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Abstract This study explored the tribological phenomena
under minimal load using molecular dynamics. In the
simulation, <NVT> ensemble average standards and the
Condensed-phase Optimized Molecular Potential for
Atomistic Simulation Studies potential energy function
were used. Regarding materials, this study used (5, 5)
carbon nanotubes (CNTs) to move the copper atoms in
order to obtain the coefficient of friction (COE) between
the single-wall CNTs and copper atoms before analyzing
the tribological phenomena under minimal load and
changes in friction. This study found that, under an extre-
mely tiny load, the direction of the resistance of the relative
sliding is not always in the opposite direction of the
movement direction. The influence of environment tem-
peratures on the COE was that the environment tempera-
ture increases, the number of fluctuation also increases, but
the COE reduces.

1 Introduction

The development of nanotechnology has included bio-
medical, physical, chemical, motor, and optoelectronic
areas. Nanotechnology is different from traditional pro-
cessing processes, as it is a process from small to large, and
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starts with the accumulation of atoms. From the basic units
of nano particles, nano tubes, and nano films, the emerging
nanotechnologies are thus developed. In addition to being a
popular field of study, nanotechnology is also one of the
important technologies supported by both government and
industries in recent years. The development of nanotech-
nology has great potentials in both academia and practical
application.

Carbon nanotube (CNT) is a material of nanometer
scale, which has a complete molecular structure. It is
viewed as the hollow seamless tubular structure consisting
of curled graphite sheet formed by carbon atoms and has
the geometry of a high aspect ratio and consistent radius. In
addition, CNT is composed of the hexagonal carbon rings.
However, in the curling and the hemisphere parts of the
tube end, it contains some pentagonal and heptagonal
carbocyclic ring structures. Due to its good structural
properties and carbon-atom bonding by stable covalent
bonding force, CNTs have mechanical properties of
excellent tensile, flexural, high elasticity, and high tough-
ness. Due to the characteristics of high aspect ratio, small
girth curvature, and high durability of CNTs (Nguyen et al.
2005; Ajayan et al. 1994), the resolution and usage times of
the images obtained during nano print detection experi-
ments can be greatly enhanced. Hence, when used as a
probe, CNTs have a distinct advantage. On the other hand,
CNTs could replace conventional probes, as they can bend
to avoid damaging the scanned specimen by forward or
lateral impact.

Dai et al. (1996) applied CNTs in the atomic force
microscope to significantly enhance the resolution and
service life of the atomic force microscope. This manual
method has been used to combine CNTs and silicon probes.
However, the combination process is very time consuming;
thus, the method of directly using CNTs in a probe has
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been developed. Although a large number of CNTs can be
produced on the probe, how to effectively control the size,
quantity, and growth direction of the CNTs produced using
the synthesis method remains a problem. The methods of
combining CNTs and probes, as well as recent relevant
studies, are briefly summarized and introduced as follows.

Studies on molecular dynamics can be traced back to
the statistical mechanics of Alder and Wainwright (1957),
while studies on the application of friction are developed
in recent years. Harrison et al. (1992) reported the atomic-
scale friction phenomenon of diamond surfaces using
Molecular-dynamics simulations. The friction which
occurs when two diamond (111) hydrogen-terminated
surfaces are placed in sliding contact is investigated for
sliding in different crystallographic directions, as a func-
tion of applied load, temperature, and sliding velocity.
But they did not investigate the friction or the tribological
properties between copper and carbon material (such as
diamonds or CNT). Pokropivny et al. (1997) used a
tungsten carbide probe to slide over the surface of BCC-
iron in a study of the adsorption wear mechanism at the
atomic level of the friction process. Adsorption wear
could be attributed to lack of attractiveness of probe
atoms and the substrate, resulting in the attraction of
atoms at the probe tip and substrate surface, which may
cause wear and tear. Shimizu et al. (1998) used a hard
diamond as the probe and single crystal copper as the
substrate in a friction experiment at the atomic level. The
stick—slip phenomenon at the atomic level was observed,
which proved that wusing simulation of molecular
dynamics could observe the phenomena observed by the
atomic force microscope. They also discussed probe
cantilever rigidity and stick—slip phenomena. Mikulla
et al. (1998) used molecular dynamics for simulation of
the sliding behavior of two 2D copper tablets, and found
the generation of the dislocation loops of different levels
under the sliding surface. Sorensen et al. (1996) used
copper atoms as the material to study the mechanical
properties between the probe, the surface, and between
the surfaces. The results showed that friction was gener-
ated by the stick—slip phenomena at the atomic level,
which was caused by the nucleation of atoms and the
dislocation phenomena.

In recent years, CNTs have been a very popular research
direction, which are formed by sp2 in the carbon atoms
through bonding. Its special dimensions and structure have
granted CNTs with unique material characteristics and
wide applications. CNTs can be used as the carbon probe
for AFM. In general, the pressure is lower under AFM;
however, friction may affect the data. Therefore, this study
explored the tribological phenomena of CNTs under min-
imal load.
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2 Physical model and MD simulation related
parameters

In this study, the work piece was single crystal copper and
the slider was presumably formed by CNTs as shown in
Fig. 1. The diameter of the CNT is 6.758 nm. In MD
simulation, the work piece was divided into a freely
movable area and a fixed boundary layer (Chang et al.
1993). The simulation space was a copper work piece. The
selection of copper material was due to the importance of
copper in the nanometer process, and application of copper
as the interconnect metal in semiconductor technology. In
Fig. 1, for simulation of the nanometer tribology on the
surface of the copper work piece (001), the two layers of
atoms on the bottom XY plane of the work piece were
fixed, while the other atoms of the work piece were
allowed to move in MD simulation.

In order to simplify the simulation situation to faster
simulation speed, the simulation environment is set a
vacuum environment in this study. Therefore, the CNT
model was constructed for the clean-cut CNT rather than a
capped end or a hydrogen-saturated end in contact with the
copper.

The environment temperature would seem to be an
important parameter for tribological results, therefore, the
environment temperature is at 300, 350 and 400 K in order
to investigate the temperature effect in this study.

The time step significantly affects the reliability of the
results of molecular dynamics simulation, and too small a
time step requires an enormous amount of calculation,
while a larger time step leads to unreliable results;
1 femtosecond (fs, 1 x 1071 s) is only about 1/300 of the
vibration cycle of the copper atoms (the atomic vibration
period of copper at room temperature is about 3 x 1073 s
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Fig. 1 Simulation of nanometer model using molecular dynamics
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(Ma and Yang 2003). Therefore, the simulation time step is
1 fs, which can provide sufficient accuracy.

3 Simulation process

The simulation in this study was conducted according to the
<NVT> ensemble average standards and the time step was
1 fs. By the continuous calculation of different time peri-
ods, a new speed, force, and location of each copper and
carbon atom until the set dynamic simulation time were
obtained. After the establishing the molecular dynamic
model of the CNT, simulation was conducted on the
arrangement of copper and carbon atoms upon reaching the
lowest possible energy position, in order to avoid the
divergence caused by instable system energy in late
Molecular dynamic simulation (Haile 1992).

In the simulation, the initial speed of each carbon atom
of the system was determined by the Boltzmann probability
distribution (Haile 1992). Afterwards, the potential energy
function differential was determined to obtain the interac-
tion forces between atoms. According to Newton’s second
law, the system acceleration of the next time step was
determined. The speed and position of each atom in the
system was determined by the Velocity-Verlet integral
algorithm iterative solution (Swope William et al. 1982). In
this simulation, for each displacement of CNT (X-axis or
Z-axis), 200 times the MD balance calculation were con-
ducted at the original position to obtain the actual data of
the position.

4 Selection of potential energy function and related
parameters

This study used Condensed-phase Optimized Molecular
Potential for Atomistic Simulation Studies (COMPASS)
as the potential energy function for CNT simulation.
COMPASS (Sun 1998) is the force field in support of
the atomic level computation of solid or liquid materials.
It is the ab initio force field of the parameterization and
verification of the first solid or liquid properties, and the
ab initio principles of molecules and experimental data.
It can accurately predict the molecular system, the
molecular structure, and types of liquid and solid sys-
tems, vibration, and thermo-physics properties in the
temperature and pressure range of simulation. The
mathematical model of the potential energy function is
as shown in Eq. (1). The constants of the COMPASS
potential energy function in benzene-like ring fullerene
structures (c3a) of the single-wall CNTs are as shown in
Table 1.
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The above equation includes the bonding, non-bonding,
and the interactive coupling items, as follows:

¢ (PNcompass for the simulation of the COMPASS
potential energy function, »° ideal bond length, K K, K
bond stretching force constant, 6, ideal bond bending
angle, H?, H®, H* bond bending force constant, ¢ ideal
internal plane torsion angle, Vi Vz, V2 bond torsion force
constant, y external plane torsion angle, K external plane
torsion force constant, K*° the interactive coupling force
constant of bonds and bending, (b°) an ideal bond length of
bonds in another direction, K”* the interactive coupling
force constant of bonds, K'? ¢, K* ¢, K3b® the interactive
coupling force constant of bonds and torsion, Kled’, K29¢,
K*%® the interactive coupling force constant of bonds and
torsion, qi, q’ i and j atomic charge, e Coulomb constant, G
atomic diameter, £ relative energy unit between atoms
i and j, 77 the relative distance between atoms i and j

The optimization of the atomic potential arrangement can
obtain the actual physical structure, thus, saving the time to
reach a convergence of temperature and energy in the sim-
ulation of system atoms. Therefore, after the establishment
of the CNT model, this study used three methods of opti-
mization (Ma and Yang 2003), including Steepest Descents
Method, Conjugate Gradient Method, and Newton—Raphson
Method, in order to minimize the lowest potential energy of
the carbon atomic arrangement within the lattice system of
the single-wall CNT. The optimization’s design variable is
the location of the carbon atom arrangement, while the target
function is the lowest potential energy of the carbon atom
arrangement within the lattice system of the single-wall
CNT, and the times of iteration is about 5,000 times.

Prior to simulation, the arrangement of carbon atoms
should minimize the potential energy in order to reduce the
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Table 1 Benzene-like ring fullerene structure (c3a) constant of single-wall CNTs (Sun 1998)

Aromatic carbon parameter (unit: 1&, Kcal/mol)

Term 1: Bond stretching energy

i j »° K?
c3a c3a 1.417 470.8361
Term 2: Bond bending energy

i j k 0°

c3a c3a c3a 118.9
Term 3: Bond angle torsion energy

i j k [

c3a c3a c3a c3a
Term 4: Out of plane torsion energy

i j k 1

c3a c3a c3a c3a
Term 5: Bond stretching coupling energy

i Jj k

c3a c3a c3a

Term 6: Stretching and bending coupling energy

i j k

c3a c3a c3a

Term 7: Stretching and torsion coupling energy

i j k 1

c3a c3a c3a c3a
Term 8: Bending and torsion coupling energy

i j k [

c3a c3a c3a c3a
Term 9, 10: Non-bond energy (Coulombic and van Der Waals)
i J (¢

c3a c3a 3.9150

K3 K*
—627.6179 1327.5345
H? H H*
61.0226 —34.9931 0
1% V2 %
8.3667 1.2 0

KX

7.1794

i

68.2856

Kbﬂ

28.8708
K1o¢ K2b¢ K30
27.5989 —2.312 0
K109 K200 K309
1.9767 1.0239 0
Eij [S]
0.068 8.99 x 10°

Table 2 Parameters of Morse potentials (Lin and Huang 2008)

Parameter Cu-Cu Cu-C
D (eV) 0.3429 0.100
o (10'%m) 1.3588 1.700
A0 (1071 m) 2.6260 2.220

impact between atoms at the lowest level and maintain the
potential energy gradient to “0”, as possible. The structure
after the optimization arrangement is more consistent with
the actual physical structure.

In this paper, the Morse potentials are adopted for the
calculation process at copper—copper interactions, and for
Cu-C (CNT) interactions.

It is

¢(er) =D- {e—Za(r,/—rU) _ ze—a(r[j—ro)} (2)

where ¢(r;;) is a pair potential energy function, D is the
cohesion energy, o is the elastic modulus and ry is the
particle distance at equilibrium. The related parameters are
shown in Table 2.
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5 Calculating the action force and coefficient of friction

The method for calculating the action force in terms of the
repulsive forces and the attractive forces caused by the
potential energy between the atoms of the CNT and every atom
of the workpiece are added up in the three axial directions Fi,,
Fiy and Fy,, to yield the three axial directions Fy, Fy and F,.

The calculation of action force and the formulas are as
follows:

FXZEm:ﬁlx(r):zm:n FA(rlj) (3)

Fr =S Fy() =35 Al @)
=1 =1 j=1

=Y Fu) =YY Fin) )

Among which, i is the number given to the carbon atom
on the tool, j is the number given to the copper atom in the
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material, m is the quantities of carbon atoms in the CNT,
n is the quantities of copper atoms in the material, and r; is
the distance between Number j copper atom and Number
i carbon atom in the CNT.

The calculation of coefficient of friction (COE) and the
formulas are as follows:

F
COE ==~ (6)
Fz

6 Results and discussion

The carbon atoms at one end of the CNT were fixed only
on the Z-axis. The CNT was dropped along the direction of
the Z-axis for 40 times at the rate of 0.02 A/fs until the
atom at the tip of the CNT was at a distance 1.5 A from the
work piece surface by copper atom. In the simulation, each
displacement of the CNT (X-axis or Z-axis) led to 200
times of MD balance calculation of the entire system at the
original location to obtain the actual data of the location.
The three axial forces in simulation are as shown in Fig. 2.
As shown in Fig. 2, when the CNT gradually approached
the work piece surface, the Z-axis force of the CNT
increased, indicating that the copper atoms on the surface
of the work piece and CNTs have generated repelling
force. A special phenomenon was observed in Fig. 2.
When the CNT did not move horizontally, the forces on X
and Y axis were not zero. Instead, when the CNT gradually
approached the work piece surface, the forces on X and Y
axis increased accordingly. This is because of the hollow
structure of the CNT (as shown in Fig. 3). Therefore, the
relative position of the carbon atom at the tip of CNT and
work piece surface copper atom on XY axis may not be
likely at the location of the force balance. Therefore, when
the CNT gradually approached the surface of the work
piece, the force between the carbon atom at the tip of the
CNT and the copper atom on the surface of the work piece
(repulsion or attraction) may increase accordingly. There-
fore, when the CNT gradually approached the surface of

70000
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s0000 F—— | X /
—Fy /
40000 ——
—Fz /

30000
/

Force (Kcal/mol/A)

20000 /
10000 ‘/
0 .
-10000 G 10 20 30 40 5

Steps of decrease on X axis

Fig. 2 The three axial forces of the CNT decreasing 40 steps along
the direction of Z-axis

Fig. 3 Relative positions of the carbon atom of the CNT and copper
atoms on work piece surface on XY axis (top view)

the work piece, the forces on X and Y axis would increase
accordingly.

When the distance between the atom at the tip of the
CNT and the work piece surface was 1.5 /3;, the movement
by 0.02 A/fs on X axis was conducted to explore the tri-
bological behavior of CNTs on the surface of copper work
piece. The simulation results are as shown in Fig. 4, and
the three axial forces by simulation are as shown in Fig. 5.
As shown in Fig. 5, force on Z axis decreased and tended
to be stabilized with increasing number of movement steps
of the CNT on X axis. This is caused by the compression of
the CNT on Z axis. Due to the horizontal displacement, the
compression on the Z axis slightly relaxed before dis-
playing a stable force. As shown by the arrows in Fig. 6,
the atoms of CNTs deviated from the original axis.
According to Fig. 5, the three-axial forces were changing
in a certain pattern when the CNT movement along X axial
direction for 500 time steps. This study suggested that,
when the X axis was moving, due to the hollow structure of
the CNT and the interval between the copper atoms on the
work piece surface, the force between carbon atoms at the
tip the CNT and the copper atoms (repulsion or attraction)
may not be likely in the position of the force balance.
Therefore, with the movement of the CNTSs, forces on X
axis and Y axis would fluctuate, and the fluctuation of the
force was related to the lattice of copper atoms.

The COF was obtained by dividing the X axial force by
Z axial force of each step. The result is as shown in Fig. 7.
As shown in Fig. 7, under an extremely tiny load, the COF
of the CNT against the copper surface changed, and may
have negative values.

In the macroscopic scale, the direction of friction force
usually associated with the movement of objects in the
opposite direction, and the friction force is the resistance.
Traditionally, the friction force (resistance force) or COF is
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Fig. 6 The deviation from the original axis of the atoms of the CNTs
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Fig. 4 Tribological behavior of the CNT on the surface of the copper Steps of CNT moving along X axial direction
work piece a No. 250 step on X axis and b No. 500 step on X axis

The coefficient of friction

Fig. 7 The coefficient of friction at each time step under CNT
moving along X axial direction at 300 K
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Steps of CNT moving along X axial direction
Fig. 5 The three-axial forces when the CNT moving along X axial
direction for 500 time steps Fig. 8 The coefficient of friction at each time step under CNT
moving along X axial direction at 300, 350 and 400 K

set to a positive value. As the movement of CNT, the action the objects forward, then the friction force is negative, it
force on the X-axis and Y-axis will be ups and downs. That  will appear a negative COE. Therefore, under an extremely
is not only a phenomenon of repulsive force, will also have  tiny load, the direction of the resistance of the relative
attractive force appears. When the attractive force occurs,  sliding is not always in the opposite direction of the
which means that at this time the friction force is not movement direction, for reasons as described in the above
resistance, instead, the force is attractive force and helps  paragraph.
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The environment temperatures ranging from 300 to
400 K with a contact distance of the 1.5 A between CNT
and the work piece surface was executed to examine the
influence of environment temperatures on the COE. The
COE is plotted versus steps of CNT moving along X axial
direction at different environment temperature in Fig. 8.

From the Fig. 8, it can be found that the influence of
environment temperatures on the COE was that the envi-
ronment temperature increases, the number of fluctuation
also increases, but the COE reduces.

7 Conclusions

This study used the molecular dynamics simulation soft-
ware Materials Studio to explore the tribological phe-
nomena under minimal load. The simulation used (NVT)
ensemble average standards, the COMPASS potential
energy function, and (5, 5) CNTs. By moving toward the
copper atoms at the rate of 200 m/s, the COE between the
single-wall CNT and copper atoms was determined. Then,
the tribological phenomena and changes in friction under
minimal load were analyzed.

Moreover, when the CNT did not move horizontally, the
forces on X and Y axis were not zero. Instead, when the
CNT gradually approached the work piece surface, the
forces on X and Y axis increased accordingly. Regarding
relative sliding, the force on Z axis decreased before
becoming stabilized with an increasing number of steps.
Under an extremely tiny load, the direction of the resis-
tance of the relative sliding is not always in the opposite
direction of the movement direction.

The influence of environment temperatures on the COE
was that the environment temperature increases, the num-
ber of fluctuation also increases, but the COE reduces.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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