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ABSTRACT Monocrystalline beta-phase gallium oxide (B-Gay03) is a promising ultrawide bandgap semiconductor
material. However, the deformation mechanism in ultraprecision machining has not yet been revealed. The aim of this
study is to investigate the damage pattern and formation mechanism of monocrystalline -Ga,0Os in different grinding
processes. Transmission electron microscopy was used to observe the subsurface damage in rough, fine, and ultrafine
grinding processes. Nanocrystals and stacking faults existed in all three processes, dislocations and twins were observed
in the rough and fine grinding processes, cracks were also observed in the rough grinding process, and amorphous phase
were only present in the ultrafine grinding process. The subsurface damage thickness of the samples decreased with the
reduction in the grit radius and the grit depth of cut. Subsurface damage models for grinding process were established on
the basis of the grinding principle, revealing the mechanism of the mechanical effect of grits on the damage pattern. The
formation of nanocrystals and amorphous phase was related to the grinding conditions and material characteristics. It is
important to investigate the ultraprecision grinding process of monocrystalline 3-Ga,O3. The results in this work are
supposed to provide guidance for the damage control of monocrystalline 3-Ga,O3 grinding process.

KEYWORDS monocrystalline beta-phase gallium oxide, grinding process, subsurface damage, nanocrystals,
amorphous phase

conditions for low-cost growth. Therefore, Ga,O3 single
crystal is a highly potential multifunctional ultrawide
bandgap semiconductor material.

In accordance with different crystalline phases, Ga;O3
has five polymorphs, labeled as a, B, v, 9, and &, among
which, B-Ga,O; has the most stable thermodynamic
properties; thus, -GayOs is currently the most widely
studied [10]. As with all semiconductor materials,
monocrystalline B-Ga,Os; after growth will require a
series of machining processes before application, in
which wafer grinding is the most critical step to quickly
remove material, improve packaging efficiency, and
secure the physical strength and heat dissipation perfor-

1 Introduction

Gallium oxide (Ga;03) has received widespread attention
in recent years due to its ultrawide bandgap (4.8 eV) and
photovoltaic properties [1-3]. Its Baliga figure of merit
(3200) is significantly higher than that of third-generation
semiconductor materials, such as GaN (846) and SiC
(317) [4]. Meanwhile, the heat and pressure resistance,
radiation resistance, and unique UV transmittance make it
widely applied in the fields of solar-blind UV photode-
tection, high-temperature, -frequency, -power microelec-
tronic devices, gas-sensitive sensors, and photocatalysis

[5,6]. Compared with GaN and SiC, Ga;O3 not only has
advantages in physical properties but also has superior
conditions for growth techniques. Traditional growth
methods, such as Czochralski method [7], floating zone
method [8], and edge-defined film-fed growth method
[9], are also applicable to GayOs;, which creates
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mance of the device. To ensure the wafer machining
quality and reduce the following polishing time, the
diamond wheel grinding based on the principle of wafer
rotation is the most common method for wafer grinding
[11,12]. However, the mechanical effects of grinding
inevitably cause damage to the wafer subsurface, and
some studies have shown that the damage inside the
wafer can seriously affect the property and lifetime of the


https://doi.org/10.1007/s11465-022-0677-3

2 Front. Mech. Eng. 2022, 17(2): 21

device, which is to be avoided in the semiconductor field
[13]. Few studies have been conducted on the machining
damage of monocrystalline B-Ga,0O3;; only Wu et al.
[14-16] have done some work. They analyzed the
damage pattern of monocrystalline B-Ga,Os through
nanoindentation, micropillar compression, and nanogrin-
ding tests and obtained the damage evolution at the
micro—nano scale. That is, stacking faults and twins were
first induced at low loads, then dislocations started to
nucleate at relatively high loads. With the further increase
in load, the lattice planes started to bend and finally
cracks appeared. Although the above research demon-
strated the damage evolution sequence of monocrystalline
B-Ga, 03, this is significantly different from the grinding
conditions and cannot represent the damage pattern under
the grinding process. Therefore, targeted research should
be performed on the subsurface damage caused by the
grinding process of monocrystalline -Ga,Os.

In this work, the surface morphology and subsurface
damage of B-Ga,Os under rough, fine, and ultrafine
grinding processes were observed by scanning electron
microscopy (SEM), conventional and high-resolution
transmission electron microscopy (TEM/HRTEM). The
damage pattern under the processes was compared and
analyzed on the basis of the grinding principle and
material characteristics. The results in this work may
provide guidance for the damage control of monocry-
stalline B-Ga,O3 grinding process.

2 Experimental details

Commercial monocrystalline B-Ga,O; from Novel
Crystal Technology (Japan) with a size of 10 mm x
10 mm x 1 mm was used as the sample. A (201)-oriented
wafer was fabricated using the edge-defined film-fed
growth method and handled by chemical mechanical
polishing before grinding, and the surface roughness R,

(@)
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R
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Fig. 1

was less than 1 nm. An ultraprecision grinder (VG401,
MKII, Okamoto, Japan) based on the principle of wafer
rotation was used. The grinder was equipped with air
spindles, and the accuracy of feed rate was 1 um. The
schematic and the equipment of the wafer rotation grinder
are presented in Fig. 1. The resin bond diamond grinding
wheels from Asahi Diamond Industrial (Japan) in grit
sizes of SD600, SD5000, and SD12000 were selected for
rough, fine, and ultrafine grinding. The grinding method
was up grinding, and deionized water was used as a
coolant. The grinding parameters are given in Table 1.
Some of the parameters, such as the feed rate, differed to
select the appropriate ones in accordance with the
machining efficiency during the actual grinding process.
After a series of preliminary grinding experiments, we
chose the grinding parameters shown in the table.

After the grinding test, the morphology of samples was
observed using a dual beam scanning electron micro-
scope, and the cross section was observed using an FEI
Tecnai F20 transmission electron microscope with the
direction [010], as shown in the inset of Fig. 1(a). The
TEM samples were prepared using FEI Scios focused ion
beam, and a Pt film was deposited to protect the ground
surface.

3 Results

3.1 Subsurface damage pattern in rough grinding

The subsurface damage pattern in rough grinding was
extremely complicated. To characterize the damage type
and analyze the damage pattern, the SEM image of the
machined surface of sample 1 is shown in Fig. 2. Several
arcas were selected for TEM and HRTEM, as shown in
Figs. 3 and 4.

Figures 2 and 3(a) demonstrate that the ground surface
and cross-sectional morphology were extremely uneven.

(a) Schematic of the wafer rotation grinder and (b) grinding equipment.
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Table 1 Experimental parameters in rough, fine, and ultrafine grinding processes

Sample thel grit Whee.l spe_e]d, Tablie spe_e]d, Feed. raye,_] Grit radius, Grit depth Critical cutting
size ny/(r-min~1) ny/(r-min~ 1) fo/(pm-min~1) Ry/um of cut, dg/nm depth, d./nm

1 SD600 2400 120 15 12.3 32.2 7.6

2 SD5000 2400 120 5 1.2 2.0 7.6

3 SD12000 2400 120 3 0.5 0.7 7.6

The SEM image illustrates that the ground surface was
covered with broken pits and a typical brittle removal
morphology. The depth of the damage layer was about
450 nm. The three regions of (b), (c), and (d) were chosen
for HRTEM observation. In Fig. 3(b), the region did not
have the characteristics of single crystal. However,
numerous irregular grains with evident boundaries were
seen. The corresponding selected area electron diffraction

Fig.2 SEM image of the rough ground surface with the wheel
grit size of SD600.
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(SAED) pattern inserted in Fig. 3(b) proved that this
region was mainly composed of nanocrystals with a
thickness of 290 nm. In addition, nanovoids were seen
clearly between nanocrystals. Some studies indicated that
nanovoids are formed by the plastic flow of nanocrystals
[17], and the mechanism for the generation of nanocry-
stals will be analyzed in the discussion. In Fig. 3(c),
stacking faults existed along the (200)r lattice plane,
which can be determined as a twinning zone in Fig. 3(d).
The SAED pattern on the bottom right corner proved that
the region below the twinning boundary had a normal
stacking order with the twin boundary along the (201)
lattice plane. Interlaced median cracks and transverse
cracks were also found in Fig. 3(c), implying that the
subsurface damage in the rough grinding process was
serious [18].

As shown in Figs. 4(a) and 4(b), the thickness of the
nanocrystalline layer is about 71.8 nm, which is quite
different from that in Fig. 3(a), this indicated that the
thickness of the nanocrystalline layer under rough

Fig. 3 Bright-field cross-sectional TEM/HRTEM images of sample 1 (Part I): (a) overall morphology, (b) enlarged view at the top of the
damage area, (c) enlarged view at the bottom of the damage area, and (d) enlarged view at the bottom of (c). The insets are the

corresponding selected area electron diffraction patterns.



4 Front. Mech. Eng. 2022, 17(2): 21

100 nm

(201)

> v,
\’"116_0‘ /
£
p i\ /\,\\Q //\ //
— N y . QQ/

I ’
54.0° Y

/ Z //
7 7

v
2 /7

X

Stacking faults

20 nm

Fig. 4 Bright-field cross-sectional TEM/HRTEM images of sample 1 (Part II): (a) partial morphology, (b) enlarged view at the top of
(a), (c) another partial morphology, and (d) enlarged view in the middle of (c).

grinding condition was extremely uneven, and the
formation mechanism of nanocrystals might be different.
Dislocations along the (101) lattice plane and stacking
faults along the (200) lattice plane were also found in
Fig. 4(b). Their angle was about 54.6°, which was exactly
close to the theoretical value of 54.0°. This result was
consistent with the results obtained by Yamaguchi et al.
[19]; the slip system in the monocrystalline B-Ga,O3

comprised (201), (101), (301), and (310). Similarly, a
crack with a depth of 188 nm was found in Fig. 4(c). It
extended from the ground surface to the wafer interior,
verifying the severity of subsurface damage under rough
grinding conditions. In the dashed box in Fig. 4(a) and
region (d) in Fig. 4(c), the damage patterns were multi-
layer twin structures. Figure 4(d) illustrates that the twin
boundaries were along the (201) lattice plane, and the
stacking faults along the (200) lattice plane were distri-
buted between the twin boundaries. The angle with the
twin boundaries was 125.3°, which was close to the
theoretical value of 126.0°, as indicated in Fig. 4(b) by
solid lines. In the multilayer twin structures, the internal
lattice arrangement was deflected for each layer of twin
boundaries, specifically as stacking faults alternately
along the (200) and (200)r lattice planes. In subsurface
damage research of monocrystalline B-GayOs;, similar
phenomena have not been found, and the formation
mechanism is not yet clear.

3.2 Subsurface damage pattern in fine grinding

Figure 5 shows the surface morphology and Fig. 6 pre-
sents the subsurface damage of sample 2 in fine grinding.
No obvious broken trace occurred on the surface, which
indicated ductile removal. The subsurface damage depth
was about 305 nm, which was significantly less than that
in rough grinding. Hence, the wheel grit size exerted a
greater influence on the subsurface damage depth. Three
regions (b), (c), and (d) in Fig. 6(a) were selected for
HRTEM observation. In Fig. 6(c), the SAED on the top
right corner illustrates a nanocrystalline layer with a
thickness of 38 nm, which was smaller than that in
sample 1. Meanwhile, dislocations along the (101) lattice
plane and high-density stacking faults along the (200)
lattice plane were found in the lower part of the

5 pm

Fig.5 SEM image of the fine ground surface with the wheel
grit size of SD5000.



Xin YANG et al.

100 nm

. 200
. 000
. 001
. 201

Subsurface damage of monocrystalline 3-Ga,03 in grinding process 5

High dentisty
stacking faults

10 nm

Fig. 6 Bright-field cross-sectional TEM/HRTEM images of sample 2: (a) overall morphology, (b) enlarged view at the top of the
damage area, (c) enlarged view in the middle of the damage area, and (d) enlarged view at the bottom of the damage area. The insets are

the corresponding SAED patterns.

nanocrystalline layer, as demonstrated by the SAED in
Fig. 6(c). The diffraction spot in the inset of Fig. 6(d)
indicates the twins in this region with the twin boundary
along the (201) lattice plane. To sum up, dislocations,
stacking faults, and twins were also observed in fine
grinding, which was basically consistent with rough
grinding. The stacking faults and twins indicated that the
stacking fault energy of monocrystalline B-Ga,O; is
comparatively low [14], which is significantly different
from the relatively high stacking fault energy of
semiconductor materials, such as silicon [20,21] and
gallium arsenide [22,23].

3.3 Subsurface damage pattern in ultrafine grinding

The SEM image shown in Fig. 7 reveals that the material
was removed in the ductile region. The subsurface
damage pattern in ultrafine grinding is illustrated in Fig. 8.
Three regions (b), (c), and (d) were selected for HRTEM
observation. Figure 8(b) illustrates that stacking faults
existed along the (200) lattice plane in the damaged layer,
which could be proved by the fast Fourier transform
(FFT) on the bottom right corner. The SAED on the top
right corner demonstrates that nanocrystals also existed in
this region. Further analysis of the nanocrystalline layer,
as shown in Fig. 8(c), revealed an amorphous layer with a
thickness of 16.8 nm in the upper part of the

Fig. 7 SEM image of the ultrafine ground surface with the
wheel grit size of SD12000.

nanocrystalline layer, which had a clear boundary with
the nanocrystalline layer. On the contrary, no amorphous
phase was observed in rough and fine grinding, and the
formation mechanism of the amorphous phase will be
discussed later. Meanwhile, no twins were obtained in
ultrafine grinding, indicating that the twins were not
easily generated in this process. Figure 8(d) reveals that
the stacking faults extended to 240 nm.

4 Discussion

From the research of the subsurface damage of monocrys-
talline B-GayOs; in grinding process, the subsurface
damage patterns in the three grinding samples present
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Fig. 8 Bright-field cross-sectional TEM/HRTEM images of sample 3: (a) overall morphology, (b) enlarged view at the top of the
damage area, (c) enlarged view on the top right corner of the damage area, and (d) enlarged view at the bottom of the damage area. The

insets are the corresponding SAED and FFT patterns.

fewer difference. That is, nanocrystals, dislocations, high-
density stacking faults, twins, and cracks are found in the
rough grinding process; nanocrystals, dislocations, high-
density stacking faults, and twins are observed in the fine
grinding process; amorphous phase, nanocrystals, and
stacking faults exist under the ultrafine grinding process.
The schematic of subsurface damage patterns in the
grinding processes is shown in Fig. 9. As the grit radius
decreases, the grit depth of cut also decreases, the
subsurface damage in rough grinding is complex, and the
thickness of the damage layer is larger; meanwhile, the
damage layer in fine and ultrafine grinding conditions
gradually decreases. The formation mechanism of dam-
age layer in different grinding conditions will be
discussed below through the combination of grinding
principle and material characteristics.

In wafer rotation grinding process, grit radius and grit
depth of cut are often used to characterize the overall
effect of grinding conditions, and they are critical to the
contact relationship between grits and samples. The grit
radius R, and grit depth of cut dg are calculated using
Egs. (1) [24] and (2) [25], and the detailed values are
shown in Table 1.

14

Rg = M

()

where M is the wheel mesh size.

fw ]"tnt 0.4 (2)
LW, V) °

the detailed values of f, n, and n,, are shown in Table 1.
r¢ is the distance from the table center to the sample, and
its value is 35 mm in this study. The width of the wheel
segment W, is 3.0 mm, the length of the wheel
circumference Ly, is 1100.0 mm, and the grit volume ratio
of the wheel segment V; is 0.25.

An amended model for estimating critical cutting depth
(d.) can be used to evaluate the ductile grinding process
in monocrystalline f-Ga,O3, as shown follows [26]:

dC=8.7(£) (5) 3)
E H

where the hardness (H) and elastic modulus (F) are 14.5
and 195.7 GPa, respectively [27], and the fracture
toughness (K.) is 0.82 MPa-m!/2 [28]. After calculation,
we obtain the d. of monocrystalline -Ga;Os; as 7.6 nm,
and the value is shown in Table 1.

The subsurface damage thickness, grit radius, and grit
depth of cut are illustrated in Fig. 10. It is obviously
demonstrated that the total damage thickness and the
nanocrystalline thickness gradually decrease with the
rough, fine, and ultrafine grinding processes, as shown in
Fig. 10(a). The minimum damage thickness is obtained in

d, = 3.71Rg(

12 2
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Fig. 9 Schematic of subsurface damage patterns in grinding processes: (a) rough grinding process, (b) fine grinding process, and
(c) ultrafine grinding process.

ultrafine grinding process with a value of 240 nm. In SD12000 are ductile grinding, as shown in Fig. 10(b).
addition, combined with the calculated critical cutting This result is consistent with the results we obtained from
depth, SD600 is brittle grinding, whereas SD5000 and Figs. 2, 5, and 7.



8 Front. Mech. Eng. 2022, 17(2): 21

(a) 500
450 73 Total damage thickness
g 8N Nanocrystalline thickness
7 400 |
2 305
< 300 F 290
éo / 240
< 200 / //
Q
5
2z 100 / /
2 / 38
23
A ¢ NN S~
Sample 1 Sample 2 Sample 3

(b) 14 35
12.3 32 73 Grit radius
12 F E3 Grit depth of cut 430
10 | 425 E
g e
2 8 420 2
= o
s =]
= 6 {15 %
S B
4F /\ Critical cutting depth 41035
2 F 1.2 ) 15
I/ ] 05 07
b NN e
SD600 SD5000 SD12000

Fig. 10 (a) Subsurface damage thickness of samples and (b) grit radius and grit depth of cut of grinding wheels.

4.1 Formation mechanism of subsurface damage in rough
grinding

For rough grinding, the grit radius of the SD600 wheel is
relatively large, with a size of about 12.3 um, and the grit
depth of cut is about 32 nm. The frictional extrusion
between grits and samples during the grinding process is
intense, the strain rate is high, and the contact stress of
the blunt grits is relatively large [29]; the value can reach
the critical point of monocrystal to nanocrystal. Another
point that cannot be ignored is the auxiliary extrusion
effect of the grinding debris. From the above analysis, the
material removed in rough grinding presents brittle
grinding. During the process, substantial brittle and
broken large-sized debris are generated [30]. Most of the
debris are taken away by the coolant, but some of the
residual debris are dragged by the rotation of the grinding
wheel and forced into the grinding process. This process
results in a dynamic extrusion system of grits—brittle
debris—samples, which basically does not have cutting
ability. Moreover, a nanocrystalline layer with uneven
thickness is generated, as shown in Figs. 3(b) and 4(b).
Meanwhile, cracks exist in the surface layer of sample 1,
which are due to the high strain rate during the rough
grinding process. The intense mechanical effects cause
the internal stress in the subsurface layer of the material
to exceed the fracture limit, resulting in cracks, as shown
in Figs. 3(c) and 4(c). Dislocations, high-density stacking
faults, and twins are also found in sample 1. The
occurrence of stacking faults and twins is related to the
material characteristics. The schematic of subsurface
damage patterns in rough grinding is shown in Fig. 9(a).

4.2 Formation mechanism of subsurface damage in fine
grinding

According to the damage pattern of fine grinding, the grit
size of the SD5000 wheel is between those of SD600 and
SD12000 wheels; it is about 1.2 pm, and the grit cutting
depth is 2 nm. Ductile grinding is carried out between the
grits and the samples, in which the ductile debris has a

minimal effect on the grinding process [31,32]. With the
grinding process, blunt grits begin to generate an
extrusion effect with the samples, and their contact stress
reaches the critical point for nanocrystals. However, due
to the limitation of the grit radius, the contact stress is less
than that of the SD600 grinding wheel. Therefore, the
nanocrystalline thickness in sample 2 is thinner than that
in sample 1. Similarly, dislocations, stacking faults, and
twins exist in sample 2. No cracks are found because the
material removal method in fine grinding is ductile
removal and the mechanical effects are less than those of
rough grinding. The schematic of subsurface damage
patterns in fine grinding is shown in Fig. 9(b).

4.3 Formation mechanism of subsurface damage in
ultrafine grinding

As to sample 3, SD12000 is an ultrafine grinding wheel
with a grit radius of 0.5 pm and a cut depth of 0.7 nm.
The material removal mechanism is completely ductile
grinding. The ultrafine debris has almost no effect on the
grinding process. To realize continuous grinding ability,
the self-sharpening process of ultrafine grinding wheels is
generally required to be high [33,34], but the grits in the
grinding wheels are likely to fall off from the base. Then,
the movement of grits becomes three-body wear [35,36]
and starts to scratch irregularly with the samples in a
large amount. Meanwhile, the grits of ultrafine grinding
wheels are small in size and likely to be blunt.
Consequently, the grinding process of ultrafine grinding
wheels is often accompanied by large grinding force,
specific grinding energy, and heat, which induces the
generation of an amorphous phase. In this study, the
amorphous layer is found only in ultrafine grinding. Gao
et al. [16] suggested that the generation of B-Ga,Os;
amorphous layer might be related to the heat generated
during grinding and the specific grinding energy. More
energy is required for the generation of an amorphous
phase than that for a nanocrystals, which is basically
consistent with the conclusion obtained in this study.
Also, stacking faults remain. The schematic of subsurface



Xin YANG et al. Subsurface damage of monocrystalline f-Ga,Os in grinding process 9

damage patterns in ultrafine grinding is shown in
Fig. 9(c).

The intense plastic deformation under high strain rate
conditions will refine the grain size to the nanoscale,
which leads to dislocation annihilation, recombination,
rearrangement to form cells, and subgrain structures with
nanoscale dimensions; however, this process is also
affected by many variables, such as plastic deformation
conditions and material characteristics [37]. The grinding
process has a very high strain rate, and the mechanical
interaction between grits and samples will cause compli-
cated and severe plastic deformation of the surface and
subsurface material. Previous investigations have demon-
strated that the cutting points on grits are mostly negative
rake angle (yg). The value of y, is from —15° to —60° [24].
With the grinding process, the grits will be blunted easily,
and the negative rake will further increase. The large
negative rake will lead to a large cutting force and a high
strain rate during the grinding. The cutting process is
dominated by extrusion. At this moment, numerous
defects will be formed in the plastic deformation zone
under the complicated stress status [18,38].

In addition, monocrystalline B-Ga,O3 has low stacking
fault energy. Dislocations are easily decomposed into
partial dislocations and generate stacking faults during the
plastic deformation process. Extended dislocations have a
large width, causing a difficulty for cross slip. Local
stress concentration occurs easily during the grinding
process, thereby inducing deformation twins. The
formation mechanism of nanocrystals becomes the co-
coordination of dislocation slip, intercross, and twinning
[39-41]. Subsequently, the complicated stress status will
result in the rotation of a tiny crystalline body (at nano-
scale), eventually forming nanocrystals with different
orientations. Therefore, for the monocrystalline B-Ga;0O3
with low stacking fault energy, the grinding process with
high strain rate is likely to induce nanocrystals [16].
Figures 3(b), 4(b), 6(b), and 8(c) prove this view.

As shown in Fig. 10(b), the grit depth of cut in large
grits is larger. Consequently, the blunting phenomenon of
grits is obvious, the negative rake of cutting points is
large, and the extrusion depth of blunted grits is also
large. Then, due to the auxiliary extrusion of large-sized
brittle debris, the thickness of the nanocrystalline layer is
large and uneven under the rough grinding process. As
the grit radius and grit depth of cut decrease, the material
is removed by ductile regime [42]; at this time, the
interaction depth of the blunted grits decreases, and the
thickness of the nanocrystalline layer is also decreased, as
shown in Fig. 10(b). The grit radius and grit depth of cut
of the ultrafine grinding wheel are much smaller than
those of rough and fine grinding wheels. Owing to the
extremely small depth of cut and the limitation of the
self-sharpening of the grinding wheel, the thickness of the
nanocrystalline layer induced by the SD12000 ultrafine

grinding wheel is minimal, and an amorphous phase is
also generated.

In summary, the grinding conditions and material
characteristics may be the key factors affecting the
transformation of monocrystalline B-Ga,O3; to nanocrys-
tals and amorphous phase. Nevertheless, the critical condi-
tion requires further research. Given the low stacking
fault energy of monocrystalline $-Ga,Os, stacking faults
and twins are easy to occur during the grinding process.
Even under the ultrafine grinding conditions, stacking
faults still exist.

5 Conclusions

In the research of subsurface damage pattern and forma-
tion mechanism of monocrystalline 3-Ga;Os in grinding
process, damage models under different grinding pro-
cesses were established on the basis of the grinding
principle, and the mechanism of the grit mechanical effect
on the subsurface damage pattern was revealed. The
damage pattern in rough grinding was relatively serious
and complicated. Specific manifestations were nanocrys-
tals, dislocations along the (101) lattice plane, stacking
faults along the (200) and (200)r lattice planes, a twin
boundary along the (201) lattice plane, and cracks.
Meanwhile, nanocrystals, stacking faults along the (200)
lattice plane, dislocations along the (101) lattice plane,
and a twin boundary along the (201) lattice plane were
observed in the fine grinding process. Amorphous phase,
nanocrystals, and stacking faults along the (200) lattice
plane existed in the ultrafine grinding process. The
damage patterns of the grinding processes were mini-
mally different. The subsurface damage thickness
decreased with the reduction in the grit radius and the grit
depth of cut. Nanocrystalline layers were found in the
rough, fine, and ultrafine grinding processes, but an
amorphous phase was observed only in ultrafine grinding.
The formation mechanism of nanocrystals and amorphous
phase was related to the grinding conditions and material
characteristics.
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