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1. Introduction

In electrical discharge machining (EDM) a voltage is 
applied between a workpiece and a tool electrode. Usually the 
latter approaches the former until the electric field in the gap 
between them overcomes the breakdown strength of the 
dielectric. A plasma channel is formed and the electric energy 
is transformed to heat. This heat melts and evaporates both, the 
work piece and tool electrode and is responsible for the material 
removal. However, the heat also causes the dielectric liquid to 
evaporate and therefore causes a significant change of the
properties of the gap [1]. Due to its sensitivity the EDM process 
reacts strongly to those changes. One example is the large 
surface quality enhancement as a result of an electrically 
conductive powder in the dielectric fluid [2]. Another input 

parameter that strongly affects the EDM process is the surface 
area. This is because before the discharge occurs the electrodes 
can be considered as two electrically conductive materials in 
close proximity separated by an insulator – i.e. a capacitor. Its
capacity C can be calculated as

𝐶𝐶 = 𝜀𝜀0 ⋅ 𝜀𝜀𝑟𝑟 ⋅
𝐴𝐴
𝑑𝑑 , (1)

where ε0 and εr are the permittivity of free space and the 
relative permittivity respectively [3]. The former is a constant 
and the latter only depends on the properties of the separating 
medium. Since the dielectric liquid is subject to changes 
throughout the process the capacity is mainly be defined by the 
area A of the electrodes and the distance d between them.

20th CIRP CONFERENCE ON ELECTRO PHYSICAL AND CHEMICAL MACHINING

Observation of EDM plasma behavior influenced
by parasitic working gap capacitance

Timm Petersena *, Shamraze Ahmedb, Masanori Kuniedac, Andreas Klinka

a Laboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen University, Campus-Boulevard 30, 52074 Aachen, Germany
b Advanced Component Engineering Laboratory (ACEL), University of Nottingham, Nottingham NG7 2RD, United Kingdom

c Department of Precision Engineering, School of Engineering, The University of Tokyo, 113-8656 Tokyo, Bunkyoku, Hongo 7-3-1, Building 14,, Japan

* Corresponding author. Tel.: +49-241-80-27467; Fax: +49-241-80-22293. E-mail address: t.petersen@wzl.rwth-aachen.de

Abstract

Machining large surfaces to good surface qualities is currently difficult, as optimisation of parameters does not always lead to a satisfactory 
outcome. This appears to be an issue with traditional EDM, and the cause is not understood very well. Observing this effect by looking at current 
and voltage is very difficult because of the parasitic capacitance. As the capacitance is a function of surface area and gap width, small gaps, as 
they occur when using small energies, result in a large capacitance. The charge of the capacitance can have the same order of magnitude as the 
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to understand this phenomenon large, optically transparent SiC electrodes were used to observe the gap with a high speed camera. By doing so it 
is possible to locate consecutive discharges and to determine if the capacitance has a large effect on the behaviour of the plasma. The goal of this 
work is to identify the effect that is responsible for the difficulties with the machining of large high-quality surfaces in order to work out 
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These two characterizing influences occur in combination 
when large surface areas need to be machined to good surface 
qualities, since small discharge energies, which are needed to 
produce small craters, result in a small working gap and hence 
increase the capacity. This kind of parasitic capacity can in turn 
store large amounts of energy, which is subsequently released 
during the discharge. This leads to the problem that all efforts 
to increase surface quality are hindered and no decrease in 
supplied discharge energy will be sufficient to reduce the size 
of the craters. This effect was described by Mohri et al. [4], 
who measured discrepancy of the current that is supplied from 
the generator and the current that actually flows through the 
discharge channel. The difficulty of this measurement is that it 
is not possible to measure the current directly. For the purpose 
of this measurement, they constructed a tool electrode, with 
two different sized surfaces that machine the workpiece. Since 
one surface was significantly larger than the other, a current 
could be measured between them in the case of a discharge at 
the smaller surface. According to the authors this current could 
reach up to 75 A, even though the designated generator current 
was only 2 A [4]. 

In the present paper two different approaches to measure the 
energy that is stored in the parasitic capacitor will be presented. 
While one approach solely aims to define the energy stored, the 
other focuses on the way the energy is transferred in the gap.  

2. Initial Investigation 

The experiments were conducted on two different machine 
tools to make sure the described effect is not limited to one of 
the used machines: 

 
 GFMS Form 2000 VHP, 
 OPS Gantry Eagle 800. 

 
Both machines work with the dielectric fluid Ionoplus IME-

MH by oelheld. The electrode consisted of the graphite R8510 
by SGL Carbon and the workpiece was the cold work steel 
1.2767. The electrodes had a size of: 

 
 100 x 50 mm² (small), 
 140 x 70 mm² (medium), 
 200 x 100 mm² (large). 

 
These dimensions were chosen to maintain a constant ratio 

of 2:1 while roughly doubling and quadrupling the surface area. 
In order to achieve a uniform gap width, the whole machining 
procedure was conducted as suggested by the machine tool 
manufacturers. The plunging depth and discharge energy of 
each machining step thus suited the surface roughness that 
needed to be removed. Therefore, it can be assured that the 
whole surface becomes effective and machining does not only 
cut down the roughness peaks which would cause a large 
average gap width. Machining was set to aim for a surface 
roughness of Ra = 0.6 µm. As illustrated in Fig. 1, the small 
and medium sized cavities have a lower roughness than the 
large. The large cavity, even after 19 hours of machining, did 
not near the required surface finish. As the electrode in the 
present paper has a working surface area of 200 cm², this 

indicates that the findings of Mohri et al. [4] are applicable for 
working surface areas smaller than their surface with an area of 
630 cm².  

 

 

Fig. 1. Arithmetic average roughness Ra of the workpiece after finishing-
machining with different electrode sizes. 

Another two reasons prevent economic machining of large 
surface areas to good surface qualities. One is the time finishing 
steps need until they are successfully conducted. Since an 
increased machining duration results in an increasing number 
of discharges, the wear adds up and thus the wear is 
significantly higher.  

In order to verify the cause of the previously mentioned 
phenomena, the discharges were examined with an Tektronix 
DPO7104C oscilloscope. Fig. 2 shows a discharge from semi-
finish machining. It displays the current and voltage waveforms 
that characterize the discharge. Even though the energy was 
already quite low, all the discharges had a similarly smooth and 
uniform structure.  

 

 

Fig. 2. Current and voltage waveform of an unspoiled discharge with semi-
finishing parameters (ie = 7 A, te = 20 µs). 

Significantly different current and voltage waveforms are 
observed when the discharge current ie is set to 2 A and the 
discharge duration te to 5 µs. The example depicted in Fig. 3 is 
only one among many that look alike and does not display an 
exception. After 1.5 µs, the voltage drops and the current rises 
which gives the indication of a normal discharge. However, 
after approximately 1 µs the voltage rises even though the 
current has not dropped. After a short rise in voltage, which is 
similar to the rise of open circuit voltage, it collapses into the 
negative and seems to be oscillating around the discharge 
voltage ue of approximately 30 V. The current behaves in a 
very similar manner and oscillates between -1.5 A and 5.5 A. 
Also after the oscillation stops and the discharge appears to 
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become stable, the current drops and the voltage rises, which 
indicates another early end of the discharge. When the open 
circuit voltage reaches its maximum, the current rises for a last 
time followed by a slow oscillation around the zero level. This 
can be called the parasitic capacitor effect. 

 

 

Fig. 3. Current and voltage waveform of a discharge, which is affected by the 
parasitic capacitor effect (ie = 2 A, te = 5 µs). 

The shown instabilities lead to another increase in the 
number of discharges and a decrease in the discharge duration. 
These two effects both lead to an attenuation of productivity 
since, according to Klocke et al. [5], a decreasing discharge 
duration leads to an increase in tool wear and according to 
Maradia [6] a decreasing discharge duration results in a smaller 
material removal rate. 

2.1. Determination of Capacity 

The capacity of the parasitic capacitor from the present 
paper can be calculated according to equation 1. With 
ε0 = 8.854∙10-12 A∙s∙V-1∙m-1 and εr ≈ 2.3 [7], A = 0.02 mm² and 
the  minimum gap width d = 30 µm [6], the theoretical capacity 
equals C = 13.6 nF. This equals the medium capacity used by 
Yang et al. [8], who were using the capacity coupling method 
to enhance the surface of a large machining area. However, the 
calculated capacity is a lot larger than that estimated by Mohri 
et al. [4], who were using a surface area thrice as large but 
estimated the capacity to be C = 0.01 µF. Since the current used 
by them was 2 A as well and the discharge duration was set to 
be even shorter at 2 µs, the gap width should be less or equal to 
the one in the present paper. It can be inferred that the open 
circuit coltage of 300 V makes the difference as it only reached 
200 V in the present research. 

To verify the calculated capacity the waveforms shown in 
Fig. 4 were examined. The voltage waveform indicates with its 
rise the beginning of the ignition delay time. At this time, the 
current waveform shows a steep rise followed by a gradual 
decrease. Since both, current and voltage are rising at the same 
time this characteristic cannot be caused by a discharge. Hence, 
the detected current must be responsible for charging the 
capacitor. In order to compare the current that is used to charge 
the parasitic capacitor with its capacity the relation between the 
capacity C and the charge Q, as well as the relation between the 
charge and the current I are needed. They are described by 
equations 2 and 3, which employ the voltage U and the time t. 

 

Fig. 4. Current and voltage waveform used to calculate the capacity of the 
parasitic capacitor  (ie = 2 A, te = 5 µs). 

For the given current waveform the charge of the parasitic 
capacity calculates to Qc = 1.9 µC. In comparison with the 
charge that is detected during the discharge Qd = 6.4 µC almost 
a third is transferred additionally during the discharge. Thus it 
can be stated that the finishing machining discharges are 
strongly affected by the capacitor. 

        𝑄𝑄 = 𝐶𝐶 ⋅ 𝑈𝑈 (2) 

        𝑄𝑄 = ∫ 𝐼𝐼 𝑑𝑑𝑑𝑑 (3) 

In order to validate the previously calculated capacity, the 
measured Qc is divided by the open circuit voltage ui. The 
resulting capacity C = 9.5 nF suits the theoretical value well, 
even though it is closer to the capacity estimated by Mohri et 
al. [4].  

To compare the impact of the additional charge carriers that 
are loaded on the surface of the electrodes several discharges 
were assessed regarding the ratio of charge that already exists 
in the capacitor to that which is additionally supplied by the 
power supply. The result for fine machining is summarised in 
Fig. 5. In comparison to Fig. 1 it becomes apparent that despite 
the additional charge ratio of 20 %, the surface roughness does 
not seem to be affected. Only the large electrode with a ratio of 
over 30 % cannot reach the aimed surface roughness. 

 

Fig. 5. Ratio of charge that was transferred to the capacitor before the 
discharge to the charge that was transferred during the discharge. 

Due to the location of measurement, it is not possible to 
detect the current that flows between the electrodes during the 
discharge. Therefore, this method allows an indirect 
measurement of the capacity of the parasitic capacitor that can 
detect the critical state. 
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These two characterizing influences occur in combination 
when large surface areas need to be machined to good surface 
qualities, since small discharge energies, which are needed to 
produce small craters, result in a small working gap and hence 
increase the capacity. This kind of parasitic capacity can in turn 
store large amounts of energy, which is subsequently released 
during the discharge. This leads to the problem that all efforts 
to increase surface quality are hindered and no decrease in 
supplied discharge energy will be sufficient to reduce the size 
of the craters. This effect was described by Mohri et al. [4], 
who measured discrepancy of the current that is supplied from 
the generator and the current that actually flows through the 
discharge channel. The difficulty of this measurement is that it 
is not possible to measure the current directly. For the purpose 
of this measurement, they constructed a tool electrode, with 
two different sized surfaces that machine the workpiece. Since 
one surface was significantly larger than the other, a current 
could be measured between them in the case of a discharge at 
the smaller surface. According to the authors this current could 
reach up to 75 A, even though the designated generator current 
was only 2 A [4]. 

In the present paper two different approaches to measure the 
energy that is stored in the parasitic capacitor will be presented. 
While one approach solely aims to define the energy stored, the 
other focuses on the way the energy is transferred in the gap.  

2. Initial Investigation 

The experiments were conducted on two different machine 
tools to make sure the described effect is not limited to one of 
the used machines: 

 
 GFMS Form 2000 VHP, 
 OPS Gantry Eagle 800. 

 
Both machines work with the dielectric fluid Ionoplus IME-

MH by oelheld. The electrode consisted of the graphite R8510 
by SGL Carbon and the workpiece was the cold work steel 
1.2767. The electrodes had a size of: 

 
 100 x 50 mm² (small), 
 140 x 70 mm² (medium), 
 200 x 100 mm² (large). 

 
These dimensions were chosen to maintain a constant ratio 

of 2:1 while roughly doubling and quadrupling the surface area. 
In order to achieve a uniform gap width, the whole machining 
procedure was conducted as suggested by the machine tool 
manufacturers. The plunging depth and discharge energy of 
each machining step thus suited the surface roughness that 
needed to be removed. Therefore, it can be assured that the 
whole surface becomes effective and machining does not only 
cut down the roughness peaks which would cause a large 
average gap width. Machining was set to aim for a surface 
roughness of Ra = 0.6 µm. As illustrated in Fig. 1, the small 
and medium sized cavities have a lower roughness than the 
large. The large cavity, even after 19 hours of machining, did 
not near the required surface finish. As the electrode in the 
present paper has a working surface area of 200 cm², this 

indicates that the findings of Mohri et al. [4] are applicable for 
working surface areas smaller than their surface with an area of 
630 cm².  

 

 

Fig. 1. Arithmetic average roughness Ra of the workpiece after finishing-
machining with different electrode sizes. 

Another two reasons prevent economic machining of large 
surface areas to good surface qualities. One is the time finishing 
steps need until they are successfully conducted. Since an 
increased machining duration results in an increasing number 
of discharges, the wear adds up and thus the wear is 
significantly higher.  

In order to verify the cause of the previously mentioned 
phenomena, the discharges were examined with an Tektronix 
DPO7104C oscilloscope. Fig. 2 shows a discharge from semi-
finish machining. It displays the current and voltage waveforms 
that characterize the discharge. Even though the energy was 
already quite low, all the discharges had a similarly smooth and 
uniform structure.  

 

 

Fig. 2. Current and voltage waveform of an unspoiled discharge with semi-
finishing parameters (ie = 7 A, te = 20 µs). 

Significantly different current and voltage waveforms are 
observed when the discharge current ie is set to 2 A and the 
discharge duration te to 5 µs. The example depicted in Fig. 3 is 
only one among many that look alike and does not display an 
exception. After 1.5 µs, the voltage drops and the current rises 
which gives the indication of a normal discharge. However, 
after approximately 1 µs the voltage rises even though the 
current has not dropped. After a short rise in voltage, which is 
similar to the rise of open circuit voltage, it collapses into the 
negative and seems to be oscillating around the discharge 
voltage ue of approximately 30 V. The current behaves in a 
very similar manner and oscillates between -1.5 A and 5.5 A. 
Also after the oscillation stops and the discharge appears to 
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become stable, the current drops and the voltage rises, which 
indicates another early end of the discharge. When the open 
circuit voltage reaches its maximum, the current rises for a last 
time followed by a slow oscillation around the zero level. This 
can be called the parasitic capacitor effect. 

 

 

Fig. 3. Current and voltage waveform of a discharge, which is affected by the 
parasitic capacitor effect (ie = 2 A, te = 5 µs). 

The shown instabilities lead to another increase in the 
number of discharges and a decrease in the discharge duration. 
These two effects both lead to an attenuation of productivity 
since, according to Klocke et al. [5], a decreasing discharge 
duration leads to an increase in tool wear and according to 
Maradia [6] a decreasing discharge duration results in a smaller 
material removal rate. 

2.1. Determination of Capacity 

The capacity of the parasitic capacitor from the present 
paper can be calculated according to equation 1. With 
ε0 = 8.854∙10-12 A∙s∙V-1∙m-1 and εr ≈ 2.3 [7], A = 0.02 mm² and 
the  minimum gap width d = 30 µm [6], the theoretical capacity 
equals C = 13.6 nF. This equals the medium capacity used by 
Yang et al. [8], who were using the capacity coupling method 
to enhance the surface of a large machining area. However, the 
calculated capacity is a lot larger than that estimated by Mohri 
et al. [4], who were using a surface area thrice as large but 
estimated the capacity to be C = 0.01 µF. Since the current used 
by them was 2 A as well and the discharge duration was set to 
be even shorter at 2 µs, the gap width should be less or equal to 
the one in the present paper. It can be inferred that the open 
circuit coltage of 300 V makes the difference as it only reached 
200 V in the present research. 

To verify the calculated capacity the waveforms shown in 
Fig. 4 were examined. The voltage waveform indicates with its 
rise the beginning of the ignition delay time. At this time, the 
current waveform shows a steep rise followed by a gradual 
decrease. Since both, current and voltage are rising at the same 
time this characteristic cannot be caused by a discharge. Hence, 
the detected current must be responsible for charging the 
capacitor. In order to compare the current that is used to charge 
the parasitic capacitor with its capacity the relation between the 
capacity C and the charge Q, as well as the relation between the 
charge and the current I are needed. They are described by 
equations 2 and 3, which employ the voltage U and the time t. 

 

Fig. 4. Current and voltage waveform used to calculate the capacity of the 
parasitic capacitor  (ie = 2 A, te = 5 µs). 

For the given current waveform the charge of the parasitic 
capacity calculates to Qc = 1.9 µC. In comparison with the 
charge that is detected during the discharge Qd = 6.4 µC almost 
a third is transferred additionally during the discharge. Thus it 
can be stated that the finishing machining discharges are 
strongly affected by the capacitor. 

        𝑄𝑄 = 𝐶𝐶 ⋅ 𝑈𝑈 (2) 

        𝑄𝑄 = ∫ 𝐼𝐼 𝑑𝑑𝑑𝑑 (3) 

In order to validate the previously calculated capacity, the 
measured Qc is divided by the open circuit voltage ui. The 
resulting capacity C = 9.5 nF suits the theoretical value well, 
even though it is closer to the capacity estimated by Mohri et 
al. [4].  

To compare the impact of the additional charge carriers that 
are loaded on the surface of the electrodes several discharges 
were assessed regarding the ratio of charge that already exists 
in the capacitor to that which is additionally supplied by the 
power supply. The result for fine machining is summarised in 
Fig. 5. In comparison to Fig. 1 it becomes apparent that despite 
the additional charge ratio of 20 %, the surface roughness does 
not seem to be affected. Only the large electrode with a ratio of 
over 30 % cannot reach the aimed surface roughness. 

 

Fig. 5. Ratio of charge that was transferred to the capacitor before the 
discharge to the charge that was transferred during the discharge. 

Due to the location of measurement, it is not possible to 
detect the current that flows between the electrodes during the 
discharge. Therefore, this method allows an indirect 
measurement of the capacity of the parasitic capacitor that can 
detect the critical state. 
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2.2. Intermediate Discussion 

The reason for the frequent interruption of the discharge 
after already been ignited was not yet found in this study. 
According to Hayakawa et al. [9] the deionization of the plasma 
channel takes a few microseconds. This would allow the 
formation of a consecutive discharge in the same place right in 
the moment the energy is supplied from the generator. Still, as 
depicted in Fig. 3, the open circuit voltage needs to build up all 
the way to where it went for the initial discharge. Only then, 
the breakthrough strength can be overcome and another 
discharge can be formed. In an attempt to explain this 
phenomenon a hypothesis is formulated in this paper. 

Once the discharge is ignited, a relatively low resistance 
allows all the charge carriers that were on the surfaces of the 
electrodes to balance the difference of potential. As shown by 
Mohri et al. [4] this results in a large current that only lasts for 
0.1 µs. This large current will shape a large plasma channel as 
described by Kojima et al. [10] and shown in Fig. 6. After the 
short peak current, only the small fraction that is supplied by 
the generator reaches the working gap. These charge carriers 
do not convey enough energy to keep the whole plasma channel 
ionized and the recombination process becomes dominant [11]. 
This way the electrically conductive plasma channel collapses 
and the charge carriers start to gather on the opposing surfaces. 

 

Fig. 6. Images of plasma channels at different currents [10]. 

Another possible reason why the discharge does not ignite 
immediately can be explained with Fig. 6 as well. The whole 
diameter of the plasma channel was ionized and does not have 
the dielectric effect on the capacitor anymore. Therefore, only 
a small amount of charge carriers gather in the vicinity of the 
former plasma channel. This is illustrated by Fig. 7. The lack 
of charge carriers results in a smaller electric field, which 
cannot overcome the weakened breakthrough strength in this 
area.  

 

Fig. 7. Capacity enlarging effect of dielectric liquid (l.) and effect of ionized 
particles on capacitor surface (r.). 

With a rising open circuit voltage, two possibilities arise. 
The weaker electric field may use the opportunity of the 
weakened breakthrough strength to cause a discharge in the 
same spot. Alternatively, it becomes possible that a consecutive 
discharge ignites where more charge carriers have gathered and 
the electric field is stronger. Whereas according to Kitamura et 
al. [12] the i+1st discharge is most likely to occur in the close 
vicinity of the ith discharge. 

3. Consecutive Investigation 

Even with modern gap monitoring and control systems it is 
not possible to distinguish whether one of the previously 
mentioned hypotheses is correct. This is because a 
measurement of current can only be conducted in the periphery 
of the capacitor and not in the discharge channel. In order to 
improve understanding of these kind of phenomena, Kunieda 
et al. [13] proposed to use direct observation techniques to 
visualize the process. An observation setup very similar to the 
one introduced by Kitamura et al. [14] was used in the present 
paper and is depicted in Fig. 8. The key feature of this 
observation setup is the transparent SiC electrode. Due to its 
conductivity, it may be used as an electrode and allows 
perpendicular observation of the machining gap. The graphite 
electrode was circular and had a diameter of 80 mm. The 
machine tool was a Sodick C32 and machining was conducted 
horizontally. An oscilloscope was used to track current and 
voltage waveforms and to trigger the camera in order to 
synchronize them. The camera was an i-SPEED 7 series by the 
company iX-cameras that was provided by the company NAC.  

 

Fig. 8. Experimental setup with transparent electrode. 
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Because of the large area that had to be observed and the 
speed of the phenomenon, a compromise regarding temporal 
and spatial resolution had to be found. The framerate was set to 
200,000 fps, which predefines a shutter speed of 4.4 µs and a 
maximum resolution of 320x320 pixels with a pixel size of 
0.25 mm. 

For this part of the investigation, it was not necessary to 
machine the workpiece with all the machining steps. Because 
of the transparent electrode, it was possible to observe the 
location of the discharges. Machining was started with a 
relatively small energy and the position of the workpiece was 
adjusted until the whole surface was equally machined. After 
several minutes, the finishing technology was applied. 

4. Results and Discussion 

Upon analyzing the results of the investigation, 
contradictory observations were made. The frames of the video 
show two bright spots in close vicinity, as it can be observed in 
Fig. 9. This would indicate that interrupted discharges do not 
ignite twice in the same spot. However, the brightness of the 
two spots appear to be connected. They are either both getting 
brighter or both getting darker. Only when the brighter spot 
becomes very dark does the other one disappear. This 
contradicts the expectation since the two discharges ignite in 
sequence and should therefore result in two bright spots that 
successively become bright and dark again, and not in the same 
time. Another possibility was that the discharge ignites again 
in the same spot. This would be detectable with an intermediate 
drop of the brightness of the discharge spot. This cannot be 
observed, whereas this can be caused by the aperture open time 
of 4.4 µs. 

 

Fig. 9. Frames from one discharge (ie = 3 A, te = 5 µs), observed through a 
transparent SiC electrode 

The detailed observation of frames as shown in Fig. 9 gives 
the impression of a reflection that causes these two 
simultaneous spots. This could result from the perspex front 
that the SiC was mounted to for stability. However, numerous 
observations show that the two spots are always shifted 
vertically, whereas the brighter spot is sometimes located 
above the darker spot and sometimes it is located underneath. 

Therefore, it is suspected, that the camera has difficulties 
handling the high local intensity emitted by the plasma and 
generates an overflow in another pixel.  

The corresponding current and voltage waveform, as shown 
in Fig. 10, confirms that the discharge was not interrupted and 
hence only one discharge spot should be visible. However, 
since the discharge duration was set to 5 µs, it is more than 
twice as long. This was observed in most discharges and some 
even stayed lit for more than 50 µs. Since the resisitivity of the 
SiC is very high, it is considered that the voltage drop was not 
sufficient for the machine to detect the discharge and therefore 
kept supplying energy. 

 

Fig. 10. Current and voltage waveform of unspoiled discharge that was 
observed through the transparent SiC electrode (ie = 3 A, te = 5 µs). 

The aperture opening time is displayed in Fig. 10 as well. 
The value 0 indicates the time between the frames and a value 
other than 0 indicates the opening of the aperture. Using this, it 
is possible to exactly determine what happened during one of 
the frames. According to Fig. 10, there are three frames that 
were taken during the discharge. Correspondingly, Fig. 9 
displays these as the first three frames. However, the fourth 
frame still contains a bright spot. Since this frame starts 2.5 µs 
after the discharge ends, it must have been capturing the 
afterglow of the plasma or the glow of the molten pool.  

Even though machining was conducted for several hours 
and the discharge current was reduced, as in the initial 
investigation, to 2 A, no interrupted discharges like depicted in 
Fig. 3 could be observed. The reason for this could be due to 
the size of the electrode, which is only one fourth of the large 
electrode used in the initial investigation. Nevertheless, since 
the graph shown in Fig. 3 was taken from a discharge with the 
small electrode with the same surface area as the circular 
graphite electrode used for the investigation with the 
transparent electrode, the interrupted discharge should still be 
visible. A further reduction of discharge current and duration 
was performed to decrease the contamination of the gap, which 
causes a smaller gap width and increases the capacity. This 
resulted in unstable machining and short-circuiting. 

In order to determine whether the parasitic capacitor has a 
capacity to significantly influence the discharge, the previously 
introduced method to measure the capacity was applied to the 
current and voltage waveform displayed in Fig. 11. The 
measurement of charge accounts to 0.23 µC and therefore the 
capacity calculates to 1.9 nF. In comparison with the capacity  
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2.2. Intermediate Discussion 

The reason for the frequent interruption of the discharge 
after already been ignited was not yet found in this study. 
According to Hayakawa et al. [9] the deionization of the plasma 
channel takes a few microseconds. This would allow the 
formation of a consecutive discharge in the same place right in 
the moment the energy is supplied from the generator. Still, as 
depicted in Fig. 3, the open circuit voltage needs to build up all 
the way to where it went for the initial discharge. Only then, 
the breakthrough strength can be overcome and another 
discharge can be formed. In an attempt to explain this 
phenomenon a hypothesis is formulated in this paper. 

Once the discharge is ignited, a relatively low resistance 
allows all the charge carriers that were on the surfaces of the 
electrodes to balance the difference of potential. As shown by 
Mohri et al. [4] this results in a large current that only lasts for 
0.1 µs. This large current will shape a large plasma channel as 
described by Kojima et al. [10] and shown in Fig. 6. After the 
short peak current, only the small fraction that is supplied by 
the generator reaches the working gap. These charge carriers 
do not convey enough energy to keep the whole plasma channel 
ionized and the recombination process becomes dominant [11]. 
This way the electrically conductive plasma channel collapses 
and the charge carriers start to gather on the opposing surfaces. 

 

Fig. 6. Images of plasma channels at different currents [10]. 

Another possible reason why the discharge does not ignite 
immediately can be explained with Fig. 6 as well. The whole 
diameter of the plasma channel was ionized and does not have 
the dielectric effect on the capacitor anymore. Therefore, only 
a small amount of charge carriers gather in the vicinity of the 
former plasma channel. This is illustrated by Fig. 7. The lack 
of charge carriers results in a smaller electric field, which 
cannot overcome the weakened breakthrough strength in this 
area.  

 

Fig. 7. Capacity enlarging effect of dielectric liquid (l.) and effect of ionized 
particles on capacitor surface (r.). 

With a rising open circuit voltage, two possibilities arise. 
The weaker electric field may use the opportunity of the 
weakened breakthrough strength to cause a discharge in the 
same spot. Alternatively, it becomes possible that a consecutive 
discharge ignites where more charge carriers have gathered and 
the electric field is stronger. Whereas according to Kitamura et 
al. [12] the i+1st discharge is most likely to occur in the close 
vicinity of the ith discharge. 

3. Consecutive Investigation 

Even with modern gap monitoring and control systems it is 
not possible to distinguish whether one of the previously 
mentioned hypotheses is correct. This is because a 
measurement of current can only be conducted in the periphery 
of the capacitor and not in the discharge channel. In order to 
improve understanding of these kind of phenomena, Kunieda 
et al. [13] proposed to use direct observation techniques to 
visualize the process. An observation setup very similar to the 
one introduced by Kitamura et al. [14] was used in the present 
paper and is depicted in Fig. 8. The key feature of this 
observation setup is the transparent SiC electrode. Due to its 
conductivity, it may be used as an electrode and allows 
perpendicular observation of the machining gap. The graphite 
electrode was circular and had a diameter of 80 mm. The 
machine tool was a Sodick C32 and machining was conducted 
horizontally. An oscilloscope was used to track current and 
voltage waveforms and to trigger the camera in order to 
synchronize them. The camera was an i-SPEED 7 series by the 
company iX-cameras that was provided by the company NAC.  

 

Fig. 8. Experimental setup with transparent electrode. 
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Because of the large area that had to be observed and the 
speed of the phenomenon, a compromise regarding temporal 
and spatial resolution had to be found. The framerate was set to 
200,000 fps, which predefines a shutter speed of 4.4 µs and a 
maximum resolution of 320x320 pixels with a pixel size of 
0.25 mm. 

For this part of the investigation, it was not necessary to 
machine the workpiece with all the machining steps. Because 
of the transparent electrode, it was possible to observe the 
location of the discharges. Machining was started with a 
relatively small energy and the position of the workpiece was 
adjusted until the whole surface was equally machined. After 
several minutes, the finishing technology was applied. 

4. Results and Discussion 

Upon analyzing the results of the investigation, 
contradictory observations were made. The frames of the video 
show two bright spots in close vicinity, as it can be observed in 
Fig. 9. This would indicate that interrupted discharges do not 
ignite twice in the same spot. However, the brightness of the 
two spots appear to be connected. They are either both getting 
brighter or both getting darker. Only when the brighter spot 
becomes very dark does the other one disappear. This 
contradicts the expectation since the two discharges ignite in 
sequence and should therefore result in two bright spots that 
successively become bright and dark again, and not in the same 
time. Another possibility was that the discharge ignites again 
in the same spot. This would be detectable with an intermediate 
drop of the brightness of the discharge spot. This cannot be 
observed, whereas this can be caused by the aperture open time 
of 4.4 µs. 

 

Fig. 9. Frames from one discharge (ie = 3 A, te = 5 µs), observed through a 
transparent SiC electrode 

The detailed observation of frames as shown in Fig. 9 gives 
the impression of a reflection that causes these two 
simultaneous spots. This could result from the perspex front 
that the SiC was mounted to for stability. However, numerous 
observations show that the two spots are always shifted 
vertically, whereas the brighter spot is sometimes located 
above the darker spot and sometimes it is located underneath. 

Therefore, it is suspected, that the camera has difficulties 
handling the high local intensity emitted by the plasma and 
generates an overflow in another pixel.  

The corresponding current and voltage waveform, as shown 
in Fig. 10, confirms that the discharge was not interrupted and 
hence only one discharge spot should be visible. However, 
since the discharge duration was set to 5 µs, it is more than 
twice as long. This was observed in most discharges and some 
even stayed lit for more than 50 µs. Since the resisitivity of the 
SiC is very high, it is considered that the voltage drop was not 
sufficient for the machine to detect the discharge and therefore 
kept supplying energy. 

 

Fig. 10. Current and voltage waveform of unspoiled discharge that was 
observed through the transparent SiC electrode (ie = 3 A, te = 5 µs). 

The aperture opening time is displayed in Fig. 10 as well. 
The value 0 indicates the time between the frames and a value 
other than 0 indicates the opening of the aperture. Using this, it 
is possible to exactly determine what happened during one of 
the frames. According to Fig. 10, there are three frames that 
were taken during the discharge. Correspondingly, Fig. 9 
displays these as the first three frames. However, the fourth 
frame still contains a bright spot. Since this frame starts 2.5 µs 
after the discharge ends, it must have been capturing the 
afterglow of the plasma or the glow of the molten pool.  

Even though machining was conducted for several hours 
and the discharge current was reduced, as in the initial 
investigation, to 2 A, no interrupted discharges like depicted in 
Fig. 3 could be observed. The reason for this could be due to 
the size of the electrode, which is only one fourth of the large 
electrode used in the initial investigation. Nevertheless, since 
the graph shown in Fig. 3 was taken from a discharge with the 
small electrode with the same surface area as the circular 
graphite electrode used for the investigation with the 
transparent electrode, the interrupted discharge should still be 
visible. A further reduction of discharge current and duration 
was performed to decrease the contamination of the gap, which 
causes a smaller gap width and increases the capacity. This 
resulted in unstable machining and short-circuiting. 

In order to determine whether the parasitic capacitor has a 
capacity to significantly influence the discharge, the previously 
introduced method to measure the capacity was applied to the 
current and voltage waveform displayed in Fig. 11. The 
measurement of charge accounts to 0.23 µC and therefore the 
capacity calculates to 1.9 nF. In comparison with the capacity  
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Fig. 11. Current and voltage waveform of a capacitor charging proceeded by 
a discharge  (ie = 4 A, te = 5 µs). 

of the small electrode from the initial investigation, which was 
4.5 nF, the capacity has shrunk significantly. The reason the 
parasitic capacitor did not have the expected effect on 
machining might lie in the different material used as a 
workpiece. According to Chow et al. [15], SiC powder 
increases the gap width. Thus, the capacity of the parasitic 
capacitor might be significantly smaller and therefore does not 
influence the discharge as much. 

5. Conclusion and Outlook 

In this paper the effect of large electrodes on the surface 
roughness was investigated. Firstly, the theoretical background 
was described and compared with the research results in this 
paper. It was found that a working surface area of 200 cm² can 
result in a strong influence of the parasitic capacitance, when 
machining aims for a surface roughness of less than 1 µm Ra. 
Additionally due to machining to a low surface roughness, 
increased wear and machining time became a problem. The 
reason for this was found in interrupted discharges and thus a 
grown number of discharges with a shorter discharge duration. 
In order to investigate whether these interrupted discharges 
stay in the same spot, an experimental setup with a transparent 
electrode was chosen to directly observe the working gap. 
Neither a spatial nor a temporal shift of the discharge was 
detected with the visual method. This complied with the current 
and voltage waveform, since they also did not indicate such an 
event. The interrupted discharge, as it was presented in the 
initial investigation, was not found during the observation with 
the transparent electrode. Nevertheless, the current waveform 
showed the characteristics of the charging of a capacitor. 
However, the parasitic capacitor was found to be less than half 
as large as in the initial investigation. The reason for this was 
attributed to the different workpiece material that changed the 
gap properties and thus increased the gap width. 

Further research on this topic has to be conducted. The 
visual observation would need to be improved. Either temporal 
or spatial resolution should be enhanced to gain further insight 
into the process. A larger electrode could create a larger 

capacity and therefore have the investigated effect on the 
discharge. Since these measures thwart each other, a possibility 
to still conduct the research could be to first determine whether 
effects occur over the whole working surface. After that an 
observation of only a fraction of the electrode could be 
conducted. However, a larger number of observations would be 
necessary in order to find a discharge that allows decent 
analysis. 

6. Acknowledgements 

The work was partially funded by the Deutsche 
Forschungsgemeinschaft (DFG, German Research Foun-
dation) – Projectnumber 223500200 – TRR 136, subprojects 
F02 and F03. Moreover, the authors are grateful to the School 
of Engineering of the University of Tokyo, since they provided 
the framework for this research with their Engineering Summer 
Education Program (ESEP). 

7. References 

[1] Kunieda M, Lauwers B, Rajurkar KP, Schumacher BM (2005) 
Advancing EDM through Fundamental Insight into the Process. CIRP 
Annals 54(2):64–87. 

[2] Klocke F, Lung D, Antonoglou G, Thomaidis D (2004) The effects of 
powder suspended dielectrics on the thermal influenced zone by 
electrodischarge machining with small discharge energies. Journal of 
Materials Processing Technology 149(1-3):191–7. 

[3] Klocke F, Klink A, Kamenzky S (2009) Modeling of Electric Field 
Characteristics during Electro Discharge Trueing and Dressing of Fine 
Diamond Grinding Wheels. 12th CIRP Conference of Modelling of 
Machining Operations:575–80. 

[4] Mohri N, Saito N, Higashi M, Kinoshita N (1991) A New Process of 
Finish Machining on Free Surface by EDM Methods. CIRP Annals 
40(1):207–10. 

[5] Klocke F, Schwade M, Klink A, Veselovac D (2013) Analysis of 
Material Removal Rate and Electrode Wear in Sinking EDM Roughing 
Strategies using Different Graphite Grades. Procedia CIRP 6:163–7. 

[6] Maradia U (2014) Meso - Micro EDM, Dissertation, ETH, Dissertation,  
ETH Zürich, IWF. 

[7] Taslak E, Arikan O, Kumru CF, Kalenderli O (2018) Analyses of the 
insulating characteristics of mineral oil at operating conditions. Electr 
Eng 100(1):321–31. 

[8] Yang X, Wang Z (2018) Finishing on the Large Area of Work Surface 
by EDM Using a Capacity Coupling Method. Procedia CIRP 68:303–7. 

[9] Hayakawa S., Xia H., Kunieda M., Nishiwaki N. (1996) Analysis of 
Time Required to Deionize an EDM Gap during Pulse Interval. Proc. of 
Symposium on Molecular and Microscale Heat Transfer in Materials 
Processing and Other Applications:368–77. 

[10] Kojima A, Natsu W, Kunieda M (2008) Spectroscopic measurement of 
arc plasma diameter in EDM. CIRP Annals 57(1):203–7. 

[11] Descoeudres A (2006) Characterization of Electrical Discharge 
Machining Plasmas, Dissertation, EPFL, These pour l'obtention du 
grade de docteur es sciences, Lausanne, École polytechnique fédérale de 
Lausanne, Centre de Recherches en Physique des Plasmas. 

[12] Kitamura T, Kunieda M, Abe K (2015) Observation of relationship 
between bubbles and discharge locations in EDM using transparent 
electrodes. Precision Engineering 40:26–32. 

[13] Kunieda M, Overmeyer L, Klink A (2019) Visualization of electro-
physical and chemical machining processes. CIRP Annals 68(2):751–74. 

[14] Kitamura T, Kunieda M, Abe K (2013) High-Speed Imaging of EDM 
Gap Phenomena using Transparent Electrodes. Procedia CIRP 6:314–9. 

[15] Chow H-M, Yang L-D, Lin C-T, Chen Y-F (2008) The use of SiC 
powder in water as dielectric for micro-slit EDM machining. Journal of 
Materials Processing Technology 195(1-3):160–70. 

 

0 1 2 3 4 5 6 7 8
-1
0
1
2
3
4
5
6
7

-20
0
20
40
60
80
100
120
140

C
ur

re
nt

 i 
/ A

Time t / μs

Vo
lta

ge
 U

 / 
V

C
ur

re
nt

I /
 A

V
ol

ta
ge

U
/ V

Aperture

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.




