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Three-dimensional molecular dynamics (MD) simulations were performed to investigate the formation
mechanism of grain boundary (GB) steps in the micro-cutting of polycrystalline copper. The effects of
the GB and misorientation angle on the surface quality were studied. Based on the simulation results,
the surface maximum peak-to-valley height of polycrystalline copper was greater than that of single
crystal copper owing to the formation of grain boundary steps. The dislocations continuously nucleated
on the tool-workpiece interface were stopped and piled up at the GB. As the dislocations piled up at the
GB, the dislocations became aligned and formed the sub-grain boundary to minimize the total system
energy. Sub-grains with transitional crystal orientations formed at the GB during the micro-cutting of
polycrystalline copper for the plowing of the cutting edge and crystal rotation. The misalignment in
the slip directions between sub-grains and original grain resulted in the grain boundary step. A peak
cutting force appeared at the GB in the cutting of polycrystalline owing to the geometrical hardening
effects. It is revealed that the GB has a strong effect on the surface quality of a workpiece during the
micro-cutting process.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, a highly efficient machining method called
micro-cutting has been developed to produce high-accuracy
miniaturized components, which are widely used in various indus-
tries, including electronics, aerospace, automotive, biomedical
engineering and communications [1]. The cutting mechanism of
micro-cutting is very different from that of conventional cutting
because of size effects [2]. The schematic diagram of micro-
cutting is shown in Fig. 1. Many materials cannot be regarded as
homogeneous and isotropic in machining when the depth of cut
is on the same order as the tool edge radius [3]. In addition, unlike
single crystals, polycrystalline materials are composed of grains
with different crystallographic orientations and grain boundaries,
and the microstructure of a workpiece containing interstitial
atoms, voids and dislocations has a strong effect on the cutting
mechanism [4,5].
The properties of grain boundaries have been extensively
researched because of their significant effects on the mechanical
behavior of materials [6,7]. The classical Hall-Petch relationship
is commonly used to describe the hardening effect of grain bound-
aries in single-phase polycrystalline materials. At the micrometer
scale, it is a challenge to research the mechanical behavior of grain
boundaries. It was found that the nanohardness in the vicinity of
grain boundaries increased by a factor of 1.5 compared with
nanohardness inside the grains via nanoindentation tests of
annealed and electropolished high-purity copper [8]. Therefore,
the elasticity modulus of grain boundaries could be higher than
that of the grain. The frictional coefficient at grain boundaries is
higher than that inside the grains based on molecular dynamics
(MD) simulations of nanoscratching of bi-crystal copper [9].

The difference in mechanical properties between grain bound-
aries and grains has a significant influence on the mechanical
behavior of materials during micro-cutting. The formation of grain
boundary (GB) steps in micro-cutting of polycrystalline materials
has been found by a few researchers. In the micro-orthogonal fly
cutting of annealed polycrystalline oxygen-free copper with
single-crystal diamond tools, grain boundaries became increas-
ingly obvious on the free surface with increasing depth of cut.
However, grain boundaries disappeared when the depth of cut
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Fig. 1. Schematic diagram of micro-cutting.
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was reduced to the order of 0.1 lm [10]. It was observed that the
grain boundary step was approximately 20 nm high during the
micro-cutting of polycrystalline germanium, which was attributed
to the elastic deformation [11]. It was found that the height of
grain boundary steps increased with increasing cutting speed in
the ultra-precise cutting of beta titanium alloy [12]. Annealing
treatment can magnify the difference in mechanical properties
between grain boundaries and grains, thus contributing to the for-
mation of grain boundary steps. During the micro-cutting of origi-
nal polycrystalline oxygen-free copper and annealed copper with
single-crystal diamond tools, the grain boundary step appeared
on the machined surface of annealed copper, whereas it was absent
on that of original copper, as shown in Fig. 2(a) and (b) [13]. It is
notable that the twin boundary step was observed in partial
enlarged view Fig. 2(c) using white light interferometer.

However, few efforts have been made to reveal the formation
mechanism of the grain boundary step. Because it is difficult to
observe the dynamic formation process of grain boundary steps
in micro-cutting in situ using current experimental methods, sim-
ulations provide insights into the potential cutting mechanism and
(a) original pure copper

(c) twin bou

Fig. 2. Machined surface of polycrystal
formation of grain boundary steps. Komanduri made a review of
the MD simulations of machining at the atomic scale [14]. Ye
et al. has performed MD simulations of the nanometric cutting of
single-crystal copper were performed with the embedded atom
method (EAM) potential [15]. Pei et al. performed large-scale MD
simulations with the model size up to 10 million atoms to study
materials deformation in nanometric cutting of single crystal cop-
per [16]. The mechanics of nanometric cutting were investigated
with the aid of MD modelling and simulations, which were com-
pared with the results of cutting trials of single crystal silicon on
an AFM [17,18]. During cutting of single crystal and polycrystalline
copper with a rigid diamond tool through MD simulations, smaller
cutting forces were required to machine the polycrystalline struc-
ture than the single crystal structure [19]. Based on MD simula-
tions results of scratching polycrystalline Cu for investigating
plastic deformation mechanism, both dislocations and GB play a
significant role in affecting plastic deformation [20]. Stress-
induced crystallization of amorphous was observed in nano-
cutting process of crystalline copper through MD simulations
[21]. The effects of pore and second phase particle on the subsur-
face damage and surface integrity during machining pore copper
materials were also investigated using MD simulations [22]. How-
ever, no obvious grain boundary steps were found in the simula-
tion on cutting of polycrystalline copper. Shimada used MD
simulations to study the ultimate surface quality of a workpiece
in diamond micro-cutting of copper. In the cutting of polycrys-
talline copper, the dislocations were stopped and piled up at the
GB; meanwhile, a sub-grain was generated by the rotation of the
grain plane. A tiny grain boundary step was observed on the sur-
face of polycrystalline copper; however, the height of the step
was at the same level as that of single crystal copper [23]. MD sim-
ulations of micro-cutting of polycrystalline silicon carbide were
performed to investigate the microstructure effects on cutting
forces. The grain boundary step and variations of cutting forces
were observed in the simulation, which could be attributed to
(b) annealed pure copper

ndary step

line in white light interferometer.



Table 1
Computational parameters used in the MD simulations.

Configuration 3-D orthogonal cutting

Work material Single-crystal copper, bi-crystal
copper

Workpiece dimension 200a� 120a� 3a (a = 3.615 Å, lattice
constant of Cu)

Crystal setup of workpiece No. of
atoms

Corresponding grain
boundary

ð�130Þ½�3 �10� (single crystal) 287,871 N/A

ð�140Þ½�4 �10� � ð140Þ½�410� 288,267
P

17ð410Þ28:07�=½001�
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elastic deformation [24]. However, elastic deformation cannot
account for the peak at the GB as shown in Fig. 2(b). The real for-
mation mechanism of the grain boundary step has not been fully
revealed.

In this work, MD simulations were used to probe into the for-
mation mechanism of the grain boundary step in micro-cutting
of polycrystalline copper. This study will help explain the mechan-
ical behavior and accommodation of grain and grain boundaries in
microscale plastic deformation, especially the change of surface
integrity in micro-cutting.
STGB
ð�130Þ½�3 �10� � ð130Þ½�310� 287,922

P
5ð310Þ36:87�=½001�

STGB
ð�250Þ½�5 �20� � ð250Þ½�520� 287,820

P
29ð520Þ43:60�=½001�

STGB
The distance of GB from the left end

of workpiece
37 nm

Tool material Diamond
Number of atoms in tool 4479
Tool edge radius 3.615 nm
Tool rake angle 0�
Tool clearance angle 5�
Depth of cut 14.46 nm
Cutting length 54 nm
Cutting speed 20 m/s
Time step 1 fs
Bulk temperature 293 K
Potential used EAM potential, Morse potential

(D ¼ 0:087 eV;a ¼ 5:14 Å
�1

; r0 ¼ 2:05 Å)
2. Methodology

Compared with other simulation techniques, such as the finite
element method (FEM), MD simulation is an effective and promis-
ing tool to address many machining problems at the atomic scale
[14]. MD simulations are performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) devel-
oped by Plimpton [25]. Fig. 3 presents the MD simulation model
of micro-cutting of polycrystalline copper. The model comprises
a face-centered cubic (FCC) pure copper workpiece and a rigid dia-
mond tool. Table 1 shows the computational parameters used in
the MD simulations. The workpiece contains three types of atoms:
boundary atoms, thermostat atoms and Newtonian atoms. The
velocity Verlet algorithm is used to integrate Newton’s equations
of motion with a time step of 1 fs. The eight layers of boundary
atoms at the left and the bottom of the workpiece are kept fixed
in space to reduce the edge effect. The next eight layers of atoms
close to the boundary atoms are thermostat atoms. In these layers,
the velocities of atoms are reset by explicitly rescaling their veloc-
ities for every specific time step using isokinetic thermostat to sta-
bilize the temperature and dissipate the heat produced by plastic
deformation in cutting. The bulk temperature of the workpiece is
maintained at room temperature (293 K). Periodic boundary condi-
tions are applied in the Z-direction to reduce the effects of simula-
tion scale.

The crystal setup of the workpiece is described with combina-
tions of the cutting plane and cutting direction in the form of
ðhklÞ½uvw� [26]. In this work, the model including two grains of
different orientations is used to simulate the micro-cutting of poly-
crystalline copper. For bi-crystal copper, the microstructure of a
symmetrical tilt grain boundary (STGB) existing between grain A
and grain B is set up with the Coincidence Site Lattice (CSL) model
[27]. According to the CSL model, the grain boundary is expressed
Fig. 3. Model of micro-cutting of polycrystalline copper for MD simulation.
in the form of
P

nðhk lÞh=½uvw�, where
P

n represents the density
of coincidence sites, ðhk lÞ is the crystal orientation, h is the misori-
entation angle, and ½uvw� is the rotation axis. For instance, if the z
orientation of the workpiece is ½001� and the x orientation of grain
A is ½310�, then the STGB of bi-crystal copper can be expressed asP

5ð310Þ36:87�=½001�, and the crystal set-up of the workpiece is
ð�130Þ½�3 �10� � ð130Þ½�310�.

There are three types of atomic interactions in the MD simula-
tions. The embedded atom method (EAM) potential is used to
describe the Cu-Cu interaction between copper atoms in the work-
piece because the EAM potential is the most widely used inter-
atomic potential for metals and alloys [28]. For EAM potential,
the total energy Ei of an atom i is given by

Ei ¼ Fa
X
i–j

qbðrijÞ
 !

þ 1
2

X
i–j

/abðrijÞ ð1Þ

where F is the embedding energy, which is a function of the atomic
electron density q, / is the potential interaction of a pair, and a and
b are the element types of atoms i and j, respectively.

The tool is regarded as a rigid body in the simulations because
the diamond is much harder than the copper. Therefore, the C-C
interactions between carbon atoms in the tool are ignored.

Since there are not available EAM potential for Cu-C interaction,
Morse potential was adopted, which has been widely used in cut-
ting simulations of copper [20,21,29–31]. The Morse potential is
expressed as

/ðrijÞ ¼ Dðe�2aðrij�r0Þ � 2e�aðrij�r0ÞÞ ð2Þ
where /ðrijÞ is the potential energy function of a pair, D is the cohe-
sive energy, a is the elastic modulus, and rij and r0 are the instanta-
neous and equilibrium distances between atoms i and j,
respectively.

At the beginning of each simulation, random velocities are ini-
tially assigned to the atoms, and then the system is relaxed for
60 ps using the Nose-Hoover thermostat in a constant NPT ensem-
ble. After the relaxation, the cutting simulation is conducted in a
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constant NVE ensemble, meaning that the moles N, the volume V,
and the energy E of the system, remain constant in the cutting pro-
cess. The total simulation time of the cutting is 3000 ps with a time
step of 1 fs and a cutting speed of 20 m/s. At the end of cutting, the
tool retracts and leaves the surface of the workpiece, which allows
the stress to be relieved.

The open source software called OVITO is adopted to visualize
the atomic configuration [32]. The Adaptive Common Neighbor
Analysis (a-CNA) method developed by Stukowski is used to iden-
tify the crystal structure and lattice defects [33]. The a-CNA
method provides efficient and unambiguous classification of local
atomic arrangements, allowing it to effectively distinguish lattice
defects from undisturbed atoms.

3. Results and discussions

3.1. Micro-cutting of polycrystalline copper

A MD simulation of polycrystalline copper was performed to
investigate the effects of grain boundaries on the surface quality
and cutting forces. The model of the workpiece contained two
grains and a symmetrical tilt grain boundary (STGB) ofP

29ð520Þ43:60�=½001�. Because
P

29ð520Þ STGB has a bigger
misorientation angle, it helps to illustrate the effect of GB on
micro-cutting of polycrystalline copper. The GB was far from the
left end of the workpiece to reduce the interference of the fixed
boundary layer.

Fig. 4 presents the deformation behavior of polycrystalline cop-
per during the cutting process. The discussions of the results are
based on the MD simulation snapshots and the observation of
the animations of the cutting process. Because copper is a face-
centered cubic (FCC) crystal, the dislocations in the deformed layer
of grain Bwere propagated along the h110i direction (close-packed
direction) on the f111g planes (close-packed direction) as shown
in Fig. 4(a). Meanwhile, some dislocations were generated and
emitted from the GB. The dislocations continuously nucleated on
the tool-workpiece interface in grain B were stopped and piled
up at the GB as shown in Fig. 4(b). As the dislocations piled up at
Fig. 4. Deformation behavior of polycrystalline copper during the micro-cutting p
the GB, the dislocations became aligned and formed the sub-
grain boundary to minimize the total system energy [34]. Mean-
while, slippage of material in grain A contributed to the formation
of the sub-grain boundary. Therefore, the cessation of dislocations
and slippage of material resulted in the formation of sub-grains. It
was observed that sub-grain C rotated around the z-axis in an anti-
clockwise direction owing to the plowing of the cutting edge. With
the progress of the cutting edge, the orientation of sub-grain C
approached that of grain A. It should be noted that the misalign-
ment between the slip directions of sub-grains C and D resulted
in the grain boundary step. After the cutting edge passed the GB,
new dislocations were generated in grain A and penetrated into
the workpiece. Finally, when the cutting edge left the workpiece,
as Fig. 4(d) shows, most dislocations annihilated when moving
toward the surface, contributing to the grain boundary step.

After the stress relief of the workpiece, an obvious grain bound-
ary step was observed on the machined surface of polycrystalline
copper. The height of the grain boundary step was approximately
20 Å. Most defects were stored in the vicinity of the GB, whereas
the other parts of the workpiece were nearly a perfect lattice
structure.

Fig. 5 shows the variations of cutting forces during the cutting
of polycrystalline copper. The first peak cutting force was caused
by the resistance to nucleation and propagation of dislocations.
After dislocations began to propagate, the cutting forces decreased
rapidly. The blocking effect of the fixed boundary layer to the left of
the workpiece accounted for the final peak in the cutting forces. A
peak cutting force appeared at the GB, which could be caused by
the geometrical hardening effect. Because the crystal orientation
of sub-grain C approached that of grain A during the cutting pro-
cess, the Schmid factor of sub-grain C changed as well, which
determines the stress applied to the material when slippage occurs
in the primary slip system. Therefore, slipping in the workpiece
became more difficult, and cutting forces increased. The peak cut-
ting force at the GB correspond to the experimental discovery in
the micro-cutting of polycrystalline Al-alloy [4]. The peak cutting
force at the GB can magnify the vibration of the tool during the cut-
ting process, contributing to the grain boundary step.
rocess at cutting distances of (a) 2 nm, (b) 19 nm, (c) 37 nm and (d) 54 nm.



Fig. 5. Variations of cutting forces during cutting of polycrystalline copper.
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3.2. Micro-cutting of single crystal copper

A MD simulation of single crystal copper was performed for
comparison with polycrystalline copper. Fig. 6 shows the represen-
tative MD simulation snapshots of single crystal copper cut in the
direction of ½�3 �10� on the ð�130Þ plane.

As shown in Fig. 6, with the advancement of the tool, compli-
cated deformation of the workpiece occurred around the cutting
edge. Some lattice defects were produced during the micro-
cutting process, including point defects, dislocations and stacking
faults. Many dislocations nucleated on the surface moved down-
ward and penetrated into the workpiece as shown in Fig. 6(c). In
Fig. 6(d), after the passing of the cutting tool,most of penetrated dis-
locations annihilated when moving toward the surface because of
the relaxation in theworkpiece.Most of penetrateddislocationswill
annihilate after enough time to relax. Because of the stress relief,
atomistic steps formed on the surface of the workpiece. It should
be noted that some small parts of the workpiece rotated around
Fig. 6. Deformation behavior of single crystal copper during the micro-cutting p
the z-axis and formed sub-grains on the surface of workpiece edge
owing to the severe plastic deformation of the workpiece.

The machined surface of single crystal copper is rather smooth
with a maximum peak-to-valley height of 10 Å. There are small lat-
tice defects that remain on the surface of single crystal copper,
making it a near-perfect lattice structure. Compared with single
crystal copper, the maximum peak-to-valley height of the
machined surface of polycrystalline copper is larger. The grain
boundary step appears on the surface of the polycrystalline copper,
whereas it was absent on that of single crystal copper.

There were some fluctuations in the cutting forces during the
cutting process as shown in Fig. 7(a), which was quite different
from that of polycrystalline copper. The periodic fluctuations of
cutting forces could be caused by the cycles of formation and dis-
appearance of dislocations, which is known as the stick-slip phe-
nomenon in tribology as shown in Fig. 7(b) [35]. Atomic-scale
stick-slip was associated with dislocation nucleation and propaga-
tion. The cutting forces increased during the elastic deformation
until dislocations began to form, and then they decreased abruptly
after the formation and movement of dislocations because of plas-
tic yielding. When dislocations moved toward the surface and
annihilated, a new cycle of movement of dislocations began.

3.3. Effects of misorientation angle

MD simulations of polycrystalline coppers with different grain
boundaries were performed to investigate the effects of the misori-
entation angle on the surface quality and cutting forces as shown
in Fig. 8. It was common that dislocations were stopped and piled
up at grain boundaries. Sub-grains were formed in the vicinity of
grain boundaries with different transitional crystal orientations.
The lattice defects were stored close to the GB. The grain boundary
step can be identified on the surfaces of the workpiece.

Table 2 summarizes the results of single crystal and polycrys-
talline copper, including maximum peak-to-valley height, aver-
aged cutting force.

The results show that the surface maximum peak-to-valley
height of polycrystalline copper was greater than that of single
crystal copper owing to the formation of the grain boundary step.
rocess at cutting distances of (a) 2 nm, (b) 19 nm, (c) 37 nm and (d) 54 nm.



(a) cutting of single crystal copper (b) scratching of single crystal copper

Fig. 7. Variations of cutting forces caused by stick-slip during machining of single crystal copper.

Fig. 8. Machined surface of polycrystalline copper with grain boundaries of (a)
P

17ð410Þ28:07�=½001�, (b) P5ð310Þ36:87�=½001� and (c)
P

29ð520Þ43:60�=½001�.

Table 2
Comparison of results of single crystal and polycrystalline copper.

Work material Maximum peak-to-
valley height (Å)

Averaged cutting
force (nN)

Single crystal copper (310) 10 63
Polycrystalline copper

P
17ð410Þ 16 69

Polycrystalline copper
P

5ð310Þ 19 61
Polycrystalline copper

P
29ð520Þ 20 57
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The misorientation angle had an obvious effect on the maximum
peak-to-valley height of polycrystalline copper. The averaged cut-
ting force of polycrystalline copper

P
5ð310Þ was smaller than

that of single crystal copper (310) because single crystal copper
has less lattice defects and higher mechanical strength. The aver-
aged cutting force changed little with increasing misorientation
angle.
3.4. Formation of grain boundary steps

Based on theMD simulation results ofmicro-cutting of polycrys-
talline copper, the formation mechanism of grain boundary steps
was investigated, which can be illustrated in Fig. 9. With the
advancement of the tool, in Fig. 9(a), the dislocations continuously
nucleated on the tool-workpiece interface in grain B are stopped
and piled up at the GB because of the geometrical discontinuity
between grain A and grain B. As the dislocations piled up at the
GB, the dislocations become aligned and form the sub-grain bound-
ary for reaching the minimization of energy. Owing to the plowing
of the cutting edge, sub-grain C rotates around the z-axis in an
anti-clockwise direction, allowing the orientation of sub-grain C to
approximate that of grain A. Themisalignment in the slip directions
between sub-grains C and D results in the grain boundary step as
shown in Fig. 9(b). After the cutting edge passed the GB, new
dislocations were generated in grain A and penetrated into the



Fig. 9. Schematic diagram of formation of the grain boundary step: (a) generation of dislocations, (b) formation of sub-grain, and (c) stress relief.
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workpiece. Finally, when the cutting edge left the workpiece, as
Fig. 9(c) shows, sub-grain C rotated slightly in a clockwise direction
because of the stress relief. Most dislocations annihilated when
moving toward the surface, contributing to the grain boundary step.

4. Discussions

The experiments adopted Single Point Diamond Turning (SPDT)
technique while the depth of cut was at the micrometer scale.
However, due to the limitation of high computational cost, the
model in this work is not as realistic as actual experiments. The
depth of cut in simulations is at the nanometer scale (�nm) rather
than the micrometer scale (�lm). The size of the workpiece in
simulations was enlarged to approach the actual conditions in
experiments. The formation of grain boundary steps is assumed
to be a kind of local phenomenon, which is more related with
the property of grain boundary and movement of dislocations.
The size of grains or workpiece is not the predominant reason for
the formation of grain boundary steps. Due to the high computa-
tional cost, the width of workpiece is small (�nm). However, the
grain boundary steps are about 40–60 nm high based on the exper-
imental observation, which is much smaller than grain size and the
length of grain boundary (�lm). Therefore, the formation of grain
boundary steps is assumed to be a local phenomenon in a two-
dimensional way, and more related with depth of cut and cutting
length. The width of workpiece has less to do with the formation
of grain boundary steps. Periodic boundary conditions are applied
in the direction of width (Z-direction) to reduce the effect of sim-
ulation scale. The cutting speed (20 m/s) is much higher than the
real one, which is several meters per second. Therefore, the height
of the grain boundary step (�Å) is difficult to verify with the actual
one (�nm) in the experiment.

When the cutting edge was cutting in the interior of the left
grain, boundary layer on the left side did affect cutting forces,
which was difficult to avoid. The blocking effect of the fixed bound-
ary layer on the left side accounted for the final peak of cutting
forces. This is not corresponded with actual experimental results.
However, when the cutting edge was passing the grain boundary,
boundary layer on the left side had little effects on the formation
of grain boundary steps. The formation of grain boundary steps is
the focus, which was related with the property of grain boundary
and movement of dislocations. It can be seen in Fig. 5 that the cut-
ting force fluctuates when the cutting edge crosses the grain
boundary even there is some effect from fixed boundary layer.

5. Conclusions

In this paper, Molecular Dynamics (MD) simulations were con-
ducted to investigate the formation process of grain boundary
steps in micro-cutting of annealed polycrystalline copper. This
study provides insights into the formation mechanism of grain
boundary steps in micro-cutting of polycrystalline material. It also
helps explain the mechanical behavior and accommodation of
grains and grain boundaries in microscale plastic deformation,
especially the change in surface integrity in micro-cutting. It was
found that sub-grains with transitional crystal orientations formed
at the grain boundary owing to the plowing of the cutting edge and
crystal rotation. The effects of the GB and misorientation angle on
the surface quality are investigated. Based on the simulation
results, conclusions are given as follows.

(1) The dislocations continuously nucleated on the tool-
workpiece interface were stopped and piled up at the GB.
As the dislocations piled up at the GB, the dislocations
became aligned and formed the sub-grain boundary to min-
imize the system energy. Sub-grains with transitional crystal
orientations formed at the GB owing to the plowing of the
cutting edge and crystal rotation. The misalignment in the
slip directions between sub-grains and original grain
resulted in the grain boundary step.

(2) A peak cutting force appeared at the GB in cutting of poly-
crystalline copper because of the geometrical hardening
effects. The variations in cutting forces at the GB could
increase the vibration of the tool and contribute to the for-
mation of grain boundary steps. The periodic fluctuations
of cutting forces in the cutting of single crystal copper could
be caused by the cycles of formation and disappearance of
dislocations, which is known as the stick-slip phenomenon.

(3) The surface maximum peak-to-valley height of polycrys-
talline copper is greater than that of single crystal copper.
The misorientation angle had an obvious effect on the max-
imum peak-to-valley height of polycrystalline copper. When
the misorientation angle increases from 28:07� to 43:06�, the
range of maximum peak-to-valley height is 16—20 Å.
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