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a b s t r a c t

A quasi-steady molecular statics nanoscale cutting model is used to carry out simulation of nanoscale
orthogonal cutting of single-crystal silicon by the diamond tools with different edge shapes. Based on
the simulation results, this paper analyzes the cutting force, equivalent stress and strain, and temperature
field. When the diamond tool moves to cut the single-crystal silicon, displacement of atoms is caused due
to the effects of Morse force on each other. After a small distance that each atom moves, the concept of
force balance is used to directly calculate the trajectory of each atom. Hooke–Jeeves direct search method
is also used to solve the force balance equation, and obtain the new movement position of each atom.
When chip formation and the cutting forces during cutting are calculated, further analysis is made. After
the position of an atom’s displacement is acquired, the shape function concept of finite element is
employed to obtain the atomic-level equivalent strain. The equivalent stress–strain curve of single-crys-
tal silicon acquired from the reference is used to calculate the equivalent stress produced under the cal-
culated equivalent strain. This paper further supposes that temperature rise during nanoscale orthogonal
cutting the single-crystal silicon is mainly produced from two heat sources: plastic deformation heat and
friction heat. Thus, this paper uses the acquired equivalent stress and strain to calculate plastic deforma-
tion heat. Besides, this paper additionally develops a method to calculate the numerical value of friction
heat produced by the single-crystal silicon atoms on the tool face and the numerical value of temperature
rise of silicon atoms around tool face. Finally, the temperature rise produced from the two heat sources is
added up for calculation of temperature field of the single-crystal silicon workpiece during nanoscale
orthogonal cutting, and for making analysis. A simulation temperature field result obtained by the pro-
posed quasi-steady molecular statics nanocutting model is qualitatively verified with the temperature
field obtained by molecular dynamics method in the reference.

Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Shimada [1] used two-dimensional (2D) model and molecular
dynamics to conduct dynamic simulation of single-crystal orthog-
onal cutting and explore the cause of formation of chips. Childs and
Maewaka [2] and Belak and Stowers [3] employed molecular
dynamics theory to conduct numerical simulation, but their model
still lacked a complete quantitative calculation. Pei et al. [4] indi-
cated that the rake angle of cutting tool had significant influence
on formation of chips and workpiece surface. The chips under rake
angle�45� would be less because the workpiece has greater plastic
deformation. Besides, the chips under rake angle �45� would have
greater rebounding. Inamura et al. [5] regarded atoms as nodes,
and combined the Morse potential among atoms with the work
of atoms in order to overturn finite element method of atomic
model. Furthermore, the concept of weight function was imported

to induce the relationship among the displacement, strain and
stress between atomic model and continuum model, resulting in
strain distribution and stress distribution of workpiece. Cai et al.
[6] used the same cutting tool radius to explore different cutting
depths on silicon workpiece, and make simulative comparison
among different cutting depths and radii of cutting tools. They
found that the radius of cutting had to be properly small so as
for easier cutting. The 2D model of Shimada [7] used molecular
dynamics to carry out dynamic simulation of single-crystal silicon
orthogonal cutting, and explore the cause of formation of chips.
Tanakal and Shimada [8] used different volumes to match with dif-
ferent cutting depths, and different radii and different rake angles
of cutting tools to explore the change of ductility and brittleness of
silicon material. It was found that production of cracks could be
avoided, and the cutting tool with negative rake angle could be
effectively applied to ductile cutting. Tang [9] used conic cutting
tool at 3 nm to simulate cutting of silicon workpiece. Cai et al.
[10] used round-edge cutting tools with different nose radii to con-
duct simulation of molecular dynamic cutting of silicon workpiece,
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and compared the temperatures produced during fabrication by
cutting tools with different parameters.

The existing literature used molecular dynamics model to sim-
ulate heat source temperature. But this paper develops the use of
molecular statics to carry out cutting simulation, and then the
use of Morse force and equivalent strain/equivalent stress acquired
from simulation to calculate temperature rise of plastic deforma-
tion heat source and friction rise of friction heat source respec-
tively, and find the temperature field. Furthermore, this paper
analyzes the physical phenomenon in times of fabrication, and ex-
plores the sharp-edge tool and round-edge tool would cause effects
on production of cutting force and temperature heat source of the
material. Using round-edge cutting tool and employing the way of
molecular statics orthogonal cutting simulation, the paper calcu-
lates the temperature field, makes qualitative verification compar-
ison with the molecular dynamics simulation results obtained by
Cai et al. [10], and analyzes the physical phenomenon.

2. The three dimensional quasi-steady molecular statics
nanocutting model for calculating temperature field of silicon
workpiece

2.1. Calculation of cutting force

Through molecular statics, this paper finds the quasi-steady
force balance equation to calculate the motion displacement of
each atom. This paper firstly employs components in X, Y and Z
directions to establish the simultaneous solution of force balance.
Since the feed of each step in the paper does not exceed 0.002 Å,
and atoms cannot go through another atom easily to create much
deformation, this paper supposes that each feed does not exceed a
distance of 1/2 lattice constant during searching the most suitable
position of force balance deformation displacement.

The quasi-steady molecular statics nanocutting model of this
paper uses the adopts Morse potential energy of two-body poten-
tial energy as the basis for calculation of the action force between
molecules. The equation of Morse potential energy [11] is ex-
pressed as follows:

UðrijÞ ¼ Dfe�2aðrij�r0Þ � 2e�aðrij�r0Þg ð1Þ

D is binding energy, a is material parameter, rij is distance between
two atoms and r0 is equilibrium distance.

For the Morse potential energy function, when the distance be-
tween two atoms is greater than a certain distance, the action force
between atoms will decrease rapidly. Therefore, it defines the dis-
tance cut-off radius rc, and when the distance exceeds rc, the action
force is very small so it does not need to be calculated. In this way,
the calculation can be tremendously simplified. Therefore, the
Morse potential energy of the distance between two atoms inside
rc and outside rc can be further expressed as the following
equation:

UðrijÞ ¼ Dfe�2aðrij�r0Þ � 2e�aðrij�r0Þg r 6 rc

UðrijÞ ffi 0 r P rc

(
ð2Þ

This paper adopts Morse two-bodied potential energy function
to explain the interaction force between Si–Si and Si–C atoms, and
the relative parameters of Morse potential energy equation for Si–
Si and Si–C are shown in Table 1.

According to the Morse potential energy used by this paper, the
action force between two atoms can be expressed as the following
equation:

FðrijÞ ¼ �
@UðrijÞ
@ðrijÞ

¼ 2Dafe�2aðrij�r0Þ � 2e�aðrij�r0Þg ð3Þ

When rij = r0, the action force between atoms is just situated at a
balance between attraction force and repulsive force. Both the cut-
ter and workpiece material are at the situation of no action force.
When rij < rc, the diamond cutter and silicon material will produce
action force.

By using Eq. (3), it can infer that the action force between two
atoms can be expressed as the following equation:

F
!

i ¼
Xn

i¼1

F
!

ijðrijÞ ð4Þ

i is a number given to the carbon atom of cutter, J is a number given
to the silicon atom in material, n is number of silicon atoms, and rij

is distance between two atoms.
The action force between two atoms acquired from Eq. (3) can

be further divided into the components of force in three axes,
F
!

x, F
!

y and F
!

z, as shown in the following equation:

F
!

i ¼ F
!

xi þ F
!

yi þ F
!

zi ð5Þ

F
!

xi is component of force of the action force in X direction, F
!

yi is
component of force of the action force in Y direction, F

!
zi is compo-

nent of force of the action force in Z direction.
Of course, after cutting has proceeded for a certain period, there

is not just one silicon workpiece atom influenced by the Morse
force of the diamond cutter. Hence, the Morse force vector of each
silicon atom of the silicon workpiece being affected by the Morse
force of diamond cutter after having moved to the new position,
as well as the Morse force of other silicon atoms inside the cut-
off radius acted on by each atom after moving to the new position
are used in sequential order to find the sum of Morse force vector
of each silicon atom. The sum of Morse force vector are further re-
solved as the Morse force component FX in the X direction as well
as the Morse force component FY in Y direction and FZ in Z direc-
tion. As mentioned above, let the sum of the Morse force compo-
nents in the X, Y and the Z directions be zero respectively. Then
the force equilibrium equation of the quasi-steady molecular stat-
ics nanocutting model is formed, as shown in the following
equation:

FX ¼
Xm

i¼1

F
!

ixðrijÞ ¼
Xm

i¼1

Xn

j¼1

FXðrijÞ ¼ 0

FY ¼
Xm

i¼1

F
!

iyðrijÞ ¼
Xm

i¼1

Xn

j¼1

FyðrijÞ ¼ 0

FZ ¼
Xm

i¼1

F
!

izðrijÞ ¼
Xm

i¼1

Xn

j¼1

FzðrijÞ ¼ 0

8>>>>>>>>>>><
>>>>>>>>>>>:

ð6Þ

i is numbers assigned to all the atoms of diamond cutters that affect
the Morse force of a certain silicon atom, j is numbers assigned to
other silicon atoms inside the cut-off radius other than a certain sil-
icon atom affected by the Morse force of cutter, m is quantity of all
the diamond cutter atoms when corresponding to a certain silicon
atom affected by the Morse force of cutter, n is quantity of other sil-
icon atoms inside the cut-off radius other than a certain silicon
atom affected by the Morse force of cutter, is rij distance between

Table 1
Morse potential energy function parameters between diamond cutter and atoms of
silicon workpiece material.

Si–Si [12] Si–C [13]

D: bonding energy (eV) 3.302 0.4352
a: Material parameter (Å�1) 0.798 4.6487
r0: Balanced distance between atoms (Å) 4.208 1.9475
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