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Tribological Properties of Laser
Microtextured Surface Bonded
With Composite Solid Lubricant
at High Temperature
A combination technology of the solid lubricant and the laser surface texturing (LST) can
significantly improve the tribological properties of friction pairs. The plate sample was
textured by fiber laser and composite lubricant of polyimide (PI) and molybdenum disul-
fide (MoS2) powders were filled in the microdimples. Sliding friction performances of
micron-sized composite lubricant and nano-sized composite lubricant were investigated
by ring-plate tribometer at temperatures ranging from room temperature (RT) to 400 �C.
On the one hand, the results of the micron-sized composite lubricant show that the fric-
tion coefficient of the textured surface filled with composite lubricant (TS) exhibits the
lowest level and the highest stability compared to a textured surface without solid lubri-
cation, smooth surface without lubrication, smooth surface burnished with a layer of
composite solid lubricant. The better dimple density range is 35–46%. The friction coeffi-
cients of the sample surface filled with micron-composite solid lubricant with the texture
density of 35% are maintained at a low level (about 0.1) at temperatures ranging from
RT to 300 �C. On the other hand, the results of the nano-sized composite lubricant show
that these friction properties are better than those of MoS2-PI micron-sized composite.
The friction coefficients of MoS2-PI-CNTs nano-sized composite solid lubricant are lower
than those of the MoS2-PI composite lubricant at temperatures ranging from RT to
400 �C. In addition, the possible mechanisms involving the synergetic effect of the surface
texture and the solid lubricant are discussed in the present work.
[DOI: 10.1115/1.4032522]
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1 Introduction

Surface texturing has a remarkable influence on the tribological
properties of friction pair surfaces [1–3]. It can be produced by
Laser processing technology [4], reactive ion etching technology
[5], photochemical machining technology [6], machining technol-
ogy, and so on. Up to now, LST, the most widely used technology
among many practical surface texturing methods has been
successfully applied to mechanical seals [7], gas seals [8], thrust
bearings [9], journal bearings [10], piston rings [11], and so on.
Solid lubricants meet some important and critical tribological
needs due to the facts that they are chemically stable, preferably
adhere strongly, can provide low and constant friction, and can be
used in severe conditions [12]. In recent years, enormous efforts
combining LST with incorporation of solid lubricant into microre-
servoirs have been made to refine the tribological properties
[13–17]. The fundamental benefits of LST are to trap wear
particles and to make reservoirs for lubricants capable of feeding
the lubricant directly between the two contacting surfaces [13].
By now, the solid lubricant films are mostly designed by using the
methods of burnishing, sputter deposition, and so on. However,
these films have some shortcomings such as low adherence with
substrate especially for burnishing coating and the low denseness
of filler (solid lubricant) in the dimples. To improve the adhesion
between the ground steel and the film, Rapoport et al. [18]

adopted a method where a sublayer of nanoparticles (CdZnSe)
was burnished on a virgin steel surface and then MoS2 particles
were burnished on the surface of CdZnSe sublayer, and the results
showed that the adhesion and wear life of the solid lubricant films
were increased. However, deposition procedures are complex and
materials processed are strictly required in the methods. An effec-
tive method was adopted by Hu et al. [19] that MoS2 solid lubri-
cant coating was fabricated by a combination technology of laser
texturing and hot-pressing, and the result showed that the wear
life of the hot pressed coating was 15 times higher than that of the
coating fabricated by burnishing. Though the method was simple
and the adherence with substrate had been improved, the large
thickness of the lubricant film fabricated by hot-pressing made the
assembly difficult for some high precision friction pair, and the
adherence with substrate might be further improved if some adhe-
sive was added. Therefore, it is urgent to explore a method where
the lubricant is fully filled in the microdimples and has a strong
adherence with substrate without changing the thickness of the
friction pair.

Lubrication over a wide temperature range has been a challenge
in recent decades, which has aroused interest among many
researchers [20–22]. In order to meet the special requirements at
high temperature, composite lubricant or duplex-treatment process
is usually employed. The lubricating effects of these combinations
are good over a wide temperature range because the lubricants
complement each other. The friction coefficients of the textured
silver-containing nickel-based alloy smeared with MoS2 were
reduced at temperatures ranging from RT to 400 �C [23]. Li et al.
[24] infiltrated Mo and filled MoS2 on the textured stainless steel
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surface by the double glow plasma infiltration technology. As a
result, the friction coefficient and the wear rate decreased, com-
pared to the only textured one. Oksanen et al. [25] made a ta-C
coating on the textured stainless steel and then burnished WS2
addition. The results showed that WS2 addition increased remark-
ably the wear life of ta-C at 250 �C and low friction coefficient
values (0.01–0.02) were achieved.

Appropriate proportions of adhesive and solid lubricant as well
as operating condition have obvious influence on the friction coef-
ficient [26,27]. PI has outstanding heat resistance and mechanical
properties [28].The friction coefficient of the composite of PI
modified by MoS2 decreased with the increase of load, which
showed better friction properties [29]. The PI/MoS2 intercalation
composite material synthesized, and as additive in lithium grease
had good friction reduction and antiwear effect on steel–steel fric-
tion pair [30]. The previous studies on the friction characteristics
of laser microtexturing surface filled with solid lubrication often
utilize molybdenum disulfide or graphite as lubricant [31] and the
particles are often confined to micron-sized. However, few
researches have been carried out on the tribological properties of
laser microtexturing surface bonded with micron-sized composite
solid lubrication and nano-sized composite solid lubrication at
high temperature. In addition, although the MoS2-PI composite
solid lubricant has low friction coefficient, the hardness and bear-
ing capacity of MoS2-PI composite solid lubricant film are rela-
tively low, and thus the solid lubricating film is easily damaged.
However, carbon nanotubes (CNTs) are often used as the additive
of solid lubricating material, in order to improve the friction
reduction and antiwear properties of the solid lubricants because
they have fine mechanical properties, favorable high temperature
adaptability, and good lubricating property [32–34].

The aim of this work is to study the elevated temperature fric-
tion and wear performance of sliding contact surfaces and to
explore the lubrication mechanism of the textured surface filled
with micron-sized MoS2 and nano-sized MoS2, PI and CNTs,
which provides a theoretical reference for the research and devel-
opment of high temperature composite solid lubricating material.
In this paper, the microdimple morphology was machined on the
surface of Cr4Mo4V high temperature bearing steel by LST
technology.

2 Test Equipment and Research Methods

2.1 Raw Material. Micron-sized Molybdenum disulfide: pro-
duced in Shanghai Shenyu Industry & Trade Co., Ltd., purity of
99.5%, particle size of 0.5 lm; SKPI-MS10 type PI powder:
Changzhou City Branch Special Polymer Materials Co. ltd. Nano-
sized Molybdenum disulfide: produced in Nanjing Aipurui Com-
posite Material Co. Ltd, purity of 99.5%, particle size of 40 nm;
CNTs: produced in Qinhuangdao City Taijihuan Nanometer Co.,
Ltd, the length of 3–12 lm, diameter of 3.5–12.9 nm.

2.2 The Sample Processing and Preparation. The materials
of the upper and lower samples with hardness of 67 HRC and rough-
ness (Ra) of 0.1lm are Cr4Mo4V high temperature bearing steel, as
shown in Fig. 1. The diagram of friction pair is shown in Fig. 2. The
LST was carried out on the lower sample surface using the YLP-HP-
1-100-100-100 fiber laser (wavelength 1064nm, the pulse width
100ns, laser power 50W, frequency 50,000 Hz). And the upper sam-
ple is untextured. Dimples with diameters ranging from 79 to 81lm
and depths of 15–17lm (Fig. 1) were fabricated on the lower surface
in the form of formula arrays according to the previous research on
laser processing test in our research group. The texture density of
Figs. 3 and 4 is 23%. The textured sample surface was polished by
the metallographic sample polishing machine.

The molybdenum disulfide and PI were well-distributed accord-
ing to the 80wt.% MoS2 þ20wt.% PI. In order to refine the tribo-
logical performance of the microtextured surface filled with solid
lubricant, 6wt.% CNTs were supplemented in MoS2-PI composite

solid lubricant, and the composite powders were smeared evenly
on the lower surface of the sample. The molding processes of
pressure-maintaining and pressure-heat were adopted to prepare
sample blank. The prepared samples were processed into friction
and wear test specimens after polishing treatment with the W5

blank gold paper, as shown in Fig. 5. The microdimple can be
used as the storage of lubricants. The effect of storage of solid
lubricant varied with the dimple density, which can be defined as
Td¼p (D2/4L2)� 100%, where L is the distance between dimples
and D is the diameter of dimple. The diameter of microdimples is
80lm, and the texture density is 12%, 23%, 35%, 46%, and 58%.

2.3 Test Equipment and Method. The friction and wear
properties of the samples were evaluated by the MMU-10G high
temperature friction and wear testing machine (see Fig. 6). The
lower sample kept still while the upper sample rotated. The con-
tact mode of the ring surface and the lower textured surface was
surface contact. The whole system was surrounded by an electri-
cal furnace, in which the environment temperature ranges from
RT to 400 �C. The whole samples are shown in Table 1. The phase
composition of the solid material filled in the textured sample was
analyzed by X-ray diffraction (XRD) after the wear test in the
temperature range of RT to 400 �C. The morphology of the sample
surface was observed by three-dimensional morphology analyzer
(Wyko-NT1100, Veeco, Tucson, AZ), and scanning electron mi-
croscopy (JSM-7001 F, JOEL, Beijing, China) attached with
energy-dispersive spectrum (EDS). The experimental conditions
are the load of 100–500N with contact pressure of
0.46–2.31MPa, speed of 50–200 rpm, temperature varying from
RT to 400 �C, time of 10–30mins.

3 Results and Discussion

3.1 Effect of the Specimen Surface Treated by Different
Methods on Sliding Friction Properties. The surface friction
properties of T sample, S sample, SS sample, and TS sample were
investigated on the condition of rotational speed of 200 rpm and
load of 200N with contact pressure of 0.92MPa, as shown in Fig.
7. Examples of worn surface morphologies of the tested samples
are shown in Fig. 8 by three-dimensional morphology analyzer. In
this paper, the minimum sliding time is defined as the failure time
when the friction coefficient reaches 0.7 in order to observably
reflect the friction properties characterization of different samples.

As shown in Fig. 7, the friction coefficient of the four different
samples from large to small is as follows: T sample, S sample, SS
sample, and TS sample, and the failure time from large to small is
as follows: TS sample, SS sample, S sample, and T sample. As
shown in Fig. 7, the friction coefficient of T sample and S sample
rapidly increase and end in failure with the increase of sliding
time. TS sample and SS sample exhibit much longer failure time
and much lower friction coefficient value than T sample and S
sample. The friction coefficient of SS sample rapidly increases to
about 0.4 in the starting period (0–66 s), and then remains rela-
tively stable in the steady period (66–242 s), and afterward, rises
to failure value (256 s).The friction coefficient of TS sample is the
lowest, and remains relatively stable during the whole sliding pro-
cess compared to that of the SS sample, T sample, and S sample.

As shown in Fig. 8, the surface wear of the S sample is the most
serious, and obvious scratches appear on its surface along the sliding
direction after wear, which shows that the serious adhesive wear
appears on the S sample surface; the surface wear of the T sample,
lighter than that of the S sample, occurs mainly around the micro-
dimples, which illustrates that the textured surface without lubricant
can slightly reduce the wear on the surface of sliding friction; the
surface wear degree of the SS sample is lighter than that of the T
sample and S sample, but still serious; the surface wear of the TS
sample, with only a tiny wear trace and light abrasive wear, is the
lightest abrasion compared to SS sample, T sample, and S sample.

Based on the above description, only the duplex treatment of
processing microdimples and filling solid lubricant on the surface
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instead of the single treatment of machining microtexturing or
smearing solid lubricant on the surface, can effectively improve
the sliding friction performance of smooth surface, owing to the
continuous layer of solid lubrication film. The textured surface
without lubrication can reduce the wear of sliding friction surface
in a certain extent due to the fact that the microdimples are able to
trap wear particles. However, the textured surface without lubri-
cant would increase the friction coefficient of the surface and
shrink the lubrication failure time due to the large surface rough-
ness of T sample in some range of the surface roughness. In addi-
tion, the smooth surface, coated with a layer of composite solid
lubricant, could not effectively improve the sliding friction prop-
erties. A layer of solid lubricant film form between two sliding
surfaces owing to the composite solid lubricant smeared on the
specimen surface, which plays a certain role of lubrication. How-
ever, as the sliding continues, the solid lubricant between the
smooth contact surfaces is gradually squeezed out of the friction
pair, which results in the lack of effective supplement, and solid
lubrication film on the surface is destroyed soon and loses the
function of lubrication, which leads to the rapid increase of fric-
tion coefficient.

Fig. 1 The physical maps of the upper sample (a) and the lower sample (b) and the sample part drawing (c)

Fig. 2 Diagram of friction pair
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3.2 Effect of Texture Density on Sliding Friction Proper-
ties at Different Environment Temperatures. Test conditions
are the rotational speed of 100 rpm, the test load of 100N with
contact pressure of 0.46MPa, the test environment temperature of
RT and high temperature of 200 �C and test time of 20mins.

Figure 9 shows the curves of friction coefficients of the TS sam-
ples with the texture density of 12%, 23%, 35%, 46%, and 58%
varied with time at RT and 200 �C, respectively. As shown in
Fig. 9, at the beginning of the test, the friction coefficients of the
samples rise rapidly to a maximum value first, and then remains
relatively stable, reaching a process of “stable transition time.” On
the one hand, for most of metals, when put in the air, their surface
would be almost immediately oxidized because the atom of the
metal surface, usually in an imbalanced state, is easy to act with
the surrounding medium to form a surface film that reduces the
effect of surface molecular force by replacing the atomic bonding
force or ion binding force between the friction pair with van der
waals interaction, thus reducing the surface molecular force. In
addition, shear force is small when it is sliding because the me-
chanical strength of the surface film is lower than that of the base
material, and the friction surface is not easy to stick on account of
the surface film, so the friction coefficient becomes small. On the
other hand, before the start of the friction and wear test, the tex-
tured samples smeared with solid lubricating are placed for a long
time and then act with environmental media to form a thin layer
surface film in advance. In the initial stage of test, due to some
lubrication function of this film, the friction coefficient is low, but
increases rapidly and remains stable with the continuation of the
experiment because the surface film is worn rapidly and a continu-
ous and stable solid lubrication film appears gradually.

The variations of friction coefficient of the TS samples surface
obtained by taking the average value in the stable period
(180–1200 s) with the texture density at different temperatures are
shown in Fig. 10. The friction coefficient of the TS sample
decreases before increasing with the increase in the texture den-
sity, and the TS sample surface has the lower friction coefficient
with texture density of 35% and 46% compared to that with
texture density of 12%, 23%, and 58% at RT and 200 �C, respec-
tively. Figure 11 shows the surface roughness of the TS sample
varied with the texture densities of the lower samples after wear.
It can be depicted that the surface roughness parameters of the
upper sample decrease before increasing with the increase in the
texture density of the lower sample. The surface roughness and
the wear of the corresponding upper sample after wear are both
the lightest with TS sample texture density of 46% compared to
those with the TS sample texture density of 12%, 23%, 35%, and
58%. This is because the solid lubricant powder stored in dimples

Fig. 3 The morphology of single microdimple of T sample with the texture density of 23% by a three-dimensional
morphology analyzer

Fig. 4 The morphology of microtextured surface of T sample
with the texture density of 23% by a three-dimensional morphol-
ogy analyzer

Fig. 5 The morphology (a) and the profile (b) of the T sample
surface with the texture density of 23% filled with composite
solid lubricant by three-dimensional morphology analyzer

031302-4 / Vol. 138, JULY 2016 Transactions of the ASME



gets more with the increase in the texture density and then pro-
vides more benefits in repairing the damaged lubrication film on
the sliding surface. In the meantime, the friction coefficient and
the surface wear decrease, whereas too large texture density
increases the surface roughness and the actual bearing area of the
specimen surface, which results in the increase of the friction
coefficient and wear volume.

3.3 Effect of Micron-Sized Solid Lubricant on Surface
High Temperature Friction Properties

3.3.1 Effect of Environment Temperature on Sliding Friction
Properties. Figure 12 shows the variations of friction coefficient
of TS-1 sample in relation to temperature. It can be seen that the
friction coefficient of TS-1 sample decreases before increasing
with the increase in the temperature and it is lower at higher tem-
perature than that at RT, but it is relatively small (about 0.1) in
the temperature range of RT to 300 �C. Air humidity has some
effect on the sliding friction performance of MoS2. The lubrica-
tion effect of MoS2 is better due to the smaller air humidity with
the increase in the temperature. The friction coefficient of the

TS-1 sample rapidly increases to about 0.44 when the environ-
ment temperature is up to 400 �C. The highest useful temperature
of the adhesive film of the type of PI and MoS2 is 380 �C and
370 �C, respectively. Thus, above 370 �C, MoS2 is rapidly oxi-
dized to MoS3, and is slowly oxidized to MoO3 with lubrication
worse than that of MoS2 at the temperature of 400 �C. In addition,
the sliding friction itself would generate a lot of heat so that the
friction surface temperature increases, leading to the friction sur-
face temperature higher than 400 �C when the environment tem-
perature is up to 400 �C. On the one hand, the softening and
oxidation of the PI reduce the bearing capacity of the solid lubri-
cant film, which makes the lubricating film prone to be destroyed.
On the other hand, MoS2 has been oxidized and its lubrication
fails, which rapidly increases the friction coefficient. Figure 13

Fig. 6 The figures of the MMU-10G high temperature friction and wear testing machine (a) and the test rig (b)

Table 1 The whole samples and the tested cases

Sample
number

Surface treated by different methods

T Textured surface without solid lubrication
S Smooth surface without lubrication
SS Smooth surface burnished with a layer of composite

solid lubricant
TS Textured surface filled with composite solid lubricant
TS-1 Textured surface filled with 20wt.% PIþ 80wt.% micron-MoS2
TS-2 Textured surface filled with 20wt.% PIþ 80wt.% nano-MoS2
TS-3 Textured surface filled with 20wt.% PIþ 74wt.%

nano-MoS2þ 6wt.% CNTs

Note: The texture density of TS-1sample, TS-2 sample, and TS-3 sample
is 35%.

Fig. 7 The friction coefficient of T sample, S sample, SS sam-
ples, and TS sample varied with time (contact pressure of
0.92MPa, rotational speed 200 r/min)
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shows the XRD patterns of the TS-1 sample surface at different
temperatures. The diffraction peaks in the XRD diagram corre-
spond to MoS2 peaks from RT to 300 �C, whereas it shows not
only the emergence of the diffraction peaks corresponding to
MoS2 but also the appearance of the diffraction peak correspond-
ing to MoO3 at the environment temperature of 400 �C. It indi-
cates that when the environment temperature is 400 �C, a part of
the MoS2 reacts with oxygen in the air at high temperature and
generates MoO3 with poorer lubricating performance.

3.3.2 Effect of Rotational Speed on the Friction Coefficient.
Figure 14 shows the curves of the friction coefficients of the TS-1
sample varied with the rotational speed at different environment
temperatures. The friction coefficient decreases before increasing
with the increase of rotational speed. When the speed increases,
the transferred speed of the solid lubricant from the microdimples
to the surface becomes faster, so that the damaged solid lubricat-
ing film between the microdimples can get repaired rapidly. MoS2
and PI powder in the solid lubricant have better grain orientation

Fig. 8 Worn morphology of T sample (a), S sample (b), SS sample (c), and TS sample (d) after the wear test by a three-
dimensional morphology analyzer

Fig. 9 The variation of friction coefficients of TS sample with the texture density of 12%, 23%, 35%, 46%, and 58% with sliding
time at RT (a) and 200 �C (b) (contact pressure of 0.46MPa, rotational speed 100 rpm)
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due to high speed. And when the speed increases, the sliding fric-
tion generates more heat, which makes the PI component of solid
lubricating material become softer and more prone to shear slip.
Thus, the solid lubricant forms more easily a lubricating film in
the sliding friction surface, playing a role of the better lubrication

antifriction effect. However, the friction coefficient of TS-1 sam-
ple decreases instead with further increase in the sliding speed.
This is because when the speed is too high, the PI polymer chain
has no time for orientation and is easy to break, resulting in debris
and leading to wear [35], and MoS2 bonded on PI has also become
a part of wear debris, which damages the solid lubrication film
and contributes to the increase in the friction coefficient.

3.3.3 Effect of Load on the Friction Coefficient. Figure 15
shows the curves of friction coefficient of the TS-1 sample surface
under different loads at various environment temperatures. The
friction coefficients of the TS-1 sample decreases with the
increase in the load at the environment temperatures of RT and
100 �C. The larger load offers more benefits in squeezing more
solid lubricant from the microdimples to the surface, thus forming
the more compact solid lubrication film with better lubrication.
Furthermore, when it is in the elastic plastic contact, the actual
contact area of the contact surface is in nonlinear relationship
with load, so that the friction coefficient decreases with the
increase of the load. The friction coefficient of TS-1 sample
decreases before increasing with the increase of the load at the
environment temperature of 200 �C. The pv value of sliding fric-
tion surface increases accordingly when the load increases, and
the friction of the sliding surface generates more heat and higher
temperature softens the PI of solid lubrication and its mechanical
performance becomes worse, so that the carrying capacity of solid
lubrication film becomes worse; when bearing larger load, the PI
is easier to be damaged, which worsens the continuity of the solid

Fig. 10 The friction coefficient of TS sample versus dimple
density at different temperatures (contact pressure of 0.46MPa,
rotational speed 100 rpm)

Fig. 11 The surface roughness of the upper sample versus
dimple density of TS sample (contact pressure of 0.46MPa,
rotational speed 100 rpm)

Fig. 12 The friction coefficient of TS-1 sample varied with tem-
perature (contact pressure of 0.46MPa, rotational speed
100 rpm, time 30mins)

Fig. 13 XRD patterns of the surface of TS-1 sample at RT (a),
100 �C (b), 200 �C (c), 300 �C (d), and 400 �C (e)

Fig. 14 The friction coefficient of sample TS-1 versus rota-
tional speed (contact pressure: 0.46MPa; time: 30mins)
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lubricating film and reduces lubrication effect, thus contributing
to the increase in the friction coefficient. However, the value of
friction coefficient of the TS-1 sample sliding friction surface is
still relatively low (about 0.12) and lubrication does not yield to
failure, indicating the solid lubrication film still plays a better
lubricating function. The friction coefficient of TS-1 sample
increases under higher load compared to that under lower load,
whereas it is still smaller compared to that of smooth surface with-
out lubricant.

3.4 Effect of Nano-sized Solid Lubricant on Surface High
Temperature Sliding Friction Properties

3.4.1 Effects of the Particle Size of Solid Lubricant Powder
on the Friction Coefficient. Figure 16 shows the curves of friction
coefficients of TS-1 sample, TS-2 sample and TS-3 sample varied
with time. It can be seen that the friction coefficient of TS-2 sam-
ple is lower than that of TS-1 sample and the friction coefficient
of TS-3 sample is lower than that of TS-2 sample. On one hand,
the former comparison result indicates that the friction properties
of microsurface texturing filled with nano-MoS2 solid lubricant
are better than those of micron-MoS2. In other words, the lubrica-
tion performance of the nano-MoS2 filled in microdimples is bet-
ter than that of the micron-sized MoS2. Nano-sized MoS2 with the
size smaller than that of common MoS2 is more prone to be em-
bedded into the friction pair surface wave and be reserved, thus

increasing the actual contact area between the two sliding surfa-
ces. Moreover, both the specific surface and the surface energy of
nano-MoS2 are larger than those of micron-sized MoS2. In the
cycled process, “extrusion-dispersion-formed film” (E-D-F) for
the solid lubrication films on the surface, nano-sized MoS2 with a
high surface energy is more easily adsorbed on the surface of the
friction pair, and thus accelerates the repaired effect of the worn
solid lubricating film, which makes the solid lubrication film
continuous and strong. Therefore, the lubricating effect of the tex-
tured surface filled with nano-MoS2 solid lubricant is better than
that of the micron-sized MoS2. On the other hand, the latter
friction coefficient comparison result of the TS-3 sample and the
TS-2 sample demonstrates that the lubrication effect of the com-
posite solid lubricant on the sample surface is improved due to the
appropriate content of the CNTs. Due to the extreme high strength
and extreme large toughness of CNTs, the strength and toughness
of the composite solid lubrication film is improved. What’s more,
the good lubrication performance of the CNTs provides the bene-
fits in the improvement of the lubricating properties of the
composite solid lubrication.

3.4.2 Effect of Environment Temperature on Sliding Friction
Properties of Nanocomposite Solid Lubricating Surface. The
friction properties of MoS2-PI-CNTs composite solid lubricant
containing 6wt.% CNTs at temperatures ranging from RT to
400 �C were investigated on the condition of speed of 200 rpm
and load of 200N with a contact pressure of 0.92MPa and the test
time of each test was 30mins.

Figure 17 shows curves of the friction coefficients of TS-3 sam-
ples varied with time at different temperatures. The friction coeffi-
cients of the TS-3 samples are relatively small in the temperature
range of RT to 400 �C and TS-3 sample exhibits the lowest fric-
tion coefficient at 200 �C. The lubricant effect of MoS2 is better
with the smaller air humidity caused by the higher temperature,
which makes the friction coefficient of the sample at 200 �C lower
than that at the RT. MoS2 evaporation rate would increase in the
condition of high temperature above 430 �C because of the high
temperature gradient of MoS2 evaporation rate. Therefore, MoS2
evaporation rate is relatively larger because the surface of the
specimen might be far more than 430 �C ambient temperature due
to friction heat. In addition, MoS2 has been partially oxidized, so
the lubricating effect of MoS2 decreases, making the friction coef-
ficient of TS-3 sample at 200 �C lower than that at 400 �C. More-
over, compared to Fig. 9, the results of Fig. 17 present that the
friction coefficients of TS-3 samples are lower than those of the
TS-1 sample at the temperature ranging from RT to 400 �C. Fur-
thermore, the friction coefficients of the TS-3 sample remains still
low at 400 �C, which illustrates that adding the appropriate mass

Fig. 15 The friction coefficient of sample TS-1 varied with load
(rotate speed: 100 rpm; time: 30mins)

Fig. 16 Variations of the friction coefficient of TS-1 sample,
TS-2 sample and TS-3 sample with the sliding time (contact
pressure of 0.46MPa, rotational speed 100 rpm, temperature
200 �C)

Fig. 17 Variations of the friction coefficient of TS-3 sample
with the sliding time at different temperatures (contact pressure
of 0.46MPa, rotational speed 100 rpm)
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ratio of the CNTs in the MoS2-PI composite solid lubricant can
significantly improve the resistance high temperature sliding fric-
tion performance of the specimen. CNTs exhibit extremely high
strength and extremely large toughness due to the fact that it con-
sists of C-C covalent bond and the carbon atom distance and the
diameter ingle-walled CNTs is small, which makes the solid

lubrication film possess high strength and toughness and not be
easily destroyed. In addition, tubular CNTs rolled on the lubricat-
ing surface, making the lubrication film of the specimen surface
more uniform and compact. The composite lubricant formed by
some chemical actions has better lubricating properties due to the
fact that the CNTs themselves have good lubrication. The CNTs
transmit thermal energy relying on ultrasonic in one-dimensional
direction and its transmission speed is extremely high, reaching
10,000m/s, so that the lubricant of the sample surface has an
extreme high heat resistance. Therefore, the heat resistance and
lubrication antifriction performance of MoS2-PI-CNTs nano-sized
composite solid lubricant are better than those of the MoS2-PI
composite lubricant.

3.5 Lubrication Mechanism Analysis. Figure 18 shows the
worn surface morphologies of TS sample and S sample. When
compared TS sample to S sample, the scratch morphology of the
former is shallow and narrow, and that of the latter is deep and
wide. There is a clear layer solid lubricating film on the TS sample
surface compared to S sample surface. The two comparison
results indicate that the combination technology of the solid lubri-
cant and the LST can significantly reduce the abrasion of the slid-
ing surface. The formation mechanism for the lubricating film is
as follows: the thermal expansion coefficient of the selected solid
lubricating material MoS2-PI is higher than that of the metal ma-
trix, so friction heat makes solid lubricating material MoS2-PI

Fig. 18 The scanning electron microscopy (SEM) morphology of the surface of the sample TS (a) and the sample S (b) af-
ter the wear test

Fig. 19 The SEM topograph of MoS2-PI composite solid
lubrication

Fig. 20 EDS analysis on the microdimples of the TS sample after the wear test

Journal of Tribology JULY 2016, Vol. 138 / 031302-9



expand and microprotrusions form on the sliding surface during
the sliding process; a layer of solid lubrication film forms between
and on the surface of the microdimples due to the fact that micro-
protrusion composite solid lubricating material produces shear
slip when the two specimen surfaces are relatively sliding [36].
Figure 19 shows the micromorphology of the composite solid
lubricant. It can be seen that the composite solid lubricant is com-
prised of the phases of MoS2 and PI, and the flakelike large parti-
cle object is PI, playing the role of bond and the smaller particle
object is MoS2 dispersed in the PI particles or bonded on the sur-
face of the flakelike large particles, functioning as the effect of
lubrication.

Figure 20 shows the worn surface morphology of TS sample in
the EDS elemental analysis in the dimples after wear. The pres-
ence of a small amount of iron makes it clear that the microdimple
plays the role in a capturing abrasive. Figure 21 shows the worn
surface of the TS sample in the EDS elemental analysis between
the dimples after wear. There exist a large number of Mo elements
between microdimples, indicating that the solid lubricant in the
microdimples has transferred to the surface between the micro-
dimples, and an effective solid lubricating film has formed on the
surface. Figure 22 shows the EDS map of the upper sample pair-
ing with TS sample. The appearance of S element indicates that
the solid lubrication on the surface of lower sample has

transferred to the surface of the upper sample. The direct contact
between metal and metal has been changed to the indirect contact
between the solid lubricating films due to the solid lubricating
film on the surface of the TS sample and the transfer film on the
surface of the upper sample.

Compared to the SS sample, the solid lubricant on the TS sam-
ple surface is not easy to be squeezed out of the friction pair due
to the microdimples on the surface that can capture and store solid
lubricant in the sliding process. And then the solid lubrication film
forms again between the microdimples with the solid lubrication
heated to expand because of the sliding friction. It cycles con-
stantly as above that the worn solid lubricating film gets supple-
mented and repaired well, which makes the solid lubricating film
on the textured surface continuous and stable. Thus the friction
coefficient and the wear of specimen surface get reduced.

4 Conclusion

(1) The friction coefficient of the textured surface filled with
composite lubricant (TS) retains the lowest value and the
highest stability compared to textured surface without solid
lubrication (T), smooth surface without lubrication (S), and
smooth surface burnished with a layer of composite solid
lubricant (SS).

Fig. 21 EDS analysis on the surface between the microdimples of the TS sample after the wear test

Fig. 22 EDS analysis on the surface of the upper sample after the wear test
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(2) The friction coefficient of TS sample decreases before
increasing with the increase of the dimple density, and the
better dimple density range is 35–46%.

(3) The friction coefficients of the sample surface filled with
micron-composite solid lubricant with the texture density
of 35% (TS-1) are maintained at a low level in the environ-
ment temperature range of RT to 300 �C.

(4) The friction coefficient of TS-1 sample decreases before
increasing with the increase of rotational speed.

(5) The friction coefficients of TS-1 sample decrease with the
increase of the rotational speed at RT and 100 �C, and the
friction coefficient decreases before increasing with the
increase of the rotational speed at 200 �C.

(6) The lubrication performance of the nano-MoS2 filled in micro-
surface texturing is better than that of the micron-MoS2.

(7) The friction coefficients of the samples filled with MoS2-
PI-CNTs nano-sized composite solid lubricant are all
relatively small in the temperature range of RT to 400 �C
and lower than those of the samples filled with the MoS2-PI
composite lubricant.
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