 at.% (f). Magnified images
of  (a2-f2) are corresponding selected region of (a1-f1).
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Fig. 3. XPS spectrum of Mo 3d, S 2p, O 1

RD spectra. Results manifest that the Ti/MoS2 coating has a typical
rystalline nature with crystals oriented mostly in the (002) plane
f MoS2 (Fig. 3a), which is assigned to diffraction peak at around
� = 13◦. The weak peak at around 2� = 33◦ is ascribed to the MoS2
100) plane. These results indicate that Ti/MoS2 coating with its
asal planes are mainly oriented parallel to the substrate, which
as a similar structure to the pure MoS2 [32]. In general, MoS2
100) plane reflection predominate because the crystals within the
oating are preferentially oriented with these planes perpendicular
o the substrate surface, while the (002) plane orientates parallel
o substrate surface [36]. More importantly, coatings with basal
lanes oriented parallel to the substrate surface are more resis-
ant to oxidation and can lead to low values of friction coefficient.
owever, the (100) plane disappear when Pb is incorporated into
i/MoS2 coating. The presence of Pb leads to re-arrangement of the

www
eposited MoS2 and the formation of the nucleation sites favour-
ng basal crystalline growth [28]. Moreover, with the increasing of
b component, the intensity of (002) peak is weakened and the
WHM (full widths at half maximum) increased. It is well know
p and Pb 4f measured after Ar+ etching.

that  disorder can produce a broadening of X-ray reflections and,
in layered structures, an increase of the interlayer distance along
the c-axis. While doping of Ti and Pb with layered structure of
MoS2 forms a random modulation between the layers and these
layers rotate and tilt, causing distortion [37]. When the Pb content
rises to 6.3 at.% (Run No. 4 coating), the (002) peak disappears and
no other peaks related to the Pb-Ti/MoS2 composite coatings can
be observed, implying that the Pb-Ti/MoS2 composite coating is
possible dominated by amorphous structure. Actually, the general
features observed in the present XRD patterns can be ascribed to
disorder effects induce by the Ti and Pb incorporation. Moreover,
no diffraction peaks of Ti and Pb can be found in the XRD patterns.
It is inferred that the doping elements of Ti and Pb mainly exist
in the coatings by the amorphous types or nanocrystalline. At the
same time, the Raman spectra of Ti/MoS2 and Pb-Ti/MoS2 com-

posite coatings are carried out to verify the variation of structure
with the increasing of Pb content. As shown in Fig. 6, two peaks of
TMD (around 400 cm−1) are observed with the Run No. 1 and No.
2 sample, however, no distinct MoS2 peaks are observed with the
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Fig. 4. Decomposition of Mo  3d (a), S 2p (b) and Pb 4f (c) spectral regions of the typical coating with the 6.3 at.% Pb.

Fig. 5. XRD patterns of Ti/MoS2 (a), and Pb-Ti/MoS2 composite coatings with Pb
content of 1.7 (b), 4.6 (c), 6.3 (d), 6.8 (e), and 8.7 at.% (f).
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Fig. 6. Raman spectra of (a) Ti/MoS2, and Pb-Ti/MoS2 composite coatings with Pb
content of 1.7 (b), 4.6 (c), 6.3 (d), 6.8 (e), and 8.7 at.% (f).

Run No. 3 to No. 6 coatings. According to the literature reports, two
well-defined bands appeared at 383 (E2g) and 408 cm−1 (A1g) in
Raman spectra are in correspondence with the single crystal data
[38,39]. E2g and A1g are two signature bands of MoS2 crystals and
thus represent the bonding condition between Mo  and S atoms
within the lattice. The changing of the E2g and A1g peaks for the
Run No. 1 and No. 2 coatings is attributed to the incorporation of
Ti and Pb into the MoS2 crystal lattice, which subsequently altered
the interatomic vibration mode between Mo  and S [39]. Notably,
the decreasing Raman signal of MoS2 with increase in Pb content
is owing to shielding from the composite structure [39]. Based on
the XRD and Raman results, we can safety conclude that the crys-
tallization of Pb-Ti/MoS2 composite coatings decreases with the

increasing Pb content and the structure of coatings appears to be
amorphous when Pb content rises to 6.3 at.%, which is consistent
with previous publications on these materials [29].
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ig. 7. TEM-FIB lamella (a) and (b) microstructure of Pb-Ti/MoS2 composite coating
 in Fig. 5a and b.

Transmission electron microscopy (TEM) images and corre-
ponding selective area electron diffraction (SAED) patterns are
sed to further evidence the morphologies and crystal structures
f Pb-Ti/MoS2 composite coating. Fig. 7 shows the cross-sectional
EM micrograph taken from FIB lamella and corresponding selected
rea EDX as well as selected area electron diffraction (SAED) pat-
ern of the coating with 6.3 at.% Pb. EDX analysis (Fig. 7c) of the

arked region A (Fig. 7b) indicates the presence of Mo,  S, Pb, Ti and
mall amounts of O. The SAED shows the broad and diffuse halo
iffraction (Fig. 7d), which is the typical amorphous feature. This
esult is in correspondence with the XRD observation (Fig. 5).

A  cross-sectional TEM micrograph of the Pb-Ti/MoS2 composite
oating with Pb content of 6.3 at.% obtained from TEM-FIB lamella
s shown in Fig. 8a, which includes Si wafer substrate, Ti intermedi-
te layer and Pb-Ti/MoS2 layer. The intermediate Ti layer displays

 crystalline structure (Fig. 8c, I), while Pb-Ti/MoS2 layer (coating
ayer) appears amorphous with bright and dark stripes (Fig. 8c,
II). It supports the theory that Pb nanocrystalline formed during
eposition of the Pb-Ti/MoS2 coating can promote the amorphous
tructure and prevent the formation of a layered arrangement, thus
esulting in a denser structure than that of Run No. 1 coating. Inter-
stingly, some amorphous phase is also found in the areas of the
ntermediate layer close to the coating (Fig. 8c, II), which is related
o the diffusion of coating elements to Ti intermediate layer. Here
he coating layer shows a disordered layered structure and a wavy-
ike morphology (Fig. 8b and d). The long-range order of pure MoS2
oating reported in literature is reduced when Pb and Ti atoms are
ntroduced into the lattice [40]. This disordered atomic arrange-

ent is a clear indication to explain why the reflection peak of
oS2 (200) at 13◦ in Pb-Ti/MoS2 coating is disappeared (Fig. 5). The

rystalline structure of the Pb-Ti/MoS2 composite coating is further

www.sp
bserved using HRTEM, as shown in Fig. 8e and f. The HRTEM image
eveals that the nanocrystalline particles of Pb and Ti co-exist in
he coating and the orientation of crystals separated irregularly (as
ndicated by the arrow, Fig. 8e). Numerous short black lines with
Pb content of 6.3 at.%. (c) EDX and (d) SAED patterns taken from the marked region

an  interplanar spacing about 0.65 nm are assigned to MoS2 clusters
[41]. Meantime, an interplanar spacing measurement for particu-
lar nanocrystals reveals that Ti and Pb nanocrystals with a size of
2–5 nm (Fig. 8e and f) are also present in the coating. It confirms that
the presence of nanocrystalline particles of Pb and Ti hampers the
growth of the MoS2 crystal and causes the re-arrangement of MoS2
crystals [42]. As a result, the amorphous structure of Pb-Ti/MoS2
coating is derived from the re-arrangement of MoS2 crystals, which
is in consistency with the XRD and Raman results.

3.2. Mechanical properties

The  mechanical properties of the MoS2-based coatings are
strongly affected by the introduction of metallic Ti and Pb. The main
results for the hardness (H) and elastic modulus (E) of Ti/MoS2 and
Pb-Ti/MoS2 composite coatings are displayed in Fig. 9. It can be seen
that the co-doped composite coatings show significantly higher
hardness and elastic modulus than Ti/MoS2 coating. Especially for
the low level of dopant (1.7 at.% Pb), the hardness increases from
∼5.1 GPa for the Ti/MoS2 coating to ∼7.2 GPa for the Pb-Ti/MoS2
composite coating and the Young’s modulus also increases from
∼77 GPa to ∼97 GPa. This lower hardness and elastic modulus for
the Ti/MoS2 coating can be related to its highly columnar morphol-
ogy with large crystallites not strongly bonded [43]. In contrast, the
introduction of Pb nanocrystalline in Ti/MoS2 matrix may  cause the
distortion of the MoS2 lattice to block the columnar crystal growth,
thus leading to a denser coating structure [26]. It is a fact that the
densification structure of Pb-Ti/MoS2 composite coatings is respon-
sible for the hardness and elastic modulus enhancement. As the Pb
content increases from 1.7 to 8.7 at.%, the hardness of Pb-Ti/MoS2
composite coatings decreases gradually from 7.2 to 6.3 GPa. The

.co
same tendency is also observed in elastic modulus that dropped
from 97 GPa for 1.7 at.% Pb to 84 GPa for 8.7 at.% Pb, which is
mainly attributed to the grain boundary sliding. Based on the AFM
results (Fig. 1), the roughness and crystialline size decrease with
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ig. 8. Cross-sectional TEM micrograph of the coating-substrate interface region (a
agnifications (b, d) and HRTEM details of the coating (e, f).

he increase in Pb content, indicating the grain boundary increases
apidly. According to the negative Hall-petch relationship, when
he crystialline size decreases below a certain limit, the increased
rain boundaries can decrease the strength and hardness of coat-
ng owing to the phenomenon of grain boundary sliding [44,45].
nother reasonable explanation is that the Pb grains in the coat-

ng is easy to deform during external penetration and then the
ompressive stress of coating is relaxed owing to the deformation,
hich results in the decreasing hardness of coating [28,46].

.3.  Tribological properties

ww
To  investigate the effect of co-doped metallic elements (Pb-Ti)
nd the Pb content on the tribological behaviours of MoS2-based
oatings, ball-on-disk friction tests are performed under ambient
intermediate layer-coating layer interface region (c), coating region with different

air  environment with high relative humidity (75% RH) and vac-
uum condition. Fig. 10a shows the friction curves of the Ti/MoS2
and Pb-Ti/MoS2 composite coatings against the GCr15 steel ball
as a function of sliding cycle in 75% RH atmosphere. Results show
that the Run No. 1 coating (Ti/MoS2) has a highest friction coeffi-
cient with a value of 0.12 than other Run No. coatings at the stable
stage. In the low level of dopant (1.7 at.% Pb), the friction coeffi-
cient of composite coating decreases gradually about 0.11. With
the further increase of Pb content, the friction coefficient decreases
continuously to a minimum value of 0.065 for 6.3 at.% Pb (Run No.
4 coating) and thereafter increases with further increasing the Pb
content. However, the Run No. 6 coating still exhibits a lower fric-

tion coefficient than that of Run No. 1 ones. It indicates that the
co-doped Pb and Ti improve the tribological properties of single-
doped ones in the atmospheric environment. Fig. 10b shows the
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Fig. 9. Hardness and elastic modulus of Ti/MoS2 and Pb-Ti/MoS2 composite coat-
ings.
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ig. 10. Sliding friction curves (a) and the corresponding average wear rates (b) of
i/MoS2 and Pb-Ti/MoS2 composite coatings under 75% RH.

verage wear rates of the Ti/MoS2 and Pb-Ti/MoS2 composite coat-
ngs after 20,000 sliding cycles under 75% RH. As shown in Fig. 10b,

he wear rates of Ti/MoS2 and Pb-Ti/MoS2 composite coatings have

 similar tendency to the friction curve (Fig. 10a) that the values of
ear rate decrease first and increase afterwards with the increase

n Pb content. The Ti/MoS2 coating presents the highest value of
ence 401 (2017) 362–372 369

6.37  × 10−7 mm3/N.m among all the Run No. coatings. In com-
parison, the wear rate of Pb-Ti/MoS2 composite coatings is lower
than that Ti/MoS2 coating, which indicates the Pb nanocrystalline
embedded into MoS2-based matrix is beneficial to decrease the fric-
tion and wear of coating. According to the Ref. [26], Ti-doped MoS2
can improve the oxidation resistance of MoS2 coating because that
Ti element is easy to react with the water molecules and dissolved
oxygen and to form a compact protect film that retards oxidation
process. Moreover, the incorporation of Pb into the MoS2-based
matrix can enhance the densification of coating, which inhibits the
penetration of oxygen and water vapour into the coating and then
avoids the oxidation of coating. Therefore, the synergistic effect of
co-doped Pb-Ti elements can modify the tribological performance
of MoS2 coating in humid air. Particularly, the lowest wear rate is
obtained from the Pb-Ti/MoS2 composite coating with 6.3 at.% Pb,
which confirms that the composite coatings with appropriate Pb
content can present excellent tribological performance under high
RH.

In order to understand the wear mechanism of the metal-MoS2
composite coatings in high RH environment, the optical morpholo-
gies of worn surface for different Run No. coatings are observed,
as shown in Fig. 11. All specimens reveal a smooth and burnished
appearance, and the periphery of worn surface is covered with
much wear debris powder. For the Ti/MoS2 coating (Fig. 11a) and
coatings with relatively low content of Pb (Fig. 11b), the wear track
is relatively wide and accompanied with some shallow grooves
along the sliding direction. These are typical features associated
with abrasive wear, in which hard particles exists in between the
coating and steel ball, causing a high removal of material [47]. With
the increase in Pb content, the improved densification of coating
leads to the increasing oxidation resistance of coating, thus result-
ing in the decreasing widths of wear track and reduced groove.
However, further increase of the Pb content results in an increase
of the groove depth in wear track, which is relate to the declined
hardness of coating with the increase in Pb content (Fig. 9).

Fig.  12 shows the friction coefficient and the corresponding
average wear rates of Ti/MoS2 and Pb-Ti/MoS2 composite coatings
against the GCr15 under vacuum condition. As shown in Fig. 12a,
the friction coefficient of Ti/MoS2 coating reaches to a stable level
with an average value of 0.029 after 2000 sliding cycles. Moreover,
the friction coefficient of Ti/MoS2 coating is higher than that of
other coatings. According to our aforesaid conclusion, the Ti/MoS2
coating has good oxidation resistance and tribological performance
in humid air. Although the friction coefficient of Ti/MoS2 coatings
is lower than that of pure MoS2 coating (0.040) under vacuum con-
dition, its vacuum tribological performance is limited due to the
adhesion effect between the Ti and GCr15 during friction test [30].
Surprisingly, the incorporation of Pb in composite coating can alle-
viate the adhesion effect and the tribological behaviours in vacuum
are improved notably even when the Pb content is less than 1.7
at.%. The friction coefficient decreases from 0.029 for Run No. 1
coating to a minimum level approximately 0.005 for Run No. 3
coating, and then increases to 0.022 when Pb content reaches to
8.7 at.% (Run No. 6 coating). Fig. 12b shows the average wear rates
of Ti/MoS2 and Pb-Ti/MoS2 composite coatings under vacuum envi-
ronment after 20,000 sliding cycles. The variation of wear rates for
composite coatings is consistent with the corresponding results of
friction coefficient: for all samples, the wear rates decrease first and
increase afterwards with increasing Pb content. Furthermore, the
coating with the appropriate Pb content (Run No. 3 coating, namely
4.6 at.% Pb) exhibits the lowest wear rate. It can be noted that the
wear rate of Ti/MoS2 coating is higher than that of Pb-Ti co-doping

.co
m.cn
coatings, indicating the co-doping elements in MoS2-based coat-
ing can improve the mechanical and tribological performance. So,
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Fig. 11. Optical images of wear tracks of Ti/MoS2 and Pb-Ti/MoS2 c
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ig. 12. Sliding friction curves (a) and corresponding average wear rates (b) of
i/MoS2 and Pb-Ti/MoS2 composite coatings under vacuum environment.

t is easy to confirm that the incorporation of Pb into the composite

oating is responsible for the long lifetime of coatings.

To  obtain the wear mechanism of Pb-Ti/MoS2 composite coat-
ngs under vacuum condition, the corresponding optical images of
he wear tracks after 20,000 sliding cycles are shown in Fig. 13. A
omposite coatings after 20,000 sliding cycles under 75% RH.

similar phenomenon to high RH condition (Fig. 8) can be observed
that some grooves are seen on the track regions. This is because a
bit of wear debris embed in the surface of the steel ball and act as
fixed indenters, generating many fine parallel grooves in the sample
surface [48]. Moreover, with the increasing Pb content, the width
of wear track and quantity of groove decrease gradually. Notice-
ably, as the Pb content rises to 4.6 at.% (Run No. 3 coating), the
wear track is more shallow and narrow than other coatings and the
ploughing wear effect is not obvious, which is attributed to a rela-
tive dense structure of coating. Beyond of this threshold value of 4.6
at.% Pb, the excessive Pb atoms in turn cause the structure deterio-
ration and lead to the decrease of wear resistance of coating, thus
increasing the width of wear track and quantity of groove. Similar
results can be found in other study of single-doped MoS2 coatings
such as Au [25], Ti [32] and Cr [26] that the optimal concentration
of metal-doping can achieve optimal mechanical and tribological
performance.

As mentioned above, the excellent tribological performance
of Pb-Ti/MoS2 composite coatings in both humid and vacuum
environments is closely related to the mechanical properties. The
classical theories that emphasise hardness as the prime property to
define the wear resistance of a coating shall not be pursued, since
this will restrict the practical applicability of such coatings [49]. For
instance, the Run No. 2 coating has the highest hardness while the
tribological performance is not optimal ones. According to the Ley-
land’s opinion [50], high H/E ratio is often as a reliable indicator of
good wear resistance for a coating. Therefore, the wear resistance
of a coating can be improved by achieving a high H/E value. To fur-
ther explore the relationship between the tribological performance
and mechanical property of the coatings, the ratios of hardness to
elastic modulus (H/E) for the Ti/MoS2 and Pb-Ti/MoS2 composite
coatings as a function of the Pb content are calculated and given in
Fig. 14. For the Ti/MoS2 coating, the H/E value is lowest in all tested
coatings. Relatively low levels of co-doping metal (2.0–2.9 at.% Ti,
4.6–6.3 at.% Pb) lead to a significant increase in the values of H/E.
And a maximum H/E value about 0.079 is obtained for the compos-
ite coatings with 4.6 at.% of Pb. Then the H/E values decrease rapidly
with further increasing Pb content. Accordingly, we can safety con-
clude that the mechanical property of the coatings plays a vital role

.co
m.c
in the tribological performance of Pb-Ti/MoS2 composite coatings.
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Fig. 13. Optical images of wear tracks of the Ti/MoS2 and Pb-Ti/MoS2
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Fig. 14. H/E value of Ti/MoS2 and Pb-Ti/MoS2 composite coatings.

. Conclusions

In summary, we had synthesized Pb-Ti co-doped MoS2 coat-
ngs by unbalanced magnetron sputtering system, and discussed
he relationship of microstructure and mechanical properties with
b content. It was demonstrated that the roughness of Pb-Ti/MoS2
omposite coatings decreased with the increase in the Pb con-
ent, and the hardness and elastic modulus decreased first and
ncreased afterwards with the increasing Pb content. The findings
ndicated that the mechanical properties of Pb-Ti/MoS2 composite
oatings were better than the Ti/MoS2 composite coatings, which is
ttributed to a transformation that the microstructure of coatings
hanges from the porous columnar structure for Ti/MoS2 composite
oating to the dense amorphous structure for Pb-Ti/MoS2 com-
osite coating. Furthermore, the Pb-Ti/MoS2 composite coatings
xhibit excellent self-adaptivity in both of humid environment and
acuum condition. The Pb-Ti/MoS2 composite coatings with opti-

www.
al  tribological performance were the coating containing about 6.3
t.% Pb in humid environment and 4.6 at.% Pb in vacuum, depend-
ng on the higher value of H/E for these two contents. Specifically,
he ultra-low friction coefficient with a minimum value of 0.006

[

composite coatings after 20,000 sliding cycles under vacuum.

under  the vacuum condition can be achieved for Pb-Ti/MoS2 com-
posite coating containing about 4.6 at.% Pb. More importantly, a
series of Pb-Ti/MoS2 coatings with slight Pb will be expected to
produce more valuable coatings for possible applications. Hence,
multi-metal doping is a promising approach to design the MoS2
coatings as the environmentally adaptive lubricants.
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