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ABSTRACT: Minimizing friction and wear at a rubbing interface Base ol Carbon tribofilm is a friction polymer
continues to be a challenge and has resulted in the recent surge Lubricant
additive

toward the use of coatings such as diamond-like carbon (DLC) on
machine components. The problem with the coating approach is
the limitation of coating wear life. Here, we report a lubrication
approach in which lubricious, wear-protective carbon-containing
tribofilms can be self-generated and replenishable, without any
surface pretreatment. Such carbon-containing films were formed
under modest sliding conditions in a lubricant consisting of
cyclopropanecarboxylic acid as an additive dissolved in poly-
alphaolefin base oil. These tribofilms show the same Raman D and
G signatures that have been interpreted to be due to the presence
of graphite- or DLC films. Our experimental measurements and reactive molecular dynamics simulations demonstrate that these
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tribofilms are in fact high-molecular weight hydrocarbons acting as a solid lubricant.
KEYWORDS: carbon tribofilm, friction polymer, Raman spectroscopy, lubricant additive, DLC film

1. INTRODUCTION

Carbon-containing films are widely used in engineering
systems to reduce friction and wear. In some cases, these
films characterized as graphitic or diamond-like carbon (DLC)
are deposited by chemical or physical vapor deposition
methods, while in others, these films are formed in situ.
Publications dated back to as early as 1950s and 1960s'~>
described the appearance of high molecular weight products
formed in sliding metal systems lubricated by hydrocarbons.
These products were termed “friction polymers”. More
recently, Kim et al. noted the formation of polymeric deposits
in and around the wear track when the lubrication was
provided by vapors of allyl alcohol*® and a-pinene.® On the
other hand, lubricious carbon films have been reported to form
in situ on the bearing surface of cobalt-based metal-on-metal
hip implants in an organic medium.”~'* Some of these films’~”
were characterized as graphitic from the presence of Raman D
and G bands at 1350 and 1580 cm ™, respectively. A lubricious
tribofilm was found to form in situ during sliding of
nanocomposite MoN—Cu coatings in a polyalphaolefin base
oil."" Such a film was interpreted to be DLC based on Raman
spectroscopy studies as well. Argibay et al.'” reported the
formation of DLC (based on Raman spectroscopy) with a
friction coeflicient of 0.01 during dry sliding of alumina over
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the Pt—Au-coated steel surface. This constitutes a rather
unique approach for achieving low friction because carbon
species were derived from ambient hydrocarbons.

We recently explored the use of cyclopropanecarboxylic acid
(CPCa) as a lubricant additive to polyalphaolefin base oil.
Because of the metastable nature of the cyclopropane ring, we
discovered that this additive dissociates readily during
tribological testing under boundary lubrication conditions,
resulting in the formation of carbon films, accompanied by
reduced friction and wear."” The rate of carbon film formation
depends on temperature and the contact stress. Raman spectra
obtained from these carbon films are similar to those obtained
from traditional DLC films synthesized by chemical or physical
vapor deposition methods.

The aforementioned findings of in situ formation of carbon
films, ascribed to be graphitic, diamond-like, or polymeric, are
intriguing because these distinct kinds of carbon films with
entirely different structures were produced even though the
friction pairs operated under rather modest contact conditions.
In comparison, traditional DLC films synthesized by chemical
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or physical vapor deposition methods involve nonequilibrium
and highly energetic processes. A natural question to ask is
how it is possible to obtain graphitic or DLC products using
less energetic processes. Another question is whether or not
Raman spectroscopy is sufficient for the definitive identi-
fication of carbon films as graphitic or DLC. To date, these
questions have not been answered, thus hindering the
fundamental elucidation of what lubricates the interface in
these systems.

Here, the goal is to determine the chemical nature of
carbon-containing films formed in situ under typical ball-on-
disk tribotesting conditions, using a combination of exper-
imental techniques, viz., Raman, micro-Fourier transform
infrared spectroscopy (micro-FTIR), nuclear magnetic reso-
nance (NMR) and mass spectrometry (MS), and reactive
molecular dynamics (MD) simulations. Two methods were
used to obtain the carbon samples: tribofilms formed during
tribotesting in polyalphaolefin (PAO4) containing CPCa and
thermal decomposition of CPCa on iron oxide powder
surfaces. We will show that these two methods give the same
Raman signatures as DLC. The advantage of using the thermal
decomposition method to obtain carbon films is its ability to
produce sufficiently large quantities of the carbon product for
other characterization techniques such as NMR and MS.
Reactive MD simulations of CPCa molecules sandwiched
between two iron oxide substrates and subjected to tribological
conditions were conducted to determine atomic scale
processes occurring at surfaces during and after the
dissociation of CPCa as well as steps leading to the formation
of carbon tribofilms.

2. MATERIALS AND METHODS

2.1. Experimental Details. CPCa (purity of 95%), shown in
Figure 1, was obtained from Sigma-Aldrich and used as received.
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C

Figure 1. CPCa molecule containing a metastable carbon ring
(cyclopropane) and a surface-active group (—COOH) that provides
adsorption to the surface.

Fe;0, powders with a particle size of 50—100 nm and a purity of 97%
were purchased from Sigma-Aldrich and used as received. The
deuterated solvent chloroform-d (CDCl;) was obtained from
Cambridge Isotope Laboratories (>99 at. % D) and dried over 0.3
nm molecular sieves. Dichloromethane (DCM) with a purity of 99.8%
was obtained from Sigma-Aldrich and used as received. The 1 ym
thick DLC film was deposited on a silicon substrate using plasma-
enhanced chemical vapor deposition. The gas mixture used in this
deposition was 75% hydrogen and 25% methane, producing a DLC
film containing 40 atomic % hydrogen. More details of the DLC
deposition process were described in a previous paper.'* PAO4 oil
was provided by Valvoline Inc.

A unidirectional ball-on disk tribometer (CETR UMT-2) was used
to study the tribological behavior of CPCa."® Tribological tests were
carried out at a load of 10 N and speed of 0.2 m/s at 25 °C and 24%
relative humidity. The ball and disk are AISI 52100 bearing steel with
a hardness of about 60 HRC. Disks were polished using standard

metallographic techniques to an average surface roughness R, of 0.06
um. Steel balls with a diameter of 9.5 mm were obtained from
McMaster-Carr. Two lubricant samples were tested: PAO4 (base oil)
and PAO4 + 2.5 wt % CPCa. Based on the load, speed, materials
used, and test geometry, the average lubricant film thickness/
composite root-mean-square surface roughness was computed to be
0.74, indicating that we were operating in the boundary regime. An
optical surface profiler (Zygo NewView 7300) was used to image the
ball wear scar to determine the wear volume at the end of each test. A
dark-colored deposit or tribofilm was observed on the ball at the end
of tribotesting with PAO + 2.5 wt % CPCa (see Figure 1). After
rinsing with hexane to remove the residual lubricant, we used Raman
spectroscopy (HORIBA LabRam HR Evolution Confocal Raman
microscope) and micro-FTIR (Bruker LUMOS FTIR Microscope) to
study such a deposit. Raman spectroscopy studies were carried out
using a laser wavelength of 473 nm with an analyzed area of 10 ym?.
Micro-FTIR measurements were performed with a 32X objective lens
and an analyzed area of 50 ym? An LEXT OLS 5000 laser confocal
microscope was used to obtain the surface topography of surfaces
onto which the friction and thermal products were formed.

Carbon materials formed by thermal decomposition of CPCa were
obtained by heating a mixture of 0.1 g Fe;0, with 0.3 g CPCa for 3 h
at 473 K. The brown residue formed in this process was dissolved in
DCM. The resulting solution was filtered and allowed to dry by
evaporation under ambient conditions. The residue has a brown color.
In addition to Raman spectroscopy, we performed FTIR spectroscopy
and proton NMR experiments on this residue. Chemical shifts were
referenced using internal solvent resonances. Molecular weight of the
thermal product was measured by electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) MS, using an
Agilent 6210A LCTOF high-resolution time-of-flight mass spectrom-
eter connected to Agilent 1200 series HPLC and a Bruker AutoFlex
IIT MALDI-TOF mass spectrometer with 2,5-dihydroxybenzoic acid
as the matrix, respectively.

2.2, Computational Approach. The atomistic simulation model
consists of two iron oxide (Fe;O,) substrate slabs with CPCa
molecules confined within the gap between these two slabs, as shown
in Figure 2. Fe;O, was chosen because this is a common oxide phase
present on lightly alloyed steel surfaces due to air exposure.'” The
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Figure 2. Schematic representation of the computational setup.
Dimensions in angstroms of the supercell shown are after equilibrium.
The division of the supercell is only done after the equilibration
phase, and thermostats applied to different zones are shown.
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Figure 3. (a) Comparison of friction coefficient vs time under 10 N and 0.2 m/s, using PAO4 and PAO4 + 2.5 wt % CPCa, from three replicates of
experiments; (b) comparison of the volume of ball wear after 1800 s tribotesting using PAO4 and PAO4 + 2.5 wt % CPCa; and (c) optical
micrograph of the wear scar of a tested ball after tribotesting showing tribofilm formation.

initial dimensions of the setup were 34.13, 34.13, and 73.08 A in the x,
¥, and z-directions, respectively. We sandwiched 200 CPCa molecules
between the two substrates and applied periodic boundary conditions
along the x- and y-directions. Thickness of each slab in the initial
configuration is also shown in Figure 2. Both Fe;O, substrate surfaces
were passivated by saturating them with an initial layer of hydrogen
atoms.

The simulations were conducted by the large-scale atomic/
molecular massively parallel simulator.'® The reactive force field
(ReaxFF) method, a highly transferable force field used for
hydrocarbons, was employed in this study. ReaxFF is an empirical
force field that uses bond order/bond distance relationships to
determine atomic interactions. It can allow a chemical bond to form
and break dynamically during the simulation and is thus capable of
capturing tribochemical reactions, which is our major objective. The
complete details of ReaxFF have been described previously by van
Duin et al.'” Iron oxide parameters used were derived from a recently
developed ReaxFF parameters for iron-oxyhydroxide systems.'®

The simulation was conducted in three stages. First, the initial
configuration was allowed to come to equilibrium at 300 K under a
pressure of 1 atm (0.1 MPa) for 0.1 ns, long enough for equilibrium
to set in. After this stage, the entire simulation domain was divided
into three layers along the z-direction, as shown in Figure 2. The two
outermost layers were defined as fixed rigid layers to keep their
structure intact as well as to induce normal and shear loads during the
simulation. In the second stage of the simulation, loading along the z-
direction was conducted for 0.1 ns with temperature and pressure
maintained at 300 K and 1 atm, respectively. A normal load F,
corresponding to 3 GPa, was applied to the topmost rigid layer while
keeping the bottom rigid layer fixed. In the third stage, shearing
motion was induced by applying a velocity V, of 10 m/s to the
topmost rigid layer while maintaining the normal load applied in the
second stage. During sliding, the two adjacent layers, which are below
the top rigid layer and above the bottom fixed layer, respectively, were
coupled to a thermostat maintained at 473 K. This setup allows
dissipation of heat generated due to friction at the sliding interface,
with the remaining atoms in the simulation domain free of any
constraints, thus allowing them to move and interact freely according
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to the prescribed interatomic forces. This stage was conducted for 1.8
ns. We used time steps of 0.25 fs throughout the simulation.
Molecular visualizations were done by the OVITO software.'” All
quantum mechanical energy calculations were carried out using
Gaussian 09.

3. RESULTS AND DISCUSSION

3.1. Tribotesting and Friction-Induced Formation of
Carbon Films. Figure 3a shows the evolution of friction
coeflicient versus time for three separate tests under conditions
described in the preceding section, using PAO4 and PAO4 +
2.5 wt % CPCa. Figure 3b compares the total wear sustained
by the ball at the end of the test (for a total sliding distance of
360 m). Addition of 2.5 wt % CPCa to PAO4 results in
significant reduction in friction and wear. These results are
similar to those observed previously."* At the end of the tribo-
testing experiment using PAO4 + 2.5 wt % CPCa, we noted
the formation of a dark-colored deposit or tribofilm at the
trailing end of the wear scar, as shown in Figure 3c. For ease of
reference, we will call this deposit “friction product”. To
measure the thickness of the friction product, we determined
the profile of the trailing edge of the wear scar using laser
confocal microscopy, where the tribofilm was observed, before
and after dissolving the tribofilm with DCM. Using this
procedure, we measured the thickness of the friction product
to be 2.6 + 0.08 ym.

3.2. Synthesis of Carbon Films from Thermal
Decomposition of CPCa on Iron Oxide. We held a mixture
of 0.1 g Fe;O, powders and 0.3 g of CPCa at 473 K for 3 h in
air, after which we observed a brown-colored film coating the
Fe;O, powders. Here, Fe;0, was used to model a normal steel
surface.”” We used 473 K for an extended period of time to
ensure complete evaporation of CPCa (boiling point of CPCa
= 458 K). One may therefore conclude from the appearance of
the brown-colored film that a new product has been formed.

DOI: 10.1021/acsami.8b22496
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For ease of reference, we will call this “thermal product”.
Interestingly, the thermal product can be dissolved in DCM, as
shown in Figure 4a. After complete evaporation of DCM, the

(b)

(a)

Figure 4. (a) Thermal product dissolved in DCM; and (b) formation
of a dark brown residue after drying of (a).

thermal product reappears as a dark brown residue (Figure
4b). The thickness of the thermal product prepared on a
silicon wafer was measured to be 0.9 + 0.2 um.

Figure Sa compares the Raman spectra obtained from the
friction product and thermal product, as well as DLC obtained
by plasma-assisted chemical vapor deposition.”" Both friction
and thermal products show the usual D and G band signature
characteristics of DLC. As noted in the Introduction section,
we were intrigued by the observation that DLC can be
synthesized under these rather modest conditions.

We then compared the thermal stability of these three films
by heating them to 623 K for half an hour. Figure 5b shows
that the D and G bands of the thermal and friction products
almost disappeared completely after heating. In contrast, the D
and G bands from the DLC film remain unchanged. This
indicates that although the two carbon products show the same
DLC Raman signatures, their thermal stability is quite different
from DLC, suggesting that the composition of these two
carbon products may be different from DLC.

Figure 6 shows the FTIR spectra obtained from the three
carbon films. Spectroscopically, the thermal and friction
products are almost identical to each other in Figure 6a, and
their spectra are quite different from that of the DLC film in
Figure 6b. In many ways, both spectra of thermal and friction
products are unremarkable: O—H stretch around 3400 cm™,
C—H stretch between 2800 and 3000 cm ™', and CH, bending
at ~1450 cm™'. What is most interesting is the absence of
strong peaks in the 700 and 900 cm™ range in Figure 6a,
which should be present in aromatic compounds due to out-of-
plane C—H bending modes. In contrast, the DLC film in

Figure 6b reveals strong peaks in this range, suggesting that the
friction and thermal products must be different from DLC.

3.3. Characterization of the Thermal Product. Figure 7
shows the proton NMR spectrum obtained from the thermal
product dissolved in deuterated trichloromethane (CDCI,).
Peaks at 0.89 and 1.24 ppm are due to —CH; and —CH, in
linear alkyl groups, respectively. There is no signal from CPCa
(which would have given peaks at 0.93, 1.0S, and 1.59 ppm).
The peak at 5.27 ppm is due to the residual DCM solvent.
Aromatic compounds should show peaks in the 6—8 ppm
range. However, except the peak at 7.24 ppm (reference
deuterium signal from CDCl,), no such signal can be observed.
Together with the FTIR results shown in Figure 6, we are
confident to conclude that the thermal product is not an
aromatic compound.

Figure 8a shows the mass spectrum obtained from the
thermal product using the ESI method, while Figure 8b is the
mass spectrum from the same sample using the MALDI
method. The observed maximum molecular weight is in excess
of 1500, which is much larger than that of CPCa (86). The
combined results obtained from FTIR and NMR indicate that
the carbon film formed after the exposure of CPCa to iron
oxide at 473 K is a high-molecular-weight hydrocarbon or
polymer without any graphitic feature, quite different from
traditional DLC.

3.4. Comparison of Friction Product, Thermal
Product, and DLC. Figure 9 shows two optical images near
the ball wear scar after rinsing with hexane and DCM. Note the
dark-colored deposit or tribofilm (friction product) near the
trailing edge of the wear scar (circled region in Figure 9a)
obtained after tribotesting with PAO4 + 2.5 wt % CPCa.
Figure 9b shows what happens after rinsing with DCM—note
the disappearance of the friction product. This visual evidence
indicates that the friction product is soluble in DCM, just like
the thermal product.

Figure 10a compares the Raman spectrum of the friction
product after rinsing with hexane and DCM. Note the
disappearance of the D and G band signatures after rinsing
with DCM, consistent with the observation that the friction
product is soluble in DCM (Figure 9). Figure 10b compares
the Raman spectrum of DLC before and after 20 h immersion
in DCM. There is a minor decrease in the D and G band
intensities, indicating that traditional DLC is not soluble in
DCM, unlike the friction and thermal products.

Based on the experimental characterization of the three
different types of carbon films, as shown in Table 1, it is
reasonable to conclude that the friction product is essentially
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Figure 5. Raman spectra of the friction product, thermal product, and a DLC film (labeled H-DLC). (a) All three carbon materials show
characteristic D and G bands at room temperature; (b) after heating at 623 K for 0.5 h, both D and G bands almost disappear for the friction and

thermal products but remain unchanged for the DLC film.
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Figure 7. NMR spectrum obtained from the thermal product.

the same as the thermal product but is different from
traditional DLC. Furthermore, based on FTIR, NMR, and
MS data, we conclude that the friction and thermal products
derived from the dissociation of CPCa on iron oxide are high-
molecular weight hydrocarbons, traditionally referred to as
friction polymers.

One important lesson learned from this work is the
interpretation of the Raman D and G bands in DLC. The D
band around 1350 cm™" is assigned to the breathing mode of
-sp* hybridized atoms in the carbon ring,”*~** while the G
band around 1580 cm™ corresponds to the stretching
vibrations of the -sp’ hybridized C in both chains and
rings.”>** However, one should note that many hydrocarbons
have Raman-active peaks in the vicinity of D and G bands at
1350 and 1580 cm™'. For example, the Raman peak
corresponding to —CHj; symmetric bending when the methzfl
group is attached to C=C or C=0 occurs near 1380 cm™';*
the =CH, bending and C=C stretching vibrations in
adsorbed olefins shift to around 1350°°7** and 1590 cm™,
respectively.”””® Given the likely heterogeneity of these
friction polymer molecules, one would expect these peaks to
broaden, producing Raman features that look like traditional D
and G peaks observed in DLC. The above results demonstrate
that the existence of Raman peaks in the vicinity of 1350 and

Figure 9. Optical microscope images obtained from near the ball wear
scar after tribotesting in PAO4 + 2.5 wt % CPCa: (a) after rinsing
with hexane to remove residual lubricant, and (b) after rinsing with
DCM.

1580 cm™'cannot be used as the sole evidence for the formation of
traditional DLC.

3.5. Computational Results. In order to understand these
experimental findings and seek more information about the
formation of the friction/thermal product, we performed
reactive MD simulations, replicating the tribology experimental
setup (Figure 2). Our simulations revealed clear evidence of
CPCa fragmentation and subsequent polymerization of these
fragments. To follow the progress of the carbon film formation,
we counted the number of the carbon-containing fragments
(C-fragments) during the simulation. We classify C-fragments
into three groups according to carbon count per fragment, viz.,
(A) <4, (B) >4 but <10, and (C) >10. Figure 11a shows the
distributions of carbon atoms within these three groups as a
function of time. Before sliding begins, the majority of carbon
atoms belong to group A and very few to group B and C,
indicating that CPCa remains stable during this time. Note
that the molecules in group B before 0.2 ns are dimers formed
due to hydrogen bonding between carboxylic groups. Occa-
sional aggregates with carbon count of 12 or 16 with their
cyclopropane rings intact form temporarily and then disperse
during this equilibration period. As soon as sliding begins, one
observes the drop in group A fragment counts, indicating the
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Figure 8. Mass spectra obtained from the thermal product measured by two methods: (a) ESI; and (b) MALDL
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Table 1. Characterization of Three Different Types of Carbon Films

item friction product thermal product DLC
Raman (D, G band, cm™) 1350, 1580—1600 1350, 1580 1350, 1580
FTIR identical to each other, not graphitic graphitic
solubility soluble in DCM soluble in DCM insoluble in DCM
NMR no aromatics
MS >1500 amu
decomposition temperature (in air) 623 K 623 K >673 K
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Figure 11. Polymerization of CPCa during the friction process as revealed from MD simulations: (a) time evolution of the number of C-fragments
vs their carbon count. Continuous increase in group C suggests a polymerization process; (b) C-fragment distributions of the friction product at
selected times are shown, confirming the occurrence of the polymerization process. Note the difference in the y-scale for the histogram
distributions. The largest fragment at each timestep is also shown in inset; (c) C-fragment distributions of the thermal product at selected times are
shown, confirming similar distributions as that of the friction product. Note the difference in the y-scale for the histogram distributions. The largest
fragment at each timestep is also shown in inset.
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dissociation of CPCa molecules. These broken smaller
fragments then start to recombine, resulting in the surge of
group B fragments between 0.2 and 0.4 ns and the build-up of
large group C fragments. By 2 ns, 520 out of 800 total carbon
atoms in the simulation system are in group C, suggesting the
tendency to form polymers.

To further convince ourselves about the similar nature of the
thermal and friction products formed in our experiments, we
conducted MD simulations to produce the thermal product
and compared it with the friction product. Frictional heating
under tribological conditions used in the simulations increases
the interfacial temperature from 300 to about 730 K (Figure
S6). We explored the polymerization process with the same
initial configuration, temperature profile, and load as those in
the friction process but no sliding. Figure 11b,c shows similar
histogram distributions of the carbon fragments produced by
the friction and thermal processes as obtained from MD
simulations, demonstrating the buildup of higher molecular
weight hydrocarbons™ (data for more intermediate steps for
the friction product being provided in Figure SS). By the end
of the simulation, fragments with 48, 49, and 55 carbon atoms
are formed in the frictional process and 50, 55, and 59 in the
thermal process. At the end of the 2 ns simulation, the
molecular weight of the largest fragment is 832 for the friction
product and 874 for the thermal product, about a factor of two
less than that observed by MS (Figure 8). There are two
possible reasons for this mismatch. First, there is a large
difference in the time scales involved. Second, there may be
limited availability of reactant molecules in the simulation
study, in which we used only 200 CPCa molecules, containing
800 carbon atoms. Generation of the three largest fragments
consumes more than 20% of the initial CPCa molecules. Given
these limitations of MD simulation, we consider the moderate
mismatch between experiment and simulation to be not too
surprising.

Our previous study'” indicates that contact stress has two
effects. One is temperature because of flash heating as shown
by MD simulation above. The other is the activation energy for
tribofilm formation. The zero-stress activation energy was
found to be almost identical to C—C bond scission in
cyclopropane. This suggests that (1) the rate-limiting step in
tribofilm formation is the fragmentation of CPCa, and (2) that
the contact stress influences CPCa fragmentation. One
mechanism for the latter suggested by Tysoe is the contact
stress affecting the position and orientation of adsorbed
molecules involved in the tribochemical reaction.”® Another
mechanism hypothesized by Yeon et al.* is molecular
deformation induced by the contact stress. Both mechanisms
are possible, given the metastable nature of CPCa molecules
used in our experiments.

4. CONCLUSIONS

This paper presents the results of a study exploring the
formation and chemical nature of carbon-containing tribofilms.
These carbon films were generated by two methods:
tribotesting using PAO base oil containing 2.5 wt % CPCa
as the additive (friction product) and thermal decomposition
of CPCa on iron oxide powders (thermal product). Both
friction and thermal products show the same D and G peak
characteristics of DLC but both products decompose at 623 K
in air, while DLC remains stable at >673 K. Moreover, friction
and thermal products are soluble in DCM and have almost
identical FTIR spectra, in stark contrast to DLC (insoluble in

DCM and very different FTIR spectrum). Together with MS
studies, we conclude that the friction and thermal products are
not traditional DLC but are high-molecular weight hydro-
carbons. A corollary to this study is that the presence of Raman
D and G bands should not be used as the sole evidence for the
formation of graphitic or DLC.
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