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Ultrasonic vibration was applied to dielectric fluid by a probe-type vibrator to assist micro electrical
discharge machining of deep micro-holes in ceramic materials. Changes of machined hole depth, hole
geometry, surface topography, machining stability and tool material deposition under various machining
conditions were investigated. Results show that ultrasonic vibration not only induces stirring effect, but
also causes cloud cavitation effect which is helpful for removing debris and preventing tool material
deposition on machined surface. The machining characteristics are strongly affected by the vibration
amplitude, and the best machining performance is obtained when carbon nanofibers are added into the
vibrated dielectric fluid. As test pieces, micro-holes having 10 um level diameters and high aspect ratios
(> 20) were successfully fabricated on reaction-bonded silicon carbide in a few minutes. The hybrid EDM
process combining ultrasonic cavitation and carbon nanofiber addition is demonstrated to be useful for
fabricating microstructures on hard brittle ceramic materials.

Ceramic material

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Electrical discharge machining (EDM) is one of the most
popular unconventional machining processes used for producing
complex shapes that are difficult to machine using other conven-
tional processes. In EDM, a tool and a workpiece are submerged in
a dielectric fluid, and the workpiece material is removed by means
of repetitive spark discharges from electric pulse generators [1-2].
EDM has many advantages, such as low installation cost and
capability to machine complex three-dimensional shapes easily
in spite of material hardness [3]. In recent years, micro-EDM is
strongly expected to be used for generating three-dimensional
microstructures, such as micro-holes, micro-grooves and micro-
dimples, on reaction-bonded silicon carbide (RB-SiC).

However, due to the narrow sparking gap in micro-EDM, the
removal of debris is remaining a challenging issue, especially in
deep hole machining and fine finishing with lower discharge
energy. When the debris concentration at the bottom of the gap
between the electrode and workpiece reaches a certain critical
value, it will not only deform the machined geometry [4], but also
lower the surface integrity of the workpiece by forming micro-
cracks and thickened heat affected zones [5].

* Corresponding author. Tel.: +81455661445; fax: +81 455661495.
E-mail address: yan@mech.keio.ac.jp (J. Yan).

0890-6955/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ijmachtools.2013.09.010

To overcome these problems, several approaches have been
attempted by previous researchers, such as orbital electrode actua-
tion [6], flushing [7,8], planetary movement of electrode [9],
ultrasonic vibration of workpiece [10], dielectric fluid tank [11]
and tool [12]. Ultrasonic vibration has also been carried out in
combination with other process improvements, such as EDM using
non-circular electrode [13,14], planetary movement of tool [15],
helical micro-tool [16], and micro-powders [17]. The use of ultra-
sonic cavitation in macro-EDM of carbon fiber reinforced plastic
(CFRP) to remove debris also has been attempted [18]. However,
whether ultrasonic cavitation is effective or not in micro-EDM has
not been clarified yet, especially in micro-EDM of deep micro-holes
of ceramic materials.

In this paper, ultrasonic vibration was directly applied to the
dielectric fluid in the machining region by using a probe-type
vibrator (instead of vibrating the dielectric tank) to generate
cavitation to assist micro-EDM of deep micro-holes in RB-SiC.
The effect of ultrasonic vibration was investigated in combination
with the addition of carbon nanofibers into dielectric fluid.
As shown in the previous paper of the present authors [19], by
adding carbon nanofibers in the dielectric fluid, the electrical
discharge machinability of RB-SiC can be significantly improved.
However, there are still problems such as tool material deposition
on workpiece surface [20], and the machining efficiency is dis-
tinctly lower compared with the EDM of metal materials. In the
present study, a hybrid EDM process by combining ultrasonic
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cavitation and carbon nanofiber addition is proposed to improve
machining efficiency, surface quality and form accuracy of deep
micro-holes in RB-SiC ceramic material.

2. Experimental
2.1. Method

The proposed hybrid micro-EDM method by combining ultra-
sonic cavitation and carbon nanofibers addition is schematically
shown in Fig. 1(a). A suitable amount of carbon nanofibers are
added and mixed in the dielectric fluid and then a probe-type
oscillator horn is placed into the dielectric fluid over the workpiece.
When ultrasonic vibration is applied to the dielectric fluid, intense
ultrasonic waves travel through the liquid, generating small cavities
that enlarge and collapse. This phenomenon is called as cavitation
[21]. In conventional EDM, the debris is removed by gaseous
bubbles escaping from the working area through the discharge
gap [15,22]. In this study, instead of gaseous bubbles, the ultrasonic
cavitation will dominate the removal of discharge-induced debris.
Thus, stable machining performance might be obtained.

The probe-type vibrator (oscillator horn) used in this study
enables concentrative vibration of the dielectric fluid in the machin-
ing region, whereas the unmachined regions are less affected.
Therefore, very strong ultrasonic cavitation may be generated at very
low energy consumption. From this meaning, the vibration mechan-
ism in this study is distinctly different from those in traditional
ultrasonic vibration which is applied to the dielectric tank.

On the other hand, carbon nanofibers play an important role in
the EDM process of low-conductivity RB-SiC material, as shown
previously [19,20]. The excellent electrical conductivity of carbon
nanofiber can reduce the insulating strength of the dielectric fluid
and increase the spark gap distance, leading to a high material
removal rate and better surface finish. In the hybrid EDM method,
the ultrasonic vibration of dielectric fluid causes strong stirring
effect which prevents the carbon nanofibers from aggregation,
so that the nanofibers disperse uniformly in the dielectric fluid.
As a result, frequency of electro discharge in the EDM of RB-SiC
might be improved.

a

Oscillator
Carbon
nanofiber

/ Fluid flow

workpiece

Fig. 1. (a) Schematic diagram of the proposed hybrid micro-EDM process and
(b) photograph of the probe-type oscillator horn used in the experiment.

2.2. Experimental setup

A micro-EDM machine, Panasonic MG-ED82W, produced by
Matsushita Electric Industrial Co., Ltd., was used in this experi-
ment. This machine is energized by a resistor-capacitor (RC) type
pulse generator. The electrical capacitance is determined by
condensers C1-C4, where the capacities are 3300 pF, 220 pF,
100 pF and 10 pF, respectively. This machine is capable of doing
micro-wire EDM and micro-die sinking machining, with a step-
ping resolution of 0.1 um. To excite vibration of dielectric fluid, a
probe-type ultrasonic cavitation generator (Fig. 1b) SC-450 (Taga
Electric Co., Ltd., Japan) [23] with a power output of 50 W was
used in this experiment. It has vibration frequency of 20 kHz and
maximum amplitude of 14 pm. During the EDM process, the tool
electrode was inserted through the hole at the end of the oscillator
horn of the cavitation generator. The oscillator horn was placed
2-3 mm from the workpiece. Ultrasonic vibration was applied to
the dielectric fluid directly by the oscillator horn, which causes the
cavitation effect.

2.3. Materials

An important ceramic mold material, RB-SiC, was used as
workpiece in this study. The RB-SiC material composed of 6H-SiC
grains (grain size ~1 um, 88% in volume) and a Si matrix (12% in
volume). The as-received samples were cylinders with a diameter
of 30 mm and a thickness of 10 mm. The electrical resistivity of the
sample is 1453 Q cm. The tool electrode used in this experiment
was tungsten. Commercially available EDM oil, Casty Lube EDS
(Nikko Casty Co., Ltd.) was used as dielectric fluid. High conduc-
tivity carbon nanofibers, 150 nm in diameter and 6-8 um in length,
were used as an additive in dielectric.

2.4. Machining conditions

First, effect of vibration amplitude on machining efficiency was
investigated. For comparison, two types of micro-EDM tests were
carried out, namely, (1) ultrasonic cavitation in pure EDM oil, and
(2) ultrasonic cavitation in EDM oil mixed with carbon nanofibers.
Micro-hole machining was performed on the sample for duration
of specified time, and average of three tests for each parameter
setting was taken. Electrode dressing was performed after each
EDM cycle by using wire electro discharge grinding (WEDG) in
order to improve the form accuracy. Table 1 shows the experi-
mental conditions.

Table 1
Experimental conditions.

Workpiece material
Electrode material
Polarity

Rotational speed (rpm)
Feed rate (um/s)

Voltage (V)

Condenser capacitance (pF)
Vibration frequency (kHz)
Vibration amplitude (um)
Dielectric fluid

Additive

CNFs size (pm)
Concentration (g/L)
Machining time (s)

RB-SiC

Tungsten

Positive (workpiece)
Negative (tool)

3000

3

70, 100

Stray capacitance, 3300
20+ 15

0-14

EDM oil (CASTY-LUBE EDS)
Carbon nanofibers (CNFs)
Diameter=0.15, Length=6-8
0.06

30-150
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2.5. Measurement and evaluation

In order to examine the microstructure of the samples, surface
topography of the machined micro-holes was examined by a
scanning electron microscope (SEM), SU1510 (Hitachi, Co., Ltd.).
The depth, surface roughness and cross-sectional profile of micro-
holes after the EDM tests were measured using a laser probe
profilometer NH-3SP (Mitaka Kouki Co. Ltd.). The measurement of
surface roughness was performed across the center of the micro
cavity along the radial direction, and the evaluation length was
100 pm. Energy dispersive X-ray spectroscopy (EDX) was used to
detect material migration and measure the amount of migrated
material. In order to clarify the machining stability, tool electrode
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Fig. 2. Effect of vibration amplitude on depth of machined micro-hole.
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Fig. 3. Change in depth of micro-hole with time when ultrasonic cavitation is used
in dielectric oil with/without CNF addition.
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movement in the Z-direction during EDM test was captured using
a Keyence high speed camera, and then VW9000 Motion Analyzer
software was used to track the movement of the electrode.

3. Results and discussion
3.1. Effect of vibration amplitude

Fig. 2 illustrates the effect of vibration amplitude on the depth
of machined micro hole, with 0.06 g/L carbon nanofibers concen-

tration in the dielectric fluid. The machining time for each test was
2 min. It is seen that the depth of machined hole increases rapidly
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Fig. 5. Comparison of cross-sectional profiles of micro-holes machined with
ultrasonic cavitation in (a) pure EDM oil and (b) carbon nanofibers mixed EDM oil.

156.0kV 19.9mm x200 SE 200um

Fig. 4. SEM micrographs of micro-holes after machining time of 2 min with ultrasonic cavitation in (a) pure EDM oil and (b) carbon nanofibers mixed EDM oil.
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when the amplitude increased from 8 pm to 10 pm. However,
when the amplitude increases further, the depth of machined hole
tends to decrease. At excessively high amplitude, the increase in
number of cavitation bubbles might block the dielectric fluid from
flowing into the sparking gap. This phenomenon makes the
machining process unstable, leading to the reduction of material
removal rate. The results in Fig. 2 indicate that the optimum
vibration amplitude for increasing the material removal rate is
10 um.

n R

46.0kV 16.7mmx3.00k SE

3.2. Hybrid effect of ultrasonic cavitation and carbon
nanofiber addition

Fig. 3 shows changes in machined hole depth under conditions
(1) ultrasonic cavitation in pure EDM oil, and (2) ultrasonic
cavitation in carbon nanofibers mixed EDM oil, respectively. The
vibration amplitude in this case is 10 um. Compared to using
ultrasonic cavitation in pure EDM oil, when using ultrasonic
cavitation in carbon nanofibers mixed EDM oil the material

Fig. 6. SEM micrographs of machined surfaces after machining time of 2 min with ultrasonic cavitation in (a) pure EDM oil and (b) carbon nanofibers mixed EDM oil.
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Fig. 7. Measurement results of electrode movement with ultrasonic cavitation in (a) pure EDM oil and (b) carbon nanofibers mixed EDM oil.
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Fig. 8. SEM micrograph of surface machined with carbon nanofibers addition and (a) without ultrasonic cavitation and (b) with ultrasonic cavitation.
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removal rate and the depth of micro hole is increased by 5-7
times. Due to the vibration-induced cavitation bubbles and strong
stirring effect, the carbon nanofibers are distributed uniformly in
the machining region without aggregation. As a result, the carbon
nanofibers can fully play their role in EDM, leading to increases in
discharge gap, discharge frequency and material removal rate.
From this meaning, there is a kind of synergistic effect between
ultrasonic cavitation and carbon nanofiber addition for improving
machining performance in the micro-EDM of RB-SiC.

3.3. Micro hole geometry

Next, hole geometry after EDM was investigated. Fig. 4 presents
SEM micrographs of machined micro-holes obtained with ultra-
sonic cavitation in pure EDM oil and carbon nanofibers mixed
EDM oil. Fig. 5a and b shows typical cross-sectional profiles of the
micro-holes shown in Fig. 4a and b, respectively. The profiles were
measured by laser probe profilometer NH-3SP. It is clear that with
ultrasonic cavitation in pure EDM oil (Figs. 4a and 5a), a cone
shape protrusion was formed in the center of the micro hole.
However, when ultrasonic cavitation is used in carbon nanofibers
mixed EDM oil, as shown in Figs. 4(b) and 5(b), the bottom of the
micro-hole became flat. At the same time, the depth of micro-hole
is remarkably deeper in Fig. 5(b) compared to the one in Fig. 5(a).

In pure EDM oil, stagnation of debris occurs easily at the center of
micro-cavities where the debris interacts with the tool electrode [4].
This phenomenon causes concavity at the center of tool tip [4,19].
When carbon nanofibers are added into the dielectric fluid, however,

Tungsten wt (%)

Without cavitation With cavitation

Conditions

Fig. 9. Weight percentage of deposited electrode material with/without cavitation.

15.0kV 19.7mm x350 SE

the insulating strength of dielectric fluid will be reduced, and a bigger
discharge gap is obtained between the tool electrode and the
workpiece [19]. Thus, debris will be flushed out effectively with the
help of ultrasonic cavitation bubbles and debris concentration at the
center of micro-hole will be prevented. This indicates again that the
combination of ultrasonic cavitation and addition of carbon nanofi-
bers in the dielectric fluid, rather than using either of them alone, is
essential.

3.4. Surface topography

Fig. 6 shows SEM micrographs of the machined surface. With
ultrasonic cavitation in pure EDM oil, the surface of the micro-hole
is very rough (0.28 pmRa) and covered with resolidified material
(Fig. 6a). In contrast, in Fig. 6(b), the surface machined with
ultrasonic cavitation in carbon nanofiber mixed EDM oil is
smoother (0.20 umRa), and surface craters are remarkably smaller.
Different from vibration-assisted EDM of metal materials [24], the
material removal mechanism in vibration-assisted EDM of RB-SiC
involves spalling of large flakes, leading to a rough surface.
However, the spalling of large flakes can be prevented by the
hybrid EDM process using ultrasonic cavitation and carbon nano-
fiber addition in the dielectric fluid.

3.5. Stability of machining process

As the EDM machine employs an automatic feed control
system, if short circuit occurs because of tool-workpiece contact
or adhesion of debris, then the tool electrode is moved in the
reverse direction of the feed to maintain the tool-workpiece gap.

15.0kV 11.1mm x150 SE

Fig. 11. SEM micrograph of a cross-sectioned high aspect ratio micro hole.

16.0kV 18.8mm x500 SE

Fig. 10. Micro-holes obtained with (a) 50 um and (b) 23 um diameter tool electrodes.
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This back-feeding action indicates the EDM process is unstable and
results in the increase of machining time [25]. In this study, in
order to investigate the machining stability, we captured and
tracked the electrode movement.

Fig. 7 shows the measurement results of electrode movement
when ultrasonic cavitation was used in pure EDM oil and carbon
nanofibers mixed EDM oil. Frequent back-feeding actions occurred
in Fig. 7a, indicating the occurrence of abnormal discharge and
unstable machining situation. In Fig. 7b, however, continuous
feeding action of electrode toward the workpiece is observed
without reverse action. This result demonstrates again that
the hybrid process of ultrasonic cavitation and addition of carbon
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Fig. 12. Surface roughness at different depth of micro hole.
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nanofibers in dielectric fluid improves the process stability and
material removal rate.

3.6. Effect of ultrasonic vibration on tool material deposition

Fig. 8 presents SEM micrographs of surface machined at low
energy for fine machining (70V, stray capacitance,) with carbon
nanofibers addition in dielectric fluid (concentration 0.06 g/L) with/
without ultrasonic vibration. Without ultrasonic cavitation, many
tungsten particles are deposited on the workpiece surface (Fig. 8a).
In contrast, with ultrasonic cavitation the tungsten particle deposi-
tion is reduced significantly (Fig. 8b).

Fig. 9 shows tungsten weight percentage analyzed by EDX for
both conditions. The weight percentage of deposited tungsten
decreases by a factor of 3 by using ultrasonic cavitation. With
ultrasonic cavitation, the cavitation bubbles oscillate rapidly at the
working area, preventing the tungsten debris deposition.

3.7. Fabrication of high aspect ratio micro-hole

Next, we attempted to fabricate high aspect ratio micro-holes
using the hybrid effects of ultrasonic cavitation and carbon
nanofiber addition in dielectric fluid. Tungsten rods with dia-
meters of 50 um and 23 um were used as tool electrodes. SEM
micrographs of the machined micro-holes are shown in Fig. 10.
An aspect ratio of 11.5 was achieved within 10 min by using the

b

Electrode

Electrode

.

Cloud cavitation

Fig. 14. High speed camera observation of micro-EDM with ultrasonic cavitation, showing (a) cloud cavitation formation and (b) oscillation of cloud cavitation.
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50 um diameter tool, and an aspect ratio of 21.7 was obtained with
the 23 um electrode in 4 min.

In order to examine the inner surface quality of the high aspect
ratio micro-hole, the sample in Fig. 10(a) was cross-sectioned by a
diamond cutter and polished using diamond slurry and observed
by SEM. Fig. 11 shows an SEM micrograph of the hole cross section.
The bottom of the micro-hole is flat without cone shape protru-
sion. The surface roughness of hole side walls were then measured
using the laser probe profilometer at three locations of different
hole depths. As shown in Fig. 12, the surface roughness ranges
from 0.24 to 0.32 umRa and does not show obvious change with
the depth of micro-hole. This result indicates that the ultrasonic
cavitation is effective even at the deep region of the micro-hole.

4. Process mechanism

To reveal the hybrid micro-EDM process mechanism, we
observed the machining tests with/without ultrasonic cavitation
using a high speed camera. To ease observation, the RB-SiC
workpiece was attached to a plate of glass, and EDM tests were
performed along the interface of RB-SiC and glass. High speed
camera observation was done from the glass side perpendicularly
to the feed direction of the tool electrode. In this way, cavitation
bubbles can be clearly seen through the transparent glass. As
shown in Fig. 13, without ultrasonic cavitation, lots of small

Cloud cavitation

S

/ Electrode

Cavitation bubble

Fig. 15. High speed camera observation of deep region when using ultrasonic
cavitation.

bubbles are created first (Fig. 13a), and then these small bubbles
continue to grow in size until they finally collapse (Fig. 13b). In
contrast, with ultrasonic cavitation, the cavitation bubbles tend to
accumulate, forming cloud cavitation (Fig. 14a). These clouds
cavitation oscillate around the working area rapidly, helping to
remove debris from the sparking gap (Fig. 14b). In deeper region,
as shown in Fig. 15, cavitation bubbles are also observed. Due to
the buoyancy force, these cavitation bubbles rise towards the
surface region, which is helpful to carry out the debris from the
machining gap.

Cavitation phenomenon is strongly related to acoustic pressure
Pqc, as determined in Eq. (1) [26]:

Poc = 2zf sApc (1)

where f is oscillations frequency (Hz), p dielectric fluid density
(kg/m3), ¢ sound velocity in dielectric (m/s) and A vibration
amplitude (m). According to Ghiculescu et al. [27], to produce
cavitation, P, must be greater than a cavitation threshold. The
cavitation threshold mainly depends on the ambient pressure
(1 bar) [28]. In this study, f,,=20kHz, A=10 um, p=767 kg/m>
and c=1320 m/s. Under these conditions, the acoustic pressure Py
is 1.27 MPa. From this result, we can see that the acoustic pressure
is far greater than the ambient pressure. In other words, the
acoustic pressure is sufficiently high to cause cavitation bubbles in
this study.

Normally, in a cavitation process, bubbles grow and collapse.
However, in the present study, we found that cloud cavitation
oscillating around the machining area instead of collapse. Accord-
ing to Suslick [21], cavity growth depends on the intensity of
sound. In the case of low intensity ultrasound (20 kHz), the cavity
size will not grow and collapse as the one induced by high
intensity ultrasound. Instead, these cavities will simply oscillate,
often nonlinearly, for many cycles of expansion and compression.
A cloud cavitation will be formed when these stable cavities
gathered at equilibrium position, i.e., the pressure nodes level
[29]. In a cloud cavitation, the nonlinear bubble dynamics pro-
duces nonlinear interactive effects which cause cascading of
fluctuation energy [30,31]. Due to the fluctuating energy in the
dielectric fluid, the debris might be flushed out from the gap.

The schematic model for debris removal through the cavitation
assisted micro-EDM of a deep micro-hole is shown in Fig. 16.
By using ultrasonic vibration, two effects might be expected. One
is the vibration-induced stirring effect which is helpful to uni-
formly distribute the carbon nanofibers in the dielectric fluid. The
other is the vibration-induced cloud cavitation bubbles which help

Oscillator horn .
" 1
N

o r\,

Cavitation bubbles ==

4

Oscillation of

o : / cloud cavitation
'7‘ % -

2 Upwards movement

of bubbles and debris

Carbon nanofiber

Debris

Workpiece (+ve)

Fig. 16. Schematic model for debris removal through the cavitation assisted micro-EDM of a deep micro-hole.
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to flush out the debris. Due to these two effects, short circuit and
unstable machining can be prevented, leading to significant
improvement in EDM performance. From this meaning, the
proposed hybrid micro-EDM method in this study provides
possibility for high-efficiency precision manufacturing of micro-
structures on ultra-hard RB-SiC ceramic materials.

5. Conclusions

Ultrasonic cavitation assisted micro-EDM of deep holes was
proposed and verified by machining tests of RB-SiC. Effects of
ultrasonic vibration on hole depth, hole geometry, surface topo-
graphy, process stability and tool material deposition were experi-
mentally investigated. The main conclusions are summarized as
follows:

1. Ultrasonic vibration of dielectric fluid using a probe-type
vibrator is effective to improve the micro-EDM performance
including material removal rate, maximum machining depth,
surface topography, hole geometry, and process stability.

2. The effect of ultrasonic vibration is significant only when
carbon nanofibers are mixed in the dielectric fluid. Without
carbon nanofibers, the effect of ultrasonic cavitation alone is
insignificant.

3. Vibration amplitude strongly affects the depth of machined
micro hole. The maximum depth of micro hole was achieved at
vibration amplitude of 10 um.

4. Ultrasonic vibration induces two major effects. One is stirring
effect which is helpful to uniformly distribute the carbon
nanofibers in the dielectric fluid. The other is the cloud cavita-
tion bubbles which help to flush out the debris.

5. Cloud cavitation is generated not only in surface region, but
also in deep region. It is the upward flow and oscillation of
cavitation bubbles that help to remove the debris.

6. Micro-holes having ten micron level diameters and high aspect
ratios ( > 20) were successfully fabricated on reaction-bonded
silicon carbide in a few minutes.
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