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MoS2–Sb2O3–C composite films exhibit adaptive behavior, where surface chemistry changes with environment to maintain

the good friction and wear characteristics. In previous work on nanocomposite coatings grown by PVD, this type of material

was called a ‘‘chameleon’’ coating. Coatings used in this report were applied by burnishing mixed powders of MoS2, Sb2O3 and

graphite. The solid lubricant MoS2 and graphite were selected to lubricate over a wide and complementary range including

vacuum, dry air and humid air. Sb2O3 was used as a dopant because it acts synergistically with MoS2, improving friction and

wear properties. The MoS2–Sb2O3–C composite films showed lower friction and longer wear life than either single component

MoS2 or C film in humid air. Very or even super low friction and long wear-life were observed in dry nitrogen and vacuum. The

excellent tribological performance was verified and repeated in cycles between humid air and dry nitrogen. The formation of

tribo-films at rubbing contacts was studied to identify the lubricating chemistry and microstructure, which varied with

environmental conditions. Micro-Raman spectroscopy and Auger electron spectroscopy (AES) were used to determine surface

chemistry, while scanning electron microscopy and transmission electron microscopy were used for microstructural analysis. The

tribological improvement and lubrication mechanism of MoS2–Sb2O3–C composite films were caused by enrichment of the active

lubricant at the contact surface, alignment of the crystal orientation of the lubricant grains, and enrichment of the non lubricant

materials below the surface. Sb2O3, which is not lubricious, was covered by the active lubricants (MoS2 – dry, C – humid air).

Clearly, the dynamics of friction during environmental cycling cleaned some Sb2O3 particles of one lubricant and coated it with

the active lubricant for the specific environment. Mechanisms of lubrication and the role of the different materials will be

discussed.
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tribology

1. Introduction

The lubrication performance of MoS2 has been
greatly improved through the use of dopants including
inorganic sulfides/oxides [1–9] and metals [10–15]. The
dopants that work well are not typically solid lubricants
themselves. Yet, they lower friction, increase endurance,
enhance load-carrying capacity, and broaden the envi-
ronmental operating range of lubricant systems. Addi-
tional improvements can be realized by mixing two or
more types of solid lubricants with an additive. The
composite can provide excellent lubrication in multiple
environments where low friction is sustained by the
active lubricant moving to the interface. For example,
MoS2 and graphite materials are common solid lubri-
cants in dry and humid environments, respectively.
Therefore, MoS2 and graphite composites have the
potential to lubricate in both dry and humid environ-
ments. One modern technique to make composite
lubricants is magnetron assisted pulsed laser deposition,
for example, it can produce nanocomposite tribological

coatings with ‘‘chameleon’’ surface adaptation [16]. The
deposition systems include UHV chambers, pulsed la-
sers and magnetron sputtering sources, which add cost
to the coatings. However, these techniques provide sig-
nificant advantages such as good adhesion, precise
control of thickness, and improved hardness and
toughness in addition to lubrication.

For many tribological applications, a simpler depo-
sition may be more cost effective. Composite coatings
were deposited by simple burnishing to determine the
fundamental mechanism of lubrication and to compare
mechanisms with composite coatings grown by PVD. In
this study, MoS2 was used to provide lubrication in dry
environments, graphite was used for humid air, and
Sb2O3 was the dopant. Sb2O3 compound was selected
because it acts synergistically with MoS2 so as to
improve friction and wear properties [5,6,9]. Compres-
sion, shear and crystallite re-orientation occur in the
burnished films during running-in [17]. The MoS2–
Sb2O3–C composite films showed lower friction and
longer wear life than MoS2 films in humid air. Very/
super low friction and long wear-life were measured in
dry nitrogen and vacuum. The excellent tribological
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performance in different environments was verified and
repeated in climate cycling between humid air and dry
nitrogen. The formation of tribo-films at rubbing con-
tacts was studied in terms of film chemistry and micro-
structure. Micro Raman spectroscopy and Auger
electron spectroscopy (AES) were used to measure
changes in surface chemistry, while scanning electron
microscopy (SEM) and transmission electron micros-
copy (TEM) were used for microstructural analysis. The
tribological properties and lubrication mechanism of
MoS2–Sb2O3–C composite films are understood in terms
of the dynamics of lubricant and additive behavior.

2. Experimental

MoS2–Sb2O3–C composite films were burnished on
polished 440C stainless steel disks of 25.4 mm diameter
by using a lint free cloth under hand pressure. Before
deposition, the steel disks were cleaned using soap +
water, acetone, and methanol. Pure MoS2, graphite and
Sb2O3 powders were mixed together at a ratio of
40:40:20 wt.%. A smooth sliding pressure was applied
to the mixed powder against the hard surface of steel
substrates. The burnishing process was done in air at
approximately 40% relative humidity (RH).

Friction coefficients of burnished MoS2–Sb2O3–C
composite films were collected using a ball-on-disc
tribometer run with the specimens in the horizontal
position at room temperature. The measurements were
made in humid air at 50% RH, dry nitrogen at one
atmosphere, and high vacuum at 10)8 Torr, respec-
tively. Grade 5 440C-stainless steel bearing balls of
6.35 mm diameter were used as the counterface. For
each friction trace, a normal load of 100 g was set and
the rotational speed was maintained at 200 rpm. The
approximate sliding speed was about 100–200 mm s)1

depending on wear track radii. After determining that
speed within this range did not affect results, no effort
was made to maintain constant linear speed. In our
present study, failure is defined as an increase in average
friction over 0.65. Average friction is calculated using
the last 10 data points. Friction measurements in mul-
tiple cycles of humid air and dry nitrogen were also
collected for evaluating the environmental adaptability
of the burnished films. Wear scars were analyzed after
the tribotests were stopped with the last environment
being humid and dry, respectively, in order to determine
the nature of the active lubricating film on the surface.

A Leica 360 field-emission-gun (FEG) SEM, equip-
ped with a Link ISIS X-ray energy dispersive spec-
trometer (EDS), was used for microstructural
observations of wear scars. It was operated at an
accelerating voltage of 25 keV and a working distance of
15 mm. Raman spectra were obtained using a Renishaw
Ramanscope 2000 equipped with a 514.5 nm argon-ion
laser and an air-cooled charge-coupled device (CCD).

Raman analysis was used to determine the chemical
changes inside wear scars. AES measurements were
made using a Physical Electronics PHI 5700 multi-
technique system. The electron gun on this system has a
minimum electron probe size of 100 nm at 10 keV. AES
data were acquired with a concentric hemispherical
analyzer at a 45� takeoff angle. A secondary electron
detector was used for imaging the wear scar surface and
positioning the probe beam. The basic vacuum pressure
in the analysis chamber was better than 10)7 Pa.

To visualize the film microstructure at the surface of
wear scars after the samples were tribotested, lift-out
specimens for cross-sectional TEM (XTEM) observa-
tions were prepared using a focused ion beam (FIB)
microscope, FEI-DB235. It was operated using 5 keV
electron beams and 30 keV Ga+ ion beams. To protect
the wear scar surface, an approximate 2 lm thick Pt cap
was deposited on the top of wear scars by using a gas
injection system. Overall, the process started with elec-
tron beam deposition of Pt, which was followed by ion
beam deposition at a moderate probe current. High-
resolution microstructures of wear scar sections were
observed using a Philips CM200-FEG TEM operated at
200 keV. The FEG provided a complete coherent elec-
tron source and nm-sized electron probe, which was
adjustable from 25 to 1 nm. A NORAN X-ray EDS
system attached to the TEM was used for measuring
chemical compositions.

3. Results and discussion

3.1. Friction coefficients in humid, dry and vacuum
conditions

Tribological data from a ball-on-disk machine are
shown in figure 1. It is well known that graphite and
hexagonal MoS2 perform best in humid air and dry
nitrogen, respectively. Their tribological properties
degrade significantly if the environments are switched.
Figure 1a shows the friction traces measured for the
burnished graphite film in dry nitrogen, and for the
MoS2 and MoS2–Sb2O3–C composite films in humid air
at 50% RH, respectively, so as to compare tribological
properties in the harshest environment for each
lubricant or lubricant mixture. The burnished MoS2 film
exhibited an erratic friction coefficient of approximately
0.2 and failed after 10,000 cycles. The pure graphite film
provided a very low friction coefficient between 0.01 and
0.02 for the first 10,000 cycles, and after that, the friction
increased significantly and became erratic. It finally
failed after approximately 25,000 cycles. The burnished
MoS2–Sb2O3–C composite film showed a steady-state
friction coefficient between 0.1 and 0.2 in humid air at
50% RH, and its wear life was approximately 50,000
cycles, as shown in figure 1a. Therefore, the composite
film showed a more stable friction coefficient and longer
wear life in the harshest environment than the pure

156 J.S. Zabinski et al./Lubrication performance and lubrication mechanism of MoS2/Sb2O3/C



graphite and hexagonal MoS2 films. One reason could
be that the Sb2O3 additives acted synergistically with
MoS2/C so as to improve friction and wear properties
[5,6,16]. Another reason could be due to the synergistic
effect as observed for graphite/MoS2 mixtures [18,19].

A super low friction coefficient was measured at as
less than 0.01 for the composite film in dry nitrogen and
high vacuum (see figure 1b, c), where the tribotests run
smoothly and do not show any evidence of failure. The
dry nitrogen test was terminated at 10,000,000 cycles
without failure, and the high vacuum test was termi-
nated at 3,000,000 cycles without failure. Friction below
0.01 is quite low and strain gauges may drift over time,

especially over days like in the dry environment tests. To
ensure that the measured friction was really below 0.01,
additional tests were run. First, the load was increased
to 500 kg to put the friction force more solidly within
the capability of the load cell. In addition, the load cell
was calibrated before and after each testing. Using the
steps outlined, it is concluded that the friction coefficient
was £0.008. Anything below that is outside the confi-
dence level of our equipment. Clearly, the MoS2–Sb2O3–
C composite films improved tribological properties
compared to the pure, single component films (MoS2 or
C) in a wide range of environments.

3.2. Characterization of worn surfaces

To understand the tribological behavior of burnished
MoS2–Sb2O3–C composite films in various environ-
ments, a series of analysis techniques was employed to
characterize the worn film. Figure 2 shows the Raman
spectra collected from the as-burnished MoS2–Sb2O3–C
composite film and from the wear scars in humid air, dry
nitrogen, and high vacuum, respectively. The features of
both hexagonal MoS2 and graphite are exhibited in the
Raman spectra of the wear scars in dry nitrogen and
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Figure 1. Friction traces from ball-on-disc tribotests of burnished

films on steel substrates: (a) in worst environments – graphite in dry

nitrogen, MoS2 in air at 50% relative humidity (RH), and MoS2–

Sb2O3–C in air at 50% RH, (b) MoS2–Sb2O3–C in dry nitrogen (The

test stopped at 10 million cycles and did not fail), and (c) MoS2–

Sb2O3–C in high vacuum at 10)8 Torr (The test stopped after 3 million

cycles and did not fail).
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Figure 2. Raman spectra collected from the as-burnished MoS2–

Sb2O3–C composite film, and for wear scars in humid air, dry nitrogen

and high vacuum, respectively. Typical Raman features of both MoS2
and graphite are indicated in the spectra from the as-burnished film

and wear scars in dry nitrogen and high vacuum, while only graphite

feature shows for the wear scar in humid air.
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high vacuum. They look similar to the as-burnished
composite film. Only graphite-like features are exhibited
in the Raman spectrum of humid air tests. The differ-
ence between the Raman spectra of wear scars produced
in dry and humid environments suggests that graphite
occupied the interface and is the active lubricant in
humid air. Hexagonal MoS2 was present at the interface
in dry/vacuum conditions. This finding is in good
agreement with measurements of friction coefficients:
0.1–0.2 in humid (typical graphite reading) and around
0.01 in dry/vacuum (typical MoS2 reading). Although, it
is noted that MoS2 also exhibits friction coefficients in
the 0.2 range in humid air.

Figure 3a shows the SEM image of as-burnished
MoS2–Sb2O3–C composite films on steel substrates.
Figure 3b, c show the SEM images of the wear scars
from dry nitrogen (after 100,000 cycles) and humid air at
50% RH (after 10,000 cycles) tests, respectively. They
are taken at the same magnification. The MoS2–Sb2O3–
C composite film was smeared by rubbing and formed a
dense uniform wear track in the dry nitrogen test, as
shown in figure 3b. The wear scar was extremely light
and virtually no wear had occurred in the ‘‘dry’’ wear
track. However, wear in the ‘‘humid’’ wear track was
clearly shown in figure 3c, which was accompanied with
debris along the side of the track. Cracking was

Figure 3. SEM images taken from: (a) the as-burnished MoS2–Sb2O3–C composite film, (b) the wear scar in dry nitrogen, and (c) the wear scar in

air at 50% relative humidity (RH).
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Figure 4. Auger electron spectroscopy (AES) spectra collected from inside the wear scars: (a) in dry nitrogen, and (b) in humid air. The

measurement positions are indicated in the corresponding SEM images of wear scars as shown on left.
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observed inside the ‘‘humid’’ wear track, as shown in
figure 3c. In every wear track created in a moist envi-
ronment, cracking was observed. In fact, cracking pro-
ceeds to failure such that its appearance and severity
accompany failure. In long lived film, cracking is
inhibited and appears much later in the life cycle.

The surface chemistries of the dry and humid wear
scars were further studied by AES, as shown in fig-
ure 4a, b. The corresponding SEM images are shown on
the left and indicate the exact location of the AES probe
on the wear scars. The signal intensity shows a signifi-
cant amount of MoS2 inside the dry wear scar, and the
signal is greatly diminished inside the humid wear scar.
A greater C signal was collected from inside the humid
wear scar compared to dry. The AES data complements
and agrees with the Raman data. Interestingly, the AES
data shows that Sb2O3 is in both scars created in humid
and dry environments. Sb2O3 is generally not observed
by Raman on surfaces that have been rubbed. The data
suggested that Sb2O3 is: (1) below the surface and not
detected by Raman but within the escape depth of auger
electrons, or (2) altered by rubbing in the near surface
region such that it is not detectable by Raman spec-
troscopy. It is noted that Sb has a very high Auger
sensitivity, which may partially explain why its intensity
is high. The following cross-sectional TEM analyses
provided additional insight.

3.3. FIB/TEM analyses of wear scar cross-sections

A FIB microscope was used to prepare the cross-
sectional TEM specimen showing the inside of wear
scars for direct observation of film microstructures.
Figure 5 shows an electron-transparent foil of about

Figure 5. A focused ion beam (FIB) prepared lift-out specimen for the

cross-sectional TEM observation of wears scars on the burnished

MoS2–Sb2O3–C composite film.

Figure 6. Nano probe energy dispersive spectrometer (EDS) elemental mapping of Sb, Mo and C for the cross-sectional specimen of wear scars:

(a) in dry nitrogen, and (b) in humid air, where the corresponding cross-sectional TEM images are shown on left.
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20 lm wide by 5 lm deep was cut with Ga+ ion beams
from inside the humid wear scar. First, the wear scars
were studied across the whole film thickness between the
Pt protection caps and substrates. Figure 6a, b show the
nano-probe-EDS elemental mapping of Sb, Mo and C
for the cross sections of dry and humid wear scars,
respectively. The corresponding cross-sectional TEM
images are given on the left, where the crosses indicate
Sb2O3 particles just beneath the top lubricating layer in
the film. Micro cracking was revealed inside the film,
which developed along the direction of substrate sur-
faces. The distribution of Sb, Mo and C is shown in
figure 6a, b. Of particular interest, MoS2 surrounds the
Sb2O3 particle inside the dry wear scar, as shown in
figure 6a, while graphite surrounds the Sb2O3 particle
inside the humid wear scar, as shown in figure 6b. A
very thin layer of MoS2 was visible in the EDS elemental
mapping of Mo inside dry wear scar.

Figure 7a, b are the high-resolution TEM images
taken from the above cross-sectional specimens for the
top layers on dry and humid wear scars, respectively.
The (002) basal planes of hexagonal MoS2 were clearly
visible on the dry wear scar, as shown in figure 7a, while
the basal planes of graphite was measured on the humid
wear scar, as shown in figure 7b. Those basal planes are
approximately parallel to the sliding direction and are in
the best orientation for hexagonal MoS2 and graphite
materials to provide lubrication [20,21]. The present
TEM measurements further verified the effective lubri-
cation of hexagonal MoS2 in dry/vacuum tests and
graphite in humid tests for the burnished MoS2–Sb2O3–
C composite films. TEM images demonstrate that the
outer most (or exposed) interface is the active lubricant
for the environment where the tribotest was run. The
Raman data provided a better physical picture of the
chemistry near the surface compared to AES.

3.4. Tribological behavior in environmental cycling

Many tribological applications require stable perfor-
mance in environments with varied humidity. Figure 8
shows an example of friction coefficient variation in a
tribotest where the environment varied every 5000 slid-
ing cycles between humid air (50% RH) and dry nitro-
gen for the burnished MoS2–Sb2O3–C composite film.
This test procedure can simulate friction in ambient/
space cycling because friction and wear results for dry
nitrogen and vacuum were similar, and humid air/high
vacuum cycling was more difficult to implement.
In humid cycles, the friction coefficients were about
0.15–0.25, and corresponded to lubrication by graphite.
In dry cycles, the friction coefficients decreased to less
than 0.05, corresponding to lubrication by MoS2. A
slightly higher friction was recorded for both humid and
dry cycles, in comparison to the measurements under a
constant humid/dry condition as shown in figure 1a, b.

A few thousand cycles were not sufficient to develop a
complete steady-state lubricious tribofilm on counter-
part surfaces such as that formed after ten thousand
cycles of humid or dry tribotests. In general, if cycling is
stopped, the friction will approach the long-term single
environment value.

To study the environmental adaptability and lubri-
cation mechanism of burnished MoS2–Sb2O3–C com-
posite films, the above multi-cycling humid/dry
tribotests were stopped in the middle of humid and dry
cycles, respectively. The samples were analyzed using a
micro-Raman spectroscope in order to determine the
predominant phase at the rubbing contact. For the dry
cycle, Raman activity was observed in the MoS2 region
and almost no carbon-related scattering was detected, as

Figure 7. High-resolution TEM images taken from the cross-sectional

specimen of wear scars: (a) in dry nitrogen, and (b) in humid air.
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shown in figure 9a. For the humid cycle, the signal from
graphite-like carbon was clearly identified in the Raman
spectrum, as shown in figure 9b.

Based on the measured friction variation and the
analyses of wear scars, the following lubrication mech-
anism was proposed for the environmental adaptability
of burnished MoS2–Sb2O3–C composite films. In dry
conditions, which are favorable for MoS2, but severe for
graphite, there is a predominant formation of hexagonal
MoS2 at the contacting interfaces. It is created by slid-
ing/rubbing stress. These layers are oriented such that
the basal planes are parallel to the surface. This densely
packed (002) surface is the most oxidation resistant,
inert, and slippery crystal face. Once the humidity is
increased, the MoS2 layers on counterfaces were
replaced by basal oriented graphite where again the
basal surface is most inert and slippery. For graphite,
the intercalation of basal planes with water molecules is
essential for low friction and wear rate [22,23]. In the
next dry cycle, the desorption of water molecules results
in rapid wear-off of graphite sheets, which reveals fresh
MoS2 grains and causes debris with MoS2 to recoat the
surface. The friction-induced reorientation of MoS2
basal planes promotes low friction and low wear in dry
tests, and so on. The orientation and density of the layer
helps prevent deep oxidation.

In addition, Sb2O3 forms a sublayer for the active
lubricant as discussed in earlier publications [9,14]. The
cross-sectional TEM images in figure 6 show that the
Sb2O3 particles are not simply coated on the surface by
the active lubricant. The particles must roll and tumble
till all surfaces of the particles are covered. Rubbing
causes enrichment and orientation of the active
lubricant at the surface of Sb2O3. This has a positive
effect on lubrication because: (1) the best lubricant and
crystal orientation are achieved at the interface; (2) thin
layers of lubricant on a harder material provide lower

friction; (3) a thin layer of lubricant on top of an oxide
results in some containment of oxidation caused by a
friction-driven thermal spike; and (4) the tumbling/
rolling of Sb2O3 particles acts somewhat like a ‘‘pump’’
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to provide lubricant to the rubbing interface. Figure 10
shows a series of schematic diagrams of the above pro-
posed lubrication mechanism for MoS2–Sb2O3–C com-
posite films. An active lubricant layer was generated
over the surface of Sb2O3 particles. This self-layered
microstructure and the composite nature of the film
helps inhibit crack formation and growth, which is very
important for increasing wear-life especially when
changing atmosphere. It was noted earlier that cracking
precedes failure. The Sb2O3 particles inside the film can
effectively block the propagation of cracks perpendicu-
lar to the substrate and hence slow the film delamina-
tion/wear-off.

4. Conclusions

1. The MoS2–Sb2O3–C composite film prepared by
simply burnishing process showed lower friction and
longer wear-life than the pure MoS2 film and pure
graphite film in humid air. Very/super low friction
and nearly unlimited wear-life were measured in the
environments of dry nitrogen and vacuum.

2. All characterization results by means of Raman,
TEM and AES indicated that the hexagonal MoS2
played superior lubrication in dry/vacuum tribotests
and the graphite composition effectively lubricated in
humid tribotests for the burnished MoS2–Sb2O3–C
composite films. The synergistic effect of graphite and
Sb2O3 additives with MoS2 improve tribological
properties.

3. In dry conditions, a predominant formation of hex-
agonal MoS2 is created by sliding/rubbing stress at the
contacting interfaces. These layers are oriented such
that the basal planes are parallel to the surface. This
densely packed (002) surface is the most oxidation
resistant, inert, and slippery crystal face. Once the
humidity is increased, the MoS2 layers on counter-
faces were replaced by basal oriented graphite where
again the basal surface is most inert and slippery.

4. The active lubricant layer of MoS2 or graphite was
generated over the surface of Sb2O3 particles. This
self-layered microstructure and the composite nature
helps inhibit crack formation and growth, which is
very important for increasing wear-life especially
when changing atmospheres. The Sb2O3 particles
inside the film can effectively block the propagation
of cracks perpendicular to the substrate and hence
slow the film delamination/wear-off.

5. Burnished MoS2–Sb2O3–C composite films are
easily deposited, low-cost lubricant films, which
were used to understand chameleon behavior and
showed remarkably good performance, especially
extremely low friction in dry and vacuum environ-
ments.
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Figure 10. A series of schematic diagrams of the lubrication mechanism proposed for MoS2–Sb2O3–C composite films.
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