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The deformation characteristics of GaSb are investigated by employing nano-
scratch tests to understand the material removal mechanism during ultra-
precision grinding. The nano-scratches are obtained by a cube-corner tip
under the two linear normal load conditions (0-30 mN and 0-60 mN). The
normal force/scratch distance-penetration depth curves and the characteristics
of chips and cracks are analyzed to understand the transition mechanism of
ductile to brittle removal. In addition, the maximum principal stress near the
bottom of the scratch is calculated to analyze the deformation behavior. The
results revealed that the deformation behavior of three zones of deformation is
plastic deformation, the transition from plastic to brittle deformation, and brittle
deformation, respectively. The change rate of stress is significant differences in the
zone of brittle-ductile transition. The critical ratio between mean contact
pressures and hardness in the transition region is determined as 0.39 and 0.21,
respectively.
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1 Introduction

Monocrystalline gallium antimonide (GaSb) is a new type of semiconductor material,
that is, used in infrared photoelectric devices and optical communication systems (Li et al.,
2022; Zhang et al., 2022). GaSb is a hard-to-cut material due to its brittleness. Ultra-precision
grinding is commonly employed in the machining of monocrystalline GaSb components.
However, large surface defects and subsurface damages occur in the deformation of material
during ultra-precision grinding. Hence, the understanding of the material deformation
modes of GaSb during ultra-precision grinding is a thriving field of research. In most of the
studies, scratch experiments were used to investigate the mechanical properties of the hard-
brittle material, chip morphology, and micro-defects (Gao et al., 2018; Gao et al., 2021; Zhou
et al., 2021; Zhao et al., 2021). For instance, Lamy and Berlie (1984) applied scratch texts on
ceramics to analyze the brittleness of the material and to establish the transition scratching
depth from ductile to brittle. Zhang et al. (1987) studied the behavior of alumina by
scratching with a single-point diamond tool. Their study evaluated the formation of surface
cracks, including microscopic plastic deformation, scale-like cracking, and chipping. Xu and
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Jahanmir (1995) performed repeated single-point scratch tests for
alumina and identified that the microcracks were because of grain
boundary dislodgement. Thonggoom and Funkenbusch (2005) used
three different optical glasses and repeatedly scratched them with a
Berkovich diamond indenter with minimum load. The results
showed that the transition point along the scratch direction
corresponds to the change from ductile grooving to chip
(2005)
deformation of silicon in scratching tests was because of the

formation. Zarudi et al revealed that the plastic
variation of the stress field. Studies have shown that phase
transition and dislocation can be observed in the subsurface of
silicon after scratching. Axen et al. (1997) investigated the
relationship between damage mechanism and tangential force in
the scratch testing of ceramics. The experiments found that the
fracture characters on the scratching surface are influenced by the
variation of the tangential force.

In recent years, some studies used scratching tests to evaluate the
material deformation modes of a hard-brittle crystal. For instance,
Gu et al. (2011), Gu and Yao (2011) employed single and double
scratch tests by cracking at micron and sub-micron scales for BK7.
Their research showed three types of cracking interaction. Li et al.
(2019) performed nano-scratch experiments to investigate the
removal mechanism of RB-SiC ceramics in abrasive machining.
The results showed that the phase transition occurred in ductile
chips, while no phase transition was observed in brittle chips. The
transition of the deformation mechanism from ductile to brittle
fracture mode occurred after increasing load. Chen et al. (2018)
studied the effects of strain rate on the deformation and material
removal mechanism of Lu203 single crystal through ductile nano-
scratch tests. They found that the higher scratch velocity can reduce
the subsurface damage, including dislocations, stacking faults, and
nano twins when the normal force is maintained. Li et al. (2021)
analyzed the micro-grinding mechanism of silicon by nano-scratch
tests. They developed a model by following the phase transition-
dislocation theory and studied the edge chipping damage, which was
used to predict micro-grinding quality.

In the reported studies, the results of the scratch experiment
were analyzed to characterize the elastic deformation, plastic flow,
and brittle fracture for revealing the material removal mechanism.
However, due to the difference in physical attributes of hard-brittle
material, the deformation behaviors of new material are not yet
known. The existing stress distribution law is not fit too. Especially
for the critical value of parameters in the area of ductile-brittle
transition and the material deformation processes, which is crucial
to control the process of ultra-precision grinding. Meanwhile, the
deformation modes and stress state of the material during the nano-
scratch tests should be analyzed to study the material removal
mechanism of new materials.

In this study, the nano-scratch tests were used to explore the
deformation behavior of GaSb crystal. The scratch tests with two
groups of varying loads were conducted on GaSb samples by
employing a cube-corner tip. The scratch morphology was
observed to analyze the characteristics of chips and cracks, and
the normal force/scratch distance-penetration depth curves are used
to explore the transition mechanism from ductile to brittle removal.
Moreover, based on the stress field model, the theoretical analysis in
the scratch area was conducted to study the deformation behavior of
GaSb during nano-scratching.
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2 Experiment details

The polished GaSb wafer [¢50 mm x 0.5 mm, orientation (100)]
was sliced to extract samples with the size of 15 mm x 15 mm X
0.5 mm, as shown in Figure 1A. The surface roughness of samples
was less than Ra 1 nm (measured by ZYGO 9000 (Zygo Corp.,
Connecticut, America)). The surface morphology of the samples
confirmed that there were no scratches or other defects on the
surfaces. The Nano Indenter G200 (KLA Corp., California,
America.) with a cube-corner tip (Figure 1B) was used to
conduct the nano-scratch tests. First, a scratch length of 200 pm
is used by linear load from 0 to 30 mN and 0 to 60 mN. Then repeat
the above test 3 times. The experimental details are shown in
Figure 2. The surface morphology of the scratched samples was
observed by scanning electron microscope (SEM) (SUPRA 55,
ZEISS Corp., Oberkochen, Germany) and laser scanning confocal
microscopy (VKX200, KEYENCE Corp., Osaka, Japan). The data of
depth displacement and load curves were obtained by a Nano
Indenter G200.

3 Results

Figure 3A shows the surface morphology of the scratch under
the linear loadings of 0-30 mN with a length of 200 pm. Based on
the deformation characteristics, three regions can be identified
plastic deformation region, transition region, and brittleness
deformation region.

In the region of plastic deformation, the deformation characteristics
follow a typical ductile removal mode. There are some cutting chips
around both sides of the scratching and no cracks or breakages are
observed. In the transition region, cracks occur gradually in the plastic
deformation region by increasing the normal force. The deformation
characteristics show a mixture of plastic plowing and brittle breakage
which appears near the edges of the scratch. At the end of this region,
the brittle fracture appears prominently, and the number of chips
increases. Around the scratch, continuous chips are induced by ductile
removal, and the crack chips by brittle removal. In the brittleness
deformation region, when the normal force is 30 mN, the brittle fracture
deformation appears more prominently. No typical characteristic of
ductile removal on both sides of the scratch is observed, however, debris
and fragments scattered can be observed around both sides of the
scratch.

Figure 3B shows the scratch morphology under the linear
loadings of 0-60 mN. Three regions corresponding to the
different deformation behaviors can be observed on the scratch.
The length of scratch in brittle deformation is more than the other
two regions due to the slope of the increased loading.

Figure 4 shows the penetration depth-scratch distance/normal
force curves developed in the scratch process. It can be observed that
the curve characteristics of the three stages correspond to the three
regions of material deformation. The proportion of the deformation
range corresponds to Figure 3. The values of normal force on the
point of deformation transition are signed in Figure 3.

The three regions [, II, and III in Figure 3B are zoomed in Figure 5.
Figure 5A shows the morphology of the plastic deformation region in
detail. The deformation characteristics follow the typical ductile
removal mode. The material deformation around the sides and
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Loadings details for the experiment.

bottom of the scratch is plastic plowing along the direction of the
scratch. The chips on the edge of the scratch have the characteristics of
stick-slip flow, however, no characteristics of cracks and crushing are
observed in this region. In the transition region, as shown in Figure 5B,
it can be observed that breakage and cracking occur in the plastic
plowing areas. The plastic plowing coexists with a fracture on both sides
of the scratch, and some cracks extend to the surface. The characteristic
of brittle deformation is shown in Figure 5C. It can be found that there
are numerous crack-chips scattering around the scratch. A lot of cracks
propagate to the surface.

4 Discussion

During the nano-scratching of GaSb crystal under linear loadings
conditions, the plastic deformation of material occurs due to several
factors. At the start of the scratching process, due to the minimum
normal load, the indentation depth is not apparent, however, the
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material in the contact area of the indenter produces small
hydrostatic pressure, that is, concentrated underneath the cutter
edge of the indenter tip (Yan et al, 2005 Yoshino, 2016). The
hydrostatic pressure causes plastic deformation of the material
during scratching. In the first stage, the deformation behavior
corresponds to the morphology of the plastic plowing, as shown in
Figure 5A. In the second stage, the penetration depth of the indenter
increases with the normal force, which increases the hydrostatic
pressure as well as induces residual stress around the scratch (Gu
et al, 2011; Tian, 2021). Once the residual stress is close to or
considerably greater than the breaking strength, cracks gradually
spread in the plastic deformation region, therefore, the deformation
in this stage includes brittle-ductile transition, as shown in Figure 5B. In
the third stage, the deformation behavior can be considered as the
residual tensile stress exceeds the fracture toughness of the material
when the normal force increases. The number of cracks rapidly
increases with the load. The fracture morphology around the scratch
is shown in Figure 5C, the brittle deformation is apparent when the
crack intensity increases. In addition, the propagation directions of
cracks are affected by the stress field and the crystal orientation (Wang
et al,, 2017). As shown in Figure 4, the results can be found that the
values of normal force on the critical threshold of transitional
deformation and brittle deformation are 13 + 1 mN and 18 + 1 mN,
respectively. However, the brittle-ductile deformation transition
depends on the tip size and the material properties (Zhang et al,
2021). The critical normal forces corresponding to the deformation
transition don’t make sense. In order to evaluate the critical value of
brittle-ductile transition meaningfully, the ratio between the contact
stress and hardness can be calculated. The hardness H = 6.1 GPa can be
measured by nano-indentation testing. The mean contact pressures
under the critical normal force can be calculated by Eq. 1 (Gassilloud
et al,, 2005).

4F,
Oy = 2
a,

(1)

where F,, is the normal force, and a, is the residual scratch width, it
can be measured from Figure 3. When the F,, is 13 and 18 mN, the
value of a; is 1.49 and 2.41 um, the critical ratio is calculated as
0.39 and 0.21, respectively.
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FIGURE 3

The scratch morphology under loadings with (A) 0-30 mN and (B) 0-60 mN.
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FIGURE 4
The curve of penetration depth versus scratch distance/normal force.

During scratching, the complicated stress field is induced by
both the normal and tangential forces acting on the material surface.
The stress field will lead to the material’s deformation. The ductile
deformation or brittle deformation depends on the distribution
status of the stress field in zones of scratch. Hence, during
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scratching, the change of stress state is analyzed to reveal the
deformation behavior for GaSb crystalline. Figure 4. Shows the
relationship between the penetration depth and normal forces
under 0-30 and 0-60 mN. Three deformation stages can be
distinguished in Figure 4. In the first stage when the normal
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FIGURE 5
The detailed morphology of (A) ductile deformation, (B)
transitional stage, and (C) brittle deformation.

force increases, less fluctuation is noted in the displacement of
penetration depth and only plastic deformation exists in this stage.
In the second stage, the fluctuation of penetration depth increases
gradually and shows plastic and brittle deformations. In the third
stage, the fluctuation of penetration depth varies considerably,
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Plastic zone

Cracks

FIGURE 6
The schematic of the plastic zone and cracks caused by a sharp
diamond tip.

numerous chips jump off from scratches at the later stage of the
loadings and the material removal mode becomes brittle. Based on
this analysis, the results of Figure 4 are found consistent with
Figures 3, 5.

Figure 6. Shows the schematic diagram of plastic and brittle
fracture deformations when the GaSb crystalline is scratched by a
sharp diamond tip. The related geometric parameters are shown in
Figure 6. The stress field in the scratch groove includes the
Boussinesq field, Cerruti field, and sliding blister field. Therefore,
the stress components in the scratching zones are expressed as Eq. 2
(Jing et al., 2007).

0ij = k()(aij + klﬁij) + kz))ij (2)

where the value of k, is 0 during unloading and 1 while loading, k; =
F/F,, is the friction coefficient, F,, is the normal force, and F, is the
tangential force; In k, = B/F,, B is the strength of the sliding blister
field per unit sliding length. In Eq. 1, ay, By, and y;; represent the
expression of the Boussinesq field, Cerruti field, and sliding blister
field (Jing et al., 2007). Equation 2 can be used to express the stress
fields during scratching, but not used for determining the value of
inelastic zone size b. Thus, the value of b is solved by the model, as
explained in Eq. 3 (Ahn et al., 1998; Jing et al., 2007; Yang et al.,
2017). Equation 3 can be used to predict the depth of plastic
deformation:

5—-4v

b:a[3(1—20)+
n(5—-4v)\H

2V3 <£)% cot(pr (3)

where v = 0.3 is the Poisson ratio, E = 95 GPa is the elastic modulus,
H = 6.1 GPa is the material hardness, ¢ = 35 is the half-apex angle of
the indenter, and a is the contact size between the indenter and
material. A can be expressed as Eq. 4.

F,
a= A\/; (4)

where A = 1.25 is the shape coefficient of the indenter (Jing et al.,
2007).
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The normalized stress distribution along the scratch direction.

Cracks are induced during scratching when stress exceeds the
fracture strength of the brittle material (Yoshin et al.,, 2005). The
deformation behavior of the material is observed brittle as the cracks
grow intensively. The depth of the plastic deformation underneath
the scratch is found constant, as shown in Figure 6. This can be
assumed that position b is the maximum depth of the plastic
deformation during the scratching. Increasing the loadings can
induce the variation of stress underneath the scratch. The
generation of deformation behavior of a material can be
estimated by the variation of stress. As shown in Figure 6, the
maximum principal stress o7 at point b exists in the y-z plane along
the x-axis. The maximum principal stresses are nondimensionalized
using o,7b*/F,, and the results are shown in Figure 7. Where the
value of b can be calculated by Eq. 3, 07 can be calculated by Eq. 2,
and the values of &, 85, and y;; are given in Appendix A. As shown in
Figure 7, the curve between o,7b*/F,, and x may be divided into three
sectors by taking the slope of the curve. The three change rates of the
0y (shown in Figure 7) correspond to the plastic deformation region,
brittle-ductile and  brittle
deformation region, respectively. The results shown in Figure 7

transitional ~deformation region,

coincide with those shown in Figures 3-5.

5 Conclusion

The GaSb crystalline is scratched using a cube-corner tip under
the linear normal loadings conditions of 0-30 and 0-60 mN. The
relationship between the scratched depth and normal force is
obtained. Then, the critical ratio between mean contact pressures
and hardness in the transition region is calculated for the valuation
of the brittle-ductile deformation transition. The morphology of the
scratch is studied and the maximum principal stress in the region of
plastic deformation is calculated by applying the stress field mode
during the scratch. In a subsequent study, the results can promote
optimizing the processing of ultra-precision grinding. The main
conclusions of this research are summarized as:

During the nano-scratch tests, when normal force increases
linearly, three regions of deformation behavior are observed: Plastic
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deformation, the transition from plastic to brittle deformation, and
brittle deformation.

During nano-scratching, the relationship between the scratched
depth and normal force shows the critical values of transitional
deformation and brittle deformation are 13 + 1 and 18 + 1 mN,
respectively. However, in order to evaluate the critical value of
brittle-ductile transition meaningfully, the critical ratio between
mean contact pressures and hardness in the transition region is
determined as 0.39 and 0.21, respectively.

The maximum principal stress trend was obtained by the stress
field mode. The change rate of stress is analyzed to validate the
deformation mechanism from plastic to transitional deformations
and then transform to brittle deformation.

Future research on the machining of GaSb crystalline will be
built on the results of this study. The maximum-undeformed chip
thickness, a critical variable that determines the manner of material
removal in ultra-precision grinding, can also be determined using
the results of this study.
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