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The thesis describes the development of new electrical discharge machining (EDM) methods and systems 
for application of EDM on slicing and coring of single crystal silicon carbide (SiC) ingot. 

Single crystal silicon carbide (SiC), emerging as a high-performance semiconductor material for next-
generation high temperature, high frequency and high energy efficiency power devices, brings new 
challenges to the conventional wafer manufacturing process due to its higher hardness which is almost 2 
times of that of conventional semiconductor silicon (Si). Since the hardness of SiC is approaching to that 
of diamond, diamond is the only tool material that is qualified for the fabrication of SiC wafer (including 
grinding, slicing, polishing, lapping etc.), which results in a high cost of the manufacturing process. In 
addition, due to its high hardness, the machining efficiency is very low when the conventionally used 
manufacturing process for Si is applied to SiC. On the other hand, it is possible to machine SiC by 
electrical discharge machining (EDM) owing to its conductivity. Besides, it was reported that wire EDM 
slicing of SiC wafer showed a higher machining rate and lower wafer surface damage compared to multi-
wire saw method. However, the material removal mechanism and EDM characteristics of SiC are still not 
clear. On top of this, wire EDM, especially the currently being developed multi-wire EDM, meets several 
problems when it is applied to slice SiC wafer, including wire breakage, wire vibration and low 
productivity etc. Therefore, this thesis is devoted to clarifying the EDM mechanism and characteristics of 
SiC and developing new electrical discharge machining methods and systems to enhance and advance the 
application of EDM for cutting SiC and SiC-like materials in the future. 

In Chapter 1, at first the subjects and objectives of manufacturing SiC wafer were briefly introduced and 
the current problems and disadvantages of the conventional standard slicing process of SiC wafer such as 
high cost, low efficiency, large kerf loss, and the sliced SiC wafer accuracy etc. were described. On top 
of these, state of the art of EDM of SiC and the development of multi-wire electrical discharge slicing 
(EDS) of SiC were described and the problems and difficulties of application of wire EDM for cutting 
SiC were described. Following this, the purpose of this research and the constitution of the thesis were 
described. 

In Chapter 2, the differences between EDM of SiC and widely-used steel material were investigated. 
Experimental results showed that although SiC had a higher resistivity as semiconductor compared to steel, 
the material removal efficiency was much higher than that of steel. The fracture behavior of SiC by thermal 
shock owing to its brittleness in EDM was considered as one of the material removal mechanisms of EDM 
of SiC. Moreover, the influence of the high resistivity of SiC on EDM properties were revealed by 
conducting heat conduction analysis of single discharge using finite difference method taking into 
consideration the Joule heating effect in EDM of SiC. The analysis showed that Joule heating effect had 
a significant influence on the surface temperature at the discharge spot. However, due to the high thermal 



 
 

 
 

conductivity of SiC, the surface temperature dropped quickly after the discharge ignition. In addition, the 
influence of the crystal anisotropy on the wire EDM cutting performance were investigated. It was found 
that wire EDM of SiC presented a higher machining rate when the cutting direction is parallel to the c axis. 
At last, the wire EDM cutting performances of SiC were evaluated in terms of area cutting speed, surface 
roughness and topography, sub-surface damaged layer and wire breakage. Wire breakage problem was 
found serious in wire EDM of SiC especially when large duty factor was used. In order to solve the wire 
breakage problem, foil electrode was proposed in Chapter 3. 

Chapter 3 describes the machining performance of SiC by utilizing band-shaped foil tool electrode. In 
order to solve the wire breakage problem and reduce the wire vibration in wire EDM slicing, foil EDM of 
SiC was proposed for slicing SiC instead of wire electrode because foil tool electrode could be as thin as 
several tens micrometers while taking a larger tension force and discharge current compared to those of 
wire electrode. A foil tool electrode fixture was newly developed and installed on the main axis of sinking 
EDM machine to perform foil EDM cutting experiments like normal sinking EDM process. The feasibility 
of EDS of SiC by foil tool electrode was proved by experiments. Furthermore, the influences of foil tool 
electrode thickness, foil tool polarity, foil tool material, cut depth, pulse conditions and dielectric liquid 
on the foil EDM cutting performances were described. It was found that negative tool polarity and short 
pulse duration were more suitable for machining SiC. Thinner foil tool electrode could achieve a higher 
area cutting speed, however the tool wear also increased. Copper foil was found most practical for being 
used as the tool electrode. EDM of SiC in water could achieve a higher machining rate, however, EDM 
of SiC in oil presented a better surface integrity and thinner sub-surface damaged layer. The reasons for 
the differences between EDM of SiC in oil and in deionized water, for example, cooling effect and 
permittivity of the working liquid etc. were discussed. In addition, it was found that with increasing the 
cut depth the foil EDM cutting speed decreased probably due to deteriorated gap conditions. The foil tool 
electrode wear length also increased considerably, which made it impracticable to slice large diameter 
ingot continuously and stably. In order to improve the flushing conditions and disperse the tool length 
wear, reciprocating slicing of SiC by tensioned foil electrode was proposed. In the developed method, foil 
EDS was conducted by servo feeding the tensioned foil electrode to the workpiece which was reciprocated 
by a reciprocating worktable. The development of the experimental setup of reciprocating slicing method 
was presented and the machining experiments of foil EDS of SiC were described. Experimental results 
showed that reciprocating foil EDS method could disperse the tool wear along the reciprocating direction 
and improve the flushing conditions. The tool wear length along the reciprocating direction in the 
reciprocating stroke, however, was not uniform which brought about instability of the reciprocating slicing 
process due to frequent change of the discharge gap width.  

In Chapter 4, development of stable and continuous EDS of SiC by running foil tool electrode method is 
described. In order to eliminate the instability of EDS of SiC caused by the uneven tool wear in the 
reciprocating slicing method mentioned above, running foil EDS method was developed. The running foil 
EDS was conducted by feeding the workpiece towards a foil tool electrode which was running in just one-
direction. The mechanism of running foil EDS was based on a steady tool wear model of the running foil 
which enabled a stable slicing process. Analysis of the tool wear model at steady state showed that the 
tool wear length in running foil EDS was decided by the tool wear ratio, foil running speed and workpiece 
width. The development of the new experimental system of the running foil EDS method was described 
and the machining stability of this method was presented. The performances of running foil EDS of SiC 



 
 

 
 

such as slicing speed, kerf width etc. were described. In addition, the influences of flushing effect on the 
running foil EDS performance were investigated. Both higher foil running speed and flushing could 
contribute to improve the slicing speed. An average kerf width of around 95µm was achieved by this 
method with foil tool electrode thickness of 30µm. 

In Chapter 5, development of multi-discharge EDM of SiC by electrostatic induction feeding method is 
described. Aiming to improve the productivity of foil EDS, multi-foil electrical discharge slicing of SiC 
was proposed. In the multi-wire EDS method which is being widely developed for slicing SiC ingot 
currently, a single wire is wound multiple turns and the electricity is fed to each winding turn of the wire 
electrode at the same time. Multi-discharge is realized by introducing a large impedance into each branch 
of discharge circuit so that the electrical potential at each wire electrode will not be easily affected by the 
occurrence of one discharge at a certain wire electrode. However, introduction of large impedance brings 
about low energy efficiency due to the consumption of electric energy of the resistance. Besides, large 
impedance (mainly inductance XL) in the discharge circuit makes it difficult to generate discharges with 
short pulse duration which is considered necessary to perform high accuracy and efficiency slicing of SiC. 
In conclusion, this method is still under developing. On the other hand, EDM by the electrostatic induction 
feeding (EIF) method, in principle, can realize multiple discharges with an extremely simple discharge 
circuit (no resistance is required in the discharge circuit). In addition, in this method, only a bipolar pulse 
power supply is required to realize multiple discharges at the same time. Non-contact feeding of electricity 
can also be achieved by the electrostatic induction feeding if necessary. Therefore, the challenge of 
applying this method to multi-discharge EDS of SiC was proposed in this study. However, due to the 
limited conditions in developing the multi-foil EDS system, experimental setup of multiple-discharge 
EDM coring of SiC ingot was developed instead to investigate the proposed multi-discharge EDM method. 
The development of the new experimental setup was described and the machining experiments were 
presented. The multi-discharge EDM coring experiments were performed successfully. With six sets of 
separate tool electrodes, six discharges were generated simultaneously or sequentially in a single pulse of 
the pulse power supply. The discharge frequency was increased to several times of the frequency of the 
pulse power supple. The machining rate of multi-discharge EDM by EIF could be increased by increasing 
the pulse power source frequency and the number of separate feeding capacitors. Moreover, compared 
with the conventional single-discharge EDM by the electrostatic induction feeding method under the same 
total discharge energy, both the machining efficiency and the machining accuracy could be improved by 
the multi-discharge EDM by EIF due to the separate feeding of electricity. It is therefore considered that 
the same method and principle can be applied for multi-foil EDS method. 

In Chapter 6, the main findings obtained in Chapter 2 to Chapter 5 are summarized as the final conclusions 
of this thesis. The remaining research subjects and the perspective of the future research work are 
described based on this research.  
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Symbols 
 

A : Cross-section area of electrode 

B : Foil bobbin diameter 

c : Specific heat 

d0 : Wire diameter 

d(t) : Time-dependent plasma diameter 

D : Electric flux density 

E : Electric field intensity 

E0 : Power supply voltage 

F : Tension force of foil electrode 

Fr : Resultant force 

h : Foil tool wear length 

Iz  : Inertia moment 

i : Current 

i  : Average discharge current 

ie : Discharge current 

j : Current density 

k : Elastic Modulus 

Ks : Gauge factor of strain gauage 

l : Length 

L : Slicing thickness of workpiece 

m : Foil electrode thickness 

n : Foil electrode width 

P : Torque 

Q : Heat energy 

Q��  : Joule heat generated per unit time 

q �c�c : Heat flux 
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Fig. 1.1 Diagram of sinking electrical discharge machining 

 

 

 

Fig. 1.2 Diagram of wire electrical discharge machining 
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In principle, any conductive materials can be machined by EDM. Compared to conventional mechanical 
cutting process, since EDM removes materials by means of heat energy instead of mechanical deformation, 
EDM is capable to machine any material with conductivity regardless of the hardness.  In terms of 
machining reaction force, since EDM is no contact machining, workpiece with high aspect ratio can be 
achieved. In addition, machining of micro intricate parts can also be performed owing to small reaction 
force. 

1.2 Principle of electrical discharge machining 1, 2, 3, 4, 5) 

In EDM discharge is generally considered as arc discharge. In a single pulse (duration longer than several 
microseconds), single discharge is generated randomly at one spot on electrode surfaces. At the discharge 
spot, discharge current (current density approaching to 108~109A/m2) flows through the arc column which 
is formed by the breakdown of dielectric medium. Super high heat flux generated from the arc column 
flows into the local areas on electrode surfaces where the arc column exists and results in melting and/or 
evaporation of the electrode materials. The melted electrode material is then cooled and removed by the 
flushing of dielectric liquid and leaves a discharge crater on the electrode surfaces. The removal volume 
of single discharge is very small and the machining is accomplished by accumulating small discharge 
craters through rapidly repeated discharges. In detail, it is considered that the formation of discharge and 
removal of material are done as illustrated in Fig. 1.3.  

(a) Generation of arc discharge 

Setting tool electrode (cathode) and workpiece (anode) facing each other at a distance of several tens to 
several hundred µm, if high voltage (around 100V) is applied to the gap between the two electrodes, free 
electrons existing in the gap (dielectric medium) will be excited and accelerated and dash against the anode 
by the electric field, while collide with other neutral particles existing in the dielectric medium. Neutral 
particles will lose electrons due to collision and changes into positive ions. In consequence the number of 
free electrons increases which further promote the ionization of dielectric by more severe collision in the 
gap, which is considered as avalanche ionization. The increased positive ions generated by ionization will 
also be accelerated by the electrical field and collide with the cathode, of which the collision energy will 
result in secondary electron coming out from the cathode surface. Thus dielectric medium breaks down 
and current flows through the gap. With the further increase of current density at the cathode surface, the 
cathode surface temperature will increase and cause thermionic emission of electrons. Together with the 
electrons existing in the electrical field, the supply of electrons in the gap will be explosively increased 
and arc discharge is formed in the gap.  

(b) Removal of electrode material and generation of bubble 

The plasma generated in the gap has a temperature of 6000K~7000K 6). Once the arc plasma column is 
generated, heat flux will be applied to the discharge spots on the tool and workpiece surfaces which has a 
power density of around 109W/m2. The material of tool electrode and workpiece will be melted and 
evaporated by the heat flux of arc plasma column. In the meantime, the dielectric liquid near the arc plasma 
column will also be evaporated due to its high temperature. Together with the evaporation of electrode 
materials, volume of bubble generated in the gap around the arc column will increase sharply after the 
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ignition of arc discharge. The generated bubble shows extremely high pressure and expands rapidly 
towards the surrounding dielectric liquid, which can achieve a speed of 25m/s at the boundary of the 
bubble. In the end, the radius of the bubble around the arc column center can reach up to several 
millimeters. The melted materials are cooled and re-solidified by the surrounding dielectric liquid and 
change into small balls which are generally referred to as EDM debris and removed with the flushing of 
dielectric liquid.  

(c) Recovery of dielectric strength 

 The generated arc discharge finishes when the pulse power source supply is off. With the finish of arc 
discharge, the temperature at discharge spot decreases and electrons and ions recombine together. 
Consequently the conductivity of the dielectric liquid will be decreased significantly which is usually 
referred to as recovery of dielectric strength or extinguish of arc plasma. In order to avoid discharge 
concentration and localization, the dielectric strength of the working liquid must be fully recovered before 
the next pulsed discharge. Generally it takes about 5µs or less 7) for the center temperature of the arc 
plasma to drop under 5000K, which is considered as the temperature at which the dielectric breakdown 
strength is sufficiently recovered in sink EDM with pulse duration of several tens µs. 

(d) Formation of discharge crater 

The melted material on the tool and workpiece surface cannot be removed completely. The left unremoved 
material is re-solidified and forms a discharge crater on the tool/workpiece surface. Therefore, the top 
layer of discharge crater is generally considered as re-solidified layer. Beneath the re-solidified layer, there 
is a heat affected layer.  
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Fig. 1.3 Illustration of electrical discharge machining mechanism 

1.3 Discharge circuit  

This section describes the discharge circuit and discharge waveforms from the perspective of the 
mechanism of sinking EDM and wire EDM respectively. 
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Fig. 1.4 Discharge circuit with transistor type pulse generator 

 

 

 

 

 

Fig. 1.5 Illustration of measurement method of discharge current and discharge gap voltage in EDM 
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Fig. 1.6 Discharge voltage and current waveforms in transistor type discharge circuit 

 

Generally, the larger the D.F. is, the higher material removal rate can be achieved. However, too large 
D.F. will cause instability of EDM process due to insufficient discharge interval time. 
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1.3.2 Discharge circuit in wire EDM 

Wire EDM also utilizes transistor type discharge circuit. However, the discharge circuit and discharge 
waveform are different from those of sinking EDM due to their different characteristics and applications. 
One of the most significant characteristics distinguishing wire EDM from sinking EDM is tool wear (tool 
wear is not a problem in wire EDM since new wire is supplied continuously), which brings about great 
differences of discharge circuit and discharge waveforms between wire EDM and sinking EDM.  

The schematic diagram of the discharge circuit of wire EDM used in this research is shown in Fig. 1.7. 
Fig. 1.8 shows the corresponding discharge waveforms.   

In the discharge circuit, bipolar pulse power source with a relatively low open voltage (around 80V) is 
applied to the discharge gap to ignite the discharge. The reason is as the following. In wire EDM, deionized 
water is more preferable to hydrocarbon dielectrics to be used as the working liquid considering fire 
hazards. However, since the workpiece in wire EDM is usually set as plus to improve the machining rate, 
the electrolytic action of deionized water must be avoided to improve the machining accuracy. To realize 
this, the workpiece polarity is set to minus periodically by the bipolar pulse power source.  
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On the other hand, however, after the discharge gap breaks down, the high open voltage (around 280V) 
power source with high current output is applied to the discharge gap to supply a very high peak and short 
duration (0.5~5µs) pulse current to improve the material removal rate, as shown in Fig. 1.8. In addition, 
to increase the machining rate, the workpiece polarity is always set as anode when the high current is 
applied. Moreover, the discharge gap voltage is slightly higher than 20V when the high open voltage 
power source is acting due to significant current density.   

Pulse condition with short discharge duration and high peak current is commonly used in wire EDM to 
achieve a high machining efficiency because it can generate larger heat flux compared with the pulse 
condition of smaller discharge current and longer pulse duration under the same discharge energy. 
Although the tool wear will also increase under this condition, it is not a problem in wire EDM because 
new wire electrode is being supplied all the time during machining. In sinking EDM, however, the pulse 
duration are usually longer while discharge current is lower to reduce the tool wear as shown in Table 1.1. 
On top of this, the short pulse duration in wire EDM can provide better surface integrity due to small 
discharge energy of single discharge. 
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Fig. 1.7 Schematic diagram of discharge circuit in wire EDM 

 

 

 

Fig. 1.8 Schematic diagram of discharge circuit in wire EDM 
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1.4 Servo feed control mechanism 

In EDM, the tool electrode feed speed is not constant but changing adaptively according to the discharge 
gap conditions while in the conventional machining methods the cutting tools are fed at a constant speed. 
The control method of tool feed in EDM is referred to as servo feed control. The target of the servo feed 
control is to maintain the discharge frequency at a constant and optimal value to achieve the maximum 
machining efficiency. However, the discharge gap width is critical to the discharge frequency. Too large 
discharge gap will result in a low discharge frequency while too small discharge gap may cause discharge 
concentration or short circuit. In other words, the servo feed control system tries to maintain a proper 
discharge gap width during machining. 

Thus, the servo feed system in EDM controls the tool feed speed based on the difference between the 
measured average gap voltage and the preset servo reference voltage. The average gap voltage (the average 
value of the discharge gap voltage in a certain time) is obtained by the control unit of the EDM machine 
during machining at a sampling frequency of several tens Hz. To be specific, the servo feed speed is 
proportional to the voltage difference between the measured average discharge gap voltage and the preset 
servo reference voltage. 

Fig. 1.9 shows the principle of servo feed control in EDM which can keep the discharge gap width at the 
proper width. On one hand, if the tool feed speed is too slow, the gap width will increase. Increased gap 
width will result in a longer discharge delay time due to larger gap breakdown strength. In consequence, 
the discharge delay time will become longer and cause a higher average gap voltage. If the measured 
average gap voltage is higher compared to the preset servo reference voltage, the tool will be fed by the 
servo control unit. On the other hand, however, if the feed speed is too fast, the gap width will become 
smaller, resulting in a shorter discharge delay time. In consequence, the measured average gap voltage 
will become lower than the preset servo reference speed and the tool electrode will be retracted back. By 
repeating this process, the gap width and discharge frequency in EDM is controlled at a proper value.  

With regard to the preset servo reference voltage, on one hand, if it is set too high, the discharge gap width 
will be kept at a large value which can facilitate the removal of EDM debris. However, the replication 
accuracy of the tool shape will decrease due to the large gap width. In addition, the machining rate will 
also decrease due to decreased discharge frequency at a large gap width. On the other hand, if the servo 
reference voltage is set too low, the discharge gap will be maintained at a small width due to too high 
servo feeding speed. Too small gap width will increase the probability of discharge concentration or short 
circuit. In practice, the reference voltage is usually selected based on experimental or empirical data. 
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Fig. 1.9 Principle of servo feed control in EDM 
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Fig. 1.11 Manufacturing process of single crystal SiC wafer 8) 

 

The manufacturing objectives of SiC wafer are summarized as the following: 

1) High wafer quality:  

Manufactured wafer must be tested for function defects before it is sent to make devices. There are several 
specifications to evaluate the quality of manufactured wafer. The major specifications are listed as the 
following: crystallization defects (micro-pipe defects, planar defects, etc.), crack defects, geometric 
accuracy of the machined wafer such as total thickness variation (TTV), local thickness variation (LTV), 
SORI (wafer warp), surface orientation etc. All of these have put forward strict requirements to the SiC 
wafer manufacturing process. 

2) Large wafer size:  

Wafer size (diameter of wafer) is of great importance to increase the throughput and reduce the cost of 
semiconductor devices. This is because a larger wafer diameter enables producing more ICs from a single 
wafer, enhancing the productivity and the efficiency. Taking Si wafer for instance, the Si wafer diameter 
has been increased from 100mm to 300mm in the past 20 years, followed by 450mm diameter Si wafer 
which is considered to be coming up soon in the next few years. With regard to SiC single crystal, currently 
SiC wafer with diameter of 3~4inch has been available on the market. 6inch SiC wafer is being developed 
and the success of making 6inch SiC wafer has been reported. However, it is considered that the diameter 
of SiC wafer will be expanded gradually and continuously with the development of semiconductor 
industry in the future by simple analogy with that of Si wafer.  

3) Low wafer cost:  

In the mass production of semiconductor wafers, except for the wafer quality and wafer size, the cost of 
wafer is also an important factor determining the spread of practical applications of wafer.  
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1.5.2.2 Difficulties in manufacturing of SiC wafer 

However, unfortunately, the machining efficiency of the fabrication processes of SiC wafer is very low 
which results in a very high manufacturing cost of SiC. The main reason is due to the high hardness and 
brittleness of SiC, which would bring greater difficulties compared to the conventional mechanical 
machining process. As shown in Table 1.3, single crystal SiC has a much higher hardness and atomic 
bonding energy compared to the conventionally used Si and GaAs semiconductors, which makes it a 
difficult -to-machine material using the conventional machining methods 11). Taking wafer slicing process 
for instance, the multi abrasive wire saw method, which is a mechanical machining process commonly 
used for slicing Si wafer, is significantly time- and cost- consuming when it is applied to wafering SiC 
ingot, especially when the ingot diameter becomes larger. Moreover, since the hardness of SiC is 
approaching to that of diamond, diamond is the only option as the tool to machine SiC, which results in a 
further increase of the machining cost of SiC. In summary, the manufacturing cost accounts for one third 
of the finished SiC wafer price 13). In addition, the difficulties of wafer manufacturing increase with 
increasing the diameter of SiC wafer, which will be inevitable in the future.  

Table 1.3 Comparison of hardness and atomic bonding energy of Si, GaAs, and SiC 11, 12) 

Semiconductor Knoop hardness [kg/mm2] Bonding energy [kJ/mol] 

Diamond 5500-8500 - 

SiC 2480 451.5 

Si 1100-1400 326.8 

GaAs 750 209.6 

 

Except for the high cost of SiC manufacturing process, the price of the bulk material of single crystal SiC 
is also very high because growth of SiC single crystal is based on vapor growth, high temperature vapor 
growth and their variants. Currently the standard method that has been implemented by industry to grow 
single crystal SiC is seed sublimation recrystallization method, commonly known as the modified Lely 
method. In this method, crystal growth of SiC is performed in an environment with super-high temperature 
(reaching to 2500ºC) in a crucible. In the high temperature environment, raw material is decomposed by 
the heating and turn into SiC sublimation gas. Then the gas is transported to near the seed crystal which 
is preset at certain area where the temperature is relatively lower. SiC single crystal is obtained by the 
recrystallization of SiC sublimation gas on the seed crystal. The instrumentation and the technology 
involved in SiC crystal growth is very complex due to the factor that the operating temperatures are 
extreme, and the monitoring and control of the growth conditions are difficult 8). In addition, preventing 
the mixing of impurities into the crystal also increases the difficulty of crystal growth. Therefore, even 
today, the availability of SiC is still limited since only a few companies are capable of producing SiC 
successfully 8). These are considered as the main reasons for the high price of the raw material of SiC bulk 
crystal. Hence, it is of great importance to reduce the material loss at maximum during the manufacturing 
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processes of SiC wafer in order to decrease the wafer cost, especially the kerf loss in wafering slicing 
process, which will be described later. 

In conclusion, both the high manufacturing cost and the high material cost of SiC result in the high price 
of SiC. Therefore, advances of the manufacturing technology of SiC wafer are inevitable to reduce the 
wafer cost and improve the wafer quality.  

1.5.2.3 State-of-the-art of wafer slicing process 

Slicing is the first post-growth process to produce a wafer, as shown in Fig. 1.11. In all the manufacturing 
processes of wafer, slicing is considered as the most important and critical procedure because wafer shape 
is firstly formed by the slicing process and the slicing accuracy of wafer, such as the bow and warpage of 
wafer (SORI), wafer total thickness variation (TTV) etc. has significant influences on the subsequent 
processes (grinding, lapping, polishing processes) for making wafer. On the other hand, the kerf loss 
(material loss in the kerf) due to the slicing process is also critical to reduce the wafer cost. Fig. 1.12 
illustrates the definition of kerf loss and wafer thickness in the slicing process. A smaller kerf loss can 
result in a higher throughput of wafers of single SiC ingot. Therefore, this research mainly focuses on the 
improvement of SiC wafer slicing process. 

The objective of efficient slicing is to obtain a high quality of the resulting wafer with a high throughput. 
Specifically, a uniform wafer thickness, a small kerf width and little surface damage are required to 
achieve high accuracy slicing of SiC. On the other hand, high slicing speed, which determines the wafering 
time, is critical to reduce the wafer cost. 

 

 

Fig. 1.12 Illustration of machining parameters in wafer slicing process (taking diamond coated wire saw 
for example) 

 

Comparisons of possible methods for slicing SiC are listed in Table 1.4. From the perspective of the 
feasibility (kerf loss, wafer productivity etc.) and the cost of the slicing methods (operating cost, 
equipment cost etc.), the multi wire saw method is being widely used as the main slicing methods for mass 
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Kao 15) and Moeller 16) examined the microscopic aspects of the free abrasive wire sawing process and 
described the removal mechanism during the wire sawing process as a free abrasive machining (FAM) 
process, which is a rolling-indenting process as illustrated in Fig. 1.13(b). The main difference to the 
common FAM process (lapping etc.) is that lapping pressure is created by pressing the flexible wire tool 
to the workpiece.  

One of the disadvantages of the free abrasive wire saw method is the necessity of slurry treatment due to 
environmental concerns.  

 

 
 

 

Fig. 1.13 (a) Schematic diagram of multi wire saw method; (b) Enlarged view of discharge gap indicating 
the material removal mechanism of multi wire saw 8, 16). 
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Table 1.5 General comparisons between the free abrasive wire saw and the fixed abrasive wire saw 8) 

Property Free abrasive wire saw Fixed abrasive wire saw 

Machining model Rolling-indenting Ploughing 

Abrasive grains Free abrasives, re-utilization Lost forever once stripped off 
wire 

Depth of damage Uniform, 5-15µm Variable, 20-30µm 

Sliced wafer waviness Smaller Larger 

Cost of consumables per wafer Lower  Higher 

Slicing of very hard material Less effective, longer time More effective, shorter time 

Kerf loss (typically) 180-210µm 250-400µm 

Impact on environmental  Larger Smaller 

 

 

 

Table 1.6 The standard slicing time of different diameter SiC wafer 17) 

 Free abrasive wire saw Fixed abrasive wire saw 

Diameter of abrasive grains 3~12µm 30~60µm 

Wafer size 

2inch More than 24h More than 3h 

3inch More than 60h More than 6h 

4inch More than 90h More than 9h 

 

 

1.5.3 Research trend on wire EDM cutting of semiconductor wafer 

As described above, due to the high hardness and brittleness of SiC, with the mechanical machining 
process of SiC by diamond tool, there is always a trade-off between the machining efficiency and accuracy. 
It is difficult to obtain both high efficiency and high accuracy at the same time 19). In order to meet the 
challenges with the expansion of wafer diameter and the development of the semiconductor industry in 
the future, the SiC slicing process must be advanced. On the other hand, owing to the conductivity of SiC 
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With regard to the sub-surface damage of SiC (crystal damage), Ishikawa et al. 28) investigated the cross-
section of as-sliced 6H-SiC by cross-sectional transmission electron microscopy (TEM) and found that 
EDM induces little crystal disorder in hexagonal SiC by slicing process. However, there is formation of 
silicon, carbon, 3C-SiC, and cracks due to the decomposition of SiC material by the discharge energy, 
which should be removed by following mechanical treatments. 

However, as discussed above, it is found that the material removal mechanism of EDM of SiC has not 
been investigated, which is considered very important to optimize the EDM slicing process of SiC. In 
addition, the fundamental research on EDM of SiC is considered insufficient to understand the mechanism 
and properties of EDM of SiC. Therefore in this research the difference of wire EDM characteristics 
between SiC and metal material, the surface topography of wire EDM, the influences of Joule heating 
effect, the influence of crystal orientation on EDM of SiC etc. are comprehensively investigated in Chapter 
2. 

 

1.5.4 Research trend on development of multi-wire electrical discharge slicing of SiC 

On the other hand, however, wire EDM is not practical to be used for slicing SiC ingot due to its low 
productivity. In all the cases discussed above, only one wafer can be cut at one time, as illustrated in Fig. 
1.14. Even if the wire electrode is wound many turns like shown in Fig. 1.13(a), in principle, the converted 
machining time of single wafer is still the same as that of conventional wire EDM without winding of 
wire. This is because, there is only one discharge location in one pulse of wire EDM no matter how much 
turns the wire electrode is winded. Therefore, it is of great necessity and importance to develop multiple 
discharge EDM method to improve the machining efficiency of wire EDM for mass production. 

In the recent years (2008~), aiming to improve the slicing throughput of SiC, multi-wire electrical 
discharge slicing (hereafter referred to as multi-wire EDS) methods have been proposed and multi-wire 
EDS machines are being widely developed.  
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Fig. 1.14 Illustration of conventional wire EDM used for slicing of SiC 

 

As a new method, so far there is still no standard definition of multi wire EDS, and the mechanism and 
structure of multi wire EDS are still under development. Nevertheless, the purpose of multi-wire EDS is 
very clear: realization of multiple discharges between the multiple wire electrodes and the workpiece at 
the same time to improve the slicing efficiency. Fig. 1.15 shows a schematic diagram of the basic structure 
of multi-wire EDS method. A single wire tool electrode (steel wire, brass wire, etc.) is drawn from a wire 
supply spool and wound around grooved wire guides to form a wire web, similar to that of the multi wire 
saw method. The workpiece (ingot) is fixed on a stage which is submerged into the dielectric liquid and 
fed perpendicular to the wire web for slicing. The distance between the ingot and the wire web is adjusted 
by a feed control system. By applying pulsed voltage to the gap between the wire web and the ingot, 
discharges can be generated. The wire electrode after use is collected by the take-up spool and new wire 
is supplied continuously to the working area for machining. In order to improve the utilization of wire, 
reciprocating motion can be applied to the wire to realize reutilization of the wire electrode. In order to 
remove the EDM debris in the cut slit, in some case, dielectric liquid is flushed into the machining slit 
during machining like the single wire EDM processes 29-35).  

Okamoto et al. 29) firstly developed a multi-wire EDM slicing equipment with a single wire and a multi-
power supply unit which can realize 3 cuts at the same time. In this method, the maximum number of wire 
electrode was set three based on the number of the multi-power supply unit, which could generate three 
individual discharge pulses simultaneously. It is found that higher wire running speed results in smaller 
kerf width and high slicing speed because higher wire running speed can improve the removal of EDM 
debris. In addition, in terms of supplying dielectric liquid to the working area, EDM slicing by immersion 
in the dielectric provides a better slicing results compared with the nozzle flushing method of dielectric.  
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impendence inside the discharge circuit. However, with increasing the wire turns, the system becomes 
very complicated due to the increased electric feeders and so forth. In order to reduce the number of 
electric feeders and simplify the discharge system, unified feeding of electricity method was developed 
which fed electricity to the wire electrode by just using a single piece of electricity feeder, as shown in 
Fig. 1.15.  The discharge current was controlled by taking advantage of the impedance of wire electrode 
itself between the electric feeder and the discharge spot 31, 34, 35). 

However, it is considered that there is a disadvantage of this method: introduction of large impedance in 
the discharge circuit will cause low energy efficiency due to the consumption of energy of the resistance. 
Furthermore, the increased impedance (mainly inductance XL) in the discharge circuit will make it difficult 
to generate discharges with short pulse duration based on the following equation while short pulse 
discharge is considered to be of great importance to realize high precision machining. 

 

dt
diXU e

L�                                                                Eq. 1.2 

 

 

 

 

Fig. 1.15 Illustration of multi-wire EDM slicing method 29~35) 
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Fig. 1.17 Slicing capacity of single turn of wire in different wafer slicing method 14, 17, 35) 

 

In conclusion, as a quite new manufacturing process, the multi-discharge EDS process shows great 
potential for application of SiC wafer slicing. However, this technology is still under development and 
there are still many subjects that should be improved and advanced as the followings: 

1) Clarification of the EDM characteristics and material removal mechanisms of SiC. 

2) Improving the wire electrode running speed and running stability. 

3) Increasing the number of wire electrodes furthermore and preventing the wire breakage problem. 

4) Improvement of the multi-discharge EDM method to realize high efficiency and low cost. 

 

1.5.5 Progress of wire electrode for EDM slicing of SiC 

In EDM cutting process, wire electrode is generally used as the electrode, which is the reason why this 
process is referred to as wire EDM. Brass wire is generally used in wire EDM due to its low price and 
high discharge performance. However, there is a common problem of wire EDM process: wire breakage, 
especially when the wire diameter is small. Many factors can lead to the wire breakage problem such as a 
decrease in flushing pressure, inefficient removal of erosion debris and some other stochastic phenomena 
appearing during the machining 36). In principle, discharge concentration at a certain point of the wire 
electrode during machining which causes an increase in the localized temperature is considered as the 
main reason for the wire breakage 2). Wire breakage during machining must be avoided because it would 
cause a discontinuous machining process and in consequence a low machining efficiency and a 
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running stability of wire can be improved while keeping a small diameter. Experimental results showed 
that with increasing the tension force, stable wire running could be performed which resulted in a better 
kerf shape. However, since the gap distance between the track-shaped wire electrode and the workpiece 
in one side was still large (35-40µm) compared with that of normal round wire electrode (10-15µm), it is 
considered that further stabilization of wire running is necessary.  

In order to further reduce the wire diameter and increase the wire tension force to perform high efficiency, 
high accuracy machining, it is considered of significant necessity to improve the wire electrode in terms 
of the electrode material and electrode shape. In this study, foil electrode is proposed in place of wire 
electrode to be used for EDM cutting of SiC. 

 

 

 

 

Fig. 1.18 Brass coated steel wire electrode with track-shaped section 30) 
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problem is the limitation of discharge energy. In general, larger discharge current can result in higher 
machining rate. In the case of multi-wire EDS process, however, the discharge current must be limited to 
a certain value to avoid the wire breakage. Compared with the single wire EDM process, the load of 
machining time per unit length of wire electrode is larger in the multi-wire EDS process, which will cause 
a higher probability of wire breakage. Therefore, one of the objectives of this research is to develop a new 
EDM slicing method by utilizing thin foil electrodes instead of wire to solve the wire breakage problem 
and improve the EDM slicing performance to achieve a lower kerf loss and a higher machining rate.  

In addition, the research aims to reduce the cost and improve the energy efficiency of the multi-wire EDS 
method. As discussed in section 1.5.4, in the current multi-wire EDS method for slicing SiC ingot, multi-
discharge EDM is realized by introducing large impedances in the discharge circuits which will result in 
low energy efficiency due to the consumption of energy of the resistance. This research proposes a new 
alternative method, which is referred to as multi-discharge EDM method by electrostatic induction feeding 
method in this research, to realize multi-discharge EDS with lower cost and higher energy efficiency in 
the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

35 
 

1.7 Constitution of the dissertation 

This dissertation consists of 6 chapters. The summary of each chapter is as the following. 

 

Chapter 1: Introduction 

In this chapter, at first the mechanism and characteristics of EDM process are briefly introduced. 
Following this is an overview of the development of SiC single crystal semiconductor and the problems 
hindering the applications of SiC-based devices. Next, the state-of-the-art of the development of SiC wafer 
manufacturing processes, especially the slicing processes are described. The research trends on electrical 
discharge machining (cutting, slicing etc.) of SiC, the development of multi-wire EDS method and the 
existing problem in wire EDM slicing of SiC are described. Based on the background, the objectives of 
this research are described.  

 

Chapter 2: Characterization of wire EDM slicing of single crystal SiC 

In this chapter, the fundamental characteristics of EDM of SiC are comprehensively investigated and 
compared with those of steel, including discharge waveform, machining rate, surface integrity, EDM 
debris, anisotropy of machining speed etc. Moreover, heat conduction analysis of single discharge of SiC 
is conducted taking into account Joule heating effect to clarify the basic EDM behaviors of SiC. Based on 
these, the material removal mechanism of EDM of SiC is discussed. Considering the practical use, the 
wire EDM slicing performance of SiC are comprehensively evaluated, inducing the influence of 
anisotropy property of SiC on the machining speed, surface roughness, surface topography etc. At the end, 
problems of wire EDM cutting of SiC are discussed.  

 

Chapter 3: EDM cutting of SiC ingot by foil tool electrode 

In this chapter, a new EDM cutting method of SiC ingots by utilizing foil electrode instead of wire 
electrode is proposed to overcome the shortcomings of wire EDM slicing method. The development of 
the experimental setup for realizing foil EDM cutting is described and the feasibility and performances 
(tool wear, kerf loss, machining rate etc.) of foil EDM cutting of SiC are discussed through experiments. 
The influences of foil material, pulse condition and dielectric liquid are described. Furthermore, foil EDM 
cutting of SiC with reciprocating the worktable is proposed and the experiment study results are discussed. 

 

Chapter 4: Development of foil running system for EDM slicing of SiC 

This chapter describes the development of running foil EDM slicing system. A new method of electrical 
discharge slicing (EDS) of SiC by utilizing running foil tool electrode is proposed to achieve a constant 
and stable machining process. The principle of the proposed method is described and the experimental 
setup for realizing running foil EDS is developed. The machining characteristics are experimentally 
investigated using the developed experimental setup. 
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Chapter 5: Multi-discharge EDM cutting of SiC ingot by electrostatic induction feeding 

In this chapter, multi-foil  EDS by the electrostatic induction feeding method is proposed to realize multi-
slice of SiC ingot. The principle of the proposed multi-foil EDS method. In order to confirm the feasibility 
of the proposed multi-discharge EDM method, a special experimental setup for realizing multi-discharge 
EDM is developed and the multi-discharge EDM performances are described.   

 

Chapter 6: Conclusion 

In this chapter, the main findings obtained in Chapter 2 to Chapter 5 are summarized as the final 
conclusions of this thesis. The remaining research subjects and the perspective of future research work 
that are related to this thesis are discussed. 
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Chapter 2  Characterization of wire EDM slicing of single crystal SiC 

2.1 Introduction  

This chapter describes the fundamental EDM characteristics of SiC and the material removal mechanism 
of SiC in EDM process. In addition, the wire EDM performances for cutting SiC are discussed.  

As a semiconductor, the high resistivity of SiC distinguishes itself from the conventional metal material 
in EDM process. At first, in order to clarify the EDM characteristics of SiC, a comparison study between 
wire EDM of SiC and widely-used metal material is conducted to find out the difference. Based on the 
experimental results, the material removal mechanism of EDM of SiC is discussed. Then how the high 
resistivity influences the EDM characteristics of SiC is described based on a theoretical analysis. Lastly, 
basic experimental studies of wire EDM of SiC are described to evaluate the EDM performances for 
machining SiC.   

2.2 Characteristics of wire EDM cutting of SiC  

2.2.1 Differences of wire EDM characteristics between SiC and steel 

It is well known that the material properties, especially the electrical and thermo-physical properties, have 
a considerable influence on the EDM process. As a semiconductor, the material properties of SiC are 
significantly different from those of the metal materials, as shown in Table 2.1, which contrasts the 
physical properties between single crystal SiC and Fe (principal constituent of steel). It is therefore 
considered that the EDM behavior of SiC should be different from metal materials.  

In order to clarify the EDM characteristics of SiC, comparison experiments between wire EDM of SiC 
and common tool steel SKD11 were conducted. Fig. 2.1 shows the schematic diagram of the experiment 
setup. The experiments were conducted on a commercial wire EDM machine (Sodick AP200L). As 
described in Chapter 1 (Section 1.3.2), the wire EDM machine has a low voltage circuit to ignite the 
electric discharge and a high voltage circuit to supply a discharge current with high peak and short duration 
after the gap breaks down in order to increase the machining rate. The workpiece used in the experiments 
was 4H-SiC single crystal and cold tool steel SKD11 respectively. The general specifications of 4H-SiC 
are shown in Table 2.2. The machining conditions in the experiments were preset exactly the same for 
both two workpiece materials, as shown in Table 2.3. 

2.2.1.1 Discharge waveform 

At first the discharge waveform was observed. Fig. 2.2 shows the differences of discharge current and gap 
voltage between wire EDM of SiC and SKD11 material under the same preset machining conditions. In 
the case of SiC, the timing of switching to the high voltage power supply is delayed compared to that of 
steel. This is because the detection of the discharge occurrence is done based on the reduction of the gap 
voltage below a threshold voltage. It can be seen that the discharge current was much smaller in the case 
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Fig. 2.2 Discharge current and gap voltage difference between wire EDM of SiC and SKD11 under the 
same preset machining conditions 
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The material removal volume was obtained from the product of length of cut, workpiece thickness and 
kerf width. Since the gap voltage of SiC is different from that of steel due to the voltage drop in the SiC 
workpiece, under the same servo voltage, the discharge frequency will be different between the two 
materials (Refer to Chapter 1, Section 1.4: servo feed control mechanism). Therefore, the material removal 
volume per single pulse discharge was investigated taking into account the difference in discharge 
frequency between the two different materials. Specifically, the discharge number in machining was 
counted using a universal counter (Hewlett Packard 53131 A) and the total material removal volume 
divided by the total discharge number was taken as the material removal volume per single pulse discharge.  

The experimental results of material removal rate (MRR) difference between the two materials are shown 
in Fig. 2.3. The points connected by dashed lines indicate the same preset machining conditions. Under 
the existing conditions of the wire EDM machine, with increasing the discharge current, the discharge 
duration was also increased to some extent, as marked in the figure. Nevertheless, it can be seen that under 
the same presetting of discharge current, the measured discharge current of SiC was much lower than that 
of SKD11 because of its higher electrical resistivity. Moreover, the discharge duration is slightly shorter 
in the case of SiC compared with that of steel. However the material removal volume per single discharge 
of SiC material was several times higher than steel and the value increased more rapidly with increasing 
discharge energy. 

The surface roughness of the machined surface was measured using a surface texture measuring 
instrument (Tokyo Seimitsu, Surfcom). Fig. 2.4 shows the difference of surface roughness Rmax between 
SiC and SKD11. Under the same discharge current, SiC surface presents a much larger surface roughness 
compared with that of the machined steel surface. Furthermore, the surface roughness of SiC deteriorates 
with increasing the discharge current. The reasons is considered that, as mentioned above, the material 
removal volume per single discharge of SiC is larger than that of steel which would cause a larger 
discharge crater on the workpiece surface. Also, as shown in Fig. 2.5, under the same discharge current, 
the cut kerf width of SiC was larger than that of steel indicating a larger discharge gap width.  
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Fig. 2.6 SEM image of EDM debris of SiC in deionized water 

 

 

 

Table 2.4 Machining conditions used for observing the EDM debris 

Open voltage [V]  120  

Tool polarity (-) 

Pulse duration [µs] 10  

Pulse interval [µs] 50  

Discharge current [A]  14  

Dielectric liquid Deionized water 

Machining method Sinking EDM 
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2.3 Heat conduction analysis of single discharge of SiC considering Joule heating 
effect 

2.3.1 Introduction  

This section describes the study on material removal mechanism of EDM of SiC in terms of temperature 
distribution by conducting heat transfer analysis of single discharge of SiC taking into consideration of 
Joule heat generation inside workpiece.    

It is well known that EDM is a thermal process, removing material by melting and/or vaporization of the 
workpiece taking advantage of the energy input from discharges. Therefore, the temperature distribution 
of the workpiece near discharge spot during machining will be critical to the material removal rate. In 
general, higher working surface temperature can improve the machining rate by facilitating the melting 
and vaporization of material. 

In the previous wire EDM experiments, however, it was found that under the same machining conditions, 
material removal rate of single crystal SiC was dozens of times higher than that of cold tool steel SKD11, 
although SiC featured a characteristic of higher melting point and higher thermal conductivity compared 
to that of steel. On the other hand, since SiC is a high resistivity material compared to metal, Joule heat 
generated during discharges inside the workpiece may contribute to the material removal process by 
increasing the workpiece temperature.  

Saeki et al. 41) studied the influence of Joule heating effect on the EDM performances of Si3N4, which was 
a kind of ceramic material with high resistivity and low thermal conductivity, and found that temperature 
distribution inside workpiece could be significantly affected by the Joule heat. Similarly, it is considered 
in this paper that the Joule heating effect due to the resistance of SiC during discharges may be one of the 
main reasons for the higher material removal rate of SiC. However, since the thermo-properties of SiC is 
totally different from that of ceramic material, it is necessary to clarify the influence of Joule heating effect 
on the machining performance by calculating the temperature distribution inside the workpiece in EDM 
of SiC taking into account the Joule heating effect. 

 

2.3.2 Heat transfer analysis algorithm and analysis model  

Since it is almost impossible to obtain the 3-dimensional temperature distribution inside EDM workpiece 
through experimental methods, heat transfer analysis is conducted to calculate the temperature of 
workpiece during machining. Finite difference method (FDM), a numerical analysis method, was 
employed to perform the heat transfer analysis to obtain the temperature distribution in this study.  

2.3.2.1 Analysis algorithm 

This study focuses on the analysis of temperature distribution inside workpiece (SiC) resulted from single 
discharge.  
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Fig. 2.7 shows the analysis procedure for calculating the temperature distribution. Firstly the electrical 
potential distribution inside the workpiece is computed due to its high resistivity. Then based on the 
calculated electrical potential distribution, the Joule heat generation can be calculated by analyzing the 
current density distribution inside the workpiece. Next considering the energy input from both the 
generated Joule heat and the heat flux from discharges, unsteady heat conduction analysis is accomplished 
to compute the time-dependent distribution of workpiece temperature. To improve the accuracy of 
calculation, the arc column diameter change along with the passage of time due to the expansion behavior 
of arc plasma is also taken into consideration in every time step 41). 

 

 

Fig. 2.7 Flow chart of numerical analysis of temperature distribution inside workpiece of single discharge 

 

2.3.2.2 Analysis model 

Fig. 2.8 shows the analysis model. For numerical solution of both electrical potential distribution and 
temperature distribution, the same analysis model is utilized. 

In consideration of single discharge, the current and heat from the discharge flows axis-symmetrically into 
the workpiece. Therefore, the shape of the workpiece model is set as cylinder and cylindrical coordinate 
system is used for the calculation as shown in Fig. 2.8. The model for arc plasma column is also assumed 
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to be a cylinder. The arc column is set right at the center of the workpiece top surface (machining area). 
The brown area on the working surface indicates the energy input region where the current density, j, and 
heat flux q �c�c from the arc plasma are considered to be uniform.  

 

 

 

Fig. 2.8 Illustration of the heat transfer analysis mode 

 

 

2.3.3 Electrical potential distribution analysis  

2.3.3.1 Governing equation 

With regard to the 3D model discussed above in Fig. 2.8, since it is axisymmetric, no electrical charges 
(current) will flow along the circumferential direction. Therefore, the analysis model can be simplified as 
a two dimension model as shown in Fig. 2.9.  

Considering a specific control volume around node [m, n] as shown in Fig. 2.10, based on the law of 
charge conservation, the algebraic sum of current flowing from the adjacent control volumes into the 
control volume [m, n] should be zero, as expressed in Eq. 2.2.  

 

i1+i 2+i 3+i 4=0                                                                Eq. 2.2 
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Fig. 2.9 Simplified analysis model of electric potential distribution of single discharge EDM 

 

 

 

Fig. 2.10 Illustration of current flow into control volume [m, n] 
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usually considered as the voltage drop in the arc plasma. Hence, by subtracting the measured discharge 
voltage of steel from that of SiC under the same discharge current, as illustrated in Fig. 2.12, the voltage 
drop in workpiece of SiC can be obtained. In this paper, the discharge voltage of EDM of steel is taken as 
20V for simplicity. 

On the other hand, however, it was found that the voltage drop in SiC differs depending on the gap 
conditions. Fig. 2.13(a) and (b) show two different types of discharge waveforms observed in machining 
experiments of SiC. Table 2.6 shows the experimental conditions for measuring the discharge waveforms 
of SiC. It can be seen that the gap voltage in Fig. 2.13(a) is much higher compared to that in Fig. 2.13(b) 
after the discharge is ignited. In addition, the gap voltage is not constant but decreasing with passage of 
discharge time due to the expansion of arc plasma. In the case of Fig. 2.13(b), the decreasing speed of gap 
voltage is quicker compared to that in Fig. 2.13(a). The reason is considered that discharges may occur in 
bubble (air), in oil or at the interface between bubble and oil through debris particles and the plasma 
behavior may be different in different cases, resulting in different voltage drop in SiC. For comparison, 
the plasma diameters in both two cases are calculated in this paper and the heat conduction analysis under 
both two calculated plasma diameters are conducted.  

 

 

 

 

 

Fig. 2.11 Illustration of measure discharge voltage in EDM 
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Fig. 2.13 Discharge waveform of SiC by sinking EDM: (a) High gap voltage; (g) Low gap voltage 

 

 

ii) Analysis procedure for calculating the plasma diameter: 

Fig. 2.14 shows the analysis method for calculating the plasma diameter.  As the start, the actual discharge 
current and voltage waveforms are measured through experiments as shown in Fig. 2.13. Based on the 
measured data of discharge voltage and current, the voltage drop inside SiC, Uw , at certain time t (here t 
refers to the passage of time after the ignition of discharge) and the corresponding discharge current can 
be obtained. These data are used as the boundary conditions to calculate the plasma diameter at time t.  

In the iteration of the program (Fig. 2.14), the arc column diameter, d(t), is set to be changing from 0 to 
200 µm with an interval of 0.01 µm. At each assumed value of d(t), the voltage drop inside SiC is 
calculated based on the method described in Section 2.3.3.1. At certain time t, if the calculated voltage 
drop inside SiC agrees with the measured value, the program will end and the assumed d(t) will be taken 
as the plasma diameter at time t. By repeating the program and changing the boundary conditions, d(t) at 
different time can be calculated. The calculated result of plasma diameter is shown in Fig. 2.15. The 
approximate curve in the figure is taken as the equation to express the change of arc plasma diameter along 
with time.  
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Fig. 2.14 Procedures for inverse solution of plasma diameter in EDM of SiC 
 

 

 

Fig. 2.15 Calculation result of diameter expansion of energy source 
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2.3.3.4 Analysis result of electrical potential distribution 

Fig. 2.16 shows the equipotential charts of electrical potential distribution inside SiC based on the 
calculated plasma diameter. For comparison, the electrical potential distribution in carbon steel is shown 
in Fig. 2.17. It should be noted that the plasma diameter d(t) in Eq. 2.7 was used for calculating the 
electrical potential distribution in carbon steel. From these two figures, it can be found that the voltage 
drop inside SiC, around 40V, is significantly larger compared to that of steel which is almost zero and the 
voltage drop mostly occurred in the vicinity of the discharge spot where the current density is highest in 
both two cases. 

Fig. 2.18 shows the influence of workpiece length on the voltage drop in the workpiece of SiC under the 
same discharge conditions. The voltage drop increases with increasing the workpiece length due to the 
increased resistance of the workpiece. However, since voltage mostly drops near the discharge spot, the 
workpiece length influence on the voltage drop is not significant. 

 

 

 

 

Fig. 2.16 Electrical potential distribution inside SiC of single discharge at t=10µs 
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Fig. 2.17 Electrical potential distribution inside steel of single discharge at t=10µs 

 

 

 

 

Fig. 2.18 Workpiece length influence on the voltage drop inside SiC 
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2.3.3.5 Calculation of Joule heat 

When an electric current passes through a conductor, there will be heat released from the conductor, which 
is referred to as Joule heating effect. The Joule heat generated per unit time Q��  in a conductor with 
resistance R can be calculated by Joule's laws as expressed in the following equation, where i refers to the 
current flowing through the conductor.  

RiQ 2� ��                                                             Eq. 2.8 

In the case of one specific control volume [m, n] in the analysis model, the current density flowing in the 
radius direction 

nmr
j

,
 and depth direction 

nmZj ,
 can be calculated based on the analysis results of electrical 

potential distribution in the last section, as expressed in the following equations, where �U is the resistivity 
of workpiece material. 
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                                                    Eq. 2.9 

Then the total current density flowing through control volume [m, n] can be expressed as  

22
, ,, nmnm Zrnm jjj ���                                                  Eq. 2.10 

The Joule heat generated per unit time in each control volume [m, n], nmQ ,
��  can be calculated by the 

following equation based on the equations described above, where Wm, n is the volume of the control 
volume. 

2
,,, nmnmnm jWQ �U� ��                                                      Eq. 2.11 

 

2.3.4 Temperature distribution analysis 

2.3.4.1 Governing equation 

The analysis model for temperature distribution, as shown in Fig. 2.19, is the same as the model used for 
electrical potential distribution except for the boundary conditions. The temperature distribution inside 
workpiece can be calculated by solving the time-dependent heat conduction equation in the cylindrical 
model as expressed in the following equation (Eq. 2.12).  
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Fig. 2.20 Illustration of heat flow into control volume [m, n] 

 

The input heat of control volume [m, n] through conduction can be expressed as in Eq. 2.14, where 
pp QQ 41 ~  indicates the heat flowing into control volume [m, n] from the adjacent control volumes per unit 

time as shown in Fig. 2.20.  

ppppp QQQQQ 4321 �������                                                      Eq. 2.14 

Here, pp QQ 41 ~ can be express as the following equation by Fourier's Law of heat conduction. 
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Substituting Eq. 2.14 and Eq. 2.15 into Eq. 2.13, the heat conduction equation at node [m, n] can be 
obtained as expressed in the following equation (Eq. 2.16), which indicates that the temperature at time 

1��pt  at node [m, n] can be calculated by the temperatures of its adjacent nodes at time pt . 
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of SiC at discharge spot drops to 1831K after 2µs of discharge occurrence, which is below the 
decomposition temperature of SiC (about 2700K). On the other hand, however, taking into consideration 
of Joule heating effect, the surface temperature of SiC at the discharge spot is increased significantly to 
about 4268K. Therefore, it is considered that the Joule heating effect has a great impact on the removal of 
SiC. 

 

 

Fig. 2.21 Calculated temperature distribution by using plasma diameter (a) at t=2µs 

Fig. 2.22 shows the calculated temperature using plasma diameter (b). The temperature is much higher 
compared with those shown in Fig. 2.21. This is because the plasma diameter (b), as shown in Fig. 2.15, 
is much smaller compared to plasma diameter (a) which results in a much larger heat flux under the same 
input energy. Besides, the Joule heat effect will become more significant with smaller plasma diameter 
due to the larger current density. On the other hand, it is found that the peak temperature in Fig 2.22(b) is 
approaching to 15000K. The reason why the peak temperature of the workpiece surface is beyond the 
plasma temperature (around 7000K) is considered that the material removal is not considered in the 
analysis. 

 

2.3.4.3.2 Temperature decrease with passage of time 

Fig. 2.23 shows the decrease of peak temperature at r = z =0 (heat source center on the working surface) 
along with the passage of time after the ignition of discharge. It can be seen that the peak temperature 
drops below the decomposition temperature, 3000K, of SiC in about 4µs due to the high thermal 
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conductivity of SiC and the expansion of heat source diameter. Therefore, it is considered that long pulse 
duration may not contribute to the material removal rate of SiC. This conclusion is verified by machining 
experiments of SiC which will be described in Chapter 3.   

 

Fig. 2.22 Calculated temperature distribution by using plasma diameter (b) at t=2µs 

 

 

Fig. 2.23 Peak temperature vibration with the passage of discharge time on the discharge surface (by 
plasma diameter (a) considering Joule heating effect) 
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2.3.4.4 Comparison of single discharge between EDM of SiC and SKD11 

To find out the reason for the differences of the material removal rate between EDM of SiC and carbon 
steel SKD11, comparison study on temperature distribution between single discharge of SiC and SKD11 
was conducted. In both cases of SiC and SKD11, the same heat source diameter and discharge current 
(calculated plasma diameter (a)) was used. The latent heat was taken into consideration in the heat 
conduction analysis of carbon steel SKD11 while in the case of SiC it was not considered because of the 
lack of relevant data.  

Fig. 2.24 (a) and (b) show the analyzed results of temperature distribution in SiC and steel respectively at 
time t=1µs. The area of high temperature region in the case of SiC was larger due to the Joule heating 
effect inside the workpiece compared with that of steel, which probably makes the extinction of plasma 
more difficult in EDM of SiC. In consequence, discharge concentration occurs more easily in EDM of 
SiC, which results in a higher probability of wire breakage in wire EDM of SiC compared to that of SKD11. 
On the other hand, however, the peak temperature at the heat source center on the discharge surface in the 
case of SiC was lower compared to that of steel due to its higher thermal conductivity. 

 

Fig. 2.24 Comparison of temperature distribution between single discharge of SiC and steel at t=1µs 

On the other hand, it should be noted that in actual experiments with the same machining conditions, the 
heat flux input into SiC and steel is probably different. In the case of SiC, since the discharge voltage is 
high, under the same servo voltage, the discharge frequency should be high. Therefore, it is considered 
that the discharge gap width should be smaller compared with that of steel in order to achieve a higher 
discharge frequency. A smaller discharge gap width will result in a smaller plasma diameter 43), which in 
consequence brings about a higher heat flux in single discharge of SiC compared with that of steel. This 
probably is another reason for the higher material removal rate of SiC. 
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Fig. 2.25 Crystal orientations and crystal planes of 4H-SiC 

 

 

 

Fig. 2.26 Illustration of cutting directions of wire EDM of SiC 
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(a) Schematic diagram of the experimental setup 

 

 

 

(b) Image of the experimental setup 

Fig. 2.27 Experimental setup for wire EDM cutting of SiC along different crystal orientations 

 

2.4.1.2 Experimental results 

Fig. 2.28 shows the machining time variation with the change of cutting directions. No significant 
difference of the machining time (deviation of machining time: within 10s) was found, which probably 
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Fig. 2.32 Surface morphology of fracture of SiC by EDM (ie =85A, te =1µs) 

 

 

2.4.2 Balance of slicing speed and surface roughness 

This section describes the wire EDM slicing speed and achievable surface roughness considering the 
practical use.  

It has been reported that wire EDM cutting of SiC ingot can achieve a higher cutting speed and smaller 
surface roughness than that by conventional diamond wire saw method 26). However, no detailed 
investigation has been done to show the influences of the discharge parameters on the cutting performance 
of SiC and the optimal machining conditions etc. Hence, in this research, the wire EDM cutting 
performances of SiC are investigated by experiments. The machining experiments were done on a 
commercialized wire EDM machine (Sodick AP200L). In the experiments, the discharge current was 
changed and all the other machining conditions were kept the same as shown in Table 2.8. The workpiece 
polarity was set as plus in order to increase the cutting speed based on the energy distribution principle in 
EDM that more discharge energy is distributed into anode 46, 47, 48), which is a general principle in wire 
EDM.  

Fig. 2.33 shows the experimental results of area cutting speed and the corresponding surface roughness 
of SiC. It can be found out that with increasing the discharge current, the area cutting speed of SiC by wire 
EDM increases owing to the increased discharge energy per single discharge. On the other hand, however, 
with the increased discharge energy, the surface roughness deteriorates too. When the discharge current 
is set as 10A, small surface roughness of around 5µm can be achieved with the area cutting speed of 
5mm2/min.  

Base on the experimental results, it is considered that in practical EDM slicing of SiC ingot, the area 
cutting speed and the surface roughness must be balanced. For example, too large discharge energy cannot 
be applied for slicing SiC wafer if a good surface roughness is required.  
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Fig. 2.37 Discharge crater of SiC by single discharge in EDM oil (ie=20A, te=100µs) 
 

 

2.4.4 Wire breakage problem of wire EDM of SiC 

Wire breakage is a common problem in wire EDM. Usually when large discharge energy and low wire 
running speed is applied, there will be a higher risk of wire breakage due to larger heat flux per unit length 
of wire. Moreover, discharge concentration will cause wire breakage even the discharge energy is small.  
In order to clarify the probability of wire breakage in wire EDM slicing of SiC, comparison experiments 
between wire EDM of SiC and SKD11 were conducted with varying the parameter of discharge current. 
The preset machining conditions were the same as shown in Table 2.9. For each condition, the cutting 
experiment was repeated for 5 times.  

The experiment results showed that, when the duty factor was set at 30%, EDM of steel was possible and 
stable without any wire breakage. In the case of SiC, however, although the actual discharge current was 
much smaller, the machining was not possible. Wire breakage occurred every time within 20 seconds after 
the machining started in all 5 trials, even if the discharge current was reduced to 50A. In other words, 
under the same setting conditions, the wire breakage rate of wire EDM of SiC was 100% while the wire 
breakage rate in wire EDM of SKD11 was zero.  

The reason for this is considered to be the Joule heating effect in EDM of SiC. Due to the high resistivity 
of SiC, the Joule heating effect is considered serious at the discharge spot, which would cause a higher 
temperature rise in the vicinity of discharge spot compared to that of steel. In consequence, the plasma 
extinction will become difficult which results in discharge concentrations due to the high temperature.  
The discharge concentration will cause localized temperature rise on the wire electrode surface and induce 
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2.5 Conclusions of Chapter 2 

The chapter mainly described the fundamental characteristics of EDM of SiC. The differences of EDM 
characteristics between SiC and widely-used metal material were investigated by experiments. In addition, 
the material removal mechanisms of EDM of SiC was clarified. Heat conduction analysis taking into 
account Joule heating effect was conducted to investigate the influence of Joule heat on the EDM 
characteristics of SiC. Furthermore, the influence of crystal anisotropy on the EDM properties of SiC was 
investigated. At last, aiming to apply EDM for slicing SiC in practical use, the EDM slicing performances 
of SiC by conventional wire EDM were evaluated. The main conclusions were as the following: 

 

(1) Under the same preset machining conditions, EDM of SiC showed a higher discharge voltage and 
lower discharge current compared with those of steel due to its higher resistivity. Therefore, 
theoretically, EDM of SiC was supposed to show a lower machining rate due to the lower discharge 
energy compared to that of steel. In addition, under the same servo voltage, EDM of SiC should 
have a higher discharge frequency due to its higher discharge gap voltage. However, experimental 
results showed that EDM of SiC had a much higher material removal rate and a larger surface 
roughness compared to that of steel.  

 

(2) The EDM debris of SiC included multi-angular particles, which indicated that the material removal 
mechanism of EDM of SiC included not only decomposition and evaporation but also cracking and 
fracturing. This was considered as one reason for the higher machining efficiency of SiC compared 
to that of steel. 

 

(3) Heat conduction analysis of single discharge of SiC showed that Joule heating effect considerably 
contributed to increase the surface temperature (near discharge spot) which could facilitate the 
material removal of SiC. On the other hand, however, due to the high thermal conductivity of SiC 
and the expansion of plasma diameter after the discharge ignition, the surface temperature dropped 
quickly with increasing the discharge time after the discharge ignition. It was therefore considered 
that long pulse duration would cause a low machining efficiency compared with that of short pulse 
duration under the same duty factor. 

 

(4) Influences of anisotropy of SiC on the EDM rate of SiC was investigated. No significant dependency 
of the machining rate on the crystal orientation was found when the machining was conducted in the 
surface perpendicular to the c axis. However, it was found that slightly higher machining speed 
could be obtained when the machining direction was parallel to the c axis compared with that 
perpendicular to the c axis. Moreover, fracture pits occurred more on the machined surface when 
the cutting direction was parallel with the c axis of SiC. 
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Chapter 3   EDM cutting of SiC ingot by foil tool electrode 

3.1 Introduction  

This section describes the fundamental properties of EDM cutting of SiC utilizing foil electrodes. 

As discussed in previous chapters, wire breakage is a significant problem limiting further improvement of 
wire EDM cutting performance. Especially, prevention of the breakage of the wire electrode during 
machining is considered as the most important task in the development of the multi-wire EDS method 
considering the machining efficiency. Because the wire breakage problem will become more serious in 
multi-wire EDS method with increasing the number of winding turns of wire electrode in the future (refer 
to Fig. 1.15) since discharge frequency on unit length of wire electrode will increase significantly. On the 
other hand, however, in the multi-wire EDS method, realization of automatic wire connection is 
considered of great difficulties which probably further decreases the machining efficiency. 

Except for the wire breakage, it is considered that in the newly developed multi-wire EDS method, there 
will be several other problems of using wire electrode. Here, the problems or disadvantages of using wire 
electrode which should be solved and advanced in the future are discussed as the following:  

1) Increase of wire tension force 

Wire tension has a considerable influence on the wire vibration which will influence both the cutting time 
and the cutting accuracy 32). Usually, larger wire vibration amplitude results in larger kerf width and in 
consequence longer machining time. The wire vibration can be reduced by increasing the wire tension 
force. Okamoto et al. 30) has reported that with wire electrode of track-shaped section, a uniform and 
straight kerf shape can be accomplished by increasing the tension force. Therefore, on the premise of no 
wire breakage, tension force of the wire electrode should be set as high as possible. However, thin wire 
electrode cannot sustain very large tension force which limits the improvement of wire vibration.  

2) Improvement of wire running stability 

It has been found out that higher running speed of wire electrode in multi-wire EDS could result in higher 
machining rate and smaller kerf width due to the improvement of flushing condition under high running 
wire speed 29, 30). However, higher wire running speed will brings about larger wire vibration. In order to 
solve the problem, Okamoto et al. 30) employed a track-shaped wire electrode with thickness of 100µm 
(see Fig. 1.18) to increase the tension force and reduce the wire vibration. However, the gap distance 
between wire and workpiece in one side was still larger (35-40µm) compared to that of normal round 
shape wire EDM (10-15µm) and the kerf width was between 150-200µm in the experiments.  

Therefore, as described above, higher tension force is considered of high necessity in order to reduce the 
vibration of wire electrode under high wire running speed. 
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3) Reduction of wire diameter 

In order to enhance the advantages of EDS, especially to reduce the kerf loss and improve the productivity 
of wafer per ingot, it is considered that the wire diameter should be reduced furthermore in the future 
while capable of taking a large tension fore. 

Therefore, in this research foil electrodes are proposed to substitute wire electrodes to cut SiC ingots 
aiming to further reduce the electrode dimension (determining the kerf loss) and increase the tension force 
(determining the cutting accuracy and cutting time) to improve the cutting speed and accuracy at the same 
time.  

 

3.2 EDM characteristics by foil tool electrode 

3.2.1 Introduction of f oil tool electrode 

Foil electrode is introduced in replace of wire in EDM slicing of SiC wafer due to its advantages over wire 
electrode in several aspects as listed in Table 3.1. For easy understand, Fig. 3.1 shows an illustration of 
comparison between foil electrode and wire electrode. In the first place, smaller kerf loss can be achieved 
by utilizing foil electrode of which the thickness can be reduced to as small as several tens µm as shown 
in Fig. 3.1. Second, the tension force of foil can be much larger by increasing the foil width compared 
with that of wire electrode due to increased cross section area. Therefore, the foil vibration during foil 
running can also be reduced under the larger tension force. On the flip side, with the same cross section 
area, foil with smaller thickness can be obtained. Third, the resistance of wire electrode can be decreased 
considerably by using foil electrode taking advantage of the increased cross section area of foil, which 
make it possible to apply larger discharge current to the discharge circuit to improve the material removal 
rate. At last, it is considered that wire breakage problem can be prevented in the case of foil electrode by 
increasing the foil width.  

On the other hand, however, there are downsides of utilizing foil electrode. At first, the larger side surface 
area of foil, as illustrated in Fig. 3.1, will cause a higher probability of secondary side-surface discharges 
in EDM (also referred to as discharge surface area effect), which will result in a larger kerf loss. Second, 
larger side surface area probably makes the flushing difficult and may cause a worse gap condition during 
machining. In addition, with regard to the tool wear, decrease in the foil thickness will cause a larger tool 
wear ratio. These problems and the optimization of the foil width and thickness will be discussed 
furthermore in detail in Chapter 4.  

With regard to the foil electrode material, there are several options, such as copper foil, brass foil, tungsten 
foil, stainless foil, etc. However, considering from the aspects of cost and foil tool wear, copper foil was 
selected as the electrode material to investigate the foil EDM method in this research.    
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3.2.2 Experimental method of foil EDM  

Fig. 3.2 shows the schematic diagram of the experimental setup used for investigating the EDM 
characteristics of SiC by foil electrode. A thin rectangular foil electrode cut by wire EDM was used as the 
tool electrode and it was fixed by a precise vice to maintain the flatness. In order to reduce the vibration 
of the thin foil electrode during feeding, the length of the foil electrode was kept less than 5mm and a slit 
with depth of around 2.5mm was machined in dielectric oil. The machining experiments were done on a 
standard sinking EDM machine (Sodick C32). Cutting was conducted by servo feeding the foil tool to the 
workpiece like the normal die-sinking EDM process. Besides, jump motion was applied to facilitate the 
removal of EDM debris in the gap for a stable machining process. 

Discharge current and foil thickness were chosen as the parameters to investigate the foil EDM 
performances, including the foil tool wear, cutting speed and achievable kerf width. The main machining 
conditions are shown in Table 3.2. Short discharge duration was selected in the experiments to obtain a 
stable machining process. Since the standard dielectric of the existing sinking EDM machine (Sodick C32) 
is EDM oil, the experiments were firstly conducted in oil. The foil EDM cutting experiments in deionized 
water based on a developed external deionized water circulating system will be described later. 

 

3.2.3 Machining properties of foil EDM  

3.2.3.1 Rectification effect of EDM of SiC 

In EDM of SiC, the connection between electrical feeders of EDM machine and workpiece (single crystal 
SiC) forms a metal-semiconductor contact.  Generally metal-semiconductor contact presents a rectifying 
effect instead of common Ohmic contact characteristics in electrical circuit due to the existence of 
Schottky barrier at the metal-semiconductor interface 52, 53).  

In machining experiments of EDM of single crystal SiC, it was found that the discharge current was 
slightly higher when single crystal SiC workpiece was set as negative. However, the rectification effect 
of SiC was found not significant probably due to its relatively high conductivity.  

3.2.3.2 Area cutting speed and Kerf loss 

The influence of tool polarity on EDM rate of SiC is shown in Fig. 3.3. The tool polarity effect was 
obvious, providing a higher material removal rate when the workpiece was set as positive due to larger 
discharge energy distribution into the anode in every single discharge 46, 47). The material removal rate 
increased almost linearly with increasing the discharge current.  
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Fig. 3.2 Schematic diagram of experimental setup for foil EDM cutting 

  

 

Table 3.2 Machining conditions used in foil EDM cutting experiments 

Workpiece  SiC single crystal 

Workpiece thickness [mm]  10  

Electrode  Copper foil  

Tool polarity  [+], [-] 

Open voltage [V]   120  

Servo voltage [V]   90  

Preset discharge current [A]   8, 16, 24, 31.5  

Discharge duration [µs]  3  

Duty factor  9.1% 

Dielectric liquid  EDM oil 
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Fig. 3.3 Material removal rate increases with increasing discharge current; Negative tool polarity leads to 
higher material removal rate. 

 

In application of slicing SiC ingot, average area cutting speed, of which the definition is the same as that 
in wire EDM (Refer to Chapter 2, Section 2.4.1.2), is considered as the important factor determining the 
wafer slicing time. Therefore, in the experiments, the average area cutting speed with different foil tool 
electrodes thicknesses was investigated. The preset discharge current was 12A, while the measured 
discharge current was 9A. Fig. 3.4 shows the experiment results. It was found that thinner foil tool 
electrode could achieve a higher area cutting speed due to smaller kerf width. The cutting speed increased 
when foil thickness was decreased due to a smaller kerf width, which was an advantage for slicing SiC 
ingots using thinner foil electrodes. Tool polarity effect featuring higher machining speed with negative 
polarity was confirmed. However, since jump motion was applied in the cutting experiments, machining 
efficiency was not high here, presenting a area cutting speed lower than 1mm2/min.    
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Fig. 3.4 Area cutting speed increases with decreasing foil thickness and utilizing negative polarity 

 

 

 

Fig. 3.5 Kerf width decreases with decreasing foil thickness; negative polarity results in larger kerf width. 

 

The inlet width of machined kerf by different thickness foil electrodes under different polarities is shown 
in Fig. 3.5. When the tool polarity was set as negative, the cut kerf width was slightly larger than that 
under positive polarity due to the higher material removal volume per single discharge. However, the 
difference was not large since the gap width of foil EDM was mainly decided by the open voltage. By 
using the thinnest foil electrode with thickness of 50µm, a minimum kerf width of about 130µm was 
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obtained. Hence the one-side discharge gap width was about 40µm. Due to the area effect, it was 
considered that the secondary discharge phenomenon between the side surface of foil tool electrode and 
workpiece was more significant compared to that of wire electrode. In addition, the vibration of foil tool 
electrode during machining probably also exerted influence on the cut kerf width. It was therefore 
considered that insulating the tool electrode side surface and flushing away the EDM debris effectively 
from the discharge gap would help to decrease the kerf width and improve the machining performance. 

 
 

3.2.3.3 Tool wear ratio 

On the other hand, however, using thinner foil electrode would cause a higher tool wear ratio, as shown 
in Fig. 3.6. Here, the tool wear ratio was defined as the following: 

removalmaterialworkpieceofVolume
wearelectrodetoolofVolumeratiowearTool �  

The volume of the tool electrode wear was obtained by multiplying the foil tool wear length by the foil 
thickness. The foil tool wear in the thickness direction was not considered in this chapter. It was confirmed 
that the tool wear ratio was significantly lower when the tool was set as cathode compared to anode due 
to smaller discharge energy distribution into the cathode 46, 47). Moreover, it was found that the tool wear 
ratio increased rapidly when the foil electrode thickness was decreased. One of the reasons was considered 
that smaller working area of the thinner foil tool would suffer from more frequent discharge per unit area, 
resulting in higher surface temperature due to higher average heat flux.  

Except for higher average heat flux, foil thickness would also influence the temperature distribution of 
foil of single discharge. To clarify this, heat conduction analysis of single discharge in foil tool electrode 
was conducted. Fig. 3.7 shows the analysis model. Heat flux by single discharge was applied to the top 
surface center of the cube shape foil electrode. With regard to the heat flux diameter, Eq. 2.7 was used. 
By the same analysis method described in Chapter 2, heat conduction equation was solved. The foil tool 
material used in the analysis was copper and the discharge current and duration were 30A and 2µs 
respectively. Latent heat was also taken into consideration in the analysis.  

Fig. 3.8 shows the analyzed results of temperature distribution at time t = 2µs on the cross section marked 
in yellow color in Fig. 3.7 which passes through the center of the heat source. By comparing these two 
figures, it can be found that the high temperature area of the foil electrode working surface is much larger 
when foil thickness is 40µm compared to that of 100µm, which in consequence results in a higher tool 
wear ratio. Besides, the temperature at the heat source center has reached to the boiling point of copper, 
which would result in a large tool wear.  
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Fig.3.7 Heat conduction analysis model of single discharge 

 

 

 

 

 
 

Fig.3.8 Simulated temperature distribution in foil electrodes with different foil thickness at time t=2µs. 
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Fig. 3.9 Tool wear ratio difference between foil EDM cutting of SiC and SKD11 

 

 

 

3.3 Improvement of cutting performance by utilizing tension loaded foil electrode 

3.3.1 Design of foil tool electrode fixture 

In order to eliminate the vibration of the foil and improve the positioning accuracy of the foil electrode, a 
foil tensioning fixture, as shown in Fig. 3.10, was developed which could not only position the foil 
electrode but also apply tension to the foil. Fig. 3.11 shows the schematic diagram of the experimental 
setup of foil EDM cutting. The foil tool electrode was loaded in tension by the developed foil tensioning 
fixture to maintain the flatness of the foil electrode and avoid its vibration. The tool fixture was installed 
on the Z-axis of sinking EDM machine and the cutting was conducted by servo feeding the tool to the 
workpiece. CCD laser displacement sensor (Keyence, LK-G10) was used to detect the parallelism error 
between the foil plane and the feeding axis in the cutting direction before machining, which was found to 
be smaller than 10µm.  

The influences of tool material, pulse duration, pulse interval, cut depth on the machining characteristics 
based on the improved experimental setup were investigated. Aiming to reduce the kerf width, foil 
electrode with thickness of 50µm was used. In addition, jump motion was applied in order to achieve a 
stable machining process. All the other experimental conditions, as shown in Table 3.3, were selected 
based on the experimental results obtained in the previous section. Most importantly, foil tool electrode 
polarity was set as negative to improve the cutting speed. 
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Fig. 3.10 Mechanism of tensioning of foil fixture 

 

 

 

 

 

 

    

Fig. 3.11 Experimental setup of foil EDM cutting by tensioned foil tool electrode: a) schematic diagram, 
b) image 
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Fig. 3.12 Comparison between foil EDM of SiC by copper foil electrode and tungsten foil electrode: a) 
cutting speed; b) tool length wear ratio; c) kerf width. 
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3.3.2.2 Influence of pulse duration 

Influences of pulse duration on the cutting performances were investigated under the machining conditions 
shown in Table 3.5. Fig. 3.13 shows the experimental result which indicates that under the same duty 
factor, the machining rate decreases and tool wear increases with increasing the discharge duration. The 
main reasons are considered as the following description. The first reason is considered that since the 
surface temperature of the workpiece SiC, as shown in Fig. 2.23, drops rapidly below the decomposition 
temperature of SiC after discharge ignition due to its high thermal conductivity and the expansion of 
plasma diameter, increase of pulse duration would not contribute to remove the material but actually 
decrease the energy efficiency in machining of SiC. On the other hand, long pulse duration would increase 
the energy of single discharge and cause a larger material removal compared to that of short pulse duration 
under the same discharge current, which will increase the probability of crack generation in EDM of SiC. 
Consequently, generation of larger size debris particles by thermal fracture of which the size may be 
several tens µm would be severe due to the larger discharge energy. The existence of large size debris 
particles in the gap would easily cause short circuit or discharge concentration in EDM and result in further 
deterioration of machining. By repeating machining trials in experiments, it was confirmed that under 
either plus or minus polarity, long pulse duration resulted in concentrated discharge easily and machining 
became extremely unstable.  

Therefore, in the region of short pulse durations (1~10µs), pulse duration was changed to clarify the 
influence of pulse duration. In the experiments here, the duty factor was set as 6.5%. Fig. 3.14(a), (b) and 
(c) show the variations of area cutting speed, kerf width and tool length wear ratio with varying discharge 
current under two different pulse durations. The actual cut depth under different machining conditions 
was different due to different amounts of tool wear under the same feed distance of Z-axis. For comparison, 
however, the actual cut depth was kept constant at around 3.5mm by adjusting the feed distance 
considering the tool electrode wear.  

It was confirmed that even if the discharge duration was just increased from 1µs to 6 µs, the tool wear 
ratio was deteriorated significantly and kerf width became very large indicating a large discharge gap 
width. Also, cutting speed decreased greatly under long discharge duration. On the other hand, it was also 
confirmed that larger discharge current led to a higher cutting speed but both the cutting kerf width and 
tool wear increased because of the increased material removal volume in single discharge. 

To under this phenomenon, the EDM debris under different pulse duration were observed in experiments. 
For the simplicity of collection of the EDM debris, the comparison experiments were conducted in 
deionized water instead of oil. All the other machining conditions were the same as that shown in Table 
2.4. However, no big difference was found between the size of the EDM debris under the short pulse 
duration and the long pulse duration, as shown in Fig. 3.15, which shows the observed EDM debris of SiC 
under pulse duration of 2µs and 10µs respectively. The EDM debris shape of SiC was not spherical but 
multi-angular with size of several tens micrometers which was probably resulted from thermal fracture of 
SiC during EDM under both short and long pulse duration.  

On the other hand, it has been reported that in EDM of TiB2 (fine ceramic), with shorter pulse duration te, 
machined surface with less cracks could be obtained due to a short existing time of arc plasma per single 
discharge. This might be another reason why short pulse duration was better for machining SiC 2). In 
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conclusion, it is considered that short pulse duration (shorter than 3µs, the short the better) is more suitable 
for EDM of SiC considering both the machining stability and the machining accuracy.  

 

 

Table 3.5 Experimental conditions used to investigate the influence of pulse duration 

Tool electrode Copper, (-) 

Workpiece thickness [mm] 20  

Foil thickness [µm] 50  

Measured cut depth [mm] 3.5 

Discharge current [A] 11 

Duty factor 12.5% 

Servo voltage [V] 40 

Dielectric liquid EDM oil 

 

 

 

 

Fig. 3.13 Pulse duration effect on the cutting performance 
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Fig. 3.14 Influence of pulse duration on the cutting performance: a) area cutting speed; b) kerf width; c) 
tool length wear ratio (Duty factor: 6.5%) 
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Fig. 3.15 Pulse duration influence on EDM debris of SiC (Discharge current: around 14A) 

 

3.3.2.3 Influence of pulse interval 

Considering the Joule heating effect, for a stable machining process, EDM of SiC probably requires a 
relatively long pulse interval for the plasma to extinguish completely before the next discharge. To find 
out the optimal pulse interval for EDM of SiC, the influence of pulse interval on the cutting speed and 
tool wear were investigated. Fig. 3.16 shows the experiment results of the machining rate and tool length 
wear ratio variation under different pulse interval in deionized water (which will be described furthermore 
in the following sections). The optimal pulse interval was found to be around 15µs. However, in the 
meantime it was found that the tool length wear ratio in deionized water was around 60%. 

 

 

 

Fig. 3.16 Pulse interval influences on the machining performances (in deionized water) 

a)  Pulse duration: 1µs b)  Pulse duration: 10µs
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Fig. 3.17 Influence of cut depth on the cutting performance: a) average area cutting speed; b) inlet kerf 
width; c) tool length wear ratio 
 

0

0.5

1

1.5

2

2.5

3

3.5

5 10 15 20 25

A
ve

ra
ge

 a
re

a 
cu

tti
ng

 s
pe

ed
 

[m
m

2 /
m

in
]

Measured discharge current [A]

Cut depth 7mm

Cut depth 19mm

a)

0

20

40

60

80

100

120

140

160

5 10 15 20 25

In
le

t k
er

f w
id

th
 [µ

m
]

Measured discharge current [A]

Cut depth 7mm

Cut depth 19mm

b)

0%

10%

20%

30%

40%

50%

60%

70%

5 10 15 20 25

T
oo

l l
en

gt
h 

w
ea

r 
ra

tio
 [%

]

Measured dishcarge current [A]

Cut depth 7mm

Cut depth 19mm

c)



 
 

102 
 

Fig. 3.18 shows the cross section profile (taken by optical microscope) of the machined kerf with a preset 
cut depth of 19mm under different machining conditions. The kerf width was not uniform. At the entrance 
side of the cutting (inlet), the kerf width was much larger than that at the bottom side due to secondary 
discharges occurring between the side surfaces of foil tool and workpiece. This can be avoided by 
insulating the side surface of the tool electrode. The minimum kerf width obtained at the inlet was 100µm 
when the current was around 8A. This was an important improvement regarding the decrease of the kerf 
width in slicing of SiC ingots because currently in all other wafer slicing methods the cut kerf width is 
typically around 200µm 30, 35). If the cut depth is larger than the width of the foil, the machining will 
become steady and the kerf width at the inlet will not increase anymore even if the cut depth is increased.  

 

 

Fig. 3.18 Cross section profile of cut kerf and kerf width variations under different discharge current 

3.4 Comparison between foil EDM of SiC in deionized water and in EDM-oil  

It is well known that dielectric liquid has a significant impact on EDM performance. Table 3.7 shows the 
general difference between EDM in oil and in deionzied water. In order to clarify the influence of dielectric 
on foil EDM of SiC, comparison experiments of EDM cutting of SiC between in deionized water and 
EDM oil utilizing the band foil tool electrode were conducted. The tool wear ratio, area cutting speed, kerf 
width and surface integrity were experimentally investigated.   

3.4.1 Experimental setup and method 

The experiments were conducted using the same setup as in Fig. 3.11. When conducting machining in 
EDM-oil, the SiC workpiece was submerged in EDM-oil and jump motion was applied to the foil electrode 
to facilitate the removal of EDM debris in the working gap. Since only oil could be used as the working 
liquid in sinking EDM machine, machining experiments of SiC in deionized water was done in an extra 
deionized water tank which was installed on the original sinking EDM machine. In order to maintain the 
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resistivity of the working dielectric, deionized water was poured to discharge gap instead of submerging 
by a deionized water circulation system. Fig. 3.19 shows the schematic diagram of the developed 
deionized water recycling system used in the experiments. For simplicity, the deionized water of the wire 
EDM machine (Sodick AP200L) which was of high resistivity was used as the working liquid and flushed 
to the machining area by a flushing pump. The used deionized water was then circulated back to the wire 
EDM service tank through a filter and a circulating pump as shown in the figure. By this deionized water 
circulating system, the resistivity of deionized water was maintained at a high and constant value to ensure 
a stable machining process. 

To find out the influence of different dielectric liquids, the EDM cutting speed and machined surface 
integrity in oil and water respectively were investigated by varying the pulse duration and cut depth. Table 
3.8 shows the experimental conditions. It should be noted that in Table 3.8, the actual discharge duration 
should be 1µs longer than the discharge duration setting due to the inductance of the electric circuit. 

 

Table 3.7 Influences of dielectric liquid on EDM performance 3) 

 Machining speed Surface roughness Gap width Tool wear Fire risk rating 

EDM oil Low Small Narrow Low under long 
pulse duration High 

Deionized water High Larger than in oil Wide High No risk 

 

 
 

 

Fig. 3.19 Schematic diagram of deionized water circulation system of actual experiment setup 
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Fig. 3.21 Comparison of foil EDM cutting performances of SiC in different dielectric liquids 
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Fig. 3.24 Subsurface layer of SiC by EDM in different dielectric liquids: a) EDM-oil; b) Deionized water 

 

 

 

Fig. 3.25 Influence of cut depth on foil EDM cutting performance 
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On the other hand, the gap voltage U is expressed as Eq. 3.3: 

    

hEhEU bd �˜���˜�                                                             Eq. 3.3 

 

Then we can derive the electric field intensity in the bubble as shown in Eq. 3.4:  
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Assuming the gap condition is the same, since the ratio of permittivity of deionized water to the 

permittivity of EDM-oil oilwater �H�H :  is approximately 80:1, the electric field intensity inside the bubble in 
deionized water is much larger than that in oil, which indicates that the total average dielectric strength of 
the discharge gap in deionized water should be much lower than that in oil.  

Moreover, the area ratio of bubble of the discharge gap in deionized water is much smaller than that in oil, 
which further reduces the dielectric strength. Therefore it is concluded that discharges can occur more 
easily in deionized water than in EDM-oil, which is considered as the main reason for the larger kerf width 
of EDM of SiC in deionized water. 

 

 

Fig. 3.27 Simplified schematic diagram of the discharge gap 

 

On the other hand, the machined surface in deionized water presented a larger surface roughness and 
damaged depth. Since under the same preset servo voltage, the discharge frequency in oil and water were 
almost the same, it was considered that the material removal efficiency of single discharge of EDM of SiC 
in deionized water was larger than that in oil, which could result in a higher machining speed. The reason 
was probably due to the better cooling effect of deionized water. In addition, the machining stability in 
deionized water may be better than that in oil which could result in a better machining efficiency. 
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3.5 Reciprocating slicing of SiC by foil EDM utilizing reciprocating worktable 

In the previous sections, it has been found that foil EDM cutting became unstable when the cut depth 
increased due to the deterioration of gap conditions. In addition, since the foil tool electrode was stationary 
but not running during machining, the foil tool wear length was significant, which was not feasible for 
practical use. In order to improve the foil EDM cutting performance, a relative motion between foil tool 
and workpiece is considered necessary to improve the discharge gap condition and reduce the length wear 
ratio. Therefore, it is proposed to apply a reciprocating motion to the workpiece along the foil length 
direction to disperse the foil tool length wear. By applying reciprocating motion to the workpiece, it is 
also expected that the cutting speed can be improved by improving the gap conditions.  

3.5.1 Experimental setup 

The schematic diagram of the experimental setup of reciprocating slicing of SiC is shown in Fig. 3.28. A 
reciprocating table, of which the reciprocating speed and stroke could be changed, was fixed on the 
worktable of the machine. Table 3.9 shows the specifications of the developed reciprocating worktable. 
The workpiece was fixed on the reciprocating worktable and reciprocated together with the table. The foil 
tool electrode was installed on the Z axis of a standard sinking EDM machine (Sodick C32). The 
machining was conducted by servo feeding the foil tool electrode to the workpiece along the -Z direction 
while the workpiece is reciprocating along the X axis direction.  

However, since the worktable was reciprocating at a high speed during machining, it was difficult to 
perform experiments by submerging the worktable (together with the workpiece) in the dielectric liquid. 
Therefore, in the experiments, dielectric was supplied to the machining area by flushing. In flushing 
method, EDM oil could not be used due to a high risk of fire. Hence deionized water was used as the 
working liquid. In order to ensure the resistivity of deionized water could maintain at a high and constant 
value for stable machining, a deionized water circulating system was developed as illustrated in Fig. 3.29. 
The machining was conducted by flushing the deionized water to the machining area while the workpiece 
was reciprocated by the worktable.      
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Fig. 3.28 Schematic diagram of the experimental setup of foil EDM reciprocating slicing of SiC 

 

 

 

 

Fig. 3.29 Development of experimental system for reciprocating slicing of SiC 
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