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Abstract Wire electrical discharge turning (WEDT) process
is one of the emerging non-traditional machining processes for
manufacture of micro- and axi-symmetric components. In
WEDT process, material is removed by successive sparks that
form craters. The material removal by crater formation is
associated with energy supplied in the gap referred as dis-
charge energy. This energy must be controlled for effective
machining. In this paper, a model is proposed for predicting
the crater diameter based on anode erosion. Finite element
method (FEM) is used to simulate the crater for different
plasma flushing efficiency. Effect of discharge energy devel-
oped in the gap, physio-thermal properties of the material are
considered for modeling. The erosion energy required to form
a crater is also evaluated using anode erosion model. The
proposed models are validated by conducting WEDT experi-
ments on high-tensile steel [AISI 4340]. The crater morphol-
ogy is investigated by using images obtained from scanning
electronmicroscope (SEM) and energy-dispersive X-ray anal-
ysis. The crater diameter predicted by anode erosion and FEM
models are compared with diameter obtained from SEM mi-
crograph. The results obtained from the proposed models are
well in agreement with the experimental results. The anode
erosion model predicts the crater diameter and erosion energy
with an average absolute error of 5.65 and 17.86 %, respec-
tively. By estimating the energy required to erode a material
and by setting appropriate process settings, the discharge
energy can be effectively utilized for material removal.

Keywords Wire electrical discharge turning . Discharge
energy . Anode erosionmodel . Plasma flushing efficiency .

Crater diameter . Erosion energy

Nomenclature
cp Specific heat capacity (joule per kilogram

per degree Celsius)
q(r) Heat flux (watts per square meter)
D Diameter of crater (meters)
r Radius of crater (meters)
E Discharge energy (joules)
R Radius of spark (meters)
Ee Erosion energy (joules)
t Time (seconds)
Fc Constant fraction of total power
te Discharge time (microseconds)
hc Convective heat transfer co-efficient

(watts per square meter per degree Celsius)
T0 Initial/ambient temperature (degree Celsius)
Hv Enthalpy of vaporization (joules per kilogram)
Tm Temperature at melting condition (degrees Celsius)
i(t) Discharge current (amperes)
Tb Temperature at boiling condition (degrees Celsius)
k Thermal conductivity (watts per meter per degree

Celsius)
u(t) Discharge voltage (volts)
Lm Latent heat of melting (joules per kilogram)
Vc Volume of crater (cubic meter)
Lv Latent heat of vaporization (joules per kilogram)
ρ Density of material (kilograms per cubic meter)

1 Introduction

Electrical discharge machining (EDM) is an electro-thermal
non-traditional machining process with complex metal re-
moval mechanism, through formation of plasma channel
between the tool and work piece electrodes for electric flow,
causing melting and evaporation of the work piece material.
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Wire-electro discharge machining (Wire-EDM or WEDM) is
one of the important non-traditional machining processes
used for machining of difficult-to-machine materials and
especially intricate profiles. Among the configurations of
WEDM wire electrical discharge turning (WEDT) is an
emerging area developed to generate cylindrical forms on
hard and difficult-to-machine materials by adding a rotary
axis.

The electrical discharges in the EDM process is highly
complex and stochastic in nature, and involves a combina-
tion of several disciplines such as electric, magnetic, ther-
mal, mechanic, dynamic, or hydraulic. Modeling of EDM
process is quite difficult due to non-linear relationship be-
tween the input process parameters and output performance
parameters [1, 2]. Several researchers have proposed theo-
retical model for predicting the crater dimension in EDM
and WEDM process. Erden and Kaftanoglu [3] proposed a
theoretical hypothesis to predict the behavior of materials for
different energy functions and obtained an optimum energy
function for achieving higher material removal rate. Wong
et al. [4] attempted to measure power dissipated in the gap
directly using micro-computer-based instrumentation and
proposed a theoretical hypothesis for power during EDM
process. Researchers proposed model based on plasma chan-
nel growth to predict crater diameter, thickness of thermally
damaged layer and relative electrode wear with limited
experimental results [5, 6]. Temperature-dependent material
properties and a one-dimensional heat flow point heat source
were employed to predict the crater diameter considering
only the melting phenomena and compared with limited
experimental results. However, the effect of vaporization is
neglected [1, 7]. The shape of crater, Material Removal Rate
(MRR), and roughness is predicted using the temperature
developed on the workpiece, and observed erosion rate
increases with increase in current density [8–10]. An exper-
imental study states that the crater diameter, MRR, rough-
ness, surface crack density, and recast layer thickness in-
creases with increase in discharge energy [2, 11, 12]. Wang
and Han [13] simulated the debris and bubble moment for
consecutive pulse discharge in the machining gap and stated
as the discharge current increases the bubbles moved to the
outlet of the side gap decreases. Various thermal models
proposed for predicting crater diameter in EDM have over-
predicted the results compared with the experimental values
due to simplifying assumptions like uniform distribution of
heat flux, constant spark radius, neglecting the effect of
vaporization, etc.

A simple computational model is developed to predict
the failure of wire due to thermal load using input power,
pulse on-time, wire velocity, and wire diameter [14].
Researchers proposed model to predict the temperature
developed along the wire for varying cutting conditions,
and stated maximum temperature is developed at the exit

of the wire region [15, 16]. Spur and Schonbeck [17]
developed a model to predict the crater depth and diam-
eter using heat flux and stated the radius of crater and
molten volume increases with increase in discharge time.
Models based on process parameters were proposed for
predicting crater dimension, and stated crater depth in-
creases with increase in crater diameter [18, 19]. An
attempt has been made to model the cutting speed, sur-
face roughness and waviness using response surface
methodology (RSM) and artificial neural network using
WEDM input parameters like pulse on time, pulse off
time, wire tension, and dielectric flushing pressure [20].
The influence of WEDM process parameters on specific
discharge energy of different materials is studied and
found that the discharge efficiency is higher for smaller
discharge gap [21].

Researchers have contributed to machining of cylindrical
components using WEDT process. Turning of small pins of
5 μm diameter and micro-spindles using WEDM can be
used for miniature products with roughness and dimensional
accuracy of the order of 10 nm [22]. An attempt has been
made to study the feasibility of cylindrical wire EDM pro-
cess for high material removal and assessed the possible
surface finish and roundness in producing free-form geom-
etries using WEDM process [23, 24]. Authors have studied
the effects of power, pulse off time, voltage, and spindle
rotational speed on MRR, roughness, and roundness of the
machined parts using RSM in cylindrical WEDT process
[25, 26]. A pulse discriminating algorithm has been pro-
posed for classifying open circuit, normal, arc, and short
circuit pulses with a comparative study on the influence of
process parameters on WEDM and WEDT processes [27].
Most of the work on crater formation or associated mor-
phology is based on one-dimensional heat conduction equa-
tion validated with limited experimental data. Also, the
effect of vaporization on crater formation is neglected. Not
much work is carried out in modeling crater diameter in wire
electrical discharge turning process.

In the present work, anode erosion model and finite
element modeling (FEM) are developed to predict the
crater diameter using physical and thermal properties of
the work material. Using anode erosion model, the
energy required to erode the material and form a crater
is evaluated. The proposed models are verified by
conducting WEDT experiments varying process parame-
ters such as pulse off time, servo feed, and spindle
rotation. The effect of discharge energy during WEDT
process on crater morphology of the machined compo-
nents is investigated. The crater morphology is analyzed
by using images obtained from scanning electron micro-
scope (SEM). The details of models, experiments car-
ried out, and the results obtained are presented in this
paper.
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2 Theoretical model for predicting crater diameter
and erosion energy

2.1 Anode erosion model

It is a known fact that each discharge removes a very small
amount of material during WEDT process, and after a cumu-
lative number of discharges, a desired amount of material is
removed. The energy supplied in the inter-electrode gap dur-
ing the discharge is transformed into heat energy. During the
erosion process, the input parameter is discharge energy, and it
is required to find a correlation between erosion at the elec-
trodes and the energy inputs at the anode and cathode zones,
with due consideration to the latent heats of change of state
[28]. The following assumptions were made to develop a
model for predicting crater diameter.

1. Each pulse results in formation of a crater.
2. All pulses are assumed to be normal erosion pulse, and the

energy required to form a crater is same for all the pulses,
i.e., the effect of inactive pulses such as short-circuit and
open voltage are neglected.

3. The fraction of discharge energy going into work piece is
assumed to be constant during the pulse.

4. The heat generated during discharge is transmitted into
the work piece by conduction. The convective and radia-
tion heat transfer coefficients are assumed to be
negligible.

5. The average thermo-physical properties of the steel mate-
rial are assumed to be constant in all three phase solid,
liquid, and vapor [7]. The average thermo-physical prop-
erties are given in Table 1. The enthalpies of phase change
are neglected [29]

6. The work piece material is homogeneous and isotropic
[29]

7. In the present work, the boiling temperature of steel
(2,886 ° C) and stainless steel (3,000 ° C) are close; the
latent heat of vaporization of stainless steel is used [29]

At the interface separating the solid and the liquid phases,
energy is liberated or adsorbed at a rate proportional to the

volumetric rate of conversion of the material (dVc/dt), and that
energymust be balanced by the energy flow from the interface
represented by the Eq. 1 [7].

FcVI ¼ ρLm
dVc

dt
ð1Þ

Where Fc is the constant fraction of total power VI, ρ is
density, and Lm is latent heat of melting.

In Eq. 1, only a fraction of discharge energy (18 %) is
considered as effective energy utilized for removal of material,
and the effects of vaporization is not considered. The debris
and metallic particles expelled from the electrodes can be
grouped under two categories. First, solid spheroids, resulting
from the removal of molten metal, was followed by a coales-
cence phenomenon. Second, hollow spheroids or shells are
believed to be expelled in the vapor phase, each forming a
bubble in the cool dielectric and thus condensing rapidly
enough to take on the geometry of the bubble [28].

The discharge energy delivered by each pulse is taken as
the input parameter, and the effect of vaporization is also
considered while predicting the crater diameter using
physio-thermal property of the material. Hence, the equation
proposed by Dibitonto et al. [7] is modified as Eq. 2 for
predicting the volume of crater (Vc) as

Vc ¼ 0:18E

ρ Lm þ Lvð Þ ð2Þ

Where Vc is volume of crater, E is discharge energy for
single pulse, ρ is density of the material and Lm& Lv are latent
heat of melting and vaporization.

In this wok the discharge energy is computed from voltage
and current pulse trains acquired using digital storage oscillo-
scope. The discharge energy for single pulse is given by the
Eq. (3) [2]

Energy Eð Þ ¼
Z

0

te

u tð Þi tð Þdt ð3Þ

The crater is assumed to be of hemi-spherical shape, and
the radius of crater is determined as

Vc ¼ 2

3
πr3 ð4Þ

Where r is the radius of crater. Combining Eqs. 2 and 4, we
get

r ¼ 0:086E

ρ Lm þ Lvð Þ
� �1

3

ð5Þ

Table 1 Average thermo-physical property of steel material

Thermo-physical property Values

Density (ρ) 7,545 kg/m3

Specific heat capacity (Cp) 575 J/(kg °C)

Melting temperature (Tm) 1,535 °C

Boiling temperature (Tb) 2,886 °C

Latent heat of melting (Lm) 247 kJ/kg

Latent heat of vaporization (Lv) 6,500 kJ/kg
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The diameter of crater is predicted from the following cubic
equation

D ¼ 2 � 0:086E

ρ Lm þ Lvð Þ
� �1

3

ð6Þ

The actual energy used to erode the material to form a
crater by considering vaporization is given by Eq. 7, the
product of volume of crater, density of material, and enthalpy
of vaporization [29].

Ee ¼ VcρHv ð7Þ

Where Ee is erosion energy required to form crater, and HV

is enthalpy of vaporization. From thermodynamics, the energy
necessary to vaporize a given amount of metal is given by the
following Eq. 8 [12]:

Hv ¼
Z Tm

To

cp dT þ Lm þ
Z Tb

Tm

cp dT þ Lv ð8Þ

In this approach, the Vc and HV in Eq. 7 is replaced by
Eqs. 2 and 8, respectively. The equation for evaluating the
erosion energy based on anode erosion model is given by

Ee ¼ 0:18E

Lm þ Lvð Þ
� � Z Tm

To

cp dT þ Lm þ
Z Tb

Tm

cp dT þ Lv

� �

ð9Þ

2.2 Thermal modeling with finite element method

In EDM, the tool and work piece are immersed in the dielec-
tric liquid, separated by a small gap. Application of voltage
pulses across the small gap gives rise to electrical breakdown
of the dielectric. The breakdown arises from the acceleration
towards the anode of both the electrons emitted from the
cathode by applied electric field and the stray electrons present
in the gap. These electrons collide with neutral atoms of the
dielectric, thereby creating positive ions and further electrons,
which in turn are accelerated towards the cathode and anode,
respectively. When the electrons and positive ions reach the
anode and cathode, they give up their kinetic energy in the
form of heat [30, 31]. In WEDM and WEDT, the erosion
mechanism is same as that of EDM; the only difference is in
WEDM the continuously travelling wire electrode is used as
the tool, and an additional rotary axis is given to the work
piece in WEDT process. However, in WEDM, pulses are of
short duration with a highly transient discharge current [17].
For thermal analysis of WEDT process, conduction is consid-
ered to be the mode of heat transfer. Apart from assumptions

in section 2.1, the following are used to develop this model for
predicting crater diameter during WEDT process.

1. The shape of the heat source is assumed to be Gaussian
distribution. The incident of heat flux on the domain is
assumed to be axisymmetric.

2. The boundaries far from the region of spark is assumed to
be insulated boundary.

3. During discharge, the material in the super-heated region
is removed completely, and only a fraction of molten
material is removed at the end of discharge.

2.2.1 Governing equation

The three-dimensional transient heat conduction equations
with no heat generation are taken for thermal analysis of
WEDT process, which can be given as

1

r

∂
∂r

kr
∂T
∂r

� �
þ 1

r2
∂T
∂∅

k
∂T
∂∅

� �
þ ∂

∂z
k
∂T
∂z

� �
¼ ρcp

∂T
∂t

ð10Þ

Where r, z, Ø are the co-ordinates of cylindrical work
domain; T is the temperature; k is thermal conductivity; ρ is
density; and cp is specific heat capacity of work piece material.
The domain considered for analysis is assumed to be of axi-
symmetric ∂T

∂∅ ¼ 0 .

Therefore Eq. 10 becomes

1

r

∂
∂r

kr
∂T
∂r

� �
þ ∂

∂z
k
∂T
∂z

� �
¼ ρcp

∂T
∂t

ð11Þ

2.2.2 Boundary and initial conditions

A small cylindrical portion of the work piece around the spark
is selected as domain. Figure 1 shows the schematic represen-
tation of thermal model used for WEDT process comprises of
four boundaries (B1, B2, B3, and B4). Top surface B1 of work
piece is subjected to heat flux up to sparking radius ‘R’ using
Gaussian distribution, and beyond ‘R’ surface, B1 is in contact
with dielectric medium; heat loss is modeled by using con-
vective heat transfer. Boundaries B2 and B3 are far away from
the spark zone that there is no heat transfer across them.
Boundary B4 is the axis of symmetry, as there is no heat gain,
or loss heat flux is assumed to be zero. Therefore, the bound-
ary conditions arewhen t>0

K ∂T=∂zð Þ ¼
hc T−Toð Þ r > R
q rð Þ r≤R on B1

0 for pulse off ‐time

8<
: ð12Þ

and ∂T=∂nð Þ ¼ 0 on B2; B3; B4 ð13Þ

1232 Int J Adv Manuf Technol (2015) 77:1229–1247



Here, q(r) is the quantity of heat flux entering into the work
piece, hc is convective heat transfer co-efficient, To is the room
temperature, and direction n is normal to boundary. The initial
temperature Ta is taken as ambient temperature of the dielec-
tric in which the domain is submerged. Therefore

Ta ¼ Toat t ¼ 0 ð14Þ

2.2.3 Heat source

The important parameters which need to be considered for
predicting the crater diameter are the fraction of heat input to
the work piece, type of the heat source, and thermo-physical
properties of the material. Researchers have attempted to
predict the crater diameter assuming uniformly distributed
heat source within a spark [5, 32] and point heat source [7].
Both these cases are simplistic as, in actual practice, neither a
point heat source (like laser beam) nor any uniform (constant)
application of heat on the work piece were there [1].

In the present work, Gaussian heat flux distribution is used
to approximate the heat from plasma [33]. If the maximum
heat flux q0 at the axis of a spark and its radius r are known,
then the heat flux q(r) at radius r is given by

q rð Þ ¼ q0exp −4:5
r

R

� �2
� 	

ð15Þ

The maximum heat flux (q0) can be calculated using the
equation

q0 ¼
4:45FcVI

πR2 ð16Þ

where Fc is the fraction of energy transferred to work piece, V
is discharge voltage, I is discharge current, and R is spark
radius.

2.2.4 Energy distribution (Fc) factor

During EDM process, among the total energy dissipated in the
gap, only a fraction of energy is been transferred/conducted
through work piece; the remaining are lost to tool electrode
and dielectric in the gap. From literature, different proposed
values of energy distribution factor (Fc) are observed, ranging
from 0.18–0.50 [5, 7, 34]. Spur and Schonbeck [17] approx-
imated Fc to be 0.12. In this present work, the value of Fc is
taken as 0.183, and its effect on crater diameter is analyzed [7].

2.2.5 Spark radius (R)

Spark radius is one of the important factors in thermal model-
ing of WEDT process. Experimentally, it is very difficult to
measure the spark radius, since the arc plasma completes
expanding within few microseconds after dielectric break-
down [35]. Various approaches have been proposed for find-
ing the spark radius as a function of discharge duration. The
plasma channel radius can be represented as product of con-
stant defining the size of the plasma channel and discharge
duration [10, 36] and also as a function of current rise time and
thermo-physical properties of material [6, 17]. However, the
spark radius is dependent on the discharge current and dis-
charge duration. In this work, the spark radius is calculated by
using the “equivalent heat input radius” [37],

R ¼ 2040I0:43t0:44e ð17Þ

where I is discharge current and te is discharge time.

2.2.6 Metal removal efficiency and criterion for material
removal

Metal removal efficiency or plasma flushing efficiency is total
molten material removed from the molten pool at the end of
pulse, while the remaining material resolidifies within the
crater and its vicinity. Several authors carried out their model-
ing of EDM process considering the metal removal efficiency
as 100 % [1, 33, 34]. In practice, it is not possible to achieve
100 % metal removal efficiency due to complexity and sto-
chastic nature of EDM process. The metal removal efficiency
of electrodes is varied between 2 and 96 % [7], 10–20 % [32],
and 0.3–10% [38–40] that resulted in over-prediction of metal
removal compared with the experimental results. In this pres-
ent work, the metal removal efficiency is taken as 3 %.

The criterion for metal removal (crater generation) is cal-
culated based on the temperature distribution inside the work

= 0= 0

= 0

Fig. 1 Thermal model for WEDT process
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piece on application of heat flux. In the present model, the
melting temperature (Tm) of the work piece is taken as refer-
ence, and every element on the work piece that has reached the
temperature higher than Tm will be removed.

2.2.7 Crater formation simulation steps

The simulation of crater formation is carried out by solving the
governing Eq. 11 and employing boundary conditions in
Eqs. 12 and 13 with Gaussian distributed heat flux as heat
source for each spark of WEDT process. ANSYS™ 12.0
commercially available software for FEM analysis is used.
A two-dimensional model of size 0.3×0.3 mm is developed
for analysis. Four-noded, axisymmetric, thermal solid element
(PLANE 55) was used [1]. Average physical and thermal
properties of material thermal conductivity, specific heat ca-
pacity, and density of material were employed. ANSYS Para-
metric Design Language [41] was used to build the single
spark WEDT model and repeated for different input process
parameters. The following are the important steps adopted in
determining the crater diameter

A model is created using PLANE 55 thermal solid
element with fine mesh. Average physical and thermal
properties of work material such as thermal conductivity,
specific heat capacity, and density are applied. The initial
and bulk temperatures are set as 298 K. Heat flux is
applied at the region of spark. The temperature distribu-
tion is calculated for discharge duration. The elements
and nodes above the melting temperature are identified

and removed from mesh [1]. Figure 2 shows a typical
temperature distribution, and Fig. 3 shows 2D axi-
symmetric expansion of a bowl-shaped crater geometry
predicted by FEM model for AISI 4340 work material,
discharge voltage 92 V, discharge current 2.5 A, and
discharge duration 38 μs.

However, Fig. 3 represents the crater geometry predicted
by FEM model with 100 % plasma flushing efficiency (ideal
case). As stated earlier, in practice, only a fraction of molten
material will be ejected from the melt pool. Therefore, only a
fraction of total molten volume is used to predicting the final
crater diameter. The following procedure is adopted to predict
the actual crater diameter by taking into account the metal
removal efficiency.

1. Using the above procedure, the ideal volume of crater for
given process parameter is calculated using the radius and
depth of crater.

2. Actual volume of crater is only a fraction of ideal volume
of crater due to re-solidification of molten material. In this
present work, the 1–4 % of metal removal efficiency is
taken for consideration for finding the actual volume of
crater.

3. Experimentally obtained crater on machined surface are
measured at three different locations using SEM images.

4. The depth of crater is obtained from 3D topography of
components machined under same process parameters
conditions. Using this depth, the actual crater diameter is
evaluated.

Fig. 2 Temperature distribution
contour at the end of spark
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3 Experimental details

Experiments were conducted on Electronica ECOCUT ma-
chine with four controllable axes. Brass wire of diameter
0.25 mm was used as the electrode and deionized water as
the dielectric medium. EN 24 [AISI 4340] high-tensile steel
was used as the work piece material, considering its applica-
tions as heavy-duty axle shafts, pinions, torsion bars, etc. The
chemical composition of the work piece is obtained using
OES-ASTM E-415/99a test method, and their details are
given in Table 2. An external rotary setup developed by
Janardhan and Samuel [27] is used in the present work. The
experimental setup is shown in Fig. 4. The parameters such as
pulse off time can be varied from 9 to 42 μs, servo feed 0.5 to
11.5 mm/min, and spindle rotations from 3 to 98 rpm. These
parameters were input parameters. The parameters were se-
lected based on the preliminary experiments conducted in
WEDM process. Above 8.2 mm/min of servo feed, the ma-
chining is inconsistent. Experiments were conducted by vary-
ing input parameters in five levels. Pulse off time of 9, 15, 28,
34, and 40 μs, servo feed of 0.5, 3.2, 5.0, 6.5, and 8.2 mm/
min, and spindle rotation of 30, 45, 60, 75, and 90 rpm. Spark
gap, wire feed, and depth of cut were maintained constant at

40 μm, 3 m/min, and 0.1 mm, respectively. In this work, the
discharge energy is measured using Eq. 3.

4 Results and discussion

4.1 Influence of process parameters on discharge energy

Discharge energy is calculated by Eq. 3, and influence of
process parameters on discharge energy are given in Table 3.

Fig. 3 Predicted shape of crater
at end of spark using FEM
analysis (radius, 60 μm; depth,
44 μm)

Table 2 Chemical composition (wt%)

Steel C Mn Si S P Cr Ni Mo

EN 24 0.39 0.50 0.22 0.02 0.03 1.24 1.43 0.22

Wire feeding 
head

Differential 
Voltage Probe

Digital Storage 
Oscilloscope

Rotary 
Setup

Current 
Probe

Work piece

Fig. 4 Rotary setup and pulse train data acquisition system of WEDT
process
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Table 3 Experimental result on discharge energy

S. no. Pulse off
time (μs)

Servo feed
(mm/min)

Spindle rotation
(rpm)

Discharge
energy (J)

No. of pulses
per second

Discharge energy for single
spark (mJ)

1 9 0.5 30 5.903 566 10.42

2 45 4.493 502 8.96

3 60 4.203 583 7.21

4 75 3.413 692 4.93

5 90 4.337 489 8.87

6 3.2 30 1.813 1,365 1.33

7 45 2.737 1,068 2.56

8 60 2.393 1,021 2.34

9 75 2.590 980 2.64

10 90 2.583 966 2.67

11 5.0 30 3.770 588 6.41

12 45 2.520 1,046 2.41

13 60 3.907 443 8.83

14 75 2.563 920 2.79

15 90 2.003 972 2.06

16 6.5 30 2.643 832 3.18

17 45 2.443 709 3.45

18 60 2.033 1,045 1.95

19 75 1.900 978 1.94

20 90 1.527 870 1.75

21 8.2 30 2.563 1,046 2.45

22 45 1.850 1,074 1.72

23 60 1.760 957 1.84

24 75 1.460 926 1.58

25 90 1.463 928 1.58

26 15 0.5 30 3.947 1,378 2.86

27 45 3.623 1,148 3.16

28 60 3.517 1,254 2.80

29 75 3.857 1,108 3.48

30 90 3.903 1,184 3.30

31 3.2 30 3.583 1,447 2.48

32 45 2.363 1,059 2.23

33 60 2.157 2,297 0.94

34 75 2.273 1,249 1.82

35 90 2.270 1,143 1.99

36 5.0 30 2.650 1,348 1.97

37 45 2.383 1,113 2.14

38 60 2.400 1,710 1.40

39 75 1.940 1,314 1.48

40 90 1.650 1,394 1.18

41 6.5 30 2.470 1,028 2.40

42 45 1.933 1,394 1.39

43 60 1.673 1,394 1.20

44 75 1.697 1,285 1.32

45 90 1.407 1,464 0.96

46 8.2 30 1.913 1,470 1.30

47 45 1.740 1,525 1.14

48 60 1.677 1,529 1.10
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Table 3 (continued)

S. no. Pulse off
time (μs)

Servo feed
(mm/min)

Spindle rotation
(rpm)

Discharge
energy (J)

No. of pulses
per second

Discharge energy for single
spark (mJ)

49 75 1.740 1,319 1.32

50 90 1.420 1,247 1.14

51 28 0.5 30 3.567 1,254 2.84

52 45 3.247 988 3.29

53 60 3.137 1,255 2.50

54 75 3.153 1,672 1.89

55 90 3.447 1,190 2.90

56 3.2 30 3.007 2,094 1.44

57 45 2.310 2,065 1.12

58 60 1.957 1,881 1.04

59 75 2.200 2,128 1.03

60 90 2.080 1,891 1.10

61 5.0 30 2.373 2,388 0.99

62 45 2.260 1,063 2.13

63 60 2.187 1,069 2.05

64 75 1.743 1,817 0.96

65 90 1.627 1,942 0.84

66 6.5 30 2.380 2,272 1.05

67 45 1.850 1,979 0.93

68 60 1.567 1,784 0.88

69 75 1.603 1,837 0.87

70 90 1.397 1,741 0.80

71 8.2 30 2.363 2,005 1.18

72 45 1.503 1,774 0.85

73 60 1.607 1,805 0.89

74 75 1.373 1,843 0.75

75 90 1.393 1,675 0.83

76 34 0.5 30 3.267 2,461 1.33

77 45 2.997 1,366 2.19

78 60 2.850 2,017 1.41

79 75 2.803 1,667 1.68

80 90 2.773 1,398 1.98

81 3.2 30 2.437 3,221 0.76

82 45 2.147 2,702 0.79

83 60 1.570 2,110 0.74

84 75 1.710 2,123 0.81

85 90 1.987 1,894 1.05

86 5.0 30 2.178 2,130 1.02

87 45 2.187 2,434 0.90

88 60 2.080 2,514 0.83

89 75 1.697 1,967 0.86

90 90 1.683 1,941 0.87

91 6.5 30 2.367 3,087 0.77

92 45 1.710 2,335 0.73

93 60 1.420 1,990 0.71

94 75 1.567 1,915 0.82

95 90 1.313 2,025 0.65

96 8.2 30 1.897 2,715 0.70
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The energy level drops down with increase in pulse off dura-
tion.With increased pulse off duration—possibly formation of
re-solidified/recast layer—the gap resistance can increase,
resulting in gap energy drop. For all spindle rotation and pulse
off duration, discharge energy is higher at 0.5 mm/min of
servo feed and decreases at higher servo feed (5.0 and
8.2 mm/min). At lower servo feed of 0.5 mm/min, the average
gap between the tool, and work piece is higher that leads to
higher discharge energy in the gap as shown in Fig. 5. So, the
discharge energy for individual pulse is higher at lower servo
feed as given in Table 3. At higher servo feed (5.0 and 8.2mm/
min), the gap between the tool and work piece reduces,
leading to arcing tendency. This results in reduction of dis-
charge energy in the gap and individual pulse. For all servo

feeds and pulse off time, with increasing spindle rotation,
discharge energy decreases. As the spindle speed increases,
a better flushing of the inter electrode gap occurs, maintaining
a clean/clear dielectric environment. This results in reduced
energy level as shown in Fig. 6. From Table 3, it is observed
that, for a given pulse off time and spindle rotation, mostly
increasing servo feed, the number of pulses acquired per
second increases [27]. As the pulse off time increases, the
capacitor discharges the more amount of charge stored in it,
resulting in increased number of pulses. However, the magni-
tude of the individual power pulse reduces that resulted in
reduced discharge energy in the gap as shown in Fig. 7.
During machining, each spark results in formation of a crater
both on wire (tool) and on the machined work piece. It is

Table 3 (continued)

S. no. Pulse off
time (μs)

Servo feed
(mm/min)

Spindle rotation
(rpm)

Discharge
energy (J)

No. of pulses
per second

Discharge energy for single
spark (mJ)

97 45 1.480 2,164 0.68

98 60 1.030 1,705 0.60

99 75 1.317 1,932 0.68

100 90 1.290 1,769 0.73

101 40 0.5 30 2.470 3,162 0.78

102 45 2.887 2,429 1.19

103 60 2.880 2,815 1.02

104 75 2.520 3,037 0.83

105 90 2.563 2,711 0.95

106 3.2 30 2.307 4,055 0.57

107 45 2.053 3,697 0.56

108 60 1.490 3,690 0.40

109 75 1.687 3,047 0.55

110 90 1.837 2,619 0.70

111 5.0 30 2.147 3,762 0.57

112 45 1.833 3,167 0.58

113 60 1.647 1,937 0.85

114 75 0.927 1,775 0.52

115 90 1.247 2,356 0.53

116 6.5 30 1.793 3,345 0.54

117 45 1.350 2,396 0.56

118 60 1.003 1,962 0.51

119 75 0.927 1,532 0.60

120 90 1.043 1,675 0.62

121 8.2 30 1.500 3,732 0.40

122 45 1.350 2,496 0.54

123 60 0.850 1,511 0.56

124 75 1.200 1,489 0.81

125 90 0.940 1,592 0.59
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difficult to view increase in the number of pulses that results in
formation of a crater on the machined work piece due to crater
overlap [7, 20, 42]. The increase in the number of pulses can
be seen on the spark-eroded wire electrode. For constant wire
feed, increasing the servo feed from 0.5 to 8.2 mm/min, the
increase in number of pulses can be seen from the SEM
micrograph of the spark-eroded wire electrode. The micro-
graph of the spark eroded wire at a magnification of 500X is
shown in Fig. 8. For a constant wire feed, the less number of
sparks occurred at servo feed of 0.5 mm/min and more num-
ber of sparks occurred at 8.2 mm/min which resulted in crater
overlap on the spark-eroded wire being viewed.

4.2 Influence of discharge energy on crater morphology

The morphology of crater formed during erosion as a function
of discharge energy is studied using SEM. Each discharge
results in the formation of a crater. The discharge energy

supplied in the inter electrode gap is spent to heat, melt, and
vaporize the electrode material. The SEM micrograph of the
crater generated for different discharge energy is given in
Fig. 9. Furthermore, it is observed that, the crater is shallow
[11], and the diameter of crater (D) increases with increase in
the discharge energy developed in the gap [19, 42, 43]. From
the micrograph (Fig. 9), it is observed that the energy is
effectively used in forming crater at low discharge energy
compared with that of higher discharge energy. The diameter
of crater is calculated from SEM micrograph [44] assuming
the crater as the partially filled sphere. After the discharge
ceases, the pressure, due to discharge over the molten metal, is
removed, and pressurized gases expand and cause scattering
of the molten metal away from the electrode surface. Scattered
material droplets solidify in the cold dielectric liquid and form
mostly global spheres. Spherical globules indicate the surface
energy is minimum during solidification [45] as indicated in
Fig. 9.

(a) 0.5 mm/min 

(b) 8.2 mm/min 

Fig. 5 Effect of pulse off time on energy at different servo feed

(a) 30 rpm 

(b) 90 rpm 

Fig. 6 Effect of pulse off time on energy at different spindle speeds
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Apart from observation of crater morphology, possible
chemical alterations/material responses to formation of crater
are also assessed. Researchers have studied the possible chem-
ical alterations on the machined surface using energy-
dispersive X-ray (EDAX) and X-ray diffraction analysis dur-
ing WEDM process [45–47]. In this wok, the chemical alter-
ation undergone by a crater formed during WEDT process is
studied through EDAX analysis. Typical EDAX profile of
critical zone is illustrated in Fig. 10.

The area EDAX investigation is carried out on a localized
crater. The energy dispersion profile (EDS) pertaining to
region of observed crater is shown in Fig. 10 for component
machined at pulse off duration of 9 μs, servo feed 5.0 mm/
min, and spindle rotation 90 rpm. It is observed the presence
of carbon or oxygen reduced amount of chromium that can be
seen. This indicates possible depletion of chromium from
material during crater formation. With 28 μs pulse off dura-
tion, tendency to arcing that leads to reduction in chromium

(Cr, 0.70 wt%) or iron (Fe, 54.13 wt%). The amount of carbon
(C, 8.41 wt%) and oxygen (O, 4.10 wt%) reduces. This may
be attributed to possible depletion of Cr and dissociation of
iron carbide (FeC). It is also observed that the percentage of
oxygen is more at pulse off time 9 μs, servo feed 5.0 mm/min,
and spindle rotation 90 rpm (8.37 wt%) compared with that of
pulse off time 28 μs, servo feed 5.0 mm/min, and spindle
rotation 90 rpm (4.10 wt%), and pulse off time 40 μs servo
feed 5.0 mm/min, and spindle rotation 90 rpm (4.74 wt%).
This can be attributed to the decomposition of water in the gap

(a) At servo feed 0.5 mm/min 

(b) At servo feed 8.2 mm/min 

Fig. 7 Combined voltage, current, and power pulse train for normal
pulse acquired at pulse off time 9 μs and spindle rotation 30 rpm

8.2 mm/min

C

C

C 

C

C

Wire electrode 

Wire electrode 

C C 

0.5 mm/min

Fig. 8 SEMmicrograph of spark-eroded wire electrode at different servo
feed (C crater)
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at higher energy, resulting in increased percentage of oxygen
[46]. With 40 μs pulse off duration, tendency of arcing, and
vaporization of work piece material is splat-cooled (rapid
cooling) and redeposit on the same crater which resulted in
increased chromium (Cr, 1.07 wt%) and Iron (Fe 62.28 wt%).
With increase in pulse off duration, a drop in discharge energy
with a rise in number of pulses occurs. This results in

increased arcing tendency. With increased arcing, the vapor-
ized (eroded) material is splat-cooled (rapid cooling), and the
presence of spherical globules supplements this.

4.3 Validation of proposed models

In order to validate the crater diameter predicted by anode
erosion model and simulation results from FEM, five experi-
mental data have been selected based on the discharge energy
for single spark varying from high to low. Table 4 shows the
details of machining parameters. The crater diameter is mea-
sured at three different locations, and their average value is
given in Table 4.

In order to know the actual amount of metal removed for
single spark during WEDT process, we have taken plasma
flushing efficiency from 2 to 4% for FEMmodel [40], and the
results are compared with experimental data. The depth of
crater is obtained by following the procedure given in
section 2.2.7. Figure 11 shows the 3D surface topography
and 2D cross-section of crater machined at 8.83 mJ of dis-
charge energy. The 2D profile of one of the craters formed
during machining is recorded and shown in Fig. 11b for
determining the depth of the crater. The 3D surface topogra-
phy and the 2D profile are captured using the BRUKER
ContourGT machine. Figure 12 shows the comparison of
crater diameter predicted by the proposed models (anode
erosion model and FEM model) for different plasma flushing
efficiency, with experimental results. It is observed that the
results obtained from finite element modeling with 3 % plas-
ma flushing efficiency matches well with the experimental
results. From Fig. 12, it is also observed that the crater diam-
eter predicted by the FEMmodel and anode erosion model are
in good agreement. In next section, the anode erosion model is
validated for predicting crater and erosion energy required to
form that crater in detail.

4.3.1 Comparison of measured and predicted crater diameter

The crater diameter predicted by anode erosion model for
different discharge energy varying from high to low using
Eq. 6 is given in Table 5. Experimentally, the crater is mea-
sured at three different locations onmachined component, and
its average value is taken for comparison. For a given dis-
charge energy, the predicted and measured diameter of crater
for single pulse is given in Fig. 13. It is observed from Fig. 13
that anode erosion model clearly fits in with the measured/
average crater size. From Table 5, it is observed that the anode
erosion model predicts the diameter of crater with average
absolute error of 5.65 %.

(a) Discharge energy 0.62 mJ (D =17µm)

(b) Discharge energy 6.41 mJ (D =38µm) 

G 

G 

G 

G 

G 

G 

Fig. 9 SEM micrograph of crater formed at different discharge energy
for single pulse (G, globules)
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4.4 Comparison of actual and evaluated erosion energy
for single crater

The erosion energy required in forming a crater is calculated
using Eq. 9, and the erosion energy required to form crater is
given in Table 6.

The evaluated erosion energy and experimentally mea-
sured erosion energy to form crater is given in Fig. 14. It
is observed at lower discharge energy for single pulse
(less than 2.05 mJ) that the erosion energy for experi-
mentally measured crater is higher than that of the eval-
uated erosion energy from the model. This is due to the

(a) EDAX properties of marked portion within crater 

(b) SEM image of the machined component

Element Wt% At% 
CK 11.70 33.57 
OK 08.37 18.03 
SiK 00.44 00.53 
PK 00.06 00.07 
SK 00.15 00.16 

CrK 00.85 00.56 
MnK 00.48 00.30 
FeK 64.07 39.52 
NiK 00.71 00.42 
CuK 08.68 04.71 
ZnK 03.08 01.62 
MoK 01.41 00.51 

Matrix Correction ZAF 

Fig. 10 EDS and SEM
micrograph of component
machined at pulse off time 9 μs,
servo feed 5.0 mm/min, and
spindle rotation 90 rpm
(discharge energy, 2.003 J)

Table 4 Validation of anode erosion model and FEM model

Discharge
energy (mJ)

Average
voltage (V)

Average
current (A)

Discharge
duration (μs)

Measured average
crater diameter (μm)

Height measured from
3D topography (μm)

Predicted crater diameter (μm)

Anode erosion model FEM with [3 % PFE]

8.83 92 2.5 38 47 10 49.31 48.32

7.21 82 2 58 42 7 46.01 43.60

2.50 95 0.5 53 31 5 32.33 30.46

2.05 92 1 22 27 5 30.26 27.36

1.02 90 0.4 28 25 3 23.98 23.46
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 (a) 3D topography of machined surface 

(b) 2D profile of a crater  
Fig. 11 3D surface topography and 2D contour of a crater machined at 8.83 mJ of discharge energy
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phenomenon of increase in number of pluses that result-
ed in crater overlap.

5 Conclusions

An energy-driven modeling to predict the diameter of crater
and erosion energy required to form a crater using physio-
thermal properties of the material is proposed. Also, the effect
of input parameters such as pulse off time, servo feed, and
spindle rotation on energy consumption is also assessed dur-
ing wire electrical discharge turning process. The following
are the important conclusions drawn from this work.

& An anode erosion model is developed to predict the crater
diameter using discharge energy. Anode erosion model

Fig. 12 Comparison of predicted crater diameter with experimental
result

Table 5 Comparison of measured and predicted crater diameter for given discharge energy

S. no. Discharge energy for
single pulse (mJ)

Measured crater diameter at different locations (μm) Average crater
diameter (μm)

Anode erosion model

Location 1 Location 2 Location 3 Crater diameter (μm) Error (%)

1 8.87 43 49 49 47 49.31 −4.90
2 7.21 40 43 43 42 46.01 −9.56
3 6.41 38 45 51 45 44.25 0.94

4 3.48 34 37 40 37 36.09 2.45

5 3.29 32 32 34 33 35.43 −8.45
6 2.90 28 30 45 34 33.97 1.07

7 2.86 30 30 30 30 33.81 −12.70
8 2.84 30 34 34 33 33.73 −3.26
9 2.50 29 30 34 31 32.33 −4.28
10 2.45 28 33 37 33 32.11 1.70

11 2.19 32 30 30 31 30.93 −0.86
12 2.05 27 27 28 27 30.26 −10.70
13 1.48 24 32 39 32 27.14 14.28

14 1.41 29 34 29 31 26.71 12.91

15 1.33 23 24 34 27 26.19 2.99

16 1.30 21 28 27 25 26.00 −2.61
17 1.18 21 24 24 23 25.17 −9.43
18 1.14 23 24 29 25 24.88 1.78

19 1.02 24 24 27 25 23.98 4.09

20 0.95 17 17 31 22 23.41 −8.07
21 0.89 21 24 24 23 22.91 0.39

22 0.83 22 22 23 22 22.38 −0.23
23 0.78 15 21 23 20 21.93 −11.49
24 0.62 17 17 27 20 20.31 0.11

25 0.40 15 21 23 20 17.55 10.76

Average absolute error (%) 5.65
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Fig. 13 Comparison of average measured and predicted diameter of
crater

Table 6 Comparison of actual and evaluated erosion energy for a given crater

S. no. Discharge energy
for single pulse (mJ)

Erosion energy for craters measured on machined
component at three different locations (mJ)

Average erosion energy
for measured crater (mJ)

Anode erosion model

Location 1 Location 2 Location 3 Erosion energy (mJ) Error (%)

1 8.87 1.32 1.95 1.95 1.74 1.99 −14.22
2 7.21 1.06 1.32 1.32 1.23 1.61 −31.06
3 6.41 0.91 1.51 2.20 1.54 1.44 6.74

4 3.48 0.65 0.84 1.06 0.85 0.78 8.37

5 3.29 0.54 0.54 0.65 0.58 0.74 −27.22
6 2.90 0.36 0.45 1.51 0.77 0.65 16.07

7 2.86 0.45 0.45 0.45 0.45 0.64 −43.14
8 2.84 0.45 0.65 0.65 0.58 0.64 −9.02
9 2.50 0.40 0.45 0.65 0.50 0.56 −11.75
10 2.45 0.36 0.60 0.84 0.60 0.55 8.50

11 2.19 0.54 0.45 0.45 0.48 0.49 −2.32
12 2.05 0.33 0.33 0.36 0.34 0.46 −35.53
13 1.48 0.23 0.54 0.98 0.59 0.33 43.35

14 1.41 0.40 0.65 0.40 0.49 0.32 35.11

15 1.33 0.20 0.23 0.65 0.36 0.30 17.43

16 1.30 0.15 0.36 0.33 0.28 0.29 −3.55
17 1.18 0.15 0.23 0.23 0.20 0.26 −29.61
18 1.14 0.20 0.23 0.40 0.28 0.26 8.27

19 1.02 0.23 0.23 0.33 0.26 0.23 12.64

20 0.95 0.08 0.08 0.49 0.22 0.21 2.79

21 0.89 0.15 0.23 0.23 0.20 0.20 2.25

22 0.83 0.18 0.18 0.20 0.18 0.19 −0.55
23 0.78 0.06 0.15 0.20 0.14 0.17 −27.49
24 0.62 0.08 0.08 0.33 0.16 0.14 14.82

25 0.40 0.06 0.15 0.20 0.14 0.09 34.62

Average absolute error (%) 17.86

Fig. 14 Comparison of average measured and evaluated erosion energy
to form crater
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predicts the crater diameter with an average absolute error
of 5.65 % compared with experimental results.

& An attempt has been made to simulate the crater diameter
using FEM for different plasma flushing efficiency. The
influence of plasma flushing efficiency on crater diameter
is analyzed, and it was observed that the crater diameter
predicted by FEM closely matches with experimental
results at 3 % of plasma flushing efficiency.

& In the present work, a new model is proposed for
predicting erosion energy required to form the crater.
The model predicts erosion energy to form a crater with
an average absolute error of 17.86 %.

& A detailed analysis on the influence of discharge energy
on crater morphology using SEM micrograph and EDAX
analysis is carried out. The dimension of crater is mea-
sured using 3D topography of machined surface. The
discharge energy produced in the gap to form a crater is
effectively utilized at lower discharge energy than at
higher discharge energy.

& The discharge energy decreases when increasing servo
feed and spindle rotation for a fixed pulse off time. As
the servo feed increased, more arcing occurs compared
with sparking; this reduces energy. The increase in spindle
rotation maintains a clear/clean dielectric environment
which resulted in reduced discharge energy in the gap.

Using the model proposed in this work, it is possible to
predict crater diameter before conducting the experiments. By
selecting the suitable plasma flushing efficiency, closer pre-
diction of crater diameter with experimental results can be
achieved. By knowing the actual energy required to erode a
given material, energy can be utilized effectively that leads to
energy conservation during WEDT process. The proposed
work can be applied for online monitoring of energy con-
sumption and to achieve higher productivity (higher MRR
with minimum energy consumption) while machining
difficult-to-machine materials during WEDT process.
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