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a  b  s  t  r  a  c  t

In this  study,  electrical  discharge  machining  (EDM),  a non-contact  thermal  machining  process,  is proposed
for machining  single  crystal  silicon  carbide  (SiC)  which  exhibits  extreme  mechanical  hardness.  However,
as a semiconductor,  SiC  demonstrates  significantly  different  EDM  characteristics  compared  with  those
of metallic  materials.  This  research  clarifies  the  EDM  characteristics  of  SiC  from  thermal,  mechanical  and
chemical  aspects  through  experimental  and analytical  approaches.  The  heat  transfer  analysis  of  a single
discharge  of  SiC  taking  into  account  Joule  heating  effect  revealed  that  Joule  heating  effect  can  increase  the
surface  temperature  of  SiC  near  the  discharge  spot considerably.  On  the other  hand,  experimental  inves-
ingle crystal SiC
aterial removal mechanism
eat transfer
rystallographic structure
xidation

tigations  on  the  EDM  of  SiC  found  that  brittle  fractures  along  crystal  orientations  occur  in the  EDM  of SiC
due  to  thermal  shock.  However,  the  influence  of the  crystal  anisotropy  of  SiC  on  the  EDM  characteristics
was  not  significant.  Finally,  the  EDM  mechanism  of  SiC  was  investigated  from  chemical  aspects.  Oxida-
tion  reaction  was  confirmed  in  the EDM  of  SiC  in deionized  water.  All of  these  factors  helped  improve
the  machining  rate  of SiC  to a certain  extent.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Single crystal silicon carbide (SiC) is an extremely hard and inert
V–IV compound semiconductor material with a hexagonal close-
acked crystal structure. It is a well-known semiconductor which
as been drawing special attention in recent years because of its
igh suitability for high-temperature, high-power, high-frequency
emiconductor devices, whereas conventional semiconductors
uch as Si, GaAs etc. are reaching their limits (Dhanaraj et al.,
010). This is because SiC possesses superior electrical and phys-

cal properties over Si, such as a wider band-gap (three times
hat of Si), larger critical electric field intensity (10 times that of
i), higher thermal conductivity, higher electron saturation drift
elocity, etc. Furthermore, SiC devices can reduce power loss and
llow downsizing of various power supply units and power con-
ersion equipments. However, it meets great challenges to scale
ut the application of SiC devices due to its high cost. According
o Friedrichs et al. (2010), currently Si is still dominating nearly all

emiconductor applications for economic reasons and SiC has little
hance of being widely used unless its cost can be reduced to that
f Si, or lower.

∗ Corresponding author.
E-mail address: yonghua.zhao@edm.t.u-tokyo.ac.jp (Y. Zhao).

ttp://dx.doi.org/10.1016/j.jmatprotec.2016.05.010
924-0136/© 2016 Elsevier B.V. All rights reserved.
There are mainly two  reasons for the high manufacturing costs
of SiC wafers. One is that, SiC has high brittleness due to its crys-
tal structure. On the other hand, SiC crystals exhibit very high
bonding energy owing to the short interatomic distance of Si–C
(0.189 nm), resulting in the extreme hardness of SiC, as shown in
Table 1 (Matsunami et al., 2011; Emsley, 1998). The extreme hard-
ness and brittleness make SiC a difficult-to-machine material by
mechanical machining approaches. For example, with the SiC wafer
slicing process using multi-wire saw, this is a traditional mechani-
cal machining process conventionally used for slicing Si wafers, and
it is significantly time- and cost- consuming when applied to the
wafering of SiC ingots. Moreover, since the hardness of SiC is close
to that of diamond, diamond is the only tool which can machine
SiC, further increasing the machining costs of SiC.

On the other hand, electrical discharge machining (EDM) is a
non-contact thermal machining process which can machine any
conductive material regardless of the workpiece hardness as the
material removal is based on melting and/or evaporating the mate-
rial. Therefore, EDM is recently applied to machine SiC to reduce
costs and improve the machining efficiency and accuracy. Several
researches on the EDM of silicon carbide ceramic which is similar

to silicon carbide single crystal in terms of hardness and brittleness
have been carried out in the past. Saeki et al. (1996) investigated the
material removal mechanism of high-resistivity material (Si3N4-
SiC ceramics) in EDM by calculating the workpiece temperature

dx.doi.org/10.1016/j.jmatprotec.2016.05.010
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2016.05.010&domain=pdf
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Table 1
Comparison of material properties between SiC, Si and steel.

SiC Si SKD steel

Knoop hardness [kgf/mm2] 2400–3000 560–710 –
Electrical resistivity [� cm] 2  × 10−2 < 2 × 10−2 1.5 × 10−5

Melting point [◦C] – 1410 1540
Sublimation point [◦C] 2000–2200 ◦C – –
Thermal conductivity [W m−1 K−1] 490 148 40

Table 2
Pre-set wire EDM conditions for machining SiC and SKD11.

Wire electrode Brass wire, �200 �m
Workpiece polarity (+)
Dielectric liquid Deionized water
Machining length 10 mm
Workpiece thickness 10 mm

chemical factor, as shown in the following.
Y. Zhao et al. / Journal of Materials P

istribution and found that Joule heat caused temperature to rise
ear the discharge spot. Luis et al. (2005) conducted sinking EDM
f siliconized or reaction-bonded silicon carbide (SiSiC) and inves-
igated the influence of the most relevant EDM factors on material
emoval rate and electrode wear. Liu et al. (2008) applied electri-
al discharge milling to machine silicon carbide ceramic to improve
he machining efficiency and their experimental result showed that
he machining rate can be improved to a certain extent compared
o mechanical machining process but not enough to meet indus-
rial demands. Ji et al. (2011) investigated the electrical discharge

illing performance of SiC ceramics by varying machining condi-
ions and they concluded that the removal mechanism of EDM of
iC ceramic consisted of material melting, evaporation and thermal
palling. In order to improve the machining efficiency furthermore,
i et al. (2010, 2013) developed an electrical discharge milling and

echanical grinding compound process and investigated the sur-
ace integrity after machining. All of the researches described above
re focused on SiC ceramic. With regard to SiC single crystal, Kato
t al. (2009) succeeded in the wire EDM slicing of 2inch 4H-SiC
afer and discovered that wire EDM is suitable for slicing SiC wafer
ith high efficiency and low damage. Yamada et al. (2012) revealed

hat wire EDM can achieve higher cutting speed, smaller surface
oughness, smaller warpage and smaller kerf loss than the diamond
ire saw for wafering SiC ingots. Ishikawa et al. (2014) investi-

ated the cross-section of as-sliced 6H-SiC by transmission electron
icroscopy (TEM) and found that little crystal disorder was induced

n hexagonal SiC after EDM. Kitamura et al. (2013) carried out EDM
xperiments of SiC wafer in oil and observed the discharge gap
henomenon taking advantage of the optical transparency of SiC
afer. The research found that the discharge gap of EDM of SiC

uring machining is mostly occupied by bubbles. Zhao et al. (2014)
nvestigated the optimal machining conditions for EDM of 4H-SiC
nd proposed the foil EDM method for slicing SiC wafers which
ses a foil tool electrode. However, no sufficient study has been
arried out on the EDM mechanism of SiC. Zhao et al. (2015) also
eveloped a multiple discharge EDM coring method utilizing the
lectrostatic induction feeding method to achieve high efficiency
oring of 4H-SiC ingots and wafers. In order to reduce tool wear and
mprove the machining rate of SiC, Yan and Tan (2015) developed a
ybrid sintered diamond tool for the micro-machining of SiC which
ombines EDM and grinding process, and succeeded in achieving a
anometer-scale surface finish. Furthermore, Okamoto et al. (2012)
onducted research on the development of a multi-wire electrical
ischarge slicing equipment for slicing multiple SiC wafers simulta-
eously by EDM in order to reduce the time cost and manufacturing
ost of SiC wafers. The multi-wire EDM slicing process has been
rogressing rapidly in recent years. Itokazu et al. (2014) realized
he simultaneous slicing of 100mm-square poly-crystal SiC mate-
ial by 40 times without wire break by the multi-wire EDM method,
hich confirmed the feasibility and potentials of applying EDM for
achining SiC. Ogawa et al. (2014) succeeded in the multi-wire

DM slicing of 4 inch SiC balk single crystal with the developed elec-
rical discharge pulse control system to prevent wire break during

achining. However, as discussed above, to date most literature
eports focused on the application, whereas the material removal

echanism of SiC in EDM, which is of great importance for improv-
ng the machining performance, has not been comprehensively
nvestigated. Since the physical properties of SiC and metallic mate-
ial (in this study cold tool steel SKD11 was used), as described in
able 1, differs considerably, it is of significant importance to clarify
he EDM mechanism of SiC. Therefore, in this study, first a compara-
ive study between the EDM of SiC and metallic material was  carried

ut. Then based on the differences in the EDM of the two  materials,
he thermal, mechanical and chemical removal mechanism of the
DM of SiC were investigated and discussed respectively.
Duty factor 9.1%

2. Differences in EDM characteristics between SiC and tool
steel

EDM is generally applied to machine metallic material. How-
ever, SiC differs from other metallic materials with its higher
electric resistivity and higher thermal conductivity, as shown in
Table 1. In order to clarify the differences in EDM characteristics
between SiC and other metallic materials, comparative experi-
ments between the wire EDM of SiC and cold tool steel were
conducted. The machining conditions were pre-set the same as
shown in Table 2. The experimental results of the material removal
rate (MRR) differences between the two materials are shown in
Fig. 1, where te indicates the measured discharge duration in
machining. The points connected by the dashed lines indicate the
same preset machining conditions. The figure indicates that under
the same machining conditions, the measured discharge current in
the EDM of SiC is much lower than that of steel due to the higher
resistivity of SiC. The material removal volume per single discharge
of SiC material, however, was several times higher than that of steel
under the same discharge current. In addition, according to the pre-
vious study carried out by Zhao et al. (2014), the machined surface
roughness and kerf loss were also much larger in the case of SiC
than steel.

However, in theory, according to the study on the effects of
material properties on EDM rate conducted by Yamashita et al.
(2011), SiC is categorized as difficult-to-machine material by EDM
due to its extremely high thermal conductivity and high sublima-
tion point. With regard to the reasons for the differences, three
aspects are investigated: thermal factor, mechanical factor and
Fig. 1. Difference in material removal rate by EDM between SiC and steel.
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Table 3
Material properties used for simulation.

SiC SKD11

Specific heat [J/(kg K)] 656 469
−3
ig. 2. Flow chart of calculation of temperature distribution inside SiC workpiece.

. Thermal aspects

This section demonstrates the difference in temperature dis-
ribution resulting from a single discharge between SiC and steel
ue to their different thermo-physical properties, and clarifies the
easons for the difference in the material removal rate. Since it
s impossible to obtain 3-dimensional temperature distribution
nside the workpiece by experiments, the temperature distribu-
ion was calculated by solving heat conduction equation. The
nite difference method (FDM) was employed to perform the heat
onduction analysis. In addition, Joule heating was taken into con-
ideration in the calculation. This is because, according to the
esearch by Rich (1961), Joule heating is comparable to the energy
nput from arc plasma for the high-resistivity materials.

.1. Analysis algorithm

Fig. 2 shows the analysis procedure for calculating the temper-
ture distribution. First, the electrical potential distribution inside
he workpiece is computed considering the resistivity. Based on
he calculated electrical potential distribution, the current density
istribution inside the workpiece is calculated. The generation of
oule heat is then calculated based on the obtained current density
nd workpiece resistivity. Next, considering the energy input from
oth the Joule heat and heat flux from discharges, heat conduction
nalysis is carried out to compute the time-dependent tempera-

Fig. 3. Illustration of electric potential a
Density [kg m ] 3210 7850
Latent heat for fusion [kJ kg−1] – 267
Latent heat for vaporization [kJ kg−1] – 6285

ture distribution in workpiece. To achieve accurate calculation, the
changes in the arc column diameter with time due to the expansion
behaviour of the arc plasma, which will be explained later, is taken
into consideration at every time step.

3.2. Analysis model

The analysis model used in the study is shown in Fig. 3. Con-
sidering that current and heat flow axis-symmetrically into the
workpiece, a cylindrical workpiece model was  used. Kojima et al.
(2008) measured the arc plasma diameter in EDM by spectroscopic
measurement method and found that the plasma diameter changes
with time during discharge. For this reason, in this study, a cir-
cular disk with a time-dependent diameter d(t) was used as the
model of arc plasma column (energy source). The arc column is set
right above the center of the workpiece working surface. As the
whole model is axisymmetric, it can also be simplified to a two-
dimensional model, as shown in Fig. 3(b). The center brown area
on the working surface indicates the energy input region where
the current density j and heat flux q

′′
are assumed to be uniform. To

perform the finite difference method, the analysis model is meshed
monotonously in both the radial and longitudinal directions.

As supplementary information for Table 1, the necessary
thermo-physical properties for the analysis are listed in Table 3. For
comparison, both SiC and SKD steel are included in the table. For
simplicity, the dependency of the material properties on tempera-
ture is not considered here. In addition, the removal of material by
melting and evaporation after the temperature exceeds the melt-
ing point is not considered in the analysis. The latent heat for fusion
and vaporization of the steel material, as shown in Table 3, is taken
into account in the analysis. The latent heat for the decomposition
of SiC was not considered due to the lack of relevant data.

3.3. Calculation of Joule heat

When an electric current passes through a conductor, heat is
released from the conductor, which is called Joule heating effect.

To calculate the generation of Joule heat in SiC workpiece in EDM,
the electrical field must be determined first. The electrical potential
distribution can be calculated based on the law of charge conser-
vation.

nd heat transfer analysis models.
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inside SiC, around 40 V, mostly occurred in the vicinity of the dis-
charge spot where the current density is highest.

Table 4
Experimental conditions for measuring the discharge waveform of SiC.

Tool electrode Copper rod, �5 mm
Workpiece 4H-SiC wafer
Open voltage [V] 120
Preset discharge current [A] 30
Fig. 4. Procedures for inverse solution of plasma diameter in EDM of SiC.

The boundary conditions for the analysis are noted in Fig. 3.
he electrical potential V at the nodes on the bottom surface of the
orkpiece is set as zero (ground level). Except for the energy input

egion, all the other surfaces are considered to be insulated. The
urrent density j inside the arc column is assumed to be uniform
n the whole discharge area for simplicity, which equals the value
f current divided by the cross-section area of the arc column as
xpressed in Eq. (1). Here, ie refers to the discharge current and d(t)
s the time-dependent diameter of are plasma.

 = ie

�(d(t)/2)2
(1)

n Eq. (1), d(t), which has a significant influence on the current
ensity j, should be decided correctly. In some cases, for simplic-

ty, Eq. (2), obtained by Saito and Kobayashi (1967) assuming that
eat source diameters were equal to discharge craters diameters
easured in experiments, is used as the energy source diameter.

(t) = 2.4 × 10−3 × t0.4 × i0.4e (2)

ere the units of d(t), t, and ie are [m], [s], and [A] respectively.
itamura and Kunieda (2014) observed the arc plasma using a high
peed video camera and found that the diameter of the arc plasma
as much larger than that of the discharge crater. However, since

(t) depends on gap width and pulse conditions, the d(t) obtained
y Kitamura and Kunieda (2014) cannot be used for the present
tudy. Hence, in this paper, the correct heat source diameter in the
DM of SiC was obtained by solving the inverse problem of electrical
otential analysis proposed by Saeki et al. (1996).

.3.1. Inverse solution of plasma diameter in EDM of SiC
Fig. 4 shows the flowchart of the calculation of the plasma diam-
ter. At the start, the actual discharge current and voltage waveform
f EDM of SiC are measured through experiments. Based on the
easured discharge voltage and current, the voltage drop inside

iC at a certain time t (here t refers to the passage of time) after
Fig. 5. Discharge waveform of SiC by sinking EDM.

discharge ignition and the corresponding discharge current can be
obtained. In the iteration of the program shown in the flowchart,
the arc column diameter, d(t), is set to be changing from 0 to 200 �m
with an interval of 0.01 �m.  At each assumed value of d(t), the
voltage drop inside SiC is calculated. At a certain time t, if the cal-
culated voltage drop inside SiC agrees with the measured value,
the assumed d(t) will be taken as the plasma diameter at time t.
By repeating the program, d(t) at different times can be calculated.
Saeki et al. (1996) used this method to obtain the expansion of arc
column with time lapse in EDM of ceramics through experiments.

The discharge waveforms of SiC measured through experiments
are shown in Fig. 5. Table 4 shows the experimental conditions for
measuring the discharge waveforms. The measured discharge gap
voltage Um is composed of three parts: voltage drop in tool elec-
trode Ut , voltage drop in arc plasma Ue and voltage drop inside
workpiece Uw due to the resistivity of workpiece, as shown in
Fig. 6. The voltage drop in the copper tool electrode and work-
piece made of metallic material is very small because they are good
conductors, and therefore can be neglected. The discharge voltage
measured in the EDM of steel is usually considered the voltage drop
in arc plasma. Hence, the voltage drop in the workpiece of SiC was
obtained by subtracting the measured discharge voltage of steel
from that of SiC under the same discharge current, as illustrated in
Fig. 6(b).

Based on the method described above, the plasma diameter d(t)
was calculated under the conditions shown in Table 4, as shown in
Fig. 7. The approximate curve is used to express the change in the
arc plasma diameter with time.

3.3.2. Joule heat
Based on the law of charge conservation, the electrical potential

distribution in SiC was  calculated. Fig. 8 shows the analysis results
of electrical potential distribution inside SiC at t = 2 �s after dis-
charge when the discharge current is around 14A and the plasma
diameter is around 27 �m.  It can be seen that the voltage drop
Discharge duration [�s] 10
Discharge interval [�s] 2500
Servo voltage [V] 100
Dielectric liquid EDM oil
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Fig. 6. Measurement of voltage drop
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Fig. 7. Time-dependent plasma diameter obtained by solving inverse problem.

Fig. 8. Electrical potential distribution and current in SiC body at t = 2 �s.
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3.4.2. Temperature decrease with passage of time
Fig. 10 shows the decrease in the peak temperature at r = z = 0

(heat source center on the working surface) with the lapse of time
The rate q̇  at which energy is generated per unit volume of the
edium (W/m3) owing to the Joule heating effect can be calculated

ased on Joule’s law as expressed in the following equation:

˙ (r, z, t) = � × j2 (3)

here � is the specific electrical resistivity (� m)  and j the current
ensity (A/m2) flowing through the conductor.
 inside SiC workpiece in EDM.

3.4. Temperature distribution

The temperature distribution inside workpiece can be calcu-
lated by solving the time-dependent heat conduction equation in
the cylindrical model as expressed in the following:

�dc
∂T(r, z, t)

∂t
= 1
r

∂

∂r

(
�r
∂T(r, z, t)

∂r

)
+ ∂

∂z

(
�
∂T(r, z, t)

∂z

)
+ q̇(r, z, t) (4)

where, �d is the density of the workpiece (kg/m3), c the spe-
cific heat (J kg−1 K−1), � the thermal conductivity of the workpiece
(W m−1 K−1), and T the temperature (K).

The initial temperature T0 of all the nodes and the ambient tem-
perature Tm in the model were set as room temperature (300 K). The
top surface of the workpiece was considered to be adiabatic except
for the discharge area, as shown in Fig. 3. All the other surfaces
of the workpiece were maintained at room temperature. Material
removal was not considered in the analysis for simplicity.

The workpiece polarity was set as anode. It was  assumed that
the heat flux q

′′
from arc plasma flows uniformly into the workpiece

within the discharge area. Taking the discharge current to be ie and
discharge voltage ue, the heat flux can be expressed by the following
equation, where � is the ratio of the discharge energy distributed
into the anode.

q
′′ = � × ue × ie

�(d(t)/2)2
(5)

In this research, the discharge energy distribution ratio into
SiC was not experimentally measured. However, since the thermal
conductivity of 4H-SiC (490W m−1 K−1) is close to that of copper
(401 W m−1 K−1), the energy distribution ratio of SiC (anode) � was
set as 40% referring to that of copper obtained by Xia et al. (1996).
Based on the boundary conditions and Eq. (4), the temperature at
every node was  calculated making use of the numerical method of
finite difference with central difference and explicit method.

3.4.1. Influence of Joule heating effect on temperature distribution
Fig. 9 shows the calculation results of the temperature distri-

bution inside workpiece at t = 2 �s with and without taking into
consideration the Joule heating effect. When Joule heating effect is
not taken into consideration, the surface temperature of SiC at dis-
charge spot drops to 2069 K at t = 2 �s after discharge ignition. On
the other hand, the surface temperature of SiC at the discharge spot
increases significantly to about 4268 K when Joule heating effect
is taken into consideration, which indicates that the Joule heat-
ing effect contributes considerably to the increase in the surface
temperature of SiC in EDM.

DELL
矩形
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Fig. 9. Calculated temperature di
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Fig. 10. Change of peak temperature on working surface of SiC with passage of
discharge time.

a
a
i
e
d
r

s
e
t
s
a
d
c
d
b

mechanism in EDM may  differ significantly from ductile metallic
material. In this section, we consider the material removal mecha-
Fig. 11. Influence of pulse duration on EDM of SiC.

fter the ignition of discharge. It can be seen that the peak temper-
ture drops below the decomposition temperature, 3000 K, of SiC
n about 4 �s due to the high thermal conductivity of SiC and the
xpansion of heat source diameter. This suggests that a long pulse
uration may  not contribute to improving the material removal
ate of SiC.

To verify this conclusion, experiments were conducted on the
inking EDM cutting of SiC using rectangular shape copper foil tool
lectrodes to investigate the influence of the pulse duration on
he EDM of SiC. Fig. 11 shows the experimental results. It can be
een that with the same duty factor, the machining rate decreases
nd the tool wear ratio increases with increasing the discharge
uration. By repeating machining trials in the experiments, it was
onfirmed that under either plus or minus polarity, long pulse

uration easily results in concentrated discharge and machining
ecomes extremely unstable. The experimental result validated the
stribution in SiC at t = 2 �s.

analysis result. It was  therefore concluded that long pulse duration
is not efficient for the EDM of SiC.

3.4.3. Comparison of single discharge EDM between SiC and
SKD11

The difference in temperature distribution between SiC and
SKD11 was investigated to clarify the reasons for the difference
in the machining rate shown in Fig. 1.

The same heat source diameter and discharge current were used
in the analysis. Fig. 12 (a) and (b) show the analysed results of tem-
perature distribution in SiC and steel, respectively, at time t = 1 �s.
The peak temperature at the heat source center on the discharge
surface of SiC was lower as compared to that of steel due to its
higher thermal conductivity. The area of high temperature region
of SiC, however, was much larger than that of steel due to the
Joule heating effect inside SiC, which helps to increase the aver-
age temperature of the working surface in consecutive discharges.
Moreover, the area of high temperature region which exceeds the
sublimation/decomposition point of SiC was  several times larger
than the area of high temperature region of steel which exceeds
the melting point of steel. In other words, the Joule heating effect
is thought to create a larger high temperature (over sublimation
point) region on the SiC workpiece surface than steel, contributing
to the improvement of the material removal rate of SiC.

On the other hand, it should be noted that in actual machin-
ing with the same machining conditions, the heat flux input into
SiC and steel is probably different. In the case of SiC, since the dis-
charge voltage is high, under the same servo voltage, the discharge
frequency should be high (Kunieda, 2014). This means that the dis-
charge gap width should be smaller than that of steel in order to
achieve a higher discharge frequency. According to the findings
by Kojima et al. (2008), a smaller discharge gap width will result
in a smaller plasma diameter, which consequently brings about a
higher heat flux in the EDM of SiC compared with that of steel. This
probably is another reason for the higher material removal rate of
SiC.

4. Mechanical removal of material in EDM of SiC

Given that SiC is a typical fragile material, the material removal
nism of SiC from the perspective of brittle fracture and investigate
the influence of crystal structure on the EDM performance.

DELL
矩形

DELL
矩形
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Fig. 12. Comparison of temperature distribution between SiC and steel by single discharge (t = 1 �s).
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Fig. 14. Cracks in SiC caused by single discharge (ie = 20A, te = 100 �s).
Fig. 13. Crystal orientations and crystal planes of 4H-SiC.

.1. Thermal fracture in EDM of SiC

4H-SiC exhibits a hexagonal close-packed crystal structure, of
hich the main crystallographic orientations and planes are shown

n Fig. 13. The c axis marked in the figure refers to the crystal growth
xis of SiC. As an extremely brittle material, SiC has a low fracture
oughness. Syvajarvi et al. (2000) reported that SiC has two pre-
erred cleavage planes: the (11–20) and (1–100) plane respectively,
nd cleavages along the crystal plane (1–100) are more repro-
ucible. In the EDM of SiC, due to the existence of temperature
radient resulted from discharge heat, thermal stress is generated
nside SiC, which can cause thermal cracks. This consideration was
onfirmed by the observation of a single discharge crater of SiC, as
hown in Fig. 14. Multiple cracks aligned along the crystal orienta-
ions of SiC due to thermal shock can be seen clearly.

Micro cracks may  cause fracture of SiC workpieces in case of
onsecutive discharges due to excessive thermal shock. Based on
his assumption, EDM experiments were conducted on SiC in clean
eionized water in a clean tank by sinking EDM. The EDM debris
as collected after experiments and observed using a scanning

lectron microscope (JEOL JSM-6010LV). The observed image of
DM debris of SiC, shown in Fig. 15, revealed the presence of multi-
ngular SiC debris particles due to the brittle fracture of SiC. This
esult coincided with the material removal mechanism of spalling
n the EDM of brittle ceramics due to high thermal shock reported
y Lauwers et al. (2004). The multi-angular debris particles had
early hexagonal or square shapes with crystallographically ori-

nted sharp edges. This is considered to be another mechanism
ausing the higher material removal rate in the EDM of SiC com-
ared to that of steel.
Fig. 15. SEM image of EDM debris of SiC (ie = 14A, te = 10 �s).

On the other hand, the higher the current density, the higher
the heat flux will become, which will increase the thermal stress

in the workpiece and cause stress cracks to form more easily. From
this point of view, it is considered that optimal machining condi-
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Fig. 16. Illustration of wire EDM cutting of SiC ingot along different crystal orienta-
tions.

Table 5
Machining conditions for wire EDM cutting of SiC ingot.

Workpiece SiC ingot
Workpiece thickness [mm] 18
Wire electrode Brass wire, �200 �m
Discharge duration [�s] 0.6
Discharge current [A] 56
Dielectric liquid Deionized water
Specific resistance of dielectric [� cm] 106000

t
b
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t
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s
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d
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Flushing method Submerging + flushing
Nozzle position to workpiece Close

ions should be selected in the EDM of single crystal SiC in order to
alance the material removal rate and prevent cracks and fractures.

.2. Influence of crystal structure on machining characteristics

Since thermal cracks tend to propagate along the crystal orien-
ations of SiC, the influences of the crystal structure on the EDM
haracteristics of SiC was investigated. According to a study by
awakami and Kunieda (2005), the machining speed depended
ignificantly on the crystal orientation in the micro-EDM process
f monocrystalline tungsten under finish-machining conditions.
herefore, experiments of wire EDM cutting of 4H-SiC ingot along
ifferent crystal orientations, as illustrated in Fig. 16, were con-
ucted. Defining the crystal direction <11–20> and <1–100> as 0◦

nd 90◦ respectively, SiC ingot was cut every 7.5◦ in between the
wo directions to investigate the difference in machining rate. The
xperimental conditions are shown in Table 5. Fig. 17 is a schematic
iagram of the experimental setup. Since the off-axis angle of the
iC wafer surface orientation was 4◦ ± 0.5◦, before the experiment,

he SiC ingot was intentionally positioned to make the crystal axis,
, parallel to the wire electrode. Machining was conducted by servo
eeding the workpiece to the wire electrode. To obtain accurate
esults, the workpiece feed speed should be properly selected. This

Fig. 17. Schematic diagram and image of exper
Fig. 18. Wire EDM cutting speed variation with varying cutting directions.

is because, an excessively high feed speed will cause instability of
machining due to insufficient gap width. On the contrary, an exces-
sively low feed speed will impose restrictions on the maximum
machining speed. In order to reduce the influence of feed speed
on the machining rate, stable machining conditions for wire EDM
of SiC were first investigated through machining trials before the
experiments. The experiments were then conducted near the areas
where machining conditions are stable.

The experimental results shown in Fig. 18, however, indicated
no obvious variation with varying cutting directions under different
servo feed speeds, suggesting that the influence of the anisotropy
of crystal orientation in the c surface (⊥c axis) on the machining
rate is negligible in the rough EDM of SiC.

On the other hand, the wire EDM of SiC with the cutting direc-
tion a) parallel to the c axis showed a slightly higher area cutting
speed compared with the cutting direction b) perpendicular to
the c axis, as shown in Fig. 19 under the same machining condi-
tions. Moreover, the EDMed surface topography of SiC along these
two directions also differed considerably as shown in Fig. 20. Both
machined surfaces presented a porous microstructure with fracture
pits on them. However, large fracture pits were much less when
the cutting direction was perpendicular to the c axis. The surface
roughness Rz, however, presented no significant difference.

With regard to the reason for the differences in the machin-
ing rate and surface topography, the crack failure of SiC may  have
occurred more easily when the cutting direction was parallel to
the crystal axis. On the other hand, it may  have been caused by
the thermal anisotropy properties of SiC single crystal. Wutimakun
et al. (2008) reported that the thermal diffusivities of the <1–100>
and <11–20> orientations (⊥c axis) were higher than those of the

<0001> orientation (//c  axis). Therefore, the heat conduction is
lower in the direction parallel to the c axis, which results in a
higher surface temperature in the EDM of SiC, consequently causing
a higher probability of fractures.

imental setup for wire EDM of SiC ingot.
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Fig. 21. Difference of machining rate caused by different dielectric fluids ie = 14A).

for melting workpiece and increasing explosive force to remove the

F

Fig. 19. Variation of machining rate along different crystal orientations.

. Oxidation reaction

The EDM of SiC was compared between EDM oil and deionized
ater. Fig. 21 shows the difference in the machining rate under

he same pre-set machining conditions. The average area cutting
peed was approximately two times higher in deionized water than
hat in EDM-oil under both short and long pulse durations. With
egard to the reason, oxidation reaction effect in deionized water
as considered.

EDM is undeniably a thermal process. However, it is also
cknowledged as a chemical process. Yu and Kunieda (1999)
eported that oxidation of workpiece materials occurs when water-
ased dielectric is used because water can be dissociated by arc
ischarge into hydrogen and oxygen. To clarify the oxidation effect

n the EDM of SiC in deionized water, the elemental composition
f SiC surface after EDM in deionized water and oil was analyzed

espectively by energy dispersive X-ray spectroscopy (EDS) under

 scanning electron microscope (JEOL JSM-7001F). The analysis
rea of SiC surface was 1mm  × 1 mm square. Fig. 22 shows the

ig. 20. Micro topography and surface roughness profile of wire EDMed surface of SiC. a)
Fig. 22. Results of elemental analysis of EDMed surface of SiC by EDS.

quantitative analysis results of the component elements of SiC.
The existence of oxygen (O) was confirmed on SiC surface when
machining in deionized water and the number of oxygen atoms
accounted for around 15 percent of all the elements. On the other
hand, little oxygen was  found when the machining was conducted
in oil. This confirmed the oxidation effect of the workpiece in the
EDM of SiC by deionized water dielectric. Kunieda et al. (1991)
investigated the influence of oxidation reaction in EDM by sup-
plying oxygen gas into the discharge gap and found that a higher
EDM rate can be obtained with the assistance of oxygen. According
to their theory, oxidation reaction is an exothermic process capable
of increasing the rate of heat generation in EDM, which is helpful
molten material. Therefore, the oxidation reaction in the EDM of SiC
is considered to be another factor contributing to the improvement
of the material removal rate. On the other hand, copper (Cu) and

 Cutting direction perpendicular to c axis; b) Cutting direction parallel to c axis.
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water. J. Jpn. Soc. Electr.-Mach. Eng. 33 (72), 28–36 (in Japanese).
Zhao, Y., Kunieda, M., Abe, K., 2014. Study of EDM cutting of single crystal silicon
Y. Zhao et al. / Journal of Materials P

inc (Zn) were also detected on the SiC surface. This is due to the
eposition of the melted tool electrode material (brass) on the SiC
urface during machining.

. Conclusions

The study investigated the EDM mechanism of single crystal SiC
rom thermal, mechanical and chemical aspect respectively. The
esults are summarized below:

) The results of heat conduction analysis confirmed that the peak
temperature on the workpiece surface was  two times higher
when Joule heating effects were present than when without,
indicating that Joule heating effect contributes to the increase in
the temperature of SiC near the discharge spot significantly. On
the other hand, due to the extremely high thermal conductivity
of SiC and the expansion of plasma diameter, the surface tem-
perature dropped quickly below the decomposition point of SiC
with the lapse of time after the discharge ignition. This explains
why long pulse duration causes a lower machining efficiency in
the EDM experiments of SiC compared with that of short pulse
duration under the same duty factor.

) With respect to single discharge, the area of high temperature
region which exceeds the sublimation/decomposition point of
SiC is several times larger than the area of high temperature
region of steel which exceeds the melting point of steel. This
could result in an improvement of the material removal rate of
SiC as compared with that of steel.

) Thermal cracks and fracture occurred in the EDM of SiC along
crystal orientations which could improve the machining rate of
SiC. Investigation on the influence of the crystal anisotropy on
EDM performance showed that a slightly higher machining rate
can be obtained when the cutting direction is along the c axis.
Moreover, more fracture pits occurred on the machined surface
when the cutting direction is parallel to the c axis of SiC.

) The EDM of SiC in deionized water provided a higher machin-
ing rate than that in EDM oil. Twelve percent of oxygen was
detected on the EDMed SiC surface in deionized water, indicat-
ing that oxidation effect is significant in the EDM of SiC in water,
contributing to the higher EDM rate of SiC.
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