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a  b  s  t  r  a  c  t

Single  crystal  silicon  is  necessarily  subjected  to  mechanical  precision  machining  to fulfill  its  applica-
tions  in  semiconductor  and  optoelectronics  industries.  However,  brittle  defects  are  inevitably  formed  on
machined  surface  of  intrinsically  single  crystal  silicon.  Thus,  achieving  ductile  material  removal  is  critical
to obtain  ultra-smooth  machined  surface  of  single  crystal  silicon.  In the  present  work,  we  investigate  the
feasibility  of  ductile  ultra-precision  machining  of  single  crystal  silicon  by  applying  the  elliptical  vibration
diamond  cutting  technology.  Grooving  experiments  demonstrate  that  silicon  micro  groove  can  be  suc-
cessfully  formed  in ductile  mode  by employing  the  elliptical  vibration  cutting,  in contrast  to  the  ordinary
cutting  that  causes  serious  deterioration  of finished  surface  due  to  formation  of  brittle  defects.  Further-
more,  the  nominal  critical  depth  of cut  for the  brittle  to  ductile  transition  in  the  elliptical  vibration  cutting
of  single  crystal  silicon  is  more  than  12  times  higher  than  that  in  the  ordinary  cutting.  It is  found  that
the  extremely  small  instantaneous  uncut  chip  thickness  and  small  cutting  forces  in the  elliptical  vibra-
tion  cutting  are  advantageous  to  suppress  crack  propagations.  Moreover,  it is  found  that  the  vibration
amplitude  in  the  depth  of  cut direction  has  a prominent  influence  on  both  the nominal  critical  depth  of

cut and the machined  surface  quality.  Finally,  based  on  the  gained  fundamental  understanding  of brit-
tle  to  ductile  transition  mechanisms,  two  types  of  high  precision  silicon  microstructures,  as  sinusoidal
grid  surface  and  independent  dimple  patterns,  respectively,  are  successfully  sculptured  on  single  crystal
silicon  by  applying  the  amplitude-controlled  ductile  mode  sculpturing  method  with  arbitrarily  changed
depth  of cut.

©  2017  The  Society  of  Manufacturing  Engineers.  Published  by Elsevier  Ltd.  All rights  reserved.
. Introduction

Single crystal silicon (herein referred to as silicon) is a basic tech-
ological material in semiconductor and optoelectronics industries

or its superior properties of high hardness, high wear resistance,
ight weight, excellent stability and low oxides formability [1–4].

ecently, silicon microstructures have drawn emerging interests

or their applications in high-performance imaging, concentra-
ion and illuminationin fields of semiconductors [5,6] and infrared
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optics [7,8]. While surface integrity in terms of form accuracy
and subsurface damage has a strong influence on function and
performance of microstructures, the precision manufacturing of
silicon microstructures is challenging due to its brittle fracture
[3]. The performance of conventional precision grinding and pol-
ishing of silicon is greatly limited by initiation and subsequent
propagation of cracks, as well as formation of subsurface damages
[9–12]. In particular, the ultimate precision polishing for achiev-
ing excellent machined surface quality is time consuming and high
cost due to its complexity. Additionally, it is also extremely diffi-
cult to fabricate sophisticated microstructures with sharp edges in
grinding and polishing process. In another hand, although the non-
traditional semiconductor lithography technique can be applied in

the fabrication of silicon microstructures, it suffers greatly from
time consuming and complex operation procedures, high costs of
equipment and low precision [13–15]. Therefore, an effective man-
ufacturing technique of low cost, high efficiency, high precision and
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igh surface quality is greatly needed for the fabrication of silicon
icrostructures.
The ultra-precision diamond cutting technique has been

emonstrated to be a promising method for fabrication of surface
icrostructures, due to its advantages of high geometrical accu-

acy, high machined surface quality, high machining efficiency, low
ubsurface damage and high degree of freedom. In particular, the
easibility of ductile cutting of silicon with single crystal diamond
SCD) tool has been investigated experimentally and theoretically
ver the last few decades. It has been demonstrated that with a
epth of cut (DOC) ranging from 50 nm to 250 nm,  high machined
urface quality of silicon, in terms of nanometric surface finish, sub-
icrometric form accuracy and minimum subsurface damages,

an be achieved by ductile cutting [2,4,5,12,16–30]. However, the
xtremely small DOC utilized in ductile cutting of silicon not only
equires extremely high rigidity of ultra-precision machine tools,
ut also introduces difficulties in realizing uniform ductile cutting
f global surface due to the undesired inclination of workpiece
urface with respect to workpiece holder and alignment errors of
orkpice [5,31]. Therefore, improving the nominal critical DOC for
uctile cutting is critical to simplify the setting up of ductile cutting
f silicon, which also facilitates the industrial applications of low
ost precision machine tools.

Over the past decades, the ultrasonic vibration cutting technique
as been successfully applied in machining of hard-brittle materials
27–31]. In particular, the machining feasibilities of elliptical vibra-
ion cutting (EVC), which was proposed by Shamoto and Moriwaki
n 1994 [32], on silicon, tungsten carbide and several other brittle

aterials with SCD tools were verified [33–37]. For instance, ultra-
recision machining of difficult-to-cut materials such as hardened
teel [38–40], sintered tungsten carbide [35,36,41], Molybdenum
42], Co-Cr-Mo alloy [43] and Plexiglas [44] were realized by apply-
ng the EVC technique. In particular, it is found that the nominal
ritical DOC for ductile cutting of brittle materials can be greatly
ncreased by applying the EVC, as compared to the ordinary cutting
OC). Zhang et al. [33] presented a specific-cutting-energy-based

odel to predict the ductile-brittle transition (DBT) in nanoma-
hining of silicon. They theoretically predicted and subsequently
xperimentally verified the significantly increasing of the nominal
ritical DOC by applying the EVC. Zhu et al. [34] experimentally
onfirmed that the nominal critical DOC by applying the EVC is
mproved to 12.8 times higher than that by the OC. Suzuki et al.
37] carried out a series of micro grooving experiments of brittles

aterials including sintered tungsten carbide, zirconia ceramics,
alcium fluoride and glass, and reported that the nominal critical
OC for ductile cutting can be efficiently improved by applying the
VC. Therefore, the EVC is considered to be a promising manufac-
uring technology for the precision machining of silicon. However,
ur fundamental understanding of the mechanisms of ductile cut-
ing of silicon by the EVC is far from being completed. For instance,
t is necessary to deeply explore and compare the crack gener-
tion in silicon under both the EVC and OC processes, which is
dvantageous to promoting the ductile machining of silicon in EVC
rocess. Moreover, it is critical to investigate the influence of vibra-
ion amplitude in the dynamic EVC process on the ductile cutting of
rittle materials. Hence, it is of significant importance to propose

 simple prediction criterion to unambiguously indicate the opti-
al  machining conditions for achieving ductile cutting of silicon by

sing the EVC.
Furthermore, most of previous works focused on the investiga-

ion of groove or plane formation, there is rather limited attention
aid on the fabrication of functional microstructures by using the

VC. More recently, Chen et al. [5] fabricated micro-pillar and
icro-pyramid arrays with nanometric surface finish on silicon

hrough crossed ductile cutting process. Mukaida and Yan [8] fabri-
ated aspherical concave micro lens array on silicon wafer through
g Processes 29 (2017) 389–398

ductile cutting by applying the slow tool servo diamond turning.
The combination of conventional diamond cutting and the fast
tool servo (FTS) has also been demonstrated to be effective in the
fabrication of silicon microstructures for a variety of applications
[45–47]. However, the application of conventional diamond cutting
in the fabrication of microstructures on brittle materials is greatly
hindered by its low efficiency or complexity. Suzuki et al. [48]
recently proposed a unique micro/nano sculpturing method by con-
trolling the vibration amplitude in the EVC process, which is capable
of achieving high efficient fabrication of high accuracy microstruc-
tures on the hard brittle and other difficult-to-cut materials. In
the proposed method, the elliptical vibration amplitude is actively
controlled during the ongoing machining process, which enables
rapid changes of DOC without the utilization of FTS technology. It
is suggested that the EVC technology is already equipped with a
FTS function itself. Therefore, the EVC can attract increasing atten-
tion in the precision micro/nano machining of brittle materials for
its feasibility of fabrication of silicon microstructures through duc-
tile cutting, which is helpful to promote the industrial application
of the EVC technology in micro/nano machining of the functional
silicon structures.

In the present work, grooving experiments are firstly carried
out to investigate the machinability of silicon in the EVC and OC,
with an emphasis on the ductile cutting mechanisms of silicon
under the EVC. Experimental results show that the nominal crit-
ical DOC for the DBT in the EVC is 12 times higher than that in
the OC. Furthermore, the machinability of silicon with respect to
vibration conditions is also investigated, and a simple criterion is
proposed to indicate optimal machining conditions for achieving
ductile cutting of silicon in the EVC. Subsequently, high preci-
sion silicon microstructures, as grid surface and dimple patterns
with sinusoidal and triangular cross-section shapes, respectively,
are successfully fabricated in ductile mode by applying the EVC,
demonstrating the feasibility of the EVC for the high efficiency fabri-
cation of silicon microstructures. The paper is structured as follows.
Section 2 introduces the principle of the EVC and experimental
setup. Section 3 presents the comparison of grooving machining
results of silicon between the EVC and the OC, and the DBT mech-
anism is also discussed. Section 4 shows the fabrication of silicon
microstructures. Finally, Section 5 summarizes the findings found
in the present work.

2. Experimental methods

2.1. Principle of EVC

Fig. 1 schematically illustrates the EVC process that was orig-
inally presented by Shamoto et al. [49,50]. The nominal cutting
direction and the DOC direction is parallel to x axis and z axis,
respectively. In the EVC process, the cutting tool is fed at a nominal
cutting speed vc , and the tool edge is controlled to vibrate ellipti-
cally at an angular frequency ω in the x-z plane. The tool trajectory
in the course of EVC can be expressed as follows:

xe = Accos(ω�) + vc�, (1)

ze = Adcos(ω�+ϕ), (2)

where xe and ze denotes x and z component of a relative position
between the tool and workpiece, respectively. Ac and Ad is mean-
to-peak amplitude in x and z direction, respectively. ϕ is a phase
shift of the vibration, which is typically set to be -90◦. � is the time
during the elliptical vibration process.
As illustrated in Fig. 1, the tool starts to cut the workpiece at
time t1 in each elliptical vibration cycle. Subsequently, the work-
piece material is removed in the form ofchips until the tangential
direction of the tool trajectory is parallel to the rake face, at which
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Fig. 1. Schematic illustration of elliptical vibration cutting process [49,50].

F

t
p
c
t
c
w
t
t
s
i
e
d

2

a
p
a
1
o
(
P
i
f
a
t
t
h
l
t
u
q
t

Fig. 3. Experimental set up of the EVC.

Table 1
Experimental conditions in grooving experiments.

Elliptical vibration
conditions

Frequency [kHz] 41.6
Amplitude in nominal cutting
direction [�m0-p]

2

Amplitude in depth of cut direction
[�m0-p]

0.5-2

Phase shift [deg] -90

Cutting conditions Depth of cut [�m] 0-maximum 2.5

Grooving experiments under the EVC and the OC are first per-
ig. 2. Ultrasonic elliptical vibrator with longitudinal and bending modes [51].

he cutting tool separates from the chip at t5. To ensure the com-
lete separation of the tool from the workpiece in each vibration
ycle, the nominal cutting speed is lower than the maximum vibra-
ion speed in the nominal cutting direction. Additionally, the tool
uts the surface that has been finished in the former vibration cycle,
hich means that the actual uncut chip thickness in each vibra-

ion cycle is smaller than the nominal DOC. Moreover, due to the
ool-workpiece separation in each vibration cycle, the contacted
urfaces of both the tool edge and the workpiece can be exposed
nto surrounding gas and/or cutting fluid, and resulting cooling
ffect efficiently suppresses both thermo-chemical, adhesion and
iffusion wear.

.2. Cutting setup

In the present study, the workpiece is a commercially avail-
ble single crystal (100) silicon wafer with a chemo-mechanical
olished finish. The wafer has a dimension of 50 mm  in diameter
nd 0.5 mm in thickness. The utilized SCD tool has a nose radius of

 mm,  a clearance angle of 10◦ and a rake angle of 0◦. Both crystal
rientations of the flank face and the rake face of the SCD tool are
100). An ultra-precision machine tool ATC-400, made by LT Ultra-
recision Technology GmbH with a positioning resolution of 10 nm,
s used for performing the cutting experiments. A two-degree-of-
reedom (2-DOF) elliptical vibrator, which is capable of generating
rbitrary elliptical vibrations within 0-2 �m mean-to-peak ampli-
udes, is used. The vibrator is actuated by exciting PZT actuators
hat are sandwiched with metal cylindrical parts. Since the vibrator
as the same resonant frequencies in the second resonant mode of

ongitudinal vibration and the fifth resonant mode of bending vibra-
ion, simultaneous longitudinal and bending vibrations at the same

ltrasonic frequency of about 41.6 kHz can be achieved. Conse-
uently, a 2-DOF elliptical vibration can be obtained at the diamond
ool tip, as shown in Fig. 2 [51].
Nominal cutting speed [mm/min] 200
Cutting fluid (oil moistening) Kerosene

Fig. 3 shows that in the experimental setup the vibrator and
the workpiece is fixed to the Z axis table and the top surface of
the B-axis rotation table, respectively. The DOC in each grooving
experiment is linearly increased from 0 to 2.5 �m to address the
DOC dependence of the machining. The experimental conditions
are summarized in Table 1.

3. Fundamental grooving experiments

3.1. EVC versus OC
formed to obtain the first impression of machinability of silicon. For
each type of cutting process, the nominal DOC is increased from 0
to the maximum value of 2.5 �m,  while the cutting speed is fixed as
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ig. 4. Cutting force-nominal depth of cut curves in the EVC and OC grooving exper-
ments.

00 mm/min. The amplitude in the nominal cutting direction and
OC direction in the EVC is 2 and 1 �m0-p, respectively. Fig. 4 plots
ariations of cutting forces in the EVC and the OC grooving experi-
ents, showing that both principal forces and thrust forces increase
ith increasing nominal DOC in the two types of cutting processes.
owever, the cutting forces in the EVC are generally much smaller

han that in the OC due to thinner instantaneous uncut chip thick-
ess in each elliptical vibration cycle [34,36,49]. In the EVC process,
he principal force and thrust force are approximately equal to each
ther and are smoothly increased with increasing DOC, implying
hat the stable cutting process can be achieved even though in the
rittle cutting of silicon by applying the EVC. In the OC process, the

ncrease of principal force with increasing DOC is more sensitive
han thrust force, which may  be originated from different material
emoval modes. It’s known that silicon is generally removed in the
rittle mode in terms of crack initiation and propagation by apply-

ng the OC. Based on the fracture mechanism of brittle material
eported by Griffith [52], the growth of a crack requires creation
f two new surfaces, which leads to increased surface energy in

he brittle cutting accompanied with slowly increased thrust force
31]. On the other hand, the material removal ratio increases with
ncreasing DOC, accompanied with the rapid increase of principal
orce.

Fig. 5. Micro grooving of silicon
Fig. 6. Kinematic model of the EVC process.

Fig. 5(a) and (b) present microphotographs of grooves machined
at a nominal depth of cut of 0.4 �m through the OC and the EVC,
respectively. While the groove formed by the OC is filled with brittle
fractures, a smooth surface can be obtained successfully by apply-
ing the EVC in ductile cutting. The nominal critical DOC  in the EVC
is 475 nm,  which is 12.5 times higher than the critical DOC  of 38 nm
in the OC. It should be noted that the value of critical DOC in the
current OC process is much smaller than the commonly reported
value of about 100 nm due to a zero rake angle adopted in this work
[16,34]. As indicated in Fig. 4, the smaller cutting forces in the EVC
are much helpful to reduce lateral cracks in machining of brittle
materials, which is also advantageous to suppress tool wear and
decrease subsurface damage on machined surface [53].

Fig. 6 shows the kinematic model of the EVC process. At the
beginning of cutting, the small part left in the former cycle is cut at
a small depth, which leads to extremely thin instantaneous uncut
chip thickness, as compared with the nominal DOC. The instan-
taneous uncut chip thickness at a position P can be numerally
calculated based on instantaneous cutting direction and vector nor-
mal  to the instantaneous cutting direction. The distance between
the position P and the position H, which is the intersection posi-
tion of the vector and the former vibration locus, is considered as
the tiny instantaneous uncut chip thickness. Subsequently, the rake

face of cutting tool contacts with formed chip in the former cycle.
At this moment, the instantaneous uncut chip thickness is almost
equal to the tool feed value along the nominal cutting direction
in one vibration cycle. Due to the ultrasonic vibration frequency

 by applying OC and EVC.
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C in brittle cutting with different depth of cut.
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Fig. 7. Grooves formed by the OC and EV

nd the small nominal cutting velocity, the instantaneous uncut
hip thickness is almost within several tens of nanometers in actual
utting of brittle materials by applying the EVC [36,37]. Fractures
nitiate before pronounced permanent plastic deformation under
onventional machining of silicon, due to its lower fracture strength
han yield strength. However, with the extremely small instan-
aneous uncut chip thickness, very large stress can be achieved
t small volumes, which triggers dislocation activities under high
hear stress. Since the actual DOC is smaller than the critical value
or ductile machining due to the size effect in fracture toughness of
ilicon, the EVC results in a significant improvement of the nomi-
al critical DOC for ductile cutting of silicon. Especially, when the
ool cuts the finished surface around the bottom of the elliptical
ibration, the instantaneous uncut chip thickness decreases to sev-
ral nanometers. Moreover, the actual rake angle acting on cutting
egime becomes negative due to the tool moving up from the bot-
om of elliptical vibration locus, as shown in Fig. 1. It was reported
y Komanduri et al. [54] and Yan et al. [55] that the negative rake
ngle can produce hydrostatic compressive pressure that is advan-
ageous to suppress crack propagation and obtain ductile cutting
f silicon.

Additionally, machined surfaces achieved by the EVC and OC in
rittle cutting are also examined. Fig. 7 shows that the nominal DOC

s gradually increased from 0.6 �m to 1.5 �m,  which has a strong
nfluence on machined surface quality for both types of cutting.
owever, the deterioration of machined surface quality in terms
f formation of brittle defects is less pronounced in the EVC than
he OC. Furthermore, the defect geometry is quite different in the
VC from that in the OC. While there are cleavage defects caused by
he formation of continuous brittle defects on the whole machine
urface observed in the OC, there are only discrete defects with
maller defect sizes generated in the EVC process. Even though at
he largest DOC of 1.5 �m,  the brittle defect propagation can also
e efficiently suppressed and smooth side edges of grooves can be
btained by applying the EVC.

Fig. 8 shows the crack system in single edge cut of brittle mate-
ials that had been clarified previous [19,33]. This similar crack

ystem is also reported by Marinescu [53] to clarify mechanisms
or grinding of ceramics and estimate grinding rates. Two principal
rack systems emanate from the plastic zone, i.e., median and lat-
ral cracks, respectively. The median cracks are usually associated
Fig. 8. Crack systems in single edge cut of brittle materials.

with strength degradation and the lateral cracks dominate material
removal and surface formation. Deflection of lateral cracks toward
free surface causes the material removal by brittle fracture. Based
on experimental results shown in Fig. 7, it is confirmed that the
propagation of lateral cracks inside the workpiece material can be
efficiently suppressed by applying the EVC. Consequently, ductile
deformation of silicon occurs with the prevention of crack prop-
agation, i.e., transition of fracture from brittle cleavage to ductile
tearing occurred, which is governed by either dislocation nucle-
ation from the crack tip or the motion away of dislocations from the
crack tip [56,57]. Although silicon is a one typical intrinsically brit-
tle solid, its mechanical response subject to extreme applied load
depends on the competition between different deformation modes
[58]. In particular, the connection between dislocation mobility and
ductile behavior of silicon has been demonstrated theoretically and
experimentally [59–61].

Fig. 9 presents machined surface morphologies obtained in the
EVC and OC with a small DOC of 0.6 �m.  For the OC process, the gen-
erated defects are mainly in the size of about tens of micrometers

and fulfilled with the whole coarse machined surface, suggesting
that huge brittle defects are mainly caused by the lateral crack sys-
tem. On the other hand, small pits with the size of about several
micrometers are generated on the machined surface in the EVC,
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Fig. 9. Grooving surfaces in (a) EVC

hich are primarily caused by the median crack system. Marinescu
53] indicated that the threshold load for median cracks is less than
hat for lateral cracks. With the small cutting forces shown in Fig. 4,
he lateral cracks that cause huge brittle fracture can be successfully
uppressed in the EVC process.

Fig. 10 further presents the atomic force microscope (AFM)
mages of machined surfaces obtained in the EVC and OC with a
ominal DOC of 0.6 �m.  The surface roughness Ra is about 20 nm
nd 181 nm for the EVC and the OC, respectively. The profile A-B
ndicated in Fig. 10 is measured along the nominal cutting direc-
ion. The maximum defect deepness is about 0.2 �m and 1.6 �m
or the EVC and the OC, respectively. It is also important to note
hat part of the machined surface by applying the EVC possesses
ood surface integrity and smoothness even though in brittle cut-
ing, which verifies the advantage of reducing crack propagation
nto machined surface of silicon by applying the EVC.

.2. Influence of vibration amplitudes on the machined surface
uality

Suzuki et al. [41] and Zhang et al. [36,62] reported that the
ibration amplitude in the EVC process has a significant influence
n ductile cutting of brittle materials. In the general EVC process,
he nominal cutting speed vc is usually set to be much lower than
he maximum vibration speed vmax in the nominal cutting direc-
ion, which greatly restricts the machining efficiency. Based on the
qs. (1) and (2), there is vmax = Acω, where ω is the angular fre-
uency of tool vibration and Ac is the mean-to-peak amplitude

n the nominal cutting direction. With the present resonant 2-
OF elliptical vibrator, the angular frequency ω is fixed. In order

o improve the machining efficiency, the maximum mean-to-peak
ibration amplitude Ac of 2 �m0-p in the present vibrator is adopted.
ith changing of mean-to-peak vibration amplitude in the nomi-

al DOC direction Ad, four vibration amplitudes Ac-Ad of 2-2 �m0-p,
-1 �m0-p, 2-0.5 �m0-p and 2-0.25 �m0-p are adopted in the groov-

ng experiments. A SCD tool with a nominal nose radius of 1 mm,  a
ake angle of 0◦ and a clearance angle of 10◦, was used. The depth
f cut is gradually increased from 0 �m to 1.5 �m.  The nominal
utting speed is set to be 200 mm/min. In these grooving experi-
ents, the speed ratio, i.e., the ratio of maximum vibration speed

n the nominal cutting direction to the nominal cutting speed, is
ept as a constant value of 156. Fig. 11 demonstrates the DBT posi-
ion with different vibration amplitudes, which is defined as the
ominal DOC for the continuous defect observation. It is indicated
hat with the vibration amplitudes Ac-Ad of 2-2 �m0-p, 2-1 �m0-p,
-0.5 �m0-p and 2-0.25 �m0-p, the according critical nominal DOC

s about 193 nm,  456 nm,  495 nm and 261 nm,  respectively.
It is experimentally confirmed that the critical nominal DOC

an be efficiently improved by decreasing the vibration amplitudes

rom 2 �m0-p to 1 �m0-p in the DOC direction. When the vibra-
ion amplitude is large in the DOC direction, the slope of cutting
dge trajectory becomes steep and chips pushed by the tool rake
ace become pronounced. Consequently, brittle fracture of silicon
) OC with a depth of cut of 0.6 �m.

occurs easily due to its low fracture strength. In particular, funder
a higher nominal depth of cut with a larger vibration amplitude
in the vertical direction, the chip pulling-up-distance in vertical
direction becomes longer. Massive silicon atoms may  be torn off
at one time from the workpiece surface by the pulling-up-motion
and this large defect feature shown in Fig. 11(a) is not observed
in OC. This phenomenon is considered to be specific problem in
EVC [36]. Furthermore, with decreasing the vibration amplitude
from 1 �m0-p to 0.5 �m0-p in the DOC direction, there is no signif-
icant difference in the value of critical nominal DOC. However, the
brittle fracture occurs easily with a smaller vibration amplitude as
increasing the nominal DOC. Especially when the nominal DOC is
larger than the mean-to-peak amplitude in vertical direction, the
brittle defects become significantly more serious with the vibra-
tion amplitude of 0.5 �m0-p in the DOC direction. With decreasing
of the vibration amplitude in DOC direction, the pulling-up-motion
of EVC process is decreased and the friction between the tool rake
face and machined workpiece may  be increased. These conditions
finally increase the cutting forces and cause the easy brittle propa-
gation [41]. In particular for the limit case in which the amplitude
in the DOC direction becomes zero, the EVC process is changed into
linear vibration cutting process (LVC). The instantaneous uncut chip
thickness becomes the same as the nominal DOC in the OC process,
which is disadvantageous in ductile machining of brittle materi-
als [41]. For example, as shown in Fig. 11(d), the critical nominal
DOC is decreased into 261 nm with a much small vibration ampli-
tude of 0.25 �m0-p in the nominal DOC direction. Note that the
defect feature becomes much more similar with that in the OC
process with increasing the DOC. As compared with the machined
surface with the vibration amplitude of 2 �m0-p in Fig. 11(a), the
large defects-induced surface deterioration is not observed with
the small vibration amplitude of 0.25 �m0-p due to the reduced chip
pulling-up-motion. With these experimental and analytical inves-
tigations, a large vibration amplitude in the DOC direction can pull
up and tear off the workpiece material easily. In contrast, a small
vibration amplitude in the DOC direction can increase the instan-
taneous uncut chip thickness and cutting forces in each vibration
cycle. Therefore, the appropriate vibration amplitudes Ac-Ad of 2-
1 �m0-p and 2-0.5 �m0-p with larger critical nominal DOC can be
applied to the ductile machining of silicon with a nominal cutting
speed of 200 mm/min.

4. Fabrication of micro dimple structures

With the optimal machining conditions obtained in Section 3,
the feasibility of sculpturing of silicon dimple microstructures by
applying the amplitude-controlled sculpturing method in the EVC
is clarified. The nominal DOC is regulated by controlling the vibra-
tion amplitude in the DOC direction. Because of this amplitude

control, the nominal DOC can be changed rapidly without the con-
ventional FTS. Fig. 12 shows the principle of the sculpturing method
utilized in the EVC [48]. The envelope of the cutting edge trajectory
is transferred into machined surface, resulting in the sculpturing of
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Fig. 10. Machined surface and measured profile by AFM in the EVC and the OC.

Fig. 11. Ductile-brittle transition position with different vibration amplitudes (Ac: Ampl
�m0-p).

Fig. 12. Amplitude control sculpturing method in the EVC [48].
itude in nominal cutting direction, �m0-p; Ad: Amplitude in depth of cut direction,

microstructures on the workpiece. The machining performance of
microstructure fabrication on hardened steel and tungsten carbide
was investigated elsewhere [48,63,64]. The vibration amplitude can
be precisely controlled with a high resolution of several nanometers
in the DOC direction.

In order to investigate the feasibility of the practical applica-
tion, the proposed machining method was applied to a fabricate an
angle grid surface [63,64] with sinusoidal structures on silicon. The
structure height and wave length are 0.5 �m and 100 �m in both
the nominal cutting direction and the nominal pick feed direction,
respectively. A SCD tool with a nominal nose radius of 1 mm,  a rake
angle of 0◦ and a clearance angle of 10◦, is utilized. The sinusoidal

structure is machined with an amplitude command at 33.3 Hz in
the nominal cutting direction. The mean-to-peak vibration ampli-
tude is fixed to 2 �m0-p in the nominal cutting direction, while
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Fig. 13. Angle grid surface fabricated on 
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extremely small instantaneous uncut chip thickness and cutting
ig. 14. Independent dimple structures fabrication with small nominal depth of cut.

aried within 0.5 �m0-p-1 �m0-p in the DOC direction. The nom-
nal cutting speed is set to be 200 mm/min, and the maximum DOC
s adopted as 2 �m.  On the other hand, the height position along
he pick feed direction is controlled by utilizing positioning of the
ltraprecision machine tool. The pick feed value is set to be 5 �m.
he maximum effective depth of cut de is calculated to be 304 nm
y the following equation [65]:

e = R −
√

(R − d)2 +
(√

(2R − d)d − f
)2

(3)

here R is the tool radius, d is the maximum depth of cut and
 is the pick feed value. Since the calculated maximum effec-
ive DOC is smaller than the critical DOC of 456 nm,  the ductile
culpturing of silicon can be guaranteed by applying the above-
entioned machining conditions. Fig. 13 shows a microphotograph

nd a profile of the machined angle grid surface measured by opti-
al microscope. It was confirmed that the periodic micro/nano
tructures with smooth surface can be successfully obtained in duc-
ile mode. The machined height (0.483 �m)  and the wavelength
100 �m)  along the cutting direction and the pick feed direction
orrespond accurately to the pre-determined values.

Moreover, the independent concave dimples are also fabricated

n the silicon workpiece. As shown in Fig. 14, the independent dim-
les can be fabricated with a small value of nominal DOC that is less
han the mean-to-peak amplitude variation in the DOC direction.
silicon workpiece in ductile mode.

In the present EVC process, the mean-to-peak amplitude in the
nominal cutting direction is adopted as a stable value of 2 �m0-p,
and the vibration amplitude in the nominal DOC direction is appro-
priately controlled by sinusoidal wave and ramp wave, which is
changed from 0.5 �m0-p to 1 �m0-p at 100 Hz. The nominal cut-
ting speed is set to be 200 mm/min. As the critical nominal DOC is
456 nm with vibration amplitudes Ac-Ad of 2-1 �m0-p, the max-
imum DOC should be less than the above-mentioned value in
order to realize the ductile sculpturing process. Fig. 15 shows
photographs of dimples sculptured on silicon. The maximum nom-
inal DOC in the microstructure fabrication is set to be about
0.45 �m,  which is less than the mean-to-peak amplitude varia-
tion of 0.5 �m.  Consequently, the independent concave dimples
with a maximum designed depth of about 0.45 �m are assumed
to be machined in ductile cutting. The cross-section profile of the
fabricated single pattern is measured by using a surface profiler
(Taylor Hobson PGI 1250S). The measured structure height of the
sinusoidal and ramp pattern is about 441 nm and 433 nm,  respec-
tively. The machining error along the nominal DOC direction is
smaller than 20 nm for the current experimental setup. There-
fore, it demonstrates the feasibility of high efficiency fabrication of
high quality and high precision silicon microstructures by applying
the amplitude-controlled sculpturing method in the EVC. The con-
tinuous development of the EVC process is expected to promote
the development of sophisticated silicon microstructures in future
industrial applications [66].

5. Conclusion

In the present work, we  perform grooving experiments to inves-
tigate the ultra-precision machinability of silicon in ductile cutting
by applying the EVC. With a nominal cutting speed of 200 mm/min
and a vibration amplitude Ac-Ad of 2-1 �m0-p, the critical nomi-
nal DOC for the silicon DBT is 475 nm,  which is about 12.5 times
higher than that of 38 nm in the OC. Even though there are brit-
tle cracks generated in the EVC at a nominal DOC that is higher
than the critical value, the dominant defect size is significantly
smaller than that in the OC. Moreover, it is also revealed that the
forces achieved by applying the EVC are two  advantageous fac-
tors to suppress the lateral crack propagation. It is found that the
vibration amplitude in the nominal DOC direction Ad has a sig-
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Fig. 15. Microphotograph and profil

ificant influence on the ductile cutting of silicon. A large value
f Ad can lead to easy pulling up and tearing off the workpiece
aterial. On the other hand, a much small value of Ad can increase

he instantaneous uncut chip thickness and cutting forces in each
ibration cycle. Therefore, our experimental results indicate the
ptimal machining conditions for obtaining the ductile cutting of
ilicon in the EVC process: amplitudes Ac-Ad of 2-1 �m0-p and
-0.5 �m0-p, nominal cutting speed of 200 mm/min  and nominal
OC of less than 456 nm.  Based on the optimal machining condi-

ions, high precision silicon microstructures of angle grid surface
nd independent concave dimple patterns are successfully sculp-
ured on silicon through the EVC ductile cutting combined with
he amplitude-controlled sculpturing method. Our experimen-
al results demonstrate the feasibility of practical ultra-precision

achining of silicon microstructures by applying the EVC.
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