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Editor’s Note: Opportunity Knocks, once..twice..are you listening?

Dear Industrial Tribologists:

Several years ago, Dr. Ali Erdemir, a colleague at Argonne National Labs, discovered that boric acid, an old-fashioned eye wash,
is also a great solid lubricant. He based this discovery on good exploratory friction and wear testing and published the results here
in Lubrication Engineering and elsewhere. Now the authors of this paper from the Naval Research Lab have confirmed the
lubricating properties of boric acid. In addition to being a good lubricant, boric acid is environmentally safe and could be an
excellent assembly/manufacturing lubricant. The last time | checked with Dr. Erdemir, he told me that boric acid still hadn’t been
picked up by industry and put to use. | think that’s a shame. Ali’s early papers were opportunity knocking once. Dr. Dvorak’s paper
reprinted from the July issue of Tribology Transactions here is opportunity knocking again...are you listening?

CDC

The sliding friction behavior of boric acid and annealed boron
carbide coatings has been investigated by in situ Raman tribometry.
Reciprocating sliding tests were performed in air (~20% relative
humidity) at 1 mm/s with a transparent sapphire hemisphere dead
weight loaded against the coated substrates. A homebuilt micro-
Raman tribometer recorded the friction force as well as allowed
both visualization and Raman spectroscopy of the contacts during
sliding. Friction coefficients for the boric acid films remained low
(1~ 0.06) throughout sliding until failure (1~ 0.7), at which time
boric acid was lost from the contact and substrate material (alumi-
num) transferred to the slider. Friction coefficients for the annealed
boron carbide, known to form boric acid surface films upon cool-
ing, were initially low (0.08), then gradually increased and leveled
out at about 0.2. Raman spectroscopy revealed a mixture of boric
acid and carbon initially; but as the friction coefficient rose, the
boric acid intensity decreased to zero while the carbon intensity
increased. Correlations between friction coefficients and amounts
of solid lubricating material in the contact are presented, and the
role of third bodies in controlling friction is discussed.
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INTRODUCTION

In most sliding situations, the friction coefficient for a pair of
materials is not constant; instead it depends on a variety of influ-
ences including environment, contact conditions as well as material
properties. Even when all the above are held fixed, the friction coet-
ficient often evolves from run-in to one or more steady-state re-
gimes, with or without fluctuations, prior to failure (5). There are
many reasons why the friction coefficient varies, and perhaps the
most general reason is that the material within the sliding contact
itself is changing. This material, known today as the “third body,”
affects friction by establishing how and where the velocity is ac-
commodated at the sliding interface (/8).

Most of the knowledge correlating friction and third body ef-
fects has come from inferences derived from ex situ studies after
worn surfaces have been separated (6), (8). While these inferences
are valuable, one needs in sifu chemical or optical probing of the
sliding contact to confirm with certainty what processes and chem-
istries are controlling friction. Furthermore it is difficult, if not im-
possible, to determine the contact dynamics and velocity accommo-
dation modes through ex sifu analyses. Real-time probes have pro-
vided considerable insight into mechanical and chemical processes
in the sliding interface (e.g. frictional heating through infrared and
thermocouple techniques (24), contact resistance (/), (35), optical
interferometry (20), (9), and Fourier Transform Infrared (FTIR) (30)
and Raman (/0) spectroscopies). However, only through optical tech-
niques have third body buildup, debris mobility, and velocity ac-
commodation modes been viewed and confirmed (34), (2), (23),
(12).
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TABLE 1« FricTioN COEFFICIENTS OF REFERENCE MATERIAL
COMBINATIONS
MATERIAL COMBINATION FRICTION
Sapphire/Polished Inconel 06<pu<08
Sapphire/Un-Annealed B, C Coating 030<pu<035
Sapphire/Polished B,C 08B<u<10
Sapphire/Carbon 016 <u<020
Microscope Normal Force

Objective Weigh

i e
Hemispherical

Sampla Counterface

Reciprocating Piezo
Sample Stage Lateral Force
Sensor

Fig. 1—In situ Raman tribometer schematic. Either micro-Raman spec-
troscopy or optical microscopy of the sliding contact can be per-
formed through an objective aperture above the transparent hemi-
sphere.

How third bodies affect behavior of low friction coatings has
been the subject of many papers in the past decade or so (19), (3),
(33). The present study investigates the influence of third bodies on
the friction behavior of boric acid and annealed boron carbide coat-
ings. Previously, Erdemir and co-workers have demonstrated that
annealed boron carbide coatings, after exposure to moisture, formed
surface films of boric acid (/4), (16). These films gave the same low
friction coefficients as boric acid. The objective of this study is to
identify the third bodies generated with these coatings and correlate
them with friction evolution. Real time in sifu Raman and optical
microscopy were used to identify the third bodies present in the
sliding contact. In this article, the term in situ indicates that the analy-
sis was performed while the two sliding surfaces were in contact,
whereas ex sifu indicates that the analysis was performed after the
two surfaces were separated. The authors also address the following
questions: Can the friction coefficient be predicted and quantified
based on third-body coverage or composition, and are the third bod-
ies detected in situ the same as the ones observed ex situ?

EXPERIMENTAL

Two coated samples were examined: boric acid on aluminum,
and annealed boron carbide on inconel. The boric acid coating was
formed by applying a boric acid solution to the surface of an alumi-
num 6061 substrate and allowing it to dry. The boron carbide coat-
ing was deposited on Inconel X-750 by rf-magnetron-sputtering and
then annealed in air at 800°C for about 15 min. Further details of
sample preparation are given elsewhere (/7).

Sliding experiments were performed in a home-built Raman
tribometer shown in Fig. 1. The tribometer was placed beneath the
10x objective (0.3 NA) of an optical microscope, which was at-
tached to a Raman microprobe. The microprobe consists of a low-
power (25 mW) argon ion laser (514.5 nm), and a holographic spec-
trometer. It has a spot size of 2 um and a spectrometer resolution of
1 cm-1. The laser beam was focused onto the coating surface, after
passing through a stationary, optically-transparent hemisphere, which

also served as a counterface for friction testing. The hemisphere
was mounted on a lever arm loaded with dead weights. The friction
force was measured with a piezo sensor housed in a stage that held
the coated samples. Both average and spatially resolved friction data
were recorded in a manner similar to that previously described by
Belin and co-workers (7), (35). Only the average friction coeftfi-
cient, |l = (friction force)/(normal load) averaged over each cycle,
will be reported here.

Reciprocating sliding tests were performed on each of the coated
samples, as well as on reference samples of carbon, (pre-annealed)
boron carbide coated inconel, uncoated bulk samples of polished
boron carbide and inconel. Five tests were performed on the boric
acid coating and six tests on the annealed boron carbide coating.
The number of cycles in a test ranged from 20 to 1200. Some tests
were stopped when the friction coefficient rose rapidly to above 0.7
or severe wear was detected visually; both conditions will be desig-
nated as coating failure in this work. All tests were run at a load of
6.4 N with a sliding speed of 1 mm/s, in ambient (~20% relative
humidity) air at room temperature. The counterface was a 6.35 mm
diameter sapphire hemisphere, resulting in mean initial Hertzian
stresses of 0.53 GPa and 0.82 GPa against aluminum and inconel,
respectively. The friction coefficients for the four reference samples
are given in Table 1. /n situ microscopy was performed during fric-
tion testing, either to observe the sliding contact optically or to per-
form micro-Raman spectroscopy. Raman spectra were acquired from
the center of the contact (unless stated otherwise) over 5 to 10 slid-
ing cycles. Observations were recorded onto VHS tape at 30 frames/
s, and still images were obtained from the videotape using a video
capture card.

After the friction tests were stopped, the contacts were separated
and ex situ Raman spectra were taken in the wear scars on hemi-
spheres and coatings. X-Ray photoelectron spectroscopy (XPS) and
stylus profilometry were also performed on some of the wear scars.
XPS spectra were acquired using a monochromatic Al K-alpha source
operated at 300 W (15 kV, 20 mA) and spot size of 300 um. Ana-
lyzer pass energies of 100 eV and 20 eV were used to collect survey
and high resolution spectra, respectively, and charge neutralization
was accomplished with a low energy (4-5 eV) electron flood gun.
Binding energies were referenced by setting the C 1s peak to 284.6
eV. Finally, Raman reference spectra for sapphire, boric acid, and
boron carbide were obtained for comparison to the in situ results;
the reference spectra are shown in Fig. 2.

RESULTS
Boric Acid Coating on Aluminum

The five tests performed on the boric acid coating showed simi-
lar friction behavior and in situ features. Figure 3 shows a typical
friction coefficient vs. cycles curve. The friction coefficient started
out at about 0.06, remained less than 0.1 until cycle 218, where a
friction spike above 0.1 was observed. The friction coefficient re-
covered to lL < 0.1 for 10 cycles, then increased rapidly to about 0.8.
The spatially resolved friction data (not shown), displayed uniform
friction along the track, even during the friction spikes and at fail-
ure.

(Continued on next page)
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Fig. 2—Reference Raman spectra.
(a) boric acid
(b) boron carbide
(c) annealed boron carbide coating
(d) sapphire
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Fig. 3—Friction coefficient of sapphire ball sliding against boric acid coat-
ing on aluminum.

Figure 4 shows three in situ images of the interface taken during
this friction test. Figure 4(a) (cycle 160) is representative of the con-
tact as it appeared during the low-friction portion of the test. The
circular area in the center of the figure, outlined by a dashed line,
encompasses the apparent area of contact between the hemisphere
and the wear track (area between dotted lines) on the substrate. Sev-
eral dark spots can be seen inside the contact region. During sliding,
these spots moved across the contact at the sliding speed, indicating
that they were high spots (asperities) on the coating making contact
with the hemisphere. (Spots where the hemisphere is in contact with
the coating generally show up dark in a reflecting light microscope
because of optical interference, as seen in the zeroth order Newton’s
rings between a ball and a glass plate.) Outside the contact area, fine
debris particles adhered to the hemisphere.

Figure 4(b) shows an image taken at cycle 218, after the first
friction spike. A bright patch can be seen in the contact zone. Video-
tapes showed that the patch was stationary, i.e., attached to the hemi-
sphere; being opaque, this patch prevented visual and Raman analy-
sis of the underlying sliding interface. The horizontal dark bands to
the left and right of the bright patch show a scratch in the wear track
(confirmed ex situ by interferometry). When the friction coefficient
dropped to 1 < 0.1, the patch and the scratch were still visible. Fig-
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Fig. 4—Optical micrograph of the sliding contact, through the sapphire
hemisphere, against boric acid coating.
(a) 160
(b) 218
(c) 228 cycles
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Fig. 5—Friction coefficient vs. area fraction for cycles 207-229.

ure 4(c) shows the same area during the next friction spike (cycle
228), at a friction coefficient of i = 0.6. Here the bright patch cov-
ered the entire contact area. Figure 5 shows a plot of the friction
coefficient vs. the area fraction occupied by the bright patch. The
area data were computed from images like those in Fig. 4. The dashed
line is based on a simple model that will be presented in the discus-
sion.

January 2003 LUBRICATION ENGINEERING



X

-‘§ X

; x
g $x
%‘ (a)
2
= x

s x
(b) i g
200 400 600 800 1000 1200

Wava Number (cm-)

Fig. 6—In situ Raman spectra of contact during friction test with boric
acid coatings.
(a) spectrum of intact boric acid coating
(b) spectrum of transfer film

Fig. 7—Micrograph of wear scar on the sapphire hemisphere of a test
interrupted after 100 cycles.
(a) buildup of transfer film
(b) wear debris
(c) unworn area of hemisphere

Figure 6 shows two in situ Raman spectra taken at the center of
the contact area before and after the first friction spike. Spectrum
(a), taken while friction was low (cycles 161-164), shows two sets
of peaks: the four marked by X’s are from the sapphire, and the two
indicated by arrows are from boric acid (see Fig. 2). Spectrum (b)
was taken on the small bright patch in the contact (shown in Fig.
4(b)) after the first significant friction spike appeared (cycles 218-
224). No boric acid was detected, only the background sapphire was
observed. However, boric acid peaks were seen (but not shown) in
the contact area surrounding the small bright patch shown in Fig.
4(b).

Ex situ optical microscopy, Raman and XPS were performed on
the wears scars of both counterfaces from the same test (in Fig. 3).
The contact area on the hemisphere had a patch of shiny material,
and the wear track had a deep scratch. Raman analysis on the patch
and in the scratch of the wear track was unable to detect boric acid.

(a) Transfer film

(b) Wear Debris g
)

(¢) Unaffected Area

Intensity (Arb. Units)

0 200 400 600 80O 1000 1200

WaveNumber [cm]

Fig. 8—EXx situ Raman spectra obtained at the specific location shown on
Fig. 7.
(a) the transfer film
(b) loose wear debris
(c) unworn area of the hemisphere
Arrows show boric acid peaks, x’s show sapphire peaks.

XPS of the patch, following charge correction, revealed peaks at
74.2 and 72.1 eV. The peaks can be assigned to oxidized and metal-
lic aluminum; the latter confirms that the patch contained metallic
aluminum transferred from the aluminum substrate.

Figure 7 shows an ex situ image of the wear scar on a hemi-
sphere from a 100 cycle test stopped when the friction coefficient
was still low (i = 0.07). A compact transfer film had formed in the
center of the contact area, surrounded by loose wear debris. Raman
spectra from the three spots in Fig. 7 are shown in Fig. 8. Boric acid
was detected on the transfer film and the wear debris, but not out-
side the wear area. Ex sitzu Raman analysis also showed boric acid
on similar low friction wear tracks. Hence, both ex situ and in situ
Raman data agreed that boric acid was present on both counterfaces
during low friction sliding.

Annealed Boron Carbide Coating on Inconel

The six tests performed on the annealed boron carbide coating
showed similar friction behavior and in situ features. Figure 9 shows
a typical friction coefficient vs. cycles curve. The friction coeffi-
cient started out at |l = 0.08, slightly higher than the initial value
with the boric acid coating, and climbed steadily over 400 cycles to
about 0.1. From cycle 450 to 800, the friction coefficient rose from
0.1 to above 0.2, after which it dropped to a steady value of about
0.2. A similar test of sapphire against uncoated inconel gave much
higher friction coefficients, between 0.6 and 0.8 (see Table 1).

Figure 10 shows three in situ images of the interface obtained
during this test. Figure 10(a) was taken at cycle 100, during low
friction sliding. The contact area appeared smoother than that in

(Continued on next page)

Journal of the Society of Tribologists and Lubrication Engineers 17



(Continued from previous page)

025

o o o
- - X
o wn o

Avg. Friction Coefficient
o
[=]
@

o
o
=)

T T T T T

0 200 400 600 800 1000 1200
Cycles

Fig. 9—Friction trace of sapphire hemisphere sliding against annealed
B,C coating on inconel. :
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Fig. 10—View of contact in annealed B,C coating friction test.
(a) 100
(b) 600
(c) 1200 cycles

Fig. 4(a). The dark oval inside the contact area, extending the width
of the wear track on the substrate, moved across the contact at the
sliding speed; as before, the dark (interference) oval represents the
area of the hemisphere in contact with the coating. As in the case of
the boric acid coating, no buildup of material in the contact zone
could be observed during low-friction sliding, i < 0.1. As the fric-
tion coefficient rose above 0.1, dark material appeared in the con-
tact zone, as seen in Fig. 10(b), an image taken at 1L ~ 0.15. Video
analysis showed the dark material to be a combination of loose de-
bris moving around in the contact zone and fixed patches of transfer
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Fig. 11—In situ Raman of contact during sliding test of sapphire against
annealed B,C coating (see Fig. 9), showing spectra obtained.
(a) 100-108 cycles
(b) 553-562 cycles
(c) 1167-1176 cycles
Arrows show boric acid peaks, x’s show sapphire peaks.
Carbon peaks are indicated by “D” and “G.”

film adhering to the hemisphere in the center of the contact zone.
Figure 10(c) shows an image of the contact taken at the end of the
test, at a friction coefficient of about 0.2. The stationary dark mate-
rial in the contact zone in Fig. 10(b) was no longer visible; the mov-
ing dark spots (optical interference spots) in the contact zone were
similar to those observed during low-friction sliding (Fig. 10(a)).
Moreover, a significant amount of debris accumulated outside the
contact zone.

An in situ Raman spectrum obtained during low-friction (UL <
0.10) sliding is shown in Fig. 11 and marked (a). In addition to the
boric acid and sapphire peaks, D and G peaks of carbon are present.
The latter peaks are obtained from many types of carbon with
nanoscale or amorphous structures, including graphitic and amor-
phous carbon (22), glassy carbon and pyrolytic graphite (29), (28),
and hydrogenated carbon (25). Spectrum (b), taken at |1 ~ 0.15, shows
that the carbon peaks became more pronounced, while the boric
acid peaks disappeared. Spectrum (c), taken at i ~ 0.2, also shows
much larger carbon intensities, but, again, no boric acid; note that
the vertical scale of the upper spectrum has been reduced by a factor
of four due to the presence of a fluorescent background.

Fifteen sets of in situ Raman spectra, taken during the test re-
ported in Fig. 9, were analyzed by applying a background correc-
tion and normalizing the 881 cm-1 boric acid and carbon peak heights
with respect to the dominant sapphire peak (418 cm-1). Results of
this analysis are shown in Fig. 12. The height of the boric acid peak
gradually decreased during the low friction (L ~ 0.1) stage of the
test, disappearing around cycle 500. The D and G carbon peak heights
changed very little during this stage of the test. After cycle 500, as
the friction coefficient rose, the heights of the two carbon peaks
increased dramatically.

Ex situ Raman spectra from the hemisphere wear scar are shown
in Fig. 13. The light circular area in the center of the image was the
contact area during the last cycle of the test. Raman spectrum (a)
showed that it contained a large amount of carbon, whereas a spot
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Fig. 12—Raman peak intensity of boric acid and carbon (normalized by
the sapphire intensity) for the test shown in Fig. 9.
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Fig. 13—EXx situ analysis of ball scar from test against annealed B,C coat-
ing, showing Raman spectra.
(a) inside the contact region
(b) outside the contact region

outside the contact zone (b) still contained boric acid and much
smaller carbon peaks. An ex situ image and corresponding Raman
spectra of the wear track in the coating are shown in Fig. 14. The
light horizontal area across the middle of the image runs along the
center of the wear track. Raman spectrum (a) showed only carbon
in the center of the wear track, but boric acid and carbon outside of
the track (b). Clearly, when the friction coefficient leveled off at pL ~
0.20, the composition of the interface had changed from boric acid
+ carbon to carbon alone.

DISCUSSION

In the present study, two third body effects that controlled fric-
tion have been identified by in situ as well as ex situ analysis. First,
with the annealed boron carbide coatings, when boric acid was at
the sliding interface, the friction coefficient was low (L <0.1); when
carbon was at the interface, the friction coefficient was higher (U =
0.2). Secondly, the transitions between low and high (1t = 0.7) fric-
tion with the boric acid coating on Al and low and intermediate
friction with the annealed boron carbide coating involved both com-

Intensity (arb. units)

200 400 600 800 1000 1200 1400 1600 1800
Wave Number (cm-1)

Fig. 14—Ex situ analysis of coating wear scar from test on annealed B,C
coating, showing Raman spectra.
(a) center of wear track
(b) as-deposited coating

positional changes and redistribution of third bodies at the inter-
face.

With in situ techniques, the authors have shown that the boric
acid coating on Al sustained a low friction coefficient (1 = 0.06) so
long as boric acid was found covering both of the contacting sur-
faces. Somewhat higher friction coefficients, 0.08 < 1. < 0.10, were
observed with the annealed boron carbide coating when both boric
acid and carbon were in the contact. But when the boric acid disap-
peared and only carbon remained, the friction coefficient became L
= (.20; the latter is consistent with the friction coefficients of sev-
eral forms of carbon in ambient air (7), (26), (27), (13). The friction
coefficients obtained in this study also agreed with those obtained
by Erdemir and co-workers (/5) on the same coatings.

Boron carbide gave a friction coefficient ten times greater than
the value obtained with the annealed boron carbide coating (see Table
1). The low friction coefficient of annealed boron carbide exposed
to moist air was attributed to a surface film of boric acid by Erdemir
et al. (15); they also noted the existence of carbon on the annealed
surfaces. The presence of both boric acid and carbon on the an-
nealed boron carbide can be explained using thermochemical calcu-
lations (Poine). Boron carbide annealed in air at 800°C gives

B,C+0,—B,0,+C+CO(g)T +CO2()T

where solid carbon is favored at low partial pressures of oxygen,
while at higher partial pressures the oxygen combines with carbon
to form gaseous products. As discussed by Erdemir et al. (/5), in the
presence of humidity at room temperature, the boron oxide reacts
with water to form boric acid:

B,0, + 3H,0 — 2H,BO,

In this way, annealed B,C exposed to humid air provides not
one, but two friction-reducing compounds, boric acid and carbon.

In addition to identifying the two compounds, the in sifu analy-
sis demonstrated that the changes in friction coefficient correlated
with the composition of third bodies in the contact. When the hemi-
sphere broke through the boric acid coating on Al along a narrow

(Continued on next page)
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Fig. 15—(a) normalized concentrations for boric acid and carbon based
on in situ Raman spectra
(b) a comparison of caluclated and measured friction for the test
shown in Fig. 9

groove and made contact with the aluminum substrate, an Al trans-
fer film began to adhere to the sapphire hemisphere. After break-
through, the sapphire contact area contained two different third bod-
ies: an ever-growing patch of metallic Al (high friction) and the
remaining boric acid coating (low friction). As the friction coeffi-
cient increased from less than L = 0.1 to L =0.7, the sliding switched
from that of boric acid against itself to Al against Al (7). The corre-
lation between the friction coefficient and the computed area frac-
tion of aluminum can be seen explicitly in Fig. 5.

This friction behavior can be expressed in terms of the rule of
mixtures, written as:

w=op, + (1-o)p, [1]

where the measured friction coefficient, |, is the sum of contribu-
tions from each of the materials contributing to friction, and the
coefficients o and (1-o1) are taken to be the area fractions of the two
materials in the sliding contact. The dashed line in Fig. 5 is a plot of
Eq. [1] with p = 0.8 and p, = 0.06. The general agreement between
the data points and the dashed line supports the rule of mixtures for
the two distinctly different third body transfer films. Perhaps the
agreement could be improved by considering effects such as a non-

20

uniform pressure distribution within the contact area (4), but that is
beyond the scope of this analysis.

In situ analysis also provided several new insights into the fric-
tion behavior of the annealed boron carbide coating, with its two
lubricating compounds, boric acid and carbon. The friction coeffi-
cient during the first 400 cycles of the test, |1 = 0.08, was somewhat
higher than that of boric acid alone, u = 0.06. This difference is
probably due to having a mixture of low friction boric acid and higher
friction carbon (0.2) at the sliding interface. An estimate of each can
be found by substituting these friction values into Eq. [1], which
gives oo = 0.80; i.e., boric acid contributed 80% to the friction coef-
ficient and carbon, 20%.

A second insight can be seen by noticing that the friction coeffi-
cient remained relatively constant over the first 400 cycles or so
(Fig. 10) even as the Raman intensity of boric acid fell to near zero
(Fig. 13). This behavior is consistent with in situ observations that
the velocity accommodation was interfacial sliding, i.e., low fric-
tion was controlled by boric acid at the hemisphere and track inter-
face, and not by the bulk composition of the transfer film. Hence,
only after the boric acid disappeared from the contact (and the car-
bon intensity increased) did the friction coefficient rise to that of
carbon, i ~ 0.2. Clearly, friction was a poor predictor of the thin
film lubricant depletion. However, in situ Raman, which monitored
the amount of boric acid in the contact, was a good predictor of the
lubricant depletion.

The in situ Raman tribometry results (Fig. 12) can be used to
seek another, more quantitative, correlation between the friction
behavior and the amounts of boric acid and carbon detected in the
sliding contact. First we converted the normalized Raman intensi-
ties of boric acid and carbon curve in Fig. 12 to relative normalized
concentrations, X, of the two components vs. cycles; these are plot-
ted in Fig. 15(a). Friction coefficients were calculated by substitut-
ing the normalized concentrations — in effect o and (1 - o) values —
into the rule of mixtures (Eq. [1]). The calculated friction coeffi-
cients are plotted against the measured friction coefficients (from
Fig. 9) in Fig. 15(b). In this case, while the rule of mixtures qualita-
tively predicts the trend in the friction data, it is not a good fit; the
calculated value overestimated the friction coefficient by as much
as 30% between the two extremes. This is not surprising. First of
all, the micro-Raman sampled only one small area (2 pm spot size)
in the center of the contact. Since the velocity accommodation mode
is mainly interfacial sliding, the authors would expect contributions
from the entire width of the contact (roughly 300 um from Fig. 10(a))
over which the composition varied. Secondly, because boric acid is
a transparent material (Handbook of Chem. and Physics, (1970-71)),
the carbon Raman contribution could have come from below boric
acid at the interface, which would have overestimated the contribu-
tion of carbon to the friction coefficient calculated by Eq. [1].

The way in which the two third bodies controlled friction in the
annealed boron carbide coating was very complementary: as the
lower friction boric acid was worn from the contact, the carbon pro-
vided a backup solid lubricant, albeit at a higher coefficient of fric-
tion than boric acid alone. It is not clear why the slipperier material
(boric acid) initially controlled friction. Perhaps it segregated to the
interface, or perhaps the higher friction carbon was either buried
below the interface or ejected from the contact. Nonetheless, the
lower friction boric acid controlled friction when the two were
present. Similarly, the use of more than one lubricant phase to main-
tain low friction coefficients has been exploited (1), (36) to design
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adaptive solid lubricant coatings, e.g., coatings made up of materi-
als that are either lubricating or become lubricating during sliding.
When one phase outlives its usefulness, for example, at a given tem-
perature or in a given environment, a second lubricating phase takes
over. The combination of boric acid and carbon on the surface of the
annealed boron carbide coating appears to be a good example of a
naturally occurring adaptive lubricant for sliding contacts in moist
air.

The present experiments have also clarified the issue of how the
velocity is accommodated during low friction sliding. Both in situ
and ex situ analysis confirmed the presence of either boric acid or
carbon on the track as well as on the hemisphere at the two steady-
state friction levels, 0.06 and 0.2, respectively; this, coupled with
the observation of stationary transfer films on the hemispheres, is
direct evidence that interfacial sliding controlled the friction coeffi-
cient. In the transition between the two friction levels, however, a
second velocity accommodation mode, recirculation of debris, be-
came prominent. Descartes and Berthier have seen debris recircula-
tion effects with MoS, coatings (1 2), as have the authors with Pb-
Mo-S coatings (32). However, in the present example, it is not known
if debris recirculation contributes to friction or is the effect of the
increased friction due to the loss of boric acid.

Finally, the results demonstrated that an optical tribometer with
a micro-Raman spectrometer could be used as a real-time monitor
of the condition of sliding contacts in actual machinery. It detected
changes in third bodies that were either harmful, e.g., metallic de-
bris displacing boric acid, or beneficial, e.g., a carbon reservoir be-
neath the boric acid, and provided a real time measure of the loss of
solid lubricant. Of course, the data could not be used for predicting
performance without an understanding of the role of third bodies,
and for that, further research is needed to understand the role of
third bodies in controlling friction and wear.

CONCLUSIONS

In situ Raman tribometry has demonstrated that the chemistry
and transport of third bodies at the interface controlled the friction
coefficient and stability of two boron-containing solid lubricant coat-
ings. Low friction (L = 0.06) was obtained by interfacial sliding
between boric acid on the hemisphere and boric acid in the wear
track. Slightly higher but more stable friction coefficients (0.08 < L
< 0.2) were obtained with annealed boron carbide where a second
solid lubricant, carbon, replaced boric acid as it wore away and car-
bon became the dominant third body in the sliding contact. Lubri-
cant depletion occurred suddenly in a boric acid film on Al when a
metallic Al transfer film replaced boric acid. The friction rose in
proportion to the amount of Al transferred to the hemisphere. The
same third-body phases were detected in situ and ex situ, which sup-
ports the validity of the more common ex situ analysis of wear scars
in solid lubricated sliding contacts. Both Raman and optical moni-
toring of the contact provided advanced warning of the loss of low
friction.
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