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ARTICLE INFO ABSTRACT

Associate Editor: Adam Thomas Clare Ultrasonic vibration cutting (UVC) is a promising technology that can promote the processing of hard-brittle
materials in ductile mode. The feature of intermittent cutting in UVC is considered to promote the ductile re-
sponses of brittle materials. However, the effect of cyclic loading/impact on microscopic deformation behavior of
the workpiece material in UVC is not clearly understood. This study used cyclic nanoindentation to reveal the
UVC mechanism in monocrystalline silicon (Si). The surface morphology and subsurface microstructure of the
residual indents were characterized and compared with those of the UVC-machined grooves. This work
attempted to correlate the tool-workpiece contacts for cyclic nanoindentation and vibration cutting. Cyclic
nanoindentation results show that cyclic loading promotes the extent of silicon amorphization and decreases the
threshold for transitioning the f-Sn phase to the bc8 and r8 phases. As the number of indentation cycles in-
creases, the subsurface microstructure changes from the amorphous phase to the bc8 and r8 phases. In UVC, both
the critical cutting depth for brittle-to-ductile transition and the degree of amorphization in cutting chips in-
crease in comparison to conventional cutting, which matches the trend of cyclic nanoindentation results. The
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findings inform the chip formation and subsurface deformation mechanisms of brittle materials during UVC.

1. Introduction

Monocrystalline silicon possesses not only superior semiconductor
properties but also excellent optical performance in the infrared (IR)
region. Ultraprecision machining of microstructures on silicon has
drawn increasing attention, because advanced optical systems require
optical components having more complex shapes to improve optical
performance and/or to create new functions, as outlined in the studies of
Chen et al. (2016). However, the manufacture of microstructures on
silicon is challenging due to the high hardness and brittleness of the
material. Ultrasonic vibration cutting (UVC) is considered an inspiring
technology for machining hard-brittle materials, as stressed by Mor-
iwaki et al. (1992) and Zhang et al. (2020), because UVC can increase
the cutting depth for brittle-to-ductile transition (i.e., critical depth of
cut) in machining. Zhang et al. (2017) firstly investigated the machin-
ability of silicon by elliptical vibration cutting and successfully fabri-
cated a sinusoidal surface and dimples in ductile mode on silicon by
applying an amplitude-controlled method. Wang et al. (2020a) devel-
oped a vibration cutting device which can be operated in the resonant
mode for ultrasonic elliptical vibration cutting and simultaneously in the
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non-resonant mode to provide cutting depth modulation. By using this
device, ductile texturing of dimple arrays on silicon surfaces was ach-
ieved under unchanged amplitudes of vibration trajectory. Although
optimization of UVC systems is attracting industry, such as the design of
longitudinal-bending vibrator (Bai et al., 2022) and flexure hinge-based
vibrator (Guo and Ehmann, 2013), and the development of vibrator
controller (Wang et al., 2020c) and algorithm (Hayasaka et al., 2021) for
vibration amplitude control and surface texturing, the machining
mechanisms of the UVC process have been an important issue for
research in the decades following the first advent of UVC systems.
Moriwaki et al. (1992) suggested that the tool-workpiece separating
characteristic improves the lubrication conditions between chip and tool
rake face, reducing the friction at the tool rake face-chip interface. Thus,
the instantaneous cutting force was reduced, suppressing the materials’
brittle fracture. Zhang et al. (2012) further developed a predictive model
of instantaneous force, considering the instantaneous shear angle,
thickness of cut, and characteristics of friction reverse. The force model
was verified using an orthogonal elliptical vibration cutting test, which
was produced through programing a CNC machine tool to drive two axes
of the machine tool in simultaneous motion. Nath et al. (2011)
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Fig. 1. Schematics of cyclic loading/unloading in (a) cyclic nanoindentation,
and (b) vibration cutting.

quantitatively modeled the actual thickness of cut in an elliptical vi-
bration cutting process, which provided a guideline for selecting proper
cutting parameters, including frequency and amplitudes of tool vibra-
tion, and cutting speed. Huang et al. (2018) further analyzed the vi-
bration trajectory in the elliptical vibration cutting process. They
noticed that the fractures generated in the current locus of cut can be
removed by the subsequent loci of cuts, provided the fractures do not
propagate below the final machined surface. Because the final machined
surface is formed by the envelope of numerous elliptical loci, and the
region between the final machined surface and loci of cuts can endure
fractures formation. Based on this concept, Wang et al. (2020b) opti-
mized vibration amplitudes and cutting speed during the vibration
cutting process to enhance hard-brittle material’s ductile-regime cutting
performance. However, the abovementioned cutting mechanisms were
explored from the perspective of the tool-workpiece contact geometry
and tool kinematics. The effects of vibration impact on the ductility of
brittle materials, and the resulting deformation behavior of the materials
were not considered.

To some extent, the deformation behavior of materials during the
vibration cutting process can be revealed by simulation. For example,
using a finite element simulation, Arefin et al. (2021) analyzed the stress
distribution and chip formation in a linear vibration cutting process.
They found that tool vibration affects strain hardening and elastic re-
covery of the material. Using molecular dynamics simulation, Liu et al.
(2021) explored the transition of material removal behavior from
extrusion to shearing related to the vibration amplitudes. Maroju and Jin
(2022) proposed a mechanical model of UVC that revealed the shear
angle variation was primarily affected by strain hardening of the ma-
terial, and validated the proposed model using finite-element simula-
tion. However, to date, very few studies, especially experimental
studies, have focused on the material removal mechanisms of UVC
processes by considering cyclic loading-induced material microstructure
changes. As UVC is an intermittent cutting process, the effect of cyclic
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loading of cutting tools on material’s mechanical properties is still
unclear.

The challenge of experimental studies on the mechanisms of material
removal affected by cyclic loading-induced material microstructural
changes is that how the cumulative intermittent impact affects the
deformation behavior of material is hard to identify directly. One so-
lution to overcome this problem is to conduct cyclic nanoindentation
tests, which can clarify the material microstructure changes due to pe-
riodic separation and contact of the workpiece and tool. This is because
cyclic nanoindentation can produce periodic loading/unloading on the
workpiece, which is similar to the intermittent cutting of UVC. Mean-
while, cyclic nanoindentation provides a real-time recording of load-
displacement curves during the indentation process, which provides
insight into the in situ deformation behavior of the workpiece material.
Fig. 1 shows schematics of cyclic loading/unloading in cyclic nano-
indentation and vibration cutting. In cyclic nanoindentation, the
indenter presses into the workpiece at a depth of h; and then withdraws
from the workpiece. Following complete indenter-workpiece separation,
the indenter is pressed into the workpiece again at a depth of hy, which is
Ah deeper than the previous cycle. Subsequently, following the
indenter-workpiece separation again, in the next cycle, the indenter is
pressed into the workpiece at a depth Ah deeper than the current cycle.
Similarly, in vibration cutting, the tool advances into the workpiece with
a cutting distance of l; and then withdraws from the workpiece.
Following complete tool-workpiece separation, the tool advances into
the workpiece again with a cutting distance of I, which is Al longer than
the previous cycle. Subsequently, following additional tool-workpiece
separation, in the next cycle the tool advances into the workpiece to a
cutting distance Al longer than the current cycle. When the tool enters
the material (loading), the material undergoes an increasing compres-
sive stress; next, when the tool separates from the material (unloading),
the material undergoes a decreasing compressive stress; and then, the
microstructure changes generated in the unloading will affect the ma-
terial deformation behavior in the next loading. Clearly, there is a
similarity in both the geometry and dynamics of the tool-workpiece
contacts of the two processes. Although cyclic nanoindentation tests
have been conducted on brittle materials, such as germanium (Gogotsi
et al., 2000), silicon (Fujisawa et al., 2007), and zirconia (Juri et al.,
2022), the research on connecting the findings from cyclic nano-
indentation to vibration cutting process has not been reported.

This study performed cyclic nanoindentation tests and vibration-
assisted groove-cutting experiments on monocrystalline silicon. The
subsurface microstructural changes and surface topography of residual
indents and machined grooves were examined. The effects of cyclic
loading on the material microstructure change were revealed by cyclic
nanoindentation. The material removal mechanisms of the UVC process
considering cyclic loading-induced material microstructure change were
explored by combining the cyclic nanoindentation test results with the
groove-cutting experiment results. This finding may inform the funda-
mental research on the material deformation behavior and chip forma-
tion mechanism in the machining of brittle materials using a vibration
tooling system.

2. Materials and methods
2.1. Material

The workpiece is a p-type single crystalline silicon (001) wafer with
dimension 20 x 10 x 0.5 mm. The surface finish of the workpiece is very
smooth (< 2 nm Sa) prepared by polishing process. The hardness of the
workpiece is calculated to be 13.1 + 0.1 GPa by the single cycle nano-
indentation test described in the next subsection.

2.2. Cyclic nanoindentation test

Cyclic nanoindentation test was conducted on a nanomechanical test
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Table 1
Setting conditions for cyclic nanoindentation.
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Total number of cycles First cycle Second cycle N th cycle Final cycle Loading/unloading time (s)
One cycle Total
Prnax (mN) 1 cycle 20 - - 20 20 20
2 cycles 10 20 20/2x N 20 10 20
5 cycles 4 8 20/5x N 20 4 20
10 cycles 2 4 20/10x N 20 2 20
20 cycles 1 2 20/20x N 20 1 20
unloading and advanced deeper into the workpiece in the following
T T T T T T T T ¥ T
5 cycles loading cycle. This process of nanoindentation can simulate the char-
20 + 4s acteristics of cyclic loading/unloading during vibration cutting, as pre-
= . sented in Fig. 1. A 3 x 3 square array of indentations, 10 pm apart, was
E 157 &s S performed in each group of indentation tests. To avoid the influence of
= 10} crystal orientation on indentation response, all the indentations were
o . . . . .
S performed in the same direction where one ridge of the indenter was
5t parallel to the [1 0 0] crystallographic direction.
0 '
10 cycles 2.3. Groove-cutting experiment
20 2%
Z 15 b | Fig. 3(a) presents the setup of the groove-cutting experiments. The
E o grooves were cut by an ultraprecision lathe, which is equipped with
}:’g 10 —o% vibration equipment (UTS2, Son-X Company, Germany). A diamond tool
S s —+ with a nose radius of 0.9 mm and a sharp edge was installed on the vi-
bration equipment, vibrating at approximately 101 kHz with an ampli-
0 tude of approximately 1 um. Fig. 3(b) illustrates the groove-cutting
0 10 20 30 40 50 experiment using the vibration equipment. A special jig was used to
Time (s) fix the workpiece, which can incline the workpiece slightly. Therefore, a

Fig. 2. Load versus time function used in 5 cycles and 10 cycles cyclic nano-
indentation tests.

system (iNano® nanoindenter, KLA Corp., USA). A Berkovich-type dia-
mond indenter with tip radius of approximately 40 nm was equipped. A
single cycle nanoindentation test was conducted with a holding time of
1 s at the maximum load (P;,,qy) is 20 mN. At this load, the size of residual
indent approximates the spot size in laser Raman microscope, and no
median cracks form in the subsurface of the residual indent, as reported
by Yan et al. (2005a). The loading and unloading rates were 1 mN/s;
thus, pop-out event will not occur in the single-cycle indentation with
Prnax of 20 mN, according to Jang et al. (2005). The Py values of each
cycle for the cyclic indentation tests are listed in Table 1. The total
loading/unloading times for all the cyclic indentation tests were the
same; thus, the larger the number of total cycles, the shorter the loa-
ding/unloading time for each cycle. Fig. 2 presents the load duration
curves for five and ten cycles of cyclic nanoindentation. In this manner,
the indenter was completely separated from the workpiece during

progressively deeper groove can be created as the spindle rotated. After
the groove-cutting experiment, the cutting direction of the microgrooves
was confirmed to be along the [4 3 0] crystallographic direction. The
feed rate of the X-axis slide was set to be sufficiently large such that the
created grooves will not interfere with each other. The spindle speed was
20 rpm, ensuring the tool separates from the material in each vibration
cycle. When the microgrooving under conventional cutting conditions,
the vibration equipment was turned off.

2.4. Surface/subsurface characterization

After the nanoindentation tests, a Raman microscope was used to
examine the microstructural changes of all the residual indents. The
topographies of typical residual indents were observed using a scanning
electron microscope (SEM), and then measured using an atomic force
microscope (AFM). After the groove-cutting experiments, the micro-
structural changes in the cut grooves were examined using the Raman
microscope. The groove’s topography was characterized using a white
light interferometer.

Diamond tool

Vibratign direction

Ultrasonic horn

X-axis

4’ Zz-axis

Fig. 3. (a) Experimental setup for vibration cutting; (b) illustration of groove-cutting experiment using a vibration equipment.
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Table 2
Number of indents for different types of Raman spectra in different cycles of the
nanoindentation test.

3 x 3 square arrays
of cyclic indentation

Number of indentations showing phase transformation

tests A-type (a-  B-type (Si-III/XII C-type (Si-III/XII
Si phase) phases with the phases without the
372 cm ! peak) 372 cm ™! peak)
1 cycle 9 0 0
2 cycles 4 2 3
5 cycles 2 4 3
10 cycles 2 3 4
20 cycles 2 2 5

3. Results and discussion
3.1. Subsurface microstructural changes of indents

The Raman spectrum of every residual indent (a total of 45 indents in
five arrays) was characterized to evaluate the subsurface microstruc-
tural changes of the workpiece material after nanoindentation with
different numbers of cycles. Among all the spectra, three typical types of
spectra were observed, as plotted in Fig. 4. The A-type spectrum (see
Fig. 4(a)) shows the formation of an amorphous phase (a-Si, featured by
abroadband at 470 cm ™) along with the original crystalline phase (c-Si,

¢-Si
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featured by a peak at 521 cm’l), as delineated by Juliano et al. (2003).
The C-type spectrum (Fig. 4(c)) shows the generation of the bc8 phase
(Si-III, featured by the peaks at 382 and 438 cm 1) and 18 phase (Si-XII,
featured by the peaks at 352, 395, 438, and 493 cm’l), along with the
original crystalline phase c-Si, as delineated by Huang and Yan (2015)
and Pizani et al. (2006). The B-type spectrum (Fig. 4(b)) shows a plot
similar to that of the C-type spectrum but has one more peak at
372 cm™ . Chavoshi et al. (2017) and Yan et al. (2005b) pointed out this
peak corresponds to Si-XII phase. Table 2 summarizes the three types of
Raman spectra of the residual indents in the indentation tests with
different numbers of cycles. From Table 2 we see that all the indents
produced by single-cycle indentation exhibit an A-type spectrum,
showing only an amorphous phase transformation. However, as the
number of indentation cycles increased, the number of indents exhib-
iting A-type spectrum decreased and those showing B-type and C-type
spectra increased, which indicates that the amorphous phase changed to
the Si-III phase and Si-XII phase through multi-cycle indentation. This
result is consistent with those results reported by Huang and Yan (2015)
and Pizani et al. (2006). Moreover, it can be noted that the amorphous
phase almost completely transformed to the Si-III and Si-XII phases
within five cycles; then, as the number of indentation cycles continued
to increase, the number of indents exhibiting a B-type spectrum
decreased and those showing a C-type spectrum increased. Jang et al.
(2005) and Yan et al. (2005b) have reported that the amorphous state
tends to form at fast unloading, whereas a mixture of Si-IIl and Si-XII
phases forms upon a slow unloading, which is attributed to the fact
that the slower unloading rates provide more time for the nucleation
event to occur. However, in this study the mixture of Si-IIl and Si-XII
phases is inclined to form when the number of indentation cycle is
large; meanwhile the loading/unloading rate increases with the number
of indentation cycle (see Table 1). In other words, the formation of Si-III
and Si-XII phases could also occur at fast unloading. This indicates that
the nucleation of Si-IIl and Si-XII phases occurred in the unloading
period of each cycle and accumulated as the number of indentation
cycles increased, eventually leading to the phase transformation. This
issue will be discussed in detail in Section 4.1.

Although the number of indents showing an amorphous phase
decreased with increasing indentation cycles, the amorphous phase
remained in the residual indent after 20 indentation cycles. Therefore,
the A-type spectra of the indents produced by the cyclic indentations of
different cycles were compared, as presented in Fig. 5(a). The intensities
of the main peaks, that is c-Si and a-Si peaks, of the spectral curves were
extracted, as plotted in Fig. 5(b). In the first several cycles, as the
number of cycles increased, the c-Si peak intensity dropped dramati-
cally; then, when the number of cycles continued to increase from five to
twenty cycles, the intensity drop became much lower. On the other
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Fig. 5. Comparison of A-type Raman spectra among residual indents produced by different nanoindentations: (a) spectral curves, and (b) intensities of main peaks.
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hand, the intensity of the a-Si peak continued to increase slightly with an
increase in the number of cycles, indicating that the degree of
amorphization increased with the increasing number of cycles.

3.2. Topography of indents

SEM images of the residual indents with an amorphous phase are
presented in Fig. 6(al)-(el). All indentations caused radial cracks,
which propagated normal to the surface along three corners of the re-
sidual indent. The length of each radial crack (c) was measured from the
end of the crack at the workpiece surface to the center of the indent, as
shown in Fig. 6(al). For every indent, the average lengths of the three
radial cracks were calculated and are shown in Fig. 7. The length of the
crack induced by two cycles of cyclic indentation is shorter than that
induced by a single cycle of indentation, and then the length of the crack
increases with the number of indentation cycles. Furthermore, the lines
parallel to the edges of the indent are clearly observed on two of the
three sides of the indent surface, which is attributed to the compressive
and shear stress-induced plastic flow of the material, as reported by
Geng et al. (2021). However, owing to the slight inclination of the
sample surface with respect to the horizontal plane, less deformation
occurs on the lower side of the sample, and thus, no plastic flow lines
appear on the lower side of the indent surface.

The corresponding surface topographies of the residual indents
presented in Fig. 6(al)-(el) were measured using AFM, as shown in
Fig. 6(a2)—(e2). It can be seen from every indentation that significant
pile-ups formed next to the side of the two indent surfaces where the
plastic flow lines were generated, whereas an insignificant pile-up was
produced next to the side of the one indent surface without plastic flow
lines. This indicates that the workpiece material beneath two of the
three sides of the indenter underwent greater plastic deformation, which
is consistent with the formation of plastic flow lines (Fig. 6(al)-(el1)).

Then, the cross-sectional profiles of the residual indents were
extracted to analyze the depth of the residual indents and the height of
the pile-ups, as shown in Fig. 6(a3)-(e3). It can be seen from the profiles
that the residual indent’s depths gradually increased with an increasing
number of indentation cycles. In particular, the residual indent depths of
10 and 20 cycles cyclic indentations were 1.8 and 2.4 times the residual
indent depth of single cycle indentation. However, the height of the pile-
ups was slightly affected by the number of indentation cycles, which
increased from 21.4 nm to 28 nm when the indentation cycles increased
from 1 to 20. This indicates that subsurface densification was enhanced
by the cyclic indentation. Considering the presence of a-Si and c-Si in the
subsurface of these residual indents, and the fact that ¢-Si can be com-
pressed in volume at high pressures without phase transformation, as
reported by Domnich and Gogotsi (2002), it is supposed that cyclic
indentation caused greater residual stresses that compress the c-Si.

Journal of Materials Processing Tech. 311 (2023) 117797

Nevertheless, since the probability for the formation of Si-III/XII phases
increases with the number of indentation cycles (see Table 2), and the
Si-III/XII phases are denser than c-Si at the same pressure according to
Domnich and Gogotsi (2002), it can be inferred that the material
compression in relation to the phase transformation becomes dominant
in the cyclic indentation as the number of indentation cycles increases.
The residual depth of each indent is also plotted in Fig. 7 to perform a
combined analysis of the crack length and residual indentation depth.
Although the depth of the residual indents increased with an increasing
number of indentation cycles, the crack length first decreased when the
indentation cycle changed from 1 to 2, and then increased with an in-
crease in the number of indentation cycles. The crack length of five
cycles of cyclic indentation is slightly higher than that of single-cycle
indentation, but the residual indent depth of the former is 1.6 times
greater than that of the latter. Therefore, it can be inferred that incre-
mental cyclic loading can suppress crack growth. This might be because
the amorphous phase silicon gradually increases in the cyclic indenta-
tion, and thus decreases the brittleness of the material.

3.3. Load-displacement curve characteristics

To understand the evolution of the deformation behavior of mate-
rials under cyclic loading conditions, analyzing the curves of load-
displacement and average contact pressure-displacement is an effec-
tive approach. In every indentation group, the load—displacement curve
of a residual indent showing an A-type spectrum was plotted, as shown
in Fig. 8. An artificial shift was inserted between cycles to easily observe
the curve of each cycle. Meanwhile, to clearly illustrate the relationship
between the curves of the former and latter cycles, several curves for two
adjacent cycles were extracted from every cyclic indentation group and
plotted without artificial shifts. Fig. 8(a) shows the curve of a single-
cycle indentation in which an elbow event was observed upon unload-
ing. This phenomenon is widespread in the nanoindentation of single-
crystal silicon, as reported by Domnich et al. (2000) and Jang et al.
(2005), indicating the formation of an amorphous phase. As the number
of indentation cycles increased, the number of curves also increased;
however, the shapes of the curves for each cycle (excluding the curve of
the first cycle) in all groups, which have a lanceolate leaf-like shape, i.e.,
the widest part of the curve near the center and the narrowest part near
the apex, are the same. This is because the elbow event is formed upon
unloading in every indentation cycle, and the loading curve has a var-
iable curvature.

By analyzing the curve of two adjacent cycles without an artificial
shift (see the right half of Fig. 8(b)), in the former cycle, the indentation
depth decreased to a minimum value when the applied force decreased
to zero. In the latter cycle, at the beginning of reloading, the indentation
depth increased slowly, as indicated in stage 1. As the indentation depth
continued to increase, the increasing rate of indentation depth became
faster (stage 2). With further increase in the indentation depth, the
increasing rate of the indentation depth slowed down again, until the
applied force approached the value equal to the peak load of the pre-
vious cycle (stage 3). When the applied force reached the peak load of
the previous cycle, the indenter penetrated to the same depth as before
the unloading of the previous cycle. This suggests that, from a macro
perspective, the material underwent quasi-elastic deformation during
the period from the unloading of the previous cycle to when the applied
force reloaded to a value equal to the peak load of the previous cycle in
the current cycle. Once the applied force exceeded the peak load of the
previous cycle, the increasing rate of the indentation depth became fast
again (stage 4). As the number of indentation cycles increased to 5, 10,
and 20, the trend of their loading curves was the same as the two cycles
of cyclic indentation, as shown in Fig. 8(b)-(e), respectively.

The load-displacement curves for the residual indents in the 10 and
20 cycles indentations that show B-type and C-type spectra, respectively,
are plotted in Fig. 9. In the curve of 10 indentation cycles (Fig. 9(a)), a
pop-out event occurred upon the unloading of the 9th cycle. This
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Fig. 8. Load-displacement curves of the residual indents showing A-type Raman spectrum in: (a) single cycle indentation, (b) two cycles, (c) five cycles, (d) ten

cycles, and (e) twenty cycles cyclic indentations.

indicates that during the unloading process, the Si-II phase, which is
transformed from c-Si in the loading process changes to Si-IIT and Si-XII
phases with lower density structures, resulting in volumetric expan-
sions, as reported by Juliano et al. (2003). In the following cycle (which
is also the last cycle), a pop-out event also occurred during the unloading
process but was not as clear as the previous pop-out. Similarly, in the
curve of 20 indentation cycles (Fig. 9(b)), the pop-out event occurred
upon the unloading of the 9th cycle, and it gradually became less
noticeable as the number of indentation cycles increased. This indicates

that the Si-III and Si-XII phases can complete the phase change from the
Si-II phase in a few indentation cycles. Moreover, it is worth mentioning
that Yan et al. (2006) reported that the load-threshold for the occurrence
of a pop-out event is approximately 30 mN in single-cycle nano-
indentation of single-crystal silicon. In contrast, in cyclic indentation the
pop-out event occurred at a load of less than 10 mN in the 9th of the 20
cycles. Therefore, it can be inferred that the cyclic loading effect will
decrease the threshold for the Si-II phase transitioning to the Si-III and
XII phases.
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To confirm the evolution of the phase changes occurring in cyclic
indentations, the curves of average contact pressure vs. displacement
were calculated based on the load-displacement curves. The average
contact pressure (ACP) is expressed as

P

ACP = 1 (€D)]

where P is the real-time load on the indenter and A is the projected
contact area under the corresponding indenter load.

According to Fischer-Cripps (2011), the value of A for a Berkovich
indenter is related to the depth h. beneath the contact, and can be
calculated as follows:

A=245x1 @
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he = hi —hs 3
where h; is the real-time displacement of the indenter, which is recorded
in the load-displacement curve. h; is the elastic deflection of the
indented surface.

hg can be estimated by Eq. (4) according to Juliano et al. (2003).

P

P (€]

hy = (hs )mﬂx

where (hg)max is the elastic deflection of the indented surface when the
indentation load reaches a maximum and can be calculated as follows:

Pmax
() o = EW 5)
where ¢ is 0.75 for the Berkovich indenter. Py, is the maximum load
during a given indentation cycle. dP/dh is the contact stiffness, S, which
is the value of the initial slope of the unloading curve of the given cycle.

Fig. 10(a) and (b) show the curves of the average contact pressure
versus indentation depth calculated from the load-displacement curves
presented in Figs. 8(e) and 9(b), respectively. The former indentation
corresponds to the indent showing an A-type Raman spectrum (indi-
cating the formation of an amorphous phase) after 20 cycles of cyclic
indentation (hereinafter referred to as A-type indent), and the latter
indentation corresponds to the indent showing a C-type Raman spec-
trum (indicating the formation of Si-III/XII phases) after 20 cycles of
cyclic indentation (hereinafter referred to as C-type indent). From an
overall perspective, the pressure at the end of the first loading period for
both A- and C-type indents is ~21 GPa, which is much larger than the
single-crystal silicon hardness (~13 GPa). As the load increases with the
number of indentation cycles, the pressure at the end of the loading
period gradually decreases. This phenomenon of the indentation depth-
dependent contact pressure has been known as indentation size effect
(ISE), which is related to the geometrically necessary dislocations and
statistically stored dislocations in the workpiece surface, according to
Nix and Gao (1998). From a micro perspective, the average contact
pressure curves of the A- and C-type indents are similar in the first
several cycles. In the reloading period, for example the second loading
period, the contact pressure gradually increases with the indentation
depth (see AB region in Fig. 10(a)), which corresponds to stage 1 in the
load-displacement curve, as defined in Fig. 8(b). Then, the contact
pressure suddenly decreases (see BC region), which corresponds to stage
2 in the load-displacement curve. As the indentation depth continues to
increase, the contact pressure starts to increase again until the inden-
tation depth increases to the depth equal to the maximum indentation
depth of the previous cycle (see CD region), which corresponds to stage
3 in the load-displacement curve. Then, the contact pressure decreases
again with further increase in the indentation depth until the unloading
period begins (see DE region), which corresponds to stage 4 in the
load-displacement curve. The pressure drop in the BC region has the
same characteristics as the pop-in event reported by Chang and Zhang
(2009), indicating that the material deformation behavior transitions
from purely elastic deformation (AB region) to elastic-plastic deforma-
tion accompanied by the phase transformation from amorphous phase to
Si-II phase. In the CD region, the contact pressure shows an increasing
trend again, indicating that the phase transformation-based plastic
deformation tends to slow down, and the elastic deformation becomes
dominant again. Once the indentation depth exceeds the maximum
indentation depth of the previous cycle, further plastic deformation
occurs, leading to a pressure drop in the DE region, which is confirmed
by Gogotsi et al. (2000).

However, in the 9th unloading period, the pressure curve of the C-
type indent appears significantly different from that of the A-type
indent, which is caused by the occurrence of a pop-out event in the C-
type indent. Subsequently, for the C-type indent, the pressure at the end
of the 10th loading period suddenly increases, and is maintained at a
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high value at the end of the loading period in the remaining cycles. The
pressure at the end of the 20th loading period is ~16 GPa, which is
larger than the single-crystal silicon hardness. This is because Si-III/XII
phases are formed in the workpiece subsurface when the pop-out event
occurs, which is harder than the diamond cubic structure silicon (Si-I)
phase, stressed by Huang and Yan (2015). After the formation of
Si-III/XII phases, the sudden pressure drop is absent in the contact
pressure curve of the loading period, because the compressed Si-III/XII
phases will not transform to Si-II. Nevertheless, the slope of the contact
pressure gradually slows down as the indentation depth increases, and
then a slight pressure drop occurs when approaching the end of loading
(stage 4 in the load-displacement curve). This indicates that the Si-I
phase in the deeper substrate transforms to Si-II phase. For the A-type
indent, from the 1st to the 20th indentation cycle, the pressure at the end
of the loading period decreases continuously to ~13 GPa, similar to the
hardness of single-crystal silicon.

Based on the pressure analysis of Fig. 10(a) and (b), it is clear that
before the unloading of each cycle, a certain amount of the Si-II phase
will be generated beneath the indenter. When the unloading starts, the
Si-II phase does not revert to the Si-I phase but instead changes to an
amorphous phase. The pressure at which the amorphous phase trans-
formation (elbow event) first occurs is ~9 GPa during the unloading of
the first cycle. Furthermore, nanocrystalline grains with the r8 structure
(Si-XII) nucleate within the amorphous phase when the pressure is
released to ~8.2 GPa, and then some of them would convert to the bc8
structure (Si-III) when the pressure is decreased to ~2 GPa, as reported
by Ackland et al. (1994). Because the amount of nucleation of nano-
crystalline grains in the amorphous phase is random, a seed crystal may
not have been generated even after 20 cycles of cyclic indentation.
Therefore, it is possible to observe that the elbow event occurs during
the unloading of every cycle, as shown in Fig. 10(a). Consequently, the
residual indent shows an A-type Raman spectrum. Nonetheless, there is
a trend that the greater the number of indentation cycles, the greater the
possibility of producing a C-type indent. This is because the Si-XII phase
is harder than the Si-I phase; thus, the nanograins of the Si-XII phase
grow as the number of indentation cycles increases. It can be inferred
from Fig. 10(b) that a sufficient Si-XII phase is generated as a seed crystal
after eight indentation cycles. When the pressure falls below 7.8 GPa
during the unloading of the 9th cycle, the Si-II phase transforms to the
Si-XII phase rapidly, accompanied by volume expansion, which causes a
pop-out event. As the pressure further decreases to ~2 GPa, a part of the
Si-XII phase converts to the Si-IIl phase. When the loading of the 10th
cycle starts, the Si-XII phase remains in the subsurface and the Si-III
phase inverts to the Si-XII phase; thus, from the 10th indentation cycle,
the pressure suddenly increases. The detailed evolution of phase trans-
formation is discussed in Section 4.

3.4. Topography of ultrasonic vibration cut microgrooves

Fig. 11(a) and (b) show 3D topographies of the microgrooves plunge-
cut without and with vibration assistance. The groove cut with vibration
assistance had a more intact edge than the groove cut without vibration
assistance (conventional cutting), though both grooves were cut at the
same cutting parameters by using the same tool edge. Considering that
chipping tends to occur at the groove edge in the microgrooving of
brittle materials during conventional cutting because of the high stress
concentration at the apex of the groove edge, it can be inferred that
vibration cutting promotes more ductile removal behavior at the groove
edges when brittle materials are microgrooved. This may be because the
instantaneous cutting force could be reduced by vibration cutting, which
consequently reduces the tensile stress in the workpiece, as mentioned
by Moriwaki et al. (1992). Subsequently, the cross-sectional profiles of
the microgrooves were extracted, as shown in Fig. 11(c) and (d), for
determining the critical depths of cut where the brittle-to-ductile tran-
sition appeared. The critical depth of cut for the groove cut under con-
ventional cutting conditions was 43 nm, while that for the groove cut
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under vibration-assisted cutting conditions was 135 nm. This means that
the critical depth of cut increases 3-fold by using a vibration cutting
device.

The enlarged views of the 3D topographies of the cut-in areas of the
conventional-cut and vibration-cut grooves are presented in Fig. 11(e)
and (g), respectively. Generally, in the conventional-cut groove, the
smooth transition of the contour line starting from the cut-in point is
very short, and many spots with various colors are observed as the
groove becomes deeper. This indicates that ductile mode cutting was
realized in the beginning but was limited to a very small depth of cut,
which was then followed by brittle mode cutting, causing microfractures

11

to form on the grooved surface. By contrast, in the vibration-cut groove,
the smooth transition of the contour line is distributed throughout the
observation area without any colored spots. This suggests that the
groove in the observation area was machined in the ductile mode, and its
ductile-to-brittle transition depth was much greater than that of the
conventional-cut groove. However, under the vibration-assisted cutting
condition (Fig. 11(g)), the material was not removed from the cut-in
point, but a dozen microns from the cut-in point. Fig. 11(f) shows the
cross-sectional profiles of both the conventional- and vibration-cut
grooves, which are perpendicular to the cutting direction near the cut-
in point. The cross-sectional profile of the conventional-cut groove fits
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the tool edge contour well, while the cross-sectional profile of the groove is smooth and fits the tool-edge contour well. In contrast, the
vibration-cut groove is much shallower than the tool edge contour. With profile of the conventional cut groove is rough, which is caused by the
a further increase in the cut depth, complete material removal started to microfractures generated on the groove surface, although the conven-
occur under the vibration-assisted cutting condition forming a normal tional cut groove has the same width as the vibration-cut groove. These

vibration-cut groove. Fig. 11(h) shows the cross-sectional profiles of the results confirm that vibration cutting can increase the depth of cut for
two grooves far from the cut-in point. The profile of the vibration-cut brittle-to-ductile transition in processing single-crystal silicon.
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Additionally, these results indicate that if the depth of cut is extremely
small (< 10 nm) during the vibration cutting process, the material is not
removed as it would be in the conventional cutting process; instead,
significant elastic deformation of the material occurs.

3.5. Subsurface microstructural changes of ultrasonic vibration cut
microgrooves

The Raman spectra of the grooves machined under conventional and
vibration-assisted conditions are shown in Fig. 12(a). The detection lo-
cations were chosen in the ductile-cut area of the grooves. The Raman
peak at 520 cm™!, indicating single-crystal silicon (c-Si), is the main
peak in both spectra; but the intensity of the peak of ¢-Si in the vibration-
cut groove is slightly lower than that in the conventional-cut groove.
However, at the Raman shift of approximately 475 cm™!, indicating
amorphous silicon (a-Si), the corresponding intensity is slightly stronger
in the vibration-cut groove. These results indicate that vibration cutting
causes a greater extent of microstructural change in the workpiece
subsurface.

In addition, the Raman spectra of cutting chips generated in the
grooving process were also characterized, as shown in Fig. 12(b). The
peak at 475 cm ™! associated with the amorphous phase and the peak at
520 cm ! associated with crystalline Si are the main peaks. This result is
consistent with the report from Yan et al. (2009a), indicating that the
chips produced in the ductile cutting of silicon contain amorphous and
crystalline silicon. Because the absolute Raman intensity was affected by
the size and density of the chip cluster, Raman peak intensity ratio (r)
was introduced to analyze the degree of amorphization in cutting chips,
and determined by.

r= I, ®)

where I, is the a-Si peak intensity and I, is the c-Si peak intensity.

The results revealed that under conventional cutting conditions r was
1.097, while under vibration-assisted cutting conditions r was 1.179.
The vibration-assisted cutting achieved 7.5% growth in the amorphous
silicon, indicating that intermittent cutting promoted the amorphization
of silicon, which is consistent with the cyclic indentation result that
cyclic loading causes more amorphous phase formation in the material.
The higher level of amorphous phase in the chips produced under vi-
bration cutting may be because, on the one hand, as reported by Yan
et al. (2009a) the Si-II phase in the chips will change to amorphous
phase after the separation of chips and tool, which is like the amorph-
ization occurring in unloading of indentation; on the other hand, the
number of separations between the tool and material are increased due
to vibration cutting, and the amorphous phase would be generated in the
material and be removed as chips in the following cutting cycle.

4. Discussion of process mechanisms
4.1. Mechanism of cyclic indentation

Based on the subsurface microstructure characterizations (Section
3.1) and the analysis of the load-displacement curves and the curves of
average contact pressure vs. displacement (Section 3.3), a model for the
possible evolution of subsurface microstructural changes under cyclic
nanoindentation is proposed, as illustrated in Fig. 13. In the first cycle,
when the load reaches a maximum, the diamond cubic (Si-I) phase
beneath the indenter changes into the metallic $-Sn (Si-II) phase as the
pressure increases above 13 GPa. Then, as the indenter starts to with-
draw from the material (unloading of the first cycle), the far-field
transition with the elastic region undergoes elastic recovery first. As
the indenter continues to withdraw, the pressure gradually decreases,
and when the pressure falls below 9 GPa, the metallic f-Sn phase
changes to the amorphous phase (a-Si), which causes the elbow event to
occur in the unloading curve. In addition, nanocrystalline grains with Si-
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III/XII phases nucleate within the amorphous phase with random
numbers and shapes; these nanograins tend to form in the central lower
region of the indent where the highest pressure is generated, which has
been observed using cross-sectional transmission electron microscope
by Yan et al. (2005a). During the loading of the second cycle, the
indenter first contacts the mixture of amorphous phase and nano-
crystalline grains and deforms the material elastically, corresponding to
stage 1 in the load-displacement curves and the AB region in the curves
for average contact pressure (ACP). As the indentation depth continues
to increase, the pressure reaches ~21 GPa, causing the amorphous phase
to transform into Si-II phase. Thus, the indentation depth increases
faster, and the contact pressure suddenly drops, which corresponds to
stage 2 in the load-displacement curves and the BC region in the ACP
curves. With further increase in the indentation depth, the increasing
rate of the indentation depth slows down again, correlating with stage 3
in the load-displacement curves and the CD region in the ACP curves,
because the phase transformation-based plastic deformation becomes
weaker, and the elastic deformation becomes dominant again. When the
load of the indenter exceeds the peak load of the previous cycle, the
pristine diamond cubic phase in the deeper substrate changes to the Si-II
phase, causing a faster increase in the rate of indentation depth and a
decreased contact pressure, which corresponds to stage 4 in the
load-displacement curves and the DE region in the ACP curves. In the
next few cycles, the process of microstructural changes will follow the
above process, but the amorphous layer becomes larger during the
unloading of the cycles, as evidenced by the fact that the intensity of the
amorphous peak in the Raman spectra (Fig. 5) and the width of stage 2 in
the load-displacement curve (Fig. 8) increase with increasing indenta-
tion cycles.

After several cycles of indentation, when the indenter is unloaded
again, nanocrystals of Si-XII, which serve as nucleation points, continue
to grow in the Si-II phase as the number of cycles of unloading increases
(Ruffell et al., 2007). When the Si-XII seeds grow to a certain level, once
the pressure is below 7.8 GPa, the Si-II phase rapidly changes to the
Si-XII phase, which is accompanied by volume expansion (Huang and
Yan, 2015). This causes a pop-out event, as presented in Fig. 10(b).
However, Ackland et al. (1994) found that the Si-XII phase becomes
unstable when the pressure is below ~2 GPa, and then part of it is
converted into the Si-IIl phase. Thus, the residual indent shows a
mixture of Si-IIl and Si-XII phases. Then, during the loading of the next
cycle, when the indenter reaches the peak load, the Si-III phase reverts to
the Si-XII phase, and the Si-XII phase generated in the previous cycle
persists because of its higher hardness than the Si-I phase; meanwhile, a
thin layer of Si-I phase beneath the Si-XII phase will transform into the
Si-II phase. Subsequently, unloading begins, during which the Si-II phase
is reverted to the Si-XII phase owing to the existence of Si-XII phase
seeds. However, the pop-out event becomes insignificant (see Fig. 9)
because the amount of the newly formed Si-II phase is too small. When
the pressure falls below ~2 GPa, a part of the Si-XII phase transforms to
the Si-III phase again, and as the number of indentation cycles increases,
an increasing amount of Si-XII phases tend to transform to the Si-III
phase in the process of unloading, as suggested by the Raman results,
which reveal that the number of C-type spectra with strong Si-III phase
peaks increased with the number of indentation cycles.

From this evolution model, it is also possible to determine the reason
for the phenomenon (Fig. 7) that crack growth is suppressed during the
incremental cyclic loading of nanoindentations. In cyclic nano-
indentation, the maximum load of each cycle gradually increased until it
reached the ultimate peak in the last cycle. In single-cycle nano-
indentation, the maximum load, which is also the ultimate peak, was
applied to the workpiece surface in one cycle. It is obvious that the
cracks generated in the early cycles of the cyclic nanoindentation will be
smaller than those produced in the single-cycle nanoindentation owing
to the smaller maximum load. Moreover, as amorphization occurs in the
workpiece subsurface in the early cycles of cyclic nanoindentation and
that the amorphous phase possesses better microplasticity and less
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hardness (Yan et al., 2005a), the depth of the indent produced in cyclic
indentation is much deeper than that produced in single-cycle inden-
tation, but the crack length in cyclic indentation is shorter or slightly
higher than that of single-cycle indentation.

4.2. Mechanism of UVC

Although both cyclic nanoindentation and vibration cutting generate
a cyclic loading effect, the kinematics of material deformation during
indentation and cutting are not exactly the same. In the former case, the
material is deformed by pressing the indenter downwards, and
compressive stress plays a significant role in material deformation; in
the latter case, the material is separated from the substrate by moving
the tool forward, and shear stress contributes greatly to material
removal. Nonetheless, the phenomena observed in the cyclic nano-
indentation test helps explain the machining mechanism of vibration
cutting, because during vibration cutting of the material, the tool also
generates cyclic compressive stress on the material, especially when the
tool edge is blunt causing a low relative tool sharpness.

Based on the findings from cyclic nanoindentation tests and the
widely accepted deformation mechanisms of silicon in conventional
cutting, a model for the formation mechanisms of chips in one cycle of
ductile vibration cutting of silicon was proposed, as illustrated in Fig. 14.
As the tool approached the material (S1. Contact), the tool rake face first
made contact with the amorphous zone, which was caused by the tool-
workpiece separation (unloading) in the previous cutting cycle. Once
the tool advanced into the material (S2. Press), a quasi-elastic defor-
mation occurred within the amorphous zone because the amorphous
phase was softer than the substrate; meanwhile, a phase change from a
diamond cubic (Si-I) phase to a metallic (Si-II) phase was initiated in the
material at a relative distance from the tool owing to the generated
compressive stress. When the tool advanced further relative to the ma-
terial (S3. Cut), the shear stress caused the material to separate from the
substrate, resulting in chip formation. Therefore, the chips contain the
amorphous phase generated in the previous cycle, the amorphous phase
formed after unloading of the Si-II phase in the current cycle, and the
shearing-induced material removal of the Si-I phase in the current cycle.
Subsequently, the tool rake face began to depart from the material (S4.
Depart), quasi-elastic recovery occurred at the tool-workpiece interface,
and a new amorphous phase was generated in this region by the
unloading of the Si-II phase. Finally, the tool and material were
completely separated (S5. Separate). Subsequently, new cutting cycles
were initiated.

In conventional cutting, the amorphous phase in the chips only forms
after the chips have been separated from the substrate; however, in vi-
bration cutting, the amorphous phase in the chips comprises not only the
amorphous phase formed by the same process as conventional cutting,
but also the periodic tool-workpiece separation-induced amorphous
phase. Therefore, the extent of amorphization in the chip generated by
vibration cutting was greater than that generated by conventional cut-
ting, which is consistent with the measured Raman spectra of the chips.
Besides, the tool obtains a higher instantaneous cutting speed and ac-
celeration in ultrasonic vibration cutting than in conventional cutting.
Therefore, on the one hand, in the tool-workpiece separation moment,
the quick pressure release leads to formation of purer amorphous phase.
On the other hand, in the tool-workpiece contact moment, compressive
strength and dynamic fracture toughness of the amorphous phase are
increased at higher strain-rate, as reported by Sheikh et al. (2018) and Li
et al. (2020). And as a result, ductile mode machining of silicon is
enhanced in the ultrasonic vibration cutting process.

If a tool with a blunt edge is used the shearing action becomes less
significant during cutting and the plowing effect becomes significant;
that is, the compressive stress-induced elastic and plastic deformation
dominates the material deformation behavior, which consequently
causes less material removal from the workpiece (Fang et al., 2005). A
model for correlating the tool edge radius and the thickness of the
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plowed material was developed, as presented in the Appendix. This
model indicates that the thickness of the plowed material increased with
increasing tool edge radius. Thus, vibration cutting process with
blunt-edge tools is closer to cyclic nanoindentation process. Moreover,
in the conventional cutting of silicon, it has been reported that a
blunt-edge tool can cause a thick amorphous layer to form in the
workpiece subsurface, which changes from the high-pressure induced
metallic phase after the tool has passed (unloading). Therefore, it is
assumed that in the vibration cutting of silicon using a blunt-edge tool, a
thicker amorphous layer would be generated than in conventional cut-
ting because the tool vibration causes a cyclic compressive stress field
under the tool, as illustrated in Fig. 15.

5. Conclusions

This study performed cyclic nanoindentation tests and vibration-
assisted groove-cutting experiments on monocrystalline silicon. The
surface morphologies and subsurface microstructures of residual indents
and plunge-cut grooves were measured. A combined analysis of the
cyclic nanoindentation test and groove-cutting experimental results was
conducted to understand the material deformation behavior of the vi-
bration cutting process. The following conclusions are drawn from this
study:

(1) The material underwent significant plastic deformation during
nanoindentation, resulting in plastic flow lines forming on the
indented surfaces. The incremental cyclic loading of nano-
indentation can suppress crack growth.
Cyclic loading promotes microstructural changes in the subsur-
face material. In particular, for single-crystal silicon, as the
number of loading cycles increases, the microstructure of the
subsurface damaged layer tends to change from an amorphous
phase to a mixture of bc8 and r8 phases. Moreover, the cyclic
loading action decreases the critical load for transitioning the
p-Sn phase to the bc8 and r8 phases.
In cyclic nanoindentation, the material undergoes quasi-elastic
deformation during the period from the unloading of the previ-
ous cycle to when the applied force reloads to a value equal to the
peak load of the previous cycle in the current cycle. Therefore,
during vibration cutting, the material may also undergo quasi-
elastic deformation from the point when the tool moves back-
ward relative to the material in the previous cycle to the point
when the tool presses into the material to the previous relative
separation point in the current cycle.

Under vibration-assisted cutting conditions, the critical depth for

the brittle-to-ductile transition of silicon is 135 nm, which is

approximately three times the critical depth under conventional
cutting conditions in the present groove-cutting experiments.

During the vibration cutting process with an extremely small

depth of cut (< 10 nm), the material is not removed as in the

conventional cutting process; instead, the material undergoes
significant elastic deformation.

(6) Vibration-assisted cutting results in a 7.5% increase in amor-
phous silicon in the cutting chips compared to conventional
cutting. This is because the material undergoes numerous loading
and unloading cycles of the tool during the vibration cutting
process, and the amorphization of silicon occurs during the
unloading period. The promotion of amorphous formation by
vibration cutting contributes to the ductile machining of silicon.

(2

—

3

-

4

-

5

—

The results of this study provide a reference for understanding the
effects of cyclic loading on the chip formation mechanism and material
deformation behavior during the vibration-cutting process. As the ki-
nematics and dominant stress of nanoindentation are not exactly the
same as those of vibration cutting, further investigation of the effect of
cyclic shear stress on material deformation behaviors is required to
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thoroughly explore vibration cutting mechanisms.
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Appendix

See Appendix Figs. Al and A2 and Appendix (Table Al).

In nano-cutting, the cutting tool has a tool edge radius () that is comparable to the uncut chip thickness (h). Because of this tool edge radius, it is
generally assumed that the work material within h will be physically separated at segment point S into two material flows in its transformation into a
chip: the actual uncut chip thickness (hy), i.e., the material above the stagnation point, which flows up along the rake face and forms the chip, and the
minimum chip thickness (h;), i.e., the material below the stagnation point, which is extruded downward into the workpiece and exhibits some elastic
recovery after the tool passes, as reported by Fang et al. (2015) and Rahman et al. (2020). Fig. A1 illustrates a schematic of the behavior of material
flow separation with the cutting tool. In particular, if the cutting tool has an ideal sharp tool edge (Fig. A1, a yellow profile superimposed over the blue
profile of the real blunt edge), material removal will be accomplished by pure shearing, i.e., h, = h, and hs; = 0. This situation corresponds to Mer-
chant’s model (Merchant, 1945). However, if the cutting tool has a larger edge radius, the thickness of the material deformed by plowing and sliding
will become larger, i.e., h; gradually approaches h, and hy, gradually approaches zero. Therefore, when calculating the thickness of the plowed material
(8), the plowing and sliding can be approximated as an elastic—plastic indentation of the cylinder on the workpiece, in which the indentation load is
twice the thrust force (Fp and acts at point C, and thus § can be given by Rahman et al. (2017) as:

3
o 2F; \?
= 0.35x ( ! ) +0.65 (A1)
vield vield
where 8414 is the vertical displacement at the onset of plasticity and Py;eq is the maximum force for elastic contact.
dyield is determined by
i
Syieta = 4.75 (A.2)
’ 2r
and Pylq is determined by
nEw 5
Pyield = 4}"(1 — I/Z)x_w,'ld (A.3)

Real blunt tool

Effective rake angle

Ideal sharp tool

=

-
Material flow
sepration

Fig. Al. Schematic of tool-workpiece contact in nano cutting.
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where E denotes the elastic modulus of the workpiece. v is the Poisson’s ratio of the workpiece.
w is the width of the cut. For orthogonal cutting, w can be calculated as follows:

w = 2V2Rh — h? (A4)

where R is the tool nose radius.
Xyield is the maximum half-contact length prior to the yield and can be determined as follows:

2r(1 — 12
Xyield = ﬁ‘f (A.5)

where 7 is the shear stress on shear plane.
According to the discussion in Fig. A1, when the effect of the tool-edge radius is considered in nano-cutting, the thrust force F; can be expressed as
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Fig. A2. The distribution of hydrostatic stress in the workpiece when using tools with different edge radii: (a) 50 nm, (b) 100 nm, (c) 200 nm, and (d) 500 nm (Yan
et al., 2009b).

Table Al
Example of parameters used to estimate thickness of plowed material.
Elastic modulus E 160 GPa
Poisson’s ratio v 0. 265
Shear stress 7 6.5 GPa
Tool nose radius R 1 mm
Uncut chip thickness h 50 nm
Friction angle g 20 Deg.
Tool edge radius r 70 nm 100 nm 200 nm
Thickness of plowed material & 114 nm 222 nm 610 nm
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in Eq. (A.6), adopted from Waldorf et al. (1999):
Fy = Fi_shear +Ft—pluw (A6)

where F geqr is the thrust force component due to shearing and Fypjoy is the thrust force component due to plowing and sliding.
The thrust-force component by shearing can be calculated using the expression given by Fang et al. (2015):
th,w cos(f — ag)
sin ¢ cos(g + f — ag

Fishear =

) tan(f} — ag) (A7)

where ¢ is the shear angle; according to the maximum shear stress criterion that the shearing generates in the direction of maximum shear stress, the
shear angle can be estimated from Eq. (A.8), adopted from Merchant (1945):

_r (f-ar)
=i (A8

where f§ is the friction angle. ag is the effective rake angle (negative number) and can be calculated as follows:

ag = —sin"' (1 — h/r), for h < r(1 + sina) (A.9)

where « is nominal rake angle.
The thrust force component due to plowing and sliding can be obtained using an elastic-plastic model for cylinder indentation, adopted from

Waldorf et al. (1999), as expressed in Eq. (A.10).

na’E

e (A.10)

Ft—plow =

where a is the half-width of the contact in the plowing zone in orthogonal cutting and can be estimated as follows:
a=/2rh, — i (A.1D)

1 is the contact length corresponding to the width of cut for plowing zone in orthogonal cutting and can be estimated using the following equation:

1 =24/2Rh, — I (A.12)

In the above equations, the shear stress 7, elastic modulus E, and Poisson’s ratio v are dependent on the materials; thus, they are assumed to be
independent of the tool edge radius. The tool nose radius R and uncut chip thickness h are pre-determined cutting parameters. From Son et al. (2005)
the minimum chip thickness h; can be determined as follows:

hy = r(l — cos (g —g)) (A.13)

Therefore, in this modelling situation, the thickness of the plowed material is affected only by the tool edge radius r and friction angle g.

Table A1 lists the material properties of silicon and the predetermined cutting parameters. Here,  was simplified as a constant angle of 20°.
Therefore, by substituting these values into the above equations, the thickness of the plowed material can be determined. The calculated results are
listed in Table A1. It can be found that the thickness of plowed material § increases with increasing tool edge radius r. This result also agrees with the
result in the simulation study by Yan et al. (2009b) revealed that the hydrostatic stress distribution beneath the tool deepens when the tool edge radius
increases, as shown in Fig. A2.
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