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Abstract: 4H-SiC (silicon carbide) is widely used in semiconductor devices due to its superior
characteristics. However, processing techniques such as cutting, grinding, and polishing generally
have problems such as low processing efficiency, high cost, difficulties guaranteeing processing
quality, and serious material waste. The in-depth research on the mechanical behavior, material
removal, and damage mechanism of SiC single crystals at the micro/nano scale is the foundation
for solving these problems. This paper establishes a molecular dynamics simulation model for
4H-SiC single-crystal nano scratches, using three different directions of a Berkovich indenter to
scratch the surface of the workpiece, studying the surface morphology, scratching force, and material
removal during the scratching process. The results indicate that scratching directions of the tool
varies, and the surface morphology also varies. After the scratching depth exceeds 1.6 nm, complete
dislocations with a Burges vector of 1/3<1210> appear on the crystal subsurface, leading to the
plastic removal of the material. During the process of material removal, a smaller tool rake angle
removes a larger amount of material chips. By analyzing the damage layer of the workpiece, the
difference in the damage layer is smaller when the scratching direction is different, but the damage
layer generated by the smaller rake angle of the scratching tool is thinner. It shows that the scratching
force and workpiece temperature are relatively small when the rake angle of the scratching tool is
small. Therefore, when scratching 4H-SiC single crystals, choosing a tool with a smaller rake angle is
more beneficial for the process.

Keywords: molecular dynamics; micro/nano scale; Berkovich indenter; surface morphology;
scratching force

1. Introduction

4H-SiC single-crystal semiconductors are widely used in the microelectronics industry
due to their wide bandgap, high electron saturation migration rate, high thermal con-
ductivity, and high temperature resistance [1,2]. The processing of 4H-SiC single crystal
involves ultra precision machining, and the requirements for material surface smoothness
reach the nanometer level. In this case, it is of great significance to study the impact of the
microscopic properties of materials on macroscopic properties, and molecular dynamics
(MD) serves as a link to organically combine them [3].

In recent years, with the continuous improvement of computer computing speed and
the development of molecular dynamics theory, molecular dynamics simulation has rapidly
developed in fields such as biopharmaceuticals, chemical engineering, materials science,
machinery, electronics, and physics [4–9]. MD simulation has unique advantages, not only
as a supplement to experiments, but also due to its high reliability and low cost, and it is
widely used to study the nanofabrication process of SiC [10].

Hiroshi Ito et al. [11] used an etching simulator based on tight-binding quantum
chemical molecular dynamics to clarify the SiC etching mechanism and design the optimal
conditions for the etching process. Tetsuya Morishita et al. [12] demonstrated through
ab initio molecular dynamics simulations that water molecules exhibit high activity on
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both the Si-terminated and C-terminated of SiC surfaces in contact with hydrogen perox-
ide solution. Arivazhagan Rajendran et al. [13] studied the mechano-chemical reaction
dynamics during the chemical mechanical polishing (CMP) process of CeO2 particles on
the SiO2 surface by tight-binding quantum chemical molecular dynamics method, and
revealed the mechanism of the mechano-chemical reaction dynamics in the CMP process.
The conventional first-principles calculation and classical molecular dynamics method
cannot realize these researches.

On the other hand, molecular dynamics also has extensive applications in SiC plastic
indentation and scratching. Noreyana and Amar [14] conducted molecular dynamics simu-
lations of nano scratches on 3C-SiC single crystals using a rectangular diamond indenter
that was first pressed and then scratched. The relationships between friction coefficient,
scratch hardness, wear, scratch depth, velocity, direction, and indenter size and shape were
studied. Research found that both scratch hardness and friction coefficient increase with the
increase in scratch depth, but decrease with the increase in scratch velocity. Anisotropy was
mainly manifested in the (110) direction with maximum hardness and friction coefficient,
as well as more material accumulation and chip formation. The amorphization caused by
scratches increased with the increase in scratch velocity. Luo has made great achievements
in the molecular dynamics nano machining simulation of SiC and Si [15]. By analyzing
the radial distribution function before and after cutting, it was found that the root cause
of diamond tool wear is graphitization in the cutting process, and a diamond tool wear
evaluation method was proposed [16,17]. The bias stress in the cutting zone led to the
transformation of 3C-SiC single crystals from sp3 to sp2, which was much smaller than the
value caused by pure compression [18]. Taking cutting hardness as a quantitative indicator
of machining performance, the comparison was made between the homogeneous hetero-
morphs of 3C-SiC, 4H-SiC, and 6H-SiC, and 3C-SiC single crystal has the highest cutting
force [19]. Significant anisotropy was found during cutting of different crystal planes in
3C-SiC single crystal, and the change in tangential forc was 45% [20]. Gaobo Xiao [21]
realized the molecular dynamics simulation of the brittle plastic transition of 6H-SiC single
crystal cutting by using the Vashishta potential function. The results showed that with
the increase in cutting thickness, the cutting mode changed from plastic to the mixed
mode with both plastic cutting and brittle fracture. With the increase in cutting depth, the
tensile stress around the cutting zone increased until it exceeded the critical value, and
brittle fracture occurred. To et al. [22] conducted a visualization study on the high-pressure
phase transition and dislocations during the cutting process of 6H-SiC single crystal and
found that there was a small amount of high-pressure phase transition during the nano
cutting process of 6H-SiC single crystal, and its plasticity was mainly caused by dislocations.
Saitoh et al. [23] conducted molecular dynamics nanoindentation simulation on 3C-SiC
single crystals, and the sudden change (pop-in) phenomenon in the load displacement
curve confirmed the process of material from elastic deformation to plastic deformation
during the indentation process. Sun Sha et al. [3] conducted further research on indentation
ring dislocations. They used virtual spherical indenters to conduct molecular dynamics
nanoindentation simulations on the (111) and (110) surfaces of 3C-SiC single crystals, re-
vealing the formation mechanism of prismatic dislocation rings under indentation. Zhu
Bo et al. conducted nanoindentation molecular dynamics simulation research on 3C-SiC
single crystal and 4H-SiC single crystal, and further studied the deformation and damage
mechanism of indentation [24,25]. Meng Binbin studied the effects of strain rate and ther-
mal effect on the removal mechanism of 3C-SiC single crystal during nanoscratching [26],
the coupling effect of 3C-SiC single-crystal removal mechanism and surface/subsurface
characteristics during nanoscale grinding [27], atomic scale characterization of 6H-SiC
single-crystal slip deformation and nanocutting performance [28], and molecular dynamics
study of femtosecond laser assisted processing of single-crystal silicon carbide [29]. Li
Beizhi et al. conducted nanocutting molecular dynamics simulations on single-crystal SiC
and polycrystalline SiC, and conducted a comparative study on the material removal of
the two types of SiC crystals [30]. Xu Xipeng et al. [31] conducted indentation and scratch
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molecular dynamics simulations on 4H-SiC single crystal and 6H-SiC single crystal, and
analyzed the subsurface morphology and crystal defects generated during the processing.
Zhu Yongwei et al. [32] used the dual abrasive model to conduct molecular dynamics
nano cutting simulation on SiC single crystals, and studied the effects of cutting depth
and abrasive spacing on material subsurface phase transition, subsurface damage layer
thickness, surface quality, material removal efficiency, and friction performance. Zhang
Junjie et al. [33] studied the amorphous elastic-plastic deformation of 3C-SiC single crystal
under nanoindentation. Sarikov et al. [34] investigated the propagation and evolution of
defects in 3C-SiC single crystals using three different potential functions (Tersoff, ABOP,
and Vashishta).

Reference [21] points out that the process of brittle-ductile cutting mode transition of
SiC is often at the nanoscale, and experimental techniques are difficult to directly observe.
Molecular dynamics simulation methods have achieved important results in the mechan-
ical properties and micro removal of single-crystal SiC materials. These achievements
are mainly reflected in the research on the loading process, and there is relatively little
research on the internal structural changes in materials after load removal. here are many
achievements in molecular dynamics research on 3C-SiC, but there is less research on
4H-SiC, which is mainly used for electronic power devices. It is necessary to use molecular
dynamics to study the processing characteristics at the 4H-SiC nano scale. At the nano
scale, different tool directions can have an impact on the workpiece. This article mainly
uses molecular dynamics to study the effect of tool directions on processing at the 4H-SIC
nano scale.

2. Molecular Dynamics Simulation Modeling of 4H-SiC Single-Crystal Nano Scratches

Establish a scratch simulation model as shown in Figure 1, which consists of a scratch-
ing tool and a single-crystal 4H-SiC sample. The tool is a Berkovich indenter with a tip
radius of 20 nm, and is treated as a rigid body in the calculation, without considering the
deformation and wear of the tool. The simulation is divided into two parts: loading and
load-off. Firstly, the tool obliquely scratches into the surface of the single-crystal 4H-SiC
sample at a constant velocity. The velocity in the X direction is −100 m/s, and the velocity
in the Z direction is −12 m/s. After running 260,000 steps, the tool moves upwards along
the Z axis at a speed of 12 m/s to remove the load. The initial distance between the tool
and the sample is 0.4 nm. Single crystal 4H-SiC sample size is 40 nm × 30 nm × 25 nm, and
simulate nano scratches on the (0001) crystal surface of the sample. The projection of the
Berkovich indenter on the part is the equilateral triangle, and the included angle between
its bottom edge and the X direction is considered as the direction of the tool scratching
into the part. In this simulation, three directions are selected as 0◦, 30◦, 90◦, respectively, as
shown in Figure 1. The scratching direction of the tool here refers to the angle between the
edge and the horizontal direction of the Berkovich indenter in vertical view. The tool rake
angles in different directions when scratching into the workpiece are shown in Table 1. It
can be seen that when the scratching direction is 30◦, the rake angle is the smallest, and the
rake angle is the largest at 90◦. The choice of three scratching directions is because they can
represent the different angular relationships between the edges of the Berkovich indenter
and the workpiece, and their positions are easy to identify when placed. Throughout the
system, periodic boundary conditions are used in the Y axis direction, while fixed boundary
conditions are used in the X and Z axis directions.
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4H-SiC samples are divided into Newton layer, Thermostatic layer and Boundary
layer with thickness of 19 nm, 3 nm and 3 nm, respectively. The Newton layer and the
constant temperature layer follow the Newton Equation of Motion and use the velocity-
Verlet algorithm for integration calculations. The constant temperature layer is used to
control the system temperature, and the average temperature of the atoms in the constant
temperature layer is controlled at 298 K using the Nose-Hoover algorithm [35,36]. The
atoms at the bottom of the boundary layer are fixed to prevent the sample from moving. The
potential function uses the ABOP potential function. The atomic number of the workpiece
is 2,961,214, the atomic number of the Newtonian layer is 1,848,000, and the atomic number
of the indenter is 103,926. The time step is 1 fs. Before the indenter is inserted, the system
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is subjected to a relaxation of 40 ps, and after the system reaches equilibrium, scratch
simulation is conducted under the micro canonical ensemble.

The potential function is used to describe the interaction among atoms, representing
the physical properties of the simulated atoms, such as elastic constants and lattice param-
eters. The commonly used potential functions in the field of nanomachining include the
embedded atom method (EAM), Morse potential, Tersoff potential, and Vashishta potential.
Among them, the Tersoff potential function is commonly used for nano scratching and
nano indentation of carbon silicon covalent crystal [25]. Erhart and Albe have improved
the Tersoff potential function and proposed Analytical Bond-Order Potential (ABOP). The
ABOP potential function is represented as follows [37]:

E = ∑
i>j

fC
(
rij
)
VR

(
rij
)
−

bij + bji

2︸ ︷︷ ︸
bij

VA
(
rij
)
 (1)

VR(r) =
D0

S− 1
exp

[
−β
√

2S(r− r0)
]

(2)

VA(r) =
SD0

S− 1
exp

[
−β
√

2/S(r− r0)
]

(3)

fC
(
rij
)
=


1 r < R− D
1
2 −

1
2 sin

(
π
2
(r−R)

D

)
R− D < r < R + D

0 r > R + D
(4)

bij =
(
1 + χij

)−1/2 (5)

χij = ∑
k( 6=i,j)

fC(rik) exp
[
2µ
(
rij − rik

)]
g
(

θijk

)
(6)

g(θ) = γ

(
1 +

c2

d2 −
c2

d2 + (h + cos θ)2

)
(7)

here, E is total potential of system atoms, VR (r) and VA (r) are attraction and repulsion
terms, fc (rij) is cutoff function (controlling the range of potential energy), bij is bond-
order g(θ) is the angular function, D0 and r0 are the dimer energy and bond length. The
parameters in the formula are shown in Table 2.

Table 2. The ABOP potential function parameter table between Si and C [37].

Parameter Si-Si C-C Si-C

D0 (eV) 3.24 6.00 4.36
r0 (Å) 2.222 1.4276 1.79

S 1.570 2.167 1.847
β
(

Å
−1
)

1.4760 2.0099 1.6991

γ 0.09253 0.11233 0.011877
c 1.13681 181.910 273,987
d 0.63397 6.28433 180.314
h 0.335 0.5556 0.68

2µ
(

Å
−1
)

0 0 0

R (Å) 2.9 2 2.4
D (Å) 0.15 0.15 0.2
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3. The Effect of Tool Scratching Direction on Nanoscale Scratches in 4H-SiC
Single Crystal
3.1. The Effect of Tool Scratching Direction on the Surface Morphology and Material Removel Rate
of 4H-SiC Single Crystal

The tool contacts with single-crystal SiC, and single-crystal SiC atoms begin to deform
under the squeezing effect of the tool. In the initial stage of contact between tool atoms and
workpiece atoms, the contact area is small, and only a few workpiece atoms are subjected
to tool compression. Therefore, during the nano scratch process, the elastic deformation of
the workpiece is not significant as shown in Figure 2a. as the scratching depth increases,
there are obvious amorphous chip atoms appearing as shown in Figure 2b–f. This is
because in the process of scratching, the contact area between the tool and the workpiece
gradually increases, the strain energy inside the workpiece lattice increases, and the atomic
bond of single-crystal SiC breaks. The workpiece undergoes plastic deformation under
the squeezing action of the tool, and the atoms in the shear zone of the workpiece slide
upwards along the front-end face of the tool, forming amorphous chips. The atoms that
slide downwards are squeezed by the tool tip, forming amorphous machining surface.
From Figure 2, it can be seen that the atoms on the processed surface are arranged in
disordered manner, and the crystal structure of the processed surface is damaged under
the action of pressure and friction.
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Figure 2. Crystal structure of 4H-SiC single crystal in different scratching depth.

Hiding the Berkovich indenter tool, the instantaneous atomics positions on the
workpiece surface are extracted at six moments after the load is removed. The scratching
direction is 0◦, and the scratching depths are 1.0 nm, 1.4 nm, 1.8 nm, 2.2 nm, 2.6 nm,
respectively. The surface morphology of single-crystal 4H-SiC nano scratches at different
times is obtained, as shown in Figure 3, and the color bar in Figure 3 shows the height
of the removal atoms. When the scratching depth is small, as shown in Figure 3 with
d = 1.0 nm, chip atoms can be seen in the direction of the tool scratching, but the material
accumulation is not obvious. As the depth of tool scratching increases, the accumulation
of chip atoms becomes more and more obvious, as shown in Figure 3 with d = 2.6 nm.
By observing the surface of the workpiece after scratching, it can be observed that when
the scratching direction is 0◦, the removed chip atoms mainly accumulate on the edge of
one side of the tool.
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Extract the atomics number of chips in different scratching directions of the tool to 
study the material removal rate, and in order to avoid the influence of workpiece atoms 
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Figure 3. Instantaneous positions of atoms on workpiece surface in different scratching depths.

Extract the instantaneous atomics positions on workpieces surface in scratching direc-
tions of 30◦ and 90◦ and scratching depth of 2.6 nm, and obtain the surface morphology of
nano scratches, as shown in Figure 4, and the color bar shows the height of the removal
atoms. When the scratching direction is 30◦, the atoms removed from the material accu-
mulate at the front end of the tool, while when the scratching direction is 90◦, the atoms
removed from the material accumulate on both sides of the tool. By comparing the surface
of the workpiece with different scratching angles of 0◦, 30◦, and 90◦, it is shown that the
different scratching directions of the scratching tool result in different directions of material
accumulation after removal.
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Extract the atomics number of chips in different scratching directions of the tool to
study the material removal rate, and in order to avoid the influence of workpiece atoms
on the results, count the atomics number above the surface of the workpiece. When the
scratching direction is different, the atoms number of 4H-SiC single-crystal chips with the
scratching depth is shown in Figure 5. When the scratching direction is 30◦, the number
of 4H-SiC single-crystal chips atoms is much greater than the chips atoms number at the
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scratching direction of 0◦ and 90◦. The results indicate that under the same scratching
depth, the material removal amount is greater when the direction of tool is 30◦.
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3.2. The Influence of Tool Scratching Direction on Material Surface Damage

Further study the mechanism of removing nano scratch materials from 4H-SiC single-
crystal workpieces, and use dislocation extraction algorithms to identify dislocations in the
internal atoms of the scratched 4H-SiC single-crystal workpieces, in order to characterize the
slip characteristics of the internal atoms. As shown in Figure 6, three different perspectives
are used to observe the workpiece after scratching. Figure 6a shows the front view of chips
atoms and workpiece damage layer, Figure 6b shows the front view of the hidden damage
atoms and the damage layer obtained after translucency of the defect grid, and Figure 6c is
the vertical view after the same processing as Figure 6b.
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The recognition of dislocations in 4H-SiC single crystal (with crystal atoms removed)
at depths of 1.4 nm, 1.6 nm, 2.1 nm, and 2.6 nm is shown in Figure 7 (Each image is a
combination of the three perspectives shown in Figure 6). When the depth of the tool is
shallow, such as d = 1.4 nm, the atoms of the 4H-SiC single-crystal workpiece are mainly
atomic defects and amorphous plastic deformation, and no dislocations are found on the
subsurface of the workpiece. When the scratch depth is 1.6 nm, the workpiece is in the
early stage of plastic deformation, and the atoms of the workpiece are mainly removed
through amorphous atomization, resulting in a very small amount of complete dislocations
with a Burges vector of 1/3<1210>. When the scratch depth reaches 2.1 nm, the number
of subsurface dislocations increases in single-crystal 4H-SiC. When the scratching depth
reaches 2.6 nm, a large number of complete dislocations with a Burges vector of 1/3<1210>
appear on the subsurface of single-crystal 4H-SiC, mainly expanding on the (0001) plane.
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Figure 7. Crystal structure of 4H-SiC single crystal in different scratching depths when the scratching
direction is 0◦.

Comparing the subsurface dislocations in different scratching directions of the tool,
the dislocation extraction method is used for the 30◦ and 90◦ scratching directions of the
tool, and the dislocation recognition diagram at scratching depth d = 2.6 nm is obtained
as shown in Figure 8. Compared with the number of dislocations at the depth of 2.6 nm,
the number of dislocations at tool direction of 30◦ is significantly less than that at 0◦ and
90◦. When the scratching directions of the tool are 0◦, 30◦, and 90◦, the total length of
dislocations extracted are 51.5 nm, 25.4 nm, and 52.36 nm, respectively. It also indicates
that the dislocation is the least when the scratching direction of the tool is 30◦. From
Figures 7 and 8, it can be seen that when the scratching depth is 2.6 nm, the thickness of
the damage layer on the workpiece in different scratching directions is different. When the
scratching direction of the tool is 30◦, the workpiece damage layer is the thinnest. However,
the difference in the three directions is small, it shows that the impact of different scratching
directions of the tool on the damage layer is relatively small.

3.3. The Influence of Tool Scratching Direction on Scratching Force

Scratching force is one of the most important parameters in macro scratching pro-
cessing. Due to its ease of direct measurement, it is often achieved by controlling the
scratching force to control other parameters. Molecular dynamics nano scratching force is
different from traditional continuous medium processing models. It mainly comes from
the interaction between tool atoms and workpiece atoms. The combined force of all tool
atoms and workpiece atoms is decomposed in the X, Y, and Z directions to obtain tool
tangential force, lateral force, and normal force, denoted as Fx, Fy, and Fz. During the
scratching process, more attention is paid to tangential and normal forces (Fx and Fz). In
this study, the values of tangential and normal scratching forces are output every 20 steps.
The curve of force variation and fitting results are shown in Figure 9. From Figure 9, it
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can be seen that the variation trend of the scratching force is basically consistent under
different scratching directions of tool. During the oblique scratching process of the tool,
more and more atoms come into contact with the workpiece, and the tangential and normal
forces increase with the increase in the scratching depth. This is because the indenter
moves along the X direction while pressing into the workpiece (Z direction), as the forces
in both directions increase and the trend of change is similar. This is consistent with the
results of research [38]. This increasing trend has obvious fluctuation characteristics, and
the initial fluctuation is small. As the scratching depth increases, the fluctuation becomes
more obvious. This is because as the depth of the scratching tool increases, the lattice of
the workpiece atoms at the front and bottom of the tool is destroyed, and the workpiece
atoms slip under the squeezing effect of the tool, causing drastic changes in tangential and
normal forces.

Crystals 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 7. Crystal structure of 4H-SiC single crystal in different scratching depths when the scratch-
ing direction is 0°. 

Comparing the subsurface dislocations in different scratching directions of the tool, 
the dislocation extraction method is used for the 30° and 90° scratching directions of the 
tool, and the dislocation recognition diagram at scratching depth d = 2.6 nm is obtained 
as shown in Figure 8. Compared with the number of dislocations at the depth of 2.6 nm, 
the number of dislocations at tool direction of 30° is significantly less than that at 0° and 90°. 
When the scratching directions of the tool are 0°, 30°, and 90°, the total length of dislocations 
extracted are 51.5 nm, 25.4 nm, and 52.36 nm, respectively. It also indicates that the disloca-
tion is the least when the scratching direction of the tool is 30°. From Figures 7 and 8, it can 
be seen that when the scratching depth is 2.6 nm, the thickness of the damage layer on the 
workpiece in different scratching directions is different. When the scratching direction of 
the tool is 30°, the workpiece damage layer is the thinnest. However, the difference in the 
three directions is small, it shows that the impact of different scratching directions of the 
tool on the damage layer is relatively small. 

  
(a) (b) 

Figure 8. Crystal structure of 4H-SiC single crystal in different scratching direction (d = 2.6 nm). (a) 
Scratching direction of the tool is 30°. (b) Scratching direction of the tool is 90°. 

Figure 8. Crystal structure of 4H-SiC single crystal in different scratching direction (d = 2.6 nm).
(a) Scratching direction of the tool is 30◦. (b) Scratching direction of the tool is 90◦.

Comparing the scratching force in the three directions of the tool in Figure 9, the x
direction is the direction in which the tool scratches. When the scratching depth is 2.64 nm,
the scratching angles of the tool are 0◦, 30◦, and 90◦, and their Fx are 1.82 µN, 2.02 µN, and
1.79 µN, respectively. The tool scratches into the workpiece at different angles, and the
difference in the X direction cutting force is relatively small. However, the scratching force
Fz of 30◦ is smaller than that of 0◦ and 90◦, and the Z direction is the direction in which the
tool is pressed down. When the scratching depth is 2.64 nm, the scratching angles of the
tool are 0◦, 30◦, and 90◦, and the Fz are 4.04 µN, 2.95 µN, and 4.26 µN, respectively. This
is because when the scratching direction of the tool is 30◦, the contact area between the
front face of the tool and the workpiece is the smallest, and the atoms that the workpiece is
subjected to compression and friction are also the least. A smaller scratching force is more
advantageous in micro/nano mechanical processing.

3.4. The Influence of Tool Scratching Direction on Temperature

The average temperature distribution of the workpiece system after scratching is
analyzed. From Figure 10a,b, it can be seen that atoms with high temperatures are mainly
distributed in the chips and extrusion deformation area, which is consistent with the re-
search [39]. There are fewer chip atoms in 10c, mainly because when the cross-section
is along the centerline of the scratch and the tool direction is 90◦, the chips are mainly
concentrated on both sides of the tool. However, in Figure 10c, it can still be seen that the
temperature in the extruded deformation area is relatively high. The high temperature in
the chip area is due to the chip leaving the workpiece, hindering the progress of the tool
and generating mutual forces with the tool. As the tool moves, it produces a certain dis-
placement, resulting in a higher temperature. The temperature in the extruded deformation
area is lower than that of the chip and higher than that of other parts of the workpiece,
because the deformation area produces dislocation damage under the action of the tool,
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which directly contacts the tool, causes friction, and has a higher temperature. Lower than
the chip temperature is because the area does not move with the movement of the tool.
When in contact with the tool, the temperature in the area increases due to the force, and
when the tool leaves, it no longer continues to rise, so the temperature is lower than the
chip temperature.
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Compare the temperatures for different scratching directions of the tool, as shown in
Figure 11. During the initial scratching stage (scratching displacement less than 10 nm),
the temperature of the workpiece in all three directions remained almost unchanged.
As the scratching progresses, the temperature varies, with the tool having the highest
temperature at 90◦ in the scratching direction and the lowest at 30◦. This is consistent with
the comparison of scratching forces analyzed in Section 3.3, as force and temperature are
related quantities, and the interaction force between the workpiece and the tool can affect
the temperature. When the cutting force is large, higher temperatures will be generated.
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4. Conclusions

This article establishes a molecular dynamics simulation model for nano scratches on
4H-SiC single crystals, studies the formation process of chips on the surface of SiC single
crystals and the mechanism of material removal during the oblique scratching process
with a Berkovich indenter, and analyzes the influence of tool scratching direction on nano
scratches. Based on the research content of this article, the following conclusions are drawn:

1. The removal form of 4H-SiC single crystal at the nanoscale is mainly amorphous
chips, forming an amorphous machined surface. The scratching angle of the tool is
different, and the stacking position of chip atoms is different. Chip atoms of 0◦ and
30◦ are stacked on one side of the tool edge, while chip atoms of 90◦ are stacked on
both sides of the tool.

2. When the scratching depth is small, the atoms of 4H-SiC single-crystal workpiece are
mainly characterized by atomic defects and amorphous plastic deformation, and no
dislocations are found on the subsurface of the workpiece. As the scratching depth
increases, a large number of complete dislocations with a Burges vector of 1/3<1210>
appear on the subsurface of 4H-SiC single crystal, mainly extending on the (0001)
plane, leading to the plastic removal of the material.

3. Through the analysis of different scratching directions of the Berkovich indenter tool,
it is found that a smaller rake angle not only reduces the scratching force during the
scratching process, but also reduces the subsurface damage layer and workpiece tem-
perature. The selection of scratching tools in the process of nano precision machining
has certain significance.
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