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Molecular dynamics simulation of intrusion of a C60 molecule ball
into sliding contact space
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ABSTRACT

The intrusion process of a C60 ball into a sliding contact space with an included angle made up by two sili-
con substrates (100) was simulated using the molecular dynamics approach. The simulation was carried out
using Tersoff potential of C and Si atoms at room temperature of 300K. The included angle was defined as
initial entry angle changing from 20° to 90° in the simulation for studying the effect of the initial entry angle
during the intrusion process. The dependence of the initial entry angle on the number of sticking Si atoms of
upper substrate was calculated. The results showed that the number of sticking atoms increased with the in-
creasing of initial entry angle, and the number of sticking atoms was divided into three regions with different
slopes, which could be used to evaluate the intrusion performance of a C60 ball into the sliding contact
space. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

The cleaning system of particles is an important tribosystem in laser printers; the leftover particles
attached to the surface of an organic photoconductor roller must be removed by the sliding of a blade
against the roller." At present, the development of printing technology is faced with the scientific prob-
lem on how to clean a spherical particle when its size is going to nanometre. To find a better way to
clean the nano particles, the first question to be solved is how a particle intrudes into the sliding contact
space. Thus, the study of the state of motion and the critical intrusion condition of the nano particle in a
sliding contact space becomes important. In this study, we choose the C60 ball as a nano particle to
simulate the intrusion process.

An arbitrary particle may slide, roll and rotate on a flat surface, and the experimental investiga-
tion on the motion of particle on surfaces was conducted with the aid of micromanipulators.>™
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M.D. Murthy Peri et al. performed atomic force microscope experiments and showed that the roll-
ing resistance moment exhibited by a spherical particle bonded to substrate is an important measure for
studying interfacial forces and particle removal processes, as well as measuring the work of
adhesion.>*> Metin Sitti and Hideki Hashimoto performed a pushing study on particles on a silicon sub-
strate with an Atomic Force Microscopy probe and analysed the interaction forces between the micro-
sphere, the substrate and the manipulation probe. The sliding, rolling and rotational motions of the
particles were observed.* The size of the particle used in the experiments mentioned earlier was in
micro scale. However, at nano scale, the surface forces and surface phenomena will become dominant,
and thus, a deep insight into the particle-surface interaction is required. Molecular dynamics simulation
is a powerful computational method for studying nanoscale surface phenomena, and thus, the atomic-
scale interactions between a particle or a nano-cluster and a substrate were investigated using molecu-
lar dynamics simulation.’™'® Liangchi Zhang and Hiroaki Tanaka reported the friction and wear
mechanisms in silicon associated with a two-body or a three-body contact sliding.ll W.G. Lee et al.
studied the rolling resistance of a sphere on an atomically flat surface. Their work revealed that rolling
friction at the nanoscale level was similar to the macroscopic rolling condition during strain hardening
of metals.'? D.S. Rimai et al. discussed the particle adhesion form micrometre-size scale to nanometre-
size.'> The contact area and adhesion energy as the particle impinging onto the substrate were
investigated by Paolo Valentini and Traian Dumitrica.'* The interaction of energetic fullerene
molecules with silicon crystal surface had been studied,ls’16 and Tersoff Si/C potential was used to
model the interaction between the C and Si atoms.'” The researches mentioned earlier using molecular
dynamic simulations are mainly focused on the interaction between a particle and one substrate; the
particle interacting with two substrates and intruding into a contact space have not been considered.

Recently, we have studied the critical condition for intrusion of a steel ball into sliding contact space
by experiment and theoretical analysis.!” The results showed that there was a critical intrusion angle in
the process of intrusion. However, the particle used in our former experiments and analysis was in
macroscale; we did not find out the influence factor of particle intrusion process in micro or nano scale.
Therefore, now our work emphasises the modelling and simulation of a nanoparticle intrusion process.

In this paper, we used a C60 ball as the smallest ball to simulate the nanoparticle intrusion
process. The classical molecular dynamic simulations were conducted with aims to understand the
atomic-scale intrusion and friction behaviours of a C60 ball in contact with two flat silicon substrates,
and what was more to discuss was whether there was a critical entry angle for a spherical particle in the
limitation size.

COMPUTATIONAL MODEL AND METHODOLOGY

A three-dimensional C60 ball-substrates intrusion (here, intrusion means the process wherein the C60
ball moved from the right space, formed by the two substrates, to the left space) system was modelled
for the presented computational investigation, as shown in Figure 1.

The material of the lower and upper substrates is silicon (100) with the lattice constant of 0.543nm. The
model consists of a lower substrate of 4145 atoms, an upper substrate of 716 atoms and a C60 ball of
60 atoms. The size selected for lower and upper substrates are Ly; X Ly; X L,;=4.344nm x 10.317nm X
1.629nm and Ly, X Ly> X L,,=2.172nm x 4.887nm x 1.086nm, respectively, and the diameter of C60
is 0.71nm. The upper substrate is inclined, forming an initial entry angle o ranging from 20° to 90°.
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Upper substrate

Rigid atoms

Figure 1. Schematic of Molecular Dynamics simulation model.

The outer one layer of atoms on the bottom side of the lower substrate and the outer one layer of
atoms on the right side of the upper substrate are rigid atoms. All the other atoms are thermostat atoms,
which are unconstrained as shown in Figure 1.

In the present simulations, the Tersoff potential function, which is the most popular multibody inter-
action potential (see Zhang and Tanaka® and Lin ez al.”), is applied to the interaction among Si atoms
and C atoms. If we assume that j and k are the neighbouring atoms of atom i, that the atomic bond
lengths of atoms i—j and i—k are r; and ry, respectively, and that the angle between bonds i—j and
i—k is 0, then the total Tersoff energy E can be expressed as

1
E:ZE,:EZW (D

i#j

where V; is the bond energy, so the summation in the equation is over all the atomic bonds in the con-
trol volume. V;; is a function of the repulsive pair potential fg and the attractive pair potential f, and
has the form

Vij = fe(ry) [fr (1) + biffa(ry)] 2)
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8(05) = 1+ ¢ /df — C?/[diz + (hi — cosO)* |
Di = (a4 2)/2, 1y = (s + 1)/2, Ay = (AA)'?;

1/2 1/2 1/2
By = (BiB)'?, Ry = (RiR))"?, Sy = (8:5)"*.

Other parameters such as A, B, R, S, 4, y and p, as listed in Table I, are Tersoff potential parameters,
depending on the materials. With Equations (1) and (2), the interaction forces between silicon atoms
and carbon atoms can be obtained by calculating the gradient of total Tersoff energy E.'®'"

The classical molecular dynamics with LAMMPS MD code was used in this study. The molecular
dynamics simulations were carried out in the NVE ensemble [the system is isolated from changes in
moles (N), volume (V) and energy (E) and updates the position and velocity for atoms in the group
at each time step]. The simulations were carried out using free rather than periodic boundary condi-
tions. In the simulation model, we maintained the temperature of thermostat atoms at 300K by rescal-
ing velocities to keep thermostatting procedure.

The lower substrate was then subjected to a constant velocity in the negative y-direction to study the
interaction of the C60 ball and the two substrates. To save simulation time, the velocity field was set to
3nm/ps, and the lower substrate was moved for 3000 steps at a time step of 0.001 ps; this means that
the effective displacement of the lower substrate per step was 0.003nm. Although this velocity may be
higher than the speed in tribosystem of laser printer, we think the simulation is helpful to understand
the intrusion process with normal speed; in addition, this velocity can be accepted in space stations
where the orbital speed is 7.5km/s.?°

The positions of all the atoms of the substrates and the C60 ball at every 100 steps were recorded for
the visualisation of C60 ball intruding into the sliding contact space. The initial position of the C60 ball
was located at the position in the space in where the ball just contacted with the lower substrate in the
simulation, i.e. the minimum distance between the atom in C60 and the atom in the upper substrate
equaled to the cut-off distance 0.24nm, which was calculated by Rl;,:(R,»Rj)”2 (here, R;=0.18nm for
C, and R;=0.27nm for Si).

Table I. Parameters in Tersoff potential for carbon and silicon.'”

C Si
A (eV) 1.3936 x 103 1.8308 x 103
B (eV) 3.467 x 102 47118 x 102
2 (nm ™Y 0.34879 0.24799
w(nm™h 0.22119 0.17322
B 1.5724 %1077 1.1000%x 10~°
n 7.2751% 107! 7.8734%x 107!
c 3.8049 x 10 1.0039 x 10°
d 4.384 % 10° 1.6217x 10’
h —5.7058 x 10! —5.9825x 107!
R (nm) 0.18 0.27
S (nm) 0.21 0.3
sc—c=1.0 Isi—si=1.0 1c—si=0.9776
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RESULTS

The intrusion processes of C60 at different time steps from 400 to 2800 with the initial entry angle «
equals to 40° and 80° are shown in Figures 2 and 3, respectively. (Please note that the intrusion pro-
cesses at the steps from 0 to 400 were not shown here because the change of atoms in the upper sub-
strate is not remarkable in contact region during intrusion in these steps.) For ¢=40°, C60 first sticks to
the lower substrate surface, and after the constant velocity is applied on the lower substrate, C60 will
move together with it. When time step equals 400 (Figure 2a), C60 begins to get access to the upper
substrate surface. During this time, the force applied on the upper substrate in the y-direction and the
z-direction by C60 is small; thus, the upper substrate does not deform. With the increase of simulation
time, C60 continues to move with the lower substrate in the negative y-direction, which makes the tip
of the upper substrate compressed and the upper substrate starts to deform (Figure 2b). Then, the tip of
the upper substrate is lifted, and C60 is just between the two substrates (Figures 2c¢ and 2d). From
Figure 2a to Figure 2d we can see that the entry angle formed by the two substrates is becoming smal-
ler, even near 0° as Figures 2c and 2d shows. After C60 passes the sliding contact space, the upper
substrate no longer receives the negative y-direction and the positive z-direction forces applied by
C60; meanwhile, the deformation of the upper substrate is recovered (Figures 2e and 2f); even the
inverse deformation in the upper substrate appears when the intrusion process was finished (Figure 2g).
g). Itis clear that during the intrusion process, the adhesion takes place, and some Si atoms of the upper
substrate are permanently displaced. In this case, the displaced atoms stick to the lower substrate sur-
face and the C60 ball surface; after that, these atoms move together with them leading to atoms loss of
the upper substrate. The number of Si atoms of the upper substrate, which have moved to a distance
more than the cut-off distance 0.27nm from their initial positions (here called sticking atoms), is
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Figure 2. Molecular dynamics simulation results for «=40°.
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Figure 3. Molecular dynamics simulation results for «=80°.

calculated, and there are 22 sticking atoms on the condition of «=40°. During the whole intrusion
process, both sliding and rolling movements of C60 were observed.

The simulation results of C60 intrusion process at the initial entry angle of 80° are not completely
the same as the situation of 40°. First, C60 is moving with the lower substrate and approaching the
upper substrate (Figure 3a). Later, the upper substrate is compressed by the approaching C60 and
begins to deform (Figures 3b—3d). At this time, the upper substrate just experiences a compressing
locally without atoms removal. The entry angle is becoming smaller during the intrusion process
(Figures 3a—3d), but the minimum value of entry angle is much larger than 0° (in case of Figure 2c, the
minimum value of entry angle is near zero). In Figure 3e, it is clearly observed that a large number of
atoms near the contact area move from the upper substrate, which indicates that the deformation of the
upper substrate is produced because of C60 intrusion. Further intrusion of C60 (see Figures 3f and 3g)
leads to adhesions of the tip of the upper substrate to the lower substrate and C60 surfaces; meanwhile,
bonds are broken in the Si lattice of the upper substrate, and finally, a number of atoms of the upper
substrate (up to the position shown by arrows) were pulled down and stuck to C60 or the lower sub-
strate. C60 cannot completely intrude into the sliding contact space yet be surrounded by the sticking
atoms from the upper substrate, which is different from the simulation results as «=40°. This differ-
ence shows that the initial entry angle o is an important factor that affects the intrusion process of C60.

In order to find out how the initial entry angle o affects the intrusion process of C60, the simulation
is repeated every 2° from 20° to 90°, and Figure 4 only shows the simulation results of every 10° when
the time step equals 2000. When the simulation is completed, C60 remains intact, but the upper sub-
strate generates atoms removal (Figures 4a—4h). Atoms removal of upper substrate via adhering in the
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Figure 4. Molecular dynamics simulation results of different initial entry angle.

o=80° o=90°

intrusion process happens because the C—Si interaction is stronger than that of the Si—Si interaction; in
addition, Si lattice is brittle and susceptible to more permanent damage during the interactions. In most
situations, C60 sticks to the lower substrate after the intrusion process; however, it may stick to the
upper substrate surface instead of the lower substrate surface as shown in Figure 4e. When o <70°
(Figures 4a—4f), the upper substrate is lifted by C60, and C60 can intrude into the sliding contact space.
In addition, less sticking atoms are produced. When o >70° (Figures 4g and 4h), the upper substrate
cannot be lifted, and the C60 is surrounded by the sticking atoms and cannot intrude.

In order to get quantitative evaluation of the intrusion process of C60, we counted the number of stick-
ing atoms of the upper substrate, which moved a distance more than the cut-off distance 0.27nm
from their initial positions at different initial entry angle as shown in Figure 5. The data points in
Figure 5 indicate that with increasing initial entry angle, more sticking atoms are produced in the upper
substrate, and there exists three different regions with different slopes. When the initial entry angle is
less than 70°, the number of sticking atoms is less than 50. Meanwhile, the number of sticking atoms
increases slowly with the increasing of initial entry angle. This is because when the initial entry angle
is small, the adhesion force between the upper substrate and the C60 ball is small; it just makes some
upper substrate atoms stick to the lower substrate and C60. When the initial entry angle is between 70°
and 85°, the number of sticking atoms is obviously increased to about 100. In this region, adhesion
becomes more serious; meanwhile, more bonds in the upper substrate are broken. When the initial
entry angle is greater than 85°, the number grows sharply, and a larger number of atoms of the upper
substrate appear to be pulled down and moves together with the lower substrate and C60. Note that the
entry angle 85° is a transition point, so it is defined as the critical intrusion entry angle. That implies
that when the initial entry angle is less than 85°, the C60 ball can intrude into the sliding contact space,
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Figure 5. Number of atoms that move a distance more than the cut-off distance at different initial entry
angle.

and less sticking atoms are generated; when the initial entry angle is larger than 85°, C60 cannot in-
trude into the sliding contact space.

DISCUSSION

It should be noted that the simulation results mentioned earlier is mainly about the deformation and
atom loss in the upper substrate. This is because the deformation of the lower substrate is small and
it does not have obvious effect on the intrusion process of C60; furthermore, in laser printer materials,
wear occurs mainly in the upper substrate.! However, to gain a deeper insight into the whole intrusion
process of C60, the deformation of the lower substrate is shown in Figure 6 when the intrusion process
is completed at initial entry angle «=40°. Figure 6 shows the top view and the cross section A—A view
of the lower substrate, respectively. In Figure 6a, the distance H (about 2nm) is the horizontal displace-
ment of C60 during the whole intrusion process. Because of the interaction between atoms at C60 and
the upper substrate, the lower substrate will suffer a normal force form C60. Hence, the crystal struc-
ture of the lower substrate near the contact region is altered, and some atoms of the top atomic layer are
displaced. Figure 6b clearly shows that only atoms in the first two layers of the substrate near the con-
tact region are displaced. There is no atom loss (atoms that have moved a distance more than the cut-off
distance 0.27nm from their initial positions) in the lower substrate after the intrusion process; thus, we
consider that using atom loss of upper substrate to evaluate the C60 intrusion process is suitable.

On the other hand, we have studied the intrusion process in macroscale, and the results indicate that
there is a critical intrusion angle, and when the intrusion angle is less than the critical intrusion angle of
about 30°, the ball can intrude without any intrusion normal load; when the intrusion angle is larger
than the critical intrusion angle, the intrusion normal load increases as the intrusion angle increases.'’
Our molecular dynamics simulation result in nanoscale is similar as the experimental result in macro-
scale, there exist a critical intrusion angle 85°, which is larger than that in macroscale case of about
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(a) top view of lower substrate from Z direction in Figure

(b) cross section A-A view of lower substrate

Figure 6. Molecular dynamics simulation results of the lower substrate when a=40°.

30°. Therefore, from the present simulation results, we can draw a conclusion that particle intrusion
becomes easier in nanoscale. Hence, in order to clean the spherical particle in nano size in printer, larg-
er entry angle is needed. However, large entry angle will lead to atom loss (wear in macroscale) of
upper substrate (blade in printer). Thus, finding out a suitable entry angle that can prevent particle in-
trusion and produce less atom loss of upper substrate is a problem to be solved in our next work.

Finally, note that the size effects of the ball-substrates intrusion system were not considered. Differ-
ent sizes fullerenes (such as C70 and C84) or solid spheres will be adopted to investigate the influence
of the size of the intrusion ball on the damage profile in our future work.

CONCLUSIONS

Molecular dynamics simulations have been performed to explore C60 intrusion process in a sliding
contact space formed by two silicon substrates. With increasing initial entry angle, more sticking atoms
are produced in the upper substrate, and the number of sticking atoms is divided into three regions. In
the first region, the initial entry angle is below 70°, and the number of sticking atoms is less than 50. In
the second region, the initial entry angle is between 70° and 85°, and the number of sticking atoms is
obviously increased to about 100. In the last region, the initial entry angle is greater than 85°, and the
number grows sharply to about 500. The critical initial entry angle 85° is defined in the process of C60
intrusion. When the initial entry angle is less than the critical initial entry angle, C60 intrudes into the
sliding contact space, and less than 100 sticking atoms are produced. Otherwise, a large number of
atoms of the upper substrate were pulled down, and C60 cannot intrude.
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