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Abstract: Electro-Chemical Discharge Machining (ECDM) is
a hybrid process for machining “non-conductive” and
“difficult-to-cut” materials such as glass, quartz, ceramics, etc.
These materials exhibit diverse applications in the fields of
Micro-electro-mechanical systems (MEMS) and lab on chips
such as micro-sensors, micro-pumps, micro-accelerometer.
ECDM successfully fabricates micro-features on these
materials with higher geometrical tolerances. It involves the
removal mechanism of Electro-Discharge Machining (EDM)
and Electro-chemical Machining (ECM) processes
simultaneously. However, a limited number of studies were
reported in the analytical analysis of material removal of
different non-conductive materials. This paper develops a
FEM based thermal model to compare the removal rate of
glass, quartz, and alumina (Al2O3) under similar working
conditions. Temperature plots are utilized to estimate the
material removal of different work materials. Predicted results
are validated by comparing it with the previously reported
simulation and experimental results. Experiments are also
performed to validate the current study using the adaptive tool
feed control system in ECDM. A good agreement is observed
between the predicted and experimental results. It was
observed that the material removal rate increases with the
increase in applied concentration and applied voltage. An
increase of 3.53 and 10.13mg/min in MRR was observed in a
soda-lime glass when compared to quartz and alumina at 60
wt% NaOH concentration.
Key words: Finite element modeling, ECDM, Spark radius,
Gaussian heat, Applied voltage, Material removal rate,
Cracks).

biomedical implants due to excellent biocompatibility
[3, 4]. These materials (glass, quartz, and alumina) are
strenuous to process by conventional machining
methods because of cutting forces. It destroys the
material properties and results in its failure. Thus, a high
challenge lies in the machining of these materials which
are non-conductive as well as brittle and hard. It was
earlier reported that other techniques can be employed
to machine these materials such as electric discharge
machining (EDM), Ultrasonic machining (USM) and
Laser beam machining (LBM), etc [5, 6]. Besides,
these machining methods result in the poor surface
finish (SF), high heat-affected zone (HAZ), high tool
wear, etc [7, 8]. ECDM process is developed in lieu of
overcoming these limitations. It is known as the triumph
process for machining these materials by blending the
discharge-based machining (EDM) and chemical-based
machining (ECM) simultaneously. The material
removal in ECDM is the result of thermal erosion due to
the Joule heating of the work material. Chemical
dissolution also results in the removal of the material.
The combined material removal phenomena of ECM
and EDM produce larger removal of the material when
compared to individual ECM or EDM process. It has
successfully demonstrated the processing of nonconducive work materials with micro-features [9, 10].
ECDM was firstly demonstrated by Kurafuji in 1968
during glass drilling through electric discharges [11].
The schematic diagram for illustrating the working
principle of the ECDM process is shown in Figure 1.
The non-conductive work material which is to be
machined is immersed in an aqueous solution of an
electrolyte (generally NaOH or KOH). A constant or
pulsed voltage across the tool electrode (cathode) and
auxiliary electrode (anode) are applied. Both the
electrodes are kept at a distance of few centimetres
(defined as an inter-electrode gap, IEG). The tool
electrode is partially immersed inside the electrolyte
(known as machining gap). The surface area of the tool
electrode is thin as compared to the auxiliary electrode.
It was reported that high current densities are produced
at the thin edges of the tool electrode [12]. The

1. INTRODUCTION
The micro-machining of non-conductive materials such
as glass, quartz, etc. is difficult to achieve owing to their
brittleness. Glass and quartz are high in demand in the
field of MEMS, medical and aviation due to their
unique properties. They have good transparency,
resistance to chemicals, and high hardness [1, 2].
Alumina is an advanced material that exhibits high
hardness, high strength to weight ratio and higher
corrosion resistance, etc. They are widely used in
advanced engineering applications such as aerospace,
automotive brakes, piezoceramic sensors and
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application of applied voltage prompts the formation of
tiny hydrogen and oxygen bubbles at the tool electrode
and auxiliary electrode, respectively. These tiny bubbles
amalgamate with each other physically and result in the
formation of bigger size bubbles. It leads to the
formation of gas film at the tool surrounding area and
constricts the current flow. Thus, a spark is generated
owing to the electric breakdown of the gas film. The
electric field generated inside the gas film is of order 106
- 108V/m [13]. Generally, sparks occur at a voltage
larger than the critical voltage (Typically 30V).
However, it depends on the tool shape and electrolyte
concentration. A further increase in voltage leads to an
increase in the formation rate of bubbles. It increases the
current densities. The work material is then placed
underneath the tool electrode and material removal
occurs due to thermal energy given by the sparks.
Chemical etching also results in the erosion of the
material.
Basak and Ghosh [14] developed a model for
comprehending the spark mechanism. They proposed
that critical voltage and current are required to initiate
the spark in the ECDM process. El-Haddad et al. [15]
predicted the current and voltage values for stable gas
film formation at the tool vicinity area. Wuthrich et al.
[16] successfully produced micro-holes on nonconductive materials and emphasized that gas film is
the key determinant in controlling the machining
features. Bhattacharyya et al. [17] elaborated on the
removal phenomena in the ECDM process and
highlighted the areas for improving the machining
performance. Jain et al. [18] demonstrated an
improvement in the machining depth of alumina
material when machined using abrasive cutting tools
with ECDM. Wuthrich [19, 20] made monumental

contributions in the field of the ECDM process and
highlighted the mechanism of the different tool feed
system. Gravity assisted tool feed system results in the
formation of high thermal cracks due to the physical
contact of the tool electrode with the work material. A
constant tool feed method exhibits better geometrical
accuracies in terms of hole circularity and heataffected zone. However, feed rate higher than material
removal results in the breakage of the tool electrode.
Wuthrich et al. [21] described the possibility of
developing a tool feed that works on actual machining
conditions. It is referred to as a closed-loop machining
or adaptive machining. The adaptive tool feed system
is used in this present investigation (Section 4.1).
Yasuda et al. [22] analyzed the amalgamation process
of the tiny bubbles inside the electrolyte. They
concluded that the presence of bubbles in the interelectrode area substantially affects the inter-electrode
resistance. It results in the change of the current
densities within the circuit.
A pioneering study on the evaluation of applied
voltage, electrolyte concentration, tool shape, tool
feed on MRR was reported by several authors [2325]. Goud et al. [26] reported that with the increasing
electrolyte concentration from 20 wt% to 30 wt%, the
material removal rate increases from 0.1515mm3/min
to 0.5556mm3/min during micro-channelling on the
quartz work material. An increase in electrolyte
concentration enhances the ion’s mobility that results
in the higher formation of hydrogen bubbles. As a
result, high intensity of sparks occurs [27]. Gautam
and Jain [25] studied the process capabilities of the
ECDM process using various tool kinematics.

Fig. 1. Schematic diagram of ECDM [32]

Zheng et al. [28] described an improvement in hole
taperness with the application flat sidewalls. Various
ECDM variants and hybrids were presented for
enhancing the ECDM machining performance [29-32].

Overall hole quality in terms of circularity, taperness
and aspect ratio was improved by utilizing the
different mechanisms such as tool rotation [33], tool
vibration [32], magnetic field assistance [34], etc.
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Apart from experimental studies, various analytical
studies were also reported to study the simulation
aspects of the ECDM process. Jain et al. [35]
developed a finite element-based model to analyze
the ECDM performance. The process is described as
similar to the arc discharge valve theory. The model
was based on uniform distribution of heat over the
work material which was not practical. However, the
effect of electrolyte concentration was not
considered. Bhondwe et al. [36] built a twodimensional axisymmetric model for predicting the
material removal rate. The temperature plots were
utilized to analyze the removal rate. A fair agreement
was obtained between the predicted and experimental
results. Wei et al. [37] also built a FEM based
transient thermal model to simulate a single spark for
discharge. Drilling depth was precited using
temperature plots and results observed to be in
accordance with the experimental results. Panda and
Yadav [38] investigated the wire ECDM process with
FEM based thermal model. The predicted results of
material removal were found to be higher than the
experimental results. It was due to an assumption of
100% ejection efficiency. Krotz et al. [39]
investigated the heat-affected zone in the ECDM
process by simulating a single spark in the 2D
thermal model. It was concluded that HAZ is
equivalent to the diameter of the arc spot.
Based on the available literature, it is concluded that
the FEM based thermal model can be utilized to
analyze the machining performance of the ECDM
process. In this present investigation, FEM based
transient thermal model is developed to analyze the
material removal rate of glass, quartz, and alumina
(Al2O3) materials. The developed model is validated
by comparing it with previously reported simulation
and experimental results. The effect of electrolyte
concentrations on the material removal rate is also
investigated for all work material.

Fig. 2. A developed model with boundaries
Table 1. Work material properties used for FEM analysis
[36,40]
SodaAlumina
Property
Quartz
lime
(Al2O3)
Thermal Conductivity
1.6
1.4
26
(W/mK)
Heat Capacity (J/kgK)
670
733
875
Melting temperature (K) 1673
1943
2100
Room temperature (K)
298
298
298
Density (Kg/m3)
2100
2650
3900
Convective coefficient
10000
10000
10000
(W/m2K)

2.1 Assumptions
The following assumptions were made for developing
a FEM based thermal model to analyze the removal
rate of different work materials.
1. Work material properties are assumed to be
isotropic and homogeneous in nature.
2. Only one spark at a time is assumed.
3. Gaussian heat distribution is assumed within the
spark region.
4. A spark duration of 100 μs is assumed for a single
spark.
5. The formation of the crater is assumed to be domeshaped.
6. Energy transference ( E p ) to the work material is

2. THERMAL MODELLING
A transient thermal model is developed to predict the
removal rate of different work material. Work
material of dimensions 0.4 X 0.4 X 0.4mm3 was
selected for developing the model and applying
different boundary conditions as shown in Figure 2.
Three different work materials were selected for
comparing the material removal rate i.e., Soda-lime
glass, quartz, and alumina. The crucial properties of
these materials are highlighted in Table 1. A gaussian
heat input was applied over the work material top
surface in the spark region. Spark radius of 150μm
was used in this study which was used by Bhondwe
and other authors [36, 40-42]. The simulations were
performed using ANSYS software.

assumed to be fractional. E p = 20% is used in this
model [36].
7. Machining conditions during the ECDM process is
assumed to be constant.
8. Effect of tool wear, drop of electrolyte level and
recast layer formation is neglected.
2.2 Boundary Conditions
1. The work material temperature (K)at an initial time
i.e., t=0 is assumed to be at room temperature (T).
2. A total heat input (H) is received at the circular
boundary (Fi) over the work material top surface.
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Gaussian heat distribution is assumed within the
spark region and expression is given as, equation (1):

2
Vm   ro z 0 drdzd  ro2 z o
3

(5)


 r  2  ry  2 
H
exp 4.5 x      (1)
Area of Spark
 R   R  

4.45E pVI

where (V) is the voltage, (I) is the current, (rx, ry) is
the radial distance, (R) is the spark radius. Energy
transference (Ep) of 20% is applied in this model by
citing the study of Basak and Ghosh [14].
3. All other boundaries (F1, F2, F3, F4 & F5) are
perfectly insulated. No heat transfer takes place
across these boundaries, equation (2).

T
 0, t  0
n

Fig. 3. An isothermal curve with intercepts [43]

where ro and z o are the axis’s intercepts; Vm is the
removed volume from the work material. The shape
of the volume removed is assumed to be hemisphere
under the spark region [36, 40]. The total volume
removed is estimated by calculating the total number
of sparks in one minute, equation (6).

(2)

4.The remaining boundary of the top surface releases
heat into the atmosphere through convection. It is
given as equation (3):

C  h(T  T0 )

VT  Vm X number of sparks per unit time (6)
The sparks produce impressions at the entrance of the
hole entrance which exhibits the dome-shaped nature
of the crater as shown in Figure 4. The net removal of
material in mg/min is obtained by multiplying it with
a work material density (  ), equation (7).

(3)

where h is a convective coefficient, T is work
material temperature, T0 is room temperature.
5. The current values are computed by utilizing the
derived equation I = 3.2323 X 10-5C3-0.0027056C2+
0.091378C + 0.71429, given by the Bhondwe model.
It is a function of electrolyte concentration (C) and
used by other authors [40, 41].

MRR  VT X 

2.3 Material removal
The estimation of material removal is obtained by
utilizing the temperature plots of the work material.
Different work material produces different
temperature plots that further results in different
material removal. In this present investigation,
material removal is estimated for glass, quartz, and
Alumina.
It is a known fact that material removal is directly
related to the temperature of the work material. Thus,
material removal is assumed to have occurred when
work material temperature becomes higher than the
work material melting temperature. It is expressed as,
equation (4):
T  Tm

(7)

Fig. 4. Sparks impression at the micro-hole entrance

3. EXPERIMENTATION
The experiments are performed to validate the predicted
results of the simulation study for all work materials.
Soda-lime glass, quartz, and alumina were chosen as
work material. The adaptive tool feed method is used
for maintaining the constant machining gap between the
work material and the tool electrode.

(4)

The identification of the melting temperature in
isothermal temperature planes provides the
coordinates of intercepts as shown in Figure 3. These
coordinates are then used to calculate the material
removal due to single spark and mathematically
expressed as, equation (5):

3.1 Adaptive tool feed
The developed experimental setup with adaptive tool
feed control is shown in Figure 5. It uses the
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application of a sensitive load cell which senses the
physical contact between the tool and the work
material. As soon as the physical contact is detected,

the load cell produces a potential difference which
acts as a signal to micro-controller.

Fig.5. Adaptive tool feed system in the ECDM process (a) CAD model (b) Experimental Setup

The microcontroller was programmed to withdraw
the tool in an upward direction to create the
machining gap where the gas film is formed. It is
unlike the gravity-assisted tool feed method where no
sparks are generated beneath the tool electrode.
Table 2 highlights the machining conditions used in
experimental studies.

4. RESULTS AND DISCUSSION
4.1 Model Validations
The thermal model is developed to investigate the
material removal rate of different work materials.
The material removal rate is analyzed by obtaining
the plots of temperature distributions. The process
of thermal modeling involves the meshing of the
model trailed by the solution. The meshing of the
model is performed to achieve accurate results. A
hex dominant method with volume type heat
transfer was used to perform the meshing analysis.
The spark region was refined further to achieve
more accuracy in the results. The meshed model is
shown in Figure 6.

3.2 Material removal measurement
The material removal rate (MRR) is computed as the
difference of the work material’s weight before and
after micro-drilling per unit time. The expression for
MRR is given as, equation (8):

MRR  wtb  wta  / t

(8)

where wtb = weight of work material before microdrilling (g), wt a = weight of glasswork material after
the micro-drilling operation (g), and t = time in
minutes. An average of three measurements was
considered.
Table 2. Machining Conditions.
Parameter

Value

Applied Voltage

40V-60V

Electrolyte

NaOH

Electrolyte Concentration

20%- 60% (%wt. /V.)

Tool Feed Rate

3 mm/min

Tool Immersion depth

1mm (Approx.)

Tool Material

Tungsten Carbide

Tool Shape

Cylindrical

Tool Size

1000 μm

Inter Electrode Gap

40 mm

Machining time

1 min

Fig. 6. Meshed Model

The temperature plots distribution within the work
material is shown in Figure 7.
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Fig.7. Temperature distributions within the soda-lime glass work material at 20 wt% and 45 V

The developed model was compared with the
previously developed model given by Goud et al. [40].
The temperature plots over the work material surface
in a radial direction are compared for soda-lime glass
using NaOH electrolyte as described in Figure 8. It
was found that the trend of temperature variation is
similar. However, some differences in the temperature
values were also observed. It was accounted for by the
fact that the Goud model is based on a threedimensional spark region while the current model is
based on a two-dimensional spark region.

For assessing the efficacy of the current thermal
model, a comparison of MRR for soda-lime glass
was made with the (i) existing simulated results, (ii)
existing experimental results and (iii) Present
experimental results. Figure 9 (a) shows the
comparison of MRR predicted in this model with the
previously simulated and experimental results. It
was seen that MRR variations are found to be
similar. However, a difference in MRR was
observed when compared with the Bhondwe [36]
and Goud model [40]. It was expedited on the fact
that the Bhondwe model evaluated temperature plots
for some portion of the work material and integrated
it for the full work material. In the present model,
the temperature plots are calculated for a full portion
of the work material. Also, Bhondwe utilized pulse
voltage supply that also leads to a difference in
MRR values.
Moreover, MRR predicted in this model found to
be in fair agreement with the experimental results.
The correlation coefficient (R2) is calculated as
0.99. A maximum difference of 1.33mg/min in
MRR was observed between these two owing to
different assumptions made during the simulation
process i.e., Energy transference ( E p ), Spark

Fig.8. Temperature distribution in a radial direction at 20
wt% NaOH concentration

radius, etc.

4.2 Material removal validation

Fig. 9. MRR variation at different NaOH electrolyte concentration (a) Comparison with previous FEM results (b) Different
work materials
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4.3 Material removal comparison of different
work materials
The material removal rate (MRR) of different work
materials was compared to analyze the machining
performance of ECDM. Figure 9 (b) shows the MRR
variation for all three different work materials at
different NaOH electrolyte concentrations. It was
analyzed from the figure that soda-lime glass exhibits
maximum MRR in comparison to quartz and alumina.
The difference in material removal rate is accounted for
the fact of different work material properties. Alumina
found to be laboriously removed with the ECDM
process during a micro-hole drilling operation. It is
because that alumina is harder than soda-lime glass and
quartz. Thus, it is difficult to etch and remove material
from alumina.
Figure 10 shows the temperature distributions of sodalime glass, quartz and alumina materials at 20 wt% and
45V. It is depicted from the figure that the peak
temperature was obtained with soda-lime glass. An
increase of 516.8K in temperature was found in a sodalime glass when compared to alumina's work material.
An increase of 3.53 and 10.13 in MRR (mg/min) was
found in a soda-lime glass when compared to quartz and
alumina at 60 wt% NaOH concentration.

4.4 Effect of electrolyte concentration on MRR
Figure 9 shows the plot of MRR variation at different
NaOH concentrations. An increase in MRR was
found with an increase in electrolyte concentration.
Any increase in electrolyte concentration leads to an
increase in ion mobility which further improves the
electrolyte conductivity. With the increase in
electrolyte concentration, the development rate of
hydrogen bubbles increases which accelerates the gas
film formation. Hence, high intensity of sparks occurs
over the work material. As a result, higher MRR was
obtained. There is an increase in MRR for all the
materials.
Soda-lime glass exhibits a higher MRR at 60 wt%
when compared to quartz and alumina. An increase of
2.34, 1.68 and 0.245 in MRR (mg/min) was observed
in soda-lime, quartz and alumina respectively when
electrolyte concentration increases from 50 wt% to 60
wt%.

Fig.10. Temperature distributions (a) Soda-lime glass (b)
Quartz (c) Alumina at 20 wt% NaOH concentration

Fig.11. MRR comparison at the different applied voltage
for different work materials, 20 wt% NaOH

4.5 Effect of applied voltage on MRR
Figure 11 shows the MRR variation of at different
applied voltage. The applied voltage varies from 40 V
to 60V at an interval of 5V. It was seen that MRR
improves with the increase in applied voltage for all
work materials. But soda-lime glass exhibits a higher
increase in MRR when compared to quartz and
alumina. An increase in MRR is explained by the fact
that increasing applied voltage results in the rapid
formation of tiny hydrogen bubbles. It produces rapid
gas film and as a result, enhances the spark intensity.
Hence, high MRR is obtained. An increase of
5.50mg/min in MRR was obtained in a soda-lime
glass when applied voltage increases from 40V to
60V. However, an increase of 2.03mg/min and
5.71mg/min in MRR was obtained in a soda-lime
glass when compared to quartz and alumina at 60V.
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melting temperature of 1673K compared to quartz
(1943K) and alumina (2100K). It makes soda-lime
glass to remove and etch easily. The heat affected
Zone and redeposited material is clearly visible at the
micro-hole edges. Figure 12 also shows the
morphology of the drilled micro-hole obtained
through thermal erosion and chemical dissolution.

4.6. Analysis of drilled micro-holes
The microscopic images of the drilled micro-holes
were obtained to analyze the state of holes. Hole
entrance diameter and cracks were observed. Figure
12 shows the micro-hole entrance diameter drilled at
20 wt% and 45V. Maximum hole entrance diameter
was observed in a soda-lime glass when compared to
quartz and alumina. Soda-lime glass exhibits a lower

Fig.12. Microscopic images of micro-holes (a) Soda lime glass (b) Quartz (c) & (d) Alumina

6. NOMENCLATURE

5. CONCLUSIONS
In this present article, the machining performance of the
soda-lime glass, quartz, and alumina in terms of
material removal was analyzed using FEM based
thermal model. The major conclusions are given below:
The developed FEM based thermal model displays
good agreement with the existing simulation models.
An increase of 516.8K in peak temperature was
found in a soda-lime glass when compared to
alumina's work material.
The predicted results are found to be in accordance
with the existing FEM and experimental results. A
fair agreement was obtained between the predicted
MRR and experimental MRR with a correlation
coefficient (R2) of 0.99.
An improvement in MRR was observed with the
increase in electrolyte concentration and applied
voltage for all work materials. An increase in MRR
for soda-lime glass is higher when compared to
quartz and alumina work materials. NaOH produces
higher MRR of 6.78mg/min at 60V.
Alumina is harder in comparison to other materials and
possesses a high melting temperature of 2100 K. As a
result, low material removal was reported in alumina.

h:
ρ:
c:
k:
H:
Ep:
V:
I:
:
:
:
:
:
R:

Convective Heat Coefficient (W/m2K)
Density (kg/m3)
Specific Heat Capacity (J/kgK)
Thermal Conductivity (W/mK)
Internal Heat generation (W/m2)
Energy Transference
Applied Voltage
Current
Convective heat transfer (W/m2)
Convective coefficient
Work material temperature (K)
Initial Temperature (K)
Melting temperature (K)
Spark Radius (μm)
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