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Abstract

Technologies for machining advanced insulating ceramics are demanded in many
industrial fields; normally, Electric Discharge Machining (EDM) is utilized for
machining electrically conductive materials. Recently, several insulating
ceramics, such as Si3N4, SiC and ZrO,, have been successfully machined by
EDM. As unstable discharges occur during the machining of Al;O; ceramics,
inferior machining properties have been obtained. It seems that the formation
mechanism of the electrical conductive layer on the EDMed surface is much
different as compared to other ceramics. An electrically conductive layers are not
formed sufficiently to adhere to the EDMed workpiece surface and keep a stable
and continuous discharge generation on the ceramics [3]. Selection of
appropriate electrode material is important for productivity and profitability of
manufacture. Nowadays, a graphite electrode is an important tool for EDM
process. For this study, it is expected that carbon from graphite electrode implant
and generate a conductive layer. Copper, graphite (Poco EDM-3) and copper-
infiltrated-graphite (Poco EDM-C3) electrodes were used to compare the effects
of generation of a conductive layer on alumina corresponding to EDM properties.
Material removal rate (MRR), electrode wear ratio and surface roughness are
compared. The Electrical Discharge Machining of 95% pure alumina shows that
the EDM-C3 performs very well, giving significantly higher MRR than the
EDM-3 and copper electrodes. In the case of EDM with EDM-3 and EDM-C3,
using positive electrode polarity gives higher MRR than EDM with negative
polarity. For EDS (Energy Dispersive Spectroscopy) results, it seems that no
element of copper was observed on the conductive layer with an EDM-3 and an
EDM-C3. However surface resistivity of a conductive layer created with EDM-
C3 is less than with EDM-3. Surface roughness is improved with EDM-C3. .

Keywords: EDM; Assisting electrode; Alumina; Graphite; Copper-infiltrated-

graphite
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Chapter 1

1.1 Introduction

Advanced ceramics, also termed engineering, fine or technical ceramics, have
been used as solutions to many scientific problems over the past 30 to 40 years.
Some of these problems such as corrosion, erosion, wear, temperature, electrical
mnsulation etc. (or combinations), have been overcome by the advance of
technological procedure from a range of materials categorized as oxide or
non-oxide ceramics. Those who have found and utilized these solutions have been
able to carry out procedures and processes previously impossible, resulting in
improved yields strength, life and manufacturing efficiencies of many industrial
processes. Owing to their mechanical and physical properties, they are recognized
as the too hard to machine. Some of the special machining methods have been
applied such as laser, ultra sonic and electrical beam machining. EDM is one of
the most applicable methods to machine electrical conductive materials into
proper 3 dimensional precise shapes. But many ceramics materials are insulating
materials. Recently, insulating materials such as SisN4, SiC and ZrO; etc. .have
been succeeded to machine by EDM with the assisting electrode method (AEM)
that was proposed by Y.Fukuzawa and N.Mohri [1-3]. This method was
considered that the surface modification phenomena simultaneously occur during
machining process. The EDM machining properties vary with physical thermal
properties of workpiece and electrode materials, machining conditions and
atmosphere. However, some insulating materials such as oxide insulating.
ceramics were difficult to machine even if using this method. It seems that the
formation mechanism of the electrical conductive layer on the EDMed surface is
much different compared with that of other ceramics such as Si3Ny4, SiC and ZrO,

etc.
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1.2 Purposes of this research

EDM for insulating ceramics of Al,O; were succeeded using on a
colloidal carbon baked layer, it is assumed that the dissolute carbon elements
assist the adhesion phenomenon on the discharge surface modification.
However, electrically conductive layers are not formed sufficiently enough to
adhere on the EDMed workpiece surface to keep a stable and continuous
discharge generation on the ceramics [3]. In this study, copper electrode, graphite
electrode and graphite infiltrated with copper electrode were used to compare
effects of generation of a conductive layer on alumina corresponding to EDMed
properties. Effects of electrode polarities were investigated for each electrode

materials.

1.3 History of EDM

Electrical Discharge machining (EDM) is developed after World War I,
making a die-sinking application. There are two principle types of EDM processes,
one is the die sinking and the other is the wire EDM process. The die sinking
process was refined as early as the 1940 with the advent of the pulse generators,
planetary and orbital motion techniques, CNC and the adaptive co_ntrol
mechanism. Nowadays, to the transistors solid state circuits, not only was it
possible to control the Pulse on time, but the pause time or the Off time could also

be controlled.

1.4 Background of Surface Discharge Modification Phenomena -

At the fitst trial of the electrical discharge machining on the insulating'
SizsN4 ceramics (specific resistan-ce: >10'"® Q-cm) using the assisting electrode
method, the ceramics-metal direct bonded joint or mechanical connected
specimen was used as a workpiece. Fig.1.1 shows an arrangement of metal plate
for the workpiece on the sinking EDM. The machining was carried out in the
working oil with the negative polarity of the tool electrode. The earth was leaded
from the connected metal side. As shown in Fig.1.1 .'(b), the discharge starts from

the boundary of the connected metal surface and after a few minutes it expands to

the ceramics surface. After the shape of tool electrode is transferred on the

Chapter 1  Introduction 2



workpiece, the machining proceeds into the ceramics and metal simultaneously.
The whole EDMed surface is covered with the black layer which is constructed
with the turbo stratic carbon carbonized alloy and tool electrode elements. After
the generation of the conductive layer, the electrically conductive products mainly
consist of carbon elements that are the result of working oil component
dissolution during discharge, and also of tool electrode elements. However, the

assisting electrode’s components are not observed. The specific electrical
resistance of the electrically conductive layer was 8.1x10% Qcm. This value was

estimated by a special measurement system [3].

EDM System
Power
+) Electrode(Cu)
Supply )

kerosene I ==
L—I;Metal
[._

Insulating ceramics

(a) Machining of jointed material by EDM method

EDMed

surface
Electrode ur

Electrical
discharge

Metal - . N
- Metal Ceramics
Insulating.ceramics {Ni) (Si3N4)
(b) 10s machined i
EDMed

Electrodee surface

Electrical
—____discharge

Metal

I Metal Ceramics

Insulating ceramics Imm

(c) 60s machined
Fig.1.1 Observation of EDM process of ceramics-metal joint.
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It was lower than the machinable limit of EDM. Therefore, discharges
can be continuous as long as the conductive layer is generated. We call this
connected material as an assisting electrode and this new method as an assisting
electrode method. Next trial was carried out using the metal plate or metal mesh
sheet that were attached tightly on the ceramics surface as shown in Fig.1.2.
Machining starts at the attached material and it continues into the insulating
ceramics after the tool electrode passes through metal plate. In this case the
insulating ceramics also can be machined like the above-mentioned method.
When the tool electrode reaches at the boundary between the metal plate and the
ceramics, the machining does not proceed for a while which is corresponds to the
expanded area of the electrical conductive black layer as shown in Fig.1.1 (b)
and(c). The state of this machining is called as a transition region. The continuing
time of the transition state is called as a transition time. The transition time
depends on the material of assisting electrode. To obtain the shorter machining
time of assisting electrode, several thin metal sheets and vaporized layer were
used as an assisting electrode. The good machining properties have been obtained

using the TiN layer as the assisting electrode.

Toot electrode

Discharge
Kerosene - Column

: l/ Assisting

P — clectrode

D —

Electrically -
conductive .
Imaterials S il

[nsulating 4 =D

material —ts e L * .
(a) Discharge for assisting (b) Transition from (c) Discharge for insulating
electrode ‘ assisting electrode to material

the insulating material

Fig. 1.2 Mach;ining process of insulating materials using assisting electrode
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In this method, electrically conductive products are made to adhere on
the machined surface during discharge machining in working oil. Using this
method many insulating materials such as SizN4, SiC, ZrO,, glass and plastics

have been machined to complex shapes in three dimensions.
1.5 EDM process for Al;O3 ceramics

Although the oxide ceramics Al;O5 is the most widely used ceramics for industrial
purposes as the structural materials of comparatively low price is remarkable
inferior to other ceramics on the EDMed properties. The reason why the
unpleasantly machining properties obtain on the Al,O5 ceramics. It is assumed as
followed;

1. Thermal conductivity of alumina is rather high as compared to that of silicon
nitride

2. The electrical conductive layer is difficult to solidify on EDMed surface.

3. Aluminium carbide of conductive layer is generated on EDMed surface as an
unstable product.

Table 1 shows the physical properties for ceramic materials.

Table I Physical properties of insulating ceramics.

Melting Thermal conductivity Specific resistance

point (K) (W/m K) (Q cmy
Si;N, 2173%, 19 >10"
SiC 2373* 84 _ 10
ZrO, 2720 2 10"
ALO; 92% 2313 16.7 10'¢
ALO;99.5% 2323 29.3 >10'
ALO399.9% 2323 34 >10'"
Sapphire 2323 35 10"
Ruby _ 2323 35 10
AIN 2723 86' 3.1x10"

*Sublimation

Chapter |  introduction Y



1.6 Discharge waveform for insulating ceramics

In EDM of insulating ceramics, the discharge waveforms are divided for 3
patterns as shown in Fig.1.4. One is normal discharge that follows the setup
values. Second is long pulse which discharge duration is much longer than setup
value. It is generally considered that this particular waveform is generated during
machining of high electrical resistance materials. In this method, it is assumed that
the long pulses are related to the dissolved carbon components on the surface of
the workpiece [1.6]. The other is composed by short or concentrate discharge.
Long pulse and concentrate discharge are called for abnormal waveforms. In
EDM of insulating materials, they are observed frequently. The main role of

removal machining is accomplished by the normal discharge waveforms [1.7].

Normal Discharge

Long Pulse Concentrate
e tp > Discharge
u h ¢ ti h: : ¢
A  ta, te ' to ' . ' e

i — ! ' -
S 5 5 ¥
] 1 .
op ' '
< 1 '
= ! !
(@] ' '
SE . e J

3 ¥
I I A AU PO E
£ . ) |
3 lllc
) t
u; : open circuit voltage tp : pulse cycle time
U, : dDischarge voltage _ ts : ignition delay time
lo : discharge current - t; : pulse duration

t : discharge duration

t, : pulse interval time

Fig.1.4 Classification of typical discharge waveforms
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Chapter 2

EXPERIMENTAL PROCEDURE

Osilloscope

000e

Control circuit { ALY V|eeoeo
I S0 OO0

‘U-L Current monitor

Tool electrode ] Assisting
electrode

Electrical
Power
source

Work piece

Fig.2.1 Experimental set up for EDM of insulating ceramic

Fig.2.1 shows the schematic illustration of the machining system. A
cylindrical copper bar is used for the tool electrode. In order to provide a more
suitable assisting electrode, we tried to make the simple method of assisting
electrode with a carbon baked on ceramics. In the process of making the assisting
electrode, colloidal graphite solution (concentration: 0.1 kg/l) is coated on
pre-heated Al,O3 ceramics at 473K and maintained at the same temperature for 2
minutes. Discharge waveforms are observed with a current monitor and recorded
on a digital oscilloscope. To investigate the effects of the physical proparties of.
the material on discharge properties. The material to be machined was 95% of an
alumina. A carbon-baked layer was used as an assisting electrode [3].  Electrodes
were compared with normal solid copper electrode and powder— electrode which
produced by semi-sintering process. The semi-sintered electrodes were bought
from POCO Graphite, Inc. POCO's EDM-3 and EDM-C3 had been used for
comparisons. EDM-3 is an isotropic ultrafine grain graphite and EDM-C3 is high
quality graphite inﬁltraied with copper. Electrodes were compared with normal
solid copper electrode and powder electrode which produced by semi-sintering

process. The semi-sintered electrodes were bought from POCO Graphite, Inc.
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POCO's EDM-3 and EDM-C3 had been used for comparisons. EDM-3 is an
isotropic ultrafine grain graphite and EDM-C3 is high quality graphite infiltrated
with copper. Table 2.1 presents the physical properties of electrode materials in
this experiment. The diameter of electrode is 3 mm. EDM conditions for alumina
are very few to accomplish machining process [1]. The EDM conditions of this
research are presented in Table 2.2. The machining properties are evaluated using

the removal rate, wear ratio of tool electrode and surface roughness.

Table 2.1 Physical property of electrodes

Particle | Thermal Electrical | Apparent
size conductivity | resistivity | density

(mm) | (watts/m K) | (Ohm-m) | (g/cm3)

EDM-3 | <5 95 1.5x10° | 1.77
EDM-C3 | <5 175 - 3.3x10° | 3.10
Copper | - 400 1.6x10% |89
(solid)
Table2.2 EDM Conditions
EDM conditions
Tool electrode Cu (@3mm)
Electrode polarity )+ )
Dis;haL'ge current, t (A) 1
Discharge duration, te {(is) 2
Pulse interval time, to(ps) 32
Open circuit voltage,ui (V) 220
Flusl}iﬁg pressure (MPa) 0.1
Rotating (RPM) 150

Chapter 2 Experimental procedure 8



Chapter 3

RESULTS & DISCUSSION

Normally, negative polarity of electrode is selected when EDM on
insulating ceramics due to EDM needs a conductive layer generation during a
process. Carbon in working oil easily generate to conductive layer on ceramics’
surface [1-3]. However, powder electrodes or semi-sintered electrodes seem that
they easily to implant and generate to a conductive layer even if positive polarity
is selected for electrode. Figure 3.1 represents the material removal rate (MRR)

and electrode wear ratio for each electrode and each polarity.

0.12 350 @
_’g 0.1 T BMRR| & | 300 g
o & Wear 4 250 S
=z 0.08 5
E I 200 L
~ 0.06 s 3
% 3 + 150 g
s 0.04 § 1 100 %
0 - - , L o
- ; + -
EDM-3 EDM-C3 Solid Cu

Fig. 3.1. Effect of electrode materials and electrode polarities on the material
removal rate (MRR) and electrode wear ratio

-

The MRR increased when electrodes were used at positive polarity in all’
cases of semi-sintered electrodes. ‘In case of copper electrode, it cannot be EDMed
when positive polarity was selected due to conductive layer was not generated.
The highest MRR and minimal wear obtained using EDM-C3 with positive
polarity. Copper electrode gives the highest of electrode wear ratio. The results of
electrode wear ratio relate to melting point, higher melting point wears less.
However, the wear ratio inverts to MRR result. In case of lower MRR, electrode

must spend more time for achieve machining. The positive polarity gives better

MRR than negative polarity. This result gives'a same result as EDM on a

Chapter 3 Results & Discussion 9



conductive material. The reason can be explained that positive polarity gives
better machining than the other due to using positive polarity caused a higher
MRR under higher discharge energy [4].

In order to investigate the cross section of EDMed hole, EDM process

performed on tightly clamped Al,Os as shown in Fig.3.2.

Assisting electrode

Work piece Clamp two materials together

Fig.3.2 Experimental workpiece set up

Fig.3.3 shows SEM of conductive layer created by a) copper solid electrode, b)
EDM-3 electrode and c) EDM-C3 electrode. The thickness of conductive layer
plays an important role for EDM process. - )

In case of negative polarity, EDM-C3 gives the thickest for 90 pm of
thickness layer followed by EDM-3 30 um) and then copper 25 pm). In case of
positive polarity, the trend shows same as negative polarity. EDM-C3 gives the
largest of the thickness layer for 60 um followed by EDM-3 (10 um). The
thickness of the layer: relates to the results of MRR in Fig.3.1. The results show
that polarity of electrode is moreaffect than thickness of conductive layer if the

conductive layer is enough to generate for sparking. -

Chapter 3 Results & Discussion 10



Negative Polarity Positive Polarity

——

a) Cu solid a) Cu solid
1 Layer ~ 25 um
Laye
100 pm
b)EDM-3 - b) EDM-3

: Layer ~ 10um

il

10U pm L 60 pm T .

c) EDM-C3

g[&&';%;iﬁ B
4 3 : #

¢) EDM-C3

f SEEN—

Y0 pm

Fig. 3.3. SEM of conductive layer created by a) copper, b) EDM-3 and ¢) EDM-C3
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To investigate the effect of material of EDM-C3 and EDM-3, the
experiment was carried out with positive polarity to consider the relationship
between a conductive layer generating phenomena through displacement of
electrode. Fig.3.4 shows cross-sectional SEM micrograph of holes created by a)
EDM-C3 electrode and b) EDM-3 electrode. Fig.3.5 shows electrode shape after
EDM process a)Copper b) EDM-3 and c) EDM-C3

a) EDM-C3 electrode b) EDM-3 electrode

Fig. 3.4 Cross-sectional SEM micrograph of holes created by a) EDM-C3
electrode and b) EDM-3 electrode

Fig.3.4 shows that conductive layer using EDM-C3 was more generatedy‘ than
using EDM-3. Considering the displacements of tool electrodes with two
electrodes on Fig.3.6, they can be divided 2 machining states detected on the
displacement curves, one is stable machining state and the other is unstable
machining state. Stable machining state means the displacement curve is ¢hanged:
within jump stroKe, and unstable\;machining- state is rising up of electrode higher‘
than the jump stroke. When short and concentrate discharge occur, the electrode
rises up from the workpiece andA enlarges the gap distance [4] . The inclination of
electrode is greater using EDM-C3 than that with EDM-3. It relates to the number
of unstable machining state which more frequently occur using EDM-3. The
phenomenon is correspondence te generating little thickness of conductive layer
as shown in Fig.3.4. And also both polarities, when EDM process comes to over 3
mm of depth, the unstable often occurs. For this problem, the experiment may

change the polarity to negative polarity for creating the conductive layer.
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a ) Copper

LI =

b )EDM-3 ¢)EDM - C3

Fig. 3.5  Electrode shape after EDM process

0 100 200 ' -
-0 _ '
= | N My Stable
E
2 10 | : A\ Unstable
e ]
3
m i
w220
g . .
: } , EDM-3
k= -3.0'J . EDM-C3
& .
&

Machining time (min)
Fig.3.6 Relationship between displacement of tool electrode versus the
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Fig.3.7 and Fig.3.8 show waveform which obtained from stable and
unstable, respectively. Cross sectional of conductive layer produced by EDM-C3
was investigated by EDS (Energy Dispersive Spectroscopy) in order to prove that
material of electrode may implant to conductive layer and affect to machining

process.
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Fig. 3.7 Discharge waveform when stable discharge
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Fig. 3.8 Discharge waveform when unstable discharge
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Fig.3.9 shows Energy Dispersive Spectroscopy (EDS) analysis of the
conductive layers produced by EDM-C3. Fig.3.10 shows Energy Dispersive
Spectroscopy (EDS) analysis of the conductive layers produced by EDM-3. In
case of both electrodes, the results are same. The conductive layer is composed of
carbon elements that are dissolute from working oil. It seems that an element of

copper was not observed on the conductive layer.

300pm ! / 300um ‘

-

Fig.3.9. EDS anal)l/sis of conductive layer produced using EDM-3

Fig. 3.11 shows X-ray diffracﬁon analysis on Al,O3 EDMedﬂ surface. Carbon
cpomponent can be seen on EDM of Alumina. Chemical reaction does not occur,
it is thought that fine grain of alumina interlock very good and EDM energy
cannot break Al-O bonding. Frem XRD, result, it show that conductive layer

difficult to generate on EDM surface.
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The speciﬁc:electrical resistance of the electrical conductive layer was
measured by Mitsubishi Chemical’s resistivity meter model Loresta-GP
MCP-T610. Surface rf:sistivity was calculated from electrical resistivity and
thickness of conductive layer. “Surface resistivity” is also called “ sheet

resistance”. The unit is “Q”. However, to distinguish from resistance, it is written
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“IQ/a)” or “[€/sq.]” Since surface resistivity varies with the sample thickness, it
is often used in such fields as paint and thin films. Table 2 shows electrical
resistivity, thickness and surface resistivity for each electrode.

followed by that generated by copper and by EDM-3 respectively. The less
electrical resistivity causes the more pulsed discharges. These results relate to
removal rate results of EDM-C3 and EDM-3. However the value of electrical
resistivity generated with copper electrode is quite same as generated with EDM-3.
But the results of MRR, EDM-3 gives much better result than copper electrode. It
shows that the thickness of layer seems effect to removal rate results. The
calculated surface resistivities of both polarities give same trend of electrical
resistivity. Compare the values of surface resistivity in both polarities, the positive
polarity gives more values because thicknesses of the layers are less. But
influence of electrode polarity give more affect than thickness of the layer and
surface resistivity in case of conductive layer can be enough generated.
Considering each polarity, surface resistivity of EDM-C3 is less than surface

resistivity of EDM-3 in all cases corresponding to the MRR results.

Table 2 Surface resistivity of conductive layer generated with various electrodes

T Negative Polarity Positive Polarity
Electrical Surface* Surface*
Thickness _ Thickness .
resistivity resistivity resistivity
Elf_:ctrode
. [Q cm] | [pm] [Q/a] [um] [Q/o]
LY
Copper 1.018x10' | 25 4.071x10° | 0 -
EDM-C3 4.924x10° | 90 5.471x10% | 60 8.206x10?
EDM-3 1.491x10' | 30 4.971x10° [ 10 - 1.491x10*
*Surface resistivity [£¥/o] or [€/sq.] = Electrical resistivity x 1/ Thickness

»

Fig.3.12 shows the relationship between surface roughness and thickness of
conductive layer machined by various electrodes and polarities. The surface

roughness (Ra values) were evaluated using da{ta obtained from the removed

Chapter 3 Results & Discussion 17



electrically conductive layer. The layer was removed from the EDMed surface by
the shot peening method. The thickness of conductive layer produced by EDM-C3
1s the largest follow by that produced by EDM-3 and that produced by copper
electrode respectively. These results relate to value of surface roughness, it is
observed that EDM-C3 gives low values of surface roughness and the values are
quite same as the values produced by EDM-3. Efficiency of discharges depends
on the thickness of conductive layer, so pulse discharges easily occur on location
with the thick conductive layer and distribute to all area. On the contrary, the
surface roughness is generated with irregularly so efficiency of pulse discharges
are different at various locations, resulting in a greater surface roughness.
Considering the polarity, it shows that positive polarity improved surface
roughness. The reason may be explained that on negative polarity, EDM often
uses for the surface modified technology [6-7] since large amounts of the carbon
in working oil and some electrode material generated to conductive layer causes
the location that generated to conductive layer are difficult to control. So pulse
discharges occurred different at various locations, results in a greater surface
roughness. On the other hand, positive polarity normally is chosen for machining.

The surface roughness are control by pulse discharge.
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Fig. 3.12. Relationship between surface roughness and thickness of

conductive layer machined by various electrodes
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In EDM of insulating ceramics, the discharge waveforms are divided for 3
patterns. One is normal discharge that follows the setup values. Second is long
pulse which discharge duration is much longer than setup value. It is generally
considered that this particular waveform is generated during machining of high
electrical resistance materials. In this method, it is assumed that the long pulses
are related to the dissolved carbon components on the surface of the workpiece [5].
The other is composed by short or concentrate discharge. Long pulse and
concentrate discharge are called for abnormal waveforms. In EDM of insulating
materials, they are observed frequently. The main role of removal machining is

accomplished by the normal discharge waveforms.

Number for pulse discharges
for 100 ms / times

Fig. 3.13.  Relationship between number of pulse discharges during

100 ms by graphite electrodes and graphite plus copper electrodes

-

hY
Fig.3.13 shows relationship between number of pulse discharges and discharge

waveforms distributions. The)h/ were divided 3 patterns, riormal, short &
concentrate'discharge and long pulse. From the result, number of discharges that
were concerned with removal’ phenomena depends on electrodes. Normal
discharge, short arid concentrate discharge and long pulse are more obtained by
EDM-C3 than by EDtM-3. It indicates that material of electrode affects the
discharge waveform phenomena and discharge frequency corresponding to

machining propertiesu. Considering Table 1, EDM-3 is lower thermal conductivity
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than EDM-C3. When electrode is lower thermal conductivity material, longer
pulse intervals are needed for cooling the gap atmosphere resulting to reduce the
discharge frequency (4). The number of normal, short & concentrate discharge
affects to efficiency of machining directly.

And number of long pulse discharge affects to conductive layer generation.
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Chapter 4

CONCLUSIONS AND THE FUTURE PROSPECTS

4.1 Conclusion

For developing processes of EDM of oxide insulating ceramics, generation of
a conductive layer on insulating ceramics is one of the most important problems.
Using graphite electrode and carbon infiltrated graphite electrode, the following

main conclusions can be obtained

I. The conductive layer can be more generated with semi-sintered electrode
material.

2. MRR of ceramics can be improved employed positive polarity in case of
conductive layer is enough to generate.

3. The EDM-C3 is comparatively a better electrode material as it gives large
conductive layer, high MRR and better surface finish.

4. There is no effect of copper from electrode for generation of condu.ctive
layer. However the copper element may affect to resistivity of conductive

layer.

4.2 The prospects of the future works
The research contains the recog‘nmendations for future research of electrical.
discharge machining of oxide insulating ceramics using the various electrode
materials. | _

In this study we used commercial electrodes. We don’t know the
composition and condition of sintering. So, we should make electrode ourselves.

Industrial technology of.this method should be done to improve the

ceramics machining ﬁel_d. And also, [ wish to contribute further in this research
field.

Chapter 4 Conclusions 21



Acknowledgement

It is my great pressure to extend my deepest gratitude and sincere
appreciation to by Thailand Research Fund, contract number MRG4880139.

I would like to express their thanks to MTEC for their kind support of
materials and equipments for analysis.

[ thank Faculty of Engineering for all equipments.

I wish to thank Mr. Anan Phetphung, Mr. Sakchelerm Polpitak, and Mrs.
Chonticha Pradapmuk ; for helping in our experiments.

[ wish to thank to Mr.Shimada Yuji ; a student in Fukuzawa’s laboratory

for measuring resistivity.

22



References

[T W.Koenig, D.F. Dauw, G. Levy, U. Panten, EDM future steps towards the machining of
ceramics, Ann. CIRP 37 (2) (1998) 625-631.

[2] D.F. Dauw, Charmilles technologies: facing the future, in: Paper Presented During the
Inauguration of CT-Japan, Yokohama, Japan,14 April 1989.

[3] N. Mohri, Y. Fukuzawa, T. Tani, N. Saito and K. Furutani, Assisting electrode Method
for Machining Insulating Ceramics, Ann. CIRP 45, 1(1996), 201-204.

[4] Y. Fukuzawa, N. Mohri and T. Tani, Electrical Discharge Machining Phenomena of
Insulating Sialon Ceramics with an Assisting Electrode, IJEM , 2 (1997), 25-30.

[5] Y. Fukuzawa, N. Mohri, T. Tani and A. Muttumara, Electrical discharge machining
properties of noble crystals J. Mater. Process. Technol., Vol.149, Issues 1-3, (2004), pp.
393-397.

[6] Kristian L.Aas, Performance of two graphite electrode qualities in EDM of seal slots in a
jet engine turbine vane , J. Mater. Process. Technol. Vol.149, Issues 1-3, (2004), pp. 152-
156.

[7]1 S. Singh, S. Maheshwari, P.C. Pandey, Some investigations into the electric discharge
machining of hardened tool steel using different electrode materials, J. Mater. Process.
Technol. 149 (2004) 272-277

[8] N. Mohri, Y. Fukusima, Y. Fukuzawa, T. Tant and N. Saito, Layer Generation Process
on Work-piece in Electrical Discharge Machining, Ann. CIRP, 52(1) (2003), pp.161-164.

[9] Tae-min Shin, Naotake Mohri, Hisashi Yamada, Mamoru Kosuge, Katsushi Furutani,
Yasushi Fukuzawa: Machining Phenomena in EDM of Insulating Ceramics - Effect of
Condenser Electrical Discharge -, Proc.of ISEM XII (1998), pp. 437-444.

[10] T. Saeki, M. Kunieda, Influence of Joule Heating on EDM Processes of High-Electric-
Resistivity Materials, Transport Phenomena in Materials Processing and Manufacturing,
Vol.240 (1996), pp.95-103.

[11] Goto, A., Yuzawa, T., Magara, T. and Kobayashi, K., “Study on Deterioration of
Machining Performance by EDMed Sludge and its Prevention”, IJEM, 3, (1998), pp.1-6

[12] Kun L. Wu, et al., Improvement of surface finish on SKD steel using electro-discharge
machining with aluminum and surfactant added dielectric, Int. J. Machine Tools and

Manufacture, 45(10), August 2005, 1195-1201.

[13] Van Dijck and W. L Dutré : Heat conduction model for the calculation of the volume of
molten metal in electric discharges, J. Phys. D, Appl. Phys., 7(1974), pp.899-910.

[14] D. DiBitonto, P. T. E.ubank, M. R. Pdtel, and M. A, Barruffet : Theoretical models of the
electrical discharge machining process I, J. Appl. Phys. 66(9), 1(1989), 4095-4103.

23



Output

1. Muttamara A, Fukuzawa Y, Mohri N, Tani T., Effect of Graphite Electrode on
Alumina’s EDM Properties. Asian Symposium on Materials and Processing
2006 : 60.

2. Muttamara A, Fukuzawa Y, Mohri N, Tani T., Effect of Electrode Material on
Electrical Discharge Machining of Alumina, Journal of Materials Processing

Technology. (submit 3 October 2007)

*Corresponding author.
Tel.:0-2564-3002 ext. 3189; Fax: 0-2564-3017

E-mail: mapiwat@engr.tu.ac.th

24



APPENDIXES



STUDY OF ELECTRODE’S MATERIALS ON AN ALUMINA BY EDM

Muttamara Apiwat', Fukuzawa Yasushi’, Mohri Naotake® Tani Takayuki *

'Faculty of Engineering, Thammasat University, Khlongluang Pathumthani, Thailand

{mapiwat@engr.tu.ac.th)

’Nagaoka University of Technology, Japan
*Tokyo University, Japan

“Tsukuba College Technology, Japan

KEY WORDS : Electrical Discharge Machining, alumina, graphite electrode, assisting electrode

ABSTRACT

As previously reported , several insulating
ceramics such as Si;Ng, SiC and ZrO, have
successfully been machined by EDM. As
unstable discharges occur during the
machining of ALO; ceramics, inferior
machining properties have been obtained as
compared to other ceramics. In this study,
semi-sintered graphite electrode and copper
infiltrated graphite electrode were carried out
on 95% of alumina. Graphite and graphite plus
copper electrode improved machining rate.

INTRODUCTION

Electrical Discharge Machining (EDM) is
recognized as the precision machining process
for such hard materials as electrically
conductive ceramics and hardened metals.
However, recently, insulating ceramics have
been successfully machined by EDM using the
assisting electrode method (AEM) that. the
authors proposed [1-2]. Although the oxide
ceramics Al,O; is the most widely used
ceramics for industrial purposes, electrically
conductive layers are not formed sufficiently
enough to adhere to the EDMed workpiece
surface to keep a stable and continuous
discharge generation on the ceramics [3]. In
this study, the authors carried out semi-sintered
graphite electrode and -copper infiltrated
graphite electrode to improve generation of a
conductive layer on alumina.

EXPERIMENTAL DETAILS

The material to be machined was 95% of
Alumina. A carbon baked layer was used as an
assisting electrode[3]. EDM conditions were as
follows; i=1A, t=2pus, t,=32us, rotating= 150
RPM. The solid copper, graphite (EDM-3) and_

copper graphite (EDM-C3) electrodes of 3 mm’

diameter from Poco Graphite Inc were used as
tools. '

RESULTS & DISCUSSION

Fig. 1 represents the material removal rate
(MRR) and electrode wear ratio for each
electrode.
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Normally, negative polarity of electrode is
selected when EDM on insulating ceramics
due to EDM needs a conductive layer
generation during a process [1-3]. However,
powder electrodes seem that they easily
implant and generate to a conductive layer.
Consequently, the MRR was more when
electrodes were at positive polarity in all cases
of powder electrodes. Because using positive
electrode polarity caused a higher MRR under
higher discharge energy [4]. And, the MRR
was more in the copper plus graphite electrode
than in the pure graphite electrode. This might
be due to the high specific resistance with the
graphite electrode (540 pOhm-in) than the
copper plus graphite electrode (120 pOhm-in)
which decreased the MRR and efficiency.

CONCLUSION .

1. The MRR of semi-sintered electrode was
more with positive polarity.

2. The copper infiltrated graphite electrode
gives the highest MRR.
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Abstract

Technologies for machining advanced insulating ceramics are demanded in many industrial fields.
Recently, several insulating ceramics, such as SizNy, SiC and ZrO,, have been successfully machined
by EDM. As unstable discharges occur during the machining of Al,O, ceramics, inferior machining
properties have been obtained. The formation mechanism of the electrical conductive layer on the
EDMed surface is much different as compared to othe} ceramics. An electrically conductive layers are
not formed sufficiently to adhere to the EDMed workpiece surface and keep a stable and continuous
discharge generation on the ceramics. Graphite is widely used as electrode material in EDM. For this
study, it is expected that carbon from graphite electrode implant and generate a conductive layer.
Copper, graphite (Poco EDM-3) and copper-infiltrated-graphite (Poco EDM-C3) electrodes were used
to compare the effects of generation of a conductive layer on alumina corresponding to EDM
properties. The Electrical Discharge Machining of 95% pure alumina shows that the EDM-C3 =
performs very well, giving ;igniﬁcantly highenMRR and lower electrode wear ratio than the EDM-3
and copper electrodes. In the case of EDM with EDM-3 and EDM-C3, using positive electrode
polarity gives higher MRR than EDM with negative polarity. For EDS (Energy Dispersive
Spectroscopy) results, it has no giement of copper was observed on the conductive layer with both
EDM-3 and EDM-C3. However surface resisti\'iity of a conductive layer created with EDM-C3 is less

than with EDM-3. Surface roughness is improved with EDM-C3. .

Keywords: EDM; Assisting electrode; Alumina; Graphite; Copper-infiltrated-graphite



1. Introduction

Electrical Discharge Machining (EDM) is recognized as a precision machining process for hard
materials, such as electrically conductive ceramics and hardened metals [1,2]. However, recently,
insulating ceramics have been successfully machined by EDM using the assisting electrode method
(AEM) that was proposed in [3,4]. Although Al,O; ceramics are the most widely used ceramics for
industrial purposes, electrically conductive layers are not formed sufficiently to adhere to the EDMed
workpiece surface and keep a stable and continuous discharge generation on the ceramics [5]. Graphite
is widely used as electrode material in EDM, this is due to its good electrical and thermal properties,
along with its machinability [6,7]. For this study, it is expected that carbon from graphite electrode
implant and generate a conductive layer. In this paper, copper, graphite (Poco EDM-3) and copper-
inﬁltrated-graphite (Poco EDM-C3) electrodes were used to compare the effects of generation of a
conductive layer on alumina corresponding to EDM properties. Effects of electrode polarities were

investigated for each electrode material.

2. Background of the assisting electrode method

The fundamental machining process was assumed as shown in Fig.1. The discharge starts from the
top of the layer (a) and creates electrically conductive products on the workpiece (b). It enters into the
workpiece after the electrode tool passes through the assisting electrode (c). The products made from

carbon are mainly from the dissolved components of the working oil during discharge, and fron? the

electrode material. The specific electrical resistance of the electrically conductive layer was 8.1x107Q

cm, which was estimated by a special measurement system [8]. It was lower than the machinable limit
of EDM, so the discharges can continued as far as the generation of this conductive layer. The assisting
electrode acts to make the prodixcts on the surface of the workpiece during machining (b,c) and holds
the electrical conductivity during the dischargex'(c). Machining trials have been applied for many

insulating ceramics and good results were obtained for Si;Ny, ZrO, and SiC. However the ceramics of

Al,O; are recognized as a challenging machining material for this method. [5]



3. Experiments

The material to be machined was 95% alumina. A carbon-baked layer was used as an assisting
electrode [5]. Electrodes were compared with normal, solid copper electrodes and powder electrodes
which were produced by the semi-sintering process. The semi-siptered electrodes were bought from
POCO Graphite, Inc. POCO's EDM-3 and EDM-C3 were used for comparisons. EDM-3 is an isotropic,
ultrafine grain graphite and EDM-C3 is a high quality graphite infiltrated with copper. Table 1
presents the physical properties of electrode materials in this experiment. The diameter of the electrode
was 3 mm. In this experiment, EDM conditions were as follows; i.=1A, t.=2us, t,=32ps, rotation= 150

RPM and used a jump motion. The effect of electrode polarity was investigated.

4. Results and discussions

Normally, negative polarity of electrodes is selected when using EDM on insulating ceramics due
to the need for the generation of a conductive layer d;ring a process [3,4,5,8,9]. Carbon in the working
oil easily generates the conductive layer on the ceramic’s surface [8,9]. However, powder electrodes
or semi-sintered electrodes seem to easily implant and generate a conductive layer even if positivé.
polarity is selected. Fig. 1 represents the material removal rate (MRR) and electrode wear ratio for
each electrode and each polarity.

The MRR increased when electrodes were used with positive polarity in all cases of semi-sintered
electrodes. In the case of the copper electrode, EDM cannot be used when positive polarity was’
selected, due to no conductive layer being gentrated. The highest MRR and minimal wear were
obtained using EDM-C3 with positive polatity. The_: copper electrode gave the higlest electrode wear
ratio. The results of electrode wear ratio relate to melting point; materials with higher melting points
wear less. However, the wear ratio is inversely proportional to the MRR result. In the case of lower
MRR, the electrode must spend more time to achieve rﬁachining. The positive polarity gives better
MRR than negative polarity. This._result is the same as for EDM on a’conductive material. This can be
explained by the fact that positiye polarity gives be&er machining by causing a higher MRR under

higher discharge energy [10]. Fig.3 shows the SEM micrograph of the conductive layer created by a) a

copper solid electrode, b) an EDM-3 electrode and ¢) an EDM-C3 electrode. The thickness of the



conductive layer plays an important role in the EDM process. In the case of negative polarity, EDM-
C3 gives the thickest layer, of 90 um, followed by EDM-3 (30pum) and then copper (25 pm). In the
case of positive polarity, the trend is the same as for negative polarity: EDM-C3 gives the thickest
layer, of 60 um, followed by EDM-3 (10 pm). The thickness of the layer relates to the results of MRR
in Fig.2. The results show that polarity of the electrode has more effect than the thickness of the
conductive layer if the conductive layer is thick enough to generate sparks. To investigate the effect of
the material of EDM-C3 and EDM-3, an experiment was carried out with positive polarity to consider
the phenomenon of generating a conductive layer through displacement of the electrode. Fig.4 shows
the relationship between displacements of the phenomenon of generating a conductive layer versus the
machining time. The displacements of tool electrodes with the two electrodes in Fig.4 can be divided
into two machining states detected on the displacement curves; one is the stable machining state and
the other is the unstable machining state. The stable machining state means that the displacement curve
ch?mges within the jump stroke, while the unstable machining state involves the electrode rising higher
than the jump stroke. When short and concentrated discharge occurs, the electrode rises up from the
workpiece and enlarges the gap distance [11] . The inclination of the electrode is greater when using
EDM-C3 than with EDM-3. The cross-section of the (;onductive layer produced by EDM-C3 was
investigated by EDS (Energy Dispersive Spectroscopy) in order to prove that electrode material may
be implanted on the conductive layer and affect the machining process. Fig.5 shows EDS analysis '(')f
the conductive layers produced by an EDM-C3 electrode. Fig.6 shows EDS analysis of the conductive
layers produced by an EDM-3 electrode. The SEM micrograph in Fig.5 and Fig.6 show that a thicker
conductive layer was generated when using EDM-C3 than when using EDM-3. This relates to the
ndmbér of unstable machining states, which occur more frequently using EDM-3. The phenome‘non
corresponds to the generation of only a low thiEknes_s of conductive layer, as shown in Fig.4. At both
polarities, when the EDM process comes to over 3 mm of depth, the unstable state often occurs. To
solve this problem, negative polarity may be used for creating the conductive layer.

The EDS results are quite same with both electrodes. The conductive layer is composed of carbon
elements that are mainly from the dissolved components of the working oil during discharge. It seems
that no element of copper was obsé,rved on the conductive layer. The specific electrical resistance of
the electrically conductive layer was measured by a Mitsubishi Chemical resistivity meter, model:
Loresta-GP MCP-T610. Surface resistivity (also known as sheet reéistance), was calculated from

electrical resistivity and thickness of the conductive layer. To distinguish it from resistance, it is



written as “[QD)” or “[Qsq)” Since surface resistivity varies with the sample thickness, it is often used

in studies of paint and thin films. Table 2 shows electrical resistivity, thickness and surface resistivity
for each electrode.

Electrical resistivity of the conductive layer generated by EDM-C3 gives the lowest value, followed
by that generated by copper and by EDM-3, respectively. The lower electrical resistivity causes more
pulsed discharges. These results relate to removal rate results of EDM-C3 and EDM-3. However the
value of electrical resistivity generated with the copper electrode is quite similar to that generated with
EDM-3. But EDM-3 gave a much better MRR result than the copper electrode. This shows that the
thickness of the layer seems to affect removal rate results. The calculated surface resistivities of both
polarities give the same trend of electrical resistivity. Comparing the values of surface resistivity for
both polarities, the positive polarity gives greater values because the thicknesses of the layers are less.
However, the influence of electrode polarity had a greater affect than thickness and surface
resistivity in the case where a conductive layer could be generated sufficiently. Considering each
polarity, surface resistivity of a conductive layer created with EDM-C3 is less than with EDM-3 in all
cases corresponding to the MRR results. -

Fig.7 shows the relationship between surface roughness and thickness of the conductive layer
machined by various electrodes and polarities. The surface roughness (Ra values) were evaluated psing
data obtained from the removed electrically conductive layer. The layer was removed from the EDM
surface by the shot peening method. The thickness of the conductive layer produced by EDM-C3 is the
largest, followed by that produced by EDM-3 and copper electrodes, respectively. These resuits relate
to values of surface roughness; it is observed that EDM-C3 gives low values of surface roughness

which are similar to the values produced by EDM-3. Efficiency of discharges depends on the thickness
N

of the conductive layer, so pulse discharges occur easily in regions with thick conductive layers and
then distribute to all other areas. On the contrary, the surface roughness is generated- irregularly so
efﬁciency of pulse discharges is different at various locations, resulting in a greater surface roughness.
It has also been shown that positive polarity improves surface roughness. The negative polarity of the
workpiece, in general, has an inferior surface r;iughness than that under positive polarity in EDM. The
discharge current generated in EDM is composed by ion and electron flows. The proportion of ion

flow increases with the pulse duration time, thus, the ion flow impacts violently on the negative

workpiece and causes a inferior surface roughness [12].



In EDM of insulating ceramics, the discharge waveforms are divided into three patterns as shown in
Fig.8. One is normal discharge that follows the setup values. The second is a long pulse with a
discharge duration much longer than the setup value; it is generally considered that this particular
waveform is generated during machining of highly électrically resistant materials. In this method, it is
assumed that the long pulses are related to the dissolved carbon components on the surface of the
workpiece [9]. The other pattern is composed of short or concentrated discharges. Long pulses and
corncentrated discharges are called abnormal waveforms. In EDM of insulating materials, they are
observed frequently. The main role of removal machining is accomplished by the normal discharge
waveforms. Fig.9 shows the relationship between the number of pulse discharges and discharge
waveform distributions. They are divided into three patterns: normal, short & concentrated discharges
and long pulses. From the results, the number of discharges that were concerned with removal
phenomena depends on the electrode material. Nonnal discharges, short and concentrated discharges
and long pulses are more readily obtained by EDM-C3 than by EDM-3. This indicates that electrode
material affects the discharge waveform phenomena and discharge frequency corresponding to
machining properties. Considering Table 1, EDM-3 has lower thermal conductivity than EDM-C3.
When an electrode is made from lower thermal condu?tivity material, longer pulse intervals are needed
for cooling the gap atmosphere resulting in reduced discharge frequency [13-14]. The number of
normal, short & concentrated discharges affects the efficiency of machining directly, and the numbler

of long pulse discharges affects to conductive layer generation.

5. Conclusions , -
N
In the EDM of alumina with different electrode materials, the obtained results are summarized as

follows:

1. A thicker conductive layer can be gené‘rated with semi-sintered electrode material.
2. MRR of ceramics can be -ivmproved by employing positive polarity in cases where the
conductive layer is sufficient. |
~ 3. The EDM-C3 is a comparatively better eleqtrode material‘ as it gives a large conductive layer,

high MRR and better surface finish.



Table 1 Physical properties of electrodes

Particle | Thermal Electrical | Apparent

size conductivity | resistivity | density

(mm) (watts/m K) (Ohm-m) (g/cm3)
EDM-3 <5 95 [.5x10” | 1.77
EDM-C3 | <5 175 33x10° |3.10
Copper - 400 1.6x10° | 8.9
(solid)

Table 2 .
Surface resistivity of conductive layer generated with various electrodes
Negative Polarity Positive Polarity
A * *
Ele'ctrlqal Thickness Su.rche'a Thickness Su_rfa.c§
Electrode resistivity resistivity resistivity
@ cm) | (um) Qo) (um) (@)
Copper 1.018x10' 25 4.071x10° 0 -
EDM-C3 4.924x10° 90 5.471x10° 60 8.206x10°
EDM-3 1.491x10" 30 4971x10° 10 1.491x10°

*Surface resistivity (o or ((¥sq.) = Electrical resistivity x 1/ Thickness

Tool
electrode .
Discharge
keroscr”):v ] Column
- : / Assisting Electrically
= . electrode conductive
] materials
Insulating ) ==
material

(a) Discharge for assisting

(b) Transition from

(c) Discharge for insulating

electrode assisting electrode to material
insulating material
Fig. 1. Machining process of insulating materials using assisting electrode -
\‘
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Fig. 2. Effect of electrode materials and electrode polarities on the material removal rate (MRR)
and electrode wear ratio



Negative Polarity

Positive Polarity

a) Cisolid a) Cu solid
' Layer ~25 um [
CANNOT EDM
Laye -
100 Hm
b) EDM-3 b) EDM-3

r l:ay—er:-fi(ﬂi_m- 7

100 pm

Layer ~ lOurﬁ

60 1m

¢) EDM-C3
Layer ~ 90um

400 Lim

Fig. 3. SEM of conductive layer created by a) copper, b) EDM-3 and ¢) EDM-C3




- 0 100 200

E o —

g ] wmmey Stable
g -1-0J "\ Unstable
% J

T 2 oﬁ

5 1 EDM-3

§ 301

g -3 EDM-C3
;d: 3

2

Machining time (min)

Fig. 4. Relationship between displacement of tool electrode
versus the machining time with a) EDM-C3 and b) EDM-3

1 mm T 600um ;

! 600pm 1 ! B00um 1

Fig. 5. EDS analysis of conductive layer produced using EDM-C3

S
f



1 mm . 300um X

Cu

300pm Al ! 300pm L

Fig. 6. EDS analysis of conductive layer produced using EDM-3

-

40 : 100 _

L ' —> } 9 &

35 =

— +8 O

E 309 1, &

~ o
=1

o 25 + 160 g

73 J L =%

g 201 : tso

& : 14 O

A e

o o

2 130 o

10 1 &

T20 5

5 - | L

r 10 =

B

J Ll i 0
Neg. Pos. Neg. Pos. Neg. Pos.
Cu EDM-3 EDM-C3

Fig. 7. Relationship between surface roughness and thickness
of conductive layer machined by various electrodes



Short &

Normal Discharge Long Pulse Concentrate
t & & Discharge
—

Uoa et — Vo te
Sy et et L e
o 4 , ' "
obh 1 !

s ! :

G . :

> U -- .1 - - -SRI " -————
_

Current (A)
<

u; : open circuit voltage  t; : pulse cycle time
u, : discharge voltage tq : ignition delay time
i, : discharge current t; : pulse duration
t. : discharge duration
t, : pulse interval time

Fig. 8. Classification of typical discharge waveforms

Number for pulse discharges
for 100 ms / times

Fig. 9. Relationship between number of pulse discharges during 100 ms by
graphite electrodes and graphite plus copper electrodes



Acknowledgement

The research presented in this paper was funded by the Thailand Research Fund, contract number
MRG4880139. The authors would like to express their thanks to MTEC for their kind support of

supplying materials and equipments for analysis.

References

[1] W.Koenig, D.F. Dauw, G. Levy, U. Panten, EDM future steps towards the machining of ceramics, Ann. CIRP 37 (2)
(1998) 625-631.

{2] D.F. Dauw, Charmilles technologies: facing the future, in; Paper Presented During the Inauguration of CT-Japan,
Yokohama, Japan, 14 April 1989. '

[3] N. Mohri, Y. Fukuzawa, T. Tani, N. Saito and K. Furutani, Assisting electrode Method for Machining Insulating Ceramics,
* Ann. CIRP 45, 1(1996), 201-204.

[4] Y. Fukuzawa, N. Mohri and T. Tani, Electrical Discharge Machining Phenomena of Insulating Sialon Ceramics with an
Assisting Electrode, JEM , 2 (1997), 25-30.

[5] Y. Fukuzawa, N. Mohri, T. Tani and A. Muttumara, Electrical discharge machining properties of noble crystals J. Mater.
Process. Technol., Vol.149, Issues 1-3, (2004), pp. 393-397.

[6] Kristian L.Aas, Performance of two graphite electrode qualities in EDM of seal slots in a jet engine turbine vane , J. Mater.
Process. Technol. Vol.149, Issues 1-3, (2004), pp. 152-156.

[7] S. Singh, S. Maheshwari, P.C. Pandey, Some investigations into the electric discharge machining of hardened toof steel
using different electrode materials, J. Mater. Process. Techitbl. 149 (2004) 272-277

[8] N.Mohri, Y. Fukusima, Y. Fukuzawa, T. Tani and N. Saito, Layer Generation Process on Work-piece in Electrical
Discharge Machining, Ann. CIRP, 52(1) (2003), pp.161-164.

[9] Tae-min Shin, Naotake Mohri, Hisashi Yamada, Mamoru Kbsuge, Katsushi Furutani, Yasushi Fukuzawa: Machining
Phenomena in EDM of Insulating Ceramics - Effect of Condenser Electrical Discharge -, Proc.of ISEM XII (1998),*pp.
437-444.

[10] T. Saeki, M. Kunieda, Influence of Joule Heating on EDM Processes of High-Electric-Resistivity Materials, Transport
Phenomena in Materials Processing and Manufacturing, Vol.240 (1996), pp.95-103.

{11] Goto, A., Yuzawa, T., Magara, T. and Kobayashi, K., “Study on Deterioration of Machining Performance by EDMed
Sludge and its Prevention”, IEM, 3, (1998), pp.1-6

[12] Kun L. Wu, et al., Improvement of surface finish on SKD steel using electro-discharge machining with aluminum and
surfactant added dielectric, Int. J. Machine Tools and Manufacture, 45(10), August 2005, 1195-1201.

[13] Van Dijck and W. L Dutré-: Heat conduction model for the calculation of the volume of molten metal in electric discharges,
J. Phys. D, Appl. Phys., 7(1974), pp.899-910.  ~

[14] D. DiBitonto, P. T. Eubank, M. R. Patel, and M. A. Barruffet : Theoretical models of the electrical discharge machining
process I, J. Appl. Phys. 66(9), 1(1989), 4095-4103.





