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Abstract

Molecular dynamics (MD) simulations were carried out to study the nanometric cutting of copper. In our approach, the many-body
EAM potential was used for the atoms interaction in the copper workpiece. The effect of the tool geometry on the cutting process was
investigated. It is observed that with negative rake angle, the chip becomes smaller due to the larger plastic deformation generated in the
workpiece. It is shown that as the rake angle changes from �45� to 45�, the machined surface becomes smoother. Besides, both the cut-
ting forces and the ratio of normal force to tangential force decrease considerably with the rake angle changing from negative to positive.
In addition, MD simulations with the two-body Morse potential instead of the EAM potential were also carried out to study the effect of
different potentials on the simulation results. It is found that there is no big difference in the simulated chip formation and the machined
surface under the two different potentials. However, the Morse potential results in about 5–70% higher cutting forces than the EAM
potential. It is recommended that the EAM potential should be used for the MD simulations of nanometric machining processes.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there is an increasing demand for the
manufacture of miniaturized components in the field of
aviation, aerospace, medical instruments, communication
systems, MEMS, etc. Tool-based micro and nanomachin-
ing are the most basic technologies to produce such minia-
turized components. The ultra-precision machining with
diamond tools can remove materials at nanometer scale,
which has been used to produce nanometric surface finish
and sub-micron level form accuracy of components. In
order to fabricate well-made components, it is necessary
to study the nanometric cutting mechanism and mechanics,
such as the chip formation, plastic deformation, cutting
forces, friction and heat dissipation.
0927-0256/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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However, as nanometric cutting involves changes in
only a few atomic layers at the surface region, it is extre-
mely difficult to observe the machining process and to mea-
sure the process parameters through experiments. Besides,
the conventional theory based on ‘‘continuum mechanics’’,
such as FEM, could not be used to analyze the nanometric
cutting process due to the size limitation. Therefore, molec-
ular dynamics (MD) simulation has become an important
tool to study the nanometric cutting process.

Some typical works in the MD simulations of nanomet-
ric machining of metals include: Maekawa and Itoh [1]
studied the role of friction between a single-crystal copper
and a diamond-like tool in nanoscale orthogonal machin-
ing. The Morse type potentials were used for the interac-
tions between Cu–Cu, Cu–C, and C–C atoms. Zhang and
Tanaka [2] studied the wear and friction on the atomic
scale and identified four distinct regimes of deformation
consisting of no-wear, adherence, ploughing and cutting
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Fig. 1. Schematic MD simulation model.
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regimes. Komanduri et al. [3] have carried out MD simula-
tions of nanometric cutting of single-crystal aluminum.
They investigated the effects of crystal orientation, cutting
direction and tool geometry on the nature of deformation
and machining anisotropy of the material. Ye et al. [4]
reported MD simulations of single-crystal copper machin-
ing with a large negative rake angle tool. In their models,
the embedded atom method (EAM) potential was used to
model interatomic forces. The effect of different cutting
speed on the chip formation and machined surface was
investigated. More recently, Kim et al. [9] used MD simu-
lations to study the nanometric cutting in the atomic force
microscopy (AFM)-based nanolithography process; and
Hsu et al. [10] studied the nanoimprint process of copper
with MD simulations.

From the papers published on MD simulations of nano-
metric machining of metals [1–10], we found that the
Morse potentials were used in almost all those papers to
model the interatomic force between metal atoms. Morse
potential is a pair potential which considers only two-body
interactions, thus it provides a rather poor description of
the metallic bonding. The strength of the individual bond
in metals has a strong dependence on the local environ-
ment. It decreases as the local environment becomes too
crowded due to the Pauli’s ‘‘exclusion principle’’ and
increases near surfaces and in small clusters due to the
localization of the electron density. Pair potentials do not
depend on the environment and, as a result, cannot repro-
duce some of the characteristic properties of metals, such
as the much stronger bonding of atoms near surfaces or
in small clusters. Another shortcoming of a pair potential
is that it predicts the ratio between the two elastic constants
of C12 and C44 being 1 for a cubic crystal, which is a so-
called Cauthy relation. However, experiments show that
the ratio of C12/C44 for fcc metals is generally well above
1 due to many-atoms effect. For example, the ratio of
C12/C44 for copper is about 1.5. Therefore, many-body
potentials have been developed by some researchers
[11,12] to solve those discrepancies.

The EAM potential, which was specially developed for
metals [12,13], can better describe the metallic bonding.
Therefore, it can give a more realistic description of the
behavior and properties of metals. The EAM potential
has been widely used in various MD simulations of metals,
such as the deformation and dislocation movement [14,15],
the rapid solidification and crystallization [16].

However, among all the available papers on MD simu-
lations of metal machining, only the paper by Ye et al. [4]
was found to employ the EAM potential. In their paper,
the EAM potential was used to model the interatomic force
between the copper atoms in the workpiece. However, they
also used copper as the tool material, which is not realistic,
as diamond tools are used in the real ultra-precision
machining processes.

In this paper, we present the MD simulations of the
nanometric cutting process of copper with a diamond cut-
ting tool. In our simulations, the EAM potential was
employed for the interaction between Cu atoms in the
workpiece. As there is no available EAM potential between
C and Cu atoms, we still use Morse potential for the inter-
action between the diamond tool and the copper work-
piece. In order to employ the two different types of
potentials at the same time in a simulation, our MD code
had been modified to meet this requirement. We studied
the effect of the tool rake angle on the cutting process. In
addition, we also studied the effect of interatomic poten-
tials on the simulation results.

2. Methodology

The simulations are based on the ‘‘orthogonal cutting’’,
where the edge of the tool is straight and perpendicular to
the direction of motion. The simulation model consists of a
copper workpiece and a diamond tool as shown in Fig. 1.
The workpiece consists of 10,500 atoms with the dimen-
sions of 35a · 15a · 5a, where a is the lattice constant of
copper (3.62 Å). Three different tool geometries with the
rake angle a being 45�, 0�, and �45� respectively, are used
in the study. The tool clearance angle b is kept at 10�. The
cutting speed is 100.0 m/s with the depth of cut being
1.08 nm. The cutting is in the (100) surface and along
the h100i direction of the workpiece.

The boundary conditions of the cutting simulations
include: (1) the two layers of atoms in the left side of the
workpiece (lower x plane) and the bottom of the work
material (lower y plane) are kept fixed; (2) periodic bound-
ary conditions are maintained along the z direction. Similar
to previous studies [3,4], we also apply a thermostat zone in
the models, in order for the generated heat to be conducted
away from the high temperature cutting region. The initial
temperature of the workpiece is 300 K. The temperatures
of the thermostat atoms are maintained at 300 K by scaling
the velocities of the atoms. The simulation time step is 1 fs
(= 10�15 s).

The force acting on an individual atom is obtained by
summing the forces contributed by the surrounding atoms.
The forces are calculated from the interatomic potentials.
The Morse potential is relatively simple and computation-
ally inexpensive compared to the EAM potential. The
Morse potential is written as
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/ðrijÞ ¼ Dfexp½�2aðrij � r0Þ� � 2 exp½�aðrij � r0Þ�g ð1Þ
where /(rij) is a pair potential energy function; D is the
cohesion energy; a is the elastic modulus; rij and r0 are
the instantaneous and equilibrium distance between atoms
i and j, respectively.

The EAM method, which evolved from the density-
function theory, is based upon the recognition that the
cohesive energy of a metal is governed not only by the
pair-wise potential of the nearest neighbor atoms, but also
by embedding energy related to the ‘‘electron sea’’ in which
the atoms are embedded. For EAM potential, the total
atomic potential energy of a system is expressed as

Etot ¼
1

2

X

i;j

UijðrijÞ þ
X

i

F ið�qiÞ ð2Þ

where Uij is the pair-interaction energy between atoms i and
j, and Fi is the embedding energy of atom i. �qi is the host
electron density at site i induced by all other atoms in the
system, which is given by

�qi ¼
X

j 6¼i

qjðrijÞ ð3Þ

There are three different atomic interactions in the MD
simulations of nanometric cutting processes: (1) the inter-
action in the workpiece; (2) the interaction between the
workpiece and tool; and (3) the interaction in the tool.

For the interaction between the copper atoms in the
workpiece, we used the EAM potential for copper con-
structed by Johnson [17]. In addition to the EAM poten-
tial, we also carried out MD simulations with the Morse
potential for the copper workpiece to study the effect of
the two different potentials on the simulation results. The
parameters in the Morse potential for the copper were
derived by Girifalco and Weizer [18] as listed in Table 1.
Those parameters were later used by Inamura and Takez-
awa [6], Maekawa and Itoh [1] in their MD simulations,
but with different r0 values of 2.7202 [6] and 2.626 Å [1],
respectively. In our MD simulations, it is found that the
value of r0 has to be modified from 2.866 to 2.78 Å in order
to make the equilibrium lattice constant equal to 3.62 Å.
Therefore, r0 = 2.78 Å is used in our simulations.

For the interaction between the copper workpiece and
the diamond tool, as there is no available EAM potential
between Cu and C atoms, we still use Morse potential for
the workpiece–tool interaction. The parameters used for
the workpiece–tool interaction are those proposed by
Zhang and Tanaka [2] and are also listed in Table 1.
Table 1
Parameters used in the Morse potential for Cu–Cu and Cu–C interactions

Parameter Cu–Cu [18] Cu–C [2]

D (eV) 0.3429 0.087
a (Å�1) 1.3588 5.140
r0 (Å) 2.8660a 2.050

a Modified to 2.78 in our simulations.
The Morse potential is also used for the interaction
between the tool atoms. As the copper workpiece is much
softer than the diamond tool, it is a good approximation
to take the tool as a rigid body, and so the atoms in the
tools are positionally fixed relatively to each other. In this
situation, the interaction force between the tool atoms will
have no effect on the tool atoms in the simulations.

3. Simulation results and discussion

3.1. The simulated nanometric cutting process

The nanometric cutting processes were investigated with
the MD simulations using the EAM potential for the cop-
per workpiece. The simulated cutting processes for the dif-
ferent tools rake angles of 0�, 45�, and �45� are shown in
Figs. 2–4, respectively. There are very obvious differences
among these results with the different tool geometries. It
will be shown that the tool rake angle has big effect on
the chip formation, subsurface deformation, and the
smoothness of the machined surface.

From the simulation results with tool rake angle 0�
(Fig. 2), it can be seen that during cutting the material is
deformed ahead of and in the vicinity of the cutting tool,
which is similar to the conventional cutting process at lar-
ger depth of cut. It can also be seen that the uncut material
in the workpiece away from the tool is almost not affected
by the motion of the tool. The chip formation appears to
be predominantly due to the compression and shear ahead
of the tool. As the cutting proceeds, the chip moves upward
along the tool surface of the 0� rake angle, and then the
machined surface is formed. Besides, the material at the
machined surface region below the tool undergoes plastic
deformation and elastic recovery.

From the simulation results with the rake angle 45�
(Fig. 3), it can be seen that although the basic cutting pro-
cess is similar to that with 0� rake angle analyzed above,
there are also some obvious differences resulting from the
different rake angle. As the tool of 45� rake angle is very
sharp, the chip mainly undergoes shear deformation and
moves along the tool surface in the 45� direction. The
machined surface is smoother than that with 0� rake angle.

For the rake angle �45�, the simulation results (Fig. 4)
show that the chip mainly undergoes compression with
the deformed chip moving along the tool surface in the
�45� direction. As the material below the tool undergoes
higher pressure, there is also a bigger elastic recovery.
The machined surface is rougher than the cases with the
tool angles of 0� and 45�. Besides, there are much more
dislocations generated in the cutting region.

The cutting forces during the cutting processes were
monitored in the MD simulations. Prediction of cutting
forces is important as the cutting force is closely related
to the cutting power and the tool life. In the MD simula-
tion, the cutting force is the interatomic force between
the workpiece and the tool, which is calculated as the sum-
mary of all the interaction forces that the workpiece atoms



Fig. 2. Snapshots of the nanometric cutting process with the tool rake
angle 0�: (a) time = 35.0 ps; (b) time = 50.0 ps; (c) time = 65.0 ps.

Fig. 3. Snapshots of the nanometric cutting process with the tool rake
angle 45�: (a) time = 35.0 ps; (b) time = 50.0 ps; (c) time = 65.0 ps.
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acting on the tool atoms. The most interested cutting forces
are the tangential force Fx and the normal force Fy.
Fig. 5(a)–(c) shows the variation of both the tangential
and the normal cutting forces with the cutting distance
for the tool rake angles of 45�, 0� and �45�, respectively.
The simulated cutting force curves shown in Fig. 5 are
similar to the MD simulation results obtained by Komand-
uri et al. [3]. The cutting forces, though exhibit fluctuations,
show a very obvious difference for the different tool rake
angles of 45�, 0� and �45�. To make a comparison of the
cutting forces, the mean cutting forces for the different rake
angles are shown in Fig. 6. It can be seen that the rake
angle has strong influence on the cutting force. As the rake
angle changes from �45� to 45�, both the tangential and
normal cutting forces decrease considerably. Besides, the
ratio of the normal force to tangential force also decreases



Fig. 4. Snapshots of the nanometric cutting process with the tool rake
angle �45�: (a) time = 35.0 ps; (b) time = 50.0 ps; (c) time = 65.0 ps.
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Fig. 5. Variation of the cutting forces with cutting distance for three
different rake angles: (a) a = 45�; (b) a = 0�; (c) a = �45�.
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as the rake angle changes from �45� to 45�, which is shown
in Fig. 7. These simulation results are consistent with our
knowledge and experimental results [19,20] in micro
cutting.

3.2. Effect of potentials on the simulation results

In our simulations, the EAM potential was used for the
copper workpiece, while in previous studies the Morse
potential was used. Therefore, it is important to know
whether the two different potentials will result in big differ-
ence in the simulation results of nanometric cutting
process. For this purpose, we also made MD simulations
with the Morse potential instead of the EAM potential
for the copper workpiece. Some snapshots of the simulated
cutting processes with the EAM potential and the Morse
potential are shown in Figs. 8 and 9, respectively.

By comparing the pictures in Fig. 8 with the correspond-
ing pictures in Fig. 9, it can be seen that there are no big
differences between the two results in terms of the chip
shape and the smoothness of machined surface, though
small differences can be found. One small difference is that
under the Morse potential the atoms at the chip surface are
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Fig. 8. Snapshots at time = 65.0 ps during the cutting processes with the
EAM potential for the copper workpiece: (a) rake angle = �45�; (b) rake
angle = 0�; (c) rake angle = 45�.
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loosely connected to each other, while under the EAM
potential the atoms at the chip surface are more closely
adhesive to the surface. However, as a whole, the difference
between the two simulation results is not very obvious.
Therefore, it can be concluded that the two different poten-
tials for the copper workpiece do not produce big difference
in the simulated chip formation and machined surface.

The small difference in the chip surface can be explained
by the metallic bonding. The special feature of metallic
bonding is that the strength of the individual bond has a
strong dependence on the local environment. The bonding
becomes stronger at the surface due to the localization of
the electron density. As the EAM potential describes the
metallic bonding much better than the two-body Morse
potential, the EAM potential results in stronger bonds at
surface, and thus a more compact surface than the Morse
potential.

The simulated tangential and normal cutting forces are
shown in Figs. 10 and 11, respectively for the two different
potentials in the workpiece. It can be seen that under the
Morse potential both tangential and normal cutting forces
are higher than that under the EAM potential. More quan-
titatively, the Morse potential results in about 5–70%
bigger cutting force than the EAM potential.

The bigger cutting forces with the Morse potential can
also be explained by the metallic bonding. The bond
strength in metallic bonding strongly depends on the local
environment and becomes weaker when the local environ-
ment is more crowded. During the cutting process, the
atoms at the cutting regions are very crowded, and so the



Fig. 9. Snapshots at time = 65.0 ps during the cutting processes with the
Morse potential for the copper workpiece: (a) rake angle = �45�; (b) rake
angle = 0�; (c) rake angle = 45�.
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Fig. 10. Comparison of the tangential cutting forces under the EAM and
Morse potential.
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Morse potential.
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bonds there become weaker and easier to break than the
other part of the workpiece. As the Morse potential consid-
ers only the two-body interaction and the bond strength
does not depend on the local environment, the Morse
potential will not result in weaker bond in more crowded
region. Therefore, the simulated cutting forces under the
Morse potential are higher than that under the EAM
potential. This finding is very important and must be kept
in mind when using MD simulation to study the nanomet-
ric machining processes. As the EAM potential describes
the metallic bonding much better than the Morse potential,
the EAM potential should be used for the MD simulations
of nanometric machining processes.

4. Conclusions

MD simulations were carried out to study the nanomet-
ric cutting of copper. From the simulation results, the
following conclusions can be drawn:

• The tool rake angle has big effect on the chip formation,
subsurface deformation, and the smoothness of the
machined surface. Smoother machined surface was
obtained with the rake angle 45� than that with the rake
angles of 0� and�45�. For the rake angle�45�, the chip is
smaller due to the large plastic deformation generated in
the workpiece. Besides, bigger elastic recovery was
observed at the machined surface for the�45� rake angle.
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• The cutting forces are strongly influenced by the rake
angle. As the rake angle changes from �45� to 45�, both
the cutting forces and the ratio of normal cutting force
to tangential cutting force (Fy/Fx) decrease considerably.

• There is no big difference in the simulated chip forma-
tion and the machined surface between the EAM and
the Morse potential. However, the cutting forces show
considerable difference under the two different poten-
tials. The Morse potential results in much higher (about
5–70% bigger) cutting forces than the EAM potential.
As the EAM potential describes the metallic bonding
much better than the Morse potential, the EAM poten-
tial is recommended to be used for the MD simulations
of nanometric machining processes.

Acknowledgement

This work was supported by the Agency for Science,
Technology and Research (A*Star), Singapore.
References

[1] K. Maekawa, A. Itoh, Friction and tool wear in nano-scale
machining—a molecular dynamics approach, Wear 188 (1995) 115–
122.

[2] L. Zhang, H. Tanaka, Towards a deeper understanding of wear and
friction on the atomic scale—a molecular dynamics analysis, Wear
211 (1997) 44–53.

[3] R. Komanduri, N. Chandrasekaran, L.M. Raff, Molecular dynamics
simulation of nanometric cutting of single crystal aluminum, Wear
242 (2000) 60–88.

[4] Y.Y. Ye, R. Biswas, J.R. Morris, A. Bastawros, A. Chandra,
Molecular dynamics simulation of nanoscale machining of copper,
Nanotechnology 14 (2003) 390–396.

[5] R. Komanduri, M. Lee, L.M. Raff, The significant of normal rake in
oblique machining, Int. J. Mach. Tool. Manuf. 44 (2004) 1115–1124.
[6] I. Inamura, N. Takezawa, Atomic-scale cutting in a computer using
crystal models of copper and diamond, Ann. CIRP 41 (1992) 121–
124.

[7] T.H. Fang, C.I. Weng, Three-dimensional molecular dynamics
analysis of processing using a pin tool on the atomic scale,
Nanotechnology 11 (2000) 148–153.

[8] R. Komanduri, N. Chandrasekaran, L.M. Raff, Molecular dynamics
simulation of atomic-scale friction, Phys. Rev. B 61 (2000) 14007–
14019.

[9] Y.S. Kim, K.H. Na, C.I. Kim, J.Y. Park, Molecular dynamics study
for nanopatterning using atomic force microscopy, Metall. Mater.
Trans. A 36 (2005) 169–176.

[10] Q.C. Hsu, C.D. Wu, T.H. Fang, Studies on nanoimprint process
parameters of copper by molecular dynamics analysis, Comput.
Mater. Sci. 34 (2005) 314–322.

[11] M.W. Finnis, J.E. Sinclair, A simple empirical N-body potential for
transition metals, Philos. Mag. A 50 (1984) 45–55.

[12] M.S. Daw, M.I. Baskes, Embedded-atom method: derivation and
application to impurities, surfaces, and other defects in metals, Phys.
Rev. B 29 (1984) 6443–6453.

[13] M.S. Daw, S.M. Foiles, M.I. Baskes, The embedded-atom method: a
review of theory and applications, Mater. Sci. Rep. 9 (1993) 251
–310.

[14] G. Lasko, D. Saraev, S. Schmauder, P. Kizler, Atomic-scale
simulation of the interaction between a moving dislocation and a
bcc/fcc phase boundary, Comput. Mater. Sci. 32 (2005) 418–425.

[15] H.A. Wu, Molecular dynamics simulation of loading rate and surface
effects on the elastic bending behavior of metal nanorod, Comput.
Mater. Sci. 31 (2004) 287–291.

[16] Q.X. Pei, C. Lu, H.P. Lee, Crystallization of amorphous alloy during
isothermal annealing: a molecular dynamics study, J. Phys.: Condens.
Matter. 17 (2005) 1493–1504.

[17] R.A. Johnson, Analytic nearest-neighbor model for fcc metals, Phys.
Rev. B 37 (1988) 3924–3931.

[18] L.A. Girifalco, V.G. Weizer, Application of the Morse potential
function to cubic metals, Phys. Rev. 114 (1959) 687–690.

[19] M. Gunay, E. Aslan, I. Korkut, U. Seker, Investigation of the effect
of rake angle on main cutting forces, Int. J. Mach. Tool. Manuf. 44
(2004) 935–959.

[20] R. Komanduri, Some aspects of machining with negative rake
tools simulating grinding, Int. J. Mach. Tool Des. Res. 11 (1971) 223–
233.


	Nanometric cutting of copper: A molecular dynamics study
	Introduction
	Methodology
	Simulation results and discussion
	The simulated nanometric cutting process
	Effect of potentials on the simulation results

	Conclusions
	Acknowledgement
	References


