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a b s t r a c t

Molybdenum disulphide (MoS2) is a common constituent for vacuum and space solid lubricant coatings
because of its low friction, vacuum compatibility, and insensitivity to radiation effects. In this study
the effects of temperature on the tribological properties of a low wear MoS2 coating was examined.
Three temperatures were analyzed, ‘cold’ (−100 ◦C), ‘ambient’ (22 ◦C), and ‘hot’ (100 ◦C). It was found
eywords:
olid lubricants
ryo
emperature dependent wear
oS2

that for all three temperatures the friction coefficient remained below � = 0.02 and was athermal, but
the wear of the coating decreased with decreasing temperature. Under the cold temperature conditions
the volume of material removed was reduced by approximately half as compared to the ambient and
elevated temperature experiments. Characterization of the debris was done using an environmental
scanning electron microscope in conjunction with energy dispersive spectroscopy. It was found that at
the lower temperatures the debris size was smaller (i.e. finer) than at the higher temperatures. As the

ased
temperature regime incre

. Introduction

The space environment is widely regarded as a harsh environ-
ent by mechanism designers [1]. The challenges are high vacuum,
wide range of operational temperatures, radiation, and atomic

xygen [2,3]. These environmental conditions frequently preclude
he use of liquid lubricants, and in many applications it is desirable
o use solid lubricant materials. The most basic limitation of liquid
ubricants in space is due to their changes in viscosity and out-
assing over the temperature ranges that they will experience [4].
ecent developments with low wear solid lubricants have provided
new suite of coatings that are uniquely engineered to operate in

he space environment for extended durations.
Solid lubricants can be provided as either thin sacrificial coatings

r in bulk. The temperature dependent friction behavior of solid
ubricants in vacuum has been an area of intense recent investiga-
ion. Studies by McCook et al. [5], Burris et al. [6,7], Zhao et al. [8,9],
nd Hamilton et al. [10] all showed increases in friction coefficient
ith decreasing temperatures for solid lubricants made of PTFE and
oS2. These studies are in contrast to studies by Burton et al. [11]

here the friction behavior of the solid lubricant films changed

ery little as the temperature was varied from ambient to near liq-
id helium temperatures. One hypothesis that has emerged from
hese studies is that the thermally activated friction behavior is lim-
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, the range of debris size increased.
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ited to domains of ultra-low wear [8,10], and that the transitions
from thermally activated friction to athermal friction is a result of
wear. Burris [6] showed that the wear behavior of PTFE varied with
temperature, but did not characterize the debris morphology at the
various temperatures.

The focus of this study is on a sputtered MoS2 solid lubricant
composite coating containing molybdenum disulphide (MoS2),
antimony trioxide (Sb2O3), and gold (Au). Here the applied nor-
mal loads, contact pressures, reciprocating sliding motions, and pin
geometries are selected in an effort to promote wear. This work is
aimed at reproducing the athermal friction behavior reported by
others, and shed some light on the effects of temperature on the
wear behavior of these films.

2. Materials and methods

The linear reciprocating tribometer used in these experiments
is shown schematically in Fig. 1. The uncertainties involved with
measuring friction coefficients from a similar tribometer design are
described in Schmitz et al. [12] and the data analysis of friction coef-
ficient and associated uncertainties are further described by Burris
and Sawyer [13]. In this vacuum tribometer design, a loading flex-
ural system holds the pin and is mounted to a manual positioning
stage. Together, this assembly is used to load the pin against the
counterface. This flexural system is directly attached to a multiax-

ial vacuum compatible load cell that provides a direct load path to
ground.

The counterface is mounted onto a copper platen and an insu-
lating polymeric platen that is attached to the reciprocating stage.
The copper platen is used to heat and cool the counterface sample

dx.doi.org/10.1016/j.wear.2010.07.008
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Table 1
Summary of experimental conditions for the tests run within this study.

Disk Track Sliding distance [m] Normal force [N] Pressure [×10−6 Torr] Temperature [◦C]

1

1 35.1 254 10 100
2 94.9 254 10 100
3 281.6 255 4 100
4 563.7 257 3 100

2

1 35.2 248 10 22
2 95.0 248 9 22
3 281.3 247 3 22
4 564.6 248 2 22
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1 36.1 24
2 95.0 23
3 281.7 23
4 562.4 23

hile the polymer plate isolates the rest of the tribometer from the
emperature variations. Three flexible kapton encapsulated heaters
re used to regulate the rate of cooling or heating as well as main-
ain steady intermediate temperatures. Cooling is achieved through
he use of a liquid nitrogen dewar attached to a copper braided cold
nger; the copper braids are attached directly to the copper mount-

ng plate and a thermocouple is mounted to the exposed surface
f the counterface. The entire apparatus is mounted inside a vac-
um chamber that has base pressure for these experiments around
0−6 Torr, which can be reached in less than two hours.

The pins are made from 455 stainless steel and the counterfaces
re made from 440C stainless steel. The pin samples had an average
adius of curvature of 36 mm and were not coated, but they were
ighly polished to an average roughness well below 100 nm. The
ounterfaces were heat treated to a Brinell Hardness just over 600.
he counterfaces were commercially coated with approximately
�m of MoS2/Sb2O3/Au.
The testing conditions for the experiments include a normal
oad of 250 N, a sliding speed of 10 mm/s, and a track length of
9.05 mm. A defined number of reciprocating cycles are run at
cold” (−100 ◦C), “ambient” (22 ◦C), and “hot” (100 ◦C) testing con-

ig. 1. A schematic of the linear reciprocating tribometer with temperature control.
he entire apparatus is located within a vacuum chamber. Liquid nitrogen is passed
hrough a feed-through and circulates around the cold finger to cool the sample
own. The temperature of the sample is finely controlled through the use of heaters

ocated underneath the copper plate. These heaters can be used simultaneously with
he liquid nitrogen to regulate the cooling or can be used separately to heat up the
ample.
4 −100
2 −100
2 −100
2 −100

ditions. Table 1 summarizes the testing conditions for all of the
experiments run.

Wear measurements are made using a scanning white light
interferometer (SWLI). The normal load, Fn, total sliding distance, d,
and volume loss, , are used to calculate a single point wear rate

(K) for the experiments: . Multiple scans of height
measurements across the wear tracks are taken to determine rep-
resentative wear track shape and standard deviation. The volume
loss was found using Eq. (1), where L is the length of the wear track,
Ai is the measured cross-sectional area of the wear track, and N is
the number of scans:

(1)

The uncertainty in the volume estimate is found by applying
the law of propagation of uncertainty. This method follows the
technique described by Burris and Sawyer [14]. The uncertainty
in volume can be estimated by Eq. (2) where it is assumed that the
uncertainty in the scanned cross-sectional areas is substantially less
than the variation between the scans. Additionally, it is assumed
that the variability between the scans is a much greater source of
uncertainty in the volume estimation than the precision of the wear
track length:

(2)

The practical implication of Eq. (2), is that for very precise line scans
the more measurements that one makes the lower the uncertainty
in the volume estimation. In this study the variability between the
scans was so low that 5 independent measurements gave accept-
able uncertainties.

An environmental scanning electron microscope (SEM) with
energy dispersive spectroscopy (EDS) was used to measure and
characterize the debris on both the pins and the wear tracks. Post-
processing of the SEM images was used to create histograms of
the dispersion in debris particle diameter and morphology for
experiments run under nominally identical conditions but differ-
ent surface temperatures. EDS was used to confirm that the debris
particles analyzed were of the same composition as the coating.

3. Results and discussion

The volume loss versus sliding distance is plotted in Fig. 2. Each

datum is from a single experiment that was performed on a new
pin and an unworn portion of the counterface. The uncertainty mea-
surements shown with the error bars are calculated by applying the
law of propagation of uncertainties to the volume loss equation. The
initial transient behavior was not explicitly studied, although from



R.S. Colbert, W.G. Sawyer / We

Fig. 2. A plot of volume loss versus sliding distance. Each data point represents
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clear trend of decreasing particle size with decreasing temperature.

F
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n individual test run to completion for elevated, ambient, and cold conditions. The
rror bars represent the standard deviation of the volume loss measurements within
ach test.
he experiments it is clear that the initial transient wear behavior
s significant. In general the cold temperature experiments show a
rend of less volume loss than the ambient and hot experiments. It
hould be noted that the friction coefficient for all of these exper-

ig. 3. Scanning electron micrographs of the transfer film on the pins for experiments ru
emperature (100 ◦C). The tests were run under similar sliding speed, applied load, track

ig. 4. Scanning electron micrographs of the end of the wear track for experiments run
emperature (100 ◦C). The tests were run under similar sliding speed, applied load, track
ar 269 (2010) 719–723 721

iments was below � = 0.02, and showed no trends with increasing
or decreasing temperature.

In Fig. 2 it is clear that the film tested at cold temperatures wore
less than the films tested at ambient and higher temperatures. The
ambient and elevated temperature experiments had strongly over-
lapping confidence intervals from the experiments. Visually, the
wear tracks for the cold experiments looked slightly smaller and
duller than the high temperature wear tracks. The composition of
the debris was verified to be from the MoS2 coating through the
use of the EDS. Pins from experiments of similar sliding distances,
track 4 of disks 1–3 detailed in Table 1, were compared. When look-
ing at the pins the contact spots were of similar size, but transfer
film development was more pronounced and visible on the exper-
iments run at higher temperatures. This is shown in Fig. 3 where
the sliding direction is left to right.

The stark contrast in transfer film morphology was also reflected
in the debris morphology of the experiments run at cold tempera-
tures. For these experiments, there were no large debris particles
that could be found in the wear track, the pin, or on the edges of
the wear tracks (including the reversal zones). The scanning elec-
tron micrographs shown in Fig. 4 are representative of the types of
debris that could be observed on, in, and around the wear tracks.
These images are from the same experiments shown in Fig. 3. Sur-
veying the wear tracks under the environmental SEM revealed a
In an effort to quantify this, micrographs of the end of the wear
tracks were taken and every particle in a representative portion
of the micrograph was assigned a characteristic size; all particles
were assumed to be spherical, unless it was clear that they were

n at (a) cold temperature (−100 ◦C), (b) ambient temperature (22 ◦C), and (c) high
length, and total sliding distance for each of the temperatures examined.

at (a) cold temperature (−100 ◦C), (b) ambient temperature (22 ◦C), and (c) high
length, and total sliding distance for each of the temperatures examined.
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Fig. 5. A normalized histogram of relative occurrence of particle sizes in relation to
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he overall amount of debris is plotted versus the debris particle diameter for the
hree temperature experiments. The data was collected from each test run under
imilar sliding distance and loading conditions. The particle size was calculated from
he scanning electron micrographs using image post-processing techniques.

large flake-like particle. A significant area of particles (approxi-
ately a third of the micrograph) was used to create a histogram

f the debris particle sizes. This histogram is shown in Fig. 5. The
agnification appears to be appropriate as no strong truncation

n the histogram could be observed at low or high particle sizes.
he particles were binned into characteristic diameters in 300 nm
ncrements. The characteristic size of the cold temperature experi-

ents was significantly smaller than the other experiments. Fig. 6
rovides a probable explanation for this apparent paradox. If the
istogram is plotted as the contribution to the overall wear volume
ersus the particle size it is clear that the larger particles are the
ominant contributors to the wear.
Burris found a decrease in wear with decreasing temperature
or PTFE and discussed a number of potential mechanisms for this
ehavior based on changes in mechanical properties and glass tran-
itions for PTFE [6]. For MoS2 systems we were unable to find similar
emperature dependent mechanical properties. MoS2 systems and

ig. 6. A plot of relative wear debris particle volume contribution to overall volume
ith respect to each particle size for the three temperature experiments. Each of

hese experiments was run under similar sliding and loading conditions.
ar 269 (2010) 719–723

PTFE systems are very different; however, as solid lubricants they
both provide protection through transfer films and wear in some
part is thought to originate from subsurface damage that promotes
the creation of a debris particle. There is some anecdotal evidence
within the cryogrinding community that particle size decreases
with decreasing temperature [15,16]. It is believed that the colder
temperatures bring the materials closer to their “embrittlement
temperature” where shearing and brittle fracture transpires.

Scanning electron microscopy analysis of the wear tracks and
wear debris revealed a similar debris formation process for all tem-
peratures; the debris forms around the free edges of imperfections
in the coating and off of plate-like structures on the sliding sur-
face. For the colder temperatures, the debris formed from these
structures into predominate fine particles while at high tempera-
tures both fine particles and large plate-like structures exist within
the debris field. At higher temperatures the larger platelets repre-
sent the dominate contribution to the overall wear volume, while
at lower temperatures such features are not present. The origin of
the fine debris at high temperature is assumed to be a result of
the diminution of these larger structures. In order to explore this
hypothesis, experiments were arrested after 1, 5, 10, 50, 100, and
500 cycles. SEM surveying of the wear tracks suggests the above
mechanism and revealed debris morphology at cycle 5 that was
similar to the debris shown after cycle 15,000 (Fig. 4).

Considerations of bond breaking and the effects of temperature
on reducing the energy needed to break a bond (and thus create a
wear particle or defect) would suggest that under the same stress
states increases in temperature should increase wear. This appeal-
ing molecular argument does not however predict a distribution of
wear particle size that has any dependence on temperature. Such a
model simply predicts that there will be more particles generated
at elevated temperature. An integrated framework for temperature
dependent wear must recognize the importance of the large spa-
tially distributed stresses and frictional heating that exists during
contact and sliding. Additionally, there is a need for good mechan-
ical property data at cold temperatures. Finally, a more complete
framework should include contributions from structural inhomo-
geneity on length scales from nanometers to micrometers.

Based on our observations, structural inhomogeneities appear
to act as stress risers that amplify the effects of the imposed
stress (even homogeneous stresses can lead to catastrophic elas-
tic instabilities [17,18] that might, in turn, trigger inhomogeneous
breakdown of the highly stressed system). The question may not
be what is unique about the cold experiments; rather, how is the
additional thermal energy providing favorable modes for velocity
accommodation in these dry sliding systems without the genera-
tion of copious amounts of debris.

4. Concluding remarks

This paper reports on the effect of temperature on the tribolog-
ical properties of a MoS2/Sb2O3/Au coating. Lower temperatures
reduced the wear of the coating as well as the particulate size. Under
these conditions of vacuum testing over a range in temperature
from −100 ◦C to 100 ◦C the coating was shown to be experiencing
wear and the friction coefficient was found to be athermal and had
values consistently below � = 0.02:

(1) Cold experiments had a decreased amount of volume of mate-
rial removed by approximately half as compared to the ambient

and elevated temperature experiments.

(2) The friction coefficient was athermal and remained less than
� = 0.02 for all three temperature experiments.

(3) SEM observations of the debris size revealed a trend of
decreasing particle size with decreasing temperatures. Lower
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temperature experiments produced debris size between
0.6 �m and 1 �m, while high temperature experiments gen-
erated debris size ranging from 0.6 �m up to 9 �m.
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