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In electrical discharge machining (EDM), the working medium plays an important role in the material removal process. Lots of
methods have been utilized to study this process, but a widely accepted explanation about this process has not been yet ac-
complished. In this study, the acoustic emission (AE) sensor was fixed on EDMmachine to study the material removal process by
observing the expansion and contraction process of gas bubble surrounding the discharge plasma.+e machining performance in
different working mediums was studied for Ti-6Al-4V machining in air, kerosene, and water-based emulsion. Discharge in
different working mediums would result in different material removal rates and surface quality. +e difference of AE wave
frequency domain distribution for discharge in different working mediums was studied. It was observed that the frequency of
acoustic emission wave generated by discharge in different working mediums would be different. +e characteristic difference of
single AE wave generated by discharge in air, kerosene, and water-based emulsion was compared. It was found that the duration
time and peak amplitude of acoustic emission wave generated by discharge in different working mediums were different, and the
acoustic emission wave generated by discharge in water-based emulsion would last longer and get higher peak amplitude
compared to discharge in air and kerosene. +e significant difference of AE wave generated by discharge in water-based emulsion
from that in kerosene was found. Based on the acoustic emission wave observation, the special characteristic of the material
removal process for discharge in water-based emulsion was found.

1. Introduction

It has been reported that electrical discharge machining
(EDM) has great application potential in aerospace industry,
especially for titanium alloys and nickel-based superalloy
machining [1, 2]. In electrical discharge machining, material
removal was realized by a short and complicated physical
reaction process, which takes place around a high-tem-
perature plasma column initialed by electrical discharge in
the working medium [3]. During the discharge process,
strong light radiation was generated around the discharge
channel, which made the observation of the material re-
moval process challenging [4].

It was found that the working medium has a significant
impact on the material removal process [5–7]. Many re-
searchers studied the relationship between discharge

generated bubbles and discharge locations [8, 9]. Kitamura
et al. took a transparent SiC single crystal as the tool elec-
trode to observe the distribution of bubbles and discharge
locations in the discharge gap using a high-speed video
camera [10, 11]. +ey found that the radial flow and bubble
oscillation difference make the material removal rate in the
water higher than that of oil. Schulze et al. studied the
propagation of gas bubble during the discharge process
using high-speed frame camera [12, 13]; it was observed that
a higher discharge current and longer pulse duration time
would be beneficial to the bubble propagation process.

For the purpose of analyzing the mechanism of material
removal in EDM, Hayakawa et al. studied the relationship
between debris particles moving tracks and the bubble os-
cillation process [14]. +ey found that the material removal
only occurred during the bubble expansion process. In order
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to understand themechanism of the debris exclusion process
in EDM, Wang et al. established an experimental setup by
using transparent hot-melted EVA material covered on
electrode [15]. It was observed that the expansion motion of
the bubble was the main factor that excludes the melted
materials from the discharge area.

Many models have been established for the material
removal process [16, 17]. Yang et al. studied the crater
formation process by molecular dynamics simulation [18];
the result showed that the melted material was removed in
the form of clusters by the explosion of the bubble. Based on
dynamic simulation and experiment, Liu et al. investigated
the material removal process by studying energy distribution
and working medium. It was observed that a smaller in-
terelectrode distance would result in a higher pressure
bubble in the discharge gap, which was helpful to the melted
material removal process [19]. +e material removal process
can also be improved by adopting dielectric with higher
viscosity as a working medium [20, 21].

Tamura et al. studied the crater formation process by
measuring the impulsive forces during the discharge process
[22]. +ey found that the expansion and contraction of the
generated bubble caused the impulsive force during the
discharge process, but the influence of the impulsive force on
crater formation was insignificant. Natsu et al. measured the
diameter and temperature of arc plasma during the dis-
charge process using spectroscopy [23–25]. It was observed
that the plasma expanding process finished in 2 μs after
discharge breakdown and the diameter of the formed crater
was larger than that of the arc plasma.

It can be observed from the above research results that
the expansion and extraction of the bubble around the
discharge channel have an apparent influence on the ma-
terial removal process, but its relationship has not been yet
figured out. Acoustic emission (AE) was used to observe the
rapid release of energy from a limited area [26, 27]. It can be
applied to observe the energy release during the discharge
process in EDM machining. +is research aims to study the
relationship between bubble oscillation motion and the
material removal process. +e AE sensor was utilized to
detect the pressure oscillation of gas bubble formed by the
discharge process. Air, kerosene, and water-based emulsion
were adopted as working mediums to study the influence of
gas bubble pressure oscillation on the material removal
process. +e expansion and contraction frequency of gas
bubble surrounding the discharge plasma was studied based
on the frequency domain distribution analysis. +e phe-
nomenon that discharge in water-based emulsion would
generate a longer duration time AE wave with two peaks was
found, and its mechanism was discussed based on the
analysis of the discharge process.

2. Materials and Methods

To figure out the difference in the material removal process
in different working mediums, the relationship between gas
bubble development process and the material removal
process was studied through collecting the AE wave gen-
erated during gas bubble expansion and contraction process.

+e experiment setup is illustrated in Figure 1. +e AE
sensor (Kistler AE-8152B2) was placed in the working
medium to collect the AE wave generated during the dis-
charge process. In order to eliminate the influence of the AE
sensor position on the strength of the collected AE wave, the
distance of AE sensor to discharge point was set at 8mm in
both horizontal and vertical directions.

+e experiments were conducted on AGIETRON 2
EDM machine, and the electrode feeding speed would
autoadjust based on the discharge process. +e weight of the
workpiece was measured usingMETTLER TOLEDOME104
electronic balance before and after machining. +e surface
topography of the machined workpiece was detected using
Dino-Lite AM4515T8 microscope.+e graphite was selected
as the tool electrode. Titanium alloy Ti-6Al-4V which is a
typical difficult-to-cut material [28, 29] was chosen as the
workpiece. Air, kerosene, and water-based emulsion were
selected as the working medium to make a comparison. +e
same working conditions were applied to all different
working mediums. +e distance and angle of the AE sensor
to the discharge area were also fixed in all the tests.

+e AE sensor was sensitive to the pressure oscillation of
the work medium caused by the fierce expansion and
contraction of gas bubble volume surrounding the plasma
during the discharge process. Both AE wave and discharge
voltage change during the discharge process were collected
simultaneously. +e frequency domain distribution of AE
wave was analyzed based on fast Fourier transform (FFT).
+e details of AE wave in different stages were studied in
accordance with the discharge voltage change.

To study the electrical discharge machining performance
in different working mediums, titanium alloy Ti6Al4V was
machined in air, kerosene, and water-based emulsion, re-
spectively, under the machining condition as listed in Ta-
ble 1. During the discharge process, both electrode and
workpiece were immersed in the working medium. Con-
sidering the AE wave would last hundreds of microseconds
during the discharge process, the pulse-on time was set at
100 μs with a pulse-off time of 1000 μs in order to collect a
complete AE wave.

+e material removal rate (MRR) is calculated by

MRR �
(W/ρ)

t
, (1)

where W(g) is the weight of the removed material, ρ (mm3/
min) is the density of workpiece, and t (min) is the ma-
chining time.

3. Results and Discussion

3.1.MachiningPerformanceComparison inDifferentWorking
Media. In order to study the influence of the working
medium property on machining performance, Ti-6Al-4V
was machined in air, kerosene, and graphite, respectively.
+e MRR and machined surface were compared. +e MRR
difference in different working mediums is shown in Fig-
ure 2; it can be noticed that the MRR for discharge in air was
limited. It indicates that the melted material by the discharge
process could not be removed from the workpiece which
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would resolidify on the workpiece surface after the discharge
process. +e discharge in kerosene and water-based emul-
sion can obtain a higher MRR than discharge in air. +e
MRR in the water-based emulsion was higher than that in
kerosene by 41%. Discharge in water-based emulsion has a
remarkable material removal performance compared with
kerosene under the same machining conditions. It dem-
onstrates that the working medium has a significant influ-
ence on the material removal process.

Figure 3 shows the surface difference of EDM machined
Ti6Al4V in different working mediums under themachining
condition as listed in Table 1. It can be observed that the
machined surface in different working mediums has a sig-
nificant difference. +e surface machined in air turned
white. It indicates that discharge in air has a poor cooling
performance which leads the workpiece surface to be oxi-
dized in high temperature. Compared with surface ma-
chined in kerosene, the surface machined in water-based

Working
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AE
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8mm

8mm

AE

Workpiece

Data
collection

(a)

AE sensor Electrode Workpiece

(b)

Figure 1: +e placement of the experiment setup: (a) schematic diagram and (b) experiment setup.

Table 1: Process parameters for working medium tests.

Process parameters Settings
Pulse-on time (μs) 100
Pulse-off time (μs) 1000
Current (A) 8
Open gap voltage (V) 180
Tool electrode polarity Negative
Working medium Air, kerosene, water-based emulsion (5%)
Electrode material Graphite
Workpiece material Ti-6Al-4V
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Figure 2: MRR comparison in 3 different working mediums.
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emulsion would be rougher and covered with cylindrical
pits. It demonstrates that the machined surface quality has a
direct relationship with the property of the working
medium.

In order to study the difference of discharge process in
different working mediums, the bubble oscillation phe-
nomenon was investigated by collecting the AE wave
emitted by the discharge process. +e frequency domain
distribution of AE wave emitted by the electrical discharge
process in air, kerosene, and water-based emulsion is shown
in Figure 4. It can be observed that the AE wave generated by
discharge in air was weak, and its frequency was mainly
distributed between 100 kHz and 200 kHz. +e intensity of
the AE wave generated by the discharge in kerosene was
higher than that in the air, its frequency distribution was
mainly distributed between 230 kHz and 280 kHz, and the
strongest AE signal is with the frequency of 251 kHz.
Compared to discharge in air and kerosene, the strength of
the AE wave generated by the discharge in water was
stronger, and its frequency was mainly distributed between
230 kHz and 320 kHz. +ere were two concentrated AE
signal frequencies distributed around 263 kHz and 288 kHz
for discharge in water-based emulsion. According to the
frequency domain distribution analysis, the pressure oscil-
lation frequency was influenced by the working medium,
which indicated that the expansion and contraction process
of gas bubble surrounding the discharge plasma was
influenced by the property of the working medium.
+erefore, the material removal performance in different
workingmediums can be studied based on the analysis of the
AE phenomenon during the discharge process.

In order to study the details of the AE wave during the
discharge process, the single discharge process in air, ker-
osene, and water-based emulsion was collected by AE
sensor, respectively; the result is listed in Figures 5–7. +e
AE wave generated by the electrical discharge in air is shown
in Figure 5. It can be noticed that the AE generated by
discharge in air was mainly triggered by the discharge
breakdown process, and its strength was very weak. +is
phenomenon indicated that there was no fierce pressure
oscillation happening in the gap for discharge in air, which
was not conducive to thematerial removal process and result

in a limited MRR. It illustrates that the fierce pressure os-
cillation surrounding discharge plasma is important for
effective material removal.

Figure 6 shows the AE wave generated by discharge in
kerosene. It can be noticed that the amplitude of AE wave
was higher than that in air, which indicated that the dis-
charge released energy intensity in kerosene was higher than
that in air. +e strongest AE signal was detected at the
discharge breakdown moment. After that, the AE signal
became weak as the discharge process continues. It dem-
onstrated that the maximum pressure fluctuation happened
as a result of the discharge breakdown process. During this
process, a high-pressure gas bubble was formed by the high-
temperature discharge plasma in a short time, which
resulted in the generation of AE wave. +e pressure oscil-
lation caused by the expansion and contraction process of
gas bubble surrounding discharge plasma was influenced by
the property of kerosene. In accordance with the result of
Figures 2 and 3, higher energy intensity with fierce pressure
oscillation in discharge area would be beneficial to the
material removal process. Discharge in liquid would gen-
erate a stronger AE wave than that in air.

+e AE wave generated by water-based emulsion is
shown in Figure 7. Compared with discharge in kerosene,
the AE wave generated by discharge in water-based emul-
sion would have a longer duration time with two apparent
peaks. It demonstrated that the energy intensity released by
discharge in the water-based emulsion was higher than that
in kerosene. +e first peak was detected at the discharge
breakdown moment like that in kerosene, and the second
peak was detected after the end of the discharge process.+is
phenomenon indicated that the fierce pressure oscillation
happened at the discharge breakdown moment and after the
end of discharge, which means the expansion and con-
traction process of gas bubble surrounding discharge plasma
would be continued for a certain time. A reasonable ex-
planation is that the water surrounding the discharge plasma
channel is decomposed into hydrogen and oxygen by high
temperatures produced during the discharge process. At the
end of discharge, the combustion of hydrogen and oxygen in
a limited space causes a drastic pressure drop in the gap,
which results in a cavitation effect and generated a strong AE
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Figure 3: EDM machined surface comparison in 3 different working mediums: (a) discharge in air; (b) discharge in kerosene; and
(c) discharge in water-based emulsion.

4 Advances in Materials Science and Engineering



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
−0.2

−0.1

0

0.1

0.2

Time (s)

A
E 

(V
)

×10−4

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

100

200

Time (s)

Vo
lta

ge
 (V

)

×10−4

(b)

Figure 5: AE wave generated by discharge in air: (a) AE signal and (b) discharge voltage.
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Figure 4:+e FFTof AE signal by discharge in different working mediums: (a) for discharge in air; (b) for discharge in kerosene; and (c) for
discharge in water-based emulsion. Acoustic emission analysis in different working mediums.
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wave, shown as the second peak in Figure 7. +is result is
consistent with Tamura’s test result of the force change
process during discharge [22].

For the discharge in a water-based emulsion, a fierce
pressure fluctuation happened after the discharge process,
which is the most significant difference compared to dis-
charge in air and kerosene. +e sharp pressure fluctuation
would promote the melted material to be ejected from the

workpiece surface and conducive to the material removal
process.

In order to make a comparison for AE wave generated by
discharge in kerosene and water-based emulsion, the peak
amplitude and duration time of AE wave were measured for
100 consecutive discharges, respectively.+e peak amplitude
and duration time comparison result is shown in Figure 8. It
can be noticed that the AE wave generated by discharge in
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Figure 6: AE wave generated by discharge in kerosene: (a) AE signal and (b) discharge voltage.
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Figure 7: AE wave generated by discharge in a water-based emulsion.
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water-based emulsion has a higher peak amplitude and
longer duration time than that in kerosene. It indicated that
discharge in water-based emulsion would cause a more
fierce pressure oscillation process and last a longer time than
that in kerosene, which would be more conducive to the
material removal process. In accordance with the result of
Figures 2 and 3, discharge in water-based emulsion could get
higher MRR with a rougher surface as a result of the fierce
pressure oscillation process in the discharge gap.

In order to study the details of material removal for
discharge in water-based emulsion, the discharge process
was divided into 4 phases based on the expansion and
contraction process of gas bubble surrounding discharge
plasma. +e process of each phase is illustrated in Figure 9.

Phase 1, discharge delay process, as shown in
Figure 9(a): during this process, tool electrode moves
toward the workpiece.+e conductive microparticles in
the water-based emulsion move toward the area where
the electrical field is strong. Owing to the conductivity
of the water-based emulsion, a large number of bubbles
will be generated on the surface of the tool electrode
and the workpiece by electrolysis reaction. +e bubbles
absorbed on the cathode surface are hydrogen, and the
bubbles absorbed on anode surface are oxygen. +e
bubbles adsorbed on the electrode and workpiece
surface improves the insulation effect between elec-
trode and workpiece, which is beneficial to the dis-
charge breakdown process. +is process makes the
discharge in water-based emulsion different from that
in kerosene.
Phase 2, discharge breakdown process, as shown in
Figure 9(b): when the interelectrode electric field
strength reaches the water-based emulsion breakdown
strength, the electrons on the surface of the cathode will
have a field emission effect. +e electrons will be
accelerated and moving toward the anode, and its
energy is enhanced during this process. When the

electrons accumulated sufficient energy, the collision of
the high-speed moving electrons in the water-based
emulsion will cause the water-based emulsion to be va-
porized and ionized. As a result, the number of electrons
increased sharply. During this process, the diameter of the
plasma column increases from the cathode to anode, as
shown in Figure 9(b). (1). Owing to the collision of high-
speed electrons, the material on the anode surface will be
melted and vaporized. +e water-based emulsion on the
electrons moving path will be ionized, forming a dis-
charge plasma channel between the electrode and
workpiece as shown in Figure 9(b). (2). A strong AE wave
is generated by this process.
Phase 3, discharge maintenance process, as shown in
Figure 9(c): with power supply, the plasma channel will
maintain at a high temperature. +e water-based emul-
sion surrounding the plasma channel will be vaporized by
the high temperature, forming a high-pressure bubble
around the channel. +e expansion and contraction
process of the bubble will cause the pressure oscillation in
the gap, which will generate an AE wave. +e AE wave
will fluctuate with the pressure oscillation of the bubble.
During the discharge maintenance process, the high-
temperature plasma column transfers energy to the
electrodes and workpiece surface, which will cause the
material on the electrode and workpiece surface to be
melted and part of them even vaporized.

Phase 4, discharge suspending process, as shown in
Figure 9(d): at the end of the discharge, the pulse power
supply stopped the energy supply, and the high-tem-
perature plasma column could not be maintained.
Hydrogen and oxygen contained in the bubble sur-
rounding plasma column will cause an explosion effect.
+e gas bubble will be destroyed quickly owing to no
continuous energy supply available. +e drastic change
of pressure will cause a cavitation effect in the gap,
which generates a strong AE wave and is helpful to
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remove the melted materials out of the discharge gap.
+is phenomenon is the most significant difference for
the discharge process in the water-based emulsion
compared to that in kerosene.

4. Conclusions

+is research focused on studying the discharge process in
different working mediums using the AE sensor. +e details

of the discharge process were discussed in accordance with
the collected AE wave. Based on the experimental results, the
main conclusions are drawn as follows:

(1) +e working medium has an effect on the material
removal process by influencing the pressure oscillation
of gas bubble surrounding the discharge plasma during
the discharge process, whichmade theMRR and surface
topography in different working mediums different.
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(2) According to the frequency domain distribution
analysis, the expansion and contraction frequency of
gas bubble surrounding the discharge plasma was
influenced by the working medium.

(3) Compared to discharge in kerosene, the discharge in
water-based emulsion would generate a AE wave
with a higher peak amplitude and longer duration
time. Discharge in water-based emulsion would get a
higher MRR with a rougher surface as a result of the
fierce pressure oscillation process in the discharge
gap.

(4) For EDM machining in the water-based emulsion,
the cavitation effect at the end of the discharge
process made the generated AE wave have a longer
duration time with two peaks compared to that in
kerosene, which was conducive to removing the
melted materials from the workpiece surface.
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