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a b s t r a c t

The tribology behaviors of diamond and silicon dioxide (SiO2) nanoparticles were examined via
molecular dynamics simulations; four cases were simulated. At low velocity and low load, the
nanoparticles separated the two blocks from each other and acted as ball-bearings. The plastic
deformation, temperature distribution, and friction force were all improved due to the action of the
nanoparticles. However, the crushing of the SiO2 nanoparticles was accompanied by deformation-
induced loss of the rolling effect, when the load was increased. Without nanoparticles, a transfer layer
formed at high velocity and low load. The two nanoparticles provided support for a certain duration.
However, at high velocity and high load, the support effect of these nanoparticles was lost in a short
sliding time.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The addition of nanoparticles with sizes of 1–120 nm to lubricants
as anti-friction and anti-wear additives has received significant att-
ention in recent years [1–3]. Experimental results show that various
nanoparticles such as metal [2,4–8], metal oxides [9–14], sulfides
[15–20], non-metals [21–25] and rare earths [26] can improve the
friction reduction and anti-wear behaviors of the lubricants. How-
ever, the lubrication mechanisms of these nanoparticles are still not
completely understood [27].

These lubrication mechanisms are currently investigated primar-
ily by experimental methods. In fact, researchers have proposed sev-
eral mechanisms, based on the analysis of scanning electron micro-
scopy images and energy dispersive spectrometry spectrum of the
wear surface. These mechanisms include (a) rolling friction [21,22,
28,29], (b) third-body material [11,30], (c) surface protective film
[9,11,31], and (d) a self-repair effect [2,18]. However, these mechan-
isms are speculative, i.e., based on experimental results only, and lack
theoretical support and direct evidences. The lubrication state in an
experiment represents, in general, a combination of boundary lubr-
ication, thin film lubrication, and elastohydrodynamic lubrication.
Moreover, the lubrication mechanisms of nanoparticles vary with the
lubrication states. There is also no consensus regarding the dominant

mechanisms, which lead to friction reduction and anti-wear of nan-
olubricated surfaces. For example, Ghaednia and Jackson [27] were
uncertain as to whether nanoparticles, which can roll and act as nano
ball-bearings, are likely to induce abrasive wear, or form tribolayers
on the asperity tops. Chou and Lee [23] questioned whether nano-
diamond particles truly acted as ball bearings. These issues are not
easily resolved experimentally and therefore, additional research
methods are essential to their resolution.

The molecular dynamics (MD) simulation method is generally
considered a very useful complementary tool to experimental studies
on nanotribological behaviors [3]. Many studies have reported
detailed friction processes at the atomic level, which were obtained
by using the MD method [32–37]. Several MD simulations of the
friction reduction and anti-wear mechanisms of nanoparticles have
been conducted. For example, Lv et al. [38] studied the friction
behaviors of Cu–argon nanofluids between two solid plates by
analyzing the movement of nanoparticles under different pressures.
However, the mechanical properties of the friction system were not
investigated. In previous work [32], we simulated the effect of
nanoparticles on the rheological properties of a lubricant film. The
effect of nanoparticles on the mechanical properties of the friction
pair was, however, not considered. Very recently, we studied the
effect of soft nanoparticles (copper) on the solid contact between
friction surfaces [39]. The results revealed that, at low velocity, a Cu
nano-film formed on the friction surface provided excellent lubrica-
tion. Although helpful, these studies do not elucidate the lubrication
mechanisms of nanoparticles. The lubrication mechanisms will vary
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with the nanoparticle type. However, studying the tribological pro-
perties of all nanoparticles is impractical and a classification into soft
and hard particles represents a more efficient manner of performing
such investigations. As such, in this work, we investigate the friction
processes of hard particles via MD simulations.

Diamond and silicon dioxide (SiO2) are two typical hard
nanoparticles and many experimental studies have reported imp-
rovements in the friction properties, due to their addition [21,
22,24,40–49]. The lubrication mechanisms of these two nanopar-
ticles, which are used as lubricant additives, exhibit similar
characteristics namely: (a) they act as billions of rolling particles
between the rubbing surfaces [21,22,29,41,42,45] and (b) they
separate the rubbing faces and prevent direct contact [21,41,
45,46]. However, the tribology properties differ somewhat due to
differences in the atom species, structure, and hardness of the two
nanoparticles. SiO2 nanoparticles are cheap and readily accessible.
We believe that SiO2 replacement of diamond nanoparticles is
feasible only under some lubrication conditions. To address this
problem, we will compare the tribological behaviors of the two
nanoparticles.

Nanoparticles perform most efficiently under boundary and
mixed lubrication conditions [2,19,21,22,30,31,50,51]. Under mixed
and boundary lubrication, there is always solid contact between the
friction surfaces, which in turn leads to local surface breakage. The
improved lubrication effect of nanoparticles on the rubbing surfaces
is essential to the anti-wear and friction reduction properties. Ther-
efore, in this work, the effect of hard nanoparticles (diamond and
SiO2) on the solid contact between friction surfaces, is investigated
via MD simulations.

2. Model and simulation details

2.1. Model setup

Snapshots of the simulated systems are shown in Fig. 1. Two
similar iron (Fe) blocks acted as the friction pair. When no nanopar-
ticles were present, the two blocks contacted each other directly
(Fig. 1a). A nanoparticle with a radius of 15 Å was then placed between
the two blocks (Fig. 1b) to prevent their direct contact. This nanopar-
ticle was free to move and no artificial constraint was applied. Periodic
boundary conditions were imposed in the x and z directions. As in our
previous study, the blocks consisted of six layers, namely: rigid layers
(1, 6), thermostat layers (2, 5), and free deformable layers (3, 4). Nose–
Hoover thermal baths [52] were attached to the thermostat layer in

order to fix the temperature at 300 K. Furthermore, each rigid layer
consisted of stationary atoms, whereas those in the free deformable
layers were unconstrained and moved freely due to the interatomic
forces. The two rigid layers slid in opposite directions at velocity v. A
normal load (P) was imposed on the upper rigid layer, and the lower
rigid layer was immobile in the y direction.

2.2. Molecular dynamics

The interactions between Fe atoms were modeled by an
embedded atom method (EAM) potential which can describe
the properties of metallic systems very well. The EAM potential
parameters used in the study were developed by Bonny et al.
[53]. A Tersoff potential [54] was adopted for carbon–carbon (C–
C) interactions. The BKS potential [55,56] was used to model SiO2

nanoparticle. The partial charge of 2.4e for silicon atoms and
�1.2e for the oxygen atoms were used in the BKS potential to
provide electrostatic interactions. The values of the BKS potential
parameters for SiO2 can be found in the work [56]. The interac-
tions between Fe–C, Fe–Si, and Fe–O were modeled by 12-6
Lennard Jones potential and the potential parameters are given
in Table 1.

2.3. Simulation procedure

The simulations were all performed using the classical open
source MD LAMMPS code [60]. Three steps were taken to realize
the simulation. First, the system was relaxed for 200 ps and an
equilibrium state was achieved. During this step, the canonical
ensemble (NVT) was applied to both the thermostat and free
deformable layers, i.e., layers (2, 5) and (3, 4), respectively. The
load P was then gradually applied to the upper rigid layer and we
equilibrated the systems again. During this re-equilibration, the

Fig. 1. Snapshot of simulation system without nanoparticle (a) and the system with hard nanoparticle (diamond and SiO2) (b). Purple and cyan points in the SiO2

nanoparticle indicate silicon and oxygen atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Lennard Jones energies (ε) and distances (σ) for Fe, Si, O, and C [57–59].

Species ε (eV) σ (Å)

Fe–Fe 0.527 2.321
Si–Si 0.0175 3.826
O–O 0.00738 2.96
Fe–C 0.02495 3.7
Fe–Si 0.096 3.0735
Fe–O 0.06237 2.6405
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NVT ensemble used for the free deformable layers, was converted
to the micro-canonical ensemble (NVE). The upper and lower rigid
layers were then pulled in opposite directions at velocity v. The
sliding friction was performed for 1600 ps. In this study, we used
the velocity Verlet algorithm [61] to calculate the atomic motions;
a time step of 0.002 ps was used for the simulations. During the
sliding simulation, the evolution of friction was tracked by
monitoring the tangential z-direction forces required to maintain
the constant velocity of the rigid layers.

3. Results and discussion

In our previous work [39], we found that the mechanisms of
nanoparticles leading to improved friction properties vary with
the sliding velocity. In this study, the tribological properties of
diamond and SiO2 nanoparticle will also be analyzed based on low
and high velocity.

3.1. Friction state with low velocity

A sliding velocity of 10 m/s was considered.

3.1.1. Friction process under a low load
Fig. 2 shows the friction states, which occur under a low load of

500 MPa. Selected atoms (blue and red atoms) in the two blocks

have been colored differently to show the plastic deformation and
interfacial slip during sliding. In the absence of nanoparticles, the
two blocks were joined by applying a normal load. The straight
markers became bent due to the shear stress, and features typical
of deformation microstructures formed in both blocks. The two
blocks were separated from each other when hard nanoparticles
(diamond and SiO2) were added. This is consistent with findings of
Tao et al. [21], Peng et al. [41,45], and Mochalin et al. [46] who
proposed that the two nanoparticles separate the rubbing faces
and thereby prevent their direct contact. The markers remained
straight during the sliding friction process, indicating that the
friction pairs were only slightly deformed. Direct contact between
the friction surfaces and plastic deformation in the friction pairs
should result in adhesive fatigue and contact fatigue. Therefore,
the friction behaviors of the hard nanoparticles (Fig. 2) should
reduce the wear rate and improve the morphology of the worn
surface. In fact, the experimental results indicate that, as lubricat-
ing oil additives, the two nanoparticles both reduce wear and
smooth the worn surfaces more than the pure base oil [21,24,41].
Analyzing the displacement of the marker (yellow atoms) in the
nanoparticles reveals that both nanoparticles acted as ball-
bearings between the friction surfaces. In addition, plotting the
angular velocity around the x-axis (Fig. 3) shows that the nano-
particles rotated clockwise for most of the sliding process. This
provides direct evidence for the mechanism of anti-wear and
friction reduction by nanoparticles; i.e., spherical nanoparticles are

Fig. 2. Still images of friction state at different sliding times. The blue and red atoms are the markers used to visualize the deformation. In order to make figures clear, the two
blocks are colored differently. Part atoms on the two nanoparticles are color-coded yellow to act as markers to show the rotation of nanoparticles. v¼10 m/s. P¼500 MPa.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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likely to roll between the rubbing surfaces and convert the slid-
ing friction into the mixed friction of sliding and rolling [21,
22,29,41,42,45].

Fig. 4 shows the effect of the two nanoparticles on the
morphology of the friction surface. Grooves formed with increas-
ing sliding time, proving that the two nanoparticles had cutting
action during rolling friction. In the case of boundary lubrication,
the solid contact between the friction surfaces result mainly from
asperity contacts. These asperities are polished by the hard
nanoparticles, which penetrate the contact area. Thus, the cutting
action of the two nanoparticles is benefit to the improvement of
morphology of rough surface. Tao et al. [21], Peng et al. [45], Chou
et al. [47], Ivanov et al. [44], and Sia et al. [49] proposed that
diamond and SiO2 will also exert a polishing action on the rubbing
surfaces. In fact, profiles measured across the test material and the
rubbing surface after friction tests [21,45,49] revealed that the
rubbing surfaces lubricated by diamond and SiO2 nanoparticles

were smoother than those of the test materials. Therefore, under
boundary lubricating conditions, the two hard nanoparticles have
a polishing effect on the friction surfaces.

The temperature distributions of the solid contact surfaces
have a significant effect on the tribological characteristics. This
was demonstrated by dividing the system into several layers along
the y-axis, determining the temperature profile, and computing
the average temperature of each layer. Fig. 5 shows the tempera-
ture distributions along the y-dimension, at a sliding time of
400 ps. Since the direct contact of friction pairs is prevented, the
system containing the two hard nanoparticles exhibits lower
temperatures compared to its no-nanoparticle counterpart. With-
out nanoparticles, the temperature of the free deformable layers
increased significantly due to severe shear deformation. This
suggests that hard-nanoparticle-added lubricants were effective
in reducing the temperature of the friction pair. This finding
concurs with previous experimental studies. Ivanov et al. [44]

Fig. 3. Angular velocities of diamond and SiO2 nanoparticles around x-axis. A
positive value suggests the clockwise rotation. v¼10 m/s, P¼500 MPa.

Fig. 4. Morphology changes of friction surface of lower block. The lower block is color coded according to the position on the y-axis. v¼10 m/s, P¼500 MPa.

Fig. 5. Temperature profiles along y dimension at a sliding time of 400 ps. v¼10 m/
s, P¼500 MPa.
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monitored the temperature at the friction pair and found that,
compared to base oil, a 1001 lower temperature of the friction
surfaces was obtained when nanodiamond was used as the
lubricant additive. Furthermore, Liu et al. [48] found that ultra-
dispersed diamond led to a reduction in the bulk temperature of
the friction surface.

3.1.2. Friction process under a high load
Fig. 6 compares the friction states of diamond and SiO2

nanoparticles under a high load of 1000 MPa. To facilitate the
observation, the upper block is not shown in the figure. As in the
case of low load, the two nanoparticles separated the blocks and
the friction pairs exhibited only a small amount of plastic defor-
mation. In addition, owing to its high hardness, the shape of the
diamond nanoparticle remained unchanged under high loading.
The SiO2 nanoparticle, in contrast, was crushed under the high
pressure. The displacement of the markers (yellow atoms) on the
nanoparticles confirmed that the diamond nanoparticle still acted
as a ball-bearing between the friction surfaces. However, defo-
rmation-induced loss of the rolling effect occurred in the case of
the SiO2 nanoparticle. A plot of the angular velocities around the x-
axis, under this high load, (Fig. 7) shows that the SiO2 nanoparticle
has almost no average angular velocity. Therefore, under high load,
the friction state of the SiO2 nanoparticle is constituted solely of
sliding friction; this differs from the frictional state under the low
load condition. Furthermore, the SiO2 nanoparticle was pressed
into, and moved with, the lower block and hence, there was no
groove on the friction surface (Fig. 6).

3.1.3. Friction force
The friction force is plotted in Fig. 8. In our previous study [39],

we found that without nanoparticles a 500 MPa load resulted in a
friction force of �5 GPa. As Fig. 8 shows, the friction force was
significantly reduced with the addition of diamond and SiO2

nanoparticles. The friction force of diamond was, however, smaller
than that of SiO2 under both low and high loads. This difference
results from the smaller interaction strength of Fe–C compared to
those of Fe–Si and Fe–O (Table 1). Furthermore, owing to the
deformation behavior, the contact area between the SiO2 and the
blocks was larger than that of the diamond nanoparticle. Under
the high load condition, the diamond converted the sliding friction

to rolling friction, whereas the friction state of SiO2 was described
solely by sliding friction.

The increased temperature of the friction pair is attributed to
the friction power, which is expressed as a function of the friction
force and the sliding velocity. Therefore, diamond addition resu-
lted in a lower temperature of the iron blocks compared to that
resulting from adding SiO2, as shown in Fig. 5.

3.2. Friction state with high velocity

A sliding velocity of 500 m/s was also considered. This velocity
is higher than that at which the transition to velocity weakening of
the friction force [37,62,63] in sliding contact, occurs.

3.2.1. Friction process under a low load
We show in Fig. 9 and Fig. 10 the friction processes of diamond

and SiO2 nanoparticles under a low load of 500 MPa. The markers
(yellow atoms) in nanopaticles, reveal the rolling effect of both
nanoparticles. Without nanoparticles, a strongly modified material

Fig. 6. Friction states and the shape of nanoparticle under a high load. To facilitate the observation, upper blocks were not shown. The color rule for atoms is the same as that
in Fig. 2. v¼10 m/s, P¼1000 MPa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Angular velocities of diamond and SiO2 nanoparticles around x-axis.
v¼10 m/s, P¼1000 MPa.
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region (i.e., the transfer layer) formed adjacent to the interface of
the two blocks, as shown in Fig. 9. Rigney et al. [37], Hammerberg
et al. [62], and Kim et al. [64] also reported the formation of a
transfer layer. In our previous work [39], a stable transfer layer also
formed when a soft nanoparticle (copper) was added. However,
the friction state stemming from the use of the two hard
nanoparticles, prevented the direct contact of the blocks at high
velocity. When the diamond nanoparticle was added, the forma-
tion of the transfer layer was prevented for the entire friction
process. Fig. 10 shows that the SiO2 nanoparticle prevented the
direct contact of the two blocks only initially. However, the direct
contact of the blocks at sliding times higher than 1100 ps, led to
the formation of the transfer layer. This indicates that diamond
nanoparticles are more effective than SiO2 in improving the high-
velocity tribological properties. This difference in tribological
properties results from differing responses to the load; i.e., the
SiO2 nanoparticle deformed under the load (Fig. 10), whereas the
diamond did not. Moreover, the atomic interaction strength of the
Fe–Si and Fe–O was higher than that of the Fe–C (Table 1). The
SiO2 nanoparticle led, therefore, to more severe plastic deforma-
tion on the friction surfaces and the cutting depth increased faster
than in the case of its diamond counterpart. As such, the two
blocks came into direct contact at a sliding time of 1100 ps

Fig. 8. Friction force with respect to sliding time. The values on the y-axis are
divided by the area of block in xz plane. v¼10 m/s.

Fig. 9. Friction state at different sliding times. The color rule for atoms is the same as that in Fig. 2. v¼500 m/s, P¼500 MPa. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Friction state of SiO2 nanoparticle at different sliding times (upper). To observe the motion state of particle, the SiO2 nanoparticle was displayed separately (lower).
The color rule for atoms is the same as that in Fig. 2. v¼500 m/s, P¼500 MPa. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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(Fig. 10), which led to the formation of the transfer layer near the
interface.

Fig. 11 shows the temperature distributions at a sliding time of
800 ps where both nanoparticles provided excellent support for
the blocks. As Lin et al. [63], Kim et al. [64], and Karthikeyan et al.
[65] previously reported, there was a sharp spike in the tempera-
ture in the middle region (transfer layer) when no nanoparticle
was added. The addition of the two nanoparticles led to a
significant improvement in the temperature distribution com-
pared with the case without nanoparticles.

3.2.2. Friction process under a high load
The friction states changed significantly with increasing load.

Fig. 12 shows the friction processes of the two nanoparticles under a

high load of 1000 MPa. Both nanoparticles were trapped in the tra-
nsfer layers, which formed after only a short sliding time. The
formation of the layers was accelerated (compared to lower loads
of for e.g., 500 MPa) owing to the rapid increase in the cutting depths
of the nanoparticles. Plastic deformation, nanocrystallization, amor-
phization, frictional heating, and non-equilibrium material flow
phenomena are common features of tribological interactions in a
transfer layer [37,62,63]. These features have considerable influence
on both the friction and wear properties of a sliding system. Furth-
ermore, the tribological properties of the transfer layer may be
influenced by the hard nanoparticles trapped therein. This possibility
will be examined in future work.

4. Conclusions

In this work, molecular dynamic simulations were used to
investigate the frictional properties of two hard nanoparticles
(diamond and SiO2) and reveal the mechanisms governing their
anti-wear and friction reduction behavior. The following conclu-
sions can be drawn from this study:

(1) The tribology behaviors of the two nanoparticles were quite
similar under a low load (500 MPa) and a low sliding velocity
(10 m/s). The two blocks were separated from each other by
the diamond and SiO2 nanoparticles and the friction pairs
were only slightly deformed. This resulted in both improved
temperature distributions and friction forces. The nanoparti-
cles acted as ball-bearings and converted the sliding friction
into mixed friction consisting of both sliding and rolling. The
morphological changes were also analyzed and the results
indicated that hard nanoparticles had a polishing effect on the
friction surfaces. Moreover, the tribology properties of dia-
mond changed only slightly when the load was increased to
1000 MPa. In contrast, the crushing of the SiO2 nanoparticle
under the load was accompanied by a deformation-induced
loss of the rolling effect.

(2) Without nanoparticles, a transfer layer formed at a high
velocity and low load of v¼500 m/s and P¼500 MPa,

Fig. 11. Temperature profiles along y dimension at a sliding time of 800 ps.
v¼500 m/s, P¼500 MPa.

Fig. 12. Friction state at different sliding times. The color rule for atoms is the same as that in Fig. 2. v¼500 m/s, P¼1000 MPa. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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respectively. However, the diamond nanoparticle prevented
direct contact between the two blocks during the entire
simulation and no transfer layer was formed. The SiO2 nano-
particle provided support for only a certain time during the
simulation. The temperature distributions of the friction sys-
tems were significantly improved owing to the support effect
of the two nanoparticles. In addition, the nanoparticles still
acted as ball-bearings. However, at high velocity and high load
(500 m/s, 1000 MPa), the support effect of the nanoparticles
was lost in a short sliding time, and transfer layers were
rapidly formed.
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