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A cutting process is strongly affected by depth of cut (h0) and tool edge radius
(re), the relationship of which is described by relative tool sharpness (RTS =
h0/re). In nanometric cutting, the depth of cut is far smaller than the tool edge
radius, thus the tool is actually a very blunt one with a highly negative
effective tool rake angle (� � 90�). However, most previous studies have as-
sumed the tool is extremely sharp with a nanometric edge radius, and to date
there is very little literature on the cutting mechanism for a blunt tool
(RTS< 1). In this study, the material deformation/removal behavior and
forces under a small RTS from 1 to 0 were investigated via molecular
dynamics. The results show that the surface integrity and chip formation are
strongly affected by RTS. As RTS is reduced to 0.25 or smaller, rubbing and
ploughing occur with no material removal. In such a circumstance, the force
angle drops sharply with remarkable subsurface damage formation in the
workpiece. These findings are distinctly different from the common belief, and
provide new information for the optimization of the silicon wafer manufac-
turing process.

INTRODUCTION

The last two decades have witnessed an enormous
growth in demand for products with nano-scale
precision. Among various processes, nanometric
cutting is one of the advanced techniques which is
widely used in the industries, such as optics, micro-
sensors, and nano-electronics.1 With the aid of this
process, an ultra-precision workpiece with nano-
metric surface roughness is achievable. Even
though machining of brittle materials has always
been a challenge, silicon parts with the optical
surface are extensively required in electronic and
infrared optical devices.2

The undeformed chip thickness in nanometric
cutting is mostly smaller than the edge radius of a
commercially available diamond tool. Thus, the tool
is in fact a very blunt one with a highly negative
effective tool rake angle (� � 90�). To describe the
relationship of undeformed chip thickness and edge
radius, relative tool sharpness (RTS) has been
presented below:3

RTS ¼ h0

re
ð1Þ

in which h0 is the undeformed chip thickness and re

the tool edge radius.
RTS affects the cutting mechanism, energy dissi-

pation, residual stress, tool life, and other aspects of
the cutting process. RTS is reduced to 0.3 in
micromachining and even less than 0.1 in nanoma-
chining.4 In abrasive machining processes, such as
grinding, lapping and polishing of silicon wafers,
the abrasive grain size is usually far larger than the
machining scale. This is very similar to the situa-
tion of cutting with a blunt tool.

A number of previous studies were carried out to
experimentally investigate the cutting mechanisms
at an extremely small undeformed chip thickness
with consideration of the tool edge radius, and found
significantly different phenomena from conven-
tional cutting.5–8 They used various minimum
depths of cut in silicon machining. However, almost
all the results were only obtained with a specific tool
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edge radius, and the effect of RTS was not consid-
ered. They also showed that increases in unde-
formed chip thickness results in a decreasing force
angle.

The effect of RTS has been experimentally inves-
tigated by a few researchers.9–12 They introduced
the range of 0.13–0.4 for the minimum RTS at
which chip formation could occur, although the
focus was mostly on investigating brittle–ductile
transition, and different RTS values were applied
only by variation in the depth of cut (in a constant
tool edge radius) using plunge cutting tests.13

However, previous research did not focus on the
different cutting mechanisms during ductile mode
at nanometric depth of cut. In addition, it is
extremely difficult to observe the material deforma-
tion and chip formation behavior by experimental
methods because the extremely small machining
scale and highly negative rake angle. It is also very
tough to measure the cutting forces and examine
the subsurface damage generation in the workpiece.

Some researchers have used the finite element
method (FEM) to perform machining studies to
investigate the effect of tool edge radius on ductile
mode machining of silicon.14 They have investigated
phase transformation of silicon due to hydrostatic
pressure and the effects of tool edge radius (RTS
reduction) on the thrust force (force angle). Never-
theless, the FEM method is not suitable for nanos-
cale investigations, due to the assumption of
continuity and differences in materials properties
on nanoscale dimensions.15 Therefore, the molecu-
lar dynamics (MD) method has been introduced as a
powerful tool in nanoscale studies, and especially
nanometric machining. Komanduri et al.16 stated
that, when the ratio of tangential force to thrust
force is less than 1, a shearing mechanism occurs,
and when this ratio is within the range of 2, the
process behavior is like grinding and the extrusion
mechanism will happen. A similar concept was
presented by Cai et al.17 in 2007. The MD method
was used by Oluwajobi and Chen18 to investigate
the effect of three different tool edges on the rubbing
and ploughing mechanism. The results showed that
a trapezoidal tool has the lowest cutting force. It
was also revealed that there is no rubbing phe-
nomenon up to a depth of cut of 0.5 Å. Fang et al.19

used MD simulation to show that, when the depth of
cut is 1 nm, an extrusion mechanism occurs. Lai
et al.20 examined the effect of rake angle on the
nanometric cutting of copper. They showed that the
minimum rake angle for chip formation is � 70�.
They also determined that the effective rake angle
would depend only on the depth of cut. Goel et al.21

used 4 different indenter shapes to find the mech-
anism of deformation in polycrystalline and single-
crystal silicon. Their results demonstrated that
high-pressure phase transformation is the main
mechanism which occurred in all the situations.
Balogun et al.22 used different RTS ratios in a set of
side-milling tests to investigate ploughing and

shearing mechanisms. They outlined that the best
h/re ratio is equal to 1 and that in this condition the
shearing mechanism is dominant. Ren et al.23

examined various dimensions and geometries using
the molecular dynamics technique. They indicated
that the minimum tool feed rate, in which the
previous cutting path is not affected, is equal to
5.7 nm for a single-crystal copper workpiece.

Most of the studies on MD simulation of nano-
metric cutting of silicon have been taken regardless
of RTS. In addition, to date, there is very little
literature on the cutting mechanism for a blunt tool
(RTS< 1), and especially with the simultaneous
change of h0 and re. As a result, surface generation
mechanisms (rubbing, ploughing, extrusion and
shearing) is poorly understood for a blunt tool.

This work intends to investigate the effect of 6
different RTS ratios lower than 1 on the cutting
mechanism using the molecular dynamics simula-
tion method. These RTS values have been produced
and studied, not only by changing the tool radius
nor depth of cut but also by simultaneously chang-
ing both of these parameters. Especially, the surface
deformation and chip formation mechanism and
subsurface damage formation are investigated
under very small RTS, i.e., for a blunt tool. Fur-
thermore, the tangential and thrust force, average
forces and force angle are compared in each RTS
ratio. With the aid of these results, we can identify
the critical values of RTS for cutting mode transi-
tion and optimize cutting conditions for the best
surface quality. The results will also provide
insights for the abrasive machining mechanisms of
silicon wafers.

SIMULATION METHODOLOGY

Geometric Conditions of Nanometric
Machining

Figure 1 shows the scheme of the MD simulation
model. The initial temperature of the system is
equal to the room temperature (298 K). The work-
piece in the simulation model is a single-crystal
silicon. It was assumed to be in perfect cubic
diamond configuration with the lattice constant of
5.431 Å.24 Its size is 38.017 (length) 9 19.0085

Fig. 1. Schematic description of nanometric cutting model.
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(height) 9 5.431 (width) nm3 with 198,110 atoms
and without any defects. The workpiece is composed
of three kinds of atoms: boundary atoms, thermostat
atoms, and Newtonian atoms, as shown in Fig. 1.
The first region consists of three fixed layers at the
bottom and left of the workpiece (red-colored
atoms). The purpose of defining these atoms is to
prevent the movement of the workpiece during the
cutting process. The next three atomic layers placed
above these atoms are thermostatic atoms (purple-
colored atoms). These atoms imitate the heat dissi-
pation by the chips and coolants during the cutting
process.25 The temperature of this area is kept at a
constant temperature of 298 K (equal to the initial
temperature of the system) by the velocity-scaling
method at every 10 steps. This is a standard method
for keeping the temperature of this area constant
which has been used by many researchers.26–28 The
remaining workpiece atoms shown in blue are the
Newtonian atoms. These atoms are deformable and
behave according to the tool movement and problem
conditions. This is the main area during the cutting
process. The periodic boundary condition is used for
the workpiece in the x direction.

Typically, a single point diamond tool is used in
the actual process as the cutter. In fact, the
resistance of the diamond tool is much higher than
that of the silicon workpiece. Hence, a rigid dia-
mond tool with the rake angle and clearance angle
of � 10� and 15�, respectively, is used in this
investigation.

In order to investigate the effect of RTS ratios
lower than 1, the combination of tool edge radii and
different depths of cut are employed according to
supplementary table SI. According to this table, the
various RTS ratios are studied in 6 values of 0, 0.1,
0.25, 0.5, 0.75 and 1. As is shown, these values are
deployed by changing both the tool edge radius and
depth of cut. This arrangement allows the compar-
ison of the cutting conditions in a specific RTS, but
in different conditions (edge radius and depth of
cutting). The cutting velocity of 100 m/s is used in
this work as an applicable amount to avoid shock
wave entrance, and also proceeding with the process
up to the desirable span of time. On this basis, the
cutting distance for all the simulations was set as
20 nm. In such a cutting length, the process gets
stable and the intended phenomena can be
examined.

Interatomic Potential Function

It can be stated that the most critical factor in
determining the results of a molecular dynamics
simulation is how to define the particles. In physics,
analytic potential functions are used to define these
interactions. In this study, there are three types of
atomic interactions: Si–Si, Si–C, and C–C. A semi-
empirical Tersoff potential function is employed in
this research to describe the interaction between the

silicon atoms. This is one of the most popular
potential functions for describing covalently
bounded systems like silicon and is based on the
concept of bond strength-dependence on the local
environment. The interatomic potential is taken to
have the form:29,30

E ¼
X

i

Ei ¼
1

2

X

i

X

j6¼i

UðrijÞ

UðrijÞ ¼ fcðrijÞ aijfRðrijÞ þ bijfAðrijÞ
� �

ð2Þ

where E is the total energy of the system, which is
decomposed for convenience into a site energy Ei

and a bond energy UðrijÞ.
Even though a large number of researchers have

used two-body interactions for workpiece-tool atoms
and have considered it is good enough,31,32 a three-
body Tersoff potential function is applied in our
models. Moreover, the C–C interaction of the dia-
mond tool is ignored because of the rigid body
attribute.

Simulation Strategy

Despite the definition of the workpiece atoms
under real conditions, the system was subjected to
two steps of minimization and one equilibrium step.
This is due to locating the particles in the perfect
structure under the simulation conditions. For this
purpose, in the first step, after the definition of the
workpiece and the tool, the minimization algorithm
was applied. Then, the tool moved to the desired
depth of cut and the second minimization was
applied. Afterwards, the workpiece temperature
was defined as 293 K, and the whole system was
left for 25 ms and without any tool movement so
that the final equilibration would be achieved. The
MD calculations were performed under a micro-
canonical (NVE) ensemble. Moreover, the equations
of motion were integrated using the velocity–Ver-
let algorithm with the time steps of 1 fs. The
simulations were carried out by a computer code,
known as the large-scale atomic/molecular mas-
sively parallel simulator.33 All the geometry and
problem conditions were carried out by coding in
this environment. Therefore, in addition to the
extensive knowledge of molecular dynamics, it
requires profound mastery of the simulation soft-
ware as well as the basics of mathematics and
physics. Also, to visualize and post-process the MD
simulation data, the Open Visualization Tool34 was
employed. With the aid of this software, the surface
characteristics, such as surface roughness and
integrity, can be measured. The simulations were
run on a high-performance computer with a total of
48 cores at the Yan laboratory, Keio University. The
computing time for each simulation was between a
few hours to 3 days. Details of the simulation
parameters are given in Table I.
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RESULTS AND DISCUSSION

Chip Formation

Figure 2 shows snapshots of MD simulations at
different RTS ratios (according to supplementary
table SI) for the tool with an edge radius of 3 nm. In
all these conditions, there is no visible damage on
the machined surface, which is in agreement with
the previous experimental results with the same
RTS range.35 According to Fig. 2a, although the
depth of cut is equal to 0 (RTS = 0), the machined
surface is rubbed and affected. The reason for this
lies in the adhesion of a layer of atoms on the tool
surface. As shown in supplementary figure S1, due
to Interatomic potential as well as the friction
between the tool and workpiece particles, a number
of surface atoms of the workpiece are attached to the
tool and form a rigid region.36 In fact, under this
condition, this thin layer plays the role of a new tool
edge with a very high rake angle and starts
machining the workpiece.

However, the amount of this layer is not so large
that it can form a chip; and it only degrades the
surface roughness. It is important to underline that
this thin layer is not a built-up edge, since, contrary
to the definition of the built-up edge, this region
only contains an atomic layer and does not grow
over time. Moreover, there is no failure or separa-
tion of the atoms of this region with tool
advancement.

Increasing the depth of cut to achieve a RTS of 0.1
changes the cutting mechanism from rubbing to

ploughing (Fig. 2b). In this condition, apart from the
adhered particles on the tool surface, a few of the
atoms are pushed to front of the tool and make a
very small adjunct. Supplementary figure S2 shows
the surface production trend at this RTS and
different cutting lengths. According to this figure,
there is no change in the volume of this small chip
with tool advancement; this is while the configura-
tion of the atoms inside this volume is continuously
changing. The reason for this lies in entering and
exiting particles in this area during the process. As
it is shown in supplementary figure S3, by tool
advancement in the ploughing mechanism, a num-
ber of surface atoms tend to enter the chip area. On
the other hand, due to the very low depth of cut
here, the effects of the rubbing mechanism remain,
and some atoms in front of the tool which previously
moved in the chip area are pushed from this zone
and slide below the tool. This phenomenon keeps
the chip volume constant in the ploughing mecha-
nism. The particles in this small chip affect the
quality of the machined surface in two ways. First,
by erratically separating some of the surface atoms,
they reduce the surface quality, and, second, it acts
like a quasi-BUE on the tool edge and causes
surface deterioration. Therefore, in practice, nano-
metric cutting should be prevented from entering
into this mechanism.

As shown in Fig. 2c, with a further increase in the
RTS reaching 0.25, it is observed that the effective
tool rake angle is closer to the nominal value and
the extrusion mechanism becomes dominant. In this

Table I. Detailed parameters in the MD simulations

Workpiece parameters

Workpiece dimensions 38.017 (length) 9 19.0085(height) 9 5.431(width) nm3

Length to height ratio 2
Initial temperature 293 K
Number of workpiece atoms 198,110
Number of fixed atoms 26,590
Number of thermostatic atoms 25,030
Cutting plane and cutting direction (001) [0�10]

Condition of nanometric cutting Tool parameters

Undeformed chip thickness 0 nm–5 nm Material Rigid diamond
Cutting speed 100 m/s Tool edge radius 1 nm, 3 nm, 5 nm
RTS 0, 0.1, 0.25, 0.5, 0.75, 1 Rake angle � 10

Clearance angle 15
Cutting distance 20 nm Number of atoms 27,839

Computational parameters

Interatomic interaction Tersoff Time step 1 fs
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case, the surface quality is much better than the
ploughing mode. In fact, the RTS = 0.25 can be
defined as the minimum depth of cut for material
removal in nanometric cutting.

By changing the RTS to 0.5, the cutting mecha-
nism has been transformed from extrusion to shear-
ing (Fig. 2d). Here, more portions of the surface
atoms have been converted to chips. According to
Fig. 2d–f, the remarkable point is that, by increas-
ing RTS to 1, the same mechanism works and there
is no marked change in the quality of the machined
surface.

The chip formation mechanism for a 1-nm tool
edge in different RTS ratios is shown in supple-
mentary figure S4. By comparing these snapshots
with those in Fig. 2, it is observed that, even under
conditions of RTS = 0, the ploughing condition
occurs. The reason is because particles are veering
in front of the tool. As is illustrated in supplemen-
tary figure S5, the adhered layer on the tool surface
decreases by reducing the tool edge radius. In this
circumstance, this tiny layer plays the role of a new
cutting edge, and, due to its sharpness, it breaks
some atomistic bonds. Therefore, a number of atoms
move to the front of the tool and form a very small
chip. Nevertheless, a portion of these atoms can be
rubbed beneath the tool and be a part of the
machined surface. Thus, in this case, there will be
no chip growth.

By early ploughing mechanism occurrence at
RTS = 0, other cutting mechanisms also occur ear-
lier than the 3-nm tool edge radius. The extrusion
mechanism starts in a RTS of 0.1 in the tool edge of
1 nm (supplementary figure S4b). Moreover, by
increasing the RTS to 0.25, a shearing mechanism
starts to form. By increasing the RTS, the cutting
mechanism completely enters into the shearing
phase and the surface quality remains almost
constant within the RTS = 0.5–1 range.

By comparing the cutting process in the tool with
the edge radius of 5 nm to Fig. 2, it can be seen that
no significant change has occurred in the production
of different phases of cutting (supplementary fig-
ure S6). Nonetheless, the surface quality of the
machined surfaces at the same RTS by the different
tool edge radii is not the same. For instance, at
RTS = 1 with the tool edge radius of 5 nm, the
machined surface is profoundly affected, and even
some edge swelling occurs (supplementary fig-
ure S6f). This is while, in the same conditions with
the tool edge radius of 3 nm, surface integrity is
much better and without any edge swelling (Fig. 2f).
The reason is the lower hydrostatic pressure on the
workpiece in the smaller tool radius.

As shown in Fig. 3, reducing the tool edge radius
results in a lower depth of cut at the same RTS. This
means that fewer atoms are stressed and, as a
consequence, a smaller area in the workpiece is

Fig. 2. The effect of RTS on chip formation mechanism (tool edge radius = 3 nm): (a) rubbing, (b) ploughing, (c) extrusion, and (d–f) shearing.
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affected. On the other hand, in the machining of
brittle materials at a very low depth of cut, the
plastic deformation flow is formed in front of the
tool, called the primary deformation zone (PDZ).37

By increasing the depth of the cut and, conse-
quently, the relative tool sharpness, the size of the
PDZ is also increased. In such conditions, a wider
range of workpiece atoms are subjected to stress
and, as a result, more deformation occurs on the
atoms in front of and the bottom of the tool. In the
meantime, the number of defects in front of the tool
is increased by increasing the depth of cut; and this
can be another factor in surface deterioration.38

In a blunt tool at minor RTS ratios, the effective
tool rake angle would be different from the nominal
rake angle in nanometric cutting. Hitherto, differ-
ent theoretical definitions have been proposed by
researchers. Lai et al.20 stated that, when the depth
of cut is lower than the tool edge radius (RTS is less
than 1), the following equation can be used:

ceff ¼ � sin�1 1 � d

R

� �
ð3Þ

in which d is the depth of cut and R is the tool edge
radius. However, these researchers themselves
acknowledged that it is far from the real value.

Another theoretical equation was introduced by
Wu et al.10 in 2016 which was based on RTS:

ceff ¼ 1 � RTSð Þ � sin�1 1 � RTSð Þ
�

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 1 � RTSð Þ2

q
� p

2

��
RTS

ð4Þ

Some researchers believe that the actual effective
rake angle is calculated from the stagnation point
and tangent to the tool edge.39 The same definition
has been used in this research for the shearing and
extrusion mechanism (supplementary figure S7a).
Nonetheless, due to the different behavior of the
particles in the two mechanisms of rubbing and
ploughing, the mentioned definition could not be
used anymore. By reducing RTS to these levels,
there is no chip formation and, consequently, no
stagnation point is formed in front of the tool.
Therefore, in these two mechanisms, the effective
rake angle is defined by the sliding angle (supple-
mentary figure S7b).

Variation of effective rake angle in different RTS
and tool edge radii are plotted in Fig. 4. It is
monitored that, in all the three tool edges, the
effective rake angle in the rubbing and ploughing
mechanisms, in which there is no chip formation,
are lower than � 40�. Yan et al.40 highlighted that,
while the rake angle is more negative than � 40�,
the plane stress condition will be dominated and
this promotes side flow of the materials instead of
chip formation.

Moreover, increasing the depth of cut (or in the
other words, the RTS), leads to closing the effective
rake angle to the nominal rake angle. In such a
situation, the stagnation point reaches the rake face
(instead of the tool edge), and particles are following
along it. The interesting point in this figure is that
in all the three tool edges, during the transition
from ploughing mechanism to extrusion, an incre-
mental change has occurred in the trend. The
reason for this is that, by starting extrusion, a large
portion of the surface atoms, which previously were
being rubbed through the tool bottom, has now
entered the chip area. Extrusion to shearing trans-
formation is started at RTS = 0.5 in the tool’s edge
radii of 3 nm and 5 nm. Again, another trend
change can be seen in this step. Here, the intersec-
tion point of the tool rake face and the tool edge

Fig. 3. The effect of tool edge radius on the machined surface at the same RTS and tool advancement, but at: (a) higher uncut chip thickness,
and (b) lower uncut chip thickness.

Fig. 4. Variation of the effective rake angle by RTS and tool edge
radius.
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reaches the depth of the cut. Accordingly, many
more atoms flow to the chip. As shown earlier in
supplementary figure S4, in a very sharp tool with a
1-nm edge radius, the mechanism of rubbing is not
formed and, therefore, this mechanism transforma-
tion in this tool is different from the other two tools.
In light of the fact that accessing the 1-nm tool edge
is subject to limitations, we could introduce RTS =
0.25 as the ploughing to extrusion limit, and

RTS = 0.5 as the extrusion to shearing. By starting
chip formation in the shearing mechanism, it is
observed that the increase of the RTS does not have
much effect on the effective rake angle, and this
amount ultimately leads to the nominal rake angle.

Force Investigation

During the nanometric cutting, the cutting and
thrust forces are constantly changing and severe
fluctuation occurs. The main reason for this is the
changes in atomic position in each step (due to chip
formation and atomic vibration from the tempera-
ture).31 Apart from that, the number and position of
dislocations are changing at any moment, and this
will affect the instantaneous machining forces.
Thus, providing and investigating of these forces
will not present very clear results. Consequently,
the order 3 polynomial trendlines could be used for
force fitting according to supplementary figure S8.
This figure displays that an increase in the RTS will
always result in growing the tangential and thrust
forces due to the presence of more atoms in front of
the tool, although the tangential force variation is
excited by the growth rate and takes roughly the
same trend, after about 12 nm. It happens because,
after this tool advancement, the number of atoms
between the machined surface and the clearance
face reaches the maximum and, afterwards,
remains constant (supplementary figures S9 and
S10). Due to the fact that the rake and clearance
angle are the same in all of these simulations, it can
be concluded that the tool length for tangential force
stability is independent of the RTS and depends
solely on other tool parameters.

Approximately the same trend occurs for the
thrust forces. Nevertheless, it can be seen that,
unlike the tangential forces, this phenomenon has
not occurred at the same cutting length. In fact,
increasing the edge causes delays in the thrust force
stability. This value is 9.3 nm, 14.6 nm, and
17.9 nm for tools with the edge radii of 1 nm,
3 nm and 5 nm, respectively.

Comparing the tangential and thrust forces dur-
ing shearing mechanism in supplementary figure S8
demonstrates that the changes in the force trends in
each tool are very similar to each other. This reveals
that the particle behavior during the shearing
mechanism is the same and the only difference is
due to the number of atoms which should be pushed
by the tool.

The effect of RTS and tool edge radius on average
machining forces is displayed in Fig. 5, which
illustrates that the machining forces at RTS = 0
and in two tools with the edge radii of 3 nm and
5 nm is almost the same. However, as the tool edge
radius decreases to 1 nm, the machining mecha-
nism has changed from rubbing to ploughing and
this has led to an increase in the machining forces at
this RTS.

By increasing the RTS and the transition of all
the tools from the rubbing mechanism, it is seen
that the sharper tool requires less machining force.
It is also observed that the trend of the shearing

0

100

200

300

400

500

600

700

0 0.25 0.5 0.75 1

Av
er

ag
e 

M
ac

hi
ni

ng
 F

or
ce

 (n
N

)

Relative Tool Sharpness

R=1nm R=3nm R=5nm

Fig. 5. The effect of RTS on average machining force.
Fig. 6. Machining forces and force angle during cutting.

30
35
40
45
50
55
60
65
70

0 0.25 0.5 0.75 1

Fo
rc

e A
ng

le
 (D

eg
re

e)

Relative Tool Sharpness

R=1nm R=3nm R=5nm

Fig. 7. The effect of RTS on force angle.

Molecular Dynamics Investigation of Nanometric Cutting of Single-Crystal Silicon Using a
Blunt Tool



section in all three tools is very close to each other,
and is about 189.7 nN.

Force angle is another important parameter in
machining studies, which can affect the surface
quality and machining forces. As shown in Fig. 6,
force angle is defined as follows:

hf ¼ tan�1 Ft

Fc
ð5Þ

in which Fc is tangential force (in direction of tool
advancement) and Ft is equal to the thrust force
(perpendicular to the direction of tool
advancement).

Figure 7 shows force angle variation in different
RTS ratios and tool edge radii and illustrates that
the lowest force angle has always occurred at
RTS = 0. In this case, since there is no chip forma-
tion, the tangential force is much higher than the
thrust force, and, as a consequence, the force angle
is reduced to the lowest amount. In this circum-
stance, the frictional force on the one hand and the
thermal deformation on the other cause plastic
deformation at the surface of the workpiece and
create a notable form error. By increasing RTS to
0.25 in the tools with edge radii of 3 nm and 5 nm, it
is observed that the maximum force angle, equal to
59.21� and 62.69�, occurred in this case. This is due
to the different nature of the chip formation in the
extrusion mechanism. As mentioned earlier,
although chips are produced in this mechanism, a
large number of atoms in front of the tool are
compressed (extruded) toward the tool bottom and
form the new surface. This high pressure has
increased the force angle to the maximum. By
increasing the RTS in these two tools and entering
into the shearing mechanism, the amount of these
extruded atoms decreases and the force angle
declines by 18.34�. At RTS = 0.75, the tool with
the edge radius of 5 nm experiences a sharper
reduction in force angle than the 3-nm tool edge.
This happens because a portion of the chip moves to
the top of the tool causing some surplus thrust force
on the tool (supplementary figure S9). The changes
in the trend of force angle for the tool with the edge
radius of 1 nm is slightly different compared with
the other two. The force angle increases with the
RTS increasing to 0.75. In this situation, the force
angle is 45.44� and the tangential and thrust forces
are approximately equal. By increasing the depth of
cut in this tool, a higher fraction of the cutting
energy is applied to the tangential forces, which
results in a lower force angle.

CONCLUSION

MD simulation was used to explore the effect of
RTS on chip formation mechanism in nanometric
cutting of single-crystal silicon using a blunt tool.
The main conclusions can be drawn as follows:

� Decreasing the RTS value could lead to different

surface generation mechanisms, namely, shear-
ing, extrusion, ploughing and rubbing.

� Despite the common belief, reducing the rake
angle to the extremely negative values will not
necessarily increase the ratio of the thrust force
to the tangential force. It decreases dramatically
by reducing the depth of the cut below a critical
value.

� Even though there is no material removal at
RTS = 0, the machined surface will be affected
owing to material adhesion on the tool surface.
In this situation, the dominant mechanism is
rubbing and the utmost effective rake angle is
produced.

� The cutting mechanism transforms to ploughing
at RTS = 0.1. The minimum material removal
occurs in the extrusion mechanism at the rela-
tive tool sharpness of 0.25. Extrusion to shearing
mechanism occurs at RTS = 0.5.

� After a specific tool advancement, the tangential
force reaches a maximum and there is almost no
change in it. This distance is independent of the
RTS. However, this concept does not work for
thrust force and depends on the tool edge radius.

The findings from this study provide insights into
the practical nanometric cutting processes and
abrasive machining mechanisms of silicon wafers,
and are useful to optimize the machining conditions
for the best surface quality.
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