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Abstract Reciprocating sliding tests of ion-beam depos-
ited (IBD) Pb—-Mo-S coatings were performed with an
in situ tribometer that allows real-time visualization and
Raman analysis of the sliding contact through a transparent
hemisphere. Experiments were performed in dry air,
ambient air (~50% RH) and mixtures of dry and humid air
cycled between low and high humidity. Third bodies
formed in the sliding contact were monitored through an
optical microscope and analyzed by Raman Spectroscopy.
Third body velocity accommodation modes were identified
and correlated with friction behavior in dry and ambient
air. The dominant velocity accommodation mode in both
dry and humid air was interfacial sliding between the outer
surface of the transfer film and the wear track; this inter-
face, based on present and earlier studies, is crystalline
MoS,. Therefore, the friction coefficient was controlled by
the interfacial shear strength of MoS, sliding against MoS,.
Humid air sliding was accompanied by a rise in the friction
coefficient and a small but observable second velocity
accommodation mode: shear/extrusion of the transfer film.
It is concluded that the friction rise in humid air was due to
an increase in the interfacial shear strength, and that the
rise in friction caused the third body to deform rather than
the deformation causing the friction to rise.
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1 Introduction

MoS, coatings have outstanding tribological proper-
ties—Ilow friction coefficients and long life—in vacuum
or dry gas environments [1, 2]. However, the tribolog-
ical properties of MoS, are degraded severely when
humidity is present [3, 4]. Studies by Fusaro [5] showed
that oxygen and moisture have a detrimental effect on
transfer film morphology and rheology, leading to
lubricant failure. Others have shown that chemical
changes like oxygen substitution into the MoS, lattice
can also degrade friction performance [6, 7]. While a
great deal has been learned about the reactions of MoS,,
oxygen and water, the mechanisms for loss of low
friction and decreased wear life of MoS, in humid air
are still largely unknown [2].

In the past two decades, a new class of metal-doped,
MoS,-based coatings has been developed that exhibit the
same low friction, but improved endurance, relative to
undoped MoS, coatings. The coatings, produced by ener-
getic beam deposition processes, are composed of
Mo + S + a metal (Ni, Au, Pb, Sn, Cr, Ti, etc.) [8-13] or
metal oxides (PbO, Sb,03) [14, 15]. Unlike MoS, coatings,
which can possess strong texturing and order [16, 17], the
metal doping disrupts the MoS, crystallite growth and the
resulting coatings are typically x-ray amorphous [10].
Despite the difference in microstructure, the friction per-
formance of these coatings is very similar to MoS, in dry
sliding due to crystallization of MoS, on worn surfaces [10,
18, 19]. However, the metal doping can significantly
reduce the wear rate of the coatings [18], which does not
appear to be simply a result of the reduced crystallinity
[20]. Importantly, some metal-doped coatings perform
exceptionally well in humid environments (e.g., Ti-doped
MoS, [12]).
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One way to develop an understanding of how coating
compositional and microstructural changes contribute to
solid lubricant performance is through analyzing the third
body processes involved in sliding, identified by Godet and
colleagues as velocity accommodation modes [21-23].
Numerous ex situ studies of worn surfaces have demon-
strated significant in-contact materials processing during
sliding (oxidation, microstructural transformation, debris
formation and ejection, etc.) [24-26]. In situ tribometry
techniques can add to our understanding of how these
changes impact tribological response of solid lubricants
[27-33]. In our laboratory, we have implemented optical
in situ tribometry to examine the third bodies formed in the
contact and how their morphology, motion, and properties
impact friction, wear and endurance [33-38]. These vari-
ous optical in situ studies of boric acid [33], Pb—Mo-S,
diamond-like carbon [34-36], MoS, [38, 39], and nano-
composite [37] solid lubricants have given direct evidence
for the role of the third body in friction behavior [38].

The purpose of this article is to demonstrate that the
sliding friction behavior of a Pb—Mo-S coating in dry and
ambient humidity air can be explained by third body pro-
cesses and velocity accommodation modes. Reciprocating
sliding tests were performed with an in situ tribometer that
allowed real-time visualization and Raman analysis of the
sliding contact through a transparent hemisphere. Third
bodies and velocity accommodation modes were identified
and correlated with friction behavior in dry and ambient
air. In particular, reversible deformation modes of third
bodies during humid air sliding are described. The well-
known rise in the friction coefficient of MoS, in humid air
[1, 2] is analyzed in terms of two velocity accommodation
modes—interfacial sliding and debris shearing—and
accounted for by a model of third body friction.

2 Experimental

A 320 nm thick Pb—-Mo-S coating was deposited onto a
M350 hardened steel substrate (Eg = 206 GPa, v = 0.3) by
Ion Beam Deposition (IBD); details of the deposition
conditions have been described previously [10]. Briefly, the
coating was amorphous (by XRD and TEM) and contained
12—15 at.% Pb as determined by Rutherford Backscattering
Spectroscopy (RBS). This coating was selected as repre-
sentative of numerous Pb—Mo-S coatings deposited
and studied in both unidirectional and reciprocating sliding
[10, 18].

Visualization studies were performed with a home-built
tribometer [33] whose sliding stage sits beneath an optical
microscope attached to a Raman spectrometer. The trib-
ometer was enclosed in a glove bag to control the humidity
of the air. Sliding experiments were conducted by
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reciprocating the coated substrate underneath a stationary,
transparent hemispherical counterface. Friction forces were
monitored through a piezoelectric sensor in the stage under
the coated sample. Counterfaces were either 12.5 mm
diameter borosilicate glass (E = 64 GPa, v=0.2) or
6.37 mm diameter sapphire (E =400 GPa, v =0.22)
hemispheres. Normal loads, L = 6.37 and L = 23.9 N were
used, corresponding to a mean Hertzian contact pressures
between Py = 0.48 and 1.43 GPa [40]. Each test was run at
Imm/s sliding speed over an initial track length of 6 mm,
then reduced to 4 mm [41].

A total of 15 reciprocating sliding tests were run from
300 to 2,000 cycles in air, either at constant humidity
(ambient air or dry air) or under “variable humidity.”
Ambient tests were run under laboratory conditions (45—
50% RH). Dry air (RH between 1% and 4%) was supplied
to the glove bag by passing pressurized air through desic-
cators in series with cold traps chilled with a dry
ice + propanol mixture (=77 °C; partial pressure water
vapor 0.08 Pa). Variable humidity tests were begun in dry
air, and then humid air (48-65% RH) was added after a
selected number of sliding cycles. In some of the experi-
ments (labeled DH, for Dry-then-Humid), tests were
finished in humid air; in others, labeled DHD, the humid air
flow was halted and the tests were completed in dry
air. Humidity was recorded continuously during experi-
ments with an electronic hygrometer, whose precision was
about 1%.

Optical microscopy was performed with white light
using either a 20x or an ultralong working distance 50x
objective and recorded with a CCD camera onto VHS or S-
VHS tape at 30 frames/s. The video was recorded contin-
uously except during Raman spectra acquisition, which
uses the same optical path as the CCD camera. Later, a
video capture card was used to obtain selected single-frame
images and video clips. Optical interference between the
transparent hemisphere and the coated flat resulted in
Newton’s rings. Destructive interference is seen for sepa-
rations, &, where 4 = 0 and h = nA/2 for integer values of n
and the wavelength of light used for illumination. The
diameter of the contact zone, 2a, before sliding was mea-
sured with a calibration grating; the contact zone was seen
as a dark circle, due to destructive interference. From the
contact zone size and applied load, the measured contact
pressure can be computed. The motion of debris in the
sliding contact was studied by capturing images from
videotapes played frame-by-frame. Table 1 lists the envi-
ronment and contact conditions for the 15 tests reported.

Micro-Raman spectra were obtained in situ during
selected cycles, usually requiring 5-20 cycles. Unfortu-
nately, Raman peaks from sapphire hemispheres overlap
the main MoS, Raman peaks between 200 and 300 cm™".
To better resolve the MoS, peaks, a glass hemisphere was



Tribol Lett (2007) 28:263-274 265

Table 1 Test and tribo-contact conditions for the 15 tests reported. Contact pressure (cycle 0) computed from measured contact radius and
calculated from Hertz model using the reduced modulus, E,

Test Measured Computed Calculated

Constant humidity tests

%RH Load (N) R (mm) 2a (um) 1L max 1L min E. (GPa) P (GPa) 2ay (um) Py (GPa)
Dl 1-4 6.37 6.35 191 0.08 0.07 52 0.22 168 0.29
D2 1-4 6.37 6.35 189 0.12 0.08 52 0.23 168 0.29
D3 1-4 23.9 6.35 272 0.05 0.04 52 0.41 260 0.45
D4 1-4 23.9 6.35 288 0.06 0.04 52 0.37 260 0.45
D5 <1 23.9 6.35 270 0.04 0.03 52 0.42 260 0.45
D6 <1 23.9 3.18 148 0.02 0.02 148 1.39 146 1.44
Al 45 23.9 6.35 278 0.14 0.12 52 0.39 260 0.45
A2 46 23.9 3.18 152 0.04 0.05 148 1.32 146 1.44
A3 48 23.9 3.18 150 0.05 0.05 148 1.35 146 1.44
Test Variable humidity tests

RH Change Load (N) R (mm) 2a (um) u dry p moist® E, (GPa) P (GPa) 2ay (um) Py (GPa)
DHDI Step: 1% = 55% 23.9 6.35 267 0.04 0.18 52 0.43 260 0.45
DHD2 Step: 1% = 52% 23.9 6.35 264 0.05 0.20 52 0.44 260 0.45
DHD3 Step: 1% => 48% 23.9 6.35 258 0.03 0.20 52 0.46 260 0.45
DHI1 Step: 1% = 61% 23.9 3.18 145 0.02 0.07 148 1.45 146 1.44
DH2 Increments® 23.9 6.35 271 0.04 0.12 52 0.41 260 0.45
DH3 Step: 1% = 61% 23.9 6.35 275 0.03 0.18 52 0.40 260 0.45

* Maximum friction coefficient in moist air
° After 450 cycles at RH < 1%, the RH was raised by 5% every ~ 100 cycles up to 55% over 1,000 cycles

used for some experiments; MoS, spectra can be resolved ' l
even though they are located on a broad background from '
the amorphous glass. For reference, Fig. 1 shows Raman

spectra of (a) crystalline MoS, obtained through a glass (@)
hemisphere, (b) the glass hemisphere, (c) crystalline MoS,,

and (d) the as-deposited Pb—Mo-S coating. After sliding, Hm-'“l \\

contacts were separated and micro-Raman analysis was (b) W’/'\u gy AN
performed ex situ on wear track and hemisphere surfaces. Ees hemlsphere

Crystalline MoS2 through glass

()

Intensity (arb. units)

3 Results "y, Crystalline M032

3.1 Friction Behavior
As-deposited Pb-Mo-S Coating

Figures 2 and 3 show selected friction coefficient versus %M’Vﬂﬂwm' PN

cycle curves in dry (RH < 1-4%) and ambient (RH ~ 20 0 1200
45%) air for three initial contact stresses ranging from 0.2
to 1.4 GPa. In both dry and ambient air, the friction
coefficient started at about 0.1-0.2 then fell during run-in
to a “nominally” steady value. We say “nominally”
because after run-in, the friction coefficient often exhibited
a rise from 5% to 20% above the run-in friction minimum

Wave Number [cm-1]

Fig. 1 Reference Raman spectra for Pb—Mo-S coating, MoS,, glass
hemisphere, and crystalline MoS, obtained through the glass
hemisphere

before approaching a steady-state value. Table 1 summa-
rizes high and low steady-state friction coefficients for the

two counterfaces in constant and variable humidity tests.
Under identical stresses, the friction coefficients in ambient
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air were from 2 to 4 times higher than in dry air. More-
over, the friction coefficient decreased with
increasing contact stress in both dry and ambient air; this is
consistent with our earlier ex situ studies of Pb—-Mo-S in
dry air [10].

Figure 4 shows friction coefficient versus cycle curves
along with humidity versus cycle curves from three vari-
able humidity tests. The bottom curve shows that the
friction coefficient rose sharply with a step increase in
humidity, but then dropped as sliding continued in humid
air. The drop in humid air was seen in 4 of the 5 humidity
step tests (DHD2, DHD3, DH1, DH3), regardless of the
cycle at which the humidity was increased (from
300 cycles to 1,000 cycles). The exception (test DHDI),
seen in the middle graph of Fig. 4, had constant friction
coefficient during elevated humidity stage of the test. In all
five tests, however, the friction coefficient rose by a factor
of 4-7 going from dry to humid air. We note this is about
twice the magnitude of the friction difference between
single-environment tests (dry or ambient), where friction
coefficients differed by a factor of 2—4. However, during
humid sliding, the ratio of final friction coefficients
(ambient/dry) was about 2.5-3, consistent with the ratio of
ambient/dry friction observed in constant environment
tests. Finally, in all 3 DHD tests, the friction coefficient
dropped to its initial (low steady-state) value when the
humid air was replaced by dry air.

The upper graph in Fig. 4 depicts friction and humidity
curves for an incremental step-humidity test, DH2; here the
humidity was increased in steps of 5%, from <1% to 55%,
roughly every 100 cycles, after 450 cycles of dry sliding to

0.25
—O—P_ =0.23GPa,RH=1-4%| ]

ok —C—P, =0.41GPa, RH =1-4% | 1
—0—P, =0.37 GPa,RH=1-4% | 1

——P =042GPa,RH=1% | ]

o5 ——P,=1.39GPa,RH=1% | ]
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Friction Coefficient
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Fig. 2 Friction coefficient versus cycle curves for tests D2-D6 run in
dry air at a range of contact stress
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Fig. 3 Friction coefficient versus cycle curves for tests Al, A2, and
A3 run in ambient air at low and high contact stress

run-in the contact. In this test, the friction coefficient
increased by only a factor of 3, approximately the factor
found in constant humidity stress tests. The graph also
shows that the friction coefficient began to fall at RH
values above 51% even as the RH increased. Test DH3,
with a step increase in RH to 61% also had a similar drop
in the friction coefficient at about 45% RH (not shown), but
DHI1 with a similar step increase, did not show a drop in
the friction coefficient before 61% RH was reached.

3.2 In Situ Tribometry and Raman Analysis
3.2.1 Dry Air Sliding

Images of the contact taken before sliding showed New-
ton’s rings. The apparent area of contact (dark circle in the
center) remained constant during run in and well into
steady-state sliding. During run in, third bodies generated
in the sliding contact gradually accumulated on the hemi-
sphere and agglomerated as a thin transfer film; those at the
edges and outside of the contact became compact and loose
debris. Evolution of the third body morphology is consis-
tent with earlier ex situ studies of Pb—Mo-S coatings, in
which tests were interrupted and the contacts separated and
analyzed [10, 18].

Figure 5 shows three in situ images captured from a
video recording during cycles 80, 500, and 870 of test D4.
At cycle 80, at the end of run-in, the central area of contact
had a diameter of 270 um; this value is within 2% of the
diameter predicted by Hertz contact calculations. Measured
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Fig. 4 Friction coefficient and relative humidity versus cycle for tests
DH2 (top), DHD1 (middle), and DHD2 (bottom)

contact diameters from this and other tests were from 1% to
11% larger than the calculated values (see Table 1). Fig-
ure S5a also shows that compacted debris collected at the
left and right edges of the contact, as expected in recip-
rocating sliding, and loose debris outside the contact.
Video analysis showed that both the compacted and loose
debris remained stationary on the hemisphere during
sliding.

Images of the contact after 500 and 870 cycles, Fig. 5b,
¢, looked remarkably similar to the contact after 80 cycles,
except that the hemisphere had accumulated more debris.
This behavior was seen in all dry sliding tests: as sliding
continued, the transfer film thickened while more com-
pacted and loose debris collected in and around the contact.
Occasionally, debris fell off the hemisphere onto the track,
where it stuck, and could be seen moving through the
contact at the test speed (1 mmy/s). Other times, debris from

Fig. 5 Three in situ images captured from a video recording during
cycles (a) 80, (b) 500, and (c) 870 of test D4. Ex situ image of contact
after test D4 (d)

the track would re-attach to the hemisphere, both inside
and outside the contact. However, most of the time, the
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Fig. 6 In situ Raman spectra taken during a friction test in dry air

third bodies were stationary with respect to the hemisphere,
indicating that they adhered securely to the counterface.
The ex situ image (d) of the transfer film is consistent with
the in situ observations. These in situ observations dem-
onstrate that the velocity accommodation mode in dry air
was predominantly interfacial sliding.

Figure 6 shows Raman spectra obtained in situ during a
dry sliding test. The only peaks seen in spectrum (a),
recorded during run-in (cycles 12-33), are from the glass
hemisphere (and presumably the amorphous Pb—-Mo-S
coating). Spectrum (b), recorded after run-in (cycles 66—
87), shows the emergence of two peaks (around 400 cm’l)
characteristic of MoS,. Spectrum (c), recorded in steady
state during cycles 1,108-1,141, shows stronger MoS,
peaks. No peaks other than those associated with MoS,
were observed. Ex situ optical microscopy showed an
adherent transfer film on the hemisphere, and ex situ Raman
spectra showed similar (but always more intense) MoS,
peaks, both in the transfer film and on the wear track (not
shown), consistent with previous ex situ studies [10, 18].

3.2.2 Ambient Humidity Air Sliding

Videos taken early (5-10 cycles) in the ambient humidity
(45%) test, when the friction coefficient was highest (not

Fig. 7 In situ images of transfer
films during ambient sliding
(test A1) showing, thickening,
and coarsening of the transfer
film
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shown), showed very little transfer film adhering to the
counterface. Debris particles were seen on the wear track,
and temporarily in the contact, before being extruded and
ejected. As the friction coefficient fell, some debris adhered
to the hemisphere, while other debris adhered to the wear
track. Gradually, a transfer film similar to the dry sliding
film built up on the hemisphere (See Fig. 7, cycle 30, test
Al). But, unlike the dry sliding case, the film continued to
thicken and coarsen with continued sliding (Fig. 7, cycles
90, 500, and 1,010). The coarsening was due to inhomo-
geneity in the film thickness, identified by contrast and
transparency changes.

All tests run in ambient air showed interfacial sliding
between the transfer film and the track to be the dominant
velocity accommodation mode, as was the case in dry air.
However, a second velocity accommodation mode—debris
shearing—was also seen in ambient sliding tests. In the low
contact-stress test, Al, patches of debris appeared to be
extruded back and forth early in steady-state sliding. In the
high contact-stress tests, A2 and A3, this debris movement
was delayed. For example, in test A3, debris movement
began about cycle 100, as the friction coefficient began to
rise, whereas in test Al, debris movement began between
10 and 20 cycles.

An example of the second velocity accommodation
mode is shown in Fig. 8, which shows a sequence of five
images taken during cycle 68 of test Al. It illustrates not
only debris movement but, additionally, the reversibility of
the process during one reciprocating sliding cycle. The five
images, captured from videotape, were taken at roughly
equal intervals as the contact traveled 6 mm from the right
end of the track, to the left end, then back to the right end.
An ellipse encloses several patches of debris that traversed
about 80 microns across the contact zone—first to the
right, then to the left—during the cycle. During the tra-
verse, the patches contracted half way down the track then
expanded as the hemisphere reached the turn around spot.
Later in sliding, between cycles 100 and 300 in test Al,
larger patches of debris could be seen moving back and
forth. From the video, we observed that the top of the patch
in contact with the hemisphere moved in the same direction
as the bottom of the patch in contact with the track.
However, the bottom of the patch moved a larger distance
than the top of the patch. We call this motion “reversible

1010
Ta——
SR
—
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Fig. 8 Five images taken at roughly uniform intervals as the contact
traveled 6 mm from the right end of the track, to the left end, then
back to the right end (i.e., the substrate moved right then returned
left). The ellipse shows two patches of debris that traversed about
80 microns—first to the right, then to the left—during cycle 68 of test
Al. Schematic (lower right) indicates position of contact relative to
track

EL)

extrusion.” Reversible extrusion continued even as the
transfer film coarsened, As the transfer film became more
inhomogeneous, small and large patches of debris exhib-
ited reversible extrusion, the smaller events occurring
around what appeared to be pits in the transfer film.
Similar examples of reversible extrusion were found
in all tests run in humid air. These deformation events
were observed both inside the contact and at the
periphery of the contact, where debris captured from the
track and debris extruded from the transfer film accu-
mulated. A consequence of reversible extrusion was that
even though regions of the transfer films were contin-
uously being deformed, the accumulated deformation
over 10 and 100 s of cycles was small. This hysteretic
effect explains why images observed cycle-by-cycle did
not reveal changes in transfer film morphology. In fact,
the biggest change in appearance of the transfer film

over hundreds of cycles was the increasing accumula-
tion of debris. We note additionally that the spatially
resolved friction data (friction coefficient along the
track) was nearly constant during each cycle (not
shown), which is consistent with the uniform hysteresis
seen in the debris motion.

In situ Raman spectroscopy also confirmed the evolu-
tion and presence of MoS, during all ambient sliding tests
(not shown). Moreover, no evidence for a second Raman-
active compound, MoOj3 could be found. Ex situ Raman
analysis confirmed the presence of MoS, on both the wear
track and in the transfer film and the absence of MoOj5 or
other possible Raman-active compounds like MoO, and
PbMoO, [15]. Ex situ optical analysis of the wear track
showed increased debris accumulation in ambient sliding
tests although the wear tracks were not significantly deeper
after 2,000 cycles.

3.2.3 Variable Humidity Tests: Dry/Humid/Dry Air Sliding

For these experiments (DHD1-3), the appearance of the
transfer films during and after the humidity exposure did
not change significantly, other than the continued accu-
mulation of third body debris (not shown). Furthermore,
images examined cycle by cycle during the humidity/fric-
tion transitions also did not show significant changes,
suggesting that the morphology of the transfer film did not
change during rapid rises or falls in humidity. However,
examination of video images taken along a single traverse
during humid sliding again revealed deformation of some
debris particles within the transfer film. The motion began
as the humidity and friction coefficient rose, continued
during the higher humidity stage, then declined as the
humidity and friction coefficient fell.

Figure 9 shows a sequence of 5 images taken during
cycle 695 of test DHDI, in the middle of the high humidity
stage (friction data shown in Fig. 4). The images, from top
(1) to bottom (5), were taken at 0.8 mm (0.8 s) intervals
during a 4 mm traverse of the track from left to right. Two
regions where debris particles moved relative to the
hemisphere are outlined by circles and boxes, respectively.
The circled region shows debris accumulating (1, 2),
moving to the right (3), then extruding into a broad patch
(4, 5). The boxed region shows debris (1) moving to the
right (2), then extruding into a shape that resembles a
sideways ‘U’ before exiting the box; the motion of the
debris is reversed on the return traversal. Here too, during
humid air sliding of a transfer film formed initially in dry
air, we see third-body motion suggesting that patches of
debris in the transfer film underwent shear, and were
extruded, in the contact. This extrusion was also reversible
(not shown).
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In situ Raman spectra in Fig. 10 shows that MoS, was
formed in the contact during dry sliding and persisted
during all three stages of test DHD1: No MoS, peaks were
seen early in sliding, (a), but appeared after about
300 cycles. We note there are subtle changes in the back-
ground spectra occurring between spectra (a) and (e).
These changes do not appear to be the result of oxide
formation [15]. It is possible that small changes in transfer
film thickness shift the position of the hemisphere relative
to the focus point of the Raman microscope, resulting in
subtle change in the relative contribution of the glass
background and signal from the transfer film itself. The
spectra taken at RH = 50% (d) were identical with those at
RH < 2%, before (c) and after (e) the high humidity stage.
Moreover, no evidence for any other Raman-active com-
pounds could be found. Ex situ Raman analysis confirmed
the presence of MoS, on both the wear track and in the
transfer film and the absence of MoO5; and other oxides
(not shown).

Step humidity tests showed similar third body behaviors
to the variable humidity tests. Both showed a friction rise,
then slow decrease, after increasing humidity, as well as
reversible extrusion events. In some cases, the extrusion
distances fell as the friction coefficient dropped; in other
cases, the extrusion distance remained the same, only to
change as the transfer film coarsened. In situ analysis of the
incremental humidity step test, DH2, found that the
extrusion distance increased with increasing humidity, but
as the transfer film coarsened, the extent and amount of
reversible extrusion decreased.

4 Discussion

In situ tribometry revealed the third body processes
(buildup, attachment, and shearing) and third body com-
position changes (‘amorphous’ to MoS,-like) that occurred
at the buried interface during sliding. It also identified
changes in velocity accommodation associated with an
increase in friction when the environment was changed
from dry to humid air. For both dry and humid conditions,
the most prominent third body seen was a transfer film,
containing MoS, that formed on the hemisphere. As the
transfer film built up during run-in, friction dropped. In dry
air, the transfer film remained stationary on the hemisphere
and sliding motion took place at the interface along the
stationary transfer film and the wear track. In humid air, the
velocity was accommodated mainly by interfacial sliding,
although some of the motion was accommodated by shear/
extrusion of patches of debris within the transfer film.
Deformations in this 2nd velocity accommodation mode
were reversible, leading to virtually no change in appear-
ance of the transfer film over a cycle of sliding. Thus the
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Fig. 9 A sequence of 5 images taken 0.8 mm apart during cycle 695
of test DHDI, in the middle of the high humidity stage. Substrate
moved from left to right
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Fig. 10 In situ Raman spectra from test DHD1

dominant velocity accommodation mode in both dry and
ambient air was interfacial sliding.

In situ Raman spectroscopy verified that the transfer
film generated from amorphous Pb—-Mo-S contained MoS,.
Raman did not detect MoS, during the run-in stage. Pre-
sumably, the material removed from the track at the
beginning of sliding was either amorphous or too thin to be
detected. But soon after run-in, MoS, was identified in the
transfer film. This direct evidence that MoS, formed inside
the contact during sliding confirms earlier inferences from
ex situ studies with Raman spectroscopy on Pb—Mo-S [10]
and similar Mo-S based coatings [14, 15]. Previous
structural studies of Pb—Mo-S transfer films and wear
tracks, using high resolution transmission electron
microscopy, have identified nanocrystalline MoS, in debris
and on wear track surfaces [18]. Thus the compositions of
the surfaces in sliding contact, after run in, are clearly a
MoS, transfer film against a wear track surface, also con-
taining MoS,. Taken together, the low friction in dry air
can be directly attributed to interfacial sliding between a
MoS, transfer film on the hemisphere and the MoS,-con-
taining wear track surface.

At higher humidity (45-50% RH), MoS, was also
formed in the sliding contact. Raman did not detect MoOs3,
a strong Raman scatterer, nor any other known Raman
active phases (e.g., MoO,, PbO,, or PbMo00Q,), suggesting

that the transfer film remained mainly MoS, in ambient air.
Therefore, it is likely that the particles undergoing shear/
extrusion in humid air were MoS, particles.

In both dry and humid air, the friction coefficient
depended on humidity and load. In dry air, the friction
coefficients were much lower (factor of 4-8) than in humid
air. We can account for these differences with a two term
friction model describing the third body behavior. The
model makes the simplifying assumption, as does the
Bowden and Tabor (BT) two body friction model [42], that
the friction coefficient, u, can be found by adding together
an interfacial friction term, y;,, and a shearing term, pgpeqr:

M= Hiny T Hhear (1)

Like the two body models, p;, depends on an interfacial
shear strength Sj,, and fgheor depends on a shearing term
Saebris- In the third body model, the former term describes
the interfacial shear strength between the debris and the
track and the latter term, the shear strength of the debris
(not that of the coating). In what follows, we will present a
semi-quantitative, three body model for the friction coef-
ficient as a function of load and humidity.

In dry air, interfacial sliding was the only velocity
accommodation mode contributing to the friction coeffi-
cient. Since debris shearing was never observed, ., =0
(where the superscript “d” refers to the dry air condition).
Hence, the friction coefficient in dry air, by Eq. 1,
= ,ufm. The absence of debris shear in dry air suggests
that the shear strength of the debris formed in dry sliding
was greater than the interfacial shear strength, i.e.,
S%pris >S4, ie., the force transmitted across the sliding
contact was insufficient to deform the transfer film. This
inference is consistent with the results of Uemura et al.
[43] who have shown that the shear strength of MoS,
crystallites was 2-3 times greater than the interfacial shear
strength of MoS, sliding against MoS; in dry air.

We also found that the variation in friction with load is
consistent with “Hertzian” friction behavior [44]. This
behavior is well described by the simple relationship

:”ﬁn = Sﬁn/PH (2)

where Py is the mean Hertzian pressure in the contact [40]
and S¢ is the interfacial shear strength. For many solid
lubricated interfaces, and in particular MoS, [44], the

interfacial shear strength has been shown to follow [45]

Sine = So + aPy (3)

where Sy and o are the pressure-independent and pressure-
dependent contributions to the shear strength. The inter-
facial shear strength parameter, S;,, can be calculated from
the material properties and initial contact radii given in
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Table 1. By linear least squares fitting the steady-state
friction coefficients in dry air versus 1/Py, we get
SS =16.5+ 0.2 MPa and o = 0.000 = 0.006 (zero, within
error); the fit is plotted as a thick line in Fig. 11. This value
is consistent with previously reported interfacial shear
strengths for Pb—-Mo-S [10] and MoS, [44] of
8 <Sg <23 MPa in dry air.

By contrast, in humid air, the higher friction coefficients
were accompanied by both interfacial sliding and debris
shearing/extrusion, with interfacial sliding being the pri-
mary velocity accommodation mode. Therefore, the
friction coefficient requires both interfacial and debris
shearing/extrusion terms: u" = ul + uf . (superscript
“h” designates humid air). The contribution of debris
shearing signifies that, at some patches of transfer film, the
applied shear stress exceeded the shear strength of debris.
Nonetheless, the interfacial sliding term ,u{‘m was the
dominant contribution to friction, which allows us to
approximate i, ~ b = Sh /Py. Again we perform a
linear least squares fit, this time to the constant humidity
friction coefficients versus 1/Py, using Eq. 3 with the
friction data and other parameters in Table 1, and we get
S =139+ 1 MPaand o = 0.019 = 0.001 in humid air (data
from constant humidity conditions, Table 1). The fit is
shown as an upward-sloping thick line in Fig. 11. S5 in
ambient air was a bit more than twice that in dry air, and
o = 0.019 in humid air indicates that the friction coefficient
in 50% RH air cannot fall below 4" = 0.019 at any load.

From the above analysis, we conclude that the
steady-state interfacial sliding term, p;,., increased in

120 e
i ® WP (MPa)=S_, dry air
= P (MPa)=S_, humid air | | .

100 f----

o

S +oP

int

Experimental Shear Stress, S.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Contact Stress

Fig. 11 Interfacial shear strengths determined by linear regression

(bars, from constant humidity tests in Table 1) for dry and humid
conditions; points are all data from Table 1
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humid air. Over these pressure ranges, we expect rela-
tive increases in interfacial shear strength, St /S%  of
between 3 (at ~0.45 GPa) to 4 (at ~1.5 GPa) in our
experiments (calculated from Eq. 2), with concomitant
increases in friction (calculated from Eq. 1). However,
this cannot explain how the friction coefficient in step
humidity tests initially rose by 20-150% more than
would be predicted by the interfacial shear strengths
measured in dry and ambient air sliding (see humid air
shear strengths plotted in Fig. 11, as compared to the
predicted value shown by the broad line). Nor can it
explain why the friction coefficient dropped in most step
humidity tests.

To explain the discrepancies where the humidity was
changed rapidly, we postulate that S® initially rose up to
almost twice the constant humidity value, probably the
result of surface chemical interactions of moisture on the
wear track. This rise in interfacial shear strength was not
initially accompanied by shearing of debris because the
only debris in the contact was “dry” debris (formed in dry
sliding) like that found by Uemura et al. [43] to be quite
resistant to interfacial shearing. Over the next 50—
100 cycles, two events transpired to lower the friction
coefficient: First, sliding in moist air produced new third
bodies and probably transformed the outer layers of the
transfer film on the ball. The new third bodies, as stated
earlier, clearly sheared at lower applied stress than the dry
debris; hence, SB . <S%,.. Secondly, the interfacial
shear strength term, S?m, dropped, reflecting the decrease in
friction coefficient as in the DHD2 test in Fig. 4. We
speculate that the drop might have been due to one of two
surface conditions: (1) either a very thin—too thin to be
detected by Raman spectroscopy—and lubricious reaction
film was formed, or (2) the wettability of the new interface
changed, and the adsorbed water on the track modified the
interfacial shear strength. While we have no direct evi-
dence for the latter, we have previously observed strong
effects of adsorbed gases on friction behavior [46]. Thus
after 100 or so cycles, the interface became similar to that
found in tests started at ambient humidity, thus the friction
coefficients of the two became similar. When the dry air
replaced humid air, the low friction coefficient was restored
because only interfacial sliding occurred and the friction
coefficient was again controlled by S¢ .

On the basis of these arguments, we can now explain
semi-quantitatively the effect of humidity on the friction
behavior of Pb—Mo-S. In variable humidity tests DHD and
DH, where the debris were formed initially in dry air, the
friction coefficient could rise a factor of 4-8 because the
“dry” debris were very resistant to shear. Thus SI . the
initial shear strength of the debris/wear track interface
could be greater than the calculated steady state value,
S" =39 MPa + 0.019 Py.
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As sliding continued, new debris were formed at the
moisture-exposed wear track. Having a lower shear
strength than the dry debris, they began to shear and as a
consequence, the friction coefficient fell (in all but test
DHD2) to values comparable to the steady state friction
coefficient in ambient air. These debris, like those formed
from the beginning in ambient air, were generated in humid
air and as might be expected would have different shear
properties than debris generated in dry air. In particular, the
drop in friction coefficient and the onset of shear/extrusion
indicates that S}(}ebn-s <Sfm. Hence, the friction coefficient in
humid air will be limited by S5, ...

A similar argument can be given to account for the rise
then drop in friction coefficient in tests conducted above
51% RH. Again, we hypothesize that the friction coefficient
was the result of a competitive process: the interfacial shear
strength rose commensurate with increasing RH, causing
Sh and the friction coefficient to rise; but at high humidity,
the ongoing drop in shear strength S3, .. of humid-formed
debris reduced the friction coefficient. This competition, of
course, developed slowly. At a time scale of one cycle (12
or 8 s), neither the interfacial shear term S;,;, which drives
debris shearing, nor the debris shear strength Sy, varied
rapidly. Thus, the reversible extrusion can be accounted for
by the constancy of the interfacial shear stress over the time
needed to complete one cycle. By contrast, in step tests, the
Sint value changes rapidly with RH, but Sgeps does not,
which accounts for the time dependence in both the friction
coefficient and the delayed shear/extrusion.

5 Summary

1. The MoS, transfer film formed during the initial run-in
against a Pb—-Mo-S coating is responsible for the low
friction coefficients achieved in dry and humid air.

2. The velocity accommodation mode under both dry and
humid sliding conditions was primarily interfacial
sliding. A second mode, transfer film shearing, was
also observed during humid air sliding.

3. The friction coefficient in dry sliding is controlled
solely by interfacial sliding and can be calculated in
terms of the interfacial shear strength and the elastic
(Hertz) contact pressure.

4. The friction -coefficient
contributions:

a. an interfacial sliding contribution (1) shown here
to be greater than ,uidm.

b. a shearing contribution (,uls‘hear) which depends on
the shear strength of the third body, here seen as the
transfer film or patches of debris in the transfer
film.

5. The second velocity accommodation mode seen in
humid air is attributed to shearing of debris that forms

in humid air has two

and is likely softened in humid air. As the shear
strength of ‘humidity-formed’ debris falls below the
shear stress transmitted by interfacial sliding, the
debris begins to shear.

6. The friction coefficient in humid air depends on both
contact pressure and S .

7. The reversibility of this shear/extrusion process is
attributed to the near constant interfacial friction term
(i.e., interfacial shear stress) during each cycle.

6 Conclusions

In situ microscopy identified third body processes and
velocity accommodation modes associated with the sliding
friction behavior of amorphous Pb—Mo-S coatings in dry
and ambient humidity. The main third body observed was a
transfer film that formed on the stationary hemisphere
during run-in; the only compound in the transfer film, as
identified by in situ Raman spectroscopy, was MoS,. The
dominant velocity accommodation mode in dry and humid
air was interfacial sliding between the outer surface of the
transfer film and the wear track; this interface, based on
present and earlier studies, is nanocrystalline MoS,.
Therefore, the friction coefficient was controlled by a
velocity accommodation parameter, the interfacial shear
strength of MoS, sliding against MoS,. The rise in the
friction coefficient from around 0.04 in dry air to around
0.15 in humid air produced a small but observable second
velocity accommodation mode, shear/extrusion of the
transfer film, which appeared reversible in reciprocating
sliding tests. It is concluded that the friction rise in humid
air was primarily due to an increase in the interfacial shear
strength, and that the rise in friction caused the third body
to deform rather than the deformation causing the friction
to rise.
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