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Compositing amorphous carbon (a-C) film with fluid lubricant could successfully improve the friction properties
and prolong the service life and reliability of protected components. However, the inevitable existence of un-
saturated molecules in base oil, especially its potential effect on the friction behavior and related mechanism are
still not fully understood. In this paper, the friction behavior of amorphous carbon (a-C) composited with un-
saturated hydrocarbon lubricant, CsH;, as one of linear alpha olefins (AO), was explored by reactive molecular
dynamics simulation, and the role of CsH;, content on friction property and interfacial structure was mainly
analyzed. Results revealed that at the fixed contact pressure, the unsaturated CsH;, bound with a-C in the form
of weak intermolecular interactions rather than chemical bonding and there was also no CsH;, dissociation
observed; the friction coefficient was strongly dependent on the small unsaturated hydrocarbon, which de-
creased obviously with CsH; content. In particular, compared to the dry condition, the existence of CsHjo
molecules at the friction interface could significantly reduce the friction coefficient by 99.2% maximally. By the
systematical analysis of interfacial hybridization structure and AO mobility, it indicated that the synergistic
mechanism for the low friction originated from the self-passivation of a-C surface and AO hydrodynamic lu-
brication. Our results not only disclose the effect of unsaturated hydrocarbon molecules in bas oil on friction
behavior and define the underlying lubrication mechanism, but also suggest a strategy for the design of both
fluid lubricant and friction interface to realize the long-lifetime application.

1. Introduction consumption, which restricts its lifetime and reliability seriously for

wider applications in the automobile industry.

The key mechanical components of automobile, such as tappet, in-
jection nozzle for diesel engines, etc., face high challenges and re-
quirement for wear resistance and friction properties in order to avoid
the global environmental destruction and resource depletion.
Amorphous carbon (a-C) film, due to its high hardness, low friction
coefficient and chemical inertness, has been a strong candidate as a
protective coating for automobile application against serious mechan-
ical or chemical damage [1-4]. In particular, the limitations of intrinsic
a-C film, such as high residual compressive stress [1,4], poor adhesion
strength to metal substrate [3], and environment-dependent wear
properties [5], have been greatly improved until now by doping metal
element into a-C structure [6,7], the introduction of interlayer and
multilayer structure fabrication [8,9]. However, no matter how low the
friction coefficient could achieve [10], the efficiency of antifriction
property induced by a-C film is always operated at expense of its self-

Recently, many efforts have indicated that by the combination of a-
C film and alpha-olefin (AO)-based lubricant oil, the friction reducing
and antiwear abilities of mechanical moving components could be
improved successfully for the long-lifetime and reliability service
[11-13]. For example, Kano [11] obtained the super low friction
coefficient of 0.006 by the material combination of the steel pin/a-C
disc pair lubricated with the ester containing poly alpha olefin (PAO)
oil at the boundary lubrication condition, and large friction reduction of
more than 45% could be realized at an engine speed of 2000 rpm. Jia
et al. [12] found that the PAO oil functionalized by borate esters ad-
ditive was effective in significantly increasing the friction-reduction
and wear resistance properties for a-C/steel and a-C/a-C sliding pairs.
The abovementioned results show that the friction properties of a-C film
could be further modified by lubricating with PAO oil.

As well known that there are unsaturated AO molecules inevitably
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Fig. 1. Friction simulation model of a-C/CsH;o/a-C system and related parameters.

existed in PAO oil, which are more reactive than saturated cases.
However, the interaction of unsaturated AOs with a-C was seldom gave
much attention. In particular, Erdemir [14] reported that the un-
saturated species in PAO oil, which promoted the operando formation of
carbon-based tribofilms as solid lubricant via dissociative extraction
from themselves, played an important role on the improvement of
friction behavior. The in-depth investigation on the adsorption and
bonding state of unsaturated AOs with a-C and its dependence on the
variety and content of AOs and the contact pressure, especially the
corresponding structural evolution of friction interface, is required,
which is essential to unveil the underlying friction mechanism and
drive the effective development of new lubricant system. In addition,
there is few published work on friction interaction between the a-C and
AO lubricant from atomic scale using ReaxFF [15,16], which can give
more accurate description for the complicated structural transformation
of carbon-carbon interaction than previous Tersoff [17,18], REBO [19],
and AIREBO [20] potentials.

In our recent studies [21,22], we have systematically investigated
the bonding and dissociation of AOs on its variety and contact pressure,
indicating that although the unsaturated AOs were unstable, their dis-
sociation induced by high contact pressure could passivate the sliding
interface of a-C, contributing to the low friction behavior. So in the
present work, we selected pentene, CsHjo, as the represented un-
saturated linear AO lubricant and mainly explored the dependence of
friction behavior of a-C/CsH;¢/a-C system on CsHjo content by the
reactive molecular dynamics (MD) simulation. Similar to previous
study [23], hydrogen was also neglected from a-C structure in order to
exclude its effect on not only the deterioration of mechanical properties
of intrinsic a-C but also the real nature of friction in intrinsic a-C films.
ReaxFF developed by Srinivasan [15] and Tavazza [16] was used to
describe the C-C, C-H, and H-H interactions. The effect of CsH;q
content on the friction property of a-C film was evaluated, and the in-
terfacial structure evolution was mainly focused on to reveal the role of
unsaturated AOs and fundamental friction mechanism. Results revealed
that the friction property strongly depended on the unsaturated CsH;o
content; the ultra-low friction was inspired by the synergistic effect
from the self-passivation of a-C surface and CsH;o hydrodynamic lu-
brication.

2. Computational details
2.1. Model fabrication and parameters

The Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code [24] was adopted for the reactive MD simulation of a-
C/CsH;¢/a-C system. Fig. 1 showed the model used in the calculations.
The a-C with size of 42.88 x 40.358 x 31 A® was produced by atom-by-
atom deposition [25] and was set as the bottom and upper mating
materials, which was composed of 6877 carbon atoms and had the sp°C
fraction of 24 at.% and density of 2.7 g/cm>. For each a-C structure, it
was divided into three layers including the fixed layer with thickness of
5A for mimicking the semi-infinite large surface, thermostatic layer
with thickness of 5 A for providing a thermal reservoir to the simulation
system and free layer with thickness of 21 A for simulating the struc-
tural evolution during the friction process (Fig. 1). The CsH;, lubricant
was located at the central position, whose surface was 3 A from the
bottom or upper a-C film, and the number of molecules ranged from 32
to 72 and 122 separately in order to study the effect of CsH;, content on
the friction property. 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 a-C/CsH;o/a-C system was first re-
laxed at 300K for 2.5 ps using NVE ensemble with Berendsen thermo-
stat [26], and then the contact pressure of 5GPa was loaded to the
system during 25ps. The corresponded changes of density and co-
ordination number along the z direction after each step could be found
in Fig. S1 of Supporting Information. After that, the sliding process
began by exerting the sliding velocity of 10 m/s along the x direction on
the upper fixed a-C layer, and the sliding process lasted 1250 ps for each
case to get the steady-state friction stage. After friction process, the
friction coefficient, u, was calculated using the following equation:

W= )

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

It should be mentioned that for the contact pressure (5 GPa) used in
the present work, it seemed to be much higher than that in experiment.
On the one hand, many reports [27-30] exhibited that the high contact
pressure could be possible for instantaneous contact of a-C asperities
during friction process, and it was also appropriate for examining the
friction behavior on an atomic scale. On the other hand, when the
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Fig. 2. Morphologies of a-C/CsH;o/a-C friction systems with different CsH;o contents.

contact pressure was 5GPa, the generated normal force value (about
38nN) was much smaller than 120 nN obtained under 1 GPa in pre-
vious study [31], which attributed to the difference in surface state
(hybridization, adatom passivation, and roughness) of a-C films; if the
contact pressure reduced to 1 and 0.5 GPa, there was almost no inter-
action between the mating materials (see Fig. S2 of Supporting
Information) due to the neglectable normal forces, which was similar to
previous work [32]. In addition, the sliding velocity was also higher
than that in experiment due to the limitation of short MD simulation
time [33], whose applicability has been confirmed by previous studies
[31,34,35].

2.2. ReaxFF validation

ReaxFF force field [15,16] was used to describe the C-C, C-H and
H-H interactions in the system. Although it has been confirmed to
model the covalent bond forming and breaking, rehybridization, and
chemical reactions accurately in carbon-based structures, the additional
evaluations for the formation energy of CsH;o under different tem-
peratures, the adsorption energy of CsHjo on a-C surface, and the a-C
structure fabrication using quenching method were further performed

by ReaxFF MD and ab-initio calculations [36,37] separately, and the
MD calculations for a-C growth by atom-by-atom method was also
conducted using ReaxFF and AIREBO potentials [20], respectively.
These results clearly verified the validity and reliability of the force
field for our simulated system [21-23].

3. Results and discussion

Fig. 2 shows the morphology evolution of a-C/CsH;¢/a-C friction
systems with different CsH;, contents during the friction process. It can
be seen that with the sliding time ranged from 0 to 1250 ps, the atoms
from a-C and CsH; o lubricant interact with each other to form the stable
friction interface, and CsH;o molecules tend to be distributed along the
sliding direction. However, when the number of CsH;, molecules in-
creases from 32 to 72 and 122, the two a-C/CsH;, interfaces can be
distinguished clearly, and most of CsH;, molecules exist in the central
position between the bottom and upper mating a-C materials without
interacting with a-C structures. This may attribute to the low contact
pressure of 5 GPa, which cannot provide the enough driving force or
energy for uniform mixing [21].

During the friction process, the contact pressure, temperature, and
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Fig. 3. (a) Contact pressure, temperature, KE and PE energies and (b) friction force and normal force with sliding time in a-C/CsH;¢/a-C friction systems with 32 and

122 CsH; molecules, respectively.
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Fig. 4. Friction coefficient as a function of CsH;, content. The result in pure a-
C/a-C without lubricant system is also considered for comparison.

energies including kinetic energy (KE) and potential energy (PE) with
sliding time are given in Fig. 3a, and the result for the system with
CsH;o number of 72 can be found in previous study [21]. Compared to
the dry condition (see Fig. S3 in Supporting Information), the evolu-
tions of both the energy and temperature at the sliding interface con-
firm that under the CsH;, condition, the system only takes shorter time
for running-in process to reach the stable friction stage, and the time
further decreases with CsH;( content. In addition, when the number of
CsH;j increases from 32, 72 to 122, the fluctuations of temperature, KE,
and PE with CsH;( content are smoothed due to the decreased inter-
action between the two a-C surfaces separated by the CsH;o lubricant
(Fig. 2). At the stable friction stage, the average temperatures at the

sliding interface are 322 = 11,304 *= 3,and 302 *+ 3K, respectively,
for each case. The flash temperature rise at the interface can be esti-
mated by the following equation [38,39]

AT = FM
8aK,_c (2
where AT is the flash temperature rise; p is the friction coefficient; W is
the applied normal force; v is the sliding velocity; a is the contact radius
of real contact area; K, ¢ is the thermal conductivities of a-C. It suggests
that besides the sliding velocity, the friction force also contributes to
the temperature rise at the sliding interface, as will be discussed later.
Fig. 3b shows both the friction and normal force curves with sliding
time in a-C/CsH;o/a-C friction systems. It also proves the time reduc-
tion for running-in process with CsH;( content and the sliding time of
1250 ps is enough for each a-C/CsH;o/a-C system to reach the stable
friction state. In order to evaluate the dependence of friction property
on CsHjg content, the friction and normal forces from the last 200 ps of
stable friction process are adopted to calculate the average values. Note
that with the CsH;o number ranged from 32 to 72 and 122, the average
friction force decreases from 149.3 + 34 to 19.4 + 31 and 1.9 = 27
nN, which can explain for the difference in temperature rise (Fig. 3a) at
sliding interface according to Eq. (2). The friction coefficient as a
function of CsHjg content is further evaluated according to Eq. (1), as
illustrated in Fig. 4. The result in pure a-C/a-C system without lubricant
is also considered for comparison. It shows that the friction coefficient
with CsH; content decreases significantly; when the number of CsHio
is 122, the minimal friction coefficient is only 0.06. However, it should
be noted that the friction coefficient values in Fig. 4 are larger than
those in experiment due to the strong adhesive strength between the
two pure a-C friction surfaces which have no any passivation or con-
tamination [33,40] and the inaccurate quantification of real contact
area in experiment, but they are still comparable to the previous si-
mulation result [41]. Furthermore, by comparison with the a-C/a-C
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Fig. 5. (a) Atom distribution of a-C and lubricant along z direction in a-C/CsH;0/a-C system with different CsH;, contents. (b) Final morphologies after the friction
process for each case, in which the CsH; molecules are neglected for convenient view.
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Fig. 6. Coordination of a-C structure contributed by a-C and CsH;, lubricant, respectively, in a-C/CsH;o/a-C system with different CsH,, contents.

system without CsH;( lubricant, the addition of CsH;, could improve
the friction property significantly and the maximal reduction of 99.2%
for friction coefficient is achieved, which is also in agreement with
previous report [13].

The evolutions of structure and property at the interface are closely
related with the friction behavior, which is requisite to explore the
friction mechanism caused by CsHjq lubricant. Before that, the atom
distributions of a-C and lubricant along z direction in a-C/CsH;o/a-C
system is evaluated first for each case, as given in Fig. 5a. As can be seen

that the whole system can be divided into three regions including in-
terfacial, bottom and upper intrinsic a-C layers for each case. At the two
intrinsic a-C layers, the atom distribution almost has no change with
sliding time, implying that the friction behavior mainly occurs at the
interface. On the contrary, at the interfacial layer, the atoms from a-C
and CsHjp mix with each other to form the stable interfacial layer
gradually, and the width of interfacial layer with CsH;o content in-
crease. However, due to the low contact pressure, when the number of
CsH; molecules is 72, there is a CsH; o plateau region with width of 3 A
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CsHyo molecules is 32, 72 and 122, respectively.

observed [21], and with further increasing the CsH;o number to 122,
the plateau width reaches to 4.5 A. This indicates that there are CsHyo
molecules existed at the interface stably without interacting with a-C
structures, which may have important effect on the friction behavior.
Fig. 5b further shows the final morphologies after the friction process
for each case, in which the CsH;o molecules are neglected for con-
venient viewing. It clearly reveals that when the number of CsH;o
molecules is 32, the lubricant cannot fully cover the a-C surface, leading
to the obvious inter-film bonding between the two mating a-C struc-
tures, which exist in the form of chain structures; however, with in-
creasing the CsHjo to 122, the bottom and upper a-C surfaces can be
separated completely without any direct inter-film interaction, sug-
gesting the high mobility of CsH;o molecules.

In order to further define the binding state between the a-C and
CsH;g lubricant, the coordination number of a-C structure contributed
by a-C and CsH;( lubricant separately in a-C/CsH;o/a-C system is fur-
ther analyzed for each case, as shown in Fig. 6. It displays that under
the different CsH; o contents, the CsH;o molecules make no contribution
to the coordination number of a-C structures, indicating that the CsH;q
molecules adsorb on the a-C surface in the form of intermolecular

3
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interaction, rather than the chemical bonding due to low contact
pressure [21] or the lack of catalytic metal at the friction surface [14].
Therefore, the contribution of a-C and CsH;, to friction coefficient can
be considered, respectively.

Fig. 7 shows the change of structural properties along z direction in
a-C/CsH;o/a-C system with different CsH;, contents after friction pro-
cess. The residual biaxial stress is also calculated according to the
equations in previous report [42]. Based on the analysis in Fig. 5, under
the different CsH; o contents, there is almost no change for the structural
properties at the bottom and upper intrinsic a-C layers (white color in
Fig. 7), while the significant evolution happen at the interface. With the
number of CsH;o molecules ranged from 32 to 72 and 122, the widths
of interfacial layer are 15 (blue color), 18 (pink color) and 22.5 A (green
color), respectively, which are used to calculate the density, residual
stress, and hybridization structures of interface after the friction pro-
cess, as given in Figs. 8 and 9. For comparison, the result in a-C/a-C
system without lubricant is also given. First, Fig. 8 reveals that com-
pared to the pure case without lubricant, the addition of CsH;q lu-
bricant reduces the density at the interface, while the compressive
stress increases because the CsH; lubricant as barrier layer prohibit the
formation of chain-like carbon structures at the sliding interface
(Fig. 5b). Following the increase of CsH;o content, the density con-
tributed by a-C decreases gradually, while the compressive stress in-
creases first and then decreases slightly, which is mainly affected by the
complicated interactions between the bottom and upper a-C surfaces or
a-C and CsH; lubricant. For the contribution from CsH;q lubricant, the
density as a function of CsHjo content increases, which is contrary to
the change of compressive stress.

Because there is no chemical bonding between the a-C surface and
CsHj o, the hybridization structure of CsH;o must have no change, so the
change of a-C hybridization structure at the interface is mainly ana-
lyzed, as shown in Fig. 9. First, by comparison with the original inter-
face (sp>C fraction-62.9 at.%) before sliding process, the friction-in-
duced increase of sp>C fraction is achieved for each case, which is in
accordance with the early experimental work [13]. However, compared
to the pure a-C/a-C system without CsH;, introducing CsH;, lubricant
into a-C/a-C system could reduce the sp>C fraction, while the sp°C
fraction increase, which results from the increased compressive stress
(Fig. 8) according to the pressure-temperature (P-T) phase diagram for
carbon [43,44]. The highly compressive stress favors the formation of a
sp>C-rich phase, while a tensile one favors a sp>C-rich phase [23]. As
the number of CsH;o molecules changes from 32 to 72 and 122, both
the sp?C and spC fractions decrease following the increase of sp°C
fraction (Fig. 9a), while the s-hybridized contribution can be neglected
due to low fraction. Hence, the decrease of un-passivated bonds of a-C
surface including sp>C and spC with CsHjo content weakens the
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Fig. 8. CsH;, content dependence of density and stress of interface contributed by a-C and CsH;, respectively, after the friction process. The result in pure a-C/a-C

system without lubricant is also considered for comparison.
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interaction between the CsHjo and a-C structure, contributing to the
low friction coefficient shown in Fig. 4, which is similar to previous
reports [23]. This provides straightforward evidence for the effect of
interfacial passivation on friction, which is estimated by Cui et al. [38]
due to the limited characterization technique. However, it should be
noted that the H atoms in the lubricant, especially those at the a-C/
CsH; interface, exhibit the repulsive force [30], as shown in Fig. 10,
and the force value increases obviously with the CsH;o content, which
also makes contribution to the self-passivation of a-C surface.

Computational Materials Science 161 (2019) 1-9

Most importantly, because there is no chemical bonding between
the a-C and CsH;o molecules, the mobility of CsH;o molecules in the
friction system is evaluated approximately by the mean-square dis-
placement (MSD), which is estimated as follows:

1 N
MSD = r2(t) = —< In(t) — ri(O)I2>
N ; 3

where N is the number of i atoms in the system, and ry(t) is the position
of the i atom at t moment and r;(0) is the position of the i atom att = 0
moment. Fig. 11 shows the MSD of CsH;, molecules along x direction in
the a-C/CsH;jo/a-C systems. It can be seen that with the number of
CsH; molecules, the MSD increases significantly due to the significant
reduction of C-C inter-film bonding interaction from both a-C films
(Fig. 5a) and the passivation of carbon dangling bonds at the a-C sur-
face (Fig. 9). This suggests the enhanced mobility along the sliding
direction with CsH; ¢ content, which should make the main contribution
to the low friction coefficient because of the weak intermolecular in-
teraction between the a-C and CsH;. Fig. 12 further gives the depen-
dence of shearing strength on CsH;o content, which is calculated as
following

“TS @

where S is the shearing strength, o is the Hertzian contact pressure,
which is 5GPa in this calculation. Under dry condition, the shearing
strength is 36.3 GPa, while it decreases to 19.9, 2.6 and 0.3 GPa, re-
spectively when the number of CsH; molecules increases to 32, 72 and
122. Therefore, the combined effect from the self-passivation of a-C
surface and CsH;o hydrodynamic lubrication reduces the shearing
strength between the mating friction surfaces significantly, accounting
for the friction behavior of a-C system composited with CsH; ¢ lubricant.

It should be mentioned that if the H-, F, or O-passivated a-C are
introduced instead of the intrinsic a-C in this study, the friction beha-
vior should be further improved due to the passivation of a-C surface
following the enhanced mobility of AO lubricant. Although this work
clarifies the role of unsaturated AO molecules on friction behavior of a-
C and underlying friction mechanism and provides a clue to modify the
passivation state of sliding interface and lubrication effectiveness by
controlling the content of unsaturated hydrocarbon molecules in PAO,
the direct comparison between the simulation and experimental results
is still a big challenge until now due to the limitations in the simplified
contact model without multiple asperities, friction parameters (time,
sliding velocity, contact pressure, and environment), the hybridization
and surface state of a-C structure as observed in experiment, etc.

4. Conclusions

In this study, we performed reactive MD simulation using ReaxFF
force field to investigate the effect of unsaturated CsH;o on friction
behavior of a-C/a-C system, and the dependence of friction property
and interfacial structure evolution on CsH;o content was mainly stu-
died. In order to explore the related friction mechanism, the hy-
bridization structure, density, residual stress, and friction coefficient
were calculated. Results revealed that the unsaturated CsH;, content
played a significant role on the friction coefficient, which decreased
significantly as a function of the CsH;, content, and the minimal fric-
tion coefficient of 0.06 was obtained when the number of CsH,, mo-
lecules was 122. By comparison with the pure case without CsH;q lu-
bricant, the addition of CsH;o could reduce the friction coefficient by
99.2% maximally. Moreover, the CsH;, molecules bind with a-C by
intermolecular interaction, rather than the chemical bonding due to the
relative low contact pressure. By analyzing the hybridization structure
of a-C and MSD result as a function of CsH;o content, it revealed that
compared with the original interface before friction, although the in-
creased sp” fraction could observed for each case after friction process,
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Fig. 12. Shearing strength as a function of CsH;, contents.

the transformation of interfacial stress from tensile state to compressive
state and the repulsion force of H induced the self-passivation of a-C
surface, and the hydrodynamic lubrication of small unsaturated AOs
was also promoted by the significant reduction of a-C/a-C inter-film
interaction, which could account for the excellent friction property and
also provide the scientific understanding for AO’s role in the a-C friction
system.
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Appendix A. Supplementary data

Density and coordination change along the z direction after loading
process for each case (Fig. S1); Simulation results under the contact
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without CsH;o lubricant (Fig. S3). Supplementary data to this article
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