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ABSTRACT

The paper develops three-dimensional quasi-
steady molecular statics nanocutting model to simulate
offset cutting a nanochannel trapezium groove on
single-crystal silicon at a fixed down force by a small
probe. It is set that after a cutting pass is performed at
a fixed down force on each cutting layer, the probe
offsets rightwards to perform one more cutting pass,
and then offsets leftwards to the middle position
between the two passes aforesaid to perform cutting—
this process is regarded as an offset cutting. The down
force and cutting force of each cutting pass on the first
cutting layer obtained from simulation of three-
dimensional quasi-steady molecular statics nano-
cutting model are compared with the down force and
cutting force of the cutting pass on the first cutting
layer obtained from SDFE theoretical equation. The
comparison has proved that it is feasible to use the
three-dimensional quasi-steady molecular statics
nanocutting model developed by the paper to simulate
offset cutting of nanochannel trapezium groove at a
fixed down force on single-crystal silicon by a small
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probe. The paper considers that plastic heat and
friction heat would be produced during cutting of
every cutting pass. The plastic deformation heat of the
paper can be calculated by multiplying the equivalent
stress and equivalent strain of the workpiece of single-
crystal silicon being cut. Focusing on the production
method of friction heat on the surface of cutting tool
for nanocutting of single-crystal silicon, the paper
finds the calculation method of temperature rise
produced from friction heat. After finding the sum of
temperature rise produced from two heat sources, the
paper achieves the total temperature rise of each atom
of the single-crystal silicon workpiece being cut, and
then analyzes the temperature field of each cutting
pass on the first cutting layer when performing offset
cutting at a fixed cutting force.

INTRODUCTION

Shimada (1992) used two-dimensional atomic
model and molecular dynamics to simulate dynamic
simulation of microcutting and found its relation to
chip formation. Considering atoms as nodes, Inamura
et al. (1993) combined the Morse potential between
atoms with the power of atoms to form total energy of
atoms, and took this as a starting point to step by step
induce finite element method (FEM) of atomic model.
Lin and Huang (2004) once used molecular dynamics
theory as the foundation, and further improved the
FEM model of Inamura etc. (1993). Considering
atoms as nodes and lattices as elements, they em-
ployed a self-developed equation of orthogonal nano-
cutting model to calculate the displacement of each
molecule on the central cross-section of the cut
workpiece, and then calculate strain.

If the time step of molecular dynamics was
taken too small, the simulation process has to take a
lot of time for calculation, and a problem of calculation
will be produced. Therefore, gradually there were
scholars using molecular statics method to simulate
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nanoscale studies, with an expectation to avoid the
problems encountered by molecular dynamics. Kwon
et al. (2004) studied the simulation of material
property of static-load on atomic-grade balance,
proposed combining atomic model with FEM model,
and then used this model to simulate nanoscale
problems. Jeng and Tan (2004) used molecular statics
method and took the smallest energy principle in finite
element as the framework to simulate the displacement
and deformation process of nanoindentation. Lin and
Hsu (2012) once combined molecular statics with the
shape function in FEM to establish a simulation model
of three-dimensional quasi-steady molecular statics
orthogonal cutting to simulate the cutting force and
cutting temperature of nanoscale orthogonal cutting of
copper material.

Lin et al. (1995) developed an offset cutting
method for fabricating nanoscale trapezium groove on
single-crystal Si and a method of calculating cutting
force based on SDFE theory. This study uses
simulation model of three-dimensional quasi-steady
molecular statics nanocutting to simulate the 1%t to 3"
cutting passes of 1st cutting layer of offset cutting. The
simulation results of cutting force and down force are
compared with the results of cutting force and down
force of the 1% to 3™ cutting passes obtained from
SDFE theory.

The above studies have not mentioned any
analysis of the stress and strain and temperature field
on the cross-sections of workpiece after multiple-pass
cutting by offset cutting method at a fixed down force.
After obtaining the temperatures respectively risen
from plastic heat and friction heat, they are added up
to acquire the total heat increased, and then obtain the
temperature distribution produced at different cutting
passes on the 1% cutting layer after cutting of single-
crystal silicon workpiece by offset cutting method at a
fixed downforce.

CALCULATION OF CUTTING FORCE
AND DOWN FORCE BY USING SDFE
THEORETICAL MODEL

SDFE is defined by multiplying the down force
of the cutting tool of probe applied on workpiece by
the cutting depth, and then dividing the workpiece.
When nanocutting a V-shaped groove on single-crystal
Si, Z axle is the down force direction for down press
of AFM probe, whereas X axle is the cutting force
direction for forward nanocutting of volume removed
by down force of cutting tool [Lin and Hsu (2012)].
They found the SDFE value is a constant for different
axle direction, and obtained the following equations:

SDFE= F;xAdzq — FxxAdx4 (1)
AV, AV,
Down force in Z axle direction.
__ SDFExAV;
(F)=—¢— )
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SDFEXAV,
Adxq

_ Fyxdz; _
(FX) - Adxq -
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Therefore, if the spherical radius of the tip of
AFM probe is measured, and if Adz,; is known as
mentioned above, then A dz; and AV; can be
calculated according to the spherical size of the tip of
probe and by CAD software. The SDFE value
acquired from experiment is substituted in SDFE
equation (1) of different axle directions. Then,
equations (2) and (3) are used to calculate the down
force F, and cutting force Fx for cutting of nanoscale
trapezium groove on single-crystal Si for the 1%, 2
and 3" cutting passes of offset cutting method at the
fixed down force using the SDFE theory. Figure 1
Shows the action force of different axle directions on
V-shaped groove after the 1st cutting pass of
nanocutting by AFM probe where Adx; =rcand rcis
crown circle radius of contact between workpiece and
cutting tool, AV; is the volume removed by cutting,
Ad; is the cutting depth.

Fz
I N
Fx o)
I = <
T - 1
| | —
I— =——adx, A |

Fig.1. Action force of different axle directions on V-
shaped groove after the 1 cutting pass of nanocutting
by AFM probe

Besides, the study uses AFM to cut V-shaped
groove. The spherical radius of the tip of AFM probe
is 150nm. Different down force values, 32.79uN,
38.5uN, 47.31uN are used to conduct cutting experi-
ment of V-shaped groove on single-crystal Si substrate
for the 1% cutting pass. AFM is used to measure the
cutting depths at different down forces, and calculate
the removed workpiece volume at each cutting depth.
The SDFE theory and equation are further used to
calculate the SDFE value of single-crystal Si,
obtaining an average SDFE value of single-crystal Si
around 0.01775(uN « nm/nm?). Therefore, the study
supposes that the SDFE value of single-crystal Si is
0.01775(uN * nm/nmd).

OFFSET CUTTING METHOD AT THE
FIXED DOWN FORCE FOR
FABRICATING NANOSCALE
TRAPEZIUM GROOVE

The steps of offset cutting method at the fixed
down force are that cutting is set to be carried out for
one cutting pass at a constant down force on a cutting
layer first, then it let the probe be offset rightwards to
carry out cutting for one more cutting pass, and finally
it let the probe leftwards to the middle position
between the above two cutting passes to carry out the
third cutting pass. Using the concept of step-by-step
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approximation to numerical value of SDFE, the study
calculates the cutting depth between cutting passes. In
this way, between the cross-section shape of cutting by
probe in the two cutting passes and the cross-section
shape of cutting after offset to the middle position,
upward bulginess and downward indentation are
respectively caused at the bottom, as shown in Figure
2 for one cutting layer of offset cutting a nanoscale
trapezium groove. Hj is the upward bulginess and H:
is the downward indentation at the bottom in Figure 2.
It is proposed that the values of Hi and H, are smaller
than 0.54nm.

1 cutting pass 3™ cutting pass 2" cutting pass

=~ = - p,
H, * Hy
upward bulginess at the bottom downward indentation at the bottom
Fig. 2. Schematic diagram of upward bulginess and
downward indentation at the bottom of nanoscale
trapezium groove and three cutting passes for one
cutting layer of offset cutting a nanoscale trapezium

groove

THREE DIMENSIONAL QUASI-
STEADY MOLECULAR STATICS
NANOCUTTING MODEL

Calculation of the Cutting Force of 3D Quasi-
steady Molecular Statics Nanocutting Model

The three dimensional quasi-steady molecular
statics nanocutting model of this paper adopts Morse
potential energy of two-body potential energy as the
basis for calculation of the action force between
molecules.

The equation of Morse potential energy
(Girifalco and Weizer, 1959) is expressed as follows:

q)(rij) = D{e_za(rij_ro) —
D: binding energy

a: material parameter

73+ distance between two atoms
1,: balance distance

Ze_a(rij_ro)} (4)

This paper adopts Morse’s two-body
potential energy function to describe the interac-
tion force between molecules when the diamond
cutter is cutting a silicon workpiece. The Morse
potential energy function parameters used be-
tween the carbon atoms of diamond cutter and the
silicon atoms of the workpiece is shown in Table
1 (Zhang and Tanaka, 1997).

For the general potential energy function, when
the distance between two atoms is greater than a
certain distance, the action force between atoms will
decrease rapidly. Therefore, we define the distance

cut-off radius re, 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. According to the Morse
potential used by this paper, the action force between
two atoms can be expressed as equation (5):

() = =500 = 2Dl - 7o)

©)

When rjj = ro, the action force between atoms is

just situated at a balance between attraction force.

Both the cutting tool and workpiece material are at the

situation of no action force. When rji<r, the diamond

cutting tool and silicon material will produce action

force. As the step of cutting tool moves forward, the

so-called chip phenomenon is formed. By using

equation (5), we can infer that the action force between
two atoms can be expressed as equation (6):

‘)

jp>te , 0=0
F‘y‘(?"{.' 5:]

=2 F00) /
i~ 6)

i © a number given to the carbon atom of cutting tool.
j : anumber given to the silicon atom in material.

n : quantity of silicon atoms.

rij : distance between two atoms.

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

Si-Si | Si-C
D: binding energy (ev) 3.032 | 0.435
o: material parameter (371) 0.7981 | 4.6487
ro: equilibrium distance between 4208 | 19475
atoms (A)

The numerical value of the produced action force is

divided into 3 axial component forces, F , F, and
E, , forming equation (7) as follows:
ﬁl’ :ﬁxl- +ﬁyi +P_:Zl' (7)

where ﬁxi . ﬁyi and ﬁzl- are the component
forces of action force in X ~ Y and Z directions

Of course, after cutting is performed for a period
of time, not only one atom of silicon workpiece is
affected by the Morse force of the diamond cutting tool.
Therefore, after the unknown force vector in the
silicon workpiece affected by the Morse force of the
diamond cutting tool is sequentially added to the force
vectors of this group of atoms towards the silicon
atoms within the cut-off radius itself, the sum of
unknown force vectors can be acquired, and
decomposed to be component Fyx in X direction,
component Fy in Y direction, and component F, in Z
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direction. Let them be zero respectively, and then there
is a quasi-steady balance equation formed.

This paper proposes the use of optimization
concept to find the most suitable displacement position.
To find the most suitable displacement position by
optimization search method, we firstly have to fix a
searching range. Since the feeding of each step does
not exceed 0.002A in this paper and it is not easy for
the atom to go through another atom to conduct
deformation, this paper supposes that each feeding
does not exceed the distance of 1/2 lattice constant, so
as to search the most suitable force balance
deformation and displacement position for the feeding
of each step. Hooke-Jeeves’ search method is
employed to carry out the search.

Focusing on the nanoscale cutting simulation of
single-crystal silicon, this paper proposes the
following methods. First of all, the new coordinates of
atoms after displacement in each step are calculated.
Then, the atoms are numbered. According to finite
element method (FEM), segmented grids are arrayed
and numbered one by one. Based on these numbers,
they are substituted in cut-off radius equation, Morse
potential function, force balance as well as stress and
strain equations in proper order. The calculated
equivalent strain and Morse force are respectively
substituted in the equations for calculation of plastic
heat source and friction heat source. Adding these two
heat sources up, the temperature field distribution of
workpiece can be found.

Calculation of Equivalent Stress and Equivalent
Strain of the Quasi-steady Molecular Statics
Nanocutting Model

After using molecular statics to calculate the
newly displaced position of the atom in each step,
strain-displacement relational equation can be used to
obtain the atomic-level equivalent strain.

Therefore, after derivation, the strain displace-
ment relational equation is as follows:

{ey =[5} ®)

where {e}is the strain matrix of element, {B} is the
displacement-strain relationship matrix and {3}is the
node displacement matrix.

It can be seen that that after the displacement
component of silicon atoms has been acquired from
the quasi-steady nanocutting model, the strain of
element can be obtained from equation (8).

Then, from the acquired strain of element made
up of silicon atoms in the equation, the equivalent
strain can be further calculated. Regarding the
equation for the relationship curve between equivalent
strain and equivalent stress, this paper uses equation (9)
of the equivalent stress-equivalent strain curve
acquired from Aly (2006) simulation experiment of
the numerical tensile value of nanoscale silicon film,
as the basis. According to equation (9) and the
equivalent strain calculated above, the equivalent
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stress produced under the equivalent strain of each
element can be calculated.

{5 = 687.5043£% — 4909562472 + 14740968 + 7.7323  £= 025
7= 46,2108 + 13.8598 else

(©)

Calculation of Temperature Rise of the Cut Silicon

Workpiece During Nanocutting

This paper carries out quasi-steady molecular
statics simulation in three-dimensional way, and the
initial temperature of workpiece and cutting tool are
both supposed to be at room temperature (300K).

In the nanocutting process, this paper supposes
that the main heat is produced from two heat sources
as follows:

1. Plastic deformation heat produced from quasi-
plastic deformation, which is caused by defor-
mation between atoms of workpiece.

2. Friction heat produced between workpiece atoms
and tool atoms.

This paper supposes that in the workpiece atoms
in contact with the tool face, friction heat is produced
in the various atoms with the adjacent distance
between the workpiece atoms bearing Morse force and
the tool atoms being smaller than 1 A. Therefore, A
dy, is supposed to be the displacement increment of
workpiece atoms on the tool face in tangential
direction. Thus, Ad, = Vy, At. As mentioned above,
friction heat is supposed to be produced from the
friction between the atoms on cutting tool and the
workpiece atoms. The calculation method is shown as
follows:

Ffi Adfi

0y, = L (10)

where Fy, * friction force on the tool face after de-
composing the Morse force borne by workpiece atoms.
V,: tangential speed of the interface between work-
piece atoms and the tool face atoms.

At : time interval.

For the product of multiplying the equivalent
stress by equivalent strain of each element obtained in
the nanocutting simulation model, this paper regards it
as quasi-plastic heat source. Therefore, within the time
Atof workpiece, this paper supposes that the temper-
ature rise caused by quasi-plastic deformation is:

AT, =42 (11)

where ¢ denotes the specific heat, and p denotes the
density of material.

Since the abovementioned friction heat is
produced on the various workpiece atoms contacting
along the tool face direction, they are distributed to the
nearest cutting tool and workpiece atoms in a,,/a;
proportion. Thus, the temperature rise distributed to
the workpiece and the tool face are ATwi and ATy
respectively, being equation (12) as follows (Lin et
al.,1995):
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AT a,, 1 0
e Ay + At CwPwVw T
AT, =-22__1 ¢ (12)
= awtat CtpPrVe i
k 1 ke \ L
where «a =( W)Z, az(—t)z
w CwPw t CtPt

In the equation, vy and v; are the volume of
particles on the interface of workpiece and cutting tool
respectively, whereas k, and k; are the thermal
conductivity coefficients of workpiece and cutting tool
respectively.

RESULTS AND DISCUSSIONS

Comparing the Down Force and Cutting Force
Calculated by SDFE Theoretical Model with Those
Simulation Results of Three-Dimensional Quasi-
steady Molecular Statics Nanocutting

The paper firstly applies SDFE theory to
simulate offset cutting of nanoscale trapezium groove.
After simulation of the cutting depths of the 1%, 2"¢ and
3 cutting passes on the 1% cutting layer, the study
calculates the values of upward bulginess and
downward indentation at the bottom as well as the
cutting force and down force by SDFE theory.
Therefore, using a probe with tip radius 2nm, and
taking the case of the 1% cutting pass on the 1% cutting
layer at 0.6432nm, then the fixed down force
calculated by SDFE theory is 32.16Nn. The paper
carries out simulation of offset cutting by SDFE
theoretical model, with related calculation results
shown in Table 2.

Besides, this study uses three-dimensional
quasi-steady molecular statics nanocutting to simulate
the down force and cutting force of the 1% cutting pass
and 3™ cutting pass on the 1% cutting layer following
the cutting depth with a probe tip radius 2nm. Using a
probe with tip radius 2nm, the study simulates three-
dimensional  quasi-steady =~ molecular  statics
nanocutting of 1 cutting pass of offset cutting method
on the 1% cutting layer, with the cutting depth at
0.6432nm, and makes analysis of the simulation.

Based on the simulation results of three-dimensional
quasi-steady molecular statics nanocutting, the paper
can obtain the cutting force Fx in X axle direction and
the down force F; in Z axle direction under steady
cutting state. As above mentioned offset cutting
method, the cutting depths of the 1%t and 2™ cutting
passes on the 1% cutting layer are the same. Hence, the
paper only carries out simulation of three-dimensional
quasi-steady molecular statics nanocutting for the 1%
and 3 cutting passes of offset cutting method on the
1%t cutting layer. The obtained simulation result of
cutting force (Fx) and down force (F,) of each step at
cutting depth 0.6432nm on the 1% cutting layer by
using three-dimensional quasi-steady molecular
statics nanocutting is shown in Figure 3.

o .
40 1000 2000 %70 so0 @00 7000 A000 500 10000 1000 17000 13000 4000
-10

step
Fig.3. Simulation results of down force and cutting
force of probe with tip radius 2nm at cutting depth
0.6432nm of 1% cutting pass on the 1% cutting layer

In order to prove the feasibility of its self-
developed equation of SDFE theoretical model to
estimate down force and cutting force, the average
cutting force and down force acquired from the
simulation results of three-dimensional quasi-steady
molecular statics nanocutting are compared with the
cutting force and down force calculated by the
equations of cutting force and down force of SDFE
theory. Table 3 shows that the stable average cutting
force and stable average down force of the 1% cutting
pass on the 1% cutting layer calculated in simulation of
three-dimensional quasi-steady molecular statics
nanocutting of single-crystal Si under the conditions
with tip radius of probe at 2 nm, and cutting depth at
0.6432 nm is compared with the cutting force and
down force calculated by equations of SDFE theory.
In Table 3, it also shows that the difference between
them are small.

Table 2. Related calculation results of offset cutting by SDFE theory at the fixed down force on the 1% cutting

layer with a probe tip radius 2nm.

Case for cutting depth of 1% cutting pass on the 15t cutting layer Case 1
Cutting depth of the 15t and 2™ cutting passes on the 1%t cutting layer 0.6432
Cutting depth of the 3" cutting pass on the 1%t cutting layer 0.7481
Rightward offset amount of 2™ cutting pass of offset cutting (nm) 3.0

Leftward offset amount of 3" cutting pass of offset cutting (nm) 1.5

Down force calculated by SDFE theory (nN) 32.16
Cutting force of 1% cutting pass calculated by SDFE theory (nN) 14.12
Cutting force of 3" cutting pass calculated by SDFE theory (nN) 15.24
Upward bulginess at the bottom of nanoscale trapezium groove on the 1 cutting layer (nm) 0.311
Downward indentation at the bottom of nanoscale trapezium groove on the 1% cutting layer (nm) 0.105
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Table 3. Comparison of average cutting force and average down force of nanoscale trapezium groove on single-
crystal Si of the 1% cutting pass on the 1 cutting layer calculated by simulation model of molecular statics nano-
cutting, with the cutting force calculated by SDFE theoretical equation, and the difference between them

Case for cutting depth of 1% cutting pass on the 1% cutting layer Case 1
Depth of the 1% cutting pass on the 1%t cutting layer (nm) 0.6432
Down force of the 1% cutting pass calculated by SDFE equation (nN) 32.16
Stable Average down force of the 1% cutting pass on the 1% cutting layer in simulated model of 33.61
molecular static nanocutting (nN)

Difference (%) 45
Cutting force of the 1% cutting pass calculated by SDFE equation (nN) 14.12
Stable average cutting force of the 1% cutting pass on the 1% cutting layer in simulated model of 14.63
molecular static nanocutting (nN)

Difference (%) 3.61

Table 4. Comparison of average down force and average cutting force of the 3" cutting pass on the 1%t cutting
layer of offset cutting of nanoscale trapezium groove on single-crystal Si calculated by the simulation model of
three-dimensional quasi-steady molecular statics nanocutting, with the down force and cutting force calculated by
SDFE theoretical equation, and the difference between them

Case for cutting depths of 3" cutting pass on the 1% cutting layer Case 1
Depth of the 3™ cutting pass on the 1% cutting layer (nm) 0.7481
Down force of the 3 cutting pass calculated by SDFE equation (nN) 32.16
Stable Average down force of the 3" cutting pass on the 1% cutting layer in simulated model of 3397
molecular static nanocutting (nN) '
Difference (%) 3.45
Cutting force of the 3" cutting pass calculated by SDFE equation (nN) 15.24
Stable average cutting force of the 3™ cutting pass on the 1% cutting layer in simulated model of 15.84
molecular static nanocutting (nN) '
Difference (%) 3.93

The study also supposes that the 1%t and 2™
cutting passes of offset cutting of nanoscale trapezium
groove on si substrate by AFM probe have similar
simulation conditions. Since the simulated cutting
processes of the 1% and 2" cutting pass of offset
cutting are both simulated cutting of a single groove,
the cutting force and down force of the 1% cutting pass
on the 1% cutting layer calculated by the simulation
model of three-dimensional quasi-steady molecular
statics nanocutting are regarded as the same as those
of the 2™ cutting pass. Using a probe with tip radius
2nm, the study carries out simulation of three-
dimensional quasi-steady molecular statics nano-
cutting for the 3™ cutting pass of offset cutting on the
1%t cutting layer, with the cutting depth of the 3™
cutting pass at 0.7481 nm and makes analysis of the
simulation. Based on the simulation results, the paper
calculates the cutting force Fx in X axle direction and
the down force F, in Z axle direction under steady
cutting state. Table 4 shows the comparison of
thestable average down force F, and stable average
cutting force Fx of the 3" cutting pass on the 1% cutting
layer obtained from the simulation results of three-
dimensional quasi-steady molecular statics nano-
cutting, with the down force and cutting force calcu-
lated by SDFE theoretical equation, and the difference
between them. In Table 4, it shows the difference
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between them are small.lt is proved that the simulation
results of average down force and average cutting
force using the simulation model of three-dimensional
quasi-steady molecular statics nanocutting are
reasonable.

Analysis on Equivalent Strain and Equivalent
Stress at Different Cutting Passes on The 1%
Cutting Layer of the Cut Single-Crystal Silicon
Using Offset Cutting Method at A Fixed Down
Force After Simulation of Three-Dimensional
Quasi-Steady Molecular Statics Nanocutting
Simulation Model

The paper uses an AFM diamond probe with tip
radius 2nm, and employs offset cutting method at a
fixed down force to make a cutting depth 0.6432 nm
at the 1% cutting pass on the 1% cutting layer.
Simulation is carried out using three-dimensional
quasi-steady molecular statics nanocutting simulation
model. When simulated cutting is up to the 13,000
step, we can observe the distribution trend of equiva-
lent strain and equivalent stress on the workpiece’s X-
axial cross-section (A-A section) in cutting direction
and its Y-axial cross-section (B-B section) in vertical
cutting direction. In the process of cutting a depth of
0.6432 nm at the 1% cutting pass, the maximum
numerical values of equivalent strain produced on A-
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A section and B-B section in the middle position of
cutting tool are around 0.93 and 0.91, and that of
equivalent stress are around 56.83 GPa and 55.9 GPa.

The paper uses an AFM diamond probe with tip
radius 2nm and employs offset cutting method at a
fixed down force to make a cutting depth 0.7481 nm
at the 3" cutting pass on the 1% cutting layer. When
simulated cutting is up to the 13,000™ step, we can
observe the distribution trend of equivalent strain and
equivalent stress on the workpiece’s X-axial cross-
section (A-A section) in cutting direction and its Y-
axial cross-section (B-B section) in vertical cutting
direction, as shown in Figure 4. As seen from A-A
section in Figure 4, in the place where the chip on the
left hand side is close to the surface of cutting tool
when the single-crystal silicon workpiece contacts the
cutting tool during advancement of cutting tool on X-
axial direction, its equivalent stress value and
equivalent strain value are greater. Besides, as seen
from A-A section and B-B section in Figure 4, the
shape of contour line distribution trend of equivalent
strain and equivalent stress is quite close to the
appearance of cutting tool. The deeper the penetration,
the smaller its value. This is due to displacement of
atoms produced for being pushed by cutting tool after
the cutting tool cuts to the workpiece. Hence, strain
and stress are produced on the cut surface. However,
when the atoms go deeper down to the cut surface,
since the cutting action of cutting tool is smaller,
equivalent strain and equivalent stress are smaller.
As to the stress and strain distribution state on B-B
section, since the appearance of cutting tool is
spherical, their distribution appears to be bilaterally
symmetrical. The difference in value between the
symmetrical positions on the left and right hand sides
is very small. Therefore, only the left hand side of B-
B section in Figure 4 is taken to indicate the positions
of maximum equivalent strain and maximum equiva-
lent stress. In the process of cutting a depth of 0.7481
nm at the 3™ cutting pass, the maximum numerical
value of equivalent strain produced on A-A section and
B-B section in the middle position of cutting tool is
around 0.94 and 0.92, and that of equivalent stress are
around 57.51 GPa and 56.56 GPa.

(a)

e Unit 1 Gpa

£(A = A section) & (A — A section)

(b)

nit : Gpa

L

a (B — B section)

£ (B — B section)

Fig. 4. (a) Equivalent stress ¢ and equivalent strain
& on A-A section; and (b) equivalent stress & and
equivalent strain & on B-B section, in the middle
position at the 13,000" step at a cutting depth
0.7481nm at the 3" cutting pass

Calculation and Analysis of Cutting Temperature
of Different Cutting Passes on the 1%t Cutting Layer
Using Offset Cutting Method at A Fixed Down
Force

Based on the application of quasi-steady mo-
lecular statics nanocutting simulation model devel-
oped by the paper as mentioned above and the
calculation method of temperature rises of the heat
sources of each atom of the cut workpiece. The paper
simulates calculation of single-crystal silicon work-
piece material. After using offset cutting method at a
fixed down force to cut a trapezium groove at different
cutting passes on the 1 cutting layer, the temperature
rise produced from plastic heat and the temperature
rise produced from friction heat on the cross-section in
the middle are both taken. When the cutting force turns
stable, the paper adds up the total temperature rise
produced from plastic heat and the total temperature
rise produced from friction heat of single-crystal
silicon workpiece material, and achieves the total tem-
perature risen by various atoms of the cut workpiece.
After room temperature 300K is added, contour lines
can be drawn to indicate the temperature field
distribution curve diagram of the cross-section in the
middle of the cut single-crystal silicon workpiece, and
analysis can be made accordingly.

As mentioned above, the paper takes the
13,000™ step of cutting to calculate the equivalent
stress and equivalent strain of A-A section and B-B
section of single-crystal silicon workpiece, and further
calculates the temperature rise and total temperature
rise produced from plastic heat and friction heat on
both A-A section and B-B section, and then analyzes
the temperature field distribution. Figure 5 shows tha
temperature rise produced from plastic heat and
friction heat on both A-A section and B-B section of
single-crystal silicon workpiece when the cutting
depth at the 1% cutting pass is 0.6432 nm. After room
temperature 300K is added, a diagram of final total
temperature field is obtained. The highest tempera-
tures produced on A-A section and B-B section are
936K and 927K respectively.

0f

(b) B-B section

(a) A-A section

Fig. 5. Final total temperature field produced after
adding room temperature 300K to the temperatures
risen from plastic heat and friction heat on (a) A-A
section and (b) B-B section, in the middle of the
13,000™ step when the cutting depth at the 1% cutting
pass is 0.6432 nm

Figure 6 and Figure 7 respectively show the
diagrams of A-A section and B-B section when using
AFM diamond probe tool with tip radius 2nm to make
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a cutting depth 0.6432 nm on the single-crystal silicon
workpiece by offset cutting method at a fixed down
force at the 1% cutting pass on the 1% cutting layer after
simulation is up to the 13,000 step. In the figures, the
atoms with numbers are the single-crystal silicon
workpiece atoms having contacted with the surface of
cutting tool as analyzed by the paper.

Fig. 6. Diagram of A-A section of single-crystal
silicon workpiece cut with a cutting depth 0.6432 nm
at the 1%t cutting pass when simulation in the cutting
direction is up to the 13,000™ step
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Fig. 7. Diagram of B-B section of single-crystal silicon
workpiece cut with a cutting depth 0.6432 nm at the 1%
cutting pass when simulation in the cutting direction is
up to the 13,000%" step

Table 5 and Table 6 respectively show the final
total temperatures (K) obtained after adding room
temperature 300K to the temperatures (XAT) risen by
plastic heat and friction heat of atoms of the cut single-
crystal silicon workpiece. As known from Table 5, the
temperature risen by plastic heat of No. 3 atom on A-
A section in the cutting direction of cutting tool is
598K and the temperature risen by friction heat is 38K,
so the total temperature rise of 636K is maximum.
As known from Table 6, the temperature risen by
plastic heat of No. 4 atom on B-B section in the cutting
direction of vertical cutting tool is 591K and the
temperature risen by friction heat is 36K, so the total
temperature rise of 627K is maximum.

Table 5. Different risen temperatures and final total
temperatures on A-A section with a cutting depth
0.6432 nm at the 1% cutting pass when cutting in a
cutting direction is up to the 13,000" step

Temperature | Temperature Total .
. . Final total
Atom| risen from risen from | temperature
. S - temperature
No. | plastic heat | friction heat rise (K)
2ATq (K) ZATy (K) ZAT (K)
1 535 41 576 876
2 581 32 613 913
3 598 38 636 936
4 549 36 585 885
5 522 39 561 861
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Table 6. Different risen temperatures and final total
temperatures on B-B section with a cutting depth
0.6432 nm at the 1% cutting pass when cutting in a
cutting direction is up to the 13,000™ step

Tgmperature Te_mperature Total Final total
Atom| risen from risen from | temperature
- - : temperature
No. | plastic heat | friction heat rise (K)
2ATq (K) EATw (K) ZAT (K)
1 564 34 598 898
2 551 38 589 889
3 548 37 585 885
4 591 36 627 927
5 563 32 595 895
Applying the above method, the paper

calculates the temperature rise produced from plastic
heat and friction heat on A-A section in the middle of
workpiece and B-B section in vertical cutting direction
at the 3™ cutting pass on the 1% cutting layer when
using offset cutting method at a fixed down force to
cut single-crystal silicon workpiece material in cutting
direction up to the 13,000™ step.  The positions of A-
A section and B-B section are shown in Figure 8.
When the cutting force reaches a stable step after
cutting is up to the 13,000 step, the paper simulates
calculation of the total temperature rise produced from
plastic heat and friction heat of single-crystal silicon
workpiece material obtained at the 3™ cutting pass.
After the total temperature rise is added with room
temperature 300K, contour lines can be drawn to indi-
cate the temperature field distribution curve diagram
of the single-crystal silicon workpiece after addition of
room temperature 300K to the temperature rise pro-
duced from plastic heat and friction heat on A-A
section and B-B section of the cut single-crystal silicon
workpiece. In the final analysis of atoms on B-B
section, since the appearance of cutting tool is spheri-
cal, their distribution appears to be bilaterally symmet-
rical. The difference in value between the symmetrical
positions on the left and right hand sides is very small.
Therefore, only the left hand side of B-B section in
Figure 8 is taken as the maximum temperature.
Similarly, in Figure 9 and Figure 10, only the atoms on
the left hand side are taken to analyze the temperature
rise produced from plastic heat and friction heat.

The paper takes the 13,000™ step of cutting to
observe the temperature field distribution trend on A-
A section and B-B section of single-crystal silicon
workpiece. Figure 8 shows the temperature field
diagram acquired after room temperature 300K is
added to the temperature rise produced from plastic
heat and friction heat on A-A section and B-B section
of single-crystal silicon workpiece with a cutting depth
0.7481 nm at the 3" cutting pass.The highest tempera-
tures produced on A-A section and B-B section are
949K and 937K respectively.
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(a) A-A section

Fig. 8. Final total temperature field after adding room
temperature 300K to the temperatures risen from
plastic heat and friction heat on (a) A-Asection and (b)
B-B section in the middle of the 13,000" step with a
cutting depth 0.7481 nm at the 3™ cutting pass

(b) B-B section

Figure 9 and Figure 10 respectively show the
diagrams of A-A section and B-B section when using
AFM diamond probe tool with tip radius 2nm to make
a cutting depth 0.7481 nm on the single-crystal silicon
workpiece by offset cutting method at a fixed down
force at the 3" cutting pass on the 1% cutting layer after
simulation is up to the 13,000 step. In the figures, the
atoms with numbers are the single-crystal silicon
workpiece atoms having contacted with the surface of
cutting tool as analyzed in the paper.
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Fig. 9. Diagram of A-A section of single-crystal
silicon workpiece cut with a cutting depth 0.7481 nm
at the 3" cutting pass when simulation in the cutting
direction is up to the 13,000" step

Fig. 10. Diagram of B-B section of single-crystal
silicon workpiece cut with a cutting depth 0.7481 nm
at the 3" cutting pass when simulation in vertical
cutting direction is up to the 13,000" step

Table 7 and Table 8 respectively show the final
total temperatures (K) obtained after adding room
temperature 300K to the temperatures (ZAT) risen
from plastic heat and friction heat of atoms of the cut
single-crystal silicon workpiece at the 3" cutting pass.
As known from Table 7, the temperature risen from
plastic heat of No. 3 atom on A-Asection in the cutting
direction of cutting tool is 608K. After it is added with
friction heat 41K, the total temperature rise 694K is
maximum. As known from Table 8, the temperature
risen from plastic heat of No. 4 atom on B-B section
in the cutting direction of vertical cutting tool is 597K.
After it is added with friction heat 40K, the total
temperature rise 637K is maximum.

Table 7. Different risen temperatures and final total
temperatures on A-A section with a cutting depth
0.7481 nm at the 3" cutting pass when cutting in a
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cutting direction up to the 13,000" step

Temperature | Temperature -
No. plastic heat | friction heat | .

AT, (K) SATw (K) rise AT (K) (K)
1 544 37 581 881
2 590 42 632 931
3 608 41 649 949
4 558 40 598 898
5 530 36 566 866

Table 8. Different risen temperatures and final total
temperatures on B-B section with a cutting depth
0.7481 nm at the 3" cutting pass when cutting in a
cutting direction up to the 13,000" step

Te_mperature Tgmperature Total Final total
Atom | risen from | risen from | temperature
. - - temperature
No. | plastic heat | friction heat rise (K)
EATq (K) 2ATw (K) ZAT (K)
1 573 36 609 909
2 560 39 599 899
3 556 41 597 897
4 597 40 637 939
5 572 35 607 907
CONCLUSION

After analysis of the simulation results aforesaid,
important results are obtained as follows:

1. The paper uses a theoretical model of specific
down force energy (SDFE) in different axial
directions to calculate the down force value and
cutting force value at the 1% cutting pass and the 3
cutting pass on the 1% cutting layer; and then uses
three-dimensional quasi-steady molecular statics
nanocutting simulation model to simulate calcula-
tion of the down force value and cutting force value
at different cutting passes on the 1% cutting layer
cut by offset cutting method at a fixed down force,
to make comparison between them. It is found that
the difference of them are small. Therefore, it is
proved feasible for the paper to use offset cutting
method at a fixed down force of three-dimensional
quasi-steady molecular statics nanocutting simula-
tion model to carry out cutting of single-crystal
silicon nanochannel.

Itis found that during cutting, the temperature risen
from plastic heat of the cut single-crystal silicon
workpiece is greater than the temperature risen
from friction heat. Therefore, the temperature
rise of different atoms of the cut single-crystal
silicon workpiece mainly comes from the tempera-
ture risen from the heat produced from plastic
deformation. From the distribution of contour lines
of total temperature rise at the 1% cutting pass and
the 3" cutting pass, it can be seen that the shape of
contour lines of temperature distribution is close to
the shape of the cutting tool’s surface. And the



shape of contour line distribution of equivalent
stress and equivalent strain is also close to the
shape of the cutting tool’s surface. Besides, the
atom positions of the maximum total temperature
rise on A-A section at the 1% cutting pass and that
at the 3" cutting pass are both calculated, whereas
the atom positions of the maximum total tempera-
ture rises on B-B section at the above two passes
are also calculated.
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