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rns of ellipsoidal particles with
different axial ratios in three-body abrasion of
monocrystalline copper: a large scale molecular
dynamics study

Liang Fang, *a Kun Sun,a Junqin Shi,a Xiangzheng Zhu,a Yanan Zhang,a Juan Chen,a

Jiapeng Sunb and Jing Hanc

In three-body abrasion, the abrasive particle shape has a major impact on the movement patterns. These

consist of sliding or rolling relative to the abraded surfaces. It has been recognized that the movement

patterns of the particles dominate the wear mechanism of the materials in three-body abrasion. In this

paper, the movement patterns of monocrystalline diamond ellipsoidal particles, which are sandwiched

between monocrystalline copper workpieces, were investigated by large-scale molecular dynamics (MD).

During the simulations, the axial ratio of the ellipsoidal particle varied from 0.90 (an approximate sphere)

to 0.50 (a flattened ellipsoid). It has been found that there is a transition of the movement patterns

between rolling and sliding. The particle slides when the axial ratio is smaller than 0.83, and it rolls when

the axial ratio is larger than 0.83. Normal load and friction force curves were also obtained relative to the

wear time. It has been shown that the average friction coefficient of rolling particles is lower than that of

sliding particles. If the ratio of two-moment arms, such as the driving and resistant force moment arms

of the particle, is defined as e/h, the curves for the friction coefficient and value e/h can determine the

movement patterns of particles at the nanoscale, the same as at the macroscale. When the friction

coefficient is higher than e/h, rolling of the particle occurs, whereas the particle slides if the friction

coefficient is smaller than e/h. By comparing with macroscale three-body abrasion, a particle at the

nanoscale has a strong tendency to roll because of its significant elastic recovery. When the particle rolls,

the defect depth, groove depth and dislocation length are all increased relative to particle sliding,

resulting in more severe subsurface defects of the monocrystalline copper.
1. Introduction

Micro-electro-mechanical systems (MEMSs) have been widely
used in miniaturized structures, sensors, actuators, and
microelectronics. The most notable elements are microsensors
and microactuators. The functional performance of the prod-
ucts suffered from a material removal process and is seriously
limited by the reduced integrity and reliability of the surface
and subsurface layer.1–3 Thus, reducing the friction and wear
between the contacting surfaces of components is of substantial
importance for the application of MEMS devices. During the
wear process, MEMS devices exhibit a transition from the initial
adhesive wear, with the feature of blunt asperities, to the nal
abrasive wear with severe three-body abrasions.4–6 For the wear
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of a MEMS component, it has been estimated that the range of
wear rates is signicantly smaller than the values typically
found in macro-scale mechanical systems if a desirable life of
one to ten years is required for a micro-rotor.7

Chemical mechanical polishing (CMP) has been a critical
process for achieving surface planarization in electronics and is
commonly used as an intermediate fabrication step for devices
such as integrated circuits (IC),8 light-emitting diodes (LED)9,10

and magnetic hard disk read/write heads.11 In the CMP process,
the slurry usually consists of abrasive particles of the solid state
suspended in a liquid state-chemical solution. The abrasion in
the slurry transfers mechanical energy to the surface being
polished. It plays a key role in material removal although
chemical action between the solution and polished surface also
helps to promote the process. Understanding the mechanical
wear process is critical for estimating the material removal rate
(MRR) in the CMP process. The topic of mechanical interaction
between the wafer, pad and slurry besides chemical action has
been investigated before 1997.12–18
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 A cross-sectional schematic picture of the three-body abrasion
process for an ellipsoidal particle, in which N was represented as the
normal load, F was the friction coefficient and v was the sliding
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Su19 reported a oating polishing process in CMP. It was
found that the removal of a workpiece can occur due to trans-
mission by a moving slurry. An abrasive particle near the
workpiece surface sustained shear and normal stress due to
a velocity gradient of slurry ow. The shear and normal stress
caused sliding and rolling of the particle. The sliding action on
the particle surface produced a driving force leading to material
removal. The rolling action decreased the power transmission
efficiency, hampering the machining action. It was concluded
that a slender particle shape improves the material removal. It
becomes clear that the movement patterns of the slurry parti-
cles play an important role in the material removal of the CMP
process.

Luo and Dornfeld20–22 have also proposed other mechanical
wear models for the CMP process, considering the real contact
area between the pad and wafer interface and the active parti-
cles. They claimed that the prediction of MRR by three-body
abrasion is difficult in the hydrodynamic contact mode. MRR
in three-body abrasion, compared with two-body abrasion of
a solid–solid contact mode, can be negligible. The active abra-
sives were assumed to be xed particles that are deeply
embedded in the so pad surface aer a small stable gap
formed from the planarization process. Therefore, a pure
cutting wear in two-body abrasion was taken as a main wear
mode of material removal. Srivastava and Higgs23 extended the
models of Luo and Dornfeld by introducing particle-augmented
mixed lubrication modeling for a global estimation of MRR.

The above mentioned wear models in ref. 20–23 all proposed
a pure cutting removal mechanism. Evaluation of the move-
ment patterns of abrasive particles, i.e. sliding and rolling
related to the wafer and pad, is avoided because of their
complexity during the CMP process. In reality, the active parti-
cles are not completely xed in the pad asperities and can also
cause the removal of consumable padmaterial beside the wafer.
Although the work reported by Su19 noted that the rolling of
particles can decrease the machining efficiency, detailed anal-
ysis related to the features of particle movement has not been
done.

Our three-body wear tester24,25 can observe the movement of
abrasive particles during wear testing for a single particle in situ.
A geometric parameter e/h was introduced which is relative to
the hardness of the abraded materials, normal load, friction
load and particle shape embedded in the subsurface. In the
expression, e is an equivalent arm for the resistant moment, and
h is the driving moment as shown in Fig. 1. From the geometric
parameters, a criterion for particle movement pattern can be
proposed. When a particle slides,

e/h $ ms (1)

where ms is the friction coefficient for a sliding particle. Simi-
larly, if a particle rolls, the condition becomes

e/h < mr (2)

where mr is the friction coefficient for a rolling particle. Based on
the sphere particle movement criterion, we investigated the
This journal is © The Royal Society of Chemistry 2017
movement condition for the ellipsoidal particles.26 It was
concluded that smaller material hardness, smaller equivalent
particle size and heavier normal load promote sliding of the
particles, causing more material removal. However, the particle
movement conditions should be revised at the nanoscale. The
particles in the slurry of CMP are at the nanoscale, and their
movement conditions are predominantly dependent upon the
elastic recovery between the subsurfaces that affect the
geometric parameter e/h. Fortunately, a revised movement
criterion for the spherical nanoparticle has been reported using
molecular dynamics simulations.27 It has been shown that the
elastic recovery angle plays an important role in particle rolling
at the nanoscale. As a result, the particles have a much stronger
tendency to roll. This restricted the MRR of the wafer in CMP.

In CMP and the wear of MEMSs, the particles embedded in
the systems are not always spherical. If the particles are ellip-
soidal, their ellipticity (the ratio of the short to long half axis for
an ellipsoid) can affect the particle movement pattern. The
objective of this paper is to discuss the effect of the axial ratio of
ellipsoid particles on their movement pattern at the nanoscale,
which will cause a different wear mechanism of the abraded
subsurface. The particle movement in nanoscale three-body
abrasion is difficult to experimentally control because of
various undened parameters, such as the particle geometric
shape, size and size distribution. For single-particle three-body
wear tests, the layout of the tester is also very challenging for
tribologists. Therefore, a large scale molecular dynamics
simulation is applied in this paper by the present authors. To
investigate the movement pattern of an ellipsoidal particle
sandwiched between monocrystalline copper workpieces, we
tested the axial ratios of ellipsoidal particles ranging from 1.00
(complete sphere) to 0.50 (attened ellipsoid). Our results can
be used to evaluate the effect of the geometric shapes of parti-
cles on the wear of MEMSs or the MRR of the CMP process.
velocity.

RSC Adv., 2017, 7, 26790–26800 | 26791
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Fig. 2 Schematic of theMD simulationmodel for three-body abrasion
in a vertical cross-section.
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2. MD simulation model

The MD simulations in our research were implemented using
a large scale atomic/molecular massively parallel simulator
(LAMMPS). A model of the MD simulation is shown in Fig. 2. In
this study, monocrystalline copper is much soer than dia-
mond. A diamond particle can effectively cut off the copper
atoms without self deformation or deterioration. Although it
becomes possible for the hardest diamond to be polished by
means of the amorphization process during wear28 and its
surface is rough sometimes, it is also reasonable to assume
a smooth rigid surface for the diamond particle as the rst step
of investigations. It should also be necessary to construct
a rough amorphous surface without a rigid assumption at the
next research stage. In this study, a rigid diamond ellipsoidal
particle sandwiched between two defect-free monocrystalline
copper workpieces was modeled. The crystal orientations of the
workpieces set along the X, Y and Z axes were [1 0 0], [0 1 0] and
[0 0 1]. The ellipsoidal particle was composed of 10 021 atoms
for the axial ratio of 0.50 to 18 038 atoms for the axial ratio of
0.90, as shown in Table 1. It is indicated from Table 1 that the
length of the semi-axis a[100] and c[001] was kept constant i.e.,
30 angstroms (Å), along the X and Z axes. The length of the third
axis, i.e., axis b[010], was varied by changing the axial ratio. The
copper workpiece for the upper part above the ellipsoidal
particle was assumed to be in a perfect face centered cubic
(FCC) conguration containing 287 820 atoms within a size of
32.6 nm � 6.9 nm � 14.9 nm, where a is the lattice constant of
copper, and a ¼ 0.35667 nm. The copper workpiece for the
bottom part below the ellipsoidal particle had the same
parameters as the upper workpiece. A normal load of 80 nN was
vertically applied on the two workpieces’ symmetric surface
along the Y axis, which is transferred to the two sides of the
Table 1 The semi-axis and atom numbers of the ellipsoidal particles in

Semi-axis length (�10�10 m) 30 � 15 � 30
Axial ratio 0.50
Atom no. 10 021

26792 | RSC Adv., 2017, 7, 26790–26800
ellipsoidal particle. A relative sliding of the two workpieces at
a velocity of 50 m s�1 along the X axis gave rise to a nano three-
body wear system.

The two workpieces have three different zones: the New-
tonian zone, boundary zone and thermostat zone. In the New-
tonian and thermostat zones, the motion of the atoms obeyed
the classical Newton’s second law and was determined by
integrating the classical Hamiltonian equations of motion
using the Velocity-Verlet algorithm. The time step of 1 fs was
selected with consideration of the intrinsic inter-atomic vibra-
tion distance between the two neighbor atoms. The two layers of
boundary atoms were placed at the lower and upper side of the
workpieces, and the xed boundary conditions were applied to
them. The thermostat zone of the four atom layers was adopted
to limit heat dissipation. The temperature of the thermostat
zone was controlled by the Langevin thermostat method. The
initial temperature of the system was set to 0 K. Periodic
boundary conditions (PBCs) maintained along the X and Z
directions were adopted to simulate a large system and avoid
the boundary effect. MD simulations of the nano three-body
wear process consisted of two stages: a relaxed state and
a following wear stage. At the relaxation stage, the temperature
of the system was increased to 300 K gradually, then the system
was kept at 300 K for 50 ps to relax the atoms to minimize
energy, using the Nosé–Hoover thermostat algorithm, except for
the thermostat atoms controlled by the Langevin algorithm as
described above. At a steady state, the boundary atoms were
xed and the thermostat atoms were set as the NVT ensemble.
The Newtonian atoms and boundary atoms were dened as the
NVE ensemble.

The wear process was divided into two stages: the two
workpieces initially move against each other under the dened
normal load until the particle penetrated into both workpieces.
Then a constant relative sliding velocity of 50 m s�1 was kept for
both workpieces along the X axis. The upper workpiece moved
in the forward X axis and the bottom workpiece in the reverse X
axis. During the wear process, the normal load was kept
constant. Because the particle shape was ellipsoidal in this
study, retaining a constant penetrated depth will not be suitable
in the MD simulation process. If the ellipsoidal particle rolls,
the penetrated depth into the workpieces also changes with
time. Therefore, a constant supported normal load should be
retained in the simulation process instead of a constant pene-
trated depth.

The selection of the potential energy is crucial to the accu-
racy and efficiency of MD simulation. The Embedded Atom
Method (EAM) potential provides a more realistic description of
metallic cohesion and avoids ambiguity inherited by the volume
dependency. It was employed to describe the interaction
the MD simulation process

30 � 21 � 30 30 � 25 � 30 30 � 27 � 30
0.70 0.83 0.90
14 033 16 679 18 038

This journal is © The Royal Society of Chemistry 2017
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Table 2 Parameters used in the MD simulations

Properties Parameters

Workpiece material Monocrystalline copper (FCC)
Particle material Diamond
Workpiece dimension (nm) 32.6 � 6.9 � 14.9 (287 820 atoms)
Potential for workpiece EAM potential
Potential between workpiece and tip Morse potential
Initial temperature (K) 300
Time step (fs) I
Travel distance (nm) 40
Travel velocity (m s�1) 50
Normal load (nN) 80
Particle semi-axis lengtha (�10�10 m) 30 � 15 � 30 to 30 � 27 � 30

a Semi-axis length for the ellipsoidal particle in the coordinate axes X, Y and Z, separately.

Fig. 3 The particle movement images in different wear stages while
the axis ratio a of the particles was changed from 0.50 to 0.90.
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between the copper atoms.29–31 The total atomic energy of an
EAM potential system was expressed as:

Etot ¼ 1

2

X

i;j

Fij

�
rij
�þ

X

i

FiðriÞ (3)

where Fij is the pair-interaction energy between the atoms i and
j, and Fi is the embedded energy of atom i. rij is the distance
between atoms i and j. ri is the host electron density at site i
induced by all other atoms in the system, which was given by:

ri ¼
X

jsi

fj
�
rij
�

(4)

For the FCC crystals, the parameters in eqn (3) and (4) can be
expressed as follows:32

F(rij) ¼ A1(rc1 � rij)
2e�c1rij (5)

f(rij) ¼ A2(rc2 � rij)
2e�c2rij (6)
This journal is © The Royal Society of Chemistry 2017
F(ri) ¼ Dri ln ri (7)

where rc1 is the cutoff radius of the pair potential (nm) and is set
to 1.65d (d is the rst-neighbor distance of the atoms). rc2 is the
cutoff radius of the host electron density (nm) and is set to 1.95d
here.

The interactions in the workpieces and ellipsoidal particle
between the monocrystalline copper atoms and diamond
carbon atoms were identied by the Morse potential33 which
can be expressed as:

V(r) ¼ D(e�2a(r�r0) � 2e�a(r�r0)) (8)

where D is the cohesion energy. a is the elastic modulus. r and r0
are the instantaneous and equilibrium distance between the
two atoms, respectively. To limit the computation time, the
cutoff radius of 0.75 nm was chosen for the Morse potential.
The values of the Morse potential parameters in this study are
D¼ 0.01 eV, a¼ 1.77m�1 and r0¼ 0.22 nm. The C–C interaction
of the diamond particle is neglected due to its rigid body. Table
2 summarizes the main parameters used in the MD simulation.
3. Results and discussion

To examine the movement patterns of the ellipsoidal particle in
three-body abrasion, we took images in the different simulating
steps. Fig. 3 shows the vertical cross-sectional images of atom
congurations for the different axial ratios of particles with
increasing simulation time. The particle turns to rolling from
sliding when the axial ratio is equal to or greater than 0.83. If the
curves of the rotational velocity of the particle relative to the
simulated time steps are drawn as shown in Fig. 4, the average
rotational velocity of the particle for an axial ratio of 0.50 (see
Fig. 4(a)) and 0.70 (see Fig. 4(b)) is zero aer an initial simulated
stage. Before sliding, the particle will have an initial rotating
angle adjustment to satisfy the balance conditions of normal
and friction force. The initial rotation velocity is, therefore,
unequal to zero during this stage. The particles with axial ratios
of 0.83 and 0.90 were nearer to a sphere compared to the
particles with axial ratios of 0.50 and 0.70. When three-body
abrasion occurs, the particles with axial ratios of 0.83 and
RSC Adv., 2017, 7, 26790–26800 | 26793
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Fig. 4 The rotational velocity curve of the ellipsoidal particle with the different axial ratios: (a) 0.50, (b) 0.70, (c) 0.83 and (d) 0.90 relative to the
simulated time.
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0.90 will roll as shown in Fig. 3. Their average rotation velocities
were about 0.75 � 10�2 rad ps�1 as shown in Fig. 4(c) and (d).
Because the particle was ellipsoidal in shape, its rotational
velocity was not constant and changed with the rotational angle
in a pseudo sinusoidal style. By comparing Fig. 4 with Fig. 3, we
found that the rotational velocity was at a maximum for a seated
location of the ellipsoidal particle and at a minimum for an
upright location.

In nano three-body abrasion, the friction and normal load
pairs construct the driving moment and resisting moment of
the particle moving separately. The particle will roll when the
driving moment is greater than the resisting moment. In
contrast, when the driving moment is less than the resisting
moment, the particle will slide. Fig. 5 shows the normal load
and friction curves related to the simulated time. The normal
load uctuated around the dened load of 80 nN aer applying
the angle adjustment for the sliding particles. For the rolling
particles, the uctuation range of the normal loads was slightly
larger. The friction forces for the rolling particles also had
a greater uctuated range with a pseudo sinusoidal style than
26794 | RSC Adv., 2017, 7, 26790–26800
that of the sliding particles as seen in Fig. 5. From Coulomb’s
friction law, the friction coefficient equals the friction force
exerted on a surface divided by the normal force exerted. It is
identied from Fig. 5 that the average friction coefficient of the
sliding particles is larger than that of the rolling particles. The
friction coefficient of rolling particles for a smaller axial ratio is
larger than that of a larger axial ratio.

At the macroscale, the part of the particle in the back moving
side is not in contact with the surface because the elastic
recovery is very small as shown in Fig. 1. Only part of the moving
side is in contact with the surface. However, by closely exam-
ining a particle during the wear process at the nanoscale, we can
identify a distinct elastic recovery soon aer the particle went
through. In order to evaluate the elastic recovery, the top and
bottom of the particle sandwiched between the two copper
workpieces were marked with point O1 and O2, separately, as
shown in Fig. 6. There are two zones where the atoms of the
particle are in contact with the atoms of copper. In the moving
side of the particle (zone 1), the contact of the atoms between
the particle and copper workpiece was formed by the friction
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Friction and normal load curves related to the simulated time for the particle axial ratios: (a) 0.50, (b) 0.70, (c) 0.83 and (d) 0.90.

Fig. 6 Snapshot of MD simulation with an axial ratio of 0.90 sliding at
a velocity of 50 m s�1 and normal load of 80 nN. The contact zone can
be divided into two zones: one is given by the friction and normal load,
and the other by the elastic recovery.

This journal is © The Royal Society of Chemistry 2017

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
1:

38
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and normal load. In the back moving side (zone 2) the contact
was formed by the elastic recovery.

We have previously described a criterion for the particle
movement pattern in which the geometric parameter e/h
introduced is used to judge the rolling or sliding of particles in
three-body abrasion. When the friction coefficient is smaller
than or equal to e/h, the particle slides; the particle rolls when
the friction coefficient is larger than e/h. First, when calculating
e/h, the normal load and friction force are both assumed to be
equally distributed at the contact zone between the particle and
copper surface. Second, the elastic recovery should be taken
into account at the nanoscale. As a result, the action points of
the concentrated force of the normal load and friction between
two surfaces can be easily decided. Fig. 7 shows the curves of e/h
with and without considering the elastic recovery, together with
a friction coefficient relative to the simulated time. The e/h is
usually signicantly greater for the sliding particle than for the
rolling particle. The average e/h is greater than 0.70 for the
sliding particles and smaller than 0.40 for the rolling particles
as shown in Fig. 7. As described above, h is the arm of the
driving moment and e is the arm of the resistant moment in e/h.
RSC Adv., 2017, 7, 26790–26800 | 26795
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Fig. 7 Comparison between the friction coefficient and e/h in different simulated time stages with considering the elastic recovery and without
considering the elastic recovery for axial ratios of the ellipsoidal particle: (a) 0.50, (b) 0.70, (c) 0.83 and (d) 0.90.

Fig. 8 Average friction coefficient and e/h as a function of the axial
ratio of the ellipsoidal particle after the simulated step time of 100 ps.

26796 | RSC Adv., 2017, 7, 26790–26800
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A small e, i.e., a small e/h in the case of elastic recovery, has
a much smaller resistant moment to facilitate particle rolling.
Formulae (1) and (2) can be applied to judge the movement
patterns of the particles. If the axial ratio is smaller than 0.83, e/
h is larger than the friction coefficient, resulting in particle
sliding. In contrast, if the axial ratio is larger than 0.83 e/h is
smaller than the friction coefficient, and the particle rolls.

It can also be inferred from Fig. 7 and 8 that the values of the
e/h curves in green color are without elastic recovery. They were
all smaller than those with elastic recovery. We calculated the
average e/h and friction coefficient aer the simulated time of
100 ps. It became much clearer from Fig. 8 that elastic recovery
brings about the decrease of the e/h, which causes the decrease
of the critical axial ratio transforming the movement patterns of
the ellipsoidal particles. As a result, elastic recovery at the
nanoscale expands the rolling zone of the particles, compared
to a case without considering elastic recovery. Thus, the elastic
recovery plays an important role in nanoscale three-body abra-
sion. The nanoparticles in wear have a more dramatic trend to
roll compared with the macroscale-sized particles.
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Snapshots of MD simulations before the simulated time of 8� 105 ps for axial ratios of the ellipsoidal particle: (a) 0.50, (b) 0.70, (c) 0.83 and
(d) 0.90.
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Fig. 9 shows snapshots of copper atom displacements before
the simulation time 8 � 105 ps from the front and top position,
respectively. The height of the ridges as shown in orange and
red color for the sliding particles is higher than that for the
rolling particles. The displacement of atoms below the bottom
of the scratches as shown in blue color for the rolling particles is
larger than that of the sliding particles. If we observed the atom
snapshot images around the scratches from the vertical cross-
section in Fig. 10, the characteristics mentioned above
became more apparent.

Fig. 11 shows the statistical data of the grooves at the
simulated time of 8 � 105 ps for the different axial ratios of the
ellipsoidal particles. The maximum depth of the scratching,
defects and maximum ridge height were calculated directly
Fig. 10 Morphology of the scratches in the vertical cross section for axia

This journal is © The Royal Society of Chemistry 2017
from the snapshot images. With the increase of the axial ratio of
the ellipsoidal particle, the maximum depth of the defects and
scratching grooves both increased, whereas in contrast the
maximum height of the scratching ridges decreased. The
scratching and defect depth were shallower for the sliding
particles than those of the rolling particles. The ridge height
was larger. The results agree with the observations in Fig. 9 and
10.

Fig. 12 illustrates the dislocation congurations aer the
wear simulation process for the different axial ratios of the
ellipsoidal particles. The surface atoms are drawn in red color,
and the inner atoms with complete coordination of the FCC
cells and atoms within the periodic boundaries are all con-
cealed in Fig. 12. The atoms were colored according to the value
l ratios of the ellipsoidal particle: (a) 0.50, (b) 0.70, (c) 0.83 and (d) 0.90.

RSC Adv., 2017, 7, 26790–26800 | 26797
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Fig. 11 Statistical data of the grooves at the simulated time of 8 � 105

ps from axial ratio 0.50 to 0.90.

Fig. 12 Dislocation configurations after the abrasive wear for axial
ratios of the ellipsoidal particle: (a) 0.50, (b) 0.70, (c) 0.83 and (d) 0.90.

Fig. 13 Total dislocation lengths after the simulation for both the
copper workpieces in the different axial ratios of the ellipsoidal
particle.
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of the centro symmetry parameter (CSP) with red for partial
dislocations and blue for stacking faults. The stacking faults
were bounded by partial dislocation loops, which started at
the surface and reached deeper for the different axial ratio
of the ellipsoidal particles. By comparing the dislocation
26798 | RSC Adv., 2017, 7, 26790–26800
congurations with the increase of the axial ratio, we can
conclude that there are more dislocations when the particle
turns to rolling from sliding and the maximum depths of
defects are also deeper for the rolling particle as shown in
Fig. 12(d).

Aer the wear simulations, the total length of dislocations
for both the copper workpieces can be easily acquired by the
open visualization tool Ovito.34 Fig. 13 illustrates the involved
data of the total dislocation lengths by changing the axial ratio
of the ellipsoidal particles for both copper workpieces. It is
interesting that with the increasing axial ratio of the particles,
the total dislocation length was regularly increased. It has been
mentioned in the previous section that the particles with axial
ratios of 0.83 and 0.90 are in a rolling pattern, compared to the
particles with axial ratios of 0.50 and 0.70. That is to say, the
total dislocation lengths of the rolling particles are always
longer than those of the sliding particles. If a quantity
percentage of stair-rod dislocations in total dislocations was
estimated for the rolling and sliding particles in this simula-
tion, it was found that stair-rod dislocations account for 22% for
the rolling particles and 13% for the sliding particles. There-
fore, the rolling particles more easily form pinned stair-rod
dislocations, causing longer dislocations that are kept in the
copper workpieces.

Based on the simulation results above, it is suggested for the
CMP process that rolling particles are not likely compared with
sliding particles. Rolling particles can cause more serious
damage to the copper subsurface. For example, they increase
the distributed defect depth, groove depth and dislocation
length. The work transferred from the rolling particles by the
normal load and friction force is primarily consumed by the
plastic deformation of the copper subsurface. On the other
hand, it is also known by researchers that rolling particles
decrease the efficiency of the mechanical attening process
relative to sliding particles although the wear of copper has not
yet been calculated in this study. Su19 found in his work that the
rolling of the particles can decrease the machining efficiency of
This journal is © The Royal Society of Chemistry 2017
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CMP. The damage to the polishing subsurface is gentle for
sliding particles. Many atoms are displaced onto a ridge which
can be easily removed by the subsequent particles. Therefore,
the particles with small axial ratios should be a preferred choice
in the CMP process.
4. Conclusions

(1) In our MD simulations, there is a transition from sliding to
rolling when varying the axial ratio of the nanosized ellipsoidal
particles in three-body abrasion of the monocrystalline copper
pairs. Aer the axial ratio is increased to 0.83, the particle turns
to rolling from sliding.

(2) The average friction coefficient of sliding particles is
larger than that of rolling particles. The friction coefficient of
rolling particles with a smaller axial ratio is larger than that of
those with a larger axial ratio.

(3) With elastic recovery in consideration, the criterion of
particle movement patterns can be used to predict rolling and
sliding in nanoscale three-body abrasion of ellipsoidal particles.

(4) In nanosized three-body abrasion, elastic recovery cannot
be ignored compared withmacroscale wear. The elastic recovery
brings about a decrease in the resistant moment to expand the
range of particle rolling.

(5) When the particle rolls, the defect depth, groove depth
and dislocation length are all increased relative to particle
sliding.
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