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Low shear strength (30 MPa) organic films were grown in situ on Pt0.9Au0.1

surfaces via cyclic sliding contact in dry N2 with trace concentrations of
ambient hydrocarbons. We present a systematic investigation of the stress-
and time-dependent film formation. Steady-state friction coefficients were
found to be as low as l � 0.015 and inversely proportional to contact pressure,
revealing non-Amontonian behavior. Above a Hertzian contact pressure of
�500 MPa, shear strength dropped, indicating an activated process. Raman
spectroscopy identified non-uniformity in areal coverage and relative order
with contact pressure. Regions of steady-state low-friction behavior exhibited
spectra similar to DLC coatings. Atomic force microscopy was used to study
the formation and growth of films at the nanoscale. Stress- and time-depen-
dent measurements suggested a sublinear increase of film volume with time,
and a transition from growth to wear at a Hertzian contact pressure of �1.2
GPa.

INTRODUCTION

Investigations of organic film formation on cat-
alytic metal surfaces began as early as 1958 with
Hermance and Egan’s work on mated palladium
sliding contacts in vapor or liquid hydrocarbon
environments.1 They believed that chemisorption
of organics on a catalytic metal surface, followed by
frictional activation and polymerization, was
responsible for the visible accumulation of a dark
brown solid surface film. Subsequent characteriza-
tion showed that the film was an amorphous, high
molecular weight material, that they referred to as
a ‘‘frictional polymer.’’ Although studies of contact
force-dependent and speed-dependent formation
were carried out, the mechanisms of formation were
not clearly defined. Many studies thereafter sought
to explore the possibility of using this frictional

polymer as a means to realize self-lubrication and
wear reduction in specialized situations, such as
sliding in inaccessible enclosures under conditions
where conventional lubrication was not feasible.2–5

Chaikin’s work on frictional polymer formation
attempted to better understand film formation
though the lens of catalysis and charged particle
emission.6 Although this study showed that electro-
static interactions played a role, it was noted that
catalyst inhibitors were inconsequential in the pro-
duction of frictional polymers. So, although catalysis
is a popular explanation for tribopolymer generation,
the interplay of catalysis, mechanochemistry, and
electrostatic interactions remain incompletely under-
stood. There is consensus, however, that the mech-
anisms for forming a frictional polymer in situ
require at least three conditions: the presence of
organics, a catalytically-active substrate, and shear
between surfaces (i.e., sliding contacts).4
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Meeting each of these ‘‘necessary conditions,’’
multiple routes for the formation of carbonaceous
self-replenishing films on metallic surfaces have
been identified.7–13 The goal has been to realize self-
lubricating films with characteristics similar to
traditional carbon-containing coatings [e.g., graphi-
tic or diamond-like carbon (DLC) films] that have
been used for decades to reduce friction and wear.14

Recently, Argibay et al.15 found what is likely the
first in situ formation of carbonaceous films on
Pt0.9Au0.1 alloys at room temperature with friction
coefficients (l< 0.02) similar to solid lubricants
(i.e., DLC and MoS2). The nanocrystalline Pt0.9Au0.1

alloy (hereafter termed a Pt-Au thin film) used in
this study is likely catalytically-active while exhibit-
ing high hardness (� 7 GPa) and exceptional wear
resistance.16 The formation of these highly lubri-
cious tribofilms at low temperature from ambient
hydrocarbon species is novel and of significant
practical interest, given the simple requirements
to activate the process. Owing to the promise of
these Pt-Au films and the uncertainty of frictional
film formation in general, we investigate here how
contact pressure, environment, and the number of
sliding cycles affects the structural and tribological
properties. Specifically, we present the results of a
systematic investigation of formation rate, compo-
sition, and structure of these in situ films, with the
aim of better understanding the stress and time
dependencies of their formation. The tribological
performance of the carbonaceous tribofilms is exam-
ined, and the structure of the films are character-
ized using Raman spectroscopy. The formation and
growth of the tribofilms are studied at the nanoscale
using atomic force microscopy. We show that, under
the contact pressures employed, particularly at
higher pressures, the tribofilms have shear
strengths and structural characteristics like those
of traditional DLC coatings.

MATERIALS AND METHODS

Macroscale Tribology Experiments

Macroscale tribological experiments were per-
formed to investigate the formation of carbonaceous
tribofilms on Pt-Au-coated steel substrates in a dry
N2 environment. Material synthesis and character-
ization of the as-deposited Pt-Au substrates were
described previously.15,16 Six different contact
forces (presented throughout as contact pressures
calculated by assuming a Hertzian contact) were
used to investigate stress-dependent behavior: 10
mN (0.25 GPa), 50 mN (0.43 GPa), 100 mN (0.55
GPa), 200 mN (0.67 GPa), 400 mN (0.85 GPa), and
500 mN (0.94 GPa). Under each loading condition, a
3.2-mm-diameter sapphire sphere was run in a
bidirectional sliding motion against a Pt-Au-coated
steel coupon. All experiments were run with a 1-
mm/s sliding speed over a 2-mm track length (with
the exception of the stripe test, described below),
while normal and frictional force data was acquired

at 500 Hz. Experiments were run for 2000 bidirec-
tional sliding cycles, except for the 0.94 GPa test,
which was run for 3500 cycles to verify the steady-
state behavior. To compare the results with stan-
dard DLC coatings, experiments were also run on
hydrogenated amorphous carbon coatings doped
with silicon (a-C:H:Si) on 440C steel coupons under
the same contact conditions above, but for only a
subset of contact pressures (0.43 GPa, 0.55 GPa,
and 0.94 GPa). Three replicate experiments were
performed for each contact condition mentioned
above, with a new sapphire sphere used for each
test. The tribometer was previously described in
Argibay et al.,15 and was housed in an acrylic
environmental chamber that was purged with ultra-
high purity N2 at 34 L/min until less than 20 ppm of
O2 and H2O were present. No hydrocarbon species
were intentionally introduced into the environmen-
tal enclosure during testing. It is likely that ambi-
ent hydrocarbons are solely responsible for the
formation of the tribofilm,15 and as such were not
controlled or measured. Throughout the experi-
ment, O2 levels were continuously measured using
an Alpha Omega 3000 series oxygen analyzer.
Samples were rinsed in IPA/methanol prior to the
first wear series on each sample.

An additional macroscale tribological experiment
was performed to enable more detailed analyses and
comparison of the cycle-dependent formation behav-
ior of the tribofilms generated on Pt-Au surfaces. To
accomplish this, a stripe test17 was performed
where the number of cycles increased as the track
length decreased at predetermined cycle intervals.
Under a constant contact pressure of 0.55 GPa, the
track length (beginning at 4 mm) decreased linearly
by 1 mm as the sliding cycle number increased by a
factor of 10, up to a maximum of 103 bidirectional
sliding cycles, so that segments at least 1 mm long
were available for subsequent characterization.

Nanoscale Tribology Experiments

Nanoscale tribology experiments were performed
on an Asylum MFP-3D atomic force microscope
(AFM). Pt-Au-coated silicon substrates were fixed to
AFM sample pucks and mounted inside the closed
fluid cell on the sample stage. The fluid cell was
attached directly to high-purity N2 through a flow
meter, such that the cell maintained positive pressure
and the relative humidity was close to that of the dry
N2 source (< 20 ppm). Rectangular Si cantilevers with
polycrystalline diamond coatings on the tip side and
reflective aluminum coatings on the detector side
were utilized to facilitate high wear resistance and
enhance laser reflectivity (Nanosensors DT-CONTR
tips with a nominal spring constant, kc = 0.5 N/m). The
actual kc value of each cantilever was measured via
the thermal fluctuation method,18 and the resulting kc

values were within the range specified by the manu-
facturer. In addition, each cantilever was inspected
before and after each test using scanning electron
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microscopy (SEM) to assess the diameter and to check
for damage or material transfer. Tip diameters ranged
in size from 280 nm to 320 nm and no changes in shape
or size were observed after testing. The nanoscale
growth and wear experiments consisted of a two-step,
repeating process: (1) a contact-mode AFM image over
a 1 lm 9 1 lm area (64 pixels 9 64 pixels) at a scan
speed of 50 lm/s to enable tribofilm growth or wear,
and (2) an intermittent-contact (i.e., tapping) mode
AFM image over a 3 lm 9 3 lm area (512 pixels9 512
pixels) at a scan speed of 7.5 lm/s to assess the
tribofilm volume (V) and morphology. While resulting
in contact pressures higher than the macroscale
experiments, the normal forces used were limited by
the stiffness of the cantilever, and varied from 2 nN to
120 nN, consistent with maximum contact pressures
of 0.8 GPa to 3.1 GPa from Hertzian contact mechan-
ics.19 The overall procedure was similar to that
developed in Gosvami et al.20

Raman Spectroscopy and Imaging

Raman spectroscopy and imaging were conducted
on a WiTec alpha 300R confocal Raman system
employing a 532-nm incident laser focused through
an objective with a 950 magnification and a 0.55
numerical aperture. A power of 5 mW was incident
on the sample. No changes in the optical image or
spectra after laser exposure were observed at this
power level. Unpolarized light was collected and
dispersed using a 600-l/mm grating that, in combi-
nation with an Andor CCD camera, resulted in a
spectral accuracy of � 1 cm�1. Raman images were
acquired over varying areas with a Raman spec-
trum acquired every 2 lm. Carbon concentration
was estimated by quantifying the strength of the G-
mode near 1580 cm�1 relative to the baseline of the
signal near 2000 cm�1. All spectral fitting was
performed using a Britt–Wigner–Fano (BWF) line-
shape in accordance with Ferrari and Robertson.21

RESULTS

Stress-Dependent Tribofilm Formation

Under all load conditions at the macroscale, the
system initially exhibited a friction coefficient of l �
0.35, in agreement with previous experiments with
sapphire on Pt-Au thin films in ambient laboratory
air.15 After a run-in period, however, the formation
of a carbonaceous tribofilm led to a significantly
lower steady-state friction coefficient (l< 0.02). The
0.94 GPa contact pressure produced the lowest
friction, with an average steady-state friction coef-
ficient of l � 0.016, as shown in Fig. 1. The highest
steady-state friction was l � 0.13, corresponding to
the 0.25 GPa contact pressure. The results suggest
that even in an inert, dry environment, the trace
amounts of ambient hydrocarbons (i.e., parts per
billion) in the environmental enclosure—as well as
any latent carbon on the Pt-Au surface22—led to the
formation of lubricious carbon-based tribofilms.

The steady-state friction coefficient was plotted
against inverse Hertzian contact pressure to deter-
mine if the shear strength of the in situ tribofilm
was similar to plasma-enhanced chemical vapor
deposition (PECVD) DLC films and composites. It is
well known that within the elastic regime, the
coefficient of friction of solid lubricant films like
DLCs is inversely proportional to contact pres-
sure,23–25 and the relationship l ¼ s0=Pþ a holds,
where l is the coefficient of friction, s0 is the shear
strength, P is the Hertzian contact pressure, and a
is the pressure coefficient of the interfacial shear
strength, which has been found to be negligible for
many materials, including solid lubricants and
metals.19,26,27 Here, a linear regression was plotted
through the datasets, and the slope was used to
determine s0 for each solid lubricant.27 For the films
on Pt-Au, a notably higher value of l was observed
at the lowest contact pressures, resulting in a large
increase in s0. Mohrbacher and Celis observed a
similar phenomenon with hydrogenated amorphous
carbon coatings under similar contact pressures;28

they hypothesized that this deviation was attribu-
ted to a change in the surface structure and
properties of the tribofilm. The transition they
observed was also marked by the shift to a more
negative a coefficient (a = –0.02 to a = –0.23).28

Tribofilms formed on Pt-Au exhibited relatively
low a coefficients (a = –0.012) by comparison but
were higher than the PECVD-deposited DLC (a = –
0.006) and DLN films (a = –0.006) tested (Fig. 1). It
is possible that these differences in a between
PECVD-deposited films and tribofilms formed on
Pt-Au are due to the increased influence of hydro-
carbons on the Pt-Au surface or by the higher
degrees of disorder in such an amorphous solid.29

Despite the increase at low contact pressures, the
carbonaceous tribofilms exhibit a shear strength
comparable to traditional lubricious films. This was
deduced by comparing their response with two
additional DLC films, namely a commercial DLC
film formed via PECVD and a diamond-like
nanocomposite (DLN; DLC doped with Si and O).30

The shear strength of the Pt-Au thin film DLC for
low inverse contact stresses, between 1 GPa�1 and 2
GPa�1, converged to a value of s0 � 30 MPa as
compared to 15 MPa and 9 MPa for the DLC and
DLN films, respectively. These comparatively small
differences in shear strength between the differing
films are not surprising, however, as film thickness,
sp2/sp3 carbon content and structure, and the
degree of hydrogenation or other compositing
agents31,32 each affect this value.

To further probe the contact stress-dependent
formation of the carbonaceous film, Raman spec-
troscopy was used to characterize differences in the
amount of carbonaceous material deposited and
differences in its chemical structures. These results
are displayed in Fig. 2 for three different applied
pressures, for which optical images and Raman
maps of G-mode (� 1580 cm�1) intensity were taken
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to qualitatively assess the carbon coverage on the
0.94 GPa, 0.43 GPa, and 0.25 GPa tracks. Averaged
Raman spectra were taken along an �5 lm wide
region along the center of the wear scars (referred to
as centerline measurements) (Fig. 2d), as well as off-
centerline measurements that encompassed the rest
of the wear scar outside the centerline (Fig. 2e).
These results show an increased amount of car-
bonaceous film on the Pt-Au with increasing contact
pressure. Beyond the amount of carbon deposited,
Raman also indicates differences in the order of the
resulting carbon in the tribofilm, as well as slight
differences between the material generated along
the track centerline (the location with peak Hert-
zian contact pressure) versus the rest of the contact.
For Raman spectra taken along the track centerline
(Fig. 2d), the highest contact pressure (0.94 GPa)
resulted in a slightly more disordered sp2 carbon
signal. This was deduced by observing a small
downshift in the G-mode (�1588 cm�1 to 1581 cm�1)
peak position in conjunction with a slight asymmet-
ric broadening of peaks (Q�1; �6.8 to �4.3 (Table
I)).21 Spectra acquired outside the track centerline
(Fig. 2e) showed smaller differences, but similar
qualitative characteristics, in that slightly more
disorder was found with larger contact pressures.
These differences in both the amount of carbon and
their order qualitatively correlate with the steady-
state friction coefficients.

Owing to this link between performance and film
growth, the stress-dependent growth kinetics were
also examined via nanoscale tribological experi-
ments with AFM, as shown in Fig. 3. In this series

of experiments, contact-mode scans were generated
at contact pressures ranging from 0.8 GPa to 3.1
GPa, and intermittent-contact mode images were
taken at 500-cycle increments up to a total of 4500
cycles. Figure 3a shows intermittent-contact mode
images for a 4000-cycle region as a function of
pressure, and Fig. 3b presents the resulting tri-
bofilm volume (in and out of the contact region) for
multiple cycle numbers (up to 4000 cycles) as a
function of contact pressure. The data suggest that
the growth kinetics exhibited two separate regimes
as a function of contact pressure. At lower contact
pressures (1.2 GPa and below), total tribofilm
volume (V) appears to increase linearly with contact
pressure with tribofilm growth occurring vertically
and laterally, but only inside the contact region. At
1.2 GPa, signs of tribofilm wear begin to occur, as
growth at the center of the contact region recedes,
and deposits at the edges begin to accumulate. At
contact pressures above 1.2 GPa, the tribofilm
within the contact region was completely displaced
by the AFM tip, appearing to expose the Pt-Au
substrate (Fig. 3a). Interestingly, the increase in
tribofilm volume as a function of contact pressure
slowed considerably at the onset of wear (1.2 GPa),
yet grew considerably at the highest contact pres-
sure tested (3.1 GPa). It may be that renewed
contact of the Pt-Au substrate with the AFM probe
in addition to higher contact pressures accelerated
chain scission of adsorbed organics,15 leading to this
enhanced growth.

Time-Dependent Tribofilm Formation

To tie the changes in friction over time explicitly
to changes in structure and coverage, a macroscale
stripe test was performed at a contact pressure of
0.55 GPa. Using the same sapphire sphere, a test
was run for 1 cycle over 4 mm, 10 cycles over 3 mm,
100 cycles over 2 mm, and 1000 cycles over 1 mm.
Raman spectroscopy (Fig. 4) was utilized in each
stripe segment to probe the carbon content as a
function of total cycles (i.e., 1/10/100/1000 cycles).
Figure 4a–d shows carbon signal maps taken from
the centerline of the wear track from each segment.
As the number of cycles increased, the carbon signal
and carbon coverage increased, with brighter
regions containing more carbon and likely thicker
deposits. Figure 4e shows the carbon signal and l as
a function of the number of cycles. The highest
carbon signal, and lowest friction coefficient, were
observed at 1000 cycles. Spectra for each segment
(Fig. 4f) show the transition from a low-intensity
amorphous carbon signal for the very first bidirec-
tional pass to a spectrum representative of
increased order within the carbon film, with dis-
cernible separation of the D- and G-mode peaks at
100 cycles to 1000 cycles. D-mode and G-mode peak
positions, as well as Q�1, for the Raman results in
Fig. 4, are provided in Table II, where order in the
carbon nominally increases with number of cycles.

Fig. 1. Average steady-state l as a function of inverse contact
pressure (GPa�1) run in a dry N2 environment for Pt-Au/DLC
tribofilms (black squares), PECVD DLC films (red circles) and DLN
films (DLC+SiO2) (blue triangles).30 A linear regression was plotted
through each dataset to determine the corresponding values for s0.
Uncertainty intervals in reported friction coefficient correspond to the
standard deviation for each test in the steady-state regime. For the
Pt-Au/DLC data the black dotted regression line encompasses all
contact pressure conditions, whereas the black solid regression line
excludes the 3.93 GPa�1 (0.25 GPa) and 2.3 GPa�1 (0.43 GPa)
conditions that exhibited higher friction (Color figure online).
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The time-dependent growth kinetics were further
examined from nanoscale tribology experiments
with AFM, as shown in Fig. 5. The results in
Fig. 5 are a recast version of the same results from
Fig. 3, where contact-mode regions were generated
at contact pressures ranging from 0.8 GPa to 3.1
GPa, and intermittent-contact mode images were
taken at 500-cycle increments for 4500 total cycles.
Figure 5a shows intermittent-contact mode images
for a contact pressure of 1.2 GPa as a function of
number of cycles, while Fig. 5b presents the

tribofilm volume for contact pressures ranging from
0.8 GPa to 3.1 GPa as a function of number of cycles.
Figure 5a shows that the tribofilm exhibited patchy
growth in the contact region. Previous work has
suggested that film nucleation and growth may be
dependent on surface heterogeneities, such as
defects and roughness, that translate into hetero-
geneities in film thickness.20 From the data in
Fig. 5b, it is also evident that tribofilm volume
asymptotically approached a steady-state value for
all P, suggesting that the efficacy of the catalytic

Fig. 2. Optical images of wear scars and Raman spectra maps of G-mode intensity for (a) 0.94 GPa, (b) 0.43 GPa, and (c) 0.25 GPa contact
pressures. Average spectra for tribofilms along (d) the track centerline and (e) the off-centerline, showing a general increase in tribofilm formation
(brighter regions signifying more carbon signal), as well as an increase in disorder at the peak Hertzian contact pressure along the track
centerline, as evident by a downshift in G-peak position and asymmetric broadening of the D- and G-mode peaks.
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process that allows film growth decreased as the
number of cycles increased. Finally, it is important
to note that the average film thickness from Fig. 5b
(� 100 nm, assuming a representative volume of �
108 nm3 over an AFM contact area of 106 nm2, or
1 lm2) was consistent with thickness measure-
ments in macroscale wear tracks (� 50 nm to 200
nm, from Argibay et al.15), implying that the growth
kinetics are dependent on contact pressure and not
probe diameter.

DISCUSSION

From the stress-dependent friction coefficient
measurements (Fig. 1), the tribofilms formed
in situ on Pt-Au were found to have shear strength
(30 MPa) and behaviors similar to that of sliding

pairs involving DLC films and compos-
ites.24,28,30,33,34 For example, Cui et al. reported a
shear strength of s0 � 16 MPa for hydrogenated
amorphous DLC films in a dry N2 environment,33

and Zhao et al. reported a shear strength of s0 � 10
MPa for Ti-DLC films in ambient air.34 As reported
previously,15 similar tribofilms formed on Pt-Au
exhibited a relatively low degree of hydrogenation
(20%) as well as Pt-Au nanoparticles dispersed
throughout the thickness of the film. This may
explain the slightly higher shear strengths observed
here as compared to pure DLC tribopairs. More
interestingly, steady-state l results as a function of
inverse Hertzian contact pressure suggest experi-
ments run at lower contact pressures exhibit higher
shear strengths (Fig. 1). Mohrbacher and Celis
reported similar behavior in hydrogenated amor-
phous carbon films run in air with 5% relative
humidity.28 It is possible that this threshold was
observable for Mohrbacher and Celis due to the
effects of non-carbonaceous adsorbates (water or
oxygen) disrupting either transfer and/or running
film formation at lower contact pressures.35 Disrup-
tion or thinning of transfer films in DLC contacts is
known to result in friction instabilities or film
failure,36,37 which may also explain the higher
shear strengths observed here at lower contact
pressures. Raman maps of film formation as a
function of contact pressure (Fig. 2a–c) and sliding
cycles (Fig. 4a–d) suggest that an increase in
tribofilm coverage and thickness promotes low and
consistent friction behavior. Interestingly, at the
comparable contact pressures tested in both the
macroscale (Fig. 2a) and nanoscale (Fig. 3a) exper-
iments, the tribofilm coverage/thickness was much
greater at the edges of contact as compared to the
track centerline or the region in contact in AFM.
This behavior is similar to transfer films formed in
DLC tribopairs, where others have hypothesized
that, unlike the base DLC coating, transfer films
formed in the contact are more polymeric in nature.
As such, the tribofilms exhibit viscoelastic proper-
ties that allow them to squeeze outside the nominal
contact area, like what we observe.38,39

In addition to highlighting the changes in cover-
age and thickness/intensity of carbon in wear scars,
Raman spectroscopic maps of tribofilms were useful

Table I. G-mode (xG) and D-mode (xD) peak positions together with coupling coefficients from BWF
lineshape fits as a function of maximum Hertzian contact pressure and wear track position, derived from
spectra in Fig. 2.

Max Hertzian contact pressure (GPa) Track position xG (cm21) xD (cm21) Q21

0.94 Center 1581 1348 �4.3
0.43 Center 1589 1346 �6.9
0.25 Center 1588 1354 �6.8
0.94 Off-center 1584 1349 �5.4
0.43 Off-center 1586 1355 �8.9
0.25 Off-center 1587 1354 �8.1

Fig. 3. Tribofilm formation as a function of contact pressure as
determined from the nanoscale experiments. (a) Intermittent-contact
mode topography images (3 lm 9 3 lm area) of the contact region
after 4000 cycles at contact pressures of 0.8 GPa, 1.0 GPa, 1.2 GPa,
1.5 GPa, 2.3 GPa, and 3.1 GPa. (b) Tribofilm volume as a function of
contact pressure for experiments up to 4000 cycles.
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in assessing if contact pressure or time in contact
influenced the structure of these carbonaceous
deposits in any meaningful way. Works from Fer-
rari, Casiraghi, and Robertson provide a means of
interpreting visible Raman spectra to characterize
amorphous carbon films, via the sp2 carbon bonding
characteristics manifesting in the shape and inten-
sity of the D- and G-mode peaks.21,40,41 In general,
the average Raman spectra taken as a function of
both contact pressure and cycle count shown here
were remarkably similar to transfer films formed

when sliding against DLC coatings. As others have
shown, the Raman spectra for these transfer films
are quite distinct from the base DLC coating, and
typically exhibit a comparatively higher degree of
ordering.36,37,42–44 This increase in ordering was
most evident for in situ-generated tribofilms formed
on Pt-Au substrates as a function of increasing cycle
count (Fig. 4). Maps and average Raman spectra
taken at lower cycle counts indicated the formation
of a low intensity amorphous carbon material, while
higher cycle counts gradually showed the

Fig. 4. Raman spectra maps of G-mode intensity on a stripe test under a constant 0.55-GPa contact pressure at (a) 1000, (b) 100, (c) 10, and (d)
1 bi-directional sliding cycles. A plot of (e) carbon signal (red squares) and friction coefficient (black circles) as a function of cycle number, as well
as (f) averaged Raman spectra for each cycle segment, show that the increasing number of cycles led to stronger and more ordered carbon
signals, as well as higher surface coverage and decreasing friction coefficients (Color figure online).

Table II. G-mode (xG) and D-mode (xD) peak positions together with coupling coefficients from BWF
lineshape fits as a function of maximum Hertzian contact pressure and sliding cycles, derived from spectra
in Fig. 4.

Max Hertzian contact pressure (GPa) Sliding cycles xG (cm21) xD (cm21) Q21

0.43 1 1567 1325 �3.4
0.43 10 1583 1346 �4.0
0.43 100 1582 1349 �4.3
0.43 1000 1586 1344 �4.5
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emergence of distinct and prominent D- and G-mode
peaks. The 100- and 1000-cycle stripe segments
were structurally very similar to one another
(Table II), and exhibited the lowest friction coeffi-
cients in the stripe test. Similarly, the more disor-
dered material at shorter cycle counts exhibited
higher friction, suggesting a general decrease in
friction with an increase in ordering of the tribofilm.

In contrast, tribofilms generated on Pt-Au in the
macroscale experiments exhibited a slight increase
in disorder of the carbon structure with increasing
contact pressure and subsequently decreasing fric-
tion coefficients (Fig. 2). As mentioned earlier, this
slight decrease in ordering at the highest contact
pressures (0.94 GPa) is signified by a downshift in
the G-mode (�1580 cm�1) peak position, as well as a
slight asymmetric broadening between peaks
(Table I).21 This observed increase in disorder is
relatively small compared to lower loads, and is only
observed in the centerline of the wear track where
the peak Hertzian contact pressure is highest. It is
also interesting that, at the lowest contact pressure
(0.25 GPa), the tribofilm is concentrated at the track
centerline (Fig. 2c), and ultimately accelerates in
growth rate and begins to pile up at the edges of the
wear scar (Fig. 2a) at the highest contact pressure
(0.94 GPa). A similar trend is seen in the AFM
results (Fig. 3), where tribofilm volume generally

increases with contact pressure across two distinct
regimes. Below the 1.5 GPa contact pressures used
in AFM, growth of an adherent tribofilm occurs
within the contact region, similar to what is
observed at the track centerline under the peak
Hertzian contact pressure of 0.25 GPa in macroscale
experiments (Fig. 2(c)). One possible explanation for
this relatively steady rate of increase in tribofilm
formation at lower contact pressures may be related
to the contact area. Hermance and Egan’s work on
tribopolymer formation suggested that the increase
in contact area as a function of increasing force may
explain the increase in tribopolymer yield as a
function of load, as it enables the incorporation of
more organics into the tribopolymer formed through
sliding.1 For AFM experiments, each successive
pass of the AFM probe within the rastered contact
region contributes to the aggregate increase in
tribofilm volume with increased contact area. At
1.5 GPa contact pressures and above in AFM,
growth of the tribofilm proceeds initially at a slower
rate and wear of the tribofilm results in nearly all
the volume being moved to the periphery of the
contact, possibly from exceeding the adhesive
strength of the tribofilms on Pt-Au. Again, this is
similar to what is observed at the highest contact
pressures assessed in macroscale experiments
(Fig. 2a; 0.94 GPa) where the highest intensities of
carbon signal are at wear scar edges. As is seen in
Raman spectroscopy of macroscale experiments, a
carbonaceous tribofilm still persists within the
contact region, yet appears to be completely
removed in nanoscale experiments at 1.5 GPa and
above. Despite this, growth of the tribofilm persists
in nanoscale experiments at the higher contact
pressures, likely driven by continuous replenish-
ment of ambient organics at the surface that feed
the formation before the film is pushed out of the
contact region. It is also possible that the degree of
reactivity of the diamond probes used in AFM
differs from that of sapphire used in macroscale
studies, as well as differences in shear rate, both of
which are outside the scope of the current study.

At the highest contact pressure tested in AFM,
3.1 GPa, tribofilm growth increases dramatically
(Fig. 3), but is still relegated to the periphery of the
contact area. Such an increase in growth rate
relative to lower contact pressures suggests the
activation of a distinct formation mechanism. At
higher contact pressures, greater formation is likely
stimulated by more intimate contact with the
catalytic Pt-Au substrate, as well as a higher degree
of chain scission of organic molecules on the sur-
face.15 More chain scission of adsorbed organics on
the surface would likely lead to more disordered
carbon networks on the surface, as well as more
undercoordinated carbons available for passivation
and bonding to grow the tribofilm. Raman spec-
troscopy on the macroscale wear scar at 0.94 GPa
(Fig. 2d) corroborates this proposed mechanism,
showing an increased disorder of the carbon in the

Fig. 5. Tribofilm formation as a function of number of cycles as
determined from the nanoscale experiments. (a) Intermittent-contact
mode topography images (3 lm9 3 lm area) of the contact region at
a contact pressure of 1.2 GPa after 0 cycles, 500 cycles, 1000
cycles, 2000 cycles, 3000 cycles, and 4000 cycles. (b) Tribofilm
volume as a function of cycles for contact pressures up to 3.1 GPa.
For all P, tribofilm volume increased asymptotically to a steady-state
value at large numbers of cycles.
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tribofilm with contact pressure. No evidence of wear
of the Pt-Au substrate was observed for the AFM
studies, even at the highest contact pressures
tested. This may be due to the continuous adsorp-
tion and degradation of a hydrocarbons producing a
sacrificial film. Also, the relatively high hardness of
Pt-Au (� 7GPa) could be a contributing factor to the
observed wear resistance during testing.16

Recent studies by Gosvami et al.20 noted the
growth and wear regions during similar single-
asperity tribofilm growth studies with zinc
dialkyldithiophosphate (ZDDP). Interestingly, the
transition between tribofilm growth and wear for
ZDDP-based tribofilms was � 5 GPa (compared to �
1.2 GPa for our tribofilms), suggesting more wear
resistant films or a difference in film growth mech-
anisms and adhesion to the substrate. Debris gen-
eration outside the contact region at higher contact
pressures was also not observed, possibly due to
dispersal in the liquid medium used for testing. Our
time-dependent measurements (Fig. 5), though,
indicate some significant differences in the reaction
pathways. For our tribofilms formed on Pt-Au, the
volume asymptotically approached a steady-state
value for all pressures, suggesting that the efficacy
of the catalytic process decreased as the number of
cycles increased. In contrast, the ZDDP-based tri-
bofilms showed an initial linear and subsequent
power-law growth, consistent with a zero-order and
nth-order (n = 0.22) reaction, respectively, as cycles
increased. Curiously, the films formed from ZDDP
additives grew on various substrates, while these
lubricious tribofilms likely depend on the catalytic
Pt-Au thin films, and this may be the basis for the
different reaction pathways. Additional studies con-
trolling the composition, structure, and concentra-
tion of organics in the environment will be critical in
fully understanding tribofilm formation mecha-
nisms on Pt-Au surfaces.

SUMMARY AND CONCLUSION

A systematic study on catalytically-active noble
alloy surfaces was carried out to examine the stress-
and time-dependent formation of extremely low-
friction, self-lubricating in situ carbon tribofilms. In
dry N2 sliding conditions, we have shown that
carbonaceous tribofilms readily form on Pt-Au thin
films, resulting in steady-state friction coefficients
as low as l � 0.016 at a maximum Hertzian contact
pressure of about 1 GPa. The friction coefficient of
these tribofilms showed a clear contact stress
dependence similar to the behavior of commercial
DLC films. The shear strength of the tribofilm was
s0 � 30 MPa, slightly higher than those of DLCs in
the literature.24,28,30,33,34 Raman spectroscopy
demonstrated that an increase in contact pressure
led to an increase in coverage, concentration, and
disorder of the tribofilm. AFM experiments con-
firmed the increase in surface coverage (volume)
with pressure, but also highlighted a transition

from film growth to wear at a threshold contact
pressure near 1.2 GPa. Stripe tests at constant
pressure showed time-dependent formation of the
tribofilm, with carbon concentration and degree of
ordering of the amorphous carbon structure increas-
ing with cycle count (time). Finally, time-dependent
AFM experiments demonstrated a sublinear
increase in film volume with time, suggesting that
the efficacy of the catalytic process decreased as the
number of cycles increased.
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