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Abstract

Directly seeing into a moving contact is a powerful approach to understanding how
solid lubricants develop low-friction, long-lived interfaces. In this article, we present
optical microscopy and spectroscopy approaches that can be integrated with friction
monitoring instrumentation to provide real-time, in situ evaluation of solid lubrication
phenomena. Importantly, these tools allow direct correlation of common tribological
events (such as variations in friction and wear) with the responsible sliding-induced
mechanical and chemical phenomena. We demonstrate the utility of in situ approaches
with applications to a variety of thin-film solid lubricants.

Introduction

Interfacial films generated from
solid-solid contacts are ubiquitous in
everyday life, ranging from visible scuff-
ing of floors by dark shoe soles and tire
skid marks on pavement to transfer of
graphite, wax, or chalk to surfaces during
writing. Many engineering systems, too,
depend on selective formation of solid
interfacial films to reduce friction and
wear during startup. Operation of space-
craft components such as antennas, bear-
ings, bushings, restraints, and latches
depends on successful solid-phase lubri-
cation under exposure to extreme thermal
and environmental conditions. Airfoil
bearings currently under development for
gas turbine engines require lubrication
during startup and spin-down before suf-
ficient aerodynamic lift is generated to
separate surfaces; similar issues are
encountered in the computer hard disk
and read-write head interface. Because
the interfaces controlling friction and wear
processes are “buried” inside the contacts,
the development of materials engineering
strategies to solve lubrication problems
and prevent lubricant- or wear-related
failures has typically proceeded through
Edisonian trial-and-error approaches. The
difficulty of observing and understanding

what is happening within the sliding
solid-solid interfaces has limited both the
modeling of contact processes and predic-
tive engineering to improve the perform-
ance of sliding components.

Solid lubrication of an interface requires
both low, stable friction and development
of low-wear conditions. A common strat-
egy for solid lubrication is surface modifi-
cation with a lubricant-containing coating.
Unfortunately, because coatings are typi-
cally worn away during operation, their
lifetimes are limited. This has motivated
alternative strategies to resupply lubri-
cants during operation (e.g., delivery of
solid lubricant powders! or in situ forma-
tion of solid lubricants from the gas
phase?7).

Because sliding occurs in a buried inter-
face, it is challenging to determine what
materials processes are actively enabling
stable performance. Similarly, unknown
interfacial phenomena cause friction insta-
bilities and debris generation to occur, and
wear can go undetected. This article high-
lights recent advances of in situ tribology
instrumentation and approaches that
allow observation and quantification of
the mechanical and chemical processes
influencing friction and wear in solid-
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lubricated contacts. These new approaches
allow for an understanding of issues such
as: What causes friction instabilities? How
do chemistry and mechanics combine to
provide low friction? How does varying
the ambient environment change the inter-
facial film morphology and rheology?
How do crystal structure and size influ-
ence lubricant performance?

Several benefits can be obtained by per-
forming tribological measurements in situ
in the test environment. First, it simplifies
the correlation between friction data and
interface events. Second, it eliminates the
need to remove the sample from the test
environment and thus greatly reduces the
risk of surface contamination. Perhaps
most importantly, much of the highly
speculative nature of deriving explana-
tions for friction changes can be elimi-
nated from direct observation of contact
events in real time.

Instrumentation

In its simplest form, a tribometer is a
device that measures friction forces.
(Normal forces might or might not be
directly measured, and many designs
exist that apply a normal load through a
“deadweight.”) However, to move
beyond a simple measurement of friction
and try to understand the physical
processes and transformations occurring
within the sliding interface, one needs to
devise methods to monitor more than
these forces. There is a rich history of tri-
bologists examining contacts with varied
in situ approaches, including contact
resistance, conductance, thermoelectric,
interferometric, and thermal measure-
ments.® In situ approaches continue to be
useful in tribology. Recent examples
include interrogating the contact at higher
spatial resolution either from within the
tribometer itself (by measuring electrical
contact resistance®? or temperature'?) or
building a tribometer that allows another
instrument to monitor the contact in real
time. 1421

To perform microscopy or spectroscopy
within a sliding contact, the test geometry
and materials must allow measurements
through at least one of the interfaces per-
pendicular to the plane of contact, or par-
allel to the sliding interface. For optical
observations or visible light spectroscopy,
one or both of the sliding surfaces must be
transparent. Early use of transparent con-
tacts with interferometry to quantify thick-
ness changes in contacts was pioneered by
Tabor and colleagues?2* using crossed
mica cylinders. The surface-force appara-
tus (SFA) geometry has been applied to
studies of liquid-film sliding contacts (see,
for example, McGuiggan et al.?), with the
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ability to examine subtle molecular
motions in confinement.0?” Including
Raman spectroscopy with SFA techniques
can add chemical specificity?!?® and x-ray
diffraction through thin interfaces is also
possible.?2 However, the delicate nature of
the interface, typically mica sheets, makes
studying solid lubrication phenomena
with SFA difficult. Macroscopic, direct
observations  of interfacial  film
motion,'”?>31 thickness changes,®3> and
wear,'2%37 as well as chemistry using
Raman microscopy'®333° and Fourier
transform infrared (FTIR) spectroscopy,"”
have been demonstrated for solid-lubri-
cated contacts. Chemical probes, such as
Raman spectroscopy might require addi-
tional considerations, such as excitation
wavelength to reduce fluorescence back-
grounds or selectively induce resonance
enhancements to the signal. An alternative
possibility, observation through the side of
the contact, is difficult because the interfa-
cial films formed from solid—solid sliding
contacts are typically very thin (<1 pum).
Instrumentation advances in transmission
electron microscopy (TEM) have enabled
visualization of small, electron-transparent
contacts directly in real time (see the article
by Marks et al. in this issue). Alternatively,
the contact can be “frozen” in place by
focused-ion-beam (FIB) sectioning tech-
niques and examined by high-resolution
TEM.%0

In Situ Chemical and
Microstructural Transformation
during Sliding

It is well-established that thin, de-
formable solid films can lower friction
between two hard surfaces by forming an
easily sheared layer to accommodate slid-
ing 84041 Solid lubricants, such as dichalco-
genides (MoS,, WS,, WSe,), graphite, and
diamondlike carbon (DLC), and soft met-
als, such as silver and indium, can all
reduce friction by forming interfacial, or
transfer, films at the sliding interface. How
such coatings lower friction is less clear;
possibilities include development of a slip
interface between the interfacial film and
substrate, deformation of the interfacial
film, or even more complex motions
catalogued by Godet and Berthier.4-
Chemical reactions and mechanical trans-
formation (often referred to as tribo-
chemical and tribomechanical processes,
respectively) can also take place: amor-
phous materials can crystallize, crystalline
materials can reorient or be amorphized,
and surfaces can oxidize or form other
reaction products under sliding stresses.
Ultimately, to understand how solid lubri-
cants work, it is important to determine
what material is actually lubricating the
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interface and how it is accomplishing that
task.

One method to examine interfacial slid-
ing processes is by combining visual
observation through a transparent, station-
ary counterface with micro-Raman spec-
troscopy for chemical analysis (Figure 1);
this geometry is used in the test instrument
at the U.S. Naval Research Laboratory
(NRL).1930-35373 Experimentally, it would
be more convenient to observe the contact
through the flat substrate rather than
through a curved hemisphere used to gen-
erate high stresses and facilitate alignment.
However, most solid lubricants, which are
typically applied to the flat substrate, are
not optically transparent at visible wave-
lengths. Solid lubricants prepared by
modern physical and chemical vapor dep-
osition approaches are thus better studied
through the wuncoated contact. This
approach will work as long as the interfa-
cial films remain relatively thin. If the
interfacial films become substantially
thicker than the optical mean free path of
the film itself at the observing wave-
length (typically 500-800 nm), the optical
microscopy or Raman signal can miss
measuring the interface and instead probe
only the back side of the interfacial film.
Fortunately, a wide array of solid lubricant
phenomena can be examined without sig-
nificant interference from these potential
problems.

An illustrative example of how in situ
tribometry can assist in explaining solid
lubrication phenomena is sapphire sliding
against a boric acid film on a hard B,C
substrate. Boric acid readily forms from
boron oxide in the presence of water
vapor (B,0O; + 3H,0 — 2H,BO,) and is a
good solid lubricant.#>47 By heat treating a
B,C engineering surface in an oxidizing
environment, a boron oxide-containing
surface layer can be formed.*® When a
counterface is rubbed against an oxidized
B,C substrate in humid air, the resulting
boric acid surface layer provides low-
friction sliding. Eventually, the boron
oxide layer is worn away, and the friction
increases when boric acid is no longer
available to lubricate the contact. In situ
Raman tribometry experiments confirmed
that this lubrication mechanism does
occur: Boric acid was observed in the slid-
ing interface when friction was low, and
when the Raman signal for boric acid dis-
appeared, the friction increased.'” These
experiments also revealed a second lubri-
cating phase: carbon. This surface carbon
was an additional reaction product
formed during oxidation of B,C at 800°C,
where B,C reacts with O, to produce B,O,,
C, and gaseous products CO and CO,. In
situ Raman tribometry initially detected

both boric acid and carbon bands in the
contact; the friction coefficient was slightly
higher than for lubrication by boric acid
alone (L= 0.08 vs. L= 0.06). When the boric
acid signal disappeared, the carbon signal
remained, and the friction coefficient
increased to u = 0.2. These experiments
demonstrated that boric acid was the pri-
mary lubricating phase and that the fric-
tion was almost as low as that for boric
acid alone. However, once boric acid was
depleted from the contact, carbon took
over as the material in the interface with
the lowest friction.

In situ techniques also have been used to
monitor structural changes in materials
such as crystallization of MoS,. In one
example, a glass counterface was slid
against a metal-doped MoS, coating
(Pb-Mo-S) having initially featureless
x-ray diffraction and Raman spectra.!
These and similar coatings are scientifi-
cally interesting in that doping disrupts
the growth of crystalline MoS, and often
produces improved wear resistance with-
out sacrificing friction performance. I situ
micro-Raman spectroscopy identified the
formation of crystalline MoS, in the inter-
face within 66 sliding cycles’ after low-
friction sliding was obtained; this is
consistent with ex situ Raman studies of
Pb-Mo-S and similar materials®->! that
revealed crystalline MoS, both on the
worn coating and in the interfacial transfer
film on the stationary counterface.
Although this experiment did not verify
exactly where the crystalline transforma-
tion occurred (that is, in the transfer film or
at the coating surface), later cross-sectional
high-resolution TEM experiments demon-
strated a monolayer of crystalline MoS, on
the coating surface oriented parallel to the
sliding surface® and hints of new layers
forming below the surface. The experi-
ments confirmed that the low friction of
nominally amorphous Pb-Mo-S coatings
was due to transformation to ordered crys-
talline MoS, and sliding of crystalline
MoS, against crystalline MoS,.

Recently, Hu and co-workers> built a
microtribometer inside a scanning elec-
tron microscope (SEM) equipped with a
FIB and sample lift-out apparatus. The
key advantage of the instrument involves
the ability to fabricate a TEM specimen
from a “stopped” sliding contact (Figure
2). To do this, a sliding test is run for the
desired number of cycles using a sacrifi-
cial silicon carbide tip sliding against the
surface of interest. The test is then
stopped, and FIB milling is commenced
at the sacrificial microscale tungsten tip.
Redeposition of sputtered material cov-
ers and protects the sliding interface from
damage, and several specimens contain-
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Figure 1. (a) lllustration of the test configuration for in situ video microscopy and Raman spectroscopy through a transparent hemisphere.

(b) Examples of interfacial film formation. The first image shows the contact and associated interference fringes before sliding takes place. The
middle image shows that a stationary (as observed in real time) interfacial film has formed at the interface, and the image on the right shows
the interfacial film thinning and shearing in the center of the contact. (c) Unworn Pb—Mo—S solid lubricant coating showing featureless Raman
spectrum compared to the spectrum after sliding showing that sliding has transformed the interfacial film to MoS,.

ing the tip/wear track surface with an
intact sliding interface can be obtained.
The first experiments using this appara-
tus demonstrated that sliding contact
against crystalline WSe, coatings trans-
formed the surface microstructure, with
both reorientation and recrystallization
of the WSe, layers observed (Figure 2,
upper right). The technique holds much
promise for detailed investigation of the
mechanical and chemical changes occur-
ring in sliding contacts that had previ-
ously been accessible only through ex situ
TEM methods.>5*

Interfacial Film Formation

The previous examples of lamellar
lubrication with dichalcogenides such as
MoS, and WSe, raise the question of
where and how low-friction sliding is tak-
ing place. Although many have proposed
a “deck-of-cards” analogy for sliding of

layered lubricants, it is not yet clear how
many (or how few) layers are needed to
accommodate interfacial shear with low
friction. Are one or more layers needed on
both counterbodies? It is known that
transferred crystallites are often found
aligned parallel to the sliding interface.>
Some evidence suggests that sliding a
MoS,-containing transfer film against a
recrystallized track might be all that is
required.>'”® The recent work by Hu and
co-workers®? leaves the question open:
Some noncontacting regions of the frozen
interface have no transfer film, whereas
both the contacting and gap regions have
similar numbers of transformed layers.
New materials such as fullerene-like MoS,
and WS, particles are also of great interest,
as they too can provide very low-friction
sliding. Is the lubrication mechanism the
same as for lamellar dichalcogenide coat-
ings? Some have speculated that rolling
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might occur in a mechanism akin to
nanoscale ball bearings, although evi-
dence for particle flattening and exfolia-
tion under stress suggests otherwise.5”
Real-time, in situ TEM experiments hold
the genuine possibility of answering the
fundamental question of how lamellar
solid lubricants actually accommodate
motion during sliding.

Although an atomic-scale understand-
ing of interfacial slip in macroscopic and
microscale solid-lubricated contacts is not
yet a reality, monitoring solid lubrication
processes with optical techniques has pro-
vided much insight into how materials
such as MoS, and DLC provide, and
maintain, low friction. For example, in
low-humidity environments, where MoS,
and related materials perform best, in situ
optical observations directly show that the
velocity is accommodated by interfacial
sliding. Specifically, this means that the
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Figure 2. The in situ tribometer (bottom right) uses a silicon carbide fiber in sliding contact
with a test specimen inside a scanning electron microscope equipped with a focused ion
beam and manipulator. (Adapted in part from Reference 40.) After the sliding experiment,
the contact was frozen in place (lower left) by redeposition during focused-ion-beam milling,
and a sample suitable for examination by transmission electron microscopy was prepared
and removed from the contact. This is shown at the upper right, where thin, aligned
interfacial films are clearly visible within the contact (between arrows).

sliding occurs between a motionless inter-
facial film that has formed and attached to
the stationary counterface and the solid
lubricant coating.

Interfacial transfer-film formation and
thickness can be directly monitored by
optical techniques such as interferometry.
Color interferometric techniques have
been employed to monitor nanometer-
scale thickness changes in liquid-lubricated
contacts (see the article in this issue by
Cann)165.60 and molecular lubrication
studies using a surface-force apparatus
(SFA).202561-63 For solid-lubricated contacts,
the opacity of the interfacial film to the
incident light can limit the ability to quan-
tify the interfacial film thickness. MoS,, for
example, has limited transparency at visi-
ble wavelengths.® However, interference
fringes outside the contact, familiarly
referred to as Newton’s rings (Figure 3),
can be used to monitor changes in the
interfacial film thickness.® As the thick-
ness of the interfacial film increases (or
decreases), the interference fringes move
inward (or outward). With white-light illu-
mination, fringe separation is equivalent to
a change in height of one-half of the wave-
length of light, or ~270 nm. Although the
ability to resolve thickness changes is lim-
ited by camera charge-coupled device
(CCD) resolution and fringe sharpness, the
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primary limitation is tribological, specifi-
cally, ejected debris from the sliding con-
tact that ultimately obscures the rings.
However, before this happens, much can
be learned about the rate of transfer-film
buildup and depletion during sliding
(Figure 3, lower right), the relationship to
changes in friction coefficient, and friction
instabilities.?** In Ti-doped MoS, coat-
ings,%% changes from low- to high-friction
states are associated with the accumula-
tion of a MoS, transfer film on the counter-
face (low friction) and then gradual
removal of the interfacial film and redepo-
sition onto the track surface, where the
roughened wear track increases friction
through plowing processes.

If the optical transparency of the transfer
film is of the same order as its thickness,
such as for DLC, it is possible to use
Raman spectroscopy to quantify the inter-
facial film thickness in situ. DLC coatings
are typically a mix of sp?- and sp*-bonded
carbon, with strong bands in the 1300-
1600 cm™! region from visible-wavelength
Raman spectroscopy.?” Films formed dur-
ing sliding have enhanced signals in the
D- (disordered-) and G- (graphitic-) band
regions, implying increased graphite-like
character, thus allowing differentiation
between the coating and interfacial film
chemistry (Figure 4, upper right). Scharf

and Singer®2%3 used the intensity of
Raman peaks from the DLC transfer film
to monitor and quantify interfacial film
thickness. They evaluated the Raman
signal intensity at a given wavelength
normal to the surface, through the interfa-
cial film using the relationship based on
Beer’s law

I(t, V) = I8 (y)e-2/y,
+IAM()(1 = =20/ (1)

where t is the interfacial film thickness; v is
the excitation frequency; I8 and [fm
are the saturated Raman intensities for an
infinitely thick coating and the interfacial
film, respectively; and Ay, is the optical
mean free path of the transfer film at the
excitation frequency.3? Equation 1 is valid
in the limit of coating thicknesses greater
than the optical mean free path at the exci-
tation frequency.3? In the experiments, the
optical mean free path of visible Raman
scattering (derived from 514-nm excita-
tion) was found to be between 250 and 500
nm for the interfacial transfer films formed
from sliding against (Si + O)-doped DLC.
Using thickness values from ex situ pro-
filometry, the Raman signal from the inter-
facial film (Figure 4, lower left) can be
converted to thickness. Examples of in situ
Raman spectra obtained while the contact
was thinning (cycles 1,418-1,691) are
shown in the central plot of Figure 4.
Thinning of the transfer film to <25 nm
was found to correlate with sudden
increases in friction in the contact (cycles
1,600-2,000). The buildup and subsequent
removal of the transfer film were consis-
tently correlated with friction instabilities
both optically and by Raman spectroscopy.
In this contact, the transfer film that
formed from DLC did not adhere well to
the sapphire counterface and frequently
fell off, exposing the sapphire. Friction
coefficients were higher when sapphire
was in direct contact with the DLC coating,
until a transfer layer from the DLC coating
again built up on the sapphire ball.

Rheology

Nearly all of the low-friction solid-
lubricated sliding interfaces examined by
in situ tribometry at NRL have shown
what appears by optical microscopy to be
purely interfacial sliding. For MoS,-based
lubricants such as Pb-Mo-S coatings,
in situ Raman microscopy and other ex situ
studies confirm that the sliding interface
is crystalline MoS, against crystalline
MoS,.505! Interfacial sliding, coupled with
no observable motion within the inter-
facial transfer film, implies that the
mechanical strength of the interfacial film
is greater than the applied shear stress.
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Figure 3. Thickness changes of solid lubricant interfacial films can be quantified by tracking the motions of the Newton’s rings interference
fringes (upper right) along a radial coordinate. Thickening of the film shifts the fringes inward, whereas thinning shifts the fringes outward.

Fringes are spaced at one-half of the wavelength of the incident light (middle left), allowing nanometer-scale thickness changes to be resolved.
Because the fringes are outside the contact, changes in refractive index inside the contact from formation of the interfacial film do not influence
the measurement. Friction decreases as the interfacial film forms and thickens and then begins to increase slowly as the interfacial film thins

and is redeposited on the track (lower right). (Adapted in part from Reference 32.)

Sliding in humid environments resulted
in a sudden increase in friction coefficient
and, after a short time, motion within the
interfacial film.3! Importantly, the motion
within the interfacial film was minimal
and reversible as the contact reciprocated;
this motion can account for only a small
fraction of the sliding accommodation
(<5%) based on estimates of the interfacial
film thickness and measurements of
the shearing distance and speed. For
Pb-Mo-S coatings, motion within the
transfer film in humid sliding contacts did
not occur immediately upon the introduc-
tion of humidity and the accompanying
increase in friction, but instead began a
number of cycles later. It is likely that
water penetrated the compacted interfa-
cial film and that new, hydrated material

was added to the contact. Weakening of
the interfacial film’s mechanical proper-
ties in the presence of high applied
shear stresses in humid environments
accounted for the initiation of motion
within the film. The increased friction and
higher applied shear stresses in humid
environments were thus implicated in
causing the deformation of the interfacial
film, rather than its formation, causing
friction to increase. In situ tribology has, in
this way, answered one of the questions of
cause and effect in tribology: Do the inter-
facial films deform from high friction, or
does interfacial film deformation increase
friction? The former appears to be the case
for this coating.

Generally, solid lubricating coatings
perform well in one particular environ-
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ment (e.g., dry nitrogen or vacuum at
room temperature) but experience
increased wear and friction when that
environment is modified by the presence
of oxygen, humidity, or elevated tempera-
ture. The development of nanostructured
multifunctional coatings®-72 has resulted
in improved tribological performance of
solid-lubricant-containing coatings by the
addition of hard phases such as carbides
and nitrides. The most complex of these
materials contain several solid lubricat-
ing phases such as MoS, or WS,, DLC,
and Ag with the aim of providing low-
friction performance in dry, humid, and
high-temperature environments, respec-
tively, as well as hard phases such
as yttria-stabilized zirconia (YSZ) to
improve mechanical properties.”>”* Many
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Figure 4. Quantification of thickness changes of interfacial films with Raman spectra that are distinct from those of the lubricant coating is possible
when the interfacial films are sufficiently transparent. For diamondlike carbon (DLC) tribology, the interfacial transfer film formed (black reference
spectrum) is spectroscopically distinct from the DLC coating (blue reference spectrum, upper right), and intensity variations between 100%
interfacial film and 100% coating spectra can be computed. Insitu spectra (blue shaded background, middle right) corresponding to the friction
data displayed at the lower left of the figure clearly show these transitions. The brown spectrum shows purely interfacial film chemistry when the
interfacial film exceeds the maximum quantifiable thickness (960 nm in this example), and as the interfacial film thins, a gradual transition occurs to
the dark blue spectrum, where the film was <10 nm thick. This decrease in interfacial film thickness and ultimate loss of the transfer film resulted in
the friction instabilities shown between 1,700 and 2,000 cycles (lower left). (Adapted, in part, from Reference 52, with permission.)

of these nanocomposites clearly showed
improved friction performance during
cycling from low to high humidity and
at elevated temperatures,”> as well as
improved wear resistance.37¢ One would
intuitively predict that cycling between
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these environments would quickly mod-
ify the lubricating phase. Interestingly,
in situ and ex situ Raman studies of the
interfacial lubricating phases present in
dry and humid environments for
MoS,/C/Au/YSZ nanocomposites sug-

gest that the primary lubricant providing
low friction at room temperature is
MoS,.3* The experiments suggest that a
key mechanism to improve the mechani-
cal performance of MoS,-based solid
lubricants might be to provide a hard
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matrix to support the MoS,, which is then
able to lubricate effectively in both dry
and humid environments. In situ studies
employing TEM approaches would
enable definitive explanation of the lubri-
cation mechanism.

Wear Monitoring

Doping MoS, coatings with various met-
als (e.g., Au, Pb, Ti) during deposition is
known to disrupt the growth morphology
of MoS, #506577-81 The primary benefit is
derived in mitigating edge-oriented
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the rapid wear associated with crystalline
MoS,.82 Interferometry is required to moni-
tor these materials with very low wear
rates (with changes in coating thickness as
low as 1 nm every 1,000 cycles™). Although
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these low wear rates can be evaluated
ex situ with interferometry by performing
multiple tests to varying sliding dis-
tances, %0552 this process is labor-intensive
and precludes following wear of a particu-
lar sliding contact from start to finish.
Arelatively new methodology is to build
a reciprocating tribometer with an inte-
grated scanning white-light interferometer
aligned with the wear track that develops
during reciprocation (Figure 5). In one
embodiment of this design, both the nor-
mal and friction forces are simultaneously

scanning white-light interferometer

20X Mirau
interferometer
objective

_disk

reciprocating
— stage

cycle 50

F,=35N
Prax = 1.2 GPa

304 stainless steel

100 110 120

number of cycles

Figure 5. Wear evolution of a stainless steel wear track measured by scanning white-light interferometry. Images are rendered with perspective
at a 1:1 scale, and the total range of the color map is 2 um, although the debris (red) has typical heights of 5 um. During the experiment, a
measurement at this track position was made after every cycle. The tribometer, shown with the interferometer in the line drawing at the right, is
housed within an environmental chamber and uses optical encoders and stepper motors for fine positioning under the interferometer objective
after each pass. The graph at the bottom right shows the monotonic increase in friction coefficient (y axis) with number of cycles (x axis). The
surface scans (a—e) are shown both in 1:1 rendering (left) and with a false height magnification of 10:1 at their respective locations in the graph
at the lower right. The jump in friction coefficient around cycle 5 corresponded to deeper scratches (blue) and the first evidence of debris (red
particles visible in cycles 10, 50, and 125). The gradual friction rise corresponded to a gradual increase in the width of the wear track.
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measured using a multi-axis load cell and
collected synchronously in a spatially
resolved packet.3 This allows the correla-
tion of topographical changes at specific
locations of the wear track with changes in
friction and normal forces. A typical testing
procedure begins by mounting the pin and
counterface samples, sealing the environ-
mental chamber, and establishing the
desired environmental conditions. The
counterface is then moved under the inter-
ferometer objective, and an initial surface
scan is taken of the region in which the
wear track will develop. A prescribed nor-
mal load is then applied between the pin
and counterface, and a single (or multiple)
reciprocation is then performed as the spa-
tially resolved force data are acquired.
Following reciprocation, the normal load is
removed, and the surface is moved back
under the interferometer objective for
investigation of wear evolution. The cycle
of reciprocation and interferometry is then
repeated, enabling cycle-by-cycle correla-
tions between friction and wear events.
This approach allows the wear progression
of a single wear track to be followed
directly, rather than relying on the averag-
ing of measurements from many tracks.

Measuring the evolution in the wear
track surfaces has enabled the observation
of the wear processes that take place dur-
ing both initial transients and steady-state
motion. As shown in Figure 5, the abrupt
change in friction coefficient from p = 0.25
to i = 0.45 occurred when deep scratches
first appeared on the sample, followed by
debris particles that were found to move
throughout the contact and its perimeter.3
The friction coefficient continued to
increase and was correlated with a broad-
ening of the wear track. The deepest wear
scar was around cycle 10, as debris was
gradually folded back into the wear track.
The wear track was found to widen
through a process of discrete scratching
events that left visible troughs on the
edges of the contact. The wear of the unlu-
bricated stainless steel example was dra-
matic in comparison with experiments on
solid lubricating films similar to those
shown in Figures 2 and 3. The MoS,/WSe,
samples had total wear depths on the
order of tens of nanometers after 100
cycles, with nearly all of the wear occur-
ring in the first 10 cycles. One can infer
from the other in situ studies described
earlier in this article that wear was likely
related to formation of an interfacial film
in a manner similar to that shown in
Figure 3. Development of tools that simul-
taneously monitor both interfacial film
formation and wear processes would pro-
vide a more complete picture of solid
lubrication phenomena.
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On the other hand, it is possible to qual-
itatively monitor wear of conducting coat-
ings such as MoS, by contact resistance
methods. In the “triboscopy” approach
developed by Belin and co-workers,!*-'2
both friction and contact resistance, R, are
monitored along the track at equally
spaced intervals for each cycle. The result-
ing data are presented in an image format,
with pixel intensity or color corresponding
to friction coefficient or R. in a manner
similar to an atomic force microscopy
image. This approach allows the experi-
menter to both clearly resolve any friction
or R, changes along the track during any
given sliding cycle and follow friction or R,
changes at any given position on the track
as sliding progresses. Triboscopic imaging
of MoS, coatings enabled identification of
localized damage such as pinholes in the
coating and uneven wear across the track.!?
A limitation of this approach is the inability
to directly monitor the morphological and
thickness changes in the interfacial films.
Large changes in contact resistance pre-
sumably occur when the interfacial film
thickens, oxidizes, or breaks up, as is
clearly observed by optical microscopy
through transparent interfaces.!931,34%
Conductive transparent coatings such as
indium tin oxide could enable simultane-
ous observation of the contact and meas-
urement of contact resistance.

Concluding Remarks

We have highlighted the advantages of
multitechnique in situ approaches to
understanding the physical and chemical
changes that enable effective solid lubrica-
tion. The difficulties of investigating hard-
to-access, semitransparent materials can
be overcome by applying combinations of
simple optical interferometric and spec-
troscopic methods directly to sliding con-
tacts. In situ probes have demonstrated
that much of the chemical and mechanical
activity in low-friction lubricating inter-
faces occurs over nanometer-scale vertical
dimensions. Advancing the fundamental
understanding of how interfacial films
provide low friction will require in situ
approaches with improved chemical,
mechanical, and structural specificity, as
well as increased spatial resolution.
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