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Abstract: In this work, the damage interference during scratching of single crystal silicon carbide
(5iC) by two cone-shaped diamond grits was experimentally investigated and numerically analyzed
by coupling the finite element method (FEM) and smoothed particle hydrodynamics (SPH), to reveal
the interference mechanisms during the micron-scale removal of SiC at variable Z-axis spacing along
the depth of cutting (DOC) direction. The simulation results were well verified by the scratching
experiments. The damage interference mechanism of SiC during double scratching at micron-scale
was found to be closely related to the material removal modes, and can be basically divided into
three stages at different DOCs: combined interference of plastic and brittle removal in the case of
less than 5 pum, interference of cracks propagation when DOC was increased to 5 pm, and weakened
interference stage during the fracture of SiC in the case of greater than 5 um. Hence, DOC was found
to play a determinant role in the damage interference of scratched SiC by influencing the material
removal mode. When SiC was removed in a combined brittle-plastic mode, the damage interference
occurred mainly along the DOC direction; when SiC was removed in a brittle manner, the interference
was mainly along the width of cutting; and more importantly, once the fragment of SiC was initiated,
the interference was weakened and the effect on the actual material removal depth also reduces.
Results obtained in this work are believed to have essential implications for the optimization of SiC
wafer planarization process that is becoming increasingly important for the fabrication of modern
electronic devices.

Keywords: damage interference; material removal mode; double scratching; SPH method

1. Introduction

Owing to its superior physical properties such as wide bandgap, high thermal conductivity,
and critical breakdown electric field [1-3], single crystal silicon carbide (SiC) has became an ideal wafer
material for next-generation microelectronic and photoelectronic devices [4-6], which necessitates a
damage free surface and subsurface quality of SiC wafers. However, SiC is hard and brittle and prone
to fracture [7-9], and grinding remains to be the most common, if not irreplaceable, technology to
planarize SiC substrates for successive polishing. It is well known that the grinding process involves the
scratching of workpiece by a large number of abrasive grits with irregular geometries, and sometimes
randomly distributed on a grinding wheel. Thus, knowledge of of the damage interference at the
surface/subsurface of ground SiC during the scratching by multiple abrasive grits is essential for the
advance of wafer planariziation techniques, which cannot be achieved through a simple superposition
of the scratching of each individual grit [10]. Given the complicated deformation behaviors during
interfered scratching, experimental studies have been carried out to identify the controlling factors in
the damage formation during the grinding process of several ceramics. For instance, the subsurface
damage of monolithic ceramics and soda lime glass were found to gradually increase with the increase
of scratches cycles [11]. The effects of the normal scratching force and spacing distance on damage
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formation were studied during inferred scratching on BK7 glass, and it was found that three types of
cracking interaction were observed and resulted in different chipping features during double scratching
and the material removal volume during double scratching was strongly dependent on separation
distance in brittle scratch mode [12]. Moreover, at a given depth of cut, the propagation of lateral
cracks in polycrystalline alumina during double scratching was controlled by the grain size of the
diamond abrasive grits; meanwhile, the propagation of transverse cracks was dominated by the grain
boundary fracture and the grain shedding in alumina workpiece [13]. Li et. al developed a theoretical
model to describe the effects of depth of cutting (DOC) on material removal mechanism of Lu;O3
ceramics, by taking single and multiple scratches into account. The friction characteristics, the elastic
recovery phenomenon, and the surface topography and subsurface damage mechanism during double
and multiple scratches were discussed [14].

However, it must be noted that the damage interference occurred through the entire scratching
process, and the experimental research relied mainly on the final deformation behaviors to infer the
dynamic deformation, removal, and recovering events, and restrictive assumptions and presumptions
were often made. On the other hand, numerical methods such as molecular dynamics are used to
simulate the double scratching process, which are able to comprehensively consider the effects of
the scratching speed, cutting depth, and crystal orientation on the surface topography after multiple
scratches [15]. As long as the appropriate algorithm and material constitutive model are properly
adopted, the numerical analysis is promising in terms of revealing the dynamic interference during
multiple scratching processes. In particular, thanks to the computational efficiency of the smoothed
particle hydrodynamics (SPH) algorithm in simulating the large deformation and discontinuous failure
process [16-20] and the easy convergence to the finite element method (FEM) method [21-26], the SPH
and FEM coupling algorithm has been successfully applied in previous research to model the dynamic
removal event during grinding of single crystal SiC [27]. The damage interference mechanisms in
the materials removal process of single crystal SiC scratched by two diamond abrasive grits with
different y-axis distances was studied by the coupling SPH and FEM method. The difference in the
surface morphology of single crystal SiC during the double scratching process [28] has been found to
be closely related to the cutting depth of abrasive grits into the workpiece, which in turn obviously
affect the material removal mechanism in the scratching process and surface quality of ground SiC [29].
However, a comprehensive understanding on the effect of damage interference in the double scratching
at direction along the DOC is yet to be achieved.

In this paper, the damage interference in the double scratching process of diamond abrasive grits
was investigated, both experimentally and numerically, to reveal the effects of Z-axis spacings along
the DOC direction, in which case the damage interference is the combined action of the effects of
the two diamond grits. It has been found that the material removal mechanism of single crystal SiC
scratched by diamond abrasive grit was strongly dependent on the DOC, and consequently, the damage
interference during double scratching was affected by the material removal modes at variable DOCs in
the double scratching process. In addition, after the occurrence of damage interference, the interference
behaviors in different material removal modes was completely inconsistent; once the fragment appears,
the damage interference effect gradually weakens.

2. Experimentation

2.1. Scratching

To explore the damage interference mechanism in the double scratching process, the scratching
experiment was carried out on a BLOHM Planomat HP408 high precision surface grinder (Schleifring,
Hamburg, Germany). Scratching experiment was conducted using a stainless-steel grinding wheel in a
diameter of 290 mm.When machining the grinding wheel, special attention was given to ensure the
perpendicularity of the grinding surface, as well as the axis of the screw hole, to the axis of the inner
hole of the wheel. A conical diamond tip with the cone angle of 91.8°, and the tip radius of 40.7 pm
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was used to scratch SiC. Figure 1 is a three-dimensional contour view of the tool recorded by a Hirox
KH-8700 three-dimensional video microscopy system. As shown in Figure 1, the x-axis is defined as
the horizontal direction, consistent with the movement direction of the workbench, and the z-axis is
defined as the vertical direction, perpendicular to the x-axis, which is along the scratch depth direction.
The three screw holes are equally spaced on the machined grinding wheel. A copper spacer having a
thickness of 5 um was used to accurately control the position of diamond tip along the z-axis during
double scratch experiment. Double-side polished single crystal 6H SiC (TankeBlue, Beijing, China)
with a diameter of 2 inches and a thickness of 5 mm was used as workpiece and the scratching was on
the silicon surface. No coolant was added during the experiment.

Diamond grain

Fixture

Workbench

Copper gasket -
ap2
Second grit apl -
2 1
z I i AdA
| Ve ~—— bk

Figure 1. Schematic diagram of twice scratching experimental devices, (a) experimental device of two
grits scratching, (b) detail size of the diamond grain, and (c) diagram of interference of twice scratching.

Prior to scratching experiment, the position of diamond tip on grinding wheel was calibrated
by standard spacer to an accuracy of the Z-axis spacing along the DOC. Moreover, the parameter of
dynamic balance is adjusted to 0.03 g to ensure the dynamic balance during the experiment at a linear
speed of 30 m/s. To avoid the influence of the tool tip wear on the scratching result, the diamond tips

was replaced after five scratches. The specific experimental parameters in the experiment are shown in
Table 1.

Table 1. Experimental parameters of two grits scratching.

Parameter Value
Velocity of the wheel(vs)(m/s) 30
Z-axis spacing along the DOC direction (Ad;) (um) 5,15, 25

Velocity of the workbench (vy) (mm/min) 20000
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2.2. Results

Figure 2a shows the surface morphology of SiC successively scratched by two diamond grits
in the Z-axis spacing of 25 microns along the DOC. The contour and related dimensions of the A-A
section were detected by a laser scanning confocal system (Zeiss, Oberkochen, German), and hence the
actual scratch depth can be reversed by the contact arc length as [30]:

I =2 Ja,D; 1)

where [ is the contact arc length, aj, is the scratching depth, and Ds; is the rotation diameter. According
to Equation (1), the scratching depth of second grit is 35.2 pm in Figure 2a, corresponding to less than
1% variation to the setting value of 35 um. This is because the double scratching experiment was
performed after one tool-setting operation, and substantially the scratching depths should be the same.
As shown in Figure 2a, a large number of pits appeared on both sides of the scratched groove, with the
maximum size of approximately 350 pm in the middle of the groove. The maximum width of the
groove is 782 pm, and the maximum depth of the groove is 56 um.
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Figure 2. Three-dimension morphology of the groove after scratching by two diamond grain with
different Z-axis spacings along the depth of cutting (DOC) direction, (a) morphology of the groove
Iwith the Ad, of 25um, (b) profile curve of Section A, and (c) bin and hin of twice scratching with
different spacings in Z-axis direction for experiment.

As the scratching depth increased, the maximum value of both the depth and width of the
scratched groove was augmented. Therefore, the bin and hin are used to normalize and evaluate



Crystals 2020, 10, 519 50f 13

the degree of interference at variable DOC, as shown in Figure 2b. The bin and hin are expressed as
Equations (2) and (3):

hin — max @)
apa

pin = X 3)
{lpz

where hmax is the maximum depth of the groove, bmax is the maximum width of the groove, and ap;
is the scratching depth of the second grit. It can be seen that as the depth of the scratch increased,
the values of the corresponding bin and hin were gradually decreasing. The trend of the bin and
the hin began to decrease rapidly until it approached a threshold value. It is hence reasonable to
conclude that the degree of damage interference in brittleness removal firstly decreased rapidly,
but eventually reached a stable state. However, the damage interference that occurred in the dynamic
double scratching process cannot be directly, and/or in situ, monitored, and the interference mechanism
cannot be revealed merely experimentally.

3. Numerical Analysis

To reveal the the interference mechanism at a micron-scale, two models by coupling SPH and
FE method [27] with different sizes are developed to simulate double scratching at different Z-axis
spacings along the DOC direction. Specifically, the size of the SPH particles and FEM elements of the
first model was 25 times larger than the second. The former was used to analyze the interference in
the double-scratch process of brittle removal mode when the Z-axis spacings were relatively large,
and the later was focused on interference analysis at combined plastic-brittle removal modes when
the Z-axis spacings were smaller. In another words, the SPH method was used to model the large
plastic deformation and material removal the FEM method was applied to represent the small plastic
or elastic deformation, and the coupled FE/SPH algorithm was used to analyse contact coupling area
where both plastic and elastic deformation occurs.

3.1. Model Development

To explore the effects of the material removal mode on the damage interference mechanism in the
double scratching process, the interference in two grits scratching process was simulated by applying
different Z-axis spacings along the DOC at a micron-scale through LSDYNA software (Livermore
Software Technology Corporation, California, United States). The micron-scale model was mainly
used to represent the damage interference mechanism when materials were in the brittle removal
mode and combined plastic-brittle removal mode.

Figure 3 shows the two grits scratching model, where Ad, stands for the Z-axis spacing along
the DOC between the two grits. In the model, these two diamond tips had the same conic geometry.
The radius of the bottom circle was 250 um, the height was 500 pm, the radius of the tip was 40 um,
and the front angle of the grit was —45 degrees (assuming that the grit is a rigid body). As Figure 3
shows, the two diamond grits were set as FE meshes, and the workpiece was divided into three parts:
an SPH particle layer which was used to simulate material removal of workpiece, an FE/SPH coupled
layer, and an FE mesh layer which was used to simulate small deformation and residual stress of
workpiece. The size of the workpiece was 3 mm X 0.5 mm X 0.7 mm. Among them, the size of SPH
particles was 3 mm X 0.5 mm X 0.5 mm and the size of each particle was 12.5 um; the size of FE/SPH
coupled layer was 3 mm X 0.5 mm X 0.05 mm; the size of FE mesh was 3 mm X 0.5 mm X 0.25 mm.
In the SPH algorithm, the number of particles will greatly affect the calculation accuracy. To more
accurately simulate the early stage of damage interference, the size of the double scratch model with a
smaller z-axis spacing along the DOC was set to 300 pm X 120 pm X 8 um. Among them, the size of
the SPH part was 300 um X 120 pm X 6 um, and the size of each particle was 0.5 um; the size of the
FEM part was 300 um X 120 pm X 3 pm; and the thickness of the FE/SPH coupling part was 1 pm.
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Figure 3. Simulation model of double scratching.

To improve computation efficiency, the following assumptions were made: (1) all physical
parameters of single crystal SiC are temperature independent, and (2) the heat conduction of the SiC
workpiece is negligible. Moreover, scratching tips were set as is it was a diamond and treated as rigid
bodies because of its ultra-high hardness. The parameters of the physical and mechanical properties of
single crystal SiC and diamond were adopted from literature data and listed in Table 2. Moreover,
the constitutive equation parameters A, B, N, and C, representing the normalized cohesion strength,
normalized pressure hardening coefficient, pressure hardening index, and strain rate hardening
coefficient in the Johnson-Holmquist-Cook (JHC) model for single crystal SiC, were listed Table 3 [31].
The trajectory of scratching tips was modeled merely along the Y-axis, so the rotational degrees of
freedom along the X- and Z-axis and the translation degrees of freedom in the Y-axis direction of
the tool were restricted. Full-degree-of-freedom constraints were applied to the bottom of the finite
element model. The specific simulation parameters were set to be consistent with the experiments.

Table 2. Physical and mechanical properties of diamond and single crystal SiC.

Material Density (g/mm?3) Elastic Modulus (MPa) Poisson’s Ratio
Diamond 3.5e-3 9.64e+5 0.07
Single crystal SiC 3.163e-3 1.83e+5

Table 3. Johnson-Holmquist-Cook parameters of single crystal SiC.

JHC Parameters A B N C
Value 0.91 0.085 0.78 0.003

3.2. Validation

Figure 4a shows the surface morphology of the SiC scratched by double scratching with a Z-axis
spacings of 25 um. As shown in Figure 4a, a considerable number of pits were distributed on both
sides of the scratched groove. Compared with the experimental results, the error of the maximum
width and the maximum depth was less than 10%, indicating a reasonable agreement with simulation
results. With the increase of the Ad,, the maximum width of the groove firstly decreased and then
increased, and after deducing the corresponding scratching depth of the second grit, the values in the
different cases were the same except when Ad, is 5 pm. These results show that interference is the
most obvious when Ad; is 5 um. Additionally, the number of cracks in the depth direction increased
with the increasing of Z-axis spacing, and the size of the cracks also increased.
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Figure 4. Morphology of the groove after two grit scratching of single crystal SiC with different
Z-axis spacings under the brittle removal mode, (a) morphology of the groove with the Ad, of 25 pum,
(b) material damage in Section A, and (c) bin and hin of twice scratching with different spacings in
Z-axis direction for simulation and experiment.

Figure 4b shows the line chart of bin and hin with different Z-axis spacings along the DOC
direction for simulation and experiment. Compared with the experimental results, the trend of the
hin and bin was basically consistent. As can be seen from Figure 4b, the average error between the
simulation results and the experimental results was less than 10%, which indicates an effectiveness of
FE/SPH algorithm.

Figure 5a shows time history of the material damage interference nephograms during double
scratching with the Ad, of 5 um. The interference can not be found when ¢t = 0.7 ps. At this time,
central and lateral damage induced by the first scratching grit appeared on the surface of the material,
while the second grit was not in contact with the material. When t = 2.1 ps, the particles from the
material surface after the first scratching were flown out, which indicated that chips were generated.
At this time, the second grit was still not in contact with the material, but the lateral damage generated
by the first grit had extended to the position at which the second grit was about to contact the material.
When t = 2.8 us, the central damage caused by the second grit scratching and the lateral damage caused
by the first grit scratching began to interfere. When t = 4.2 ps, the interference depth reached about
15 pm. When ¢ = 0.0056 ms, due to the close depth of the two grits, massive material damage generated
by the two grits had interacted and interfered multiple times. Hence, this led to a further deepening of
the maximum removal depth, which was approximately 60 um. Figure 5b shows scratch interference
damage nephograms of the two grits with the Ad, of 15 pm at different times. When t = 0.7 us, material
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damage of the groove was the same as that when the Z-axis spacing along the DOC direction was
5 um; when t = 2.1-2.8 ps, the lateral damage caused by the scratching of the second grit and the
lateral damage caused by the scratching of the first grit began to interfere. When t = 4.2-5.6 us,
the material removal zone generated by the two grits was completely connected, and the material
removal depth reached 45 um. A second interference between the lateral damage and other derived
damage was hardly observed, and the depth of the interference zone was about 25 um, where the
depth of interference zone was the average depth of material damage after interference occurred. Thus,
this interference did not affect the maximum material removal depth but had a relatively obvious
effect on the maximum width. Figure 5c shows damage interference nephograms of the two grits with
the Ad, of 25 um at different times. When t = 5.6 us, the damage of the groove was the same as that
for the Z-axis spacings of 5 pm and 15 pm; when t = 1.4-2.1 ps, the lateral damage generated by the
second grit interfered with the damage generated by the first grit; and when t = 2.8-5.6 ps, the material
removal zone generated by the two grits was completely connected, and the material removal depth
reached to 60 um. However, the depth of the interference zone was still about 25 um. Therefore,
the damage generated by the first grit can hardly affect the maximum depth and width of the groove.

- 4 b g

L.

C

Interference occurs

t=4.2ps

t=5.6us t=5.6us t=5.6us

Figure 5. Damage Interference nephograms of two grit scratching of single crystal SiC with a Z-axis
spacing along the DOC direction at different times, (a) Ad is 5 um, (b) Ad, is 15 um, and (c) Ad; is
25 um.

From the above analysis, brittle removal is the main material removal mode in the scratching
processes with the Z-axis spacings of 5, 15, and 25 um along the DOC direction. With the increasing of
the Z-axis spacing, the time that interference occurs is continuously advanced. The maximum depth
of the groove corresponding to the Adz of 15um is the smallest among the three spacings, which is
consistent with the experiment results. As far as the interference effect is concerned, it is more obvious
when the Ad, is 5 um. However, in terms of the effect of material removal depth, as the z-axis spacing
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between the two grits along the DOC gradually increases, the influence of interference gradually
decreases or even disappears, and the influence of the scratch depth dominates.

4. Discussion

4.1. Damage Interference

To comprehensively analyze the mechanism of damage interference, the simulations of the
double-scratch process of two grits with a Z-axis spacing of 0.5, 2.5, or 5 um along the DOC direction
were carried out. Figure 6 shows the top-view and middle cross-sectional images of damage distribution
at the initial stage of interference in double scratching with the Ad, of 0.5, 2.5, and 5 um at different
times separately. From Figure 6a, when t = 2.7 s, very small surface cracks appeared in the scratching
width direction and the direction was perpendicular to the scratching direction of the workpiece.
Consequently, the material removal mode can be indexed as the combined plastic-brittle removal
mode. As t = 3.0 us, material damage interference occurred, and at the same time, because the Ad,
was relatively small, the material removal modes during double scratching were both combined
plastic-brittle removal modes. After interference occurred, a relatively large population of radial cracks
generated by the second grit appeared at the bottom of the groove, and at the end of the workpiece,
the width and depth of material removal generated by the second grit were much larger than that
generated by the first grit, which suggested that the subsurface damages induced by scratching were
significantly intensified by the interference between themself.

a

b

m
Interference Interference

Interference t=3.0ps Interference t=3.0us

t=6.2us t=6.2us

Figure 6. Damage interference nephograms of two grit scratching of single crystal SiC with a Z-axis
spacing along the DOC direction at different times, (a) Ad; is 0.5 um, (b) Ad, is 2.5 um, and (c) Ad is
5 pm.

As can be seen from Figure 6b, when t = 2.7 us, obvious lateral cracks generated by the first grit
appeared at the bottom of the groove, and the width of the groove increased obviously. When the
Ad, was increased, the damage degree increased gradually. When t = 3.0 us, the same interference
moment as the case with the Ad, = 0.5 pm, material damage interference occurred. At this moment,
the material removal mode caused by the fist grit changes from plastic and brittle critical removal to
a brittle removal, and the material removal mode caused by the second grit was still in a combined
plastic-brittle removal mode. Att = 3.6 us, the lateral cracks generated by the first grit interfered
with the radial cracks generated by the second grit after multiple scratching, and the number and
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length of lateral cracks and radial cracks increased significantly. After the occurrence of interference,
material damage continued to escalate. Especially, damage in depth direction significantly intensified.
Comparing with the scratching at the Ad, of 0.5 um, the width and depth of material removal generated
by the second grit both increased. It also shows that the impact of the damage interference continues to
increase in combined plastic-brittle removal mode with the increase of the DOC. Moreover, the effect
of damage interference in the depth direction has priority over that of damage interference in the
width direction.

Figure 6¢ shows that when the Ad; is 5 um, damage generated by the first scratching grit was
further increased, i.e., changed from cracks to fragments. Moreover, the maximum width of the groove
and the size of the cracks greatly increased. These results show that the material removal was complete
in brittleness removal mode. When t = 2.9 us, material damage interference occurs. Due to the
formation of large fragments, the maximum width of the groove increased obviously, but the number
of small cracks in the depth direction generated by the second grit decreased. However, due to the
interference effect, material damage generated by the second grit was of a fragmentation feature and
consequently, both the width and depth of the scratched groove obviously increased. It shows that
when the depth difference changes from 2.5 microns to 5 microns, the material removal mode changes
from combined plastic-brittle to brittle removal. In addition, the effect of damage interference in the
width direction is far greater than that in the depth direction in the brittle removal mode.

4.2. Role of DOC

Figure 7a shows the variation of the hin and bin values in double scratching process with the Ad, of
0.5,2.5,5,15, and 25 um. When the Ad, was in the range of 0.5 to 5 um, the bin and hin values increased
gradually; when the Ad, value was in the range of 5 to 25 um, the bin and hin values suddenly decreased.
This also shows that the interference effect first increases and then decreases. The interference effect in
the depth direction was significantly greater than that in the width direction for the Ad, of 0.5 um
and 2.5 um. When the Ad, was 5 um, the interference effect in the depth direction was almost same
as that along the width direction. However, for the Ad, of 15 um and 25 pm, the comparison was
exactly the opposite. This indicates that although the hin and bin had the same trend with the Ad,
increasing, the strength of the interference in the width and depth direction with different Z-direction
spacings were not consistent. Figure 7b shows the variation trends of interference time and internal
energy of two grits scratching with the Ad, of 0.5, 2.5, 5, 15 um, and 25 pm. The interference time refers
to the specific moment when the interference occurs, and internal energy is the sum of the energy
required for all particles involved in motion. For the Ad, of 0.5 pm and 2.5 um, interference time was
the same, and internal energy increased faster relatively. However for the Ad, of 5, 15 pm, and 25 pm,
the interference time was continuously advanced, and internal energy showed a linear trend; with the
Ad; increasing, and the internal energy gradually increasing.
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Figure 7. Other interference results of twice scratching with different Z-axis spacings along the DOC
direction, (a) Bin and Hin, (b) and nterference time.
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4.3. Interference Mechanisms

According to the above analysis, a comprehensive investigation on the damage interference were
added at the microscale double scratching of single crystal SiC. When the Z-axis spacing along the
DOC increases, the damage interference goes through the following three stages, as shown in Figure 8.
The first stage (see Figure 8a) is when interference occurs, the material removal from the two grits is
the same, both of which are the plastic-brittle coexistence removal. Damage forms are mainly plastic
slip and micro cracks. Interference enhances the material removal, and the interference effect in the
depth direction is significantly larger than that in the width direction relatively. The second stage (see
Figure 8b) is where material removal generated by the first grit changed into brittle removal. Damage in
this stage is dominated by muti-propagating cracks and little fragments. Though the material removal
generated by the two grits is different, the dominant modes are both brittle removal modes. Compared
to the previous stage, interference continues to be enhanced, especially in the width direction, and
the interference effect in the depth direction is consistent with that in the width direction basically.
The second stage is the strongest stage of interference. The third stage (see Figure 8c), is when the
material removal generated by the first grit is completely in the brittle removal mode and the material
removal generated by the second grit is still in the plastic-brittle coexistence mode, and owing to the
intersection of cracks, materials crumbles in fragments quickly. Damage in this stage is dominated by
large fragments; although, the main forms of material damage do not change, the larger the Z-axis
spacing between the two grits along the DOC direction, the weaker the interference. With the increase
of the Z-axis spacing along the DOC direction, the influence of interference on material removal depth
decreases gradually, which is less than the effect of the increased scratch depth.

First grit Second grit

Micro cracks

Second grit

First grit

Adz

Cracks about to converge

Second grit

First grit

Fragments appear

Adz

Figure 8. Material damage interference forms in micron scale with different Z-axis spacings along the
DOC direction, (a) the first stage, (b) the second stage, and (c) the third stage.

5. Conclusions

In this paper, the damage interference mechanisms during double scratching of single crystal
SiC with different Z-axis spacing along the DOC direction was analyzed using the FE/SPH coupled
numerical simulation algorithm, which was also validated through the double scratching experiments.
Based on both experimental result and numerical analysis, the following conclusions can be drawn:

1.  Atmicron scales, damage interference can be divided into three stages according to the DOCs:
a combined plastic-brittle interference enhancement stage when DOC was less than 5 um, a crack
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interference stage as DOC was increased to 5 um, and a weakened interference stage when
fragmentation occurred.

When the Z-axis spacing along the DOC direction was small and material removal mode was in
combined brittle-plastic mode, the interference was mainly in the depth direction. As the Z-axis
spacing increased to initiate the brittleness removal of SiC, the scratching damage was mostly
interfered in the width direction.

Initiation time of damage interference was also related to the materials removal modes at variable
DOCs, and when SiC was removal completely in the brittle mode, the damage interference was
triggered earlier than that in a combined brittle-plastic removal mode.
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