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In this study, molecular dynamics simulations were carried out to study the effect of machining velocities on the mechanism of 
chip formation in nano-metric copper. A wide range of cutting velocities was performed from 10 to 2000 m/s, and the micro-
structure’s evolution from a crystalline state to an amorphous state was studied. At the low machining velocity, dislocations 
were generated from the surface in front of the tool, and the immobile dislocation deduced by the cross slip of dislocation was 
observed. At the high machining velocity, no crystal dislocation nucleated, but instead disorder atoms were found near the tool. 
Temperature near the tool region increased with the increasing machining velocities, and the temperature had an important ef-
fect on the phase transition of the crystal structure. 
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The current trend towards miniaturization over a wide spec-
trum of disciplines and industries will continue into the fu-
ture [1–8]. Therefore, micromechanical machining process-
es provide an attractive alternative for the production of 
nano-mesoscale components with high accuracy require-
ments. However, the development of the micromechanical 
machining process is limited by a lack of a fundamental 
understanding of the nature of the deformation mechanism 
on the atomic scale at the micro-tool/work-piece interface 
and surface [9,10].  

Typically, only several layers of atoms are removed from 
the surface in the nano-metric machining process, thus ren-
dering experimental studies very difficult to realize. It is 
uncertain whether or not the conventional continuum ma-
chining principles are still valid, due to the small domain 
size. Therefore, a molecular dynamics (MD) simulation has 
been adopted to study this process. This is also believed to 

be a suitable tool to understand the mechanical behavior of 
the micro-tool/work-piece interface and surface deformation 
[10]. 

The MD simulation model has been widely used in the 
simulation of the machining process since the 1990s. 
Maekawa and Itoh [10] and Zhang and Tanaka [11] used 
this method to analyze the friction and the tool wear char-
acteristics. Komanduri et al. [12–15] used it to investigate 
the effect of tool geometry on the cutting and the thrust 
forces and the sub-surface deformation. Machining tools 
with different rake angles [14] and a rounded tool geometry 
with a different edge radius [15] were utilized. The effect of 
different interatomic potential on cutting results was studied 
by Pei et al. [14]. The cutting depth was investigated and 
believed to have a positive correlation with the cutting force 
[16–19]. Pei et al. [17] investigated the correlation between 
the cutting depth and the size effect. The cutting direction 
and the substrate crystal orientation were found to influence 
the direction of the generated dislocations [20–22], but all 
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the dislocations slipped on the (1 1 1) plane [22].  
The machining velocity is very important in the micro- 

process technique, which is related to the famous Salomon’s 
hypothesis [23] on the macroscopic machining process. 
However, the previous studies [24–26] concerning about the 
effect of machining velocities on the tool force and the chip 
temperature with growing the machined thickness over-
looked the effect of the machining velocities on the evolu-
tion of micro-structures and chip formation. In the present 
paper, the MD simulations of orthogonal nano-metric cut-
ting of a single crystal copper are presented. Attention is 
given to the effect of the machining velocity on the me-
chanical behavior of the work-piece. A wide range of cut-
ting velocities, from 10 to 2000 m/s, is studied. Finally, the 
evolution of the microstructures and the different mecha-
nisms of the chip formation are discussed. 

1  Computation and modeling 

1.1  Interatomic potential 

The EAM method has been successful in accurately de-
scribing the properties of a metallic system [27–29]. It was 
evolved from the density-functional theory and the total 
potential energy for the atomic system is as follows [30]:  
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where Fi is the embedding function and i is the local elec-
tronic density at the site of the atom i, ij(rij) represents a 
pair potential and rij is the separation between atom i and its 
neighbor atom j. The EAM potential is used for the interac-
tion between the copper atoms of the work-piece and all the 
parameters can be found in ref. [31]. 

The tool material is diamond (carbon, C). The interaction 
between Cu atoms and C atoms is modeled by the Morse 
potential [32]: 
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where D0 denotes the depth of the potential well,  repre-
sents the stiffness parameter, and r0 is the equilibrium dis-
tance between atoms i and j. The parameters for C-Cu in-
teraction are from ref. [11]. 

Since the stiffness of diamond is much higher than that 
of Cu, the tool is thereby a rigid body during the MD simu-
lation. 

1.2  Cutting model 

The orthogonal cutting model for the MD simulation is 
adopted in this paper, and the schematic is shown in Figure 
1. The simulation system is composed of a single crystal of  

 

Figure 1  (Color online) Schematic of the nano-metric cutting model. 

copper and the diamond tool. The sample size is 80a0× 
60a0×4a0, about 78000 atoms, and the tool size is 
50a0×50a0×4a0, about 72000 atoms, and a0 is the crystal 
constant of copper (3.615Å). A periodic boundary condition 
is applied along z direction to eliminate the effect of free 
surface [15]. In addition, eight layers of the left and the 
bottom edges are fixed, and eight layers next to them are a 
thermostat region which surrounds the Newtonian atoms. 
The thermostat region serves as a heat reservoir at a con-
stant temperature 300 K to the Newtonian atoms [26]. The 
Newtonian atoms have an initial velocity distribution of 300 
K and are only conducted by Newton’s second law thereaf-
ter. The rigid tool has a rake angle of =20° and the clear-
ance angle is set to zero. The angles are unchanged during 
the machining process.  

The machining motion is performed on the (0 1 0) plane 
of the copper work-piece and the machining direction is 
along [1 0 0]. The machining depth is set to 1 nm to ensure 
that the machining region is only a small portion of the 
Newtonian area. Based on several testing simulations in 
different sizes of the work-piece, the dimensions of the 
work-piece are constructed sufficiently large enough to 
eliminate the boundary effects, which is similar to that of 
the system adopted by Fang et al. [33]. 

2  Results and discussion 

2.1  Conventional high cutting speed 

Figure 2(a) shows the snapshot of the nano-metric machin-
ing process at a machining velocity of 54.225 m/s and the 
machining distance L is about 1.6 nm. The dashed yellow 
line represents the cutting plane. The common neighbor 
analysis (CNA) technique is adopted [34–36], red for the 
perfect FCC atoms, green for the HCP atoms, and blue for 
the disorderly (or amorphous) atoms. Two adjacent green 
lines represent a stacking fault [37]. As shown in Figure 
2(a), during the machining process, the surface serves as a 
dislocation source. The dislocations emitted from the sur-
face slip into the specimen. Previous research [38,39] has  
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Figure 2  (Color online) Nano-metric material removal process at the machining velocity of 54.225 m/s: (a) Atomic configurations at the cutting distance of 
1.6 nm; (b) dislocation slip on the (1 1 1) plane; (c) cutting force acting on the diamond tool. 

verified the evidence of dislocations emitted from the sur-
face. Figure 2(b) shows that all of the dislocations are slip-
ping on the (1 1 1) plane, which follows the behavior of the 
dislocation slip [22,40].  

As the tool is driven along the [1 0 0] direction, the chip 
forms by splitting from the substrate. Some dislocations are 
in the chip while others are in the substrate and are multi-
plying continuously. Figure 2(c) shows the typical curve of 
the cutting force as the tool is driven forward. Previous re-
search [19,25,26] has attributed the fluctuation of the curve 
to the MD method itself; however, our simulation results 
show that as long as the tool meets the dislocations, the 
curve always tends upward. Points 1, 2, 3 in Figure 2(c) 
correspond to points 1, 2, 3 in Figure 2(a). From point 1 to 2, 
the tool cuts the HCP atom’s region, and from point 2 to 3, 
the tool cuts perfectly in the FCC atom’s region. It is there-
by understood that the FCC crystal has a structure of a 
smaller planar density than that of the HCP on the cutting 
plane (0 1 0). Therefore, it is easier to cut from point 2 to 3, 
and the machining force decreases from its maximum point 
when the tool crosses point 2. Continuous cutting of the 
FCC and the HCP atoms leads to the fluctuation of the cut-
ting force. 

Figure 3(a) shows the snapshot of the nano-metric ma-
chining process with the machining velocity of 90.375 m/s, 
and the machining distance L is 10.5 nm. The evolution of 
the atomic structure is observed in regions A, B and C near 
the tool. An original single crystal is divided into the four 

regions of A, B, C and D, and due to the dislocations slip, 
the amorphous atoms move and the crystal rotates. Between 
grain A and B, there is a “Z” boundary constructed by the 
disorder atoms which hinders dislocation slipping from A to 
B. Grain B and C build a twin boundary which is contribut-
ed to by the emitted dislocations from the surface and the 
rotation of the work-piece. The rotation of grain C is due to 
the shear stress given by the tool. In previous intensive 
studies of twin deformation, it was revealed that the 
nano-crystalline containing the twin structure is of a high 
strength and a good ductility [41], and that the twin struc-
ture is stable during extension and shear deformation [42].  

In region B, the phenomenon of cross slip and the for-
mation of Lomer-Cottrell (LC) locks are observed. This is 
displayed as a yellow rectangle, and zooms out in Figure 
3(a), and also in the schematic of the dislocation evolution 

in Figure 3(b). The partial dislocation E( 1[121]/(111)
6

) 

slips on the (111)  plane. First a cross slip occurs, i.e. 

E→E+.  

 
_ _ _ _ _1 1 1[12 1] [11 2] [0 11],

6 6 6
   

where the stair-rod dislocation 
_1 [0 11]6   is an im-

movable LC lock, and the first cross slip is completed. Then 

the partial dislocation 
_ _1 [11 2]6 E  on the (111)  expe- 



 Su H, et al.   Sci China Tech Sci   December (2014) Vol.57 No.12 2429 

 
Figure 3  (Color online) Nano-metric material removal process at the machining velocity of 90.375 m/s: (a) Atomic configurations of the immobile dislo-
cation at the cutting distance of 10.5 nm; (b) schematic of the cross slip of dislocation. 

riences the second cross slip: E→E+. 

 
_ _ _ _1 1 1[11 2] [12 1] [011],6 6 6   

where 1 [011]6   is also an immovable LC lock, and 

the second cross slip is completed. The partial dislocation 
E slips along the (111)  plane and is assimilated by the 

interface. Two stair-rod dislocations  and  remain in 
region B. Due to the stair-rod dislocation (LC lock) being 
located on the (1 0 0) plane, it is difficult to move, resulting 
in the materials’ consolidation [43]. 

2.2  Ultrahigh cutting speed 

Figure 4(a) illustrates an ultrahigh machining velocity of 
180.75 m/s over a distance of 10.5 nm. A comparison of the 
rotated angle of the right boundary of the simulation sample 
is made at the different machining velocities. The rotated 
angle of right boundary shown in Figure 4(a) is smaller than 
that in both Figures 2(a) and 3(a). This may be attributed to 
the friction of the interface between the work-piece and the 
tool rake face. It is deduced that the friction at the tool 
work-piece interface decreases with the increase of ma-
chining velocities based on our simulation. This is verified 
by ref. [25]. Due to the increase of machining velocity, the 
temperature in the interface region between the tool and the 
work-piece also increases which leads to a reduction of the 
friction force and to the thermal softening of the work-piece. 
Figure 4(b) shows the curve of temperature near the tool 
regions S1 and S2 versus the machining distance at three 
different machining velocities. The local temperatures are 
about 450 K at a conventional machining velocity and 600 
K at an ultrahigh machining velocity, respectively. Temper-
ature T is computed based on eqs. (3) and (4) as shown be-
low: 
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where N1 and N2 represent the number of atoms in the local 
regions near the tool as shown in Figure 4. The local region 
is about 4 layers of atoms along the y direction, vi is the 
velocity of atom i and KB is the Boltzmann constant.  

The atoms in regions S1 and S2 slip along with the ma-
chining tool and the high temperature is generated due to 
the friction between the work-piece and the machining tool. 
Porter and Eastering [44] pointed out that the transformation 
temperature decreased with increasing pressure as the phase 
of perfect metal structure transformed into the disorder 
phase. As it is noted that disorder atoms appear in regions 
S1 and S2, this is attributed to the acting of pressure, tem-
perature and the atoms slipping along the tool. Similarly, 
the amorphous atoms are easily generated in the primary 
shear zone. Figure 4(a) shows that the formed chip is com-
posed of both perfect FCC atoms and amorphous atoms. 
Some amorphous atoms appear in the primary shear zone 
and maintain their disorder states in the region of the chip. 
These amorphous atoms continue to move against the tool 
rake face which adds energy and force and causes the 
amorphous atoms to reach a high temperature. However, 
other atoms recover their original crystal state to some ex-
tent as soon as they move out of tool rake face. The atoms 
can relax as they are at a lower temperature. The simulation 
results are similar to those shown in ref. [26]. 

Observation reveals that no dislocations exist in the sub-
strate after machining 10.5 nm. The disorder atoms in the 
primary shear zone and regions S1 and S2 do not recover to 
a crystal state because the machining velocity is ultrahigh, 
the temperature in the region near the tool reaches 420 K 
and the temperature is maintained during the machining 
process. Figure 4(c) indicates the temperature variation of 
the region near the tool.  

2.3  Impact cutting speed 

Figures 5(a)–(c) show the snapshots of the nano-metric  
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Figure 4  (Color online) (a) Snapshot of the nano-metric material removal process at the machining velocity of 180.75 m/s and the machining distance of 
10.5 nm; (b) interface temperature for the different machining velocities; (c) temperature variation in the chip as shown in (a). 

 

Figure 5  (Color online) Snapshots of nano-metric material removal process for different machining velocities: (a) 361.5 m/s; (b) 1084.5 m/s; (c) 1807.5 
m/s. 

machining results at the machining velocities of 361.5, 
1084.5 and 1807.5 m/s, respectively. The machining dis-

tances are at about 10.5 nm which is the same as that of the 
ultrahigh machining. A difference is shown here from Fig-
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ure 4(a) that crystal and amorphous atoms are merged to-
gether at the beginning of the chip formation. The machin-
ing velocity is now 361.5 m/s and there are some HCP at-
oms left in the end of the chip. Most of the atoms in the chip 
are in the disorder state. As the machining velocity increas-
es, the temperature in the region near the tool increases. The 
HCP atoms decrease and transform into disorder atoms due 
to the high temperature.  The result of moving the ma-
chining velocity up to 1807.5 m/s is that the HCP atoms are 
no longer observed in the chip. The results can be observed 
in Figures 5(b) and (c). The simulation results at the impact 
machining velocity are clearly different from those of the 
ultrahigh machining velocity [26]. This may be attributed to 
the high temperature caused by friction between the tool 
and the work-piece. The maximum temperature reached is 
1250 K as shown in Figure 4(b). 

As the machining is performed, the phase transformation 
occurs in the local region near the tool and a lot of the FCC 
atoms transform into HCP and disorder atoms. The curves 
of the statistical results of the HCP and disorder atoms ver-
sus the machining distances at different machining veloci-
ties are shown in Figure 6. The HCP and the disorder atoms 
increase not only with the machining distance but also with 
temperature. Therefore, the effect of temperature on me-
chanical behavior of work-pieces is significant. The strength 
of the original crystal lattice decreases due to the raised 
temperature and the disorder atoms near the tool prevent 
dislocation nucleated.  

In order to reveal the deformation state of the chip at the 
different temperatures, a comparison of potential energy is 
carried out. Figure 7(a) indicates the curve of the potential 
energy versus strain for the perfect FCC crystal of copper at 
the absolute 0 K. The potential energy of the atoms in the 
chip is shown in Figure 7(b). This potential energy of the 
atoms in the chip increases with the increasing of the ma-
chining velocities. Figure 7(a) illustrates the potential ener-
gy of perfect crystal copper versus deformation and Figure 
7(b) shows the curve of potential energy versus the ma-
chining velocities. As the machining velocities are 361.5,  

 

Figure 6  (Color online) Total number of phase transition atoms for dif-
ferent machining velocities. 

 

Figure 7  (Color online) Average atom potential energy of a single crystal 
copper under different conditions. (a) tension/compress; (b) different ma-
chining velocities.  

1084.5 and 1807.5 m/s, the potential energies are 3.25, 
3.13 and 2.95 eV, respectively. This is corresponding to 
the compression deformation of 5%, 7% and 10%. Ac-
cording to experiment [45] and theoretical calculation [46], 
the contribution of thermal expansion to the total defor-
mation is small in our simulation. For example, as the ma-
chining velocity is 1807.5 m/s, the average temperature of 
the chip is about 1250 K and the corresponding thermal 
strain is about 1.3%, which is far less than the compressive 
strain 10%. Therefore, the effect of temperature on the av-
erage potential energy is limited and it does not affect our 
theoretical analysis. 

3  Conclusions 

In this study, the effect of machining velocities on the chip 
formation by using the MD simulations is explored. Studies 
on the conventional machining velocity, the ultrahigh ma-
chining velocity and the impact machining velocity are car-
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ried out. Some conclusions are as follows. 
The effect of the machining velocities on temperature, 

pressure and the transition of metal structure is analyzed. 
The temperature in the local region near the tool is closely 
related to the machining velocities and the use of the dif-
ferent machining velocities leads to the different defor-
mation behaviors in the chips.  

The potential energy analysis is carried out to reveal the 
deformation behavior of the chips. The strain of compres-
sion deformation increases with the machining velocities. 

The Lomer-Cottrell lock deduced by the cross slip is ob-
served and the immobile dislocations may consolidate the 
work-piece.    
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