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a b s t r a c t

Wear and degradation of interfaces remain a significant roadblock in commonly used mechanical as-
semblies across various industries, resulting in loss of their efficiency and ultimately functionality. To
advance the state-of-the-art in tribological applications, new materials must be developed not only to
resist degradation, wear, and higher frictional losses in extreme environments (i.e. high temperatures,
contact/shear forces, etc.), but also to benefit from them. By adopting hard, catalytic interfaces, a wide
range of contact conditions can emerge where mechanochemical interactions lead to the formation of
protective or self-healing lubricious films. Here, we demonstrate the mechanochemically driven for-
mation of protective carbon films on Pt-Au alloys during sliding in an ethanol environment. We
demonstrate the effect of temperature and contact pressure on film formation. The films formed on Pt-
Au alloys exhibit a highly graphitic structure as indicated by Raman and Transmission Electron Micro-
scopy (TEM) analyses. The observed results are further supported by molecular dynamics simulations
that show the changes in the dissociation and transformation of ethanol molecules with applied pressure
and temperature. The results create a new understanding of transformations in the contact and suggest a
solution for addressing tribological challenges in the mechanical systems operated in low viscosity fuels.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Surface degradation accounts for more than 70% of the loss of
functionality in mechanical systems [1,2]. Out of this, 50% is
attributed to mechanically induced wear and deformation of ma-
terials [3,4]. To address this issue, surfaces are often covered with
protective coatings to mitigate wear and frictional losses during
sliding [5e7]. Those films, however, eventually wear or experience
adhesion and delamination issues without any potential for
replacement or repair in the field. This is especially true for films
created through more demanding deposition processes requiring
high temperature/high vacuum. Consequently, oil-based lubrica-
tion has been a traditional approach used by industry to protect the
sliding surfaces by delivering the viscous lubricant directly into the
sliding contact. However, the new initiatives aiming to operate low
n).
carbon emission mechanical systems using low-viscosity fuels
made the use of traditional oil lubricants not viable.

Our prior studies demonstrated excellent tribological properties
of ordered carbon layers, two-dimensional (2D) graphene [8e11].
Easy shear of 2D layers provides a unique set of characteristics
needed for suppressing damage in mechanical contacts [12e16].
Specifically, in the case of graphene platelets lubricating sliding
steel counterparts, we observed a 4e5x times reduction in friction
and 4 orders of magnitude reduction inwear [10,11]. This improved
performance persisted when transitioning between humid and dry
environments [9]. However, the replenishment of such coatings
also poses certain challenges.

The same contact conditions that lead to the wear and
deformation of interfaces (i.e. high contact/shear forces and tem-
peratures) can also provide substantial amounts of mechanical
energy to chemical species that appear at the interfaces [17,18].
Subsequently, for substrates that exhibit a high degree of wear
resistance and catalytic potential, aggressive contact conditions
that otherwise wear or damage substrate surfaces can instead lead
to mechanochemical interactions that promote the formation of
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protective tribofilms [18e20]. Dynamic processes at the sliding
interfaces create favorable temperature and pressure conditions
[17,21] that can facilitate a chemical activity on the surface of
sliding material, thus significantly reducing the required external
energy. These reactions are capable of forming durable, self-
generating tribofilms directly at the contact [22e25].

Organic compounds in particular (i.e. ambient or liquid hy-
drocarbons) have been shown to readily decompose on hard,
Fig. 1. (a) Deposited Pt-Au films and composition EDS analysis of the coating. (b) 3D height p
mapping showing the top view of the grains. (e) EDS mapping and (f) line scan of Au atom
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catalytically active substrates and produce tribofilms with a wide
range of intriguing tribological characteristics [26]. For example,
the formation of graphitic layers from internal body fluids has
been detected in metal-on-metal hip replacements [27]. Addi-
tionally, the formation of diamond-like carbon (DLC) films on Pt-
Au alloys was observed in a dry sliding environment with trace
organics [28]. These films can have a tremendous impact on the
performance of mechanical systems, though their formation has
rofile AFM image of the coating surface. (c) Cross-sectional TEM and (d) plan-view EDS
ic concentration, respectively. (g) XRD pattern of the Pt-Au coating.
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only been explored in a limited number of studies to date. Spe-
cifically, it has been shown that the presence of catalytically active
substrates subjected to sliding in organic species such as vapor
phase hydrocarbons or oils initiates the growth of DLC-like films
in the wear track that significantly reduced friction and wear of
the sliding interfaces [28,29]. Tribologically-induced trans-
formation has been also observed in a dry environment for the
carbon-iron system [30]. Tribocatalytically-active iron nano-
particles dispersed on a silicon substrate surface sliding against a
DLC counterface facilitated the reconstruction of DLC or amor-
phous carbon into onion-like carbon (OLC) structures [30].

Here, we demonstrate the mechanochemical formation of
lubricious carbon films can be used as a viable approach to
addressing the tribological issues of the surfaces operated in low
viscosity fuel environments, such as ethanol. For this, we imple-
ment Pt-Au coating that upon rubbing facilitates disintegration and
reconstruction of hydrocarbon molecules into graphitic carbon
film. We show that both temperature and pressure have a critical
effect on the rate of tribofilm formation.

2. Experimental procedure

2.1. Deposition of Pt-Au coatings

The samples were deposited on copper substrates by direct
current magnetron sputtering in a cryo-pumped high vacuum
system (base pressure of ~10�7 Torr). Sputtering was performed
using high purity Au-Pt deposition targets pre-sputtered for several
minutes prior to deposition to prevent the incorporation of
adventitious carbon. The coatings, even without further annealing,
as analyzed in prior work [28,31], demonstrated a very high hard-
ness of 7.1 ± 0.4 GPa.
Fig. 2. (a) Coefficient of friction of Pt-Au coating and heat-treated AISI 440 C (with 58e60 H
profilometry results for the wear track depth. Micrographs of the wear track of (c) Pt-Au, (
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2.2. Tribological tests

The tribological assessment of the samples was performed using
a macroscale pin-on-disk tribometer (Anton Paar, TRB3) equipped
with a liquid cell of up to 100 ml capacity and a heating stage.
Alumina balls of 6.35 mm diameter and initial roughness of ~20 nm
Rawere used as the counterpart material. The tests were performed
at 25 �C, and 50 �C under ethanol submersion, in a reciprocating
mode at 2 Hz over a 2 mm sliding distance. The maximum linear
speed was 0.44 cm/s, and the applied load ranged from 0.25 N to
1 N, corresponding to 0.4e0.7 GPa maximum Hertzian contact
pressure. Each test was repeated at least 3 times to confirm the
reproducibility of the results.

2.3. Characterization

Chemical analysis, elemental mapping, and cross-sectional mi-
croscopy were conducted using FEI Quanta 200 SEM equipped with
energy-dispersive X-ray spectroscopy (EDS) at 5 kV beamvoltage. A
focused ion beam (FIB) attachment to the FEI Quanta SEMwas used
for cross-sectional imaging and TEM sample preparation. High-
magnification micrographs were captured with TEM (FEI Tecnai
G2 F20). Optical analysis of the wear tracks was performed using a
Zeiss optical microscope. Raman spectroscopy analysis was per-
formed using the Renishaw Raman system with a green laser
(532 nm). The composition of the coatings and corresponding
phases were tested using the Rigaku Ultima III X-ray diffractometer
(XRD) with Cu Ka X-ray source operated in q-2q scanning mode
with 1�/min scanning rate and 0.02� step increments. Additionally,
chemical analysis of the wear tracks was performed using X-ray
photoelectron spectroscopy (XPS) with a high flux X-ray source
with an Aluminum anode for X-ray generation and a quartz crystal
RC hardness) tested against an alumina ball at 1 N load at room temperature. (b) Stylus
d) AISI 440C HT.



A. Shirani, Y. Li, J. Smith et al. Materials Today Chemistry 26 (2022) 101112
monochromator to focus and scan the beam on the sample with the
PHI Versaprobe apparatus. Coating roughness and thickness anal-
ysis were performed using Veeco Dektak 150 stylus profilometer
with a 2.5 mm tip radius. AFM height profile measurements were
performed using Bruker MultiMode 8 microscope in tapping mode
with the scan area of 1 � 1 mm2 and the scan rate of 0.5 Hz.
2.4. Simulations

Simulations were performed using the LAMMPS simulation
code [32] with a reactive force field (ReaxFF) developed for Pt
catalysts [33]. One hundred ethanol molecules were placed be-
tween pair of 1.6 nm thick single-crystal Pt layers with (001) sur-
face orientation. The Pt layers were sheared at a velocity of 1 m/s
with applied loads of 0.5, 1.25, and 2 GPa at temperatures of 300,
500, and 700 K. Temperatures were maintained with a Langevin
thermostat. A Langevin thermostat was applied to all mobile atoms
(i.e. except those involved in applying forces), but only in the y-
direction, perpendicular to the normal (z) and shear (x) directions.
In-house post-processing codes were used to identify molecules by
Fig. 3. Tribological analysis of the Pt-Au coating in an ethanol environment at (a) 25 �C and
at (c) 25 �C and (d) 50 �C. Profile of the wear track as a function of testing temperature at 0.
Experimental and modeled values for the tribofilm growth rate as a function of applied pr
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searching for user-defined fragments as small subgraphs contained
in the global bond information determined by ReaxFF.
3. Results and discussion

The surface morphology of the Pt-Au coating is illustrated in
Fig. 1a and b. SEMmicrograph and AFM 3D images of the Pt-Au film
surface indicate uniform structures. The cross-sectional analysis of
the films was performed using TEM. Results indicate that the film of
~1725 ± 10 nm thickness has a columnar structure (Fig. 1c) with
grain sizes in the 10e40 nm range, in agreement with the AFM and
SEM results (Fig. 1d). TEM EDS map and line scan analysis show Au
was deposited preferentially across the grain boundaries (Fig. 1e
and f) with Au twice as likely to accumulate at the grain boundaries
as within the grains. At grain-boundaries, Au concentration reached
up to 15 at%, while the average concentration among the grains was
about 7e8 at% (Fig. 1f). According to the high-resolution plan-view
TEM, and Au EDS map, Au clusters were formed at the grain
boundaries with an average size of less than 5 nm. XRD analysis of
the film indicates the formation of (111) and (200) Pt planes
(b) 50 �C. Micrographs of the wear track and inserted counter body for tests performed
25 N (e), 0.5 N (f), 0.75 N (g), and 1 N (h). Calculated film growth on the wear track (i).
essure (j) fitted by the Arrhenius model.
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(Fig. 1g) and the absence of Au peaks in the XRD spectra further
confirms the amorphous structure of the Au segregated at the grain
boundaries. This solute segregation approach was deliberate to
stabilize the grain boundaries and provide beneficial mechanical
properties [28,31].

The tribological characteristics of the Pt-Au film under ethanol
lubrication were compared to those of heat-treated (HT) AISI 440C
steel with 58e60 HRC hardness (referred to as 440C HT), one of the
standard materials used in a wide range of mechanical assemblies
such as fuel delivery system components (Fig. 2). A summary of the
frictional behavior of the Pt-Au film and uncoated steel sliding
against Al2O3 in the ethanol environment at 25 �C and 0.64 GPa
Hertzian maximum contact pressure is provided in Fig. 2a. The
tribology tests were conducted over 100k sliding cycles. The 440C
HT shows the average coefficient of friction (COF) of 0.3 with un-
even behavior and abrupt spikes around the 30k cycle that in-
dicates plastic deformation, micro-cutting, and formation of debris
during the test. Meanwhile, the Pt-Au provides very uniform and
steady frictional behavior with the COF ~0.16.

A comparison of the wear tracks reveals the improved wear
resistance of the Pt-Au sample over the uncoated steel surface
(Fig. 2b). 440C HT, shows deep grooves with 241.8 mm wear track
width. However, Pt-Au just has 88.1 mm wear track width without
evidence of in-depth wear (Fig. 2c and d). Stylus profilometry re-
sults indicate that Pt-Au film experienced almost near zero depth of
the wear track, while 440C HT shows 4 mm depth resulting in the
wear rate of 3.7 � 10�6 mm3/N m (Fig. 2b).
Fig. 4. EDS map analysis of the wear track (SEM image and the corresponding EDS map of ca
FIB-cross sectional view of the tribo-film at the wear track.
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The Pt-Au metal alloy system has been reported to show highly
thermally stable nanocrystallinity [34] that is potentially respon-
sible for the excellent wear resistance of the material [31]. To un-
derstand the origin of the superior tribological properties we focus
on a detailed analysis of the Pt-Au film. To assess how the Pt-Au film
behaves at different contact pressure and temperature conditions, a
series of tribology experiments, within the range of the maximum
applied Hertzian contact pressure 0.4e0.7 GPa, (0.25e1 N), and at
temperatures of 25 �C and 50 �C, were conducted (Fig. 3). The co-
efficient of friction values are summarized in Fig. 3a and b and show
that the Pt-Au film has lower COFs at higher loads. The minimum
COF values are roughly 0.13 at 25 �C and 0.16 at 50 �C.

Optical micrographs of the wear track and the counter-body
indicate that a higher applied load does not have a considerable
effect on the size of the wear track. As the load increased within the
0.25e1 N range, at 25 �C, the wear track width increased by ~16%,
from 148.4 mm to 172.6 mm. Surprisingly, at 50 �C, not only did the
size of the wear tracks not increase, they rather showed a reduction
from 129.1 mm to 104.8 mm as the load was changed from 0.25 N to
1 N, respectively (Fig. 3c and d).

A comparison of the representative wear tracks’ profiles from
stylus profilometry is shown in Fig. 3eeh. Thewear tracks show the
accrual of material within the contact, leaving no discernible wear.
This suggests the tribocatalytically-activated formation of solid
films at the sliding interfaces during shear. Increased temperature
and load clearly show a positive effect on the tribofilm formation,
with the maximum tribo-film formation at 50 �C and 1 N (Fig. 3h).
rbon intensity) at (a) 0.25 N, 25 �C, (b) 0.25 N, 50 �C, (c) 1 N, 25 �C, and (d) 1 N, 50 �C. (e)
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To have a better quantitative understanding of the temperature
and applied load effects on the formation of protective tribofilms,
the cross-sectional area changes are summarized in Fig. 3i. As the
profile of the wear track varies depending on the location of the
measurements, five profilometry scans were performed away from
the edges and the resulting material accumulation has been aver-
aged to estimate the material gain as a function of the load and
temperature. These results further confirm that higher temperature
and applied load provide more favorable conditions for tribofilm
formation. It should be noted that because the films are not uniform
the cross-sectional measurements shown are averaged over at least
3 scans performed at the center of the wear tracks.
Fig. 5. (a) Optical micrographs of the wear track tested at 1 N, 50 �C. A designated area with
outside and inside the wear track, marked by “x” and “y” on (a). (c) Raman 2D mapping of G
the wear debris collected from the tribofilm (g) XPS analysis of the wear track.
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The observed tribocatalytically-driven formation of the films is
fitted by an Arrhenius model (Fig. 3j), suggesting that the growth
rate should depend on the temperature and stress as [35,36]:

G¼G0exp(�(DUact�sDVact)/kBT) (1)

where the constant G0 depends on the nature of the carbon species,
DUact is the internal activation energy for the tribofilm formation, s
is the mean value of the stress (here the contact pressure in GPa),
DVact is the activation volume, kB is Boltzmann's constant, and T is
the absolute temperature. The parameter G0 ¼ Vmy depends on the
effective attempt frequency, y, and the molar volume Vm of the
the blue dashed line was used to perform Raman 2D mapping. (b) Single Raman spectra
-band (at ~1560 cm�1 and (d) 2D-band (at ~2700 cm�1) (e) TEM and (f) EELS analysis of
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growth species (for the carbon-based film growth Vm ¼ 5.29 cm3/
mol). The attempt frequency ywas selected 1013 s�1 [36]. Fitting the
experimental data with the Arrhenius model provides the values of
the fitting parameters DUact, and DVact as 0.96 eV, and 0.307 Å3,
respectively. These activation energy and activation volume values
are of a similar range as the ones reported in prior studies focusing
on mechanochemically induced tribofilm formation from organic
species such as methyl thiolate, n-decane, or allyl alcohol vapor
[37e39]. It should be noted that the recent numerical models
suggested that the driving force for the reaction is the involved
shear stress, though it is challenging to separate the effects of
normal and shear stresses [40]. Considering this assumption, the
activation volumewould increase to ~2e3 Å3 which is in agreement
with the volume of the ethanol molecules and its covalent bond
fragments potentially involved in the reaction.

EDS mapping of the wear tracks formed on the Pt-Au surface
during sliding (Fig. 4) reveals the carbon-based nature of the
formed tribo-film. The results suggest that the formation of these
tribo-active-films highly depends on the applied load and tem-
perature. The ratio of wt% of C relative to wt% of Pt is used to
evaluate the progression in the carbon formation as a function of
the testing parameters. Direct comparison between 25 �C and 50 �C
at 0.25 N and 1 N load, indicates that at 0.25 N at 25 �C the C/Pt ratio
is 0.07, with no clear carbon contrast inside the wear track, while at
1 N at 50 �C this ratio increases to 0.16, with clear carbon presence
inside the wear track.

FIB cross-sectional image of the produced tribo-active film
(Fig. 4e), shown by the red line in Fig. 4d, shows the adhesion of Pt-
Au to the Cu substrate. Also, the thickness of the Pt-Au remains
uniform and shows no evidence of severe plastic deformation or
debris formation. Meanwhile, the cross-sectional images per-
formed on the wear track formed during sliding at 1 N at 50 �C
Fig. 6. MD simulation results. (a) Snapshot of the overall system. (b) Change in the number
(c)e(e) top-down snapshots of the simulations (Pt removed) in the initial configuration (c)
Molecular fragments in (d) and (e) are circled in yellow.
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indicate the formation of non-uniform carbon filmwith a thickness
of 100e200 nm, in agreement with the stylus profilometry mea-
surements (Fig. 3h) and previous studies [28].

Further analysis of the Pt-Au wear tracks with Raman spec-
troscopy has been performed to unravel the nature of carbon in the
wear track (Fig. 5aed). Analysis of the tribo-film shows clear G-
band (at ~1560 cm�1) and 2D-band (at ~2700 cm�1) Raman peaks,
indicating the formation of graphitic carbon [41]. 2D maps of these
peaks indicate uniformity of the graphitic carbon inside the wear
tracks. These results suggest that high contact pressure and
elevated temperature at the sliding interface during tribotests in
ethanol activate the tribocatalytically-induced transformation of
carbon from the hydrocarbon source to graphitic carbon. The
structure of the resulting carbon films is an important aspect to
highlight. In our earlier studies, we observed the formation of DLC-
like film tribocatalytically-induced from low-viscosity hydrocar-
bons by the presence of copper in the coating [24]. Therefore, Pt
here plays the important role of the catalyst by not only inducing
dehydrogenation but also reorganizing the released carbon atoms.
As more sliding cycles pass, larger amounts of graphitic carbon are
generated. The dynamic movement of the counter-part during the
reciprocating sliding sweeps the graphitic film towards the edges of
the wear track which leads to the observed nonuniformity of the
carbon in the wear track.

HRTEM analysis of thewear debris collected from thewear track
further reveals the nature of the carbon film (Fig. 5e). The generated
tribofilm has an amorphous carbon structure with regions of
layered films. Electron energy loss spectroscopy (EELS) analysis
shows the presence of p* peak (pre-peak) before the major carbon
peak (s peak) which is further indicative of the high amount of sp2

carbon. The sp2 ratio for the debris has been calculated by
comparing the areas of the p* peak and total peak for the collected
of bonds, DN, as a function of temperature and pressure after 12ns of simulation time.
and after ~12 ns of shear at contact pressures of 700 K at 300 MPa (d) and 2 GPa (e).
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tribofilm to the reference spectra collected for a completely sp2-
bonded carbon, graphite:

R¼
�
Ip
It

�
÷
�
IpðgÞ
ItðgÞ

�

with Ip and Ip(g) being the intensity of the p* peak and It and It(g)
being the intensity of the p*and s peaks integrated over a range of
50 eV for the analyzed sample and sp2 reference, respectively [42].
The resulting amount of the sp2 carbon for the tribofilm is
approximately 86±3%.

XPS characterization of the wear track further confirms the
dominancy of the CeC nature of the bonds in the formed carbon
tribofilm, corresponding to the graphitic carbon. The presence of a
small CeO peak can be associated with the partial oxidation of the
graphitic flakes at the defects and edges upon exposure to the
ethanol environment or ambient conditions post-experiment.

To probe the mechanisms involved in the formation of the
graphitic carbon at the sliding interfaces we performed molecular
dynamics (MD) simulations (Fig. 6). Ethanol molecules were com-
pressed between two slabs of platinum (Fig. 6a) and sheared at 1m/
s for ~12 ns at temperatures of 300e700 K and normal loads of
0.5e2 GPa while tracking the change in the number of bonds, DN,
during the simulation (Fig. 6b). The temperature values were
selected based on previous studies [17,43,44] suggesting that under
high contact pressure and shear, local asperity temperatures during
sliding can be as high as 1773 K. Four different types of molecular
fragments were counted; ethanol, water, HeC bonds, and PteC
bonds. The results show that the ethanol molecules are dissoci-
ated during sliding, and form smaller molecular fragments, with an
increase in the number of PteC bonds. Sutter et al. [45] previously
demonstrated graphene growth from PteC upon cooling. As in the
tribological tests, the sliding interfaces are dynamic, they experi-
ence not only local heating but also cooling enabling the trans-
formation of Pt-C into graphene. At the same time, the HeC bonds
of ethanol molecules are dissociated with increasing temperature
and pressure, releasing hydrogen atoms and freeing carbons.
Interestingly, the dissociation process results only in relatively
small amounts of water. These results indicate that changing the
temperature from 300 K to 700 K has a much stronger effect than
increasing the contact pressure 4 times, from 0.5 GPa to 2 GPa
(Fig. 6cee). Such conclusion is in line with the experimental ob-
servations demonstrating high sensitivity of the tribofilm forma-
tion to the temperature increase.

5. Conclusion

Hard and wear-resistant Pt-Au films were deposited on Cu
substrates. NanoSEM, AFM, and top-view TEM show a columnar
structure through the thickness of the film with ~30 nm average
grain size. Au-EDS map of the top-view TEM analysis illustrates the
segregation of gold along the grain boundaries that provides
improved mechanical properties.

Tribological testing of the Pt-Au film and AISI 440C HT steel in an
ethanol environment shows three orders of magnitude difference
in the wear rate of the materials. Detailed tribological experiments
with 0.25e1 N applied load and at 25 �C and 50 �C indicate tribo-
film formation in the wear track. Results indicate that load and
temperature affect the tribo-film formations. The observed tribo-
film growth rate is fitted to an Arrhenius equation, indicating an
increase in the film formation with applied load and higher
temperature.

EDS analysis indicates the formation of a carbon-based tribofilm
with a tendency to accumulate at the ends of the wear track. FIB-
SEM cross-section analysis confirms a film of 100e200 nm
8

thickness without any signs of severe plastic deformation in the
contact. 2D-Raman spectroscopy reveals that tribo-generated film
is mostly graphitic carbon with strong G-band and 2D-band peaks.
HRTEM characterization reveals the amorphous structure of the
tribo-generated carbon in the wear track. TEM-EELS and XPS ana-
lyses provide more evidence that tribo-active carbon film has sp2

bonding. MD simulations further support these findings and indi-
cate a strong effect of temperature on the dissociation of ethanol
molecules, necessary for the formation of the graphitic tribofilms.
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