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Abstract
A non-traditional method of thermal machining called wire electrical discharge machining
(WEDM) is utilized for the production of intricate and complex components, particularly
those composed of difficult-to-machine materials. Stainless steel has gained widespread usage
in various applications in contemporary industry owing to its exceptional properties. In
this present investigation, a numerical 3D finite element modeling simulation was conducted
using the ABAQUS software to analyze the Material Removal Rates (MRR) for both single
and multi-discharge scenarios of AISI 304 stainless steel. The findings indicate a close
correspondence between the MRR values predicted by the numerical modeling and those
obtained experimentally corresponding to the optimal process parameters: I = 6 A, Ton =
45 µs, and Toff = 5 µs. Hence, this numerical approach offers the potential to forecast outcomes
before actual machining operations.

Keywords
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Introduction

WEDM is an exceptional variant of Electrical Dis-
charge Machining (EDM), distinguished by its utiliza-
tion of a slender wire with reduced diameter as the
electrode for the purpose of generating a minute kerf
within the workpiece. This technique involves the re-
moval of material through a number of brief discharges
taking place amidst the workpiece and the wire, facili-
tated by the existence of dielectric fluid. The region
experiencing the discharge encounters an elevated tem-
perature, resulting in surface melting and subsequent
removal. To ensure efficient evacuation of the elimi-
nated particles, the dielectric medium is systematically
circulated, thereby offering effective flushing capabili-
ties (Kumar et al., 2018; Mythili and Thanigaivelan
2020). A schematic depiction of the WEDM process is
presented in Fig. 1.
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Fig. 1. Schematic diagram of WEDM

Due to the distinctive characteristics exhibited by
stainless steel, such as its elevated coefficient of work-
hardening, remarkable toughness, and commendable
conductivity at minimal temperatures, in conjunction
with its inherent qualities of being corrosion-resistant,
oxidation-resistant, and possessing a lustrous surface,
stainless steel materials have garnered extensive em-
ployment within numerous contemporary industrial
sectors. However, notwithstanding these manifold ad-
vantages, stainless steel remains a particularly chal-
lenging material to machine, as it is prone to causing
substantial tool wear and yielding rough surface fin-
ishes (El-Bahloul et al., 2018; Sen et al., 2018).
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Literature review

Much research has been performed related to stain-
less steel. Mahmoud Khedr et al. (2023) studied weld-
ing of medium-Mn austenitic stainless-steel plates with
austenitic NiCr stainless steel and low-carbon steel
using gas tungsten arc welding. Mechanical proper-
ties were assessed through tensile tests and micro-
indentation hardness measurements. Another study by
I. Reda Ibrahim et al. (2021) investigated dissimilar
butt joints between a low-Ni, medium-Mn austenitic
stainless steel and a Ni-Cr austenitic stainless steel
using gas tungsten arc welding at varying heat inputs,
with ER308 filler metal used. Microstructural analysis
and mechanical testing, including tensile strength and
hardness properties, were conducted, revealing a du-
plex structure of austenite matrix and delta ferrite in
the fusion zone for joints processed with both low and
high energy inputs.

A considerable body of research has been dedicated
to the investigation of both EDM and WEDM. Joshi
and Pande (2010) provided a finite element based
thermo-mechanical model for die-sinking EDM. Their
analysis incorporated more plausible assumptions, like
the heat flow Gaussian distribution, discharge time
and current-based spark radius, and the melting latent
heat, to foretell the geometry of crater cavities and
MRR. Bialo et al. (2018) presented the machining of
metallic composites by EDM in automotive industry.

Relating to WEDM, Boipai (2014) proposed an idea
for a model based on finite elements, utilizing AN-
SYS, to forecast the variation in temperature with
respect to pulse on times, as well as the distributed
stress in the wire. Patel and Power (2018) employed
ANSYS software to examine into the AISI 1040 steel’s
variation in temperature, considering a heat source
with Gaussian distribution. Their analytical model
accounted for multi-spark phenomena and various pro-
cess factors. Zhang et al. (2019) employed ANSYS
to estimate MRR and surface temperature distribu-
tion of a composite tool. The shape of the discharge
crater was determined using the element birth and
death method. Shahane and Pande (2016) introduced
a novel approach utilizing ANSYS to compute MRR
in WEDM. Their results were validated against exper-
imental and numerical findings.
According to different WEDM optimization tech-

niques, Okada et al. (2015) studied the phenomenon
of wire breakage and deflection induced by the forceful
impingement of the high-pressure nozzle jet during
the flushing process. Ho et al. (2016) observed the
residual strain quantification in aluminum through
the utilization of digital image correlation techniques.

Sivaram et al. (2017) utilized Taguchi methodology
for the systematic refinement of machining parame-
ters to achieve enhanced process efficiency. Ebisu et
al. (2018) studied on jet flushing’s effects on the geo-
metric precision of corner profiles. El-Bahloul (2020)
optimized the WEDM process of AISI304 stainless
steel using statistical approaches in conjunction with
artificial intelligence methodologies. The outcomes re-
vealed that although a reduced MRR was achieved,
surface roughness could be optimized by raising the
pulse off time while reducing the pulse on time and
current. El-mahalawy et al. (2021) conducted exper-
imental optimization of machining factors, including
pulse on time, current, voltage, pulse off time, and
wire speed, using the Taguchi L32 orthogonal array
to evaluate the resulting MRR and surface abrasion.
El-Bahloul and Mostafa (2021) presented a statistical
and experimental Optimization for hipped Udimet700
while machining by WEDM. The optimal condition
that correlated to a greater MRR and microhardness
while obtaining a lower surface roughness was discov-
ered via the proposed coupled approach.

Consequently, a multitude of scholars are diligently
engaged in the pursuit of empirically quantifying MRR
and fine-tuning the various machining parameters,
whereas the scope of numerical investigations remains
comparatively limited. The primary purpose of this
investigation is to develop a comprehensive thermo-
structural model for WEDM, specifically tailored for
the calculation of MRR during the machining process
of AISI304 stainless steel. Subsequently, experimental
observations were employed to validate the anticipated
outcomes derived from the computational model con-
structed using ABAQUS software.

Materials & Methods

Thermo-Mechanical Finite Element Modeling
of WEDM

The working principle underlying WEDM involves
the reduction of the distance between the two elec-
trodes, namely the workpiece and the wire. This re-
duction causes an increase in the electric field strength
within the gap, surpassing the dielectric’s strength.
Consequently, the dielectric breaks, enabling the flow
of current between the two electrodes, thereby giving
rise to the generation of sparks. To mathematically
describe the temperature variation along both the
workpiece and the wire, the following assumptions are
(Boipai, 2014; Kumar, 2014):
• The model is specifically designed for an only one

spark event.
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• The on time for the pulse and the discharge duration
are assumed to be identical for each individual pulse.

• The analysis focuses on an axisymmetric work
domain.

• The particular type of wire is presumed to be uniform,
isotropic, and characterized by stable properties.

• Variations in temperature and vibration impacts that
span the wire’s diameter are neglected.

• The workpiece is assumed to have an isotropic and
homogeneous material composition.

• The workpiece’s compositional characteristics are
considered in the context of temperature and are
free from any pre-existing stress prior to the ma-
chining process.

• The workpiece material thermal expansion does
not affect the shape and density of the individual
elements.

• The heat flux distribution on the workpiece’s sur-
face is anticipated to follow a Gaussian distribution.

• The temperature analysis is regarded as a transient
type of analysis.

• Although the diameter of the heat source or dis-
charge channel depends on the discharge duration,
a continual worth matching to the end of the dis-
charge is utilized throughout the entire time period.

This research endeavor aims to devise coupled tem-
perature displacement ABAQUS models tailored to
the specifications of AISI304 Stainless Steel. To facili-
tate these simulations, Visual Studio and Intel Parallel
Studio have been configured to seamlessly interface
with ABAQUS, bolstering its computational capabili-
ties by code development. Subsequently, the essential
parameters, namely motion, voltage, current, and heat
flux, have been meticulously defined in a subroutine
and subsequently imported into ABAQUS.

Modeled Workpiece and Tool

Significant quantities of thermal energy are gener-
ated during the WEDM procedure, necessitating the
evaluation of material characteristics relevant to this
process. The AISI 304 stainless steel Johnson–Cook
parameters and the material’s mechanical character-
istics are presented in Table 1. Additionally, Table 2
provides a comprehensive overview of the properties
pertaining to the molybdenum wire. For the purpose
of this investigation, a criteria for the onset of ductile
damage, along with a fracture strain value of 1.5, has
been adopted.
Utilizing the ABAQUS/EXPLICIT software,

a three-dimensional representation of both the work-
piece and the tool was constructed. The workpiece
was modeled as a cuboid having a thickness of 5 mm
and a cross-sectional area of 10 × 10 mm2. On the

other hand, the wire was represented as a solid
cylinder with 0.18 mm diameter. The workpiece and
the tool were discretized using the C3D8RT element
type, as illustrated in Fig. 2. For the tool path, the
mesh of the workpiece was refined to account for the
deformation that occurs during the cutting process.
Due to excessive distortion of certain elements in the
thermoplastic cutting simulation, an element deletion
approach was implemented.

Fig. 2. The workpiece’s and tool’s undeformed model meshing

Table 1
Mechanical and thermal properties of AISI 304 stainless

steel workpiece

Properties Value

Thermal Conductivity (W/m.K) 16.2

Density (kg/m3) 7900

Young’s modulus (GPa) 200

Poisson’s ratio 0.3

Melting point (◦C) 1400

Transition temperature (◦C) 727

Specific heat (J/kg.K) 440

Johnson–Cook parameters

A = 310 MPa,
B = 1000 MPa,

c = 0.07, n = 0.65,
ε.0 = 1 s−1,
and m = 1
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Table 2
Molybdenum wire properties

Properties Value
Thermal Conductivity (W/m.K) 139

Linear thermal expansion coefficient (K−1) 4.8× 10−6

Density (kg/m3) 10280
Young’s modulus (GPa) 329

Poisson’s ratio 0.31
Shear modulus (GPa) 126
Melting point (◦C) 2523

Specific heat (J/kg.K) 250

Governing Equation, Loads, and Boundary
Condition

Within the context of WEDM, the incident of dis-
charge can be characterized as the workpiece under-
going heating due to the interaction with the plasma
channel generated by the electrical discharge. In order
to scrutinize this process, a specific cylindrical region
surrounding the spark location on the workpiece is
elected for detailed examination. The axisymmetric
form of the workpiece’s differential equation for heat
diffusion is expressed by Equation (1), which serves as
a fundamental tool to assess the nonlinear, transient
analysis of the distribution of heat across the work-
piece. Conversely, Equation (2) is recognized as the
governing equation applicable to the wire utilized.
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where ρ is the density, Cp is the specific heat, Kr is
the workpiece thermal conductivity, t is the time, and
T is the temperature.
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where z is the axial coordinate, θ and r are the an-
gle and radial coordinates respectively, C and ρ are
the wire material specific heat and the density, Kw

is the wire material thermal conductivity, and T is
temperature of the wire’s micro element.

The depicted region in Fig. 3 represents the specific
area of interest for analysis in this study. The work-
piece exhibits axisymmetric properties with respect
to the z-axis, and a particular region denoted as R
has been extracted from the workpiece. Employing
a Gaussian distribution, a heat flux corresponding to
an only one spark is utilized. solely on surface 1, up

to the boundary defined by region R. The influence
of convection heat transfer, resulting from the cool-
ing effect of the dielectric fluid, is considered on the
remainder of surface 1. Surfaces 4 and 3, located at
a considerable distance from the spark radius, do not
participate in the heat transmission process as the
spark only makes momentary contact. The heat flux
value for the axisymmetric surface 2 is intentionally
set to zero. Consequently, the circumstances at the
boundaries for the various surfaces of the workpiece
are established in accordance with Equations (3), (4),
and (5). Equation (3) pertains to the boundary up to
the spark radius R, Equation (4) is applicable beyond
the spark radius R, and Equation (5) encompasses the
boundary conditions for surfaces 2, 3, and 4 (Maradia
and Wegener, 2015).

Kr
∂T

∂z
= Q (r) (3)

Kr
∂T

∂z
= hc(T − To) (4)

∂T

∂z
= 0 (5)

where hc is the rate of heat transfer between the di-
electric and the workpiece surface, Q(r) is the heat
flux, and To is the room temperature.

The boundary conditions for the tool surface are set
as in Equation (6).

Kw
∂T

∂r
= h(T − To) (6)

where h is the coefficient of the heat transfer, To is the
initial wire electrode temperature.

Fig. 3. The WEDM axisymmetric model
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In a single spark, the workpiece generates heat that
can be calculated by using Equation (7) (Pradhan,
2010). On the other hand, Equation (8) is used to
calculate the single spark’s wire electrode heat flux
(Zhang et al., 2019; Joshi and Pande, 2010).

Q (r) =
4.45HiV I

πR2
e−4.5( r

R )2 (7)

Q (r) =
Kw

πR2(t)
PV Ie

−Kwr2

R2(t) (8)

where Q(r) is the heat flux at the distance from the arc
plasma’s center r, Kw is the coefficient of heightened
heat, R is the arc plasma radius at time t, P is the
coefficient of energy distribution, V is the voltage
between electrodes, I is the peak current, Hi is heat
input on workpiece. The applied heat flux, voltage, and
current are equal to 400 W/m2, 30V, 5A respectively.

In practical application, the extent of spark radius is
contingent upon the properties of the surrounding di-
electrics, the polarity involved, as well as the materials
constituting the electrodes. The precise measurement
of spark radius presents a significant challenge due
to its exceedingly brief pulse duration, typically on
the order of microseconds. Nevertheless, one may em-
ploy Equation (9) to calculate the spark radius, as it
accounts for discharge power and its temporal charac-
teristics.

R (t) = KImtn (9)

where the exponents m,n, and K are empirical con-
stants. These constants’ meanings are based on the
experimental coefficients N,M , and L are as described
in Equation (10) (Datta and Mahapatra, 2010).

K =

(
L

lm+ 0.5N

)
, m = M + 0.5N, n = N (10)

The spark radius in micrometer considering the cut-
ting electrode can be estimated using Equation (11).

R =
(
2.04e−3

)
I0.43t0.44on (11)

In accordance with the prescribed model bound-
ary conditions, the workpiece external surface is con-
strained in all spatial directions, with the exception of
the tool path surface, while the wire and workpiece are
assumed to be in contact on a surface-to-surface basis.
To ensure accurate simulation results, a rigid body
constraint is imposed on the tool, thereby prevent-
ing any undesired deformation. The tool feed motion
is prescribed at a constant rate of 50 mm/min. The
emissivity coefficient of AISI304 stainless steel is de-
termined to be 0.54. Utilizing the ABAQUS code, we

adopt an assumption of symmetry and Encastre bound-
ary conditions, while imposing a uniform distribution
with velocity of V1 = 0.06 mm/s.

Thermal Modeling of MRR

The MRR is influenced by a multitude of factors, in-
cluding delayed ignition, an abundance of sparks, flush
effectiveness, dielectric medium, change in electrodes
phase, and erratic behavior of debris. In this study,
a comprehensive analysis was conducted to generate
a typical crater cavity. The calculation was performed
considering a single spark, where the cavity volume
was split into various sized cylinders., as illustrated in
Fig. 4. To determine the crater volume, it was created
a two-dimensional model of the node border. The cal-
culation of the size of a crater left by a single spark was
accomplished using Equations (12) and (13) (Priyan
et al., 2016).

Cvol =

n−1∑
n=0

Vc (12)

VC = π

(
xn + xn+1

2

)2

(yn+1 − yn) (13)

MRR =
60 · Cvol

Ton + Toff
(14)

where Cvol is the volume of material removed each
discharge pulse, Vc is the disc volume, n is the nodes
number, and the coordinates of nodes are x and y.

Fig. 4. Estimation modeling of the crater volume

Results

Derived from the antecedent experimental inves-
tigations, the machining parameters deemed con-
ducive to attaining the optimal MRR during the pro-
cess of machining AISI304 stainless steel encompass
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a Ton = 45 µs, Toff = 5 µs, and I = 6 A. Accordingly,
the simulation was performed according to the previ-
ous experimental inputs and results (El-Bahloul and
Elkhateeb, 2023).
The simulation depicted in Fig. 5 was conducted

to analyze the thermal behavior. The modeled experi-
ment machining parameters are Within the Ton period,
a substantial temperature rise was observed, leading
to the melting of the AISI304 stainless steel mate-
rial. Subsequently, during the Toff phase, no sparks
occurred between the workpiece and the wire, result-
ing in a cessation of heat flux on the surface of the
workpiece. The simulation involved the utilization of
a six-node configuration, and the dimensions of these
nodes were specified.

Fig. 5. WEDM simulation utilizing node configuration

The volume of the resultant crater was determined
based on the number of nodes employed. Employing
Equations (12) to (14), the MRR was computed, and
it is equals to 16.638 mm3/min.

Discussion

The obtained derived numerical MRR value is found
to exhibit strong agreement with the MRR value from
experimental work. The corresponding MRR values
from both the numerical and experimental investiga-
tions are presented in Fig. 6 for reference and compar-
ative analysis. The experimental model demonstrates
a diminished MRR relative to its numerical counter-
part, ascribed to the notable influence of fluid dynam-
ics in attenuating frictional forces.

Fig. 6. The resultant MRR based on the experimental and
numerical modeling

Conclusions

This research employs the ABAQUS software for
Finite Element modeling of WEDM. The obtained
results demonstrate a close agreement between the
analytically predicted MRR values and the correspond-
ing experimental findings. Specifically, the MRR was
measured at 15.812 mm3/min in the experimental
work and 16.638 mm3/min in the numerical simula-
tion. This congruence between the analytical model
and experimental study, conducted under identical
parameters, attests to the reliability and applicabil-
ity of the analytical model in further investigations
aimed at determining optimal process conditions in
WEDM. The achieved MRR value corresponds to the
optimal process parameters: I = 6 A, Toff = 5 µs, and
Ton = 45 µs. Consequently, it is evident that the nu-
merical method employed herein yields reasonably ac-
curate predictions of responses. Hence, this numerical
approach offers the potential to forecast outcomes be-
fore actual machining operations. Notably, numerical
methods are adept at resolving intricate and complex
problems beyond the scope of experimental approaches.
Additionally, the computational efficiency of numerical
methods allows for rapid acquisition of results, making
them both time and cost-effective alternatives.
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