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Abstract
The submicron-level orthogonal cutting process of silicon has been investigated by the finite
element approach, and the effects of tool edge radius on cutting force, cutting stress,
temperature and chip formation were investigated. The results indicate that increasing the tool
edge radius causes a significant increase in thrust force and a decrease in chip thickness. A
hydrostatic pressure (∼15 GPa) is generated in the cutting region, which is sufficiently high to
cause phase transformations in silicon. The volume of the material under high pressure
increases with the edge radius. Temperature rise occurs intensively near the tool–chip
interface while the highest cutting temperature (∼300 ◦C) is far lower than the necessary
temperature for activating dislocations in silicon. As the edge radius is beyond a critical value
(∼200 nm), the primary high-temperature zone shifts from the rake face side to the flank face
side, causing a transition in the tool wear pattern from crater wear to flank wear. The
simulation results from the present study could successfully explain existing experimental
phenomena, and are helpful for optimizing tool geometry design in silicon machining.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Single-crystal silicon is one of the most popular semiconductor
materials for manufacturing electronic products and micro-
electro mechanical systems (MEMS). Silicon is also an
important optical material for infrared lenses in thermal
imaging and night-vision systems. For this reason,
ultraprecision machining of silicon has become a focused
research area in recent years. A lot of experimental studies
have been carried out on the topic of ‘ductile machining’
of silicon [1–6]. These studies have demonstrated that
although silicon is a nominally hard and brittle material,
it can be machined in a completely ductile manner at an
extremely small machining scale down to the submicron level,
yielding continuous chips and smooth surfaces. Researchers
have also found that silicon undergoes high-pressure phase

transformation during ductile machining, leaving a near-
surface layer of an amorphous structure [7–12].

In silicon machining, improving ductile machinability and
eliminating subsurface damage are two important tasks. The
fundamental machining mechanisms, including the effects
of tool edge geometry, cutting speed and environment on
silicon machining, are very complicated and have not yet been
completely clarified. There are distinct differences and even
contradictions among results reported by different research
groups. One of the controversial issues is the effect of tool
rake angle and tool edge radius. While it is widely accepted
that an intermediate negative rake angle from −20 to −50◦

is beneficial for ductile machining [1–6] and an extremely
high negative rake angle from −60 to −80◦ obstructs material
removal [13, 14]; a few authors reported that ductile cutting
of silicon is achievable even at a −80◦ rake angle [15]. As
for tool edge radius, while it is widely accepted that a sharp
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tool is beneficial; some researchers reported that a blunt tool,
if its edge radius is below an upper bound (700–800 nm), is
helpful for ductile machining [16, 17]. They experimentally
found that the larger the cutting edge radius is, the larger the
critical undeformed chip thickness is [17].

There might be many reasons causing the data
inconsistency, such as experimental errors resulting from
machine deflections (which make the actual depth of cut
different from the desired value), tool vibration, environmental
changes, tool wear (which makes the actual tool geometry
different from the initial one), as well as differences in
evaluation and measurement methods. Also, it is still
technologically impossible to examine the effect of a single
factor while keeping other factors completely the same.
For this reason, it is expected that the simulation approach
may assist in understanding the machining mechanism.
Visualization of cutting stress, cutting temperature and chip
formation behavior should be helpful for optimizing the
machining process.

Molecule dynamics (MD) has been used in a few previous
studies to simulate the cutting mechanism of silicon. However,
due to the limitations in computational ability, the machining
scale simulated by MD is currently limited to the nanometer
level, far smaller than the practical machining scale in
manufacturing applications. Practically, for achieving a high
material removal rate, undeformed chip thickness is usually
set in a range from a few tens of nanometers to the submicron
level [1–6].

An alternative method to simulate a ductile machining
process would be the finite element method (FEM). FEM has
been used to simulate the cutting processes of various materials
such as aluminum, steel and alloys in previous studies from
several decades ago [18–24]. In most of the previous studies,
the machining scale was in millimeter or submillimeter level.
Recently, a few commercially available FEM codes have
been developed which can be used to simulate micro/nano
cutting. These programs enable two- or three-dimensional
simulations with coupled thermo-mechanical analysis. Also,
chip formation and chip separation from the workpiece can
be realized by element remeshing techniques, rather than
the conventional compulsory separation techniques. For
example, Woon et al recently performed FEM simulation of
micro-machining of the AISI 4340 steel using the ABAQUS
suite of software, and investigated the effects of the ratio
of undeformed chip thickness and edge radius on stress
distribution in the cutting region [25].

In the present paper, we carried out FEM simulations of
silicon cutting at the practically important submicron scale
and investigated changes in chip formation behavior, cutting
forces, stress distribution and temperature distribution in the
cutting region when the tool edge radius was changed. It is
expected that by visualizing these important parameters of the
micro-cutting process, this study could provide some insights
into the changes in the cutting mechanism with tool edge
geometry.

Figure 1. FEM simulation model.

2. Simulation procedures

2.1. The cutting model and boundary conditions

A commercially available FEM program Marc, produced by
the MSC Software Corporation, was used as a simulation
core. Marc is a nonlinear FEM program and enables us to
study the performance of a part undergoing large permanent
deformations and part-to-part contact problems. The program
was operated by combining with a pre/post-processor Mentat.

Figure 1 shows an FE cutting model we used in this work.
We used plane-strain conditions to simulate a two-dimensional
orthogonal cutting process. The model is composed of a
deformable workpiece and a rigid cutting tool. The width
and the thickness of the workpiece are 1200 nm and 600 nm,
respectively. The workpiece was constructed by bilinear
quadrilateral elements. Initial elements number was 600 in
total.

Rigid walls were used as the workpiece boundaries. To
use rigid walls is because silicon is a hard and rigid material,
and the cutting point is far smaller than the workpiece size. In
order to achieve a high stiffness, the bottom of the workpiece
was completely fixed by glue contacts, where the nodes were
constrained in both normal and tangential directions to the
rigid wall. For the purpose of allowing material deformation
at the left and the right ends, symmetry boundaries were set to
the two sidewalls without separation from the rigid wall and
friction with the rigid wall.

In figure 1, the rake angle and the relief angle of the tool
were set to 0◦ and 10◦, respectively. The tool edge radius
was changed from 50 to 1000 nm, which covers the reported
experimental ranges of tool edge radii. In order to avoid
thermal effects, the cutting speed was set to 0.05 m s−1, far
lower than the experimental ranges [1–6]. The effect of cutting
speed will be discussed elsewhere. In order to examine the
effect of tool edge radius, we used the same depth of cut
(100 nm) for all cuts. At this depth of cut, silicon tends to
behave in a ductile manner, thus can be numerically modeled
as a continuum.

Crystallographic effect is also an important factor in
ductile machining of silicon. As has been experimentally
demonstrated by previous studies [1–3, 6], the critical depth
of cut for brittle–ductile transition is strongly dependent on
workpiece crystal orientation. However, the crystallographic
effect and the edge radius effect are two independent factors,
that is, the basic trend of the edge radius effect does not depend
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strongly on the crystal orientation of the workpiece. In this
paper, we investigated the edge radius effect and did not put
the crystallographic effect into the scope of study.

In this work, the Young’s modulus of the workpiece was
set to 202 GPa [26] which was an experimental value obtained
by nanoindentation tests on undoped single-crystal silicon
〈1 0 0〉 at a maximum load of 15 mN and a corresponding
depth of 267 nm. We used this value because the geometrical
conditions used in the nanoindentation measurements were
similar to those of the micro-cutting in this paper, although
the theoretically calculated Young’s modulus of silicon was
somewhat lower [27]. The Poisson’s ratio of the workpiece
material was set to 0.3, which is an approximation of 0.279
obtained for {1 0 0} planes in 〈0 0 1〉 and 〈0 0 1〉 directions of
silicon [27]. The approximation was performed by considering
that Poisson’s ratio increases remarkably with strain in silicon
[28].

Material deformation in cutting is also influenced by tool–
workpiece friction. There are two types of friction, namely,
Coulomb friction and shear friction. The friction between the
tool and chip in this work is of the shear type. Shear friction
is typically used for applications like metal forming to limit
the amount of friction due to plastic deformation. While the
friction coefficient between diamond and silicon during cutting
remains unknown with no literature available on the issue, in
the present study we simply assumed that it was the same as
that between a diamond indenter tip and silicon in scratching
tests, namely, 0.05 [26].

2.2. The material model

Silicon has a strong directional covalent bonding with a
diamond structure, thus at room temperature, dislocations
are immobile and silicon responds in a brittle manner.
Dislocations of silicon can only be activated at a high
temperature (>600◦). Below this temperature, a high pressure
might be the only approach for achieving ductility in silicon.
It has been known that under a high hydrostatic pressure
(10–16 GPa), such as in indentation tests, silicon will undergo
phase transformations from the diamond cubic structure to a
metallic phase (β-Sn) which is plastically deformable [29–35].
Therefore, in cutting, which is also a high-pressure process,
we may roughly approximate the high-pressure phases of
silicon as an elastic–plastic body. In this paper, we modeled
silicon as an elastic–plastic body using the Johnson–Cook (JC)
constitutive work flow stress model which has been widely
used to characterize metal materials [36]. The JC model can
be expressed by

σ̄ = [A + B(ε̄)n] ·
[

1 + C ln

(
˙̄ε
˙̄ε0

)]

·
[

1 −
(

T − Troom

Tmelt − Troom

)m]
, (1)

where σ̄ is the flow stress, and ε̄ is the plastic equivalent strain,
T is the temperature, parameter A is the initial yield strength
of the material at room temperature (Troom) and a strain rate of
1 s−1; strain rate ˙̄ε is normalized with a reference strain rate
˙̄ε0. The temperature term in the JC model reduces the flow

stress to zero at the melting temperature of the work material
(Tmelt), leaving the constitutive model with no temperature
effect. In general, parameters A, B, C, n and m of the model
are fitted to the data obtained by material tests conducted at
low strains and strain rates, and at room temperature, as well
as split Hopkinson pressure bar (SHPB) tests at strain rates up
to 1000 s−1 and at temperatures up to 600 ◦C.

2.3. The FE formulation model

Cutting is a typical large-strain process. For a large-strain
problem, the constitutive relation must be defined in a correct
frame of reference and be transformed from this reference
frame to that in which the equilibrium equations are defined.
Usually, two formulations can be used: the total Lagrangian
formulation and the updated Lagrangian formulation [37, 38].
The theoretical difference between the two formulations lies
in the choice of different reference configurations for the
kinematic and static variables. In the total Lagrangian
formulation, all static and kinematic variables are referred
to the initial configuration, while in the updated Lagrangian
formulation all static and kinematic variables are referred
to the configuration of the previous step. Both the total
Lagrangian and updated Lagrangian formulations include
all kinematic nonlinear effects due to large displacement,
large rotations and large strains, but whether the large
strain behavior is modeled appropriately depends on the
constitutive relations specified. The updated Lagrangian
approach is especially useful in analyzing structures where
inelastic behavior (plasticity, viscoplasticity and creep) causes
the large deformations, and where rotations are so large that
the nonlinear terms in the curvature expressions may no
longer be neglected. It is suitable for large-strain plasticity
analysis, where the plastic deformations cannot be assumed
to be infinitesimal. In this work, the updated Lagrangian
formulation was used by controlling strains and stresses at
local coordinate frames at element integration points.

2.4. Remeshing criteria

Early works on FEM simulation of cutting processes were
performed for steady-state cutting without considering chip
separation [18, 19]. In later works, chip formation was
performed by the separation criteria such as distance tolerance
[20], strain energy density [21] and fracture mechanics-based
parameters [22]. These chip separation criteria did not involve
remeshing of the workpiece, thus might cause errors in chip
deformation and chip flow characteristics. In a few recent
works, remeshing was performed, but the remeshing criterion
was based on a single parameter, such as penetration or
angle distortion. The single-parameter criteria can reduce
calculating time, but may cause process instability such as
unexpected fluctuations in calculation results which do not
occur in an actual machining process.

In the present study, the workpiece was remeshed by
an adaptive remeshing method based on four remeshing
criteria: strain change, element distortion, angle deviation and
penetration, as schematically shown in figure 2.
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(a) (b) 

(c) (d ) 

Contact

Penetration

Figure 2. Schematic model for remeshing criteria: (a) strain
change, (b) element distortion, (c) angle deviation and
(d) penetration.

(1) Strain change: a record of the strain change after
remeshing is kept for each element. When any element
of the body has a strain change greater than the control
limit, the remeshing will start.

(2) Element distortion: the identified body is remeshed when
the distortion in the elements becomes larger than a critical
value. In two-dimensional analysis, the distortion check
is based on corner angles.

(3) Angle deviation: remeshing is performed when any
element has a change of angle greater than the input value.

(4) Penetration: remeshing is performed if penetration
between contact bodies is larger than two times the contact
tolerance distance. Penetration is judged from the contact
position between the tool and the workpiece. If the
distance between the workpiece and the tool is smaller
than one contact tolerance, which is by default 0.05 times
the minimum length of an element edge, the two objects
will be considered to be in contact.

The above four parameters were simultaneously
monitored and the order of priority was compared. Whenever
the predefined control limits of these parameters had been
satisfied, the workpiece would be remeshed. In this way,
the chip formation behavior can be predicted precisely, and
the simulated results will be extremely close to the actual
cutting process. This approach will also improve the accuracy
of the simulation outputs, such as cutting forces and cutting
temperatures.

2.5. Chip generation

Remeshing starts by creating elements along the boundary of
the diamond tool. The new boundary front for the workpiece
is then formed at the tool–chip interface. This front advances
inward until the complete region is remeshed. This cycle is
performed one time at each increment step of the tool, and
continues until the whole workpiece is cut to form a chip. The
element size can be changed gradually from the boundary to
the interior allowing smaller elements near the boundary with
no tying constraints necessary. The minimum element edge
length after remeshing is set to 1 nm.

Figure 3. Snapshot of chip formation process realized by the
proposed adaptive remeshing technique.

As the tool advances into the workpiece, the workpiece
material is first pushed downward ahead of the tool and then
flows upward along the rake face to form a sharp protrusion
out of the uncut surface. The protrusion grows gradually and
begins to separate from the rake face as a curled chip. Figure 3
shows a snapshot of the chip formation process when cutting
with a tool having an edge radius of 50 nm. In the adaptive
remeshing technique, the mesh density changes dynamically.
High remeshing density is seen around the tool tip where the
material deformation is significant.

3. Results and discussion

3.1. Cutting force

First, cutting force characteristics were investigated.
Figures 4(a) and (b) show variations of the FEM-simulated
cutting force components, namely, principal force and thrust
force, during two cuts with tools having different edge
radii, 100 nm and 200 nm, respectively. In both of the
figures, cutting forces increase rapidly as the tool advances
into the workpiece. After about 100 s in figure 4(a)
and 150 s in figure 4(b), the forces tend to be constant,
indicating a steady cutting state. It is noted that the forces in
figure 4(b) are higher than those in figure 4(a). Moreover, in
figure 4(a), the principal force is always higher than the thrust
force, while in figure 4(b), the thrust force becomes bigger
than the principal force after about 50 s from the begging of
the cut.

Figure 5(a) shows a plot of the cutting forces against
the edge radius in the steady cutting state. The data points
in the figure are the average forces during a period of time
from the 200th to the 250th s in each cut. It can be seen
that both the principal force and the thrust force increase
proportionally with the edge radius. However, the slope of
the increase in the thrust force is distinctly steeper than that
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Figure 4. Variations of cutting forces during cutting with tools
having different edge radii: (a) 100 nm, (b) 200 nm.

of the principal force. Figure 5(b) is a plot of the force ratio
(ratio of the thrust force and the principal force) against the
edge radius. The force ratio also exhibits a nearly proportional
increase with the edge radius. At a large edge radius of
500 nm, the force ratio becomes over 2.

3.2. Stress distribution

3.2.1. Von Mises stress. Figure 6 shows the distributions of
the equivalent stress (Von Mises stress) in the cutting region
at different edge radii from 50 nm to 500 nm. It can be seen
that in figure 6(a), there are two high-stress regions. The first
one (I) is around the tool tip, the area of which is very small.
The second one (II) is long and narrow, oriented from below
the tool tip to the free surface of the workpiece at an angle of
about 45◦ to the cutting direction. The position of region II
is roughly in accordance with the primary shear zone usually
seen in traditional metal cutting. The highest value of the Von
Mises stress reaches ∼15 GPa in both of the two high-stress
regions.

Compared with figure 6(a), in figure 6(b), the high-stress
region I is obviously smaller while region II tends to expand
downward into a deeper region of the workpiece. In figure 6(c),
region I has disappeared while region II extends much deeper.
In figure 6(d), region II becomes further deeper and broader,
forming a large triangular high-stress region beneath/ahead of
the tool. It can be clearly seen that from (a) to (d), the total
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Figure 5. Plots of (a) cutting forces and (b) force ratio against tool
edge radius in the steady cutting state.

area of the high-stress region increases significantly with the
tool edge radius.

Figure 7 is a plot of the maximum Von Mises stress in the
cutting region against the tool edge radius. As the edge radius
increases, the maximum stress decreases slightly, but is still
maintained at a high level (∼14 GPa).

3.2.2. Hydrostatic stress. Next, the hydrostatic stress
component in the stress field was examined. Hydrostatic stress
σ is the average of the three stress components in the three
principal axes (σ 1, σ 2, σ 3) and can be described by

σ = 1
3 (σ1 + σ2 + σ3). (2)

The hydrostatic stress distributions in the cutting region
at different edge radii are shown in figure 8. In figure 8(a),
two regions of high compressive stress can be seen: one is just
ahead of the tool tip (I′), and the other is near the boundary
between the chip and the uncut surface (II′). The highest
hydrostatic stress is ∼−15 GPa, the absolute value of which
is close to the Von Mises stress. This fact indicates that the
hydrostatic pressure is dominant in the workpiece material
ahead of the tool, while the deviatoric stress component is
insignificant. As the edge radius increases (see figures 8(b)–
(d)), the total area of the two regions, I′ and II′, increases too,
and finally the two regions are combined into one.

These results strongly demonstrate that the necessary
hydrostatic pressure for silicon phase transformation will
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Figure 6. Variation in Von Mises stress distribution with tool edge radius: (a) 50 nm, (b) 100 nm, (c) 200 nm, (d) 500 nm.
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Figure 7. Variation in the maximum Von Mises stress with tool
edge radius.

be readily generated in machining at the submicron scale.
Increasing the tool edge radius (to ∼500 nm) will expand
the volume of the high-pressure metallic phase in the cutting

region, and in turn, improve the ductile response of silicon.
This result agrees well qualitatively with the experimental
results of Liu et al [17]. That is, the critical undeformed chip
thickness increases linearly with the cutting edge radius in the
range of 50–600 nm. It is presumable that in this range, the
volume of the high-pressure metallic phase is directly related
to the critical undeformed chip thickness for brittle–ductile
transition.

3.3. Cutting temperature

Figure 9 shows temperature distributions in the cutting region.
At an edge radius of 50 nm (figure 9(a)), a broad region of
high temperature (R1) can be seen near the boundary between
the chip and the tool rake face. The workpiece material
beneath the tool flank face (R2) shows a slight temperature
rise too, but the area of R2 is remarkably smaller than that of
R1. Other regions, including the high-stress regions (regions I
and II in figure 6), do not exhibit significant temperature rise.
This result demonstrates that the heat generation in silicon
cutting is dominated by the friction between the tool and the
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Figure 8. Hydrostatic stress distribution in the cutting region at different tool edge radii: (a) 50 nm, (b) 100 nm, (c) 200 nm, and (d) 500 nm.

workpiece material, rather than the material deformation inside
the workpiece.

As the edge radius increases (see figures 9(b)–(d)), the
high-temperature region in front of the tool rake face (R1)
shrinks, while that under the tool flank face (R2) grows
gradually. At an edge radius of 200 nm (figure 9(c)), the
temperature rise at the flank face side has become higher than
that at the rake face side. At an edge radius of 500 nm
(figure 9(d)), temperature rise only takes places at the flank
face side.

From the shifting of high-temperature zones, it is deduced
that when cutting silicon with a sharp tool, crater wear will
be predominant, while when using a dull tool, flank wear will
become significant. The critical edge radius for this transition
is between 100 and 200 nm. Compared with a crater wear, a
flank wear will be a fatal limit for the service life of a diamond

tool [39]; hence, from the viewpoint of tool life, a tool edge
radius smaller than 200 nm should be used.

Figure 10 is a plot of the highest temperature against the
tool edge radius. It can be seen that the highest temperature
is not strongly dependent on the edge radius. For all
the edge radii, the maximum temperature is slightly above
300 ◦C. Since 300 ◦C is far lower than the melting point of
silicon (1412 ◦C) and the temperature at which dislocation
mobility of silicon may be activated (>600 ◦C), we can say
that material softening due to the cutting heat is not a dominant
reason for ductile material removal of silicon.

It should be pointed out that the cutting speed used in this
paper is a low one (0.05 m s−1). If a higher cutting speed
is used, the cutting temperature should be higher too. For
high-speed cutting, cutting heat generation might contribute
to some extent to the ductile deformation of silicon. The
effect of cutting speed will be discussed in detail elsewhere.
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Figure 9. Temperature distribution in the cutting region at different tool edge radii: (a) 50 nm, (b) 100 nm, (c) 200 nm, and (d) 500 nm.
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Figure 10. Variation in the highest cutting temperature with edge
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3.4. Chip formation

In figure 6 (also see figures 8 and 9), it is noteworthy that as
the edge radius increases (from (a) to (c) in these figures), the

thickness of the generated chip decreases gradually. At an
edge radius of 500 nm (d), there is only a small protrusion of
material in front of the tool while no chip can be separated from
the workpiece. When the tool advances further, the protrusion
may grow gradually and finally form a small chip. However,
chip formation in this case will be discontinuous and unsteady.
The effective tool rake angle in this case is ∼−76◦.

Figure 11 shows the distributions of stress and temperature
at an extremely large edge radius (1000 nm). Due to the highly
negative effective rake angle (∼−83◦) induced by the edge
radius, material protrusion in front of the tool almost tends to
vanish. Hence, even if the tool advances further at the same
depth of cut, no chip formation will take place. In this case, the
workpiece material flows downward along the tool edge profile
and is then compressed into the bulk material beneath the tool.
This situation is very similar to that of a burnishing process.
Although burnishing is beneficial for metal materials because it
generates a work-hardened subsurface layer in the workpiece,
it is not advantageous for silicon. Instead of the work-
hardening effects, silicon undergoes amorphization, leading to
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Effective 
rake angle

(a)

(b)

Figure 11. Distributions of (a) Von Mises stress and (b) temperature in the cutting region at an edge radius of 1000 nm.

a softened subsurface damage layer [11]. After the tool pass,
the phase-transformed material will then undergo significant
elastic recovery, leading to an error in the actual depth of cut.
In figure 11, an elastic recovery of ∼50 nm can be clearly
seen, which is a half of the nominal depth of cut (100 nm).
Furthermore, if the thickness of the downward flowing material
is larger than a critical value, lateral cracks will take place
after the tool passes due to the tensile stress occurring
along the elastic/plastic boundary [13]. As an example,
figure 12 shows a scanning electron microscope (SEM)
micrograph of a used single-crystalline diamond tool with a
large edge radius (∼1000 nm). Long and deep wear marks are

clearly seen on the tool flank face, which is presumably caused
by the severe friction between the tool and the elastically
recovered workpiece material.

From the simulation results, it can be seen that
optimization of tool edge radius is very important for ductile
machining of silicon. The edge radius affects cutting force
characteristics, cutting stress and temperature distribution, as
well as chip formation. From the viewpoint of improving
ductile response of silicon, a large edge radius is preferable (see
figure 8). However, a large edge radius will cause an increase
in cutting forces, especially the thrust force (see figures 4, 5),
lead to a decrease in the effective depth of cut (figures 6, 8,
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Rake face

Flank face

Edge roundness

Wear marks

Figure 12. SEM micrograph of a used diamond tool having a large
edge radius (∼1000 nm), showing wear marks on the tool flank face.

9, 11) and give rise to a big dimensional error and a deep
subsurface damage layer (figure 11). As subsurface damage
is a crucial factor which degrades the product quality [40],
sharp tools should be selected. On the basis of the simulation
results from the present study, we propose that an edge radius
smaller than 200 nm should be used for achieving both a good
surface/subsurface integrity and a long tool life. The results
from the present study might be also useful for optimizing
the size of abrasive grains in silicon-wafer grinding processes,
where the abrasive grains can be modeled as single-point tools
with different edge radii.

4. Conclusions

Ductile cutting of silicon has been simulated by FEM based
on a four-parameter adaptive remeshing technique. The
effects of tool edge radius on cutting force, cutting stress and
temperature, as well as chip formation have been investigated.
The main conclusions can be summarized as:

(1) Increasing the tool edge radius causes a significant
increase in the cutting forces, especially the thrust force.
The force ratio can be over 2 if a very dull tool is used.

(2) As the edge radius increases, the region under high
equivalent stress expands and moves downward and
forward away from the tool tip.

(3) A hydrostatic pressure up to ∼15 GPa is generated in the
cutting region, which is sufficiently high to cause phase
transformations in silicon. As the edge radius increases,
the volume of the material under high pressure increases
too.

(4) Temperature rise occurs intensively near the tool–chip
interface. Under the present low-speed cutting conditions,
the highest temperature (∼300 ◦C) is far lower than the
temperature at which dislocation mobility of silicon can
be activated (>600 ◦C).

(5) As the edge radius increases, the primary high-
temperature zone shifts from the rake face side to the

flank face side, which will cause a change in tool wear
pattern from crater wear to flank wear. The critical edge
radius for the transition is about 200 nm.

(6) Increasing the edge radius leads to a decrease in the
effective depth of cut and an increase in elastic recovery of
material. Continuous chip formation cannot be realized
when the edge radius is over 500 nm. An edge radius
smaller than 200 nm is recommended.
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