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a b s t r a c t

For enhancing the surface finish of micro-holes, micro-EDM and micro-ECM have been combined in a

unique hybrid machining process by using low-resistivity deionized water as bi-characteristic fluid. The

affected material layer generated by electric sparks is further dissolved from machined surface owing to

the effect of electrochemical reaction. To maintain the dimensional accuracy of micro-holes, short

voltage pulses are applied to localize the material dissolution zone and thus the thickness of further

removed material layer is of prime importance in deciding the final dimension of micro-holes. This

study presents the modeling of radial gap distance in simultaneous micro-EDM and micro-ECM drilling

by predicting the thickness of material layer further dissolved by electrochemical reaction. The

analytical approach incorporating the double-layer theory, the Butler–Volmer equation and the

Faraday’s law of electrolysis is used to simulate the radial gap distance for different pulse parameters.

The simulation data is then verified with the experimental results. It is observed that the applied pulse

parameters directly affect the final dimension of obtained micro-holes. The effectiveness of short

voltage pulses in localizing the material dissolution zone is found to be in accordance with the double-

layer charging characteristic. When the pulse duration is too short, the material dissolution is negligible

and SEDCM has no effect on improving the inner surface of micro-hole.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to the remarkable advantage which is negligible cutting
force, micro-electric discharge machining (micro-EDM) is a prefer-
able process for machining micro-shapes [1,2]. However, micro-
EDM still has some disadvantages which stem from its own material
removal mechanism. Because the material is removed through
melting and vaporization, the machined surface is made up with
thermally damaged layers [3,4]. The uppermost layer, which has
been known as the white layer or recast layer, has high residual
stress and may contain micro-cracks. Beneath this recast layer are
the other heat affected zones which undergo material structure
alteration. In addition, the texture of generated surface is character-
ized by the overlapping of numerous discharge craters which
usually associates with high irregularities [5].

The enhancement of surface generated by micro-EDM is thus
highly desirable. For improving the surface integrity of machined
shapes, electrochemical micromachining (micro-ECM) has been
combined as a sequential process after micro-EDM. Because the
material removal mechanism is based on the ionic dissolution, the
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surface generated by micro-ECM is relatively smooth and free of
residual stress as well as micro-crack [6]. This approach has also
been studied in several researches [7–10]. The results from these
studies demonstrate that ECM could be used as an effective method
to reduce the roughness of surfaces generated by EDM. For small-size
products and micro-scale applications, the solution with significantly
low conductivity such as deionized water has been used as a weak
electrolyte in enhancing the surface finish of micro-shapes by micro-
ECM. The lateral surface integrity of micro-pin and micro-hole has
been reported to be enhanced by some researchers [11,12]. Although
such low conductivity solution has been used to moderate dissolu-
tion rate, the stray material dissolution is a challenging issue for
micro-machining. It is realized that when being exposed to long
dissolution time or using significantly low resistivity deionized
water, the machined shapes is distorted due to the excessive material
removal by electrochemical reaction [12,13]. Recently, the EDMed
surface of micro-shapes has also been improved by performing
micro-ECM right after micro-EDM [14]. Although they are carried
out in the same machine tool, the machining fluid needs to be
changed from dielectric fluid to electrolyte and different power
supply is also required for micro-ECM.

In that scenario, micro-EDM and micro-ECM have been com-
bined in a unique machining process, known as simultaneous
micro-EDM and micro-ECM (SEDCM), to produce micro-shapes
with better surface integrity [15,16]. In this method, low-resistivity
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deionized water is used as bi-characteristic fluid. The exceeding
material dissolution which is considered as the disadvantage of
micro-EDM using deionized water is now exploited in such a way
that it is controlled and limited within a certain area. To obtain that
objective, short voltage pulses have been used to localize the
material dissolution zone. With different pulse parameters, the
radial gap has been reported to be varied resulting in the difference
in diameter of micro-holes [15]. Hence, this study attempts to
perform the modeling of radial gap distance in simultaneous
micro-EDM and micro-ECM drilling by predicting and simulating
the thickness of affected material layer further removed by
electrochemical reaction. The analytical approach used in this
study originates from the double-layer theory, the Butler–Volmer
equation and the Faraday’s law of electrolysis.
2. Theoretical analysis

2.1. Radial gap model

In conventional micro-EDM drilling, material is removed by
the discharge through melting and vaporization. Therefore, the
machining gap formed is constituted of the critical distance and
the discharge depth [17]. However, in SEDCM drilling, a thin layer
of affected material on the lateral surface generated by the sparks
is further removed to enhance the surface integrity of micro-hole,
as illustrated in Fig. 1. As a result, aside from the critical distance
and the discharge depth, the radial gap in this hybrid process also
consists of the dissolution depth which stems from the electro-
chemical reaction. For the critical distance and the discharge
depth, due to the stochastic nature of electrical breakdown in
dielectric liquids, there has been no robust understanding of the
electrical discharge [18,19]. Therefore, the breakdown strength of
dielectric and the spark gap after EDM process are usually
obtained by empirical methods. Moreover, the final radial gap in
SEDCM drilling is dependent on the thickness of material layer
which is further dissolved by electrochemical reaction. Hence,
this model focuses on the material dissolution characteristic after
the discharge to perform the modeling of radial gap of obtained
dg
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Fig. 1. Illustration of the radial gap in SEDCM drilling.
micro-holes. For that reason, the side gap formed after micro-
EDM is considered as the initial gap for material dissolution. In
addition, the average surface roughness caused by overlapping
discharge craters (around 0.142 mm Ra) is significantly smaller
than the side gap after micro-EDM (about 5 mm) [16]. Hence, the
roughness of surface generated by micro-EDM could be neglected
when modeling the gap distance.

Owing to the slight conductivity of low-resistivity deionized
water, it could be considered as a weak electrolyte and thus the
side gap between electrode and workpiece could be modeled as
an electrochemical cell. When a voltage is applied across two
electrodes immersed in deionized water, the ions in the solution
move towards electrode surface and the double layer is formed at
the interface of electrode and electrolyte. It was reported that this
electrode–solution interface behaves as a two parallel plate
capacitor [20,21]. Thus, it could be modeled as a capacitor, as
shown in Fig. 2 [22,23]. In this model, Rsol is the resistivity of
deionized water. The CDL

0 and CDL
00 are the capacitance of double

layer at the electrode and workpiece surfaces respectively. Simi-
larly, the RF

0 and RF
00 are the Faradic resistance (or transfer

resistance) representing the current density of electrochemical
reaction at the surfaces of electrode and workpiece. Because the
thickness of the double layer is significantly smaller than the
radial gap distance, the solution resistance Rsol could be expressed
as follows:

Rsol ¼ rdg ð1Þ

where r is the specific resistivity of deionized water and dg is the
electrode–workpiece distance.
2.2. Polarization of double layer

Prior to model development, certain assumptions are made for
this study:
�
 The capacitance of double layer is constant during machining
process.

�
 The transfer resistance and the capacitance of double layer at

the electrode–solution and workpiece–solution interfaces are
the same (RF

0 ¼RF
00 ¼RF and CDL

0 ¼CDL
00 ¼CDL).
�
 There is no material dissolution during pulse-off time.

�
 The surface roughness of electrode and workpiece surface is

neglected in simulating the radial gap distance.

Following the model in Fig. 2, the current density flowing
through the workpiece–electrolyte interface comprises two
routes: the charging current density iC (to charge the double layer
capacitance CDL) and the Faradic current density iF (flows through
the transfer resistance RF).
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Fig. 2. Model of electrode–workpiece side gap in terms of circuit element.



dg = dinitial, t = 0,Δt

t < dissolution time 

Y

N 

M.D. Nguyen et al. / International Journal of Machine Tools & Manufacture 66 (2013) 95–101 97
The charging current density iC is given by the equation:

iC ¼ CDL
dZ
dt

ð2Þ

in which t is the time variable and Z is the double layer
polarization

It has been reported that the Faradic current density is
exponentially dependent on the potential drop between the
double layer. Hence, originating from the Butler–Volmer equation
[21], the Faradic current density is given by the following
equation:

iF ¼ io½expðazfZÞ�expð�azfZÞ� ð3Þ

where io is the exchange current density at the equilibrium
condition, a is the transfer coefficient, z is the number of electrons
exchanged during electrochemical reaction and

f ¼ F=RT ð4Þ

in which F is the Faraday constant, R is the gas constant and T is
the absolute temperature.

In Eq. (3), the former term corresponds to the anodic current
density whereas the latter term refers to the cathodic current
density. These anodic and cathodic reactions happen on the same
electrode. In the application which exploits the anodic dissolution
of metal, the over-potential Z is considerably high and thus the
cathodic current density is significantly small. Therefore, it can be
neglected and the Faradic current density flows through the
transfer resistance RF could be simplified to be

iF ¼ ioexpðazfZÞ ð5Þ

hence, the current density flowing from node A to B is given by
equation:

IAB ¼ CDL
dZ
dt
þ ioexpðazfZÞ ð6Þ

The current density flowing from node B to C is calculated as
follows:

IBC ¼
U�UAB�UCD

Rsol
¼

U�2Z
rdg

ð7Þ

where U is the amplitude of applied voltage pulses.
Here IAB¼ IBC, so it can be derived:

dZ
dt
¼

1

CDL

U�2Z
rdg

�ioexpðazfZÞ
� �

ð8Þ

Now, the polarization of double layer Z could be obtained.
From that, the current density iF could be determined using
Eq. (5).
Calculate η

Current density: iF = ioexp(αzfη)

Δdg = ν × Δt

dg = dg +Δdg

t = t +Δt

stop

Fig. 3. Iterative algorithm to simulate the change of radial gap.
2.3. Determination of dissolution rate

In order to calculate the dissolution rate, the current density
needs to be determined. However, in this process, the short
voltage pulses are applied instead of the continuous voltage.
Therefore, the average current density must be calculated through
the total electric charge per unit area q. During one pulse, the
total electric charge per unit area passing through the substance
could be determined by integrating the current density iF over the
pulse-on time ton:

q¼

Z ton

0
iF dt ð9Þ

Eq. (9) yields the total electric charge per unit area passing per
single voltage pulse. Therefore, the average current density
per second could be obtained by dividing the total electric charge
per unit area by the pulse period tp as expressed in equation

ia ¼
q

tp
ð10Þ

in which

tp ¼ 1=f requency ð11Þ

Then, originating from the Faraday’s law of electrolysis [21],
the average dissolution rate per second is given by the following
equation

n¼ iaM

zF
ð12Þ

where M is the molar volume of workpiece material.

2.4. Simulation of radial gap distance over time

From Eqs. (5) and (8), it can be seen that the current density is
a function of the electrode–workpiece radial gap dg. When the gap
increases, the current density is slightly smaller and thus the
dissolution rate is changed. Hence, to simulate the change of
radial gap over time, the iteration method shown in Fig. 3 was
used to update the new dissolution rate after each time step Dt.
3. Simulation results

The simulation works were carried out to investigate the
effects of different pulse parameters on the radial gap formed
during machining process. The simulation parameters used in this
study are shown in Table 1.

The initial gap is set to be the spark gap when the electro-
chemical reaction is mostly suppressed, which is experimentally
obtained to be approximately 5 mm. The exchange current density
is the current density at the equilibrium condition of which the
net current is zero. In other words, at equilibrium there is a
balance of anodic and cathodic reaction happening at the same
electrode surface. It is given that this exchange current density
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could be as high as 10 A/cm2 or smaller than 1 pA/cm2 [21]. In
this study, partially deionized water which can be considered as a
weak electrolyte is used. Therefore, the exchange current density
is chosen to be 70 mA/cm2. Besides, the capacitance of double
layer is typically ranged from 10 to 40 mF/cm2 [21]. However, it is
reported that for the dilute electrolyte, the double layer capaci-
tance significantly drops from 7 mF/cm2 for 10 mM H2SO4 to
1.2 mF/cm2 for 1 mM H2SO4 [22]. For low-resistivity deionized
water, it could be seen as a very dilute electrolyte and the double
layer capacitance is selected to be 0.5 mF/cm2 in this simulation.
Table 1
Simulation parameters.

Initial gap distance, dinitial (mm) 5

Specific conductivity of solution, r (MO cm) 0.4

Double layer capacitance, CDL (mF/cm2) 0.5

Transfer coefficient, a 0.5

Valency number of ions, z 2

Faraday constant, F (C mol�1) 96485

Gas constant, R (J mol�1 K�1) 8.314

Temperature, T (Kelvin) 298.15

Exchange current density, io (mA/cm2) 70

Pulse amplitude, U (V) 60

Pulse frequency (kHz) 100, 300, 500

Pulse duty ratio 0.15–0.9

Molar volume, M (cm3/mol) 7.11

Time step, Dt (s) 10

Dissolution time (s) 300

Fig. 4. Simulation of current density (a) and dissolution rate (b) for different duty

ratios (frequency¼500 kHz, dinitial¼5 mm).

Fi
ga
3.1. Effect of duty ratio

Fig. 4a exhibits the simulated data of current density for
different duty ratios during one pulse period. In this case, the
frequency is set at 500 kHz so the pulse period is calculated to be
2 ms. It is noteworthy that during the first 0.3 ms, although the
g. 5. Simulation of current density (a) and dissolution rate (b) for different initial

p distance (frequency¼500 kHz, duty ratio¼0.3).

Fig. 6. Simulation of radial gap distance for different frequencies and duty ratios

(dinitial¼5 mm).
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voltage has been applied but the current density remains steady
near zero. Then, it has the sharp rise to reach the peak 0.3 A/cm2

at 0.6 ms. This is attributed to the double layer charging character-
istic. When the voltage is applied, the ions in the solution move
towards the workpiece surface to form the double layer. The Faradic
current is exponential dependent on the polarization of this double
layer, as indicated in Eq. (5). It takes certain time for double layer to
be fully charged so the Faradic current merely remains near zero at
the beginning and increases sharply after 0.3 ms. When the current
density peaks and keeps stable at 0.3 A/cm2, it is indicated that the
double layer is fully charged.

It can also be observed that with the smaller duty ratio (or
shorter pulse-on time), the width of current density profile
becomes thinner. After the pulse-on time duration, the applied
voltage drops to zero and thus the current falls off. In addition, the
dissolution rate is dependent on the total charge transferred
during one pulse, as indicated in Eq. (9). Therefore, higher duty
ratio would result in higher dissolution rate, as plotted in Fig. 4b.
It is also noted that when the duty ratio is too small, the
dissolution rate is negligible because the pulse-on time is too
short for the double layer to be significantly charged. This is the
situation in which there is no visible effect of material dissolution
to improve the surface finish of micro-hole.

3.2. Effect of gap distance

Fig. 5a shows the simulated data of current density for
different initial gap distance during one pulse period. The pulse
frequency and duty ratio are fixed at 500 kHz and 0.3 respectively.
Fig. 7. SEM images and radial gaps of micro-holes corresponding to different pulse

duty ratios (frequency¼500 kHz).

Re-solidified
material

Discharge
crater

Fig. 8. SEM images of micro-holes fabricated without
It could be seen that the current density could reach the peak for
5-mm gap. It means that the double layer is considered to be fully
charged. On the contrary, it is observed that for higher gap
distance (7 and 9 mm), the current density is reduced and it could
not even reach the peak value. This is due to the fact that 0.6 ms
pulse-on-time is not long enough for the double layer to be fully
charged. As a result, the dissolution rate is significantly reduced
for higher gap distance, as indicated in Fig. 5b. This explains how
the material dissolution is localized and thus the dimensional
accuracy is improved when short voltage pulses are used.

3.3. Effect of pulse frequency

Fig. 6 simulates the radial gap distance for different duty ratios
ranging from 0.15 to 0.9 and for three frequencies: 100, 300 and
500 kHz. It can be observed that at the same frequency, higher duty
ratio would result in bigger radial gap. This is the results of the
characteristics explained in Sections 3.1 and 3.2. With longer
pulse-on time, the total electric charge per pulse is higher and
thus the material is dissolved more. In addition, longer pulse
duration would allow the double layer to be fully charged at
higher gap distance. As a result, the material dissolution could
occur for further range and thus it results in bigger diameter of
micro-hole.

It is also observed that at the same duty ratio, higher
frequency would result in smaller radial gap distance. This is
the consequence of shorter pulse-on time. As we know, the pulse-
on time is the product of pulse period and duty ratio. With higher
pulse frequency, the pulse period is smaller as indicated in
Eq. (11). For that reason, the pulse on-time is shorter leading to
the limitation of dissolution range. That is the reason why at the
same duty ratio, the diameter of micro-hole is predicted to be
smaller for higher frequency.
4. Experimental verification

From the simulation results, it could be seen that the pulse
parameters directly affect the radial gap of machined micro-holes.
Hence, the simulated data obtained in Section 3.3 is compared
with the experimental results obtained from previous study [15],
whereby the effects of pulse frequency and duty ratio are
demonstrated. In addition, the effectiveness of short voltage
pulses in localizing the dissolution zone is also verified by
investigating the change of radial gap when exposing to long
dissolution time.
Smooth surface 

(a) and with (b) the effect of material dissolution.



Fig. 9. Comparison of experimental data and simulated results of radial gap for

different pulse frequencies: (a) 100 kHz, (b) 300 kHz and (c) 500 kHz.

Fig. 10. Change of radial gap over time (frequency¼500 kHz, duty ratio¼0.3).
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Fig. 7 shows the radial gap and the SEM images of micro-holes
fabricated using 500 kHz pulse for different duty ratios. It can be
observed that the micro-hole is larger when higher duty ratio is
used. Especially, at the duty ratio of 0.25, it is noted that the
lateral surface of micro-hole is mostly covered with the over-
lapping discharge crater. This is the situation that has been
explained in the Section 3.1. Since the pulse-on time is too short,
the double layer could not be significantly charged even for the
initial gap generated by the sparks, which results in the negligible
dissolution rate. As a result, the irregular recast layer generated
by electric sparks is not effectively removed from the side surface
of micro-hole, as exhibited in Fig. 8. For micro-hole shown in
Fig. 8a, the re-solidified material could be seen on the rim and the
overlapped discharge craters still exist on the lateral side surface.
In contrast, the side surface of micro-hole in Fig. 8b is found to be
smooth with no visible crater. This is due to the fact that a layer of
affected material on machined surface is further dissolved by
electrochemical reaction.

Fig. 9 compares the experimental results and theoretical
results of radial gap for different duty ratio and frequencies. The
feed rate is set at 0.2 mm/s for all experimental sets and the
machining time is approximately 14 min for all micro-holes. For
the machining time of micro-EDM alone, it is determined to be
around 4 min by using short voltage pulses and high feed rate to
suppress the effect of electrochemical reaction. Therefore, the
dissolution time is expected to be 10 min. However, the radial gap
investigated in this study is based on the average value of the top
and bottom diameter of micro-holes. Hence, the dissolution time
is presumed to 5 min for simulation. It can be observed in Fig. 9
that there is a reasonable agreement between the simulated data
and the experimental results for all the frequencies 100, 300 and
500 kHz. It is found to be in accordance with the aforementioned
analysis in which the radial gap is increased when higher pulse
duty ratio is used. In addition, the obtained experimental results
also show that the radial gap is slightly smaller when higher
frequency is applied. This is also consistent with the rational
explanation described in Section 3.3.

To further demonstrate the effectiveness of short voltage
pulses in localizing the material dissolution zone, the radial gap
is investigated when micro-hole is exposed to long dissolution
time. After finishing the drilling of micro-hole, the electrode is
forced to dwell at that position for additional certain duration
instead of being retracted. Fig. 10 outlines the change of radial
gap over time and compares them with the theoretical results. It
could be observed that the experimental results have the same
increasing trend with the simulated data. Especially, although
undergoing dissolution for additional duration as long as 600 s,
the radial gap is found to increase 1.5 mm only. Moreover, from
the experimental results, it could be obtained that the dissolution
rate significantly drops from around 0.004 mm/s at the start of the
dwelling period to 0.0015 mm/s at the end point of dwelling time.
This is in accordance with the analysis in Section 3.2. With the
limited voltage pulse width, the double layer is merely charged
within a certain distance which results in the localization of
dissolution zone. This confirms the effectiveness of short voltage
pulses in maintaining high dimensional accuracy for SEDCM.
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5. Conclusions

This study attempts to perform the analytical modeling of
radial gap distance in simultaneous micro-EDM and micro-ECM
drilling and verify it with experimental results. The following
conclusions could be drawn from this study:
a.
 In SEDCM drilling, a thin layer of affected material on the
lateral surface of micro-hole is further dissolved by electro-
chemical reaction whereby its surface integrity is improved.
b.
 The material dissolution in low-resistivity deionized water
could be modeled using the double layer theory, Butler–
Volmer equation and Faraday’s law of electrolysis.
c.
 Pulse parameters such as frequency and duty ratio directly
affect the thickness of affected material layer further dissolved
from inner surface of micro-holes.
d.
 Owing to double-layer charging characteristic, short voltage
pulses are effective in localizing the material dissolution zone
and thus maintain high dimensional accuracy for SEDCM.
e.
 When the pulse duration is too short, the material dissolution
is negligible and SEDCM has no effect on improving the surface
finish of micro-hole.

There is reasonable agreement between the simulated data
and experimental results. The presented approach is thus useful
for determining suitable machining condition and predicting the
dimension of micro-holes.
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