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1. Introduction

The machining process has advanced significantly, al-
lowing for the precise production of small parts and
expanding its applications to different scales. It has
led to a smaller one. Additionally, the use of machin-
ing to produce complex 3D devices at the nanoscale is
clearly an obvious advantage compared to other man-
ufacturing methods [1]. In the field of machining, sev-
eral fundamental analytical models are used to describe
and analyze various aspects of the machining process.
These models are based on fundamental principles of
mechanics, materials science, and thermodynamics, in-
cluding mechanics of cutting, tool wear models, surface
roughness models, heat transfer models, and material
removal rate models [2] . In addition, on this scale,
inherent measurement problems limit the use of ana-
lytical and experimental models. [3]. With the ten-
dency to develop ultra-precise processes that can reach
high-quality surfaces at the nanometer level, there is a
need for simulation on the nanoscale, and many of the
models mentioned are not sufficient for simulation on
the nanoscale.

Today, ultra-precise machining of materials such as
ceramics in nano dimensions is suffering from problems
due to their high hardness and strength. To mention a
few adverse effects of machining ceramic materials, we
can highlight the high stresses and forces involved in
the process, which can potentially damage the equip-
ment. One such hard ceramic material is silicon car-
bide (SiC), which has a diamond network structure
consisting of relatively high-hardness silicon and car-
bon, along with semiconducting properties and very
high thermal resistance. The properties of this mate-
rial have made it useful in important industries such
as optics, microelectronics, and solar panels. There is
also a need to produce parts with a tolerance range
in nanometer dimensions from SiC in these industries.
However, the hardness of this material and the result-
ing machining forces are significant on this scale. One
method of reducing the hardness and strength of the
material during the machining process is laser machin-
ing [3, 4]. In this method, by applying a laser, the
process of thermal softening occurs in that place, and
as a result, machining occurs easily and in more fa-
vorable conditions. Practically, conducting repeated
experimental tests to investigate the effects of laser
components on machining requires spending a lot of
money and time, so the need to conduct research and
numerical simulations in this field is felt.

The multiscale method (MD+FEM) combines
molecular dynamics and finite element method to
model material deformation on different length scales,
providing insights into cutting force, stress distribu-
tion, temperature, and microstructure evolution dur-
ing nano-cutting, making it a promising tool for op-
timizing machining parameters and improving surface
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quality and functional performance of machined parts
[4].

In 2011, Goel et al. investigated the soft behavior of
SiC single crystal in the nano-machining process. They
chose the Tersoff potential function for the interaction
among all atoms and modeled the tool of this process
as non-rigid with a negative rake angle. In this pro-
cess, they calculated the machining temperature and
radial distribution function, and in addition, they stud-
ied the coating and penetration of atoms in the tool
[5]. In 2012, Luo et al. studied and investigated the
machinability of SiC single crystal structures by the
molecular dynamics method and compared the simula-
tion results with silicon. Their investigations included
cut and thrust forces, workpiece temperature, and ra-
dial distribution function. By considering the blade as
non-rigid, they checked the amount of penetration of
atoms in the tool. Also, the rake angle (Rake angle is
the angle between the cutting tool bit and the cutting
chips of the modeled tool was considered negative for
simulation [6]. In 2015, Chavoshi et al. studied the
plastic deformation of SiC during the nano-machining
process. They investigated this process under different
temperatures and by two functions of the Tersoff po-
tential and analytic bond-order potential (ABOP) (An-
alytic bond-order potential, The ABOP potential is a
reformulation of the Tersoff potential as implemented
in atomicrex and Lammps.). In addition to studying
plastic deformation and dislocations, they investigated
machining force, Von Mises stress, and the relationship
between this stress and temperature. They modeled
the beam as non-rigid with a negative rake angle [7].

In 2015, Xiao et al. investigated the effect of chip-
ping depth on structural changes and cracking in the
nano-machining process of a SiC single crystal work-
piece. By examining factors such as hydrostatic stress
and the position of atoms, they investigated the cre-
ation of cracks and structural changes and compared
their results with experimental data [8]. In 2016, Dai
et al. studied and investigated the chipping of single-
crystal silicon under the laser grinding process. They
investigated the damages under the structure and the
effects of laser on this process, and the effects of com-
ponents such as advance speed, diameter, and intensity
of laser pulse on the movement path of atoms, phase
change of the structure, temperature distribution, ma-
chining forces, and friction coefficient were investi-
gated. By comparing the process of nano-machining
using laser and traditional nano-machining, they con-
cluded that laser can have a good performance in the
process of nano-machining. The blade in this research
is modeled as solid and spherical, and the laser is mod-
eled as Gaussian heat flux [9]. In 2017, Wu et al. stud-
ied the nano-machining process of SiC single crystal.
They modeled the chipping tool rigidly and studied
the effect of depth of cut on the plastic deformation of
the cutting area, gaps created on the machining path,
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chip shape, temperature, and Von Mises stress, and
used the radial distribution function to investigate the
subsurface damage [10].

In 2017, Bo Zhu et al. studied the vibration-
assisted nano-machining process on the SiC single
crystal material. The purpose of this research was to
investigate the effect of this process on the surface qual-
ity and softening of silicon. They chose the Tersoff
and Morse interatomic potential and investigated the
effect of this process on the components of tempera-
ture, tangential force, thrust force, structural changes,
and chip formation [11]. In 2017, Dai et al. stud-
ied the nano-machining process of single-crystal silicon
using a groove tool. They investigated the effect of
the angle, depth, width, and shape of the groove tool
on the components of temperature, hydrostatic stress,
Von Mises stress, machining force, friction, and struc-
tural changes. In this research, the Tersoff potential
was considered for interaction between silicon atoms
and the Morse potential for interaction between sili-
con and carbon atoms [12]. In 2019, Abdulkadir et al.
investigated the effect of tool-tip radius on the nano-
machining process of silicon. They investigated the
effect of this component on results such as hydrostatic
stress, Von Mises stress, machining forces, and friction
kinetic energy [13]. In 2018, Liu et al. investigated
the nano-machining process of polycrystalline SiC. In
this research, they investigated the effect of machin-
ing speed and depth on machining components such as
temperature, tension, and machining force. In addi-
tion, they studied structural changes, subsurface dam-
age, and fracture processes caused by high speeds. In
this research, the chipping tool is modeled as spherical
and rigid [14]. In 2019, Meng et al. investigated the
effect of surface machining on the nano-machining pro-
cess of SiC single crystal. They studied different man-
ufacturing surfaces of sinusoidal, stepped, and smooth
surfaces of this material and investigated the dimen-
sional effects of these surfaces on surface damage, struc-
tural deformation, temperature, hydrostatic stress, and
tool coating. The tool studied in this research is con-
sidered non-rigid to study penetration in the tool [15].

In 2019, Tian et al. investigated the nanoscale ma-
chining process on H4 and H6 single-crystal SiC By
applying cutting depth and speeds, they investigated
the process of structural change and formation of amor-
phous structure. In addition, they compared the ma-
chining forces in both materials [16]. In 2019, Liu et
al. studied the stress-assisted nano-machining process
on 3C SiC. They studied the effect of auxiliary stress
on machining force, distribution of hydrostatic stress,
and structural changes of the workpiece. In addition,
they used shear strain as a measure of changes from
crystalline structure to amorphous structure. In the
research, the ABOP potential was used for the inter-
action among all the atoms in the structure, and the
blade was considered rigid [17].
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Nano-scale machining can be defined as an ultra-
precise manufacturing process by the method of mate-
rial removal, in which the dimensions of the chip re-
moved from the workpiece and the dimensional accu-
racy of the final product are close to 100 nm or less.
Nano-machining is a method to produce parts with
sub-micron dimensional accuracy and final atomic sur-
face smoothness. This process is done due to the sep-
aration of a small number of atoms from the surfaces
[18]. The process of nanometer machining or nano-
machining using a single crystal diamond tool is aimed
at achieving nanometer surface smoothness. Using this
process, brittle parts such as silicon, and SiC can be
easily machined. This is despite the fact that tradi-
tional machining of SiC is not possible in practice. In
recent years, laser-assisted machining has been pro-
posed as a tool to achieve a higher degree of mate-
rial separation and improved wear in the machining
process of ceramic materials, because in laser-assisted
nano-machining, a strong laser beam is used as a heat
source to heat the material and softening is used before
it is separated by a tool, so the laser beam changes the
deformation behavior of the material from hard behav-
ior to soft behavior during machining. Laser-assisted
nano-machining with fast and accurate heating in ma-
chining ceramic materials with high hardness and brit-
tleness reduces subsurface damage and improves sur-
face integrity compared to traditional nano-machining
methods. This process can produce much better work-
piece surface quality with higher stock removal rates,
lower cutting forces, and moderate tool wear [19].

SiC has unique properties that make it suitable for
various nanoscale device applications, such as high-
power and high-frequency electronics, sensors, and op-
toelectronics. Molecular dynamics simulations can
aid in the development and optimization of fabrica-
tion processes for these devices, enabling better con-
trol over their performance and functionality. In this
research, molecular dynamics simulation of the laser
nano-machining process was performed for SiC. Af-
ter extracting the results from the molecular dynamics
method, analyzing, investigating, and finding a suit-
able regression equation to investigate the effects of
the components of radius, pulse intensity, and laser
advance speed on the force, temperature, Von Mises
stress, and hydrostatic stress parameters of the nano-
machining process was done using the response surface
method (RSM), and then the multi-objective optimiza-
tion of the nano-machining process was carried out to
minimize the machining forces and hydrostatic stress
using the hill climbing method.

Overall, this research contributes to understand-
ing of the laser-assisted nano-machining process for
SiC single crystal, providing insights into the optimiza-
tion of parameters and the resulting improvements in
dimensional accuracy, surface smoothness, and struc-
tural changes. These findings have potential applica-
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tions in the production of defense, aerospace, optics,
and electronics parts, where ultra-precise machining is
required in the nanometer range.

2. Molecular Dynamics Simulation

An overview of the parameters, the geometry of the
tool, and the workpiece in the machining process are
shown in Fig. 1.

Rake angleI
\
|

Cutting depthf ] Clearance angle

Ft

Workpiece

Fig. 1. A view of the machining components [20].

Geometric modeling in this research includes two
parts in LAMMPS [21] software. The first part of the
beta-phase SiC workpiece with a cubic diamond struc-
ture of zinc blende and a lattice constant of 4.3596
angstroms, and the second part is a diamond cutting
tool in a cubic diamond structure with a lattice con-
stant of 3.567 angstroms. The blade tool is modeled
in such a way that the clearance and rake angles and
the tool-tip radius are taken into account, Fig. 1. The
workpiece and the cutting tool are modeled as single
crystal material and other geometric information of the
models created in this research are given in Tables 1
and 2.

Table 1

Geometric characteristics of the workpiece [20, 22].
Parameter (unit) Value
Length (A?) 259
Width (AO) 84
Height (AY) 92

Table 2
Geometric characteristics and tool position [20, 22].

Parameter (unit) Value
Tool-tip radius(A°) 10
Clearance angles 9.5
Rake angles 10.5
Cutting depth (A?) 15
Width tool (A?) 84
The distance between the tip of the tool 10

and the workpiece (A°)

The direction of cutting or movement of the model
tool created in LAMMPS is in the direction of [0 1 0]
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and the cutting plane of the workpiece is the plane (0
0 1), Fig. 2.

05
Carbon in the workpiece
(arbon in tools

DoAY
N N

Fig. 2. View of the created model of the workpiece
and the cutting tool in the OVITO software.

In this research, the Tersoff potential function is
used for the interaction of silicon atoms inside the
workpiece, between carbon atoms inside the workpiece,
between carbon and silicon atoms inside the workpiece,
between silicon atoms of the workpiece and carbon of
the tool, and between carbon atoms of the workpiece
and carbon of the tool [23]. The interaction between
the carbon atoms inside the structure of the tool is ig-
nored and considered rigid. In this way, the coefficients
of the Tersoff potential function in Table 3 are used in
the simulation.

Table 3
Tersoff potential function coefficients used in the present study

[23].

Potential function

. . C-Si Si
coefficients (unit)
Do(ev) 6.00 4.36 3.24
ro(A) 14276 1.79 2.222
S 2.167 1.847 1.57
/A 2.0099  1.6991  4760/1
y 0.11233  0.011877  0.09253
D 181.910 273987 1.13681
q 6.28433 180.314 0.63397
h 0.5556 0.68 0.335
As(A~h) 0 0 0
R(A) 2.00 2.40 2.90
D(A) 0.15 0.20 0.15

The atoms that make up the workpiece are clas-
sified into three groups: boundary atoms, thermostat
atoms, and Newtonian atoms. Fig. 3 shows how to
apply these boundary conditions to the workpiece.

The ensemble used is the Microcanonical ensemble
NVE with a time step of one femtosecond in 100,000-
time steps. The laser application process is in the form
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of thermal flux, Fig. 4, and the surface laser pulse in-
tensity is modeled as a Gaussian distribution, which is
expressed according to Eq. (1) [19].

2P,
P(Tlaser) = g

< 2Tlaser2>
T exp | - B
r; s

Where 7, is the radius of the laser, P is the laser
pulse intensity, Py is the laser power, and rj;se is the
radial position.

(1)

200 Newton atoms
Thermostatic atoms

S Boundary atoms

W Tool atoms

Cutting direction

Fig. 3. A view of the simulation model with boundary
conditions.

3. Experiment Design

In order to perform the RSM, it is necessary to design
an experiment to fit the data. The input factors are
diameter, pulse intensity, and laser advance speed, Ta-
ble 4, and machining force, hydrostatic stress, and von
Mises stress are the answers.

The design of the experiment was carried out by
the central composite method and the number of in-
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put variable factors in the experiment is three, Table
5.

Table 4
Range of input factors in RSM [9, 19].

Factor Range of values
Diameter of the laser (A?) 40-80

laser pulse intensity (W/cm?)  4x10%-10°
advance speed (m/s) 50-150

4. Validation

The accuracy of the simulation process is checked by
comparing the results of this research with the results
of the research conducted by Dai et al. [19] on single-
crystal silicon material. By looking at Fig. 5, it can
be seen that the maximum location of the atoms of the
workpiece in the simulation is 139 angstroms and the
minimum is 66 angstroms, so it can be seen that the
changes in the position of the atoms of the workpiece
in the simulation are in a good agreement with the re-
sults of the article. Fig. 6 shows a comparison of the
temperature contour of the workpiece in the simulation
and the results of the reference research [19], by look-
ing at this figure, it can be seen that there is a suitable
match between the temperature results in these two

processes.

Another one of these discussed results is the ma-
chining force. According to the diagram in Fig. 7, it
can be seen that the machining forces are also in good
agreement with the results of reference [9] based on the
created model.

Fig. 4. The view of the final simulation model with a cut view

Table 5

Table of experimental design in response surface method.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Diameter of the laser (AO) 80 60 60 40 60 60 80 40 40 80 80 60 40 40 80

Laser pulse intensity (W/cm?) 10° 7x10% 10° 4x10® 7x10% 4x10% 10° 10° 7x10® 4x10% 4x10® 7x10® 4x10% 10° 7x10®

Advance speed (m/s) 150 150 100 150 50 100 50 150 100 150 50 100 50 50 100




Investigating the Effect of Laser Parameters on ... ...: 19-40

Al Besulis of the article

130 A
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Fig. 5. Location of the atom in a) Reference [19] b) Simulation of the present study.

a) Results of the article

B 1300 K B 1500 K

|
I250K

b)Simulation results
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Fig. 6. Temperature contour a) Reference [19] b) Simulation of the present research at the position of 155

Angstroms.
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Nano-newton
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400

The cutting force of
conventional machining

The cutting force of
laser-assisted machining
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The normal force of
laser-assisted machining

The normal force of
conventional machining

M Article W Simulation

Fig. 7. Bar graph of force results.

Table 6
Simulation results.
No Diameter of laser pulse intensity advance Cutting  Thrust Hydrostatic Von Mises Surface temperature
“the laser (A°) (W/cm?) speed (m/s) force (nN) force (nN) stress (GPa) stress (GPa) (°K)
1 80 10° 150 1652.87 1397.54 4.41 12.09 915
2 60 7*108 150 1714. 69 1439.56 3.80 11.07 836
3 60 10° 100 1602.85 1371.06 3.81 11.09 902
4 40 4*10% 150 1741. 56 1480.38  3.56 10.86 810
5 60 7%108 50 1387. 24 1178.36  3.20 8.94 952
6 60 4*10% 100 1745. 67 1480.29 3.78 11.02 833
7 80 10° 50 1115. 52 1137.84 3.05 7.34 1022
8 40 10° 150 1771.55  1443.62 3.65 10.89 832
9 40 7%108 100 1717. 31 1435.80 3.67 10.98 834
10 80 4*108 150 1728.67 1444.07 3.89 11.17 832
11 80 4%108 50 1510. 92 1266.68  3.06 8.10 916
12 60 7*108 100 1614.8 1409.82  3.71 11.01 848
13 40 4*10% 50 1629.63  1413.21 3.32 10.24 862
14 40 10° 50 1531.97 1290.74 3.12 8.76 920
15 80 7108 100 1531.97 1406.01 3.84 11.16 875

Based on all the results observed in this section, it
can be seen that the simulation process is correct and
the results can be cited.

5. Response Surface Method

The response surface method (RSM), which is im-
plemented by Design Expert software, is performed
to approximate the behavior of laser-assisted nano-
machining based on the input components of pulse
intensity, advance speed, and laser diameter. The
simulation outputs of the nano-machining process are
the cutting force, thrust force, hydrostatic stress, von
Mises stress in the workpiece, and the average temper-
ature of the cutting area, Table 6.

According to the obtained results, Table 6, appro-

priate regression equations and their coefficients are
calculated to determine the behavior of the outputs of
this process and its changes in the fourth section. The
least squares method is used to estimate the approxi-
mate coefficients of polynomial models [24].

5.1. Response Surface for Cutting Force

The cutting force resulting from the nano-machining
process is the sum of the interaction forces between
the atoms of the workpiece and the tool in the direc-
tion of the movement of the tool, which is the result
of the interatomic energy level gradient. The cutting
force regression equation is Eq. (2):

EF? = By + B1D + BoP + By + B12DP + 13DV
+ Boz PV + B11D? + Baa P? + B3 V2
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D is the diameter, P is the pulse intensity, and V is
the advanced speed of the laser. After introducing the
cutting force regression model, the variance analysis of
the input factors is performed according to Table 7

The selected second-order equation and the value
of R?, RZ,, and R? . of this model are 98.8, 96.7,
and 82.8% respectively. Since the difference between
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Rid] and Rgre is less than 20%, the presented model
is suitable. According to Table 7, it can be seen that
the D? factor, whose F value is greater than 0.05, is
less effective and this component can be ignored. After
obtaining the coefficients of the equation and variance
analysis, Eq. (3): will be the cutting force response
surface equation.

F? =3.27 x 10° — 5571.2D — 0.003P + 1.24 x 10*V — 2.3 x 107°DP +128.03DV + 9.97 x 10~ PV

—32.99D% +1.63 x 10~ 12P2% — 91.58V2

According to the graphs resulting from the analysis
of the cutting force response surface, Figs. 8, 9, and
10, it can be concluded that the cutting force decreases
with the increase in the diameter and laser pulse in-
tensity, and on the other hand, this happens with the
decrease in the advance speed. Reducing the cutting
force is desirable and reduces damage to the tool. The

Table 7
Variance analysis of cutting force response surface.

(3)

effect of the laser speed and diameter components is
greater than the effect of laser pulse intensity on the
reduction of cutting force. This shows that increas-
ing the area of application of heat to the atoms in the
workpiece and increasing the time for heat transfer will
significantly reduce the hardness and strength of the
workpiece [9,19].

Parameter Sum of squares Average of squares F value P value
D 6.39x 10! 6.39x 101 76.25 0.0003
P 3.91x10" 3.91x10" 46.58 0.001
174 1.92x10'2 1.92x10'? 228.51 <0.0001
DpP 1.49x10M" 1.49x10M" 17.76 0.0084
DV 1.31x10M" 1.31x10%" 15.64 0.0108
PV 1.79x 10! 1.79x10*! 21.33 0.0057
D? 4.47x108 4.47x108 0.053 0.8264
P2 5.56 1010 5.56x 1010 6.63 0.0498
1% 1.35x 10 1.35x 10! 16.07 0.0102

Cumting Foroe {n)

TE+08

BE-08
Fid/em™R  9E+08

l1E+0% 50

Cartting Foroe (k)

BE«D2 SE-0R

SE+CEB BE+DE TE-OE
P (Wiom*2)

4E« 08 12404

Fig. 8. Changes in cutting force according to pulse intensity and speed in a diameter of 60 angstroms.
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Fig. 10. Changes in cutting force for pulse intensity and diameter at a speed of 50m/s.

5.2. Response Surface for Thrust Force

The thrust force resulting from the nano-machining
process is the sum of the interaction forces between
the atoms of the workpiece and the tool perpendicular
to the machining surface. Eq. (4): is the regression
equation of the thrust force caused by machining.

{/Fr = Bo+ B1D + B2 P + B3V + B12DP + 13DV
+ BogPV + B11D? + Boa P? + B33V?
(4)
After introducing the thrust force regression model,
the variance analysis of the input factors has been per-

formed according to Table 8.

The selected second-order equation and the value
of R?, R? ., and R2,_ of this model are 96.2, 89.3, and

adj’ pre
68.9% respectively. Since the difference between R?ldj

and wae is almost less than 20%, the presented model
is suitable. According to Table 8, the effective factors
in Eq. (4): are P, D, V, and V2. Therefore, after
obtaining the coefficients of the equation, Eq. (4):, the
equation of the response surface of the thrust force will

be in the form of Eq. (5):

Y/Fr =11.91 —0.031D — 1.86 x 10~°P + 0.0177V
—1.53x107"2DP + 7.9 x 107°DV
+4.12 x 1072 PV + 1.52 x 10~ D?
+8.10 x 107P? — 10~ V2
(5)
The figures resulting from the analysis of the re-
sponse surface of the thrust force machining in terms

of diameter, pulse intensity, and laser advance speed
are shown in Figs. 11, 12, and 13.
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Table 8

Variance analysis of thrust force response surface.
Parameter Sum of squares Average of squares F value P value
D 0.1301 0.1301 13.99 0.0134
P 0.1483 0.1483 15.95 0.0104
\%4 0.6416 0.6416 69.01 0.0004
DP 0.0007 0.0007 0.0724 0.7986
DV 0.05 0.05 5.38 0.0681
PV 0.0306 0.0306 3.29 0.1295
D? 0.0095 0.0095 1.02 0.3581
P? 0.0137 0.0137 1.47 0.2793
V2 0.1652 0.1652 17.77 0.0084

Thrust Foree (nN)

Powrem 2 SE4GR g

Fig. 11.

Thrust Force (ni)
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According to Figs. 11, 12, and 13, we can conclude
that with increasing diameter, increasing laser radius,
and decreasing laser advance speed, the thrust force as
well as the cutting force decrease. Reducing the speed
compared to the increase of other components has a
greater effect on the reduction of the thrust force be-
cause the time of heat transfer on the surface of the
workpiece increases with the reduction of the laser ad-
vance speed. As a result, the kinetic energy of more
layers of the underlying atoms increases. This process
increases the level of kinetic energy among the atoms
and changes the interatomic distance, and on the other
hand, the interatomic bond becomes unstable; there-
fore, less energy and force are consumed to destroy the
interatomic bond and compress the atomic layers of the
workpiece surface.

5.3. Response Surface for Hydrostatic Stress

The hydrostatic stress in molecular dynamics for a
structure with a certain volume is obtained by Eq. (6)
[25]:

Eiv (Umm + oyy + Uzz) (6)
3Vvsub
In Eq. (6), Vsyup is the volume of the desired sub-
structure and N is the number of available atoms. The
regression equation of hydrostatic stress is obtained
based on the components of diameter, pulse intensity,
and laser advance speed, Eq. (7).

og = Bo+ 1D + BoP + B3V + B12DP + 513DV
+ Bog PV + B11D? + Baa P? + B33 V2

After introducing the hydrostatic stress regression
model, the variance analysis of the input factors has
been performed according to Table 9.

og —

29
1E+03 Thrust Farze (nM) i
QE+08
BE+0B
g TE+0B .
BE+05
SE+08
45408
40 50 80 70 80
D (Angstram)
Table 9
Variance analysis of hydrostatic stress results
Sum of Average of F P
Parameter
squares squares value  value
D 0.0878  0.0878 20.79  0.0061
P 0.0196  0.0196 4.65 0.0836
\%4 1.28 1.28 303.93 0.0001
DP 0.0470  0.0470 11.13  0.0207
DV 0.2550  0.2550 60.41 0.0006
PV 0.0820 0.0820 19.43 0.0070
D? 0.0004  0.0004 0.0857 0.7815
p? 0.0030  0.0030 0.7157 0.4362
V2 0.1777  0.1777 42.09  0.0013

The selected second-order equation and the value of
R?, dej, and R? . are 98.9%, 97.1%, and 85.9%, re-

pre
spectively. Since the difference between dej and wae
is almost less than 20%, the presented model is suit-
able. The components with a low effect are components
P, D?, and P?, whose effects cannot be considered.
Finally, the hydrostatic stress response surface model

and its equation coefficients are calculated in the form
of Eq. (8).

op =3.77—0.018D — 1.83 x 107°P 4+ 0.013V
—1.28 x 1071 DP 4+ 1.79 x 107DV
+6.75 x 10712PV — 3 x 1074 D?
+3.81 x 107°P2 +1.02 x 10~4V2

After obtaining the coefficients of the regression
equation, the figures related to the effects of all three
components are depicted for the hydrostatic stress,
Figs. 14, 15, and 16.



30

4E+08  SC+08 GE+08  TE+08  BE+0B  9L+08  LE-09
P (Wfem*2)
1E+09 50

Fig. 14. Changes in hydrostatic stress according to pulse intensity and speed in a diameter of 40 angstroms.

60
80 50 D (Angstram)

Fig. 15. Changes of hydrostatic stress per diameter and speed at pulse intensity of 4x10%W /cm?.

1E-09 | lydro (Gpa)
4.6
44
a2 BE-DE
4
38

BE+-D8
& % 5
= =
o G7E-08
=1 3.2 g
. 3 o

P (W/cm~2) BE+08 4E-08
aE-08 70 D{Angstrom)

Ad 50 &0 T ag
1E+09 B0 D (Angstran)

Fig. 16. Changes in hydrostatic stress for pulse intensity and diameter at a speed of 50m/s.



Journal of Stress Analysis/ Vol. 8, No. 2, 2023-24

As can be seen in Figs. 14, 15, and 16, with the
increase of the laser diameter, the intensity of the laser
pulse, and the reduction of its advance speed, the hy-
drostatic stress decreases, and this reduction in the hy-
drostatic stress is very small. Since the hydrostatic
stress is a measure of how the crystal structure and its
volume change in the atomic structure [25-27], and ac-
cording to Fig. 17, the atomic structure does not show
many structural changes between the state in which
the minimum and maximum hydrostatic stress is ob-
served, the reason for this is the insignificant changes
of hydrostatic stress in different situations. In prac-
tice, the amorphous structure formed in the state of
the lowest and highest hydrostatic stress is 18.5% and
18.1% of the whole system, respectively, and has not
changed much Fig. 18.

BN Diamond structure
Amorphous structure

Fig. 17. Figure of the crystal structure A) before ma-
chining, B) after machining at the lowest hydrostatic
stress, and C) after machining at the highest hydro-
static stress.

2
Zf[ ( (O2z — Jyy) + (Uyy - 022)2 + (022 — Uz2)2 +6 (U:%y + ng + UEZ)2)
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(A)

B)

Fig. 18. Hydrostatic stress contour in A) Maximum
hydrostatic stress and B) Minimum hydrostatic stress.

In Fig. 18, it can be seen that the local stress in
parts A and B are in a good agreement with each other,
but in the contact area of the tool in case A, the com-
pressive stress area is slightly higher. In this figure, it
can be seen that the hydrostatic stress created in the
piece at the contact point of the tool is negative and
compressive, and this stress has appeared positively
in the whole piece. In general, the compressive stress
in front of the tool leads to a change in the volume
of the crystal lattices in the contact area of the tool
and finally changes the shape of these structures to an
amorphous structure.

5.4. Response Surface for Von Mises Stress

The equivalent von Mises stress in molecular dynamics
for a structure with a certain volume is obtained by

Eq. (9):

Ov

Vsup is the volume of a given structure to calculate
the stress, IV is the number of atoms in the structure,
Ogz, Oyy, and o, are the vertical components of the
stress along the Cartesian coordinates and oy, 0y,
and o, are the shear component of the stress. The hy-
drostatic stress regression equation based on the com-

\/i‘/sub

(9)

ponents of diameter, pulse intensity, and laser advance
speed, Eq. (10), is obtained from the equation of the
second-order model of the RSM.

oy = Po+ P1D+ B2P + B3V + B12DP + B13DV

+ Boz PV + B11D? + o P? 4 B33V
(10)



Investigating the Effect of Laser Parameters on

After introducing the von Mises stress regression
model, the variance analysis of input factors is per-
formed according to Table 10.

The selected second-order equation and the value of
R?, Ridj, and Rf,re of this model are 98.6%, 96%, and
85.9%, respectively. Since the difference between R? dj
and R2,_ is almost less than 20%, the presented model
is suitable. According to Table 9, factors P2, V2, DV,
P, and V are among the factors that have little effect
on the outcome of the problem and can be ignored. Fi-
nally, the coefficients of the response surface equation

are obtained according to Eq. 11.
o, = 11.75 — 0.09D — 4.53 x 107°P + 0.056V
+334x 107" DP +6.34 x 107*DV

+267x107MPV — 4.6 x 107°D?
—3.96 x 1071°P2% — 4.34 x 10742

(11)

According to the graphs related to the response sur-
face of the average Von Mises stress of the workpiece,
Figs. 19, 20, and 21, it can be seen that the value
of the Von Mises stress decreases as the diameter in-
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creases, the pulse intensity increases and the laser ad-
vance speed decreases. By increasing the diameter and
intensity of the laser pulse, the effect of thermal soft-
ening will increase, and with the increase of this effect,
the hardness and strength of the workpiece will de-
crease.

The von Mises stresses used in the response surface
are the average stresses of the atoms in the volume of
the workpiece, but the shear zone stresses may have
higher values than these numbers. As seen in Fig. 22,
the von Mises stress contour indicates that the stress
created in the lowest state, state B, occurs when the
applied laser beam has its highest performance on the
workpiece. This state occurs when the laser used in this
process has the largest diameter, the highest intensity
of the pulse, and the lowest advance speed. With a
lower speed, the laser has the necessary opportunity to
heat the atomic layers compared to other test condi-
tions, and the observed surface softening process occurs
due to the weakening of the covalent bond between sil-
icon and carbon atoms. Also, the subsurface stresses
observed in state B are very low compared to state A,
which is a desirable process alone.

Table 10

Variance analysis of von Mises stress response surface.
Parameter Sum of squares Average of squares F value P value
D 0.3435 0.0878 4.63 0.0004
P 0.1480 0.0196 1.99 0.0841
1% 16.18 1.28 217.90 0.217
DP 0.3217 0.0470 4.33 <0.0001
DV 3.21 0.2550 43.27 0.0919
PV 1.29 0.0820 17.35 0.0012
D? 0.0009 0.0004 0.0118 0.0088
P? 0.0033 0.0030 0.0440 0.9176
V2 3.03 0.1777 40.84 0.8422
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Fig. 19. Changes in hydrostatic stress according to pulse intensity and speed in a diameter of 60 angstroms.



Journal of Stress Analysis/ Vol. 8, No. 2, 2023-24

Vor misses (Gpal

Von misies [Gpal

33

Won misces {Gpa)

Von masses ((ipa]

SE+-08

D (Angstrom)
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Fig. 22. Von Mises stress contour in a) Minimum
state and b) Maximum state.

5.5. Response Surface for Temperature

The regression equation of the average temperature for
the workpiece during machining is obtained according
to Eq. (12).

VT = o+ 1D + BoP + B3V + B12DP + p13DV

+ Baz PV + B11D? + Bag P? + B33V
(12)

After introducing the temperature regression
model, the variance analysis of input factors is carried
out according to Table 11.

The selected second-order equation and the value
of R?, R? ;. and R?,, of this model are 98.12%, 94.7%,
and 84.1%, respectively. Since the difference between
R?Ldj and wae is almost less than 20%, the presented
model is suitable. According to Table 10, the effec-
tive factors are P, D, V, DP, and V2. Finally, the

temperature response surface model and its equation
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: . Table 11
coefficients are in the form of Eq. (13)' Variance analysis of temperature response surface.
VT = 29.90 + 0.047D — 9.97 x 1071°P — 0.046V Parameter U0 Oof  Average of F P
+ 3.65 % 10_11DP —94 % 10—5DV squares squares Value Value
' o ' s D 2.53 2.53 51.72  0.0008
+7.39 x1077PV —3.16 x 107°D P 318 3.8 64.84  0.0005
+1.02 x 107 P? 4 2.11 x 107*V? |4 5.58 5.58 113.90 0.0001
(13) DP 0.384 0.384 7.84 0.0380
From the graphs of the temperature response sur- bv 0.071 0.071 145 0.2820
. . PV 0.098 0.098 2.01 0.2160
face, Figs. (23), (24), and (25), it can be concluded 2
that th Koi face t ¢ . ith D 0.041 0.041 0.8371  0.4020
can the ch)ll.u ple;:e surtace ‘emperla u‘ri 1nc.r:ases§v(11 p? 0.021 0.021 0.4401 0.5360
increasing diameter, increasing pulse intensity, and de- {5 0717 0717 1465  0.0123
creasing laser advance speed.
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Fig. 23. Changes in temperature according to pulse intensity and speed in a diameter of 80 angstroms.
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Fig. 24. Changes of temperature per diameter and speed at pulse intensity of 109W /cm?.
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Fig. 25. Changes in temperature for pulse intensity and diameter at a speed of 50m/s.

The temperature created in this process is the re-
sult of two processes. The first process is caused by
chipping and the second process is caused by applying
heat. During the chipping process, a plastic deforma-
tion mechanism occurs, which is caused by breaking
atomic bonds and finally changing the crystal struc-
ture. This breaking of the bonds causes the release
and conversion of their energy into the internal energy
of each atom, leading the atomic temperature to rise [6,
28]. Another process is the process of applying heat by
a laser. Since the thermal energy of the laser is applied
to the atoms in the form of rotational kinetic energy,
the local temperature of the atoms increases. Accord-
ing to the applied laser model, increasing the diameter
and pulse intensity increases its kinetic energy and tem-
perature. On the other hand, the lower advance speed
prolongs the process of applying energy and transfer-
ring it to the subsurface layers. The temperature cre-
ated in the system by the amorphous structure created
in the contact area of the tool, which does not have
good conductivity, is dissipated later and causes ther-
mal softening [28].

6. Optimization

The laser-assisted nano-machining process is optimized
for machining forces and hydrostatic stress. The rea-
son for choosing these criteria is to minimize tool wear
and structural changes to the workpiece. For this pur-
pose, to achieve the least damage, the tool and the
least structural changes of the workpiece are needed, so
that the machining forces and hydrostatic stress have
their lowest value, respectively. In this optimization,
the temperature check is omitted because the max-
imum machining temperature seen in the SiC work-
piece is lower than the structure destruction tempera-

ture, therefore, the temperature damage check to the
workpiece structure is not meaningful. The method of
performing the optimization process is based on the
hill climbing method and the software used is Design
Expert software. After applying all the conditions, the
optimization results are shown in Fig. 26.

In the present optimization, the objective functions
include minimizing the cutting force, minimizing the
thrust force, and minimizing the hydrostatic stress of
the workpiece. The design variables include the diam-
eter, pulse intensity, and laser advance speed.

According to Fig. 26, it can be seen that the most
optimal possible state in the simulations carried out
in this research occurs when the value of the diame-
ter, pulse intensity, and laser advance speed is 80nm,
109W /em2, and 50m/s, respectively.

7. Comparison of Laser-assisted Nano-
machining Process with the Conven-
tional Nano-machining Process

After finding the optimal mode from the response sur-
face method, the results of this mode are compared
with the results of the conventional nano-machining
process in the sixth section. The investigated results
include machining force, machining surface tempera-
ture, and radial distribution function.

7.1. Comparison of Machining Force and Ma-
chining Surface Temperature

According to the diagram in Fig. 27, the diagram of
thrust and cutting forces during machining according
to the position of the tool, it can be seen that, in gen-
eral, as the tool advances on the workpiece, the amount
of machining force increases in both directions.



Investigating the Effect of Laser Parameters on ... ...:

40 80
D=280
50 150
V=50
1137.84 1481.20
Thrust Force = 1133.34

7.33544 12.0953

Von Misses = 7.52194

36

AE+08 1E+09
P = 1E+09
3.04961 4.41553
Hydro = 3.08852

1115.52 1771.55

Cutting Force = 1119.43

310 1022

Temperature = 1026.56

Fig. 26. Optimization diagrams of the laser nano-machining process.

The reason for this increase is the accumulation of
atomic layers with an amorphous structure, these lay-
ers are created due to the chipping and destruction of
the crystal structure, and their accumulation behind
the tool increases machining forces.

On the other hand, by comparing the results, it is
possible to see the effect of using a laser in the SiC
nano-machining process. The machining forces are re-
duced by applying a laser on the machining surface and
creating thermal softening phenomena, weakening the
strength of covalent bonds between silicon and carbon
atoms, and raising the interatomic energy level. Ap-
plying the laser causes an increase in the kinetic en-
ergy level and, as a result, an increase in the overall
energy level among the atoms. Therefore, the increase
in interatomic energy causes instability at the atomic
level, which leads to their easy separation. According

to Fig. 28, it is clear that with laser application, the
average temperature of the workpiece surface increases
compared to conventional machining.
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Fig. 27. Comparison diagram of machining forces.
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7.2. Investigation of the Structural Changes of
the Workpiece

To check the structural changes of the workpiece
caused by laser-assisted nano-machining processes, the
criterion of stress distribution function is used. This
function is a measure of structural changes and the
amount of atomic dispersion, which is calculated by
calculating the density of the number of atoms around
a specific atom. Since 99% of the deformation in the
SiC workpiece is amorphous, this criterion can be a
scale for the percentage of amorphization [14].

The radial distribution function of the SiC work-
piece before and after both laser and conventional
nano-machining processes are calculated to investigate
the effect of each process on the structural changes. In
Fig. 29, the radial distribution function of the work-
piece before machining is plotted according to the in-
teratomic distance. The selected radius is chosen to

3% §i-C
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investigate the structure of 4.5 angstroms, and the rea-
son for this choice is to cover all the interatomic bonds
in the SiC network. In Fig. 29, four peaks at distances
of 1.88, 3.07, 3.61, and 4.35 angstroms can be seen in
the radial distribution diagram of the workpiece before
nano-machining.

The diagram in Fig. 29 and its peaks cor-
respond to the interatomic distances of silicon-
carbon, silicon-silicon/carbon-carbon, silicon-carbon,
and silicon-silicon atoms, respectively. This distribu-
tion indicates that the modeling is done and the se-
lected potential function is correctly chosen.

The graph of the radial distribution function in
each peak after both machining processes is shown
in Figs. 30-33. Fig. 30 is related to the first peak
and dispersion in the first type bond of silicon-carbon
atoms. The fundamental changes in the structure are
based on the changes in the peaks of this distribution.
In the optimal state and before nano-machining, the
value of this distribution is 32.78. After performing
the laser-assisted nano-machining process and conven-
tional nano-machining, the value of this distribution
is 31.93 and 30.96, respectively. It is found that the
laser-assisted nano-machining process produces fewer
structural changes in this type of bond.

In Fig. 31, which is related to the second peak and
dispersion in the first type of bond of silicon-silicon
and carbon-carbon atoms, the effect of the conven-
tional nano-machining process and laser-assisted nano-
machining on the density of these bonds is investigated.
In the optimal state and before nano-machining, the
value of this distribution is 31.21. After performing
the laser-assisted nano-machining process and conven-
tional nano-machining, the value of this distribution is
33.35 and 35.96, respectively. Therefore, it is deter-
mined that the laser-assisted nano-machining process
creates fewer structural changes in this type of bond.
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Fig. 29. Radial distribution function of the workpiece before machining.
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Fig. 31. Comparison diagram of the radial distribu-
tion function of the second peak.

Fig. 32 is related to the third peak and dispersion
in the second type of silicon-carbon atoms bond. In
the ideal state and before nano-machining, the value
of this distribution is 24.07. After laser-assisted nano-
machining and conventional nano-machining, the value
of this distribution is 24.22 and 22.84, respectively.
Therefore, it is determined that the laser-assisted nano-
machining process does not create specific structural
changes compared to conventional nano-machining in
this type of bond.

Fig. 33 is related to the fourth peak and the disper-
sion in the type II bond of silicon-silicon type II atoms.
In the ideal state and before nano-machining, the value
of this distribution is 18.8. After laser-assisted nano-
machining and conventional nano-machining, the value
of this distribution is 8.29 and 8.28, respectively. It
is found that laser-assisted nano-machining and con-
ventional nano-machining produce similar structural
changes in this type of bond. Finally, by examining
and taking from all four graphs, it is concluded that
the laser-assisted nano-machining process creates fewer
structural changes in the material than conventional
nano-machining.

8. Conclusions

This research was conducted to investigate the effect
of laser components in the nano-machining process of
single-crystal SiC and the simulation was done by the
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molecular dynamics method. After carrying out the
simulations selected by the experiment design process,
the behavior of this process was analyzed based on the
components of diameter, pulse intensity, and laser ad-
vance speed, and the regression equations of the re-
sults were found. The optimized response obtained
from this process was compared with the conventional
machining process and the structural changes were in-
vestigated based on the criterion of the radial distri-
bution function. The results are as follows: the cut-
ting force of machining decreased from 1771.55 nano-
newtons to 1115.52 nano-newtons by increasing the di-
ameter, pulse intensity, and laser speed. The value of
vertical machining force decreased from 1480.38 nano-
newtons to 1137.84 nano-newtons with increasing di-
ameter, pulse intensity, and laser advance speed. Also,
the Von Mises stress value decreased from 12.09GPa to
7.34GPa with increasing diameter, pulse intensity, and
laser advance speed. With the increase in diameter, the
intensity of the laser pulse, and the decrease in laser ad-
vance speed, the hydrostatic stress decreased slightly,
so the structure did not undergo many changes.
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An increase in the range of temperature between
810 and 1022 Kelvin was observed and this amount
of temperature in the workpiece during this process
did not cause much damage to it, but on the other
hand, it caused the process of thermal softening in the
SiC material. By comparing the laser-assisted nano-
machining process and conventional nano-machining,
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it was found that the machining forces in the laser- as-
sisted nano-machining process are 35% less. The struc-
tural changes and damages observed in the workpiece
in the laser-assisted nano-machining process were less
than in the conventional nano-machining process.
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