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Solid-liquid lubricating system, composed of amorphous carbon (a-C) and fluid lubricant, arouses
enormous interest due to its excellent tribological performance. However, the friction response of a-C
induced by carbon nanoparticles including graphene (G), fullerene (C60), and carbon nanotube (CNT) as
oil-based additives and the underlying friction mechanism in synergism with base oil are unclear. Herein,
using reactive molecular dynamics simulation, we comparatively investigated the friction dependence of
G, C60, and CNT additives at the a-C interface. Compared with pure base oil, G results in the friction
coefficient reduced by 90%, which exhibits the best anti-friction ability than C60 and CNT. The interfacial
structure transformation, the interaction between the a-C, base oil, and additives, and the mobility of
base oil indicate that being different with C60 or CNT which cross-links both the mating a-C surfaces, the
G only anchors to one a-C surface to form a block physical protective film, which significantly smooths a-
C surface, weakens the intermolecular interaction of a-C with base oil, and thus promotes the mobility of
oil molecules, presenting a synergistic effect on the friction performance. These address the fundamental
understanding on carbon additive-induced friction mechanism, and guide the design of a-C/lubricant

composite system for tribological applications.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Friction exists in almost all mechanical systems with moving
components, causing large amounts of energy dissipation (about
20%), materials losses, and CO, emissions every year, which has
become a globally urgent task to develop the advanced lubricating
system for aerospace, automotive, military, and various industrial
applications [1,2]. In order to minimize the risk of friction-induced
mechanical failure and improve the machine efficiency, solid-liquid
lubricating system, which makes full use of the advantages of solid
lubricating film and the unique property of fluid lubricant, has been
widely regarded as a more effective strategy than single component
[3—5]. Especially due to the excellent mechanical and low-friction
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properties, amorphous carbon (a-C) film is a strong candidate as
solid lubricating part to cooperate with fluid lubricant [6—8],
improving the durability and reliability of mechanical components
in synergism.

It is well known that besides the base oil, fluid lubricant nor-
mally contains a variety of nanomaterials as additives [9—14],
which are dispersed in the base oil to not only stabilize the fluid
lubricant, but also enhance the comprehensive performance of
solid-liquid lubricating system, which is of paramount importance
for engineering and technical applications. Among of them, carbon-
based nanoparticles, especially graphene (G) [15—19], fullerene
[20—22], and carbon nanotube (CNT) [23—25], are qualified to be
effective solid anti-friction additives owing to their unique struc-
ture and exceptional properties. For the G with 2D structure,
notable mechanical and load-bearing capacities, and atomically
smooth surface, Eswaraiah et al. [15] studied the tribological
property of G-based engine oil and found that the friction coeffi-
cient, anti-wear, and extreme pressure properties were reduced by
80%, 33%, and 40%, respectively, compared with the base oil,
attributing to the nanobearing mechanism and high mechanical
strength of G in engine oil. Zin et al. [16] revealed that graphene-
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based nano-additive resulted in a maximum decrease of 18% in
friction coefficient and over 70% in worn volume estimated under
boundary lubrication condition because of the reduced contact
area. However, Luo [18] and Mao [19] reported the formation of a
continuous “protective film” or “tribofilm” caused by G, which
prevented the rubbing surfaces from direct contact and thus led to
the exceptional lubrication behavior. As the fullerene and its de-
rivatives were considered as additives, Yao et al. [20] showed that
due to the unique spherical shape and highly symmetric structure
of fullerene, it not only served as spacer to inhibit the rough contact
between the two mating surfaces, but also provided easily slider or
roll of mating surface, named as “rolling effect”, accounting for the
low-friction behavior, which was also proved by Matsumot [21] and
Zhang [22]. For CNT with high tensile and flexural strength, Gong
et al. [23] found that a protective film was generated on the wear
surface, contributing to the low friction and high wear resistance of
CNT derivatives, which agreed with Meng [24] and Salah's [25]
reports.

The above-mentioned results demonstrated the friction mech-
anisms (nanobearing, interlamination sliding, reduced contact area,
transfer or protective film, rolling effect) of carbon nanoparticles as
additives in base oil [15—25]. However, on the one hand, due to the
limited characterization of interfacial structure evolution and the
difference in both the types of nanoparticles and derivatives and
the volatile working environments, it remains a big challenge to
completely clarify the friction mechanism of carbon nanoparticles
in experiment until now. The in-depth understanding from the
atomic scale is required to disclose the exact friction mechanism
induced by G, CNT, and fullerene. On the other hand, to the best of
our knowledge, most of previous studies were designed for metal-
to-metal contact surface [15—25], the friction behavior of G,
fullerene, and CNT as oil-based additives on the a-C surface, the
interaction between the a-C, base oil, and additives, and the un-
derlying mechanism in synergism are still unclear, which is
requisite for the development and application of advanced a-C/
lubricant composite lubricating system.

In this work, we conducted reactive molecular dynamics (RMD)
simulation to study the friction behavior of a-C composited with
fluid lubricant. The linear alpha olefin, CgHyg, was selected as base
oil [26], while G, C60 as fullerene, and CNT were regarded as
lubricant additives to comparatively evaluate the dependence of
friction response on the additive variety. Most importantly, the
evolution of interfacial structure and the interaction between the
additives, CgH1g, and a-C, and the mobility of fluid lubricant were
investigated systematically to shed light on the synergistic friction
mechanism. Results revealed the friction behavior of a-C strongly
depended on the lubricant additive, and the G structure was sug-
gested to cooperate with base oil for high anti-friction performance.

2. Computational methods

All simulations were employed by Large-scale atomic/molecular
massively parallel simulator (LAMMPS) code [27]. Fig. 1 showed the
“Sandwich” model of a-C/lubricant/a-C friction system used in the
present work, which was divided into lower a-C substrate, fluid
lubricant, and upper a-C counterface. The mating a-C structure with
size of 42.88 x 40.358 x 31 A% and 6877 carbon atoms was depos-
ited by an atom-by-atom method [28], and it had an sp fraction of
24 at%, an sp? fraction of 72 at.%, and a density of 2.7 g/cm>. Fluid
lubricant was composed of base oil and additives, in which CgHig
was considered as a representative lubricating oil and the number
of CgHig molecules was fixed at 45 [26]. In order to conduct a
comparative study on the friction response of a-C induced by
different additives, the carbon nanoparticle fragments including G,
C60, and CNT were selected as additives, but the number of C atoms

Fig. 1. Simulated model for a-C/lubricant/a-C friction system. (A colour version of this
figure can be viewed online.)

for each additive fragment was fixed at 60, and the corresponding
additive content was 12.5 wt%. The separation distance between
the lubricant and the lower or upper a-C film was 3 A.
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Fig. 2. Friction curves including friction and normal forces with sliding time for each
case. (A colour version of this figure can be viewed online.)
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Fig. 3. Friction coefficient with different additives. (A colour version of this figure can
be viewed online.)

Similar to previous study [3,26], a three-layer assumption model
was applied to each a-C/lubricant/a-C system, including the fixed
layer (blue background in Fig. 1) for simulating the semi-infinite
system, the thermostatic layer (purple background in Fig. 1) being
maintained at 300 K through the NVE ensemble with a Berendsen
thermostat [29], and the free layer consisted of the remnant a-C and
lubricant (CgHyg and additive) in Fig. 1 for modeling the friction-
induced structure evolution at the interface. Time step was 0.25
fs and periodic boundary condition was imposed along both the x-
and y-directions. ReaxFF potential developed by Tavazza et al. [30]
was utilized to accurately describe the C—C, C—H, and H—H in-
teractions in the whole system, whose reliability has been validated
by our previous works [3,26,31].

a-C@C8H16 a-C@C8H16+G

interaction

During the friction process, a three-step process was adopted: (i)
geometric optimization at 300K for 2.5 ps; (ii) loading process to
achieve the specified value of contact pressure (5GPa) during
25 ps; (iii) sliding process with a fixed contact pressure and a sliding
velocity of 10 m/s along the x-direction for 1250 ps. Our [3,26] and
previous studies [32—35] have already confirmed that the high
contact pressure (5GPa) was appropriate to examine the friction
behavior on an atomic scale. After the friction process, the forces
acting on the fixed atoms of bottom a-C layer (blue region at the
bottom of Fig. 1) in the x and z directions were counted as the
friction force, f, and normal force, W, respectively, to calculate the
friction coefficient for each case. The detailed process was
described in our previous work [3].

3. Results and discussion

Fig. 2 shows the friction curves including friction and normal
forces with sliding time for each system. It can be seen that
compared with the pure a-C/a-C friction system [31], after adding
the G, C60, or CNT as oil-based additive into the friction interface,
the friction process reaches the stable friction stage quickly without
the obvious running-in process, which is close to the case with
CgHig only [26]. The absence of running-in process is ascribed to the
low contact pressure and the chemical bonding of mating a-C
surfaces shielded by lubricant [3]. In order to quantify the effect of
different additives on the friction property, the values obtained
during the last 200 ps of stable friction stage (Fig. 2) are employed
to calculate the friction and normal forces for each case, as shown in
Fig. S1 of Supplementary Information. First, by comparing with the
additive-free case, with the additive ranged from G, C60 to CNT,
there is almost no additional rise of flash temperature at the friction
interface, which is kept at about 300 K. Interestingly, the normal
force with additive variety displays a slight difference, which is

a-C@C8H16+C60 a-C@CB8H16+CNT

bare surface

Fig. 4. Morphologies of self-mated a-C@CgHyg systems with different additives (G, C60, and CNT), in which gray, blue, and red colors represent C atoms from a-C, base oil, and
additive, respectively, white color represents H atom, and green color is the surface mesh of a-C mating materials. (A colour version of this figure can be viewed online.)
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related with the real contact zone at the friction interface, but the
friction force obviously increases from 0.56 for G to 1.18 for C60 and
7.05nN for CNT. In particular, the friction force in G- or C60-
contained system is much smaller than that in a-C@CgH1g system
(5.23 nN), while it increases significantly when CNT is considered as
additive, implying the different and significant evolution of inter-
facial structure and the potential collapse of additive structure, as
will be discussed later.

According to the friction and normal force values, Fig. 3 shows
the calculated friction coefficient in each friction system, and
the result from a-C/CgHjg/a-C system is also provided for compar-
ison [26]. It reveals that the friction coefficient is strongly depen-
dent on the additive variety in base oil, consistent with the
evolution of friction force in Fig. ST of Supplementary Information.
For the a-C friction system with CgHig as base oil only, the friction
coefficient is 0.21, which is higher than that in experiment. This is
owing to the used a-C structure without any surface contamination
or passivation, inducing the high adhesive strength of mating ma-
terials [3,31]. After introducing G or C60 into the base oil, the
friction coefficient decreases to 0.02 for G or 0.05 for C60, which is
reduced by 90% or 76%, respectively, by comparing with the
additive-free case. However, the opposite increase of friction co-
efficient from 0.21 to 0.32 is observed for a-C@CgH15+CNT system.
This implies that the graphene fragment is the best candidate as oil-
based additive than C60 and CNT to cooperate with the base oil and
a-C for enhancing the anti-friction performance maximally, which
is similar to previous works [4,20,21].

In order to clarify the fundamental effect of different additives
on the friction behavior, Fig. 4 first illustrates the morphologies of
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self-mated a-C@CgHi¢ systems with different additives after the
friction process, and the morphologies after relaxation and loading
processes are also provided for comparison. Note that after the
loading process, the fluid lubricant with G as additive can fully wet
the a-C surface, while the bare a-C is observed in both the a-
C@CgH15+C60 and a-C@CgH16+CNT cases, which may induce the
direct contact of rough surface and thus lead to the high friction
coefficient. After the sliding process of 1250 ps, the morphology of
a-C@CgH1g system shows that most of the mating a-C films could be
separated by the CgHyg lubricant with slight direct interfilm inter-
action, suggesting the improvement of friction behavior of a-C/a-C
system via the hydrodynamic lubrication of base oil [26]. However,
by introducing G, C60, or CNT fragments as additives into the base
oil, the inter-interaction between the mating a-C films is
completely prevented by the fluid lubricant following the increased
separation distance, but there is an obvious difference in the
interfacial structure and a-C surface observed for each case, which
is also confirmed by the atom distribution along the film depth
direction, as shown in Fig. 5.

In addition, Fig. 5 also shows that the structural evolution during
the friction process mainly occurs at the interfacial rather than the
intrinsic a-C region. In particular, it is well known that the friction
behavior is highly sensitive to the complicated interface. In order to
explore the underlying friction mechanism caused by different
additives, the interfacial evolution including the binding states
between the a-C, additives, and CgHjg oil, the hybridized structure
of interface, and the mobility of CgHyg base oil and additives needs
to be investigated. Before that, according to the atom distributions
plotted in Fig. 5, the width of interfacial region is defined for each
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additives. (d) Stress distribution of H in CgHyg base oil after the sliding process for each system. (A colour version of this figure can be viewed online.)
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case, as shown in the area between the two dotted lines.

Before analyzing the evolution of interfacial structure, the
binding state between the a-C, base oil, and additives needs to be
discussed first. By the analysis of coordination number in Fig. 6, it
reveals that the CgHig molecules interact with a-C mating materials
or additives in the form of intermolecular interaction rather than
chemical bonding due to the low activation energy caused by
thermal or shearing effect [26]. There is also no degradation of
CgHig molecules occurred during the sliding process, which co-
incides with previous study [3]. However, the chemical bonding
between the additives and a-C is generated (Fig. 6) and especially
followed by the different structural transformation of additive
fragment during the sliding process, which plays a significant role
in the friction process of a-C.

Using the specified interfacial region (Figs. 5), Fig. 7 illustrates
the corresponding interfacial snapshots of a-C@CgHig+G, a-
C@CgH16+C60, and a-C@CgH16+CNT systems with sliding time, in
which the CgHjg base oil is neglected for view. For a-C@CgH15+G
system (Fig. 7a), the side carbon atoms from G fragment quickly
interact with one a-C surface to form the covalent bonds. This leads
to the G additive stably retained at the a-C surface during the
friction process, but there is no obvious degradation of G due to low
shearing effect (see inset in Fig. 7a and Fig. S2 of Supplementary
Information) [36]. This is also suggested by the distribution of G
in Fig. 5. In particular, due to the special 2D structure, the surface of
graphene flake is parallel to the a-C surface, consistent with the
sliding direction, which could shield the strong constraint of a-C
dangling bonds to the base oil, improve the surface roughness, and
thus bring little barrier to the mobility of CgHyg base oil. This is
consistent with previous experiment [37], in which the graphene
fragments entered the water-boundary lubricated layer to reduce
the direct contact zone between the specimen and the counter face.

Nevertheless, for a-C@CgH15+C60 system (Fig. 7b), C60 as ad-
ditive can serve as a miniature bearing to lubricate the a-C surface
by rolling or caterpillar motion [22], but the partial collapse of C60
structure occurs during the friction process due to the chemical
bonding of C60 with both the a-C surfaces (see inset in Fig. 7b and
Fig. S3 of Supplementary Information) [38]. Especially, when CNT as
additive is introduced into the CgHjg oil (Fig. 7c), it cannot exist
stably at the friction interface. On the contrary, the strong chemical
interaction of both the mating a-C surfaces with CNT side atoms
results in the significant collapse of nanotube structure following
the high roughness along the sliding direction (see inset in Fig. 7c¢
and Fig. S4 of Supplementary Information). This has been
confirmed by Matsumoto et al. in experiment [21]. Hence, during
the sliding process, the C60 or CNT serves as a bridge to cross-link
the two a-C surfaces, which is similar to Kuwahara's report [39].
This cross-linking will induce the high friction force and also
potentially prevent the hydrodynamic effect of CgHyg lubricant,
although it may passivate the a-C surface to some extent. However,
the graphene could anchor to the contact a-C surface and form a
stable protective “tribofilm”, which significantly lubricates the
contact surface and reduces the roughness, similar to previous re-
ports [17,40,41].

Besides the interaction of a-C with additives, the analysis of
interfacial hybridized structure is also essential to confirm its
contribution to the friction reducing behavior [42—44]. Fig. 8a~8c
display the evolution of hybridized structure of interface with
sliding time for each case, in which only the contribution from both
the a-C and additives is considered because of the absence of
chemical bonding between the CgH1s and a-C or additives (Fig. 6).
Note that for each case, with the sliding time increased from 0 to
1250 ps, both the sp> and sp? fractions increase first and then
become stable, which are followed by the reduction of sp fraction,
suggesting the interfacial passivation during the sliding process.

This not only attributes to the interaction of sp-hybridized side
atoms in additive fragment with the dangling C atoms of a-C sur-
face (Fig. 7), but also to the self-passivation induced by the repul-
sive force of H atoms in CgHyg bas oil, as shown in Fig. 8d, which is
also confirmed by Bai's study [34]. However, the hybridized struc-
ture of interface at the stable friction stage almost shows no
dependence on the additive variety due to the low contact pressure,
although the sp fraction in each case is slight higher than that in
additive-free system due to the intrinsic side atoms with sp-
hybridized state and tribo-induced degradation of additive
structure.

Furthermore, the mean square displacements (MSD) for additive
and CgHig base oil are estimated separately using the following
equation [3,26], which is an essential tool to evaluate the effect of
the mobility of fluid lubricant on the friction property.

N
MSD =r%(t) :% > Ini(t) = ri(0) M
i=1

where N is the number of i atoms in the system, ri(t) and r; (0) are
the positions of the ith atom at time t and 0, respectively. The MSD
for additive in Fig. 9a further confirms the stable existence of G and
C60 on the a-C surface via the chemical bonding, but a drastic in-
crease of MSD is displayed for CNT due to the motion of dissociated
CNT flakes caused by the strong bonding with two a-C surfaces. In
particular, with the additive changed from G to C60 and CNT, the
mobility of CgHig base oil decreases obviously, as illustrated in
Fig. 9b, suggesting the deteriorated hydrodynamic lubrication of
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CgH16 molecules. In the a-C@CgH16+G system, the G can effectively
smooth the friction surface of a-C and also reduce the effect of a-C
dangling bonds on the mobility of CgH1g base oil, so the G and CgH1g
oil present a synergistic lubricating effect and thus lead to the su-
perior lubricating performance as compared to that of the single
component (G or CgHyg) [26]. However, in the system with C60 as
additive, the dangling bonds from a-C and the cross-linking of C60
with both the mating a-C surfaces (Fig. 7b) will prohibit the CgHyg
molecules from moving along the x-sliding direction by the strong
intermolecular interaction (Fig. 6), accounting for the increased
friction coefficient, as shown in Fig. 3. When CNT is used as additive,
the dangling bonds from both the a-C and dissociated CNT
contribute to the reduced mobility of CsHig molecules, which is
similar to the C60 case. But most importantly, the chemical inter-
action of CNT with both the a-C surfaces is enhanced significantly
(Fig. 6) and the surface roughness is also increased due to the re-
bonding of dissociated CNT flakes with a-C (Fig. 7c), resulting in
the obvious increase of friction coefficient.

In addition, it should be mentioned that the content of additive
in base oil plays a significant role on the lubricating performance
[17]. The dependence of friction property and corresponding evo-
lution of interfacial structure on G, C60, and CNT contents are
presented in Fig. 10. Note that with increasing the G or C60 content
from 0 wt% to 30.0 wt%, the friction coefficient decreases first and
then increases for each case, agreeing well with previous experi-
mental report [21], but the friction coefficient with CNT content
increases monotonously. When the additive content is 30.0 wt%,
the friction coefficients are 0.17 for G, 0.21 for C60, and 1.31 for CNT
(Fig. 10a), respectively. In the a-C@CgH16+G system (Fig. 10b), with
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increasing the G content, the G fragments interact with each other
instead of the stable existence on the a-C surface. This not only
leads to the G fragments piling up between the friction pairs, but
also produces or aggravates the cross-linking interactions between
the a-C surfaces, causing the increased friction coefficient (Fig. 10a).
However, for C60 or CNT as oil-based additive, the behavior is
similar to the case with low content, and the increase of friction
coefficient results from the drastic enhancement of additive-linked
bonding between the mating materials (Fig. 10c and d). Hence, this
further indicates that the G is suggested to be the best candidate as
oil-based additive than C60 and CNT to improve the friction
behavior, and the base oil with low additive content, rather than
high content, can more effectively improve the friction perfor-
mance in synergism, which is in consistent with experimental
study [45].

Fig. 10b and 10d also display that the additive with an excessive
content, especially C60 and CNT, can affect the mobility of CgHyg
base oil or adsorb more oil molecules by strong intermolecular
interaction. This induces the discontinuous distribution of base oil
molecules and even brings the point-point contact or dry friction at
the sliding interface, which also contributes to the friction perfor-
mance [17,46]. Moreover, in the present work, the a-C without
surface passivation is used to explore the additive-induced friction
response. If the a-C surface is passivated by H, O, F et al. [42] or the
multilayer graphene is used as additive, the friction property
should be further improved due to the recued intermolecular or
chemical interaction between the a-C and fluid lubricant or the
interlamination of graphene.

a-C
© aaditive
?}-base oil

@ sp3 hybridized atom () sp hybridized atom
 sp? hybridized atom @ 1-fold atom

Fig. 10. Friction results of a-C@CgHy systems under different additive contents. (a) Evolution of friction coefficient with G, C60 or CNT content. Morphologies of (b) a-C@CgH16+G,
(c) a-C@CgH16+C60, and (d) a-C@CgH16+CNT systems with additive content of 30.0 wt%, respectively, after the sliding process of 1000 ps, in which the insets are the local enlarged
views for the hybridized interfacial structures. (A colour version of this figure can be viewed online.)
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4. Conclusions

We introduced carbon nanoparticles including G, C60, or CNT as
oil-based additive to the a-C friction interface, and comparatively
explored their effect on the friction behavior of a-C/fluid lubricant
composite system using RMD simulation. By the systematical
analysis of morphologies, the interaction between the a-C, base oil,
and additives, the interfacial structure evolution, the stress distri-
bution, the MSD of both the additive and base oil, and the friction
property, results revealed that.

< Friction coefficient was strongly dependent on the additive va-
riety in base oil. Compared with the additive-free case, adding G
or C60 into the base oil resulted in the friction coefficient
decreased by 90% or 76%, respectively, while the opposite in-
crease of friction coefficient from 0.21 to 0.32 was observed for
CNT as additive, demonstrating that the G could be used as an
effective oil-based additive composited with a-C solid film for
application.

< The fluid lubricant could effectively prevent the direct interac-
tion between the contacting a-C films, in which the base oil
component interacted with a-C and additives in the form of
intermolecular interaction, but the chemical bonding occurred
between the a-C and different additives.

+ In a-C@CgH16+G system, the G bonded with a-C surface to form
a protective film, which not only improved the surface rough-
ness, but also shielded the strong constraint of a-C dangling
bonds to the base oil, causing the significant reduction of friction
coefficient in synergism with the excellent mobility of base oil,
as compared to that of the single component. However,
although C60 served as a miniature bearing to lubricate the
surface by caterpillar motion, the cross-linking of C60 with both
the a-C surfaces restricted the sliding of a-C and the hydrody-
namic effect of base oil. Especially for CNT, the strong chemical
bonding between the a-C surfaces and CNT brought the drastic
collapse of nanotube structure and high roughness, accounting
for the increase of friction coefficient.

< Furthermore, the lubricating efficiency was also related with the
additive content in base oil, and the excessive content for each
additive was accompanied by the increased friction coefficient,
mainly attributing to the piling up between the additives and
the aggravated chemical interactions of additives with both the
a-C surfaces.

< The present results disclose the fundamental friction mecha-
nism caused by carbon nano-additives and provide guidance to
develop the new fluid lubricant and the advanced a-C/fluid
lubricating system through tailoring the composition and con-
tent of nano-additives for potential applications.
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