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Abstract Several modeling and simulations have been re-
ported to characterize the electric discharge machining
(EDM) and micro-electric discharge machining (micro-
EDM) processes. However, these models have been consid-
ered spark radius as a function of time or time and current as
well as these models are valid only for transistor-type pulse
discharge circuits. Therefore, it is important to develop an
accurate model to predict the spark radius for RC-relaxation
circuits where capacitance and voltage are the important pro-
cess parameters. In this paper, an attempt has been made to
develop a mathematical model predicting the single-spark ra-
dius produced during micro-EDM of Ti-6Al1-4V. A series of
experiments were conducted based on three-level full factorial
experimental design with four center point runs. Capacitance
and voltage were taken as the variable factors and spark radius
was measured as the response. Based on the experimental
results, the effect of capacitance and voltage on spark radius
was studied in detail with analysis of variance. The results
showed that capacitance significantly influenced the spark
radius compared to voltage. In addition, a mathematical model
has been developed to correlate the capacitance and voltage
with spark radius by adopting regression analysis. Finally, the
developed model equation was validated with confirmatory
experiments and the predicted and experimental spark radius
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was found to be in good agreement with a prediction error less
than 5 %.
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1 Introduction

Nowadays, meso (1-10 mm) and micro (1-1000 pm)
manufacturing are emerging as an important technology espe-
cially in the areas where miniaturization yields economic and
technical benefits namely, acrospace, automotive, optical, bio-
medical, and other similar areas. Micro-manufacturing of ad-
vanced materials by means of conventional micro-
manufacturing techniques are extremely difficult due to the
improved mechanical properties. Hence, the advanced
manufacturing techniques have to be developed in order to
meet the increased demand in processing the advanced
materials.

Electric discharge machining (EDM) is an advanced
manufacturing process which can machine any electrically
conductive materials regardless of its hardness. It removes
materials from the work piece by means of rapid and repetitive
spark discharges [1]. The high temperature generated in the
inter electrode gap due to electron collision melts and vapor-
izes small portion of material from both electrodes. Micro-
EDM has similar working principle and characteristics as that
of EDM except for the size of the tool electrode and discharge
energy.

Nowadays, titanium and its alloys are extensively used in
aerospace, medical, marine, and automobile industries be-
cause of its improved mechanical properties and biocompati-
bility. Machining of titanium alloys are extremely difficult in
conventional machining due to its low thermal conductivity
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and low modulus of elasticity, which causes significant spring
back after deformation under the machining load. Therefore,
micro-EDM is one of the best suited processes for the
micromachining of titanium and its alloys [2]. Secondly,
EDM has been used for machining electrically conductive
materials for many years; however, the material removal
mechanism is not fully understood because of the stochastic
and complex nature of the sparks. To understand this phenom-
enon, researchers have used many methods.

Jilani and Pandey [3] proposed a two-dimensional heat
transfer model, with disc heat source to study the effects of
EDM input parameters, such as pulse duration, pulse energy,
and material properties, on material removal and crater shape.
It showed poor correlation between theoretical and experi-
mental data. A simple cathode erosion model for conventional
EDM was developed by Dibitonto et al. [4]. In this, photo-
electric effect was considered as the dominant source of ener-
gy supplied to cathode surface. Patel et al. [5] presented an
anode erosion model which accepts power rather than temper-
ature as the boundary condition at the plasma/anode interface.
The power supplied is assumed to produce a Gaussian-
distributed heat flux on the surface of the anode material,
and the area upon which the flux is incident is assumed to
grow with time. A fundamental study of EDM based on the
physics of an arc and heat transfer theory was carried out by
Shankar et al. [6]. The field equations for electric potential and
temperature in the spark region were solved to calculate the
final spark shape and the percentage of heat absorbed by cath-
ode, anode, and dielectric. Another model based on electro-
static force acting on the surface of work piece for short pulses
was introduced by Ajit and Ghosh [7]. They have found out
the electrostatic force acting on the metal surface and its in-
fluence on the stress distribution inside the metal thereby the
crater depth. In modeling and simulation of micro-EDM pro-
cess, Rajurkar et al. [8] developed a mathematical model of
contouring EDM process considering the profile of work-
piece, actual tool path, and machined surface profile. Dhanik
and Joshi [9] presented a model of a single-resistance pulse
discharge in micro-electric discharge machining. This com-
prehensive model incorporated various phenomena in the
pre-breakdown period and considered plasma as a time vari-
able source of energy to the cathode and anode. Marafona and
Chousal [10] presented a finite element model of EDM based
on Joule effect. The radii value of the conductor is assumed to
be the function of current intensity and pulse duration. Joshi
and Pande [11] proposed an intelligent model for the EDM
process using finite element method (FEM) and artificial neu-
ral network. They considered Gaussian distribution of heat
flux, time, and energy-dependent spark radius, etc. to predict
the shape of crater cavity, material removal rate, and tool wear
rate. Izquierdo et al. [12] contributed to the simulation and
modeling of EDM process with multiple discharges using a
finite difference method. The material removal in EDM is
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modeled as a thermal problem where the objective is to deter-
mine the temperature distribution in the work piece from the
discharges. Joshi and Pande [13] developed a single-spark
thermo physical model for die-sinking electric discharge ma-
chining using 2D finite element method. It was based on more
realistic assumptions such as Gaussian distribution of heat
flux, spark radius equation based on discharge current and
discharge duration, latent heat of melting, etc. Chang [14]
modeled EDM process considering axisymetric process con-
tinuum, Gaussian distribution of heat flux, spark radius based
on discharge current and discharge duration, latent heat of
melting, and percentage of discharge energy transferred to
work piece to predict the shape of the crater. Shabgard et al.
[15] presented the temperature distribution on the surface of
work piece and tool during a single-discharge EDM process
using FEM. Based on the results of FEM and experimental
observations, a numerical analysis has been performed to as-
sess the contribution of input parameters on the efficiency of
plasma channel in removing the molten material from work
piece and tool at the end of each discharges. Recast layer
distribution in EDM of inconel 718 has been simulated by
Izquierdo et al. [16] and predicted the recast layer with less
than 4.5 um using FEM. Zhang et al. [17] proposed a novel
method of determining the energy distribution and plasma
diameter of EDM by comparing the boundary of the melted
material obtained from metallographic and finite element
method. They have investigated the energy distribution and
plasma diameter in different dielectrics with different polari-
ties. Comparison between the results and the previous report-
ed results showed that the energy distributed into work piece
and plasma diameter can be determined by this new method.
Different approaches [18-22] for solving the thermal process
of EDM can be found in literature, and its developments to-
wards modeling of micro-EDM are presented by S. Dhanik
et al. [23].

Yu et al. [24] have introduced an analytical model for
micro-EDM to investigate the effect of tool wear, and it is
verified using micro- and macro-EDM of slots. Murali and
Yeo [25] developed a single-spark model for micro-EDM of
titanium alloy. To estimate the crater size, temperature distri-
bution on the work piece, and residual stress on and near the
crater, a transient thermal analysis had been done using com-
mercially available finite element method. Simulated crater
dimensions and residual stresses were compared with experi-
mentally obtained values by atomic force microscope (AFM)
and nanoindentation technique. Yeo et al. [26] proposed an
analytical model based on electrothermal theory to estimate
the geometrical dimensions of micro-crater. The model incor-
porates voltage, current, and pulse-on-time during material
removal to predict the temperature distribution on AISI 4140
alloy steel as a result of single discharges in micro-EDM. The
experimental and theoretical results are found to be in close
agreement till 1000 ns of pulse on time. Kiran and Joshi [27]
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Fig. 1 Experimental set up

presented a model to predict surface roughness of micro-ED
machined surfaces based on the configuration of a single-
spark cavity formed as a function of process parameters.
Normal distribution of the surface heights was assumed and
uand o (R,) of the surface profiles are evaluated after spark.
The model is further extended to investigate the role of debris
inclusion in the dielectric using chemical kinetics approach.
Allen and Chen [28] presented the results of process simula-
tion and residual stress analysis for the micro-EDM on mo-
lybdenum. Material removal is analyzed using a thermo-
numerical model for single-spark discharge process. A
coupled thermo-structural finite element analysis was also
presented to study how the thermal action of the micro-
EDM process affected the surface integrity of machined work
piece. Three-dimensional FEM model of micro-EDM was
developed by Mathew et al. [29] and analyzed the effect of
Gaussian heat flux on inconel 718 while machining.
Somashekar et al. [30] presented numerical results based on
electrothermal theory using finite element method for single
discharge. The single-spark model was developed, based on
more realistic assumptions such as Gaussian distribution of

Table 1 Chemical

composition of work Chemical composition of Ti-6A1-4V (wt.

material %)
Ti Balance
Al 5.5-6.67
\% 3545
Fe <0.25
(0] <0.2
C <0.08
N <0.05

heat flux, time and energy-dependent spark radius, etc. to
predict the shape of crater cavity, material removal rate, and
tool wear rate. They have extended this approach with multi-
spark numerical model based on 2D finite volume method
[31] and predicted the effect of spark ratio on the temperature
distribution in the work piece. Tan et al. [32] developed a
model for overlapping craters.

Among the various approaches to model the EDM/micro-
EDM, numerical simulation is widely used to study the pro-
cess. During the numerical simulation of the electric sparks,
most of the researchers have used spark radius as time-
dependent function [12, 13] or both time and current depen-
dent [11, 15]. But, the discharge energy for RC pulse dis-
charge circuit is decided by capacitance and voltage (E=
0.5C V?). The function of the capacitor is to store the charge
till the voltage reaches the breakdown voltage and then dis-
charge it in the form of a spark or pulse. The higher the ca-
pacitance, the larger will be the amount of charge stored and
greater will be the discharge duration. Hence, both the pulse
current and duration of discharges are imperative parameters
for RC micro-EDM process which are decided by capacitance

Table 2 Mechanical and physical properties of Ti-Al-4V

Properties Value
Melting range °C+15 1649
Specific heat (J/kg °C) 560
Volume electrical resistivity (ohm cm) 170
Thermal conductivity (W/mK) 72
Ultimate tensile strength (MPa) 832
Coefficient of linear thermal expansion (um/m °C) 8.6
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Table 3 Machining

parameters with their Parameter Levels
levels for micro-EDM
process -1 0 1

Capacitance (nF) 1 1000 2200
Gap voltage (V) 80 115 150

and voltage [33, 34]. Jahan et al. [35] compared transistor and
RC-type pulse generator for machining fine quality micro-
holes. They reported that RC-type pulse generators are best
suited for micro-EDM. Thus, a need exists to model the spark
radius of RC micro-EDM in terms of the process parameters
such as capacitance and voltage.

In the present paper, an attempt has been made to model the
complex micro-EDM process experimentally. The effect of
important RC micro-EDM process parameters such as voltage
(V) and capacitance (C) on Ti-6Al-4V is investigated. Initially,
the experiments based on the three-level full factorial designs
were conducted at various levels. The second phase involves
the analysis and investigates the level of significance of each
process parameters as well as its interaction effect on spark
radius. Finally, a mathematical model to predict the spark
radius in terms of capacitance and voltage was developed
and validated with confirmation experiments.

Fig. 2 SEM images of single- 80 V
spark crater

1100 nF

2200 nF
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2 Experimental details
2.1 Machine tool

The experiments were conducted using a multipurpose ma-
chine tool developed by MIKROTOOLS Pte. Ltd.,
Singapore, Model: DT-110, for high-precision
micromachining. It is energized by a pulse generator which
can be switched to both transistor type and RC type. The
maximum travel range of the machine is 200 mm (X)x
100 mm (Y)* 100 mm (Z) with a resolution of 0.1 um in X,
Y, and Z directions; Fig. 1 shows the experimental set up.

2.2 Work piece and electrode

The work piece and tool electrode materials used in this study
were Ti-6Al-4V and tungsten carbide of diameter 0.4 mm,
respectively. The important composition and properties of
the work piece are listed in Tables 1 and 2, respectively.

2.3 Experimental procedure

Before experimentation, to make the work piece free from all
sorts of scratches, it was polished with different grades of
emery paper, namely 320, 400, 600, and finally with diamond

115V 150V
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Table 4 Experimental design
and output response Std. Order Run Order Capacitance (nF) Voltage (V) Diameter (pm) Radius (pm)
1 7 1 80 3247 16.235
2 3 1100.5 80 91.27 45.635
3 11 2200 80 78.66 39.33
4 12 1 115 32.42 16.21
5 2 1100.5 115 98.06 49.03
6 10 2200 115 89.33 44.665
7 13 1 150 324 16.2
8 5 1100.5 150 94.833 47.4165
9 6 2200 150 124 62
10 1 1100.5 115 110.67 55.335
11 4 1100.5 115 81 40.5
12 8 1100.5 115 95.86 47.93
13 9 1100.5 115 97.467 48.7335

paste in double disc polishing machine. The experiments were
designed based on three-level full factorial design in order to
observe the individual as well as the interaction effects of
different process parameters on spark radius. A total number
of 13 experiments were conducted, which included four re-
peated center runs. The experiments were conducted in a ran-
dom order so as to remove the effects of any unaccounted
factors. At the end of each experiment, the work piece was
removed and spark diameter was measured using scanning
electron microscope. The different process parameters and
their levels in coded and actual values are shown in Table 3.
The design was generated and analyzed using commercially
available Design-Expert software package.

3 Results and discussion

The radius of the single-spark craters on Ti-6Al-4V were mea-
sured using scanning electron microscope with an accelerating
voltage of 15.0 kV. The observed images for all the samples
have been depicted in Fig. 2. The experimental design and
results for spark diameter are tabulated in Table 4. Analysis

Table 5 ANOVA for spark radius
Source  Sum of square  df Mean square  F value p value
Prob>F
Model  2569.6 4 642.42 30.227 <0.0001
A 1579.5 1 1579.5 74.318 <0.0001
B 99.36 1 99.361 4.67508  0.0626
AB 128.8 1 128.88 6.06396  0.0392
A? 761.9 1 761.95 35.8509 0.0003
Resi. 170.0 8 21.253

of variance (ANOVA) was used to identify the level of signif-
icance of each process parameters and their interactions.
Results of the analysis are discussed in the following sections.

3.1 Analysis of spark radius

The ANOVA for spark radius is performed with the help of
Design-Expert software. Table 5 shows the effect of individual
and interaction effect of the developed model for spark radius.
The model is developed at 95 % confidence level of signifi-
cance. The model F value of 30.227 implies that the model is
significant with negligible influence of noise. From the re-
sults, it has been observed that capacitance is the most signif-
icant factor for spark radius. In addition to capacitance, model
terms AB (interaction of capacitance and voltage) and 4>
(quadratic term of capacitance) are significant with a “Prob>
F” less than 0.05. The R? value of 0.9379, Adj R* of 0.9069,
Pred R of 0.8073, and Adeq Precisior of 15.320 showed the
dependency of the model. The Pred R and Adj R* are in
reasonable agreement with a difference of 0.1. Figure 3 shows
the effect of capacitance on spark radius. It is observed that
spark radius is more sensitive to capacitance than voltage. The

Effect of capacitance on Spark radius

70 ——80V
—115V

£
A
=
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~ 30
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& 10
0+ |
1 1000 2200
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Fig. 3 Capacitance vs spark radius
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Fig. 4 a 3D surface plot. (b)
Contour plot for capacitance
voltage interaction
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function of the capacitor is to store the charge till the voltage
reaches the breakdown voltage and then discharge it in the
form of a spark or pulse. With increase in capacitance, larger
energy is being dissipated which produces stronger sparks

Fig. 5 SEM images of double
sparks
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thereby larger spark radius. Spark radius increases, as the ca-
pacitance increases, but for 115 V and 80 V, spark radius
decreased a little at the highest level of capacitance. At these
levels double sparking was observed.
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Figure 4 shows the 3D surface plot and the contour plot for
spark radius in terms of process parameters. From these
graphs, it is again confirmed that spark radius is more sensitive
to capacitance than voltage. It increases up to an optimum
level, there after it decreases; this is due to the double sparking
which occurred in the interelectrode gap at high discharge
energies, thereby the energy is divided among the two sparks

CInm

(b) Three-dimensional view

unevenly. As the capacitance increases, the charge stored in
the capacitor also increases, thereby the charging time in-
creases whereas discharge time remains the same. As a result,
more energy gets release into the interelectrode gap. In actual
practice, both the electrode surfaces contain peaks and valleys.
The ionization channel gets formed where ever the optimum
gap is achieved during the discharge time. Due to the high
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Fig. 7 Carter shape at section Y-Y: experimental results at 2200 nF and 80 V
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Fig. 8 EDS analysis of single-spark crater

energy release into the discharge gap, there are some possibil-
ities to form two or more ionization channels which is having
different diameter (due to the difference in the optimum inter
electrode gap) to discharge the stored energy completely.
Hence, before the full energy get released into the interelec-
trode gap, the next spark occurs in the second smallest dis-
tance between the tool and work piece. Therefore, the remain-
ing energy is discharged as a secondary spark. In the case of
further increase in energy during discharge time may lead to a
situation which is having continuous sparks between the elec-
trodes called arcing and results in severe surface defects.
Figure 5 shows the double sparks observed during the exper-
imentation. The maximum spark radius is observed as 62 pm
at a maximum capacitance of 2200 nF and voltage of 150 V.

The depth of the crater was measured using Taylor Hobson
3D non-contact profilometer (CCI). Figure 6 shows the three-
dimensional and two-dimensional images of the scanned cra-
ter cavity at a capacitance of 2200 nF and a voltage of 80 V
produced on the test specimen using 3D non-contact
profilometer (CCI). The rose color shows the reference level
of the image, whereas the red color indicates the ridge formed
around the crater cavity. The shape of the crater is analyzed at
section Y-Y in Fig. 7.

3.2 EDS analysis of craters

During electric discharge machining, it has been reported that
materials can be transferred among the electrodes. The same
phenomenon has been observed in the single-spark crater.
Hence, in this study, electron dispersion spectroscopy (EDS)

Table 6 EDS

composition of micro- Element Weight % Atomic %

ED machined Ti-6Al-4V

surface AlK 1.77 497
TiK 40.86 64.43
VK 2.67 3.97
CoK 4.78 6.12
WK 49.92 20.51
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Fig. 9 EDS composition analysis of unprocessed Ti-6Al-4V surface

analysis is used to identify the elements on the work piece
surface. As shown in Fig. 8 and Table 6, tungsten is present
on the machined surface, whereas it is not detected on (Fig. 9
and Table 7) the unprocessed surface. It is an evidence for
resolidification of molten materials.

4 Development of regression models

In order to predict the responses which are driven by the pro-
cess parameters, an interpolation equation for the response
(spark radius) was developed using regression analysis.
Simple linear regression is the simplest of the regression
models that represent the relationship between the responses
and regressors, and it is shown in Eq. (1)

Z:ﬂ0+51x+e (1)

where z is the response, (3 is the constant, (3 is the coefficient,
x is the regressor variable, and e is the random error. Multiple
regression models were used to find out the impact of multiple
regressors on the responses and often take the form as shown
in Eq. (2)

z=0y+B1x1+ Bx2+ Bpxia + Bxi + B +e ()

Here, the response z is modeled as the combination of lin-
ear, interaction, and quadratic terms of regressor variables x;
and x,. [y is the constant. 3, 55, B12, (11, and 3,, are the
coefficients of the model terms. Experimental errors were in-
cluded in the model as random error e. In the present study, the
spark radius was modeled as a function of voltage and

Table 7 EDS

composition of Element Weight % Atomic %

unprocessed Ti-6Al-4V

surface AlK 5.88 9.98
TiK 91.45 86.05
VK 2.67 3.97
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Fig. 10 SEM images of craters on the micro-ED machined surface

capacitance. Multiple regression analysis was performed in
Design-Expert software version 9 on the experimental data
sets, and the model adequacy was tested using analysis of
variance. All variations of models (linear, interaction, quadrat-
ic, and cubic) were analyzed, and the best fit value was select-
ed. The developed model for micro-EDM for predicting the
spark radius in actual factors is given in Eq. 3.

Ry =21.47 + (0.026 x Capacitance)—(0.046 x Voltage)3)
+(1.47 x 10™* x Capacitance x Voltage)
—(1.27 x 107 x Capacitance?)

In micro-EDM/EDM, the material is removed from the
work piece due to the melting and vaporization of the heat
generated during the impingement of sparks. It influences
not only the material removal rate but also the topography of
the surface generated. It is understood that the spark occurs
where the gap between tool and work piece surface asperities
is the smallest [36]. The subsequent spark occurs at the next
highest peak. This process continues to melt and vaporize the
peaks on the work piece surfaces to produce a surface with a
surface roughness value [27], i.e., the maximum peak-to-

Fig. 11 SEM images of
confirmation experiments. a
Capacitance of 500 nF and a
voltage of 115 V. b Capacitance
of 1 nF and a voltage of 110 V

0.6mm E

a) Capacitance of 500nF and a voltage
(a) Cap g
of 115V

1991
Table8 Comparison of experimental and predicted single-spark radius
SI. No.  Capacitance (nF)  Voltage (V)  Crater radius (pum)
Experimental ~ Predicted
results results
500 115 36.42 34.48
2 1 110 15.925 16.45

valley height is equal to the radius of the crater produced in
the single sparks [4, 37]. Therefore, the crater radius produced
during the melting and vaporization of peaks is important to
understand the topography of the surfaces produced. Hence,
the present model is useful to establish the relationship be-
tween the important RC-discharge circuit process parameters
and spark radius produced during the single spark. The picto-
rial representations of the relationship between the crater radi-
us and the produced surface are shown in Fig. 10.

4.1 Model validations

To demonstrate the successful prediction of the proposed
mathematical model, confirmation experiments were done at
a capacitance of 500 nF and voltage of 115 Vas well as at a
capacitance of 1 nF and a voltage of 110 V. The SEM images
of the experiments are shown in Fig. 11. The comparison of
the predicted spark radius using the developed model and the
experimental results are shown in Table 8. The predicted value
R, showed an overall error of 4.258 %. Thus, this model can
be successfully adopted for the prediction of spark radius
within the design space.

5 Conclusions

In this study, modeling of single-spark micro-electric dis-
charges on Ti-6Al-4V with tungsten carbide electrode has
been performed. Based on the experimental results, a detailed

n [ 5.0kv 30.7mm x1.00k SE 50.0um

(b) Capacitance of 1nF and a voltage of
110V
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parametric study was carried out to study the effect of capac-
itance and voltage on spark radius. From the analysis, the
following conclusions were drawn.

1. Capacitance is the most significant process parameter
which influences the spark radius than voltage.

2. Spark radius increases with an increase in capacitance
except in the higher energy levels where double sparking
phenomenon was observed.

3. In addition to capacitance, interaction of capacitance and
voltage as well as the quadratic term of capacitance are
also influencing the spark radius (with 95 % confidence
level).

4. From the analysis of the surface topography of micro-
craters, the shape of the crater is observed as bowl or
hemisphere, and also, it is noted that some amount of tool
material had been migrated to the work piece surface.

5. Based on regression analysis, a second order regression
equation is developed. This model equation is able to
predict the spark radius with an accuracy of 95 %.

6. The developed model equation can be successfully
adopted for predicting the spark radius of RC-discharge
circuit while doing the numerical simulation.
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