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Abstract Studies to explore the nature of friction, and in
particular thermally activated friction in macroscopic tri-
bology, have lead to a series of experiments on thin
coatings of molybdenum disulfide. Coatings of predomi-
nately molybdenum disulfide were selected for these
experiments; five different coatings were used: MoS,/Ni,
MOSz/Ti, MOSQ/szOg,, MOSz/C/Sb203, and MOS2/AU/
Sb,O3. The temperatures were varied over a range from
—80 °C to 180 °C. The friction coefficients tended to
increase with decreasing temperature. Activation energies
were estimated to be between 2 and 10 kJ/mol from data
fitting with an Arrhenius function. Subsequent room tem-
perature wear rate measurements of these films under
dry nitrogen conditions at ambient temperature demon-
strated that the steady-state wear behavior of these coatings
varied dramatically over a range of K =7 x 107° to
2x 1078 mm3/(Nm). It was further shown that an inverse
relationship between wear rate and the sensitivity of fric-
tion coefficient with temperature exists. The highest wear-
rate coatings showed nearly athermal friction behavior,
while the most wear resistant coatings showed thermally
activated behavior. Finally, it is hypothesized that ther-
mally activated behavior in macroscopic tribology is
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reserved for systems with stable interfaces and ultra-low
wear, and athermal behavior is characteristic to systems
experiencing gross wear.
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1 Introduction

There have been increasing efforts to measure and under-
stand tribological behavior at cryogenic temperatures; to
date, results of these efforts show either no trend or con-
flicting trends and often require cryogenic specific
hypotheses. These measurements are difficult to make and
often require sacrificing one or more experimental controls
(e.g. dry sliding conditions, friction sensitivity, and back-
ground environment). Michael et al. [1], Theiler et al. [2],
and Hubner et al. [3] compared results of ambient lab air
testing with those of test submerged in cryogenic liquids
and have shown either no trend or trends of reduced friction
at cryogenic temperatures. Recent constant environment
macroscale studies of various solid lubricants [4-7], and
atomic-scale studies with terraces of graphite [8] show
consistent trends of increased friction with decreased tem-
perature, and the notion of thermally activated friction has
been proposed [4, 8, 9]. Variable temperature experiments
conducted on beds of aligned carbon nanotubes [10] and
various high temperature polymer studies [11-16] have also
demonstrated behavior that is well fit by an activated pro-
cess at the macroscale. Burton et al. [17] found inconclusive
trends during tilted sled experiments with sapphire, PTFE,
and other materials over a range of 4-400 K under dry
sliding in vacuum but notes that “...we believe that the
effects of wear overwhelm any possible temperature
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dependent friction mechanisms.” We hypothesize that
under conditions of significant wear, friction coefficients
are insensitive to temperature because the systems are not
sliding along stable interfaces. When wear is minor, the
friction is strongly dependent on the contacting surfaces’
local atomic and molecular level termination. Here, we
revisit the earlier experimental setup to perform macro-
scopic variable temperature experiments on a suite of
molybdenum disulfide coatings.

Due to water adsorption and frost, macroscopic mea-
surements of friction coefficient in cryogenic temperature
ranges requires that experiments are performed in either
vacuum or a gas environment with very little water vapor
(this was discussed and demonstrated in detail by Burris
et al. [4]). Clean graphitic terraces provide model surfaces
on which to perform nanotribology measurements, but they
suffer from high wear in the dry environments necessary
for cryogenic experiments. Molybdenum disulfide films are
well suited and have a long history of successful operation
in inert and dry environments [18-24]. As such they are
ideal candidates for these experiments. The experiments
reported here complement the previous experiments per-
formed on PTFE and demonstrate the existence of
thermally activated behavior for thin coatings that do not
have the viscoelastic behavior that PTFE often exhibits.

2 Variable Temperature Experimental Setup
with MoS, Coatings

The molybdenum disulfide coatings selected for this effort
are more fully described in Sect. 3. Briefly, they are all thin
films and are described by their constituents: MoS,/Ni,
MOSz/Ti, MOSz/szO:;, MOSZ/C/Sb203, and MOSQ/AU/
Sb,03. The coatings are typically a few micrometers thick,
and were applied on aluminum 7075-T6 substrates
and pins. All experiments were run under self-mated
conditions.

The variable temperature experiments followed the
experimental approach discussed by McCook et al. [5] and
used a rotating pin-on-disk tribometer with impinging jets
of dry nitrogen that blanketed the disk’s surface. The
temperature of the disk surface is prescribed by mixing
various amounts of liquid nitrogen into the impinging jet.
The liquid nitrogen volatilizes prior to arrival at the disk
surface. Experiments and discussion in Burris et al. [4]
suggest that this technique is likely free of frost down to
approximately —100 °C.

Figure 1 shows a plot that is produced at the end of four
experimental runs on self-mated MoS,/C/Sb,O; coatings.
Each experimental run uses a unique location on the pin
surface (six locations can be run per pin sample) and a
unique location on the disk surface. The sliding speeds are
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maintained at 10 mm/s for each experimental run and the
normal load is held at 5 N via a dead-weight load. The data
span a temperature range from approximately —80 °C to
180 °C in four distinct bins. The vertical line of data at
27.3 °C is collected in the nitrogen gas environment with
no forced nitrogen flow. The open triangles represent the
average temperature and average friction coefficient
recorded during steady operation. The confidence intervals
represent a standard deviation of this selected data and
overlays the plot in this region. Four such computations are
made for each sample. The plot in Fig. 1 shows all of the
data including transient behavior that is excluded from the
averages. At the conclusion of the ambient temperature
run, a new location on the pin and disk are selected, speeds
and loads are set, and the surface temperature is either
elevated or lowered from this point. The data at 173 °C
shows the long transients observed during warming of the
surface as well as the rapid transient during cooling; the
average values represent approximately 30 min of contin-
uous operation around the 170 °C point. The third
experimental run begins at a targeted subambient temper-
ature of approximately —20 °C. After 50 m of sliding, the
temperature is further cooled to a target temperature of
approximately —80 °C where it is held for approximately
2,000 s before being gently warmed back up to —20 °C.
The inset graph in the top right plots both the surface
temperature and the friction coefficient versus time
(or sliding distance) during the transition from —20 °C to
—80 °C. The transitions in temperature are on the order of
2 °C per minute and the friction coefficient follows the
temperature changes closely. This experimental process is
repeated for each of the coatings with average values being
collected for four temperatures over the range of
—80-180 °C.

3 Methods
3.1 Molybdenum Disulfide Coatings

All coatings were deposited on aluminum 7075-T6 mate-
rials for the variable temperature rotating pin-on-disk
experiments. Later coatings were deposited on 304 Stain-
less Steel for the reciprocating pin-on-disk experiments
performed under the scanning-white-light-interferometer.
All experiments were run self-mated and the corresponding
pins were of the same material and were 6.35 mm in
diameter.

MoS,/Ni: This coating was made by Dayton Coating
Technologies via a DC magnetron sputtering route. The
coating is approximately 95% MoS, and 5% Ni by
weight, as reported by the manufacturer.
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Fig. 1 The plot shows friction

coefficient versus the measured

surface temperature of the disk

sample for a self-mated MoS,/ 0.20 ~ —
C/Sb,03 coating. Three wear
tracks were run on this sample 1
as illustrated by the circular, |
triangular, and square data
points (which appear as a
vertical line at 27.3 °C). The
data include transient behaviors
with the progression of time
indicated by the arrows. From
this data, four datum points are
collected at the temperatures
indicated on the bottom of the -
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MoS,/Ti: This coating was made by Teer Coatings LTD
via an unbalanced DC magnetron sputtering route with
MoS, and Ti targets. It is reported by the manufacturer
to be a multi-layered coating with layer thickness on the
order of 100-200 nm. It is reportedly 15% Ti by weight.
MoS,/Au/Sb,03: This coating was DC sputtered by
Hohman Plating from a composite target.
MoS,/C/Sb,03: This coating was deposited by the
AFRL using a pulsed laser deposition process from a
single composite target of molybdenum disulfide, graph-
ite, and antimony trioxide. The weight percents are 50%
molybdenum disulfide, 30% antimony trioxide, and the
remainder is graphite.

MoS,/Sb,05: This coating was deposited by the AFRL
using a pulsed laser deposition process from a single
composite target of molybdenum disulfide and antimony
trioxide, with weight percents of 70% and 30%,
respectively.

3.2 Variable Temperature Environment Details

The experimental setup and environment are described by
McCook et al. [5]. Here the thermocouple used for reading
the disk surface temperature is mounted directly to the
tribometer and is mechanically held in a sliding contact for
the duration of the test. All temperatures reported in this
study are from this thermocouple. The nitrogen delivery
system consists of an impinging jet of dry nitrogen that is
cooled and used to evaporate the liquid nitrogen impinging
jet. This dry nitrogen is passed through a tube heat
exchanger that is submerged in a frozen slush of isopropyl

temperature °C

alcohol at ~—130 °C. Thermal control was achieved by
varying flow rates of the liquid and dry nitrogen until a
steady and targeted surface temperature was achieved.

3.3 Reciprocating Tribometer Instrumentation

The stage on the reciprocating tribometer is driven by a
stepper motor, and has a linear position accuracy of 10 um,
and a repeatability of £1.3 um. A BEI encoder (model
27A383) combined with a Renishaw optical encoder read-
head (model RGH247) sends position data from the linear
stage to the DAQ, with a resolution of 0.5 um. Normal and
friction forces are measured using a JR3 6 channel load cell
(model 20E12A4-125-E 25L.50), with an approximate
uncertainty of 30 mN on each of the two channels used
(normal force and friction force). Relative humidity was
measured using a GE HygroGuard (model MMY 2650)
hygrometer with a DY 5-series probe, with an accuracy of
0.1% relative humidity. Ambient temperature was mea-
sured using an Omega digital thermo-hygrometer (model
RH411), with an accuracy of 0.5 °C. The local sample
surface temperature was measured using an Omega tem-
perature controller (model CNi3252) connected to an
Omega unshielded K-type thermocouple, with an overall
accuracy of 0.5 °C. The thermocouple tip was sandwiched
between the sample and one of the four clamping screws on
the corners of the sample, ensuring a solid mechanical
contact between the sample and thermocouple. The oxygen
level in the environment chamber was measured using a
Delta F oxygen sensor (model 310E) with an accuracy of
approximately 0.2 ppm of O,.
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3.4 Reciprocating Tribometer Operation

After mounting the pin and counterface sample to the
tribometer, the environment chamber is assembled. Once
the environmental conditions have been adjusted to the
appropriate levels, an initial measurement of the sample
surface is performed at some point of interest in the pro-
jected wear track. Typically, surface measurements are
recorded as the average of five repeated interferometer
scans to reduce noise. Additionally, best fit plane and
position offsets are removed to facilitate comparisons with
subsequent measurements.

Following the initial surface measurement, the stage is
positioned beneath the pin where the normal load is applied
via the vertical micrometer stage. As the load is applied,
leaf-type flexures maintain alignment of the load cell axes
with the counterface. Half, single, or multiple reciproca-
tions of the stage are then carried out while recording load
and position. The sample is then unloaded and repositioned
beneath the interferometer objective in the same location as
the original surface scan and the worn surface is measured.
By repeating the process of scanning the surface following
reciprocation testing, friction force data can be directly
related to surface wearing events as the test progresses.

3.5 Data Acquisition

A National Instruments 6014 E PCI card and an SCB-68
data acquisition board (DAQ) were used as the interface
between the various hardware components and the analysis
and control software, which was custom made in Lab-
VIEW for this specific application. The LabVIEW software
was set to acquire 1,000 data points per second (1,000 Hz)
for each of the input channels. The input signals are all
analog 0-10 VDC, which are digitized by the DAQ and
interpreted with calibration equations provided by the
respective instrument manufacturers. Any initial offsets
encountered in the force measurements are removed using
a software zero prior to initial loading of the pin onto the
counterface.

4 Results of Variable Temperature Experiments

The average friction coefficients for the five unique MoS,
coatings are shown for four temperatures over the range of
—80-180 °C in Fig. 2. Table 1 gives the average values
for each of the coatings. The data show a general trend
of increased friction with decreased temperature, and
although the sensitivity to temperature varied from sample
to sample, all of the coatings exhibited higher friction at the
coldest temperature when compared to the warmest tem-
perature. One striking observation is that the coating with
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Fig. 2 Average friction coefficients are plotted versus temperatures
from roughly —80 °C to 180 °C for five different self-mated
molybdenum disulfide coatings. All experiments were run under an
impinging jet of dry nitrogen. The data are supplied in Table 1

the highest friction coefficient under ambient conditions
had the lowest friction coefficient at cryogenic conditions;
the obverse trend is also observed with the lowest friction
coating at ambient having the highest at cryogenic
temperatures.

It is well known that the shear stress of viscous lubricants
increases with shear rate and temperature; Michael et al. [9]
found strong evidence of thermally activated shear strength
and friction with fatty acid boundary lubricated copper;
these results were largely discussed in the context of vis-
cosity. The same trend has been observed in the polymer
tribology literature for more than 50 years [13-16] and the
behavior is often attributed to viscoelasticity. Here, we find
evidence of the same characteristics in a material that
exhibits velocity independence or ‘negatively’ sloped fric-
tion—velocity dependences, suggesting a more general
phenomenon of slip occurring through thermally activated
processes. In the envisaged model, thermal energy promotes
an aggregation of atomic slip events from one stable state to
the next that is detectable through macroscopic friction
measurements of very stable interfaces.

Assuming thermally activated friction behavior, activa-
tion energies and reference friction coefficients are found
through curve fitting the data using Eq. 1 following an
approach that is outlined in McCook et al. [5]. The free
parameters in the curve fitting activity are a reference
friction coefficient u, and the activation energy E,; the
reference temperature is set at 7o = 300 K.

[ = Moe(%(%‘*)) (1)

The coatings are listed from highest activation energy to
lowest in Table 1. Interestingly the coatings are also ranked
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Table 1 Results of variable temperature tribology studies of five coatings containing primarily MoS,: friction coefficients for varying test
temperature, activation energy calculations from fits of variable temperature friction data assuming thermally activated behavior and wear rates,

and uncertainties in wear rate at room temperature

Temperature (°C) u Ea (kJ/mol) Lo K/u(k)
MoS,/Au/Sb,05 -772 0.228 9.8 0.027 K =19 x 107® mm*N-m
—23.6 0.022 u(K) = 0.6 x 107® mm*/N-m
26.3 0.028
180.7 0.011
MoS,/C/SbyO4 —72.0 0.166 8.0 0.034 K =23 x 107 mm*N-m
—18.8 0.054 w(K) = 0.4 x 1078 mm*/N-m
273 0.034
172.9 0.015
MoS,/Sb,05 -722 0.131 5.7 0.042 K =53 x 1077 mm*N-m
-30.3 0.063 w(K) = 0.2 x 1077 mm*/N-m
24.6 0.043
172.1 0.037
MoS,/Ti —71.4 0.133 52 0.056 K =172 x 1077 mm*/N-m
-39.8 0.010 u(K) = 1.0 x 1077 mm*/N-m
30.5 0.055
161.8 0.076
MoS,/Ni —66.0 0.100 26 0.067 K =74 x 107° mm*/N-m
—30.2 0.087 uwK) = 1.1 x 107° mm*/N-m
26.8 0.084
176.0 0.047

inversely with friction coefficient at ambient temperatures—
the higher the ambient friction coefficient of the coatings the
lower the activation energy. Qualitatively, the coatings with
low friction coefficient at ambient temperature were
observed to be much more wear resistant than the others.
Unfortunately no quantitative measurements of the steady-
state wear rates could be made from the variable temperature
pin-on-disk experiments.

5 Measurements of Steady-State Wear Rates
in MoS, Coatings

The hypothesis derived from the variable temperature
experiments is that higher wear rates lead to reduced
sensitivity of friction coefficient to temperature. The
highest quality coatings are those that have both low
friction and low wear; it was these coatings that appeared
to be most affected by changes in temperature. In order to
measure the wear-rates of these films during operation in
a dry nitrogen environment, a unique tribometer that
could make direct surface topographic measurements
without removing the samples from the environment was
constructed. This apparatus is shown schematically in
Fig. 3. Briefly, the reciprocating pin-on-disk tribometer

uses a multiaxial load cell located in the force path to
ground and rigidly attached to the stationary pin. This
follows the methodology analyzed in a paper by Schmitz
et al. [25] that discusses the difficulty of making low
friction coefficient measurements. Unique to this tribom-
eter is the ability to position and stop the disk sample
under a scanning white-light interferometer objective and
perform repeated surface scans on the same location of
the wear track during sliding. This feature enables
incremental measurements of wear to be monitored and
measured during operation without breaking the gas
environment.

For this study, coatings were deposited on 304 stainless
steel spheres and rectangular flat samples. The experiments
were run in a dry nitrogen environment at ambient tem-
perature under a 5 N load and 10 mm/s sliding speed.
Experiments were run for 10,000 cycles and wear mea-
surements were made incrementally every 1,000 cycles.
Fitting these data using a Monte Carlo technique (described
in a paper on wear rate uncertainty analysis by Schmitz
et al. [26]) gives steady-state wear-rate, K, and associated
uncertainties, u(K). A wide range of wear-rates was
observed in these coatings (from a high of K = 7 x 107°
toalowof K=2 x 1078 mm3/(Nm)). The data are given
in Table 1.
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stepper motor

—— ——

linear encoder
assembly

Fig. 3 A schematic of the reciprocating pin-on-disk tribometer that
was constructed under a scanning white-light interferometer and used
to measure the wear rates of the self-mated molybdenum disulfide
films. The tribometer uses a parallel leaf-type flexure assembly to

6 Discussion

Figure 4 shows an inverse relationship between the acti-
vation energy and wear rate (measured at room
temperature). This suggests that the components of friction
force associated with wear and wear debris can be larger
than those related to thermally activated slip and under
conditions of gross wear thermally activated behavior may
be suppressed. Friction coefficient and Arrhenius plots are
also shown for the most thermally sensitive and thermally
insensitive samples. The variations in the behaviors and the
fluctuations in the friction coefficients may be a result of
sample to sample variations, variation in wear rate, and the
stochastic nature of wear and its contributions to friction
forces. It should be noted that during single experiments,
friction was never directly observed to decrease during
temperature reductions.

The relationship between athermal friction processes
and wear may not be that surprising for systems that
experience gross plastic deformation, because relatively
simple friction models predict no relationship between
friction coefficient and material properties such as hard-
ness, yield strength, or elastic modulus. In macroscopic
models for friction that follow classical mechanics
approaches [27] there are no considerations for
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disk

reciprocating

impose a normal load. All of the normal and frictional forces are
measured using a multiaxial load-cell that is rigidly mounted to the
pin sample. The stage and stepper motor assembly is used to position
the sample under the microscope objective

corrugations in a surface potential or energetic barriers to
sliding; rather, these models compute or analyze continuum
level deformations and geometric considerations of the
surface topography in an effort to describe frictional
behavior.

In this study 5 very different films of predominately
MoS, were interrogated in an environment that promotes
low friction and wear. Current hypotheses of MoS,
lubrication suggest that molecularly thin films are suffi-
cient for low friction [28]. At wear rates of
1 x 1077 mm3/(Nm), wear of the MoS, is occurring at
less than a monolayer per pass; thus, the prevailing model
for these experiments on the low wear coatings is that the
layered MoS, persists for a number of cycles before being
removed for another layer of MoS,. The relationship
between the activation energy and wear rate is striking—
the higher the wear rate the lower the activation energy.
Detailed examination of films at opposite ends of the
wear and friction behavior is particularly revealing. The
MoS,/C/Sb,03 and MoS,/Ni samples had differences in
wear rate over 100x and the friction coefficient trend
with temperature for the high wear MoS,/Ni sample only
varied by a factor of two over the 250 °C temperature
range. Previous studies of the MoS,/C/Sb,O3 composite
coatings in dry nitrogen sliding have shown that they
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Fig. 4 The graph on the right plots the curve fit values of activation
energy versus the steady-state wear rate of the five coatings. The
higher wear rate films showed a behavior that had a lesser dependence
on temperature. This nearly athermal behavior of friction coefficient
is exemplified in the graphs on the left which contrast the behavior
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develop a thin layer of MoS, basal planes oriented par-
allel to the surfaces during running-in, after which the
wear process is a minimum [29]. The established inter-
facial surfaces relative motion is then likely governed by
surface potential interactions of MoS, sliding against
itself. Coatings with the capability to form stable velocity
accommodating interfaces may then show strong tem-
perature dependence, with friction coefficient going up
rapidly at cryogenic temperatures. The higher friction
coefficient at room temperature for the high wear film is
consistent with the hypothesis of wear dominating the
velocity accommodation. It is interesting that around
—50 °C a crossover in friction coefficient occurs—the
friction coefficient of the low wear coating now exceeds
the friction coefficient of the high wear coating.
Although potentially premature without wear-rate mea-
surements at cryogenic temperatures, the model suggested
by these experiments is that under conditions of gross wear,
the friction coefficient is independent of temperature; it is
only under conditions of extremely low wear that the
interfaces are stable enough that surface potentials are the
dominant energetic barriers to sliding. As the size scale
approaches the macroscale, gross wear becomes more
likely and the detection of thermally activated behavior less
likely. In systems that are low wear and thought to have

steady state wear rate K (mm3/N-m)

between the two materials with the lowest wear rates and the material
with the largest wear rate. The top graph compares the material’s
friction coefficients, while the bottom graph displays the activation
energy as the slopes of the data’s curve fits. The materials, wear rates,
and associated uncertainties are given in Table 1

interfacial sliding in macroscopic experiments monotonic
temperature dependences in the direction of increasing
friction coefficient with decreasing temperature have been
observed. Fits to activation energy give values between 2
and 12 kJ/mol [4, 5, 10].

7 Concluding Remarks

Friction coefficients of MoS, coatings increased with
decreasing temperature over a range from roughly
—80 °C to 180 °C. These coatings had wear rates from a
high of K =7 x 107° to a low of K =2 x 10™% mm?/
(Nm), and the coatings with the highest wear rates had
friction behavior that was only weakly dependent on
temperature and low wear samples showed a strong fric-
tion dependence on temperature. Detailed investigation of
the steady-state wear-rates of the lowest wear coatings
indicates that the wear mechanism is very gradual and
suggests that a single MoS, layer likely persists for a
number of cycles. It is hypothesized that athermal
behavior is characteristic of systems experiencing gross
wear. In macroscopic tribology, thermally activated
behavior is reserved for systems with stable interfaces and
ultra-low wear.
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