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Abstract 

When the accuracy of the machined workpiece reaches to the nanometer scale, the 

atomic state in the cutting region、cutting force and the temperature of the workpiece 

newton layer must be analyzed from the atomic or molecular scale. Experiments will be 

difficult and time-consuming because the severe requirements of experiment for 

ultra-precision machine tool、resolution of detecting instrument and tool geometry, it 

becomes very difficult to study the effects of tool rake angle for nanometric cutting 

process and especially the workpiece temperature. Molecular dynamics simulation was 

used to carry out molecular dynamics modeling、simulation and analysis for diamond 

tools with different rake angle in single crystal copper surface nanometric cutting process, 

first of all, three-dimensional molecular dynamics simulation model of the workpiece and 

the tools with different rake angle were established; secondly, tools with different rake 

angle were used to machine the single crystal copper workpiece and calculated the CNA 

value of the workpiece atoms、the cutting force and the temperature of the workpiece 

newton; at last, the effect law of different tool rake angle for the atomic state in cutting 

region、cutting force variation and temperature of the workpiece newton in single crystal 

copper nanometric cutting process were analyzed. It was shown that when the rake angle 

value is negative, the increasing of temperature of workpiece newton with the increasing 

of the rake angle; when the rake angle value is positive, the decreasing of temperature of 

workpiece newton with the increasing of the rake angle. 
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1. Introduction 

In recent years, with the development of micro electro mechanical system and nano 

electro mechanical system, the device tends to miniaturization, the scale and processing 

precision of the machined device reached to nanometer scale. In the process of 

nano-machining, machining occurs in a very small area, which contains only a few atoms 

layers or hundred of atomic layers. Material is considered as a collection of atoms or 

molecules, the removal of material is essentially a discrete process, the machining 

phenomenon in nature is to cut off the coalescent of chemical bonds between atomics, to 

achieve the removal of atoms or molecules. When the characteristic size of the grain is in 

the nanometer scale, it has the characteristics of small grain size, high defect density and 

large volume fraction occupied by grain boundary, showing out many characteristic 

different from macro material. Therefore，using cutting theory based on the traditional 
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continuous medium mechanics to explain the cutting process is questionable, so, it must 

study the atomic state in cutting region、cutting force and workpiece temperature in the 

process of nanometric cutting from the perspective of the molecule and atom. Molecular 

dynamics (MD) method has a function of communicating macroscopic properties with 

microstructure and it has been proved to be an effective method to study the nanometric 

machining [1-4]. 

In the nanometric machining process which has only a few atomic layers, the influence 

of tool geometry for the machining process has been much higher than that of the 

traditional machining [5], and it especially has an important influence for the chip shape、
cutting force and workpiece temperature in the machining process. Tool rake angle plays 

an important role in tool geometry, the change of the tool rake angle will inevitably lead 

to the variation of the chip shape and the fluctuation of the cutting force in the workpiece 

machining process, then cause the change of the workpiece surface temperature, and 

ultimately affect the machining surface quality of the workpiece. 

Many scholars use molecular dynamics simulation method to study the mechanism of 

nanometric machining, some typical work has Komanduri [6] simulated the nametric 

cutting process of using diamond tool in combinations of different crystal orientation and 

different cutting direction, the influence rule of crystal orientation for cutting force、the 

ratio of thrust to cutting force and the specific energy were investigated, and it is found 

that the bigger the tool rake angle, the smaller influence of crystal orientation for the 

cutting force、the ratio of thrust to cutting force and the specific energy. Tanaka and 

Shimada [7] studied the process of diamond tool cutting mono-crystalline silicon in 

different machining parameter by molecular dynamics method, results showed that crack 

extension during ductile-mode machining can be avoided by using tool with much bigger 

negative rake angle to generate compressive stress field around cutting region, and it is an 

effective ductile-mode machining brittle material. Pei [8] studied the influence of tool 

geometry in nanometric machining process by molecular dynamics simulation method, it 
is found that it is easy to machining high-quality surface when the tool rake angle in the 

range form 45  to 45
, and cutting force and the ratio of thrust to cutting force 

decreasing with the change of tool rake angle. Promyoo [9] studied the chip formation 

mechanism with tool rake angle in nanometric cutting single crystal copper, it is found 

that cutting force、thrust force and the ratio of thrust to cutting force decreasing with the 

increasing of tool rake angle and the chip thickness decreased with the increase of the 

rake angle. Lai[10]studied the critical rake angle in nanometric cutting single crystal 

copper by molecular dynamics simulation method, results showed that the minimum 

effective rake angle for chip formation is -65º~ -70º,when the effective rake angle is -80 

º,chip formation even pile-up formation does not occur in nanometric cutting. 

The previous work mainly focused on the influence rule of tool rake angle for cutting 

force、the ratio of thrust to cutting force, the specific energy and chip formation, little 

work has been done for the investigation of tool rake angle for workpiece temperature in 

nanometric cutting process, however, temperature has an important influence for 

workpiece machining accuracy and machined surface quality, so it has an important 

significance to study the influence of tool rake angle for the workpiece temperature in the 

nanometric cutting process. This thesis based on molecular dynamics simulation method, 

establishing the three-dimensional molecular dynamics simulation mode of nanometric 

cutting single crystal copper, analysing the influence of different tool rake angle for the 

atomic state in cutting region and cutting force in single crystal copper nanometric cutting 

process, then analysing the influence of different tool rake angle for the workpiece 

temperature in nanometric cutting process. 
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2. Molecular Dynamics Simulation Mode and Computational Method 

Molecular dynamics simulation mode of single crystal copper nanometric cutting as 

shown in figure 1.The simulation mode includes single crystal copper workpiece with 

face centered cubic structure and a diamond tool. The workpiece is divided into three 

different kinds, namely, boundary atoms, thermostat atoms and newton atoms, 

respectively. The boundary atoms are fixed in positions to reduce the edge effects and 

maintain the proper symmetry of lattice, without participating in calculation. The motions 

of newton and thermostat atoms obey newton’s second law Hamiltonian equations of 

motion using the Velocity-Verlet algorithm. The initial velocity of copper atoms is 

assigned based in Maxwell distribution. 

   

 

Figure 1. Molecular Dynamics Model of Nanometric Cutting Single Crystal 
Copper 

Calculation parameters used in molecular dynamics simulation as shown in table 1. 

Due to the computing power limitations, the copper workpiece size is set as 

15nm×5nm×6nm. The three- dimensional orientation of copper workpiece is x-[1 0 0], 

y-[0 1 0], z-[0 0 1]. Cutting is conducted along the [1 0 0 ] orientation on the top surface 

of work piece (1 0 0) plane. The time step is set as 1 fs. The initial temperature of the 

system is set as 300K, in order to maintain the constant temperature of thermostat in 

cutting process，the velocities of thermostat atoms are rescaled when the temperature 

departs more than 10K of the specified temperature, and this algorithm allows heat energy 

transfer from the machined region into the workpiece interior. Periodic boundary 

condition is imposed in Z direction to reduce the effect of simulation sale and edge. 

Surfaces are assumed to be passivated, so physisorption and chemisorption of surfaces are 

not considered. Diamond tool is filled with carbon atom of diamond structure. Tool rake 

angle is 60 、 45 、 30 、 15 、0 、15、30、45 、60
, respectively. The tool 

is set as rigid body because of the hardness of diamond is much bigger than copper in 

simulation. In the initial stage, tool is positioned 1nm on the right of workpiece in order to 

avoid the effect of long-range attractive force between the workpiece and the diamond 

cutting tool. The system is thermally equilibrated to 300K for 10ps using a Nose-Hoover 

thermostat. The system simulation has two stages: initial relaxation and tool cutting. 

 

Table 1. Molecular Dynamic Simulation Parameters 

Material workpiece：single crystal copper tool：diamond 

Workpiece dimensions 15nm×5nm×6nm  rake angle ： 60 、

45 、 

Atom number 40000 30 、 15 、0 、15、 
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MD time step 1fs                30、45 、60
 

Initial temperature 300K  

Cutting speed 300m/s  

Cutting depth 1.0nm  

Cutting distance 0-11nm  

Cutting orientation [-1 0 0 ] orientation,(1 0 0)plane  

 

The interatomic actions includes between copper atoms (Cu-Cu)、between copper 

atoms and diamond atoms(Cu-C) and between diamond atoms(C-C) in system. The 

interatomic action of C-C is not considered because of regarding tool as rigid body. 

Among，The Cu-Cu interactions between copper atoms are described by the EAM 

potential [11]. The total atomic potential energy of a system is expressed as  

,

1
( ) ( )

2

i j

i i ij ij

i i j

U F r 


                        (1) 

Where, ij  is the pair-interaction energy between atom i  and j , iF is the embedding 

energy of atom i , i  is the host electron density at site i  induced by all other atoms in 

the system, which is given by 

( )i j ij

j i
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For the Cu-C interactions between workpiece and tool atoms, Morse potential is used 

[12], the Morse potential is written as  

 0 0( ) exp( 2 ( )) 2exp( ( ))ij D a r r a r r                   (3) 

Where, D , a  and r  is the cohesion energy、the elastic modulus and the equilibrium 

distance between atom i  and j , respectively. According to literature [13]， the 

cohesion energy 0.087D eV , the elastic modulus
10.514nm  , the equilibrium 

distance 0.205r nm . 

The conversion between kinetic energy and temperature of each atom can be computed 

at each time step, as the follows equation 

21 3

2 2
i i B i

i

m v nk T                         (4) 

Where, n  is the number of atoms, iv  represents the instantaneous velocity of atom i , Bk  

is Boltzmann constant, iT  is the temperature of atom i , im  is the mass of atom i . 

The thesis uses Large-scale Atomic/Molecular Massively Parallel simulator (LAMMPS) 

[14]
 
to carry out molecular dynamics simulation, using Visual Molecular Dynamics 

(VMD) [15]
 
and Atomeye [16] to visualize the computing result of molecular dynamics, 

adopting Common Neighbor Analysis (CNA) [17]
 
to identify the characteristic of each 

atom from start to finish in nanometric cutting process and distinguish intrinsic stacking 

fault and dislocation nucleation. 

 

3. Simulation Results and Discussion 

Atoms state in material interior after cutting single crystal copper with tool rake angle 

from 60  to 60
 as shown in Figure 2(a)—(i), atoms are colored according to the 

computed CNA value. Among, red atoms are Other atoms which is in workpiece surface 

or dislocation defect circumstances, blue atoms represents HCP atoms which is in intrinsic 

stacking fault or twin boundary. The FCC copper atoms that have no deformation are not 

showed. It is found that tool rake angle has an important influence for chip shape and 

dislocation motion, with the increasing of tool rake angle, the increasing of chip volume 
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piled-up front of cutting tool. When the rake angle value is negative，the chip is mainly 

extruded by tool. Workpiece material below the tool is underwent bigger stress and the 

chip become small because of the big plastic deformation in workpiece. At the same time, 

machined surfaces generate elastic recovery, the chip move along rake face of tool and 

tool flank and more dislocation generate in cutting region; when the tool rake angle value 

is positive, the chip mainly is sheared by tool, the chip move along the rake face of tool, 

almost without chip moving along tool flank; when the tool rake angle is zero, the chip is 

underwent shearing and extruding at the same time. Compared with negative rake angle 

and positive rake angle, the difference is that also generating many dislocations in front 

and down left of tool. The average temperature change of workpiece newton layer under 

different tool rank angle as shown in Figure 3. It is found that when the tools rake angle 

value is negative, with the increasing of tool rake angle, the rising of the average 

temperature of workpiece newton layer; when the tool rake angle value is positive, with 

the increasing of tool rake angle, the reducing of the average temperature of workpiece 

newton layer. The reason above-mentioned phenomenon is that the chip will take the most 

heat away in nanometric cutting process, with the increasing of tool rake angle，the 

increasing chip volume of piled-up front tool, then the increasing of chip taking heat with 

the increasing of tool rake angle. It is still found that the reducing of workpiece newton 

layer average temperature negative rake angle than positive rake angle after cutting. This 

reason is that the friction heat generated by extruding between negative rake angle tool 

and chip is more than that generated by shearing between positive rake angle tool and 

chip. 

 

 
(a)                          (b)                          (c) 

  
          (d)                          (e)                          (f) 

  
(g)                          (h)                         (i) 

Figure 2. The Atom Coloring Snapshots of CNA under Different Tool Rake 
Angle in the Cutting Distance of 8nm 
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Figure 3. The Average Temperature of Workpiece Newton Atoms Under 
Different Tool Rake Angle 

The curve of cutting force-cutting distance under different tool rake angle in the cutting 

thickness of 1nm as shown in Figure 4. It is found that tool rake angle has an important 

influence for cutting force. For the negative rake angle tool, with the decreasing of tool 

rake angle, the cutting force appears slowly, the reason is that when the initial distance 

between tool and workpiece is same, the smaller of tool rake angle, the slower of 

contacting between tool rake face and workpiece; for zero and positive rake angle tool, 

when the cutting distance is 1nm, the cutting force rises obviously, when the cutting 

distance reaches to 4nm, the cutting force maintain fluctuating steadily. The fluctuation is 

mainly owing to dislocation generation and evolution in workpiece interior during cutting 

process. The strain energy clustered together in single crystal copper lattice exceed its 

critical value of combination bond, the lattice is destroyed and the strain energy is 

released, then causing the instantaneous fluctuation of cutting force. 
 

 

 

 

Figure 4. The Curve of Cutting Force-cutting Distance under Different 
Tool Rake Angle in the Cutting Thickness of 1nm 
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In order to compare the influence of tool rake angle for cutting force, calculating the 

average value of cutting force under different tool rake angle, as shown in figure 5. Tool 

rake angle has an important influence for average cutting force, when the tool rake angle 

value is negative, with the increasing of tool rake angle, the increasing of average cutting 

force which is received by workpiece; when tool rake angle value is positive, with the 

increasing of tool rake angle, the decreasing of average cutting force which is received by 

workpiece. The temperature variation curve of workpiece newton layer under different 

tool rake angle as shown in Figure 6. Corresponding to Figure 5, it is can be found that 

the temperature of workpiece newton layer and the average cutting force that workpiece 

received exist linear relationship, namely, the bigger of average cutting force of 

workpiece received, the higher of temperature of workpiece newton layer. Then, it 

indirectly shows that when tool rake angle value is negative, with the increasing of tool 

rake angle, the temperature of workpiece newton layer rising; when the tool rake angle 

value is positive, with the increasing of tool rake angle, the temperature of workpiece 

newton layer decreasing. In Figure 5, it is still found that when tool rake angle value is 

zero, the average cutting force that workpiece received is the biggest, so it should use tool 

with some certain rake angle in actual nanometric cutting process. 

 

 

Figure 5. The Mean Cutting Force under Different Tool Rake Angle 

 

Figure 6. The Temperature Variation Curve of Newton Atoms under Different 
Tool Rake Angle 

4. Conclusions 

Molecular dynamics simulation was used to carry out molecular dynamics modeling、
simulation and analysis for diamond tools with different rake angle in single crystal 

copper surface nanometric cutting process, the results achieved as follow: 
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(1) Tool rake angle has an important influence for chip shape in nanometric cutting 

process, with the increasing of tool rake angle, the increasing of chip volume piled-up in 

front of tool, the average temperature decreasing of workpiece newton layer with the 

increasing of chip volume. 

(2) The temperature of workpiece newton layer and the average cutting force that 

workpiece received exist linear relationship, namely, the bigger of average cutting force 

of workpiece received, the higher of temperature of workpiece newton layer. 

(3) Tool rake angle has an important influence for the temperature of workpiece 

newton layer, when tool rake angle value is negative, with the increasing of tool rake 

angle, the temperature of workpiece newton layer rising; when the tool rake angle value is 

positive, with the increasing of tool rake angle, the temperature of workpiece newton 

layer decreasing. 
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