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The dependence of friction behaviors of the self-mated a-C system on sliding velocity, v, and contact pressure, P,
was investigated systematically by reactive molecular dynamics simulation. Results demonstrated that the
friction coefficient and sp>-to-sp? transformation of interfacial structure were more sensitive to the contact
pressure than the sliding velocity. By analyzing the relation of friction coefficient and interfacial hybridization
structure with P/v ratio, it suggested that the low friction coefficient, which was accompanied by the low sp*

fraction, was strongly dependent on the passivation of friction interface as the primary mechanism. These
findings disclose the proof for passivation mechanism mentioned in previous experiments, and also provide the
potential strategy to fabricate new nanocomposite a-C films by surface/interface modification for tribo-appli-

cations.

1. Introduction

Amorphous carbon (a-C) film draws long-term attention from
carbon community in both the scientific and engineering aspects be-
cause of the high hardness, low friction coefficient, chemical inertness,
good biocompatibility, and optical transparency [1-3]. Most im-
portantly, due to the growing energy and environment issues, by uti-
lizing its unique friction properties, a-C film has been a strong candidate
to improve the friction and wear properties and thus extend the lifetime
of moving mechanical components, such as automotive fuel injection
components, gears, tappets, cutting tools, etc [4]. As known that the
complexity and diversity of friction mechanism for a-C film are strongly
related with the friction condition, and many attempts also have been
launched to reveal the underlying low-friction mechanism of a-C film
by probing the dependence of friction on normal load [5], sliding ve-
locity [6], environmental condition [7], and counterpart material [8].

So far, two best-known theories for the low friction are the friction-
induced structural graphitization [9-12] and passivation of carbon
dangling bonds induced by chemical termination [13-15] or rehy-
bridization [16,17] at the sliding interface. Among of them, the gra-
phitization mechanism is commonly followed by both the increased
fraction and ordered lamellar structure of sp> phase, which has been
more widely adopted to explain the experimental results [9-12]. The

argument is that although most of previous experiments [5,18,19]
about graphitization mechanism disclosed the increased fraction of sp>-
hybridized structure, the typical lamellar characteristics are seldom
found. Hence, these structures are far from the crystalline graphite and
cannot imitate the easy shearing behavior of graphite. Especially, Chen
et al. [13] recently reported that the graphitized lamellar structure was
distinguished by the state-of-the-art microscopy technique, but the ul-
tralow friction was only achieved in the surface-passivated system. Cui
et al. [14] also clarified that the friction was primarily affected by the
adsorption of passivating gas to the sliding surface rather than the
graphitization degree of a-C surface, supporting the passivation of
carbon dangling bonds as the primary friction mechanism of a-C films.
However, when two surfaces slide past each other, our understanding
on the atomistic processing occurring at the friction interfaces is still
quite limited due to the complexity of structural evolution of friction
interface. Especially, the characterization of un-passivated hybridized
bonds is still not accessible by experiment, inducing the friction me-
chanism limited to the phenomenal rather than the fundamental un-
derstanding, while it is essential to reveal the intrinsic mechanism
ruling the sliding friction.

In the present work, we performed the reactive force field molecular
dynamics (RMD) simulation to evaluate the friction behavior of self-
mated a-C films (a-C/a-C), in which the passivation of H on a-C surface
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was excluded in order to clarify the real nature of friction in intrinsic a-
C films and eliminate the effect of H on mechanical properties [20]. The
new developed ReaxFF potential [21,22] was used to describe the
complicated C—C interaction during the friction process. This potential
is based on the bond order concept to consider the instantaneous in-
teractions between atoms and gives more accurate description for the
carbon bond formation and dissociation than previous empirical po-
tentials (Tersoff [23,24], REBO [25], and AIREBO [26]). To the best of
our knowledge, there is also no published work on the friction simu-
lation of a-C films from the atomic scale using ReaxFF. The effect of
sliding velocity and contact pressure on the friction properties was
systematically investigated and the corresponding evolution of inter-
facial structure was mainly focused. Results revealed that friction
property strongly depended on the sliding velocity and contact pres-
sure, and the low friction was mainly dominated by the passivation of
friction interface.

2. Computational methods
2.1. Models and parameters

RMD simulation was adopted to study the friction process of a-C/a-
C system using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) code [27]. As shown in Fig. 1, the a-C structure
with size of 42.88 x 40.358 x 31 [D\S, sp> fraction of 24 at.%, and sp®
fraction of 72 at.% was chosen as the bottom and upper mating mate-
rial, which was produced by atom-by-atom method and composed of
6877 carbon atoms. The detailed deposition process could be found in
our previous work [28]. The atoms in the bottom and upper thickness of
5A along the z direction were fixed to mimic the semi-infinite large
surface. Temperature of the neighboring thickness of 5 A in the bottom
and upper mating a-C structures was coupled to 300 K by Berendsen
thermostat [29] with a damping constant 100 fs to provide a thermal
reservoir. All remaining atoms were completely unconstrained and free
to simulate the structural evolution during the friction process. Initial
separation between the bottom and upper mating a-C systems was 3 A.
The process was simulated using NVE ensemble implemented in
LAMMPS code. Periodic boundary condition was employed along x and
y directions and a MD time step of 0.25 fs was used.

Before the friction process, the geometry optimization (GO) for a-C/
a-C friction system was first conducted at 300 K for 2.5 ps, and then the
external pressure was applied to the top rigid layer during 25 ps to
reach the desired values of 5, 20, or 50 GPa, respectively. The high
contact pressure, which could be possible for instantaneous contact of
a-C asperities during friction process [16,30-33], was appropriate for
examining the friction behavior on an atomic scale. After that, the
sliding process was undertaken along the x direction by exerting the
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sliding velocity (v) ranged from 1 to 10 and 30 m/s on the upper fixed a-
C layer. The sliding process lasted 1.25 ns for 10 and 30 m/s and 5.695
ns for 1m/s separately to get the steady-state friction stage. After
friction process, the friction coefficient (1) was calculated using the
following equation:

=W m

where, the frictional force, f, and the load, W, were calculated by
summing the force acting on the fixed atoms of bottom a-C layer in the
x and z directions, respectively.

2.2. ReaxFF validation

Based on the ReaxFF force field developed by Srinivasan [21], the
version revised by Tavazza [22] was used in the present work to de-
scribe the C—C interaction, which includes the covalent terms, coulomb
interactions, dispersion, and other non-bonding forces. Although it has
been confirmed to model covalent bond forming and breaking, rehy-
bridization and chemical reactions accurately in carbon-based struc-
tures, the additional evaluations including the fabrication of a-C
structure using quenching method [34,35], energy change induced by
expansion and compressions, and temperature dependence of formation
energy of a-C structure were further undertaken by ReaxFF MD and ab-
initio calculations [36,37] separately to validate the reliability of the
used force field, as shown in Fig. 2. It clearly revealed that the sp>
fraction-density relationship (Fig. 2a) was well reproduced compared to
our and previous DFT calculations [38-41] and experiment results
[42,43], and the energy changes as a function of box volume (Fig. 2b)
and temperature (Fig. 2c) were also in accordance with that from ab-
initio calculations, which verified the validity of the force field for our
simulated a-C system. Moreover, the growth simulations of a-C film
were also performed by atom-by-atom approach, revealing that com-
pared to the results using widely accepted AIREBO potential [26], the
ReaxFF also gave the reasonable values of density, hybridization ratio,
biaxial stress, radical distribution function, and bond angle and length
distributions of a-C structure.

3. Results and discussion

3.1. Dependence of friction behavior of a-C/a-C system on the sliding
velocity

The effect of different sliding velocities on the friction behavior of a-
C/a-C system is examined first, and the contact pressure is fixed at
5 GPa. Fig. 3 shows the change of morphologies as a function of sliding
time for each case. It can be seen that during the friction process, the
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Fig. 1. Friction simulation model and related parameters.
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atoms from both bottom and upper a-C surfaces interact with each other
to form the stable friction interface, and the coordination number of C
atoms with sliding time changes gradually, implying the evolution of
structural properties, as will be discussed later. In addition, with the
sliding velocity increased from 1 to 30 m/s, the time spent for running-

a

Volume per C atom (&%)

using quenching method, (b) energy change induced by

in process decreases, which is confirmed by the energy variations in-
cluding kinetic (KE) and potential energies (PE), as shown in Fig. 4a.
For each case, the temperature with sliding time increases first and then
becomes stable following the aggravated fluctuation; the average tem-
peratures during the stable friction stage are 306 + 3 K for 1m/s,

70 ps
o Q o o Coordination number

Fig. 3. Morphologies of a-C/a-C friction systems with sliding time under sliding velocities of (a) 1, (b) 10 and (c) 30 m/s, respectively.
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Fig. 4. (a) Contact pressure, temperature, KE and PE with sliding time under different sliding velocities (1-30 m/s). (b) Friction results including friction force and

load curves with sliding time under different sliding velocities (1-30 m/s).

344 + 14 K for 10 m/s, and 441 = 25 K for 30 m/s, respectively. This
change is related with the rate of corresponding heat generation per
unit area at the contact, g, which can be evaluated as following [44].

Wv
g=* _p

A A 2

where A is the real contact area, u is the friction coefficient, W is the
applied normal load, v is the sliding velocity, and f is the friction force.
Therefore, both sliding velocity and friction force contribute to the local
rise of temperature at the contact interface.

As the sliding velocity increases from 1 to 30 m/s, the corresponding
friction results including friction force and load curves with sliding time
are illustrated in Fig. 4b. It further proves the presence of steady-state
friction process, which is consistent with the energy changes (Fig. 4a).
In order to evaluate the dependence of friction property on the sliding
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velocity, the friction force and load values during the last 200 ps are
selected to calculate the average friction force and load. First, when the
sliding velocity ranges from 1 to 30 m/s, the different load values, in-
creased from 41 *+ 31 to 54 + 35 nN, are observed, which originates
from the difference in real contact areas for each case according to the
Hertzian contact theory. However, the friction force with sliding velo-
city only changes from 299 + 31 to 310 = 27 nN, suggesting that the
obvious rise of temperature in Fig. 4a mainly attributes to the high
sliding velocity according to Eq. (2) since increasing velocity means
more energy applied to the system in a small amount of time. The
steady-state friction coefficient is calculated for each case, as given in
Fig. 5, displaying that the friction coefficient as a function of sliding
velocity decreases. This is in agreement with previous experimental
result [5]. However, note that although the friction coefficient values
are close to previous report with the similar order [30], they are much
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Fig. 5. Friction coefficient as a function of sliding velocity after friction process.

larger than experimental values, attributing to the strong adhesive
strength between the two contact surfaces without any passivation or
contamination estimated in experiment. In addition, it is also con-
tributed by the difference in quantifying the real contact area accu-
rately from experimental and simulation approaches.

In order to clarify the relation between the friction coefficient and
sliding velocity, the corresponding evolution of structural property is
required. Fig. 6 gives the time dependence of structural property

Velocity=30 m/s
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distributions along the film depth direction when the sliding velocity is
30 m/s. It reveals that for each case, the whole system is divided into
interfacial (gray color in Fig. 6), upper and bottom intrinsic a-C regions
(white color in Fig. 6). Especially for the interfacial region, the obvious
sharp interface exists before the sliding process and then disappears to
form the intermixing layer with sliding time elapsed from 0 to 1250 ps.
This attributes to the diffusion and rehybridization of interfacial C
atoms, which is accompanied by the significant evolutions of density,
biaxial stress, and coordination number. In order to quantify the
changes in density, biaxial stress, and hybridization structure of each
region, the specified thickness, such as 13.5 A for interface (gray color
in Figs. 6), 12 A for bottom intrinsic a-C (left white color in Figs. 6), and
12A for upper intrinsic a-C (right white color in Fig. 6) are selected
separately for each friction system. Taking the case under sling velocity
of 30 m/s for example, the calculated results for each region are shown
in Fig. 7. Note that for the interfacial region, the density and sp? frac-
tion with sliding time increase obviously following the reduction of sp>
fraction, while the fraction of 1-coordinated carbon atoms (denoted as
s) is negligible; in particular, the biaxial stress transits from compres-
sive to tensile state with high value. For the upper or bottom intrinsic a-
C region, the density with sliding time decreases slightly, but the similar
behaviors for biaxial stress and hybridization structure to those at in-
terfacial region can be observed.

Fig. 8 further illustrates the dependence of density, biaxial stress,
and hybridization fractions on sliding velocity after the friction process.
The results after GO and loading process are also given for comparison.
First, for the bottom and upper intrinsic a-C regions, there are similar
changes in the biaxial stress, density, and hybridization structure; with
increasing the sliding velocity from 1 to 30m/s, the density,
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in which the results after GO are also given for comparison.

compressive stress, sp> and sp? fractions decrease following the in-
creased sp fraction. For the interfacial region, the density with sliding
velocity has slight change, but the hybridization structure also shows
the similar behavior to that in intrinsic a-C region. Moreover, compared
to the original structures after GO and loading processes, the increased
sp? fraction is observed for each case after the friction process, sug-
gesting the occurrence of sp>-to-sp? transformation reported in experi-
ments [5,18,19]. However, the sp? fraction with sliding velocity de-
creases, which is consistent with the change of friction coefficient. This
demonstrates that the low friction coefficient is accompanied by the
low sp2 fraction. Kim et al. [5] reported that the decreased friction
coefficient with sliding velocity attributed to the improved structural
graphitization. This is not consistent with our present result, which
subverts the friction-induced graphitization mechanism [9-12]. One of
the main problems may be the limited experimental characterization,
which cannot evaluate the carbon hybridized structure accurately and
directly, leading to the controversy over the real nature of low friction.

3.2. Dependence of friction behavior of a-C/a-C system on the contact
pressure

As is well known that the normal load also has serious effect on
contacting state between the two sliding surfaces [5,14], so the corre-
sponding friction behavior and structural properties are investigated by
tailoring the contact pressure from 5 to 20 and 50 GPa, while the sliding
velocity is fixed at 10 m/s. The friction results for the systems under the
contact pressures of 20 and 50 GPa, respectively, are illustrated in
Fig. 9. The morphologies display that because of the increase of contact
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pressure, the surface atoms from bottom and upper a-C films interact
and mix with each other seriously. In particular, there is a distinct
difference in coordination number evolution of C atoms for each case.
When the contact pressure is 5 GPa, the sp® fraction with sliding time
decrease gradually (Fig. 7), but it shows the contrary behavior ob-
viously for the system under 50 GPa, implying the diverse structure
transformation during the friction process, as will be discussed later.

Both the KE and PE variations with sliding time (Fig. 10) reveal that
when the contact pressure is small, it will take longer time for running-
in process to reach the stable friction stage due to the weak interfacial
interaction. In addition, with increasing the contact pressure from 5 to
20 and 50 GPa, the temperature during the stable friction process in-
creases from 344 + 14 to 361 = 14 and 439 * 23 K separately. Ac-
cording to Eq. (2), the rise of temperatures originates from the in-
creased friction force because of the fixed sliding velocity, which is
confirmed by the friction force curves for each case, as illustrated in
Fig. 10.

The friction force and load values during the last 200 ps of friction
process (Fig. 10) are also adopted to calculate the friction coefficient for
evaluating the effect of contact pressure on the friction property, as
given in Fig. 11. Although the friction force with contact pressure in-
creases significantly, but it is still slower than the increase of load,
leading to the significant reduction of friction coefficient with contact
pressure, which also agrees well with Kim's experimental result [5];
when the contact pressure is 50 GPa, the lowest friction coefficient of
0.57 is obtained, but it is still higher than the experimental value due to
the non-contaminated friction surface.

Similar to the cases under different sliding velocities, the a-C/a-C
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friction system under different contact pressures can be also divided
into three regions, and thus the structure and properties of each region
as a function of sliding time and contact pressure are quantified sepa-
rately for each case. First, compared to the cases under different sliding
velocities, the different evolution of structural properties with sliding
time can be observed clearly when the contact pressure increases from
5 to 50 GPa. Taking the result under 50 GPa for example (Fig. 12), the
density, compressive stress, and sp fraction as a function of sliding
time increase obviously for each region, which is accompanied by the
reduction of sp? and sp fractions, suggesting the occurrence of friction-
induced sp>to-sp® and sp-to-sp> transformations.

Fig. 13 gives the dependence of the density, biaxial stress, and hy-
bridization structure on contact pressure after friction process. It re-
veals that with increasing the contact pressure from 5 to 50 GPa, the
structure and properties in bottom and upper intrinsic a-C regions show
the similar behaviors to those at interfacial region; the density, com-
pressive stress, and sp® fraction with contact pressure increase, while
the sp® and sp fractions reduce, indicating the pressure-driven sp>-to-
sp> and sp-to-sp> transformations. Compared to original structures after
GO, the increased sp? fraction can only be achieved in the system under
the contact pressure of 5 and 20 GPa. However, when the contact
pressure further reaches to 50 GPa, the sp? fraction decreases obviously
with the significant increase of sp® fraction (Fig. 13), while the minimal
friction coefficient is obtained. This is highly consistent with the pre-
vious experiment reported by Cui et al. [14], which also cannot be
interpreted by the friction-induced graphitization mechanism.
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3.3. Discussion for friction mechanism

The above-mentioned results in Figs. 8 and 13 indicate that com-
pared to the pristine a-C film, the sp? fraction could be enhanced, but it
mainly depends on the contact pressure (Fig. 13). In particular, the
friction coefficient with sliding velocity or contact pressure decreases
without accompanying the enhanced sp? fraction at the interface. On
the contrary, a higher friction coefficient is followed by a higher sp?
fraction, which is also reported by Cui et al. in experiment [14]. Hence,
the friction-induced graphitization mechanism is not suitable to clarify
our present results.

According to the pressure-temperature (P-T) phase diagram for
carbon [9,45], not only the temperature rise, but also a pressure de-
crease could induce the sp°-to-sp? transition. For the increased sp>
fraction in the present work, our results in Figs. 4 and 10 confirm that
there is no high temperature generated during the friction process.
Fig. 14a shows the relation of biaxial stress, temperature, and sp>
fraction at the interfacial region after the friction process. It reveals that
the sp>-to-sp? transformation of hybridization structure primarily de-
pends on the local stress condition, and the highly compressive stress
favors the formation of a spg-rich phase (such as 50 GPa-10 m/s), while
a tensile one favors a sp>rich phase (such as 5GPa-30m/s), which
conforms to McKenzie's report [45].

Figs. 5 and 11 illustrate that the friction coefficient is strongly de-
pendent on both the sliding velocity and contact pressure. In addition,
previous experimental studies [14,46] reported that the friction
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(a) Contact pressure=20 GPa
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Fig. 9. Morphologies of a-C/a-C friction systems with sliding time under contact pressures of (a) 20 and (b) 50 GPa, respectively.
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coefficient of a-C was sensitive to the ratio of vacuum pressure to
sliding velocity. Similarly, the friction coefficient and hybridization
structure including sp? and sp against the P/v values are also plotted, as
given in Fig. 14b. The s-hybridized structure is also considered, despite
the very low fraction. It displays a mixed pattern of P/v dependence of
friction coefficient, indicating that the suitable selection for contact
pressure and sliding velocity is required for low friction, which highly
coincides with previous experiment [14]. The change of friction
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coefficient with P/v values has a similar trend to that of the sp? fraction
at the interface. However, the friction behavior of a-C films can be
clarified by the passivation state of sliding interface without taking into
account the graphitization of a-C structure as follows.

a. The change of friction coefficient with P/v values in Fig. 14b is
similar to those of un-passivated bonds including sp?, sp, and s. Under
the low P/v conditions (0.167 for 5 GPa-30 m/s, 0.5 for 5 GPa-10 m/s),
due to the short time for heat diffusion caused by higher sliding fre-
quency and weak interfacial interaction caused by low contact pressure,
the insufficient passivation of s, sp, and sp>hybridized bonds of carbon
atoms at the interface exists, leading to the high shearing strength
(Fig. 14c) followed by the high friction coefficient. The shearing
strength of interface, S, during the steady-state friction process de-
scribes as follows [47].

p==
g

3

where, S is the shearing strength with the unit of GPa, o is the Hertzian
contact pressure with the unit of GPa.

b. When P/v is 2 (20 GPa-10m/s) and 5 (50 GPa-10m/s) sepa-
rately, although the short time for heat diffusion is also existed, the high
contact pressure forces the significant interaction of un-passivated
bonds at the interfaces to rehybridize with other dangling bonds, and
thus the low fractions of un-passivated bonds are observed (Fig. 14b),
bringing slower increase rate of shearing strength (Fig. 14c) than that of
contact pressure, and thus accounting for the low friction behavior.

c. A transition in friction coefficient from a low value of 0.57
(50 GPa-10m/s) to a high value of 7.37 (5 GPa-1 m/s) takes place
around 5 GPa/m/s. This transition could also be explained by that the
low sliding velocity provides enough time duration for atomic
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interaction, but the low flash temperature rise (306 + 3 K only) in
Fig. 4a induced weak heat diffusion and the low contact pressure also
brings the weak interfacial interaction, leading to the insufficient pas-
sivation of sp?, sp, and s bonds (Fig. 14b), which results in the high
friction coefficient.

Consequently, both the sliding velocity and contact pressure affect
the friction primarily through their effect on the interfacial passivation
during the friction process (Fig. 14b), which is highly supported by
Cui's experimental result [14], although there are some differences in
the friction testing conditions. However, the key evidence about the
relation between un-passivated sp?, sp, s bonds and P/v ratio was not
given in previous experiment, because the present characterization
technique cannot provide the accurate evaluation of un-passivated
carbon bond fractions, while it is completed systematically by the
present work from the atomic scale. In addition, we only simulate the
nature of intrinsic a-C/a-C friction system in the present simulation
under vacuum condition. If the presence of any gaseous reactive species
in the simulation box (such as water, oxygen, or hydrogen) are in-
troduced, it can be deduced that the significance of passivation me-
chanism on friction process should be magnified obviously, which has
been proved by experimental [14,48,49] and simulation results
[33,50,51]. Future work is necessary to distinguish the potential role of
passivating species (oxygen or hydrogen) and intrinsic a-C self-passi-
vation on the friction mechanism.

4. Conclusions

In this study, we performed RMD simulation using ReaxFF to in-
vestigate the effect of sliding velocity and contact pressure on the
friction behavior of a-C/a-C system in order to explore the related
fundamental friction mechanism. Hybridization structure, density,
biaxial stress, and friction coefficient were calculated. Results revealed
that with increasing the sliding velocity from 1 to 30 m/s or contact
pressure from 5 to 50 GPa, the friction coefficient reduced significantly,
and when the contact pressure and sliding velocity were fixed at 50 GPa
and 10m/s separately, the minimal friction coefficient of 0.57 is ob-
tained. Compared to the pristine case, the increased sp? fraction could
be achieved, but it mainly depended on the applied contact pressure,
and this sp®-to-sp> transformation was inspired by the reduction of
residual compressive stress in the friction system. Furthermore, the
friction coefficient was found to depend on the ratio of contact pressure
to sliding velocity, and a higher friction coefficient was accompanied by
a higher sp? fraction, which agreed well with previous experiment.
Although the present results were not in accordance with the character
of graphitization-induced low-friction of a-C films, the passivation of
sp?, sp, and s-hybridized carbon bonds at the sliding interface accu-
rately accounted for the friction behavior for a-C/a-C system.
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