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Introduction
Electric Discharge Machine (EDM) is now become the most important established 

technique in modern industries since many complex 3D shapes can be machined using a 
simple shaped tool electrode. EDM is a non-conventional, thermo electrical process, which 
erodes material from the workpiece by a series of discrete sparks between the tool and 
workpiece immersed in a dielectric medium. This discharge occurs in a voltage gap between 
the electrode and workpiece. Heat from the discharge vaporizes minute particles of workpiece 
material, which are then washed from the gap by the continuously flushing dielectric fluid. 

The benefits of EDM include: 

1. EDM is a non- contact process that generates no cutting forces, permitting production of 
small and fragile pieces.

2. Burr-free edges are produced.

3. Intricate details and superior finishes are possible and 

4. EDM machines with built-in process knowledge allow the production of intricate parts 
with minimum operator intervention. 

The limitations of EDM include: 

a. low metal removal rates compared to chip machining and 

b. lead time is needed to produce specific, consumable electrode shapes. 

As material removal is realized without physical contact between the tool and work piece, 
there is no force exerted on the work piece, adding to the advantages of the EDM in fabricating 
intricate micro scale features. Efforts in modeling the EDM process has given an insight for 
modeling the Micro EDM process where it differs from the conventional EDM process in the 
amount of material removal and the accuracy of the process [1]. The material removal process 
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Abstract

EDM is a non-conventional thermo electric process wherein material erodes from the workpiece by a 
series of discrete sparks between the tool and workpiece immersed in a dielectric medium. This discharge 
occurs in a voltage gap between the electrode and workpiece. Thermal analysis is essential to quantify 
the material removal rate and also to know the performance of the material with respect to the defined 
process. A substantial research has been carried out to qualify the material under process. However, 
due to complex processes involved an advanced analysis is mandatory. Present study explains how one 
can understand the behavior of a workpiece for participating in EDM process. Thermal analysis model 
accurately predicts the temperature profile, material removal rate and quality of the product. The basic 
objective of this paper is to explore the thermal analysis of the material in terms of a workpiece in EDM.
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in EDM is very stochastic in nature. The dielectric between the 
electrodes breaks down and a spark channel also known as plasma 
channel is formed. The fabrication of an electrode with diameter 
2.8µm and micro-hole as small as 5µm as well as 42µm micro-slit 
with a length 7mm has been reported. During the discharge, the 
region within the whole spark is in the plasma state. 

The plasma consists of atoms dissociated into positive ions and 
electrons and is highly conducting. The complete plasma region can 
be considered an equipotential region at some specific potential. 
The plasma potential is actually controlled by the positive electrode 
potential and differs slightly from it. Therefore, with respect to 
the plasma potential, the cathode is at a negative potential, and 
the plasma potential is considered as reference potential i.e., at 
zero potential. A strong electric field appears at the cathode due 
to this large potential drop in this sheath near the electrode. The 
models incorporate voltage, current, pulse on time to predict the 
temperature distribution on the workpiece. It is assumed that the 
entire superheated area is ejected from the workpiece surface and a 
small fraction of the molten area is ejected. This helps in predicting 
the size and shape of the crater. Experimental works directed in 
material removal characteristics using single RC pulse discharges 
give an insight about the process [2]. The works directed in the 
study of pulse generators for Micro EDM gives an insight to the 
process [3].

Cylindrical plasma with variable mass model is developed for 
sparks created by electrical discharge in liquid media [4]. Finite 
element method has been used for the development of two- 
dimensional axis symmetric model for powder mixed dielectric [5]. 
The developed model predicts first the temperature distribution 
in the workpiece electrode using ANSYS software and the Material 
Removal Rate (MRR) is estimated from the temperature profiles 
[6]. Theoretical finding are found is good agreement with the 

experimental results. In the field of EDM, most of the published 
work is focused on the models based on transistor pulse generator. 
Different aspects of machining have been considered like pulse-on-
time, pulse-off time, spark gap, etc. Further the single discharge 
for energy input to the workpiece is taken into consideration for 
predicting the temperature distribution of the workpiece. The crater 
size of the work piece is determined by accounting the fraction of 
energy used as well as fraction of the molten area expelled from the 
material. Quantification of the fraction of the energy received by the 
workpiece is based on the Saha Ionization formula.

Electro Thermal Model
In EDM on the basis of experimental evidence, electro thermal 

theory representing EDM process suggests that material removal in 
EDM operations takes place as a result of the generation of extremely 
high temperature generated by the high intensity of the discharge 
current [7]. In order to start the derivation of the temperature 
distribution of the workpiece on the basis of the electro thermal 
model, it is always better to have a summary of the mechanism of 
the parent process. Following section presents a short summary of 
process mechanism.

Process mechanism
A two dimensional heat transfer for a material subjected 

to a disc heat source on its surface is used as the foundation for 
the present model. The plasma channel radius (heat flux radius) 
of the anode and cathode is based on empirical formulation. The 
generation of a single discharge is shown in Figure 1. Tool and work 
piece are separated by a dielectric medium and contacted with a 
voltage. Whenever the electric field is stronger than the dielectric 
strength it comes to discharge. The materials of the tool and work 
piece around the plasma channel are strongly heated and molten or 
vaporized. After the discharge time the plasma channel implodes. 
The eroded material is flushed out by this implosion.

Figure 1: Phenomenological model of a single discharge.

Mass of electrons is higher compared to the mass of ions 
and accordingly movement of ions is slower compared with 
electrons. Hence the electrons will reach the anode first followed 

by the cathode with one or two orders of magnitude delay in 
time. Consequently, the anode will melt first resulting in a larger 
molten area as compared with the cathode, which in general case 
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in micro- EDM where pulse on time is short [8]. As time progresses, 
anode begin to solidifies further after a few microseconds due to 
the decrease in the local heat flux at the anode surface, while the 
molten area in the cathode still expands. Hence the molten areas 
in anode will be smaller as compared with the cathode, which are 
prevalent in the conventional EDM.

Heat transfer model of EDM
Heat transfer model that executes in EDM is based on certain 

assumptions such as (a) the workpiece domain is considered to 
be axisymmetric, (b) the composition of workpiece material is 
quasi-homogeneous, (c) the heat transfer to the workpiece is by 
conduction, (d) only one spark occurs for one discharge of energy 
input, (e) average thermo physical properties are applied over the 
temperature range, from solid to liquid state, (f) radiation and 
convection heat losses are negligible, (g) the initial temperature was 
set to room temperature in single discharge analysis, (h) the energy 
used for the material removal is only contributed by the voltage 
and current during pulse on time, (i) the fraction of discharge 
energy going to the anode and cathode is taken as a constant, 
(j) the material in the superheated area is removed completely 
while only a constant fraction of the material in the molten area is 

removed, (k) the workpiece is assumed as stress-free before EDM, 
(l) the thermal properties of workpiece material are considered as 
a function of temperature, (m) it is assumed that due to thermal 
expansion, density and element shape are not affected and (n) the 
heat source is assumed to have Gaussian distribution of heat flux on 
the surface of the workpiece.

The governing Partial Differential Equation (PDE) representing 
the heat transfer process in EDM problem without heat generation 
is given by

                 
2 2

2 2

1 1T T T T
r r r z tα

∂ ∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂   (1)

where α is the thermal diffusivity of the material (m2s−1) and 
can be written as, t

p

K
C

α
ρ

=

Kt represents the average thermal conductivity (Wm−1 0K−1), 
ρ signifies the density (kg/m3) and Cp presents the specific heat 
(J/kg/0K) of the material of the workpiece to be considered 
for temperature distribution. Plasma channel incident on the 
workpiece surface causes the temperature to rise in the workpiece. 
The distribution of plasma channel can be assumed as uniform 
disc source or Gaussian heat distribution. Figure 2 represents the 
axisymmetric diagram of thermal model.

Figure 2: Axisymmetric thermal model of EDM.

The representative initial and boundary conditions are as 
follows:
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where, q(r) is the heat flux due to the spark and Ra/c is the heat 
flux or spark radius and T0 represents the initial (ambient or room) 

temperature (0K) of the workpiece. Heat flux applied to workpiece 
in EDM is considered as a Gaussian distribution. Literature study 
evidenced that the assumption of Gaussian distribution is authentic 
to model the heat input in EDM [9,10]. Further, as the tool and the 
workpiece have been assumed to be thermally isotropic, therefore, 
the heat distribution would be Gaussian in nature on the surface of 
both workpiece and tool. In view of all these evidences and facts, 
Gaussian heat distribution is considered in the present work. The 
heat flux can be written as

               ( )
2 2

2 2
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22 2
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Where the symbols have usual significance. Now, at r = 0, q(R) = 
q(0) = peaked value = qmax (say).

Therefore, we have now, ( )
2

max max 2

3 exp 4.5
2

rq and q r q
RRπ

 
= = − 

 
 (4)

A little bit of algebraic manipulation results the heat flux at the 
surface of the workpiece is written as

                  ( )
2

2

4.45 exp 4.5M a aW I V rq R
R Rπ

  = −  
   

  (5)

Where WM is the fraction of energy utilized by the material 
(Watt), Ia is the anode pulse current (Amp), Va is the voltage (Volt) 
applied to anode, Rc/a is the heat flux radius (plasma channel radius) 
of the cathode or anode (µm) and r is the radial distance from the 
axis of the spark (µm). The radius of heat flux radius is empirically 
formulated by least square fitting of experimental results for 
a typical discharge energy range 5-100µJ with a coefficient of 
determination value of 0.9651 and the same is given by

0.750.788 dR t mµ=          (6)

where R is the heat flux radius at anode and td is the pulse-
on-time in microseconds. The distribution of temperature as a 
theoretical model is written as
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where J0(λ r) and J1(λ R) are Bessel functions of the first kind of 
zero and first order, respectively, and erfc(η ) is the complementary 
error function. The dimensionless form of temperature profile 

along the vertical axis (r = 0) of the workpiece under investigation 
in EDM is

2

0
1(0, , ) 2 [ ( ) ( )]

2 2
w wTh w T ierfc ierfcτ τ
τ τ

+
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where ierfc(Ω ) represents the integral error function. We can 
further simplify Eq. (10) by retaining its dimension form as
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 Assuming h as the depth of the molten material and d as the 
radius of the hemisphere of the crater, the performance of any 
electro thermal model of EDM process is qualified in terms of 
material removal rate, surface roughness and accordingly the 
volume of the crater formed during melting can be formulated by 
fundamental geometry as

2 3

8 6crater
d h hV π π

= +      (12)

 The material removal volume in a single spark can be alternately 
expressed as

32( )3MRR rπ=      (13)

Results and Discussion
In order to simulate a predictive model of the temperature 

distribution in the material, the workpiece is taken as Copper and 
AISI 304 Stainless Steel (SS). Thermal properties of Copper and AISI 
304 Stainless Steel are used as input to compute the temperature 
distribution of workpiece are shown in Table 1. The dielectric 
medium used to remove the debris is considered as kerosene in this 
study. The machining parameters, i.e., magnitude of the average gap 
voltage, Va, and the average current, Ia during pulse-on-time used 
as input in the computation of temperature profile of the present 
electro-thermal model are tabulated in Table 2.

Table 1: Thermal properties of the work piece material.

Material Property Value Unit

Copper Density,  8640 kg/m3

 Thermal conductivity, Kt 367 W/m/K

 Specific Heat, Cp 438 J/kg/K

 Melting Temperature, Tm 1356 K

AISI 304 SS Density,  8000 kg/m3

 Thermal conductivity, Kt 16.2 W/m/K

 Specific Heat, Cp 500 J/kg/K

 Melting Temperature, Tm 1723 K

 Ambient Temperature, To 303 K

Table 2: Machining parameters for Cu and AISI SS workpiece.

Average Voltage (Volt) Average Current (Amp) Average Voltage (Volt) Average Current (Amp)

Copper (Cu) AISI SS 304

100 30 50 10

110 30 60 10

120 30 70 10

130 30 80 10



5

Evolutions Mech Eng       Copyright © Debabrata Datta

EME.000569. 3(4).2021

Discharge times used in the computation have varied from 10 
to 50 microseconds with a step increment of 10 micros seconds. 
Variation of spark radius or plasma channel radius with discharge 
time is shown in Figure 3. Temperature distribution on the top 
surface from the centre of the workpiece of material copper for 
operating voltage of 100 volt and current of 30 amp for various 
discharge times along the radial direction is shown in Figure 4 and 
the same from the centre (r = 0, z= 0) along the vertical direction 
(increase of the depth of the workpiece) is shown in Figure 5. 
Temperature distribution on the top surface from the centre of 
the workpiece of material AISI SS 304 for operating voltage of 50 
volt and current of 10amp for various discharge times along the 
radial direction is shown in Figure 6 and the same from the centre 
(r = 0, z = 0) along the vertical direction (increase of the depth of 
the workpiece) is shown in Figure 7. Therefore, it is understood 
that machining parameters of EDM depend on the material to be 
considered as job.

Figure 3: Variation of plasma channel radius with 
discharge time.

Figure 4: Temperature profile on surface of Cu 
workpiece along the radial direction.

Figure 5: Temperature profile on surface of AISI SS 304 
workpiece along the radial direction.

Figure 6: Temperature profile of the workpiece (Cu) 
along the vertical direction.

Figure 7: Temperature profile of the workpiece (AISI SS 
304) along the vertical direction.
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It can be envisaged from Figure 6 that if the workpiece material 
is made of copper and if we operate machine at an average voltage 
of 100 volt and at an average current of 30 ampere, maximum 
temperature along the axial direction of the workpiece occurs at a 
depth of 100mm for a discharge time of 20ms. However, occurrence 
of maximum temperature at a certain depth of the workpiece is 
completely dependent on machine parameters and from this angle, 
maximum temperature of the Cu workpiece at a certain depth of 
100mm for various discharge time at different operating voltage 
and a fixed current of 30 ampere is shown in Table 3a and that of 

the AISI SS 304 at the same depth (100mm) for various discharge 
time at different operating voltage and a fixed current of 10 amp 
is shown in Table 3b. The code written by author can produce the 
same for conditions of varying current at a fixed operating voltage 
for different workpiece material. Experiments have been performed 
for allowing a discharge time as shown in Table 3a and Table 3b 
with respect to an average volt of 100, 110 and 120 for an average 
current of 30 amp and 10 amp respectively. Experimental values 
found within +/- 98% of theoretical values.

Table 3a: Maximum temperature along the axial direction of w Workpiece (Cu) at an average current of 30 amp for 
various discharge time and various operating voltage.

Discharge Time (micro s) 10 20 30 40 50

Average Voltage (Volt)  

100
3017.8 

2957.44

3297.30 

(3231.35)

2958.90

(2899.72)

2388.50 

(2340.73)

1808.70 

(1722.53)

110
3285.60 

(3219.88)

3600.50 

(3528.49)

3240.30 

(3175.49)

2626.60 

(2574.07)

2001.90 

(1961.86)

120
3505.50 

(3435.39)

3859.50 

(3782.31)

3490.40 

(3420.59)

2843.70 

(2786.83)

2176.50 

(2132.97)

130
3686.40 

(3612.67)

4100.70 

(4018.69)

3760.30 

(3685.09)

3119.00 

(3056.62)

2439.60 

(2390.81)

Values shown within () in columns 2-6 of Table 3a represent experimental values.

Table 3b: Maximum Temperature along the axial direction of workpiece (AISI SS 304) at an average current of 10 amp 
for various discharge time and various operating voltage.

Discharge Time (micro s) 10 20 30 40 50

Average Voltage (Volt)  

50
2345.95

(2299.03)

2618.54

(2566.17)

2418.73

(2370.35

2016.42

(1976.09)

1577.65

(1546.09)

60
2846.85

(2789.91)

3155.42

(3092.31)

2868.91

(2811.53)

2337.39

(2290.64)

1775.04

(1739.54)

70
3279.85

(3214.25)

3626.09

(3553.59)

3271.19

(3205.77)

2631.19

(2578.57)

1961.20

(1921.98)

80
3700.61

(3626.59)

4104.03

(4021.95)

3711.71

(3637.48)

2995.98

(2936.06)

2439.60 

(2390.81)

Values shown within () in columns 2-6 of Table 3b represent experimental values.

Table 3a & 3b proves that model validation with experimental 
values. Table 4a shows the maximum temperature profile of the 
workpiece Cu for various discharge time when machine operating 
voltage is fixed at 100 volts with various operating current. Table 
4b shows the maximum temperature profile of the workpiece AISI 
SS 304 for various discharge time when machine operating voltage 
is fixed at 50 volt with various operating current. A 3D plot of the 
temperature distribution profile of the workpiece (Copper) for an 
operating voltage of 100 volt and the optimum operating current 
of 15 amp for a discharge time of 20ms is shown in Figure 8a & 8b. 
No experiments have performed for maximum axial temperature 
of Cu workpiece and hence no experimental values are shown in 

Table 4a & 4b. A 3D plot of the temperature distribution profile 
of the workpiece (AISI SS 304) for an operating voltage of 50 volt 
and the optimum operating current of 15 amp for a discharge 
time of 20ms is shown in Figure 8a & 8b. It is obvious from Table 
3 & 4 that machining parameters for removing different material 
being different, an optimization for the best performance of the 
system as EDM is essential. It is also evident from Table 4a that at 
any fixed operating voltage for a fixed discharge time, maximum 
temperature of the Cu workpiece at a fixed depth increases with 
the increase of operating average current first and then decreases 
with the increase of operating average current. Therefore, it can be 
concluded from Table 4a that for every discharge time (10-50ms), 
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maximum temperature of Cu workpiece optimizes at operating 
current of 15 ampere when machine operates at an average voltage 

of 100 volt. On the other hand, the similar behavior is not valid for 
AISI SS 304 workpiece (Table 4b). 

Table 4a: Maximum Temperature along the axial direction of workpiece (Cu) for operating voltage of 100 volt at various 
operating current with various discharge time.

Discharge Time (ms) 10 20 30 40 50

Average Current (Amp)      

10 1173.21 1656.61 2112.84 3014.5 3842.41

15 1278.24 1803.05 2299.21 3300.76 4217.54

20 1188.12 1643.22 2073.62 2973.3 3788.65

30 1020.03 1366.57 1693.33 2415.35 3054.48

40 842.05 1082.29 1306.81 1847.47 2303.68

Table 4b: Maximum Temperature along the axial direction of workpiece (AISI SS 304) for operating voltage of 50 volt at 
various operating current with various discharge time.

Discharge Time (ms) 10 20 30 40 50

Average Current (Amp)  

10 2339.49 2614.58 2421.08 2027.28 1597.65

15 3437.29 3824.54 3480.49 2833.56 2146.2

20 4419.61 4933.64 4490.41 3650.98 2758.37

25 5323.59 5962.16 5433.92 4417.59 3329.99

Figure 8a: 3D Temperature profile of Cu workpiece at 
100V and 15A for discharge time of 20s.

Figure 8b:  A side view of 3D Temperature profile of Cu 
workpiece at 100V and 15A for discharge time of 20s.

But Table 4b shows that optimization of maximum temperature 
of AISI SS 304 workpiece is occurred for a discharge time of 20ms 
for an operating average current of 15 amp provided that machine 
operates on an average voltage of 50 volt. Therefore, if the machine 
is operated on 100 volt then optimum operating current should 
be 15 ampere to get the maximum temperature at any axial point 
that is at a fixed depth of the workpiece Cu under study whereas 
the optimization of maximum temperature of AISI SS workpiece 
takes place at any discharge time of 20ms for operating condition 
of machine at 50 volt and 15 amp. So, optimization of the machine 
parameters can be fixed from this kind of study. Material removal 
rate can be simply defined as the amount of material removed per 
unit time. In this paper we have addressed the material removal rate, 
which is the quantification of the material removed for a certain 

period of time. MRR depends on the temperature of the workpiece 
beyond its melting point. The melting point of the workpiece under 
study is 1356 oK. It can be easily said from Figure 6 that, if machine 
is operated at a voltage of 100 volt with an operating current of 
30 ampere, the temperature occurred at a depth of 55mm for a 
discharge time of 20ms goes beyond the melting temperature and 
accordingly 55mm can be taken as the depth of the workpiece at 
which melting starts. It can be mentioned from Figure 4 that at this 
discharge time the radius of the plasma channel becomes 2.4mm. 
The volume of the material cut is obtained as 8.72x104((mm)3 
and subsequently the material removed in weight is quantified as 
0.7534mg. In a similar way, the amount of AISI SS 304 material 
removed is obtained as 0.01mg. Performance is assessed in terms 
of maximum amount of MRR for a very short time (Figure 9a & 9b).
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Figure 9a: 3D Temperature profile of AISI SS 304 
workpiece at 50V and 15A for discharge time of 20s.

Figure 9b: A side view of 3D temperature profile of AISI 
SS 304 workpiece at 50V and 15A for discharge time of 

20s.

Conclusion
The theoretical model for the micro-EDM process has been 

developed based on the electro-thermal output. The present 

model computes the temperature distribution along the vertical 
and radial axes of the workpiece (job). The input parameters to 
approximate the dimensional geometry of the removed material 
are taken from the simulated results. Monte Carlo simulation has 
been applied for numerical computation of the integral appeared in 
the analytical formula of the temperature distribution (Eq. (6) and 
(10)). Future work is planned for validating the theoretical results 
of the temperature profile and crater depth, with the corresponding 
experimental result. In summary, the present model can simply 
offers quick information for performing experiment with EDM by 
simple adjustment of the parameters.
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