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Abstract
This study proposes a novel numerical approach to elucidate the mechanical behavior of the EDMed layer during an electrical
discharge and enhance the numerical prediction of the EDM-induced residual stresses and work hardening, through advances at
the levels of models, loads, and boundary conditions. In this work, a single-pulse discharge was simulated using finite element
method carried out in ABAQUS/Explicit code. A fully coupled thermomechanical consistent model was developed based on a
hydrodynamic Gruneisen-type behavior for the hydrostatic part of the stress, coupled with a Johnson-Cook plasticity model that
takes into account a strain-rate-dependent stress in the range of a shockwave condition. A time-dependent heat source and
pressure pulse are concurrently applied on the workpiece-loaded boundary. Numerical results highlighted relevant findings,
especially the pre-eminence of the uniform distribution of the heat flux to predict the in-depth residual stress profile and the
evident effect of the plasma-induced pressure on the work hardening and less on the residual stresses.
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1 Introduction

Electrical discharge machining (EDM) is a non-conventional
machining process with very-high-energy density and charac-
terized by the total absence of contact between the tool and the
workpiece. EDM is a competitive process to machine
difficult-to-cut materials via successive electric discharges
generated between the workpiece and the tool electrode im-
mersed in a dielectric medium. Each electrical discharge pro-
duces a colossal amount of energy (~ 1017Wm−2 [1]) that will
be transmitted in part to the hot-spots located on either side of
the two electrodes. A few microseconds later, the temperature
exceeds the evaporation temperatures. Finally, when the spark
collapses, a fraction of the molten material is removed and
results in a crater that represents the typical mark on EDMed
parts. Applying consecutive discharges and driving one elec-
trode toward the other, erodes the workpiece gradually in a
form complementary to that of the tool electrode.

The major drawback of the EDM process is its crucial
effects on the surface integrity. In this respect, relevant studies
[2–5] have revealed the existence of residual tensile stresses,
high work hardening gradient, and wide networks of
microcracks and microvoids within the EDM-affected layer,
which led to a drastic decrease in the fatigue lifetime of ma-
chined parts.

Numerous publications have focused on the numerical
prediction of the residual stresses induced by the EDM
process [5–22] based on almost common assumptions
summarized hereafter.

The typical method often adopted is to calculate thermal
stresses during the heating and cooling phases and the last
equilibrium reached is then considered the residual stress
state. Thermal stresses are assumed to be exclusively condi-
tioned by the temperature gradient [6, 9, 13, 17, 21, 22] and
the probable metallurgical transformations [7, 15, 19]. The
volume expansion induced by the solid-solid metallurgical
transformations has been accounted for implicitly by manipu-
lating the thermal expansion coefficient [7, 8, 15, 20].

Several studies [6, 7, 9, 13, 15, 18, 20–22] have chosen a
weak coupling between the thermal calculation and the stress
analysis so that the transient temperature distributions obtain-
ed from the thermal analysis are used as inputs in the thermal
stress computation. Liu et al. [17] proposed a sequentially
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coupled thermal-mechanical analysis in a massive discharge
model. The maximum temperature generated by each dis-
charge is held until all the discharges are completed, and then
cooled down to room temperature simultaneously. The tem-
perature history obtained in the equivalent cooling model
served as a pre-defined temperature field for the thermal-
mechanical analysis assuming that there is no heating-
induced stress in the discharging stage. Mechanical analysis
be it quasi-static or dynamic is not available in most studies [6,
8, 13, 15, 17, 18, 20, 21]. However, transient thermal analysis
is broadly adopted, excepting Salah Nizar et al. [22] who
proposed a steady thermal analysis. The heat flux is assumed
uniform with a disk-shaped distribution, Ghanem et al. [21]
and has been further tested with the Gaussian distribution in
the work of Yadav et al. [6]. In more recent works [7–9, 13,
15, 17, 18, 20, 22], Gaussian heat-flux distribution is unani-
mously accepted with shape coefficient ranging from 2 to 4.5.

Most published studies [6, 9, 15, 17, 22] have opted for an
elastic-perfectly-plastic behavior. Pérez et al. [20] used a hard-
ening plasticity till 400 °C and a perfect plasticity beyond that.
Ghanem et al. [21] used an elastoplastic behavior with bilinear
isotropic hardening.

Single-pulse model is commonly used [6–9, 13, 15, 21,
22], except Liu et al. [17] who proposed a probabilistic meth-
od to simulate the massive stochastic discharges in EDM and
Pérez et al. [20] who simulated a second discharge on a sam-
ple already submitted to a single discharge.

The 2D axisymmetric model is commonly adopted because
it provides good accuracy for a reasonable computation time.
However, Meenakshi and Swee-Hock [7], Shabgard et al.
[15], and Liu et al. [17] preferred a 3D model. Pradhan [13]
treated the domain as semi-infinite object considering the mi-
crocosmic characteristics of the single discharge.

According to the studies cited above, thermal and met-
allurgical expansions are the main phenomena giving rise
to thermal stresses. However, other studies have revealed
the existence of additional phenomena that establish anoth-
er kind of load which can potentially act simultaneously
with thermal load.

Guo et al. [23] studied the mechanisms of material re-
moval and crater formation in micro-EDM through molec-
ular dynamics simulation of a model built using atomistic-
continuum modeling method. They concluded that at the
beginning of the discharge, material is removed as big
clusters owing to the thermal shock effect which generates
a stress wave, in the surface region, that propagates deeper
into the cathode.

Yang et al. [24] investigated the residual stresses origin in
micro-EDM process using the molecular dynamics method
and the virial theory for the hydrostatic pressure distribution
in melting area. The simulation results showed that after the
discharge ignition, extremely high pressure (10 GPa) devel-
oped inside the melting area, the stress peaked at the boundary

between the melting area and the solid region, and that the
maximum normal stress was about − 13 GPa and the shear
stress was about 3 GPa.

Yang et al. [25] analyzed the material removal mechanism
in EDM using molecular dynamics simulation. They found
that at the beginning of the discharge, the material is mainly
removed by the superheated metal bubble explosion. Besides,
a bulge shaped is observed around the discharge crater due to
the shearing flow of the molten material caused by the high
pressure generated in the workpiece beneath the discharge
column, which creates a large pressure gradient in the super-
heated material.

Zhang et al. [26] simulated a single discharge in nano-
EDM process by the combined atomistic-continuum model-
ing method. Based on this computational simulation model,
the material is overheated and ultra-high thermal compressive
stress (higher than 4 GPa) arises in the heated region and
almost spreads all over the target and gets relieved when the
material melts.

Singh and Ghosh [27] state that the large potential drop in
the thin sheath near the electrode creates a very strong electric
field that induces a negative charge on the cathode surface.
This negative charge is then pulled outwards by the electric
field, which leads to a stress creation on and below the surface.
Based on this theory, a thermoelectric model is proposed in
order to estimate the electrostatic force acting on the work-
piece surface and the stresses induced inside the metal.

Yue and Yang [28] used the molecular dynamics method to
simulate the material removal process caused by a single-
pulse discharge in deionized water to elucidate the material
removal motivity and mechanisms. They found that at the
beginning of the discharge process, there exists an extremely
high-pressure gradient along the depth direction toward the
surface of the melting area. As the discharge continues, the
range of the high pressure increases gradually up to 50 GPa,
exceeding the atomic bonding forces. Thus, the electrode ma-
terial is ablated, which relieves the pressure inside the melting
area. Yue and Yang [28] also noticed that a high pressure (~
10 GPa) still exists in the electrode after the discharge, and,
hence, much material still can be removed.

In a similar study, Yue and Yang [29] mentioned the exis-
tence of a high pressure inside bubbles (~ 1250 MPa) whose
expansions are impeded by the inertia and the viscosity of the
dielectric liquid around them. Moreover, after the discharge,
the pressure inside the bubbles was still high (~ 242 MPa).

Despite the limitation of computational capabilities and the
spatiotemporal scale used, the molecular dynamics simula-
tions provided an effective method to qualitatively study and
investigate some new complex material-removal mechanisms
in EDM processes that were experimentally confirmed by
Hayakawa et al. [30].

These studies [23–29] confirm the existence of a pressure
load and its related shockwave. The ultra-rapid propagation of
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the shockwave inside the workpiece material indisputably af-
fects its dynamic behavior and potentially generates work
hardening and plastic deformations. This is indeed the phe-
nomenon on which the laser shot peening process (LSP) is
based. This process consists in inducing a purely mechanical
effect in a material from the relaxation of a plasma generated
on its surface by pulsed laser radiation [31–34]. According to
these studies, the laser energy is absorbed in a very thin layer
(~ 1 μm) of the target, which causes a direct ablation of the
surface and consequently a plasma formation. Through the
plasma-expansion-induced pressure, two shockwaves are
emitted simultaneously, one in return in the air and the second
toward the surface of the target. Using a dielectric confine-
ment medium, the hydrodynamic expansion of the plasma is
restricted by the inertia of the confinement medium which
significantly amplifies the pressure-pulse magnitude and ex-
tends its duration.

Zhang et al. [35] have concluded the same thing in the case
of EDM process. They found that the peak value of the im-
pulsive force acting on the workpiece due to the expansion
and contraction of the electric discharge-generated bubble
were much higher in liquid dielectrics than in gaseous
dielectrics.

The purpose of this study is to establish reliable models and
assumptions through a numerical investigation and advances
at the level of models and boundary conditions to elucidate the
mechanical behavior of the EDMed layer during and after
sparking and to enhance the numerical prediction of the resid-
ual mechanical state induced by EDM process.

In this work, a single-pulse discharge was simulated using
finite element method carried out in ABAQUS/Explicit code,
which is specifically devoted to dynamic analysis. A fully
coupled thermomechanical consistent model is proposed
based on a hydrodynamic Gruneisen-type behavior for the
hydrostatic part of the stress, coupled with a Johnson-Cook
plasticitymodel that takes into account a strain-rate-dependent
stress in the range of 10−2 s−1 (quasi-static load) to 106 s−1

(shockwave condition). A time-dependent heat source and
pressure pulse were concurrently applied as boundary loads
on the workpiece.

This paper is structured as follows. In Sect. 2, the modeling
method is reviewed and details of the models are explained.
Section 3 presents experimental setup and analysis of the re-
sults. In Sect. 4, the simulation results and analysis are
reviewed, and then a discussion is made.

2 Modeling method and details

2.1 Thermal model

EDM is, basically, a thermal process, where the spark energy
is transmitted to the electrodes through interaction between

plasma and mater [36] via three mechanisms. The first mech-
anism is the positive ion bombardment which transmits their
kinetic energy to the cathode spot. The second one is the high
current densities in the hot-spot region, which leads to the
Joule heating phenomenon. The third mechanism is the heat
conduction and radiation from the high plasma temperature in
front of the cathode spot [36–39].

The contribution of the Joule heating during an electrical
discharge is extremely difficult to quantify experimentally
since it is impossible to isolate it from the heat generated by
the ionic impacts. Thereby, most of the thermal models pro-
posed in the literature neglect the heat generated inside the
workpiece by the Joule phenomenon [12, 40] and assume only
a plasma-induced boundary heat source.

2.1.1 Heat-source model

The heat flux Q, incoming the workpiece due to the electric
discharge, exhibits a time-based change and a spatial distribu-
tion over the discharge spot. The temporal change is mainly
governed by the expansion phenomenon of the heat source
and less by the current pulse shape. The form of the heat flux
distribution is a key factor that significantly affects the simu-
lation results even with the same discharge energy and plasma
diameter [41].

The Gaussian-shape distribution has recently become the
most-cited model to approximate the distribution of the heat
flux at the cathode [36, 41–49]. Kitamura and Kunieda [38]
clarified the Gaussian-shape origin in their study on EDM gap
phenomena using transparent SiC and Ga2O3 single crystal
electrodes. They concluded that the heat flux is not uniform
in the plasma and that the heat-source diameter is smaller than
the plasma diameter since the distribution of the current den-
sity is narrower than that of plasma temperature broadening.
However, other researchers still consider that the uniform dis-
tribution is a real hypothesis, capable of providing good
results.

In this context, Kojima et al. [50] have experimentally
measured the temperature evolution within the plasma chan-
nel. They concluded that the temperature is already higher
than 5000 K right after dielectric breakdown and remains
almost constant during discharge duration. They also find that
the temperature is almost uniform along the plasma radial
direction. Therefore, they sustain the presumption of a uni-
form distribution of the heat flux. Escobar et al. [51] compared
three distribution patterns of the heat flux: point, uniform, and
Gaussian. They found that uniform distribution led to good
results. Maradia et al. [40] assumed a uniform heat-flux dis-
tribution on the cathode, and the numerical results showed a
good agreement with the experimental measurements.

A circular heat source is applied in this study with two
distribution alternatives namely uniform and Gaussian, to as-
sess their impacts on the residual mechanical state.
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In the case of Gaussian distribution, the heat flux density
QG is given by Eq. (1) [43, 46].

QG r; tð Þ ¼ Q0 tð Þ � exp −4:5� r
R tð Þ
� �2

 !
ð1Þ

with:

Q0 tð Þ ¼ 4:57� U � I tð Þ � Fc

π� R tð Þ2 ð2Þ

When applying a uniform distribution, the heat flux density
QU is given by Eq. (3):

QU r; tð Þ ¼ Q0 tð Þ � H R tð Þ−rð Þ ð3Þ
with:

Q0 tð Þ ¼ U � I tð Þ � Fc

π� R tð Þ2 ð4Þ

whereU and I(t) are the discharge voltage and current, respec-
tively, r is the radial distance from the plasma axis,Q0(t) is the
heat flux at the plasma axis, R(t) is the time-dependent heat-
source radius, H(x) is the Heaviside function and Fc is the
fraction of energy transferred to the cathode.

2.1.2 Fraction Fc

The amount of energy transferred to the cathode is an impor-
tant factor, and its value remains a challenging issue of high
complexity. This factor depends on several parameters such as
the electrodes materials and the process conditions [40].
Several studies [40, 49, 52–56] suggest empirical values in
the range of 6 to 60% for the cathode. In this study, two levels
were examined that are 18% often used with the Gaussian heat
flux distribution [41–44] and 45% as it was found to be a
reliable assumption [56] and so used by Maradia et al. [40]
in the case of a disc heat source.

2.1.3 Discharge current function

As defined in Eqs. (1) and (3), the heat source becomes infi-
nite when the discharge time is in the nanosecond regime. To
avoid this numerical singularity, Guo et al. [44] proposed to
express the current pulse by three functions that are activated
sequentially to meet the natural profile of the signal during an
electrical discharge.

In this study, the electrical discharge signal is assumed to
follow a linear interpolation (Fig. 1) as following:

I tð Þ ¼ K1⋅t; t∈ 0; t1½ �
I tð Þ ¼ Imax; t∈ t1; t2½ �
I tð Þ ¼ Imax− K1⋅ t−t2ð Þð Þ; t∈ t2; ton½ �

8<
: ð5Þ

where I(t) is the current at t time, ton is the on-time of the dis-
charge, Imax is the discharge current, K1 ¼ Imax=t1 A � s−1ð Þ;
t1 ¼ 2:5%� ton; t2 ¼ ton−t1.

2.1.4 Heat-source expansion model

During an electrical discharge, the plasma expands and ac-
cordingly causes a perpetual decrease in the heat-flux density.
Therefore, a consistent model for the heat-source expansion
during discharge is a must have toward a better numerical
transposal of the actual heat loading.

Numerous models have been proposed in the literature
[38, 53, 54, 57, 58], and most of them are derived from
inverse problem resolution based on the crater morphology
and the material removal rate. Basically, these models can
serve as an equivalent heat source rather than real plasma-
expansion models.

Using spectroscopic measurement in EDM process,
Kojima et al. [50] proved that plasma completes expanding
within a few microseconds (~ 2 μs in air) after dielectric
breakdown and then remains almost constant thereafter (~
500 μm in air). This is in agreement with optical observations
of Das et al. [8].

Shankar et al. [59] and Jilani et al. [60] studied the EDM
plasma channel growth and reported that the discharge chan-
nel saturates beyond 20 μs when a dielectric liquid is used
instead of air because the plasma expansion is delayed and
restricted by the inertia of the dielectric liquid.

Based on these results, Liu and Guo [61] proposed a se-
quential plasma-expansion model in oil medium composed of
a progression according to a power law up to a critical time
(~ 100 μs) beyond which the plasma keeps a constant diame-
ter (~ 240 μm).

Recently, Kitamura and Kunieda [38] have examined in
situ the plasma expansion using transparent cathodes and a
high-speed video camera. Their work resulted in two models,
one that fits actual plasma expansion and the other that
matches well the crater diameter. Table 1 summarizes the rel-
evant equivalent heat source and plasma-expansion models.

The models proposed by Kitamura and Kunieda [38] will
be assumed and examined in this study.

Fig. 1 Linear interpolation of the current signal during discharge time
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The first model is of equivalent heat-source type (Eq. (6)):

R1 tð Þ ¼ 7:95E−0:3� t0:4ð Þ
2

ð6Þ

The second model is of plasma-expansion type (Eq. (7))
with a trend similar to that predicted by Kojima et al. [50], as
shown in Fig. 2:

R2 tð Þ ¼ 2:5E−03� t0:18ð Þ
2

ð7Þ

where Ri(t) refers to the plasma radius (m) and t is time (s).

2.1.5 Heat diffusion

Given the necessary boundary conditions, the following heat
diffusion equation can be solved to obtain the temperature
distribution in the workpiece:

ρCp
∂T
∂t

¼ ∇ K t∇Tð Þ ð8Þ

Thermophysical properties of the workpiece material
(density (ρ), heat capacity (Cp), and thermal conductivity
(Kt)) are taken isotropic and temperature dependent.

An explicit method is used to account for the latent heat of
fusion by changing Cp in Eq. (8) by the effective specific heat
defined as:

Ceff
p ¼ Cp þ L1→2

ΔT1→2
ð9Þ

where L1→ 2 is the latent heat from phases 1 to 2 andΔT1→ 2

is the temperature transition interval from phases 1 to 2.
Basic thermophysical properties, in solid state, of the aus-

tenitic stainless steel type AISI 316 [62] used in this study are
listed in Table 2:

2.2 Mechanical model

Following the thermal load induced by the electrical dis-
charge, the material expands locally proportionally to the

Table 1 Relevant heat-source and plasma expansion models

Model Ref. Comment

Equivalent heat-source
models

R = 2.04E − 03 × I0.43 × t0.44 [58] Valid for spark energy levels up to 670 (mj)

Rc = 0.0012 × t
0.331 [20] Crater expansion (Rc)

Rbz = 0.002 × t
0.295 Burned zone (Rbz)

R ¼ 7:95E−03�t0:4ð Þ
2

[38] Fits crater radius for both copper and steel anode

Plasma expansion
models R ¼ 2:5E−03�t0:18ð Þ

2

[38] Fits plasma radius

R = 0.788 × t0.75 [52] Recommended for small plasma radius (less than 5 μm)

R ¼ C1 � t0:75 t≤ tc
C2 t > tc

� [61] The stabilized plasma radius (C2) and critical time (tc) were
estimated based on the experimental data of Kojima
et al. [50] in the case of oil dielectric medium.

C1 = 0.12 (m s−0.75)

C2 = 1.2E − 04 (m)

Tc = 100 (μs)

R ¼ C1 � t t≤ tc
C2 t > tc

� [50] Based on a single-pulse discharge ignited in air.

C1 = 125 (m/s)

C2 = 2.5E − 04 (m)

tc = 2 (μs)

Time [s] 10-4
0 0.2 0.4 0.6 0.8 1 1.2

R
ad

iu
s 

[m
]

10-4

0

2

4

6

8
Plasma expansion models

Kojima et al. [50]
Eq. 7, Kitamura and Kunieda [38]
Liu and Guo [61]
DiBitonto et al.[52]

Time [s] 10-4
0 0.2 0.4 0.6 0.8 1 1.2

R
ad

iu
s 

[m
]

10-4

0

0.2

0.4

0.6

0.8

1

1.2

1.4
Equivalent heat source models

Eq. 6, Kitamura and Kunieda [38]
Ikai and Hashigushi [58]
Pérez [20], crater expansion
Pérez [20], burned zone

Fig. 2 Time-based evolution of some plasma and equivalent heat-source
expansion models
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temperature. The thermal stresses and deformations are thus
created and continue to evolve until reaching a final equilib-
rium state, often qualified by residual, once the part is
completely cooled down. Some recent studies have revealed
the existence of a pressure shock, of various backgrounds,
which can potentially contribute to the deformation and hard-
ening of the EDM affected layer.

In what follows, a modeling approach is developed
that takes into account the pressure load induced by the
EDM plasma.

2.2.1 Material constitutive relation

During an electrical discharge which usually lasts a few tens
of microseconds, the material in the hot spot and its vicinity
experiences a very high strain rate (≈ 105 s−1). At such strain
rate, material exhibits a rate-dependent strain hardening.
Therefore, the constitutive relations resulting from quasi-
static case are no longer valid.

Dynamic yield stress at high strain rate can be derived
from the Hugoniot elastic limit (HEL) defined by Eq.
(10):

σdyn
y ¼ 1−2ν

1−ν
� HEL ð10Þ

where HEL is the elastic limit in the direction of the
shockwave propagation, ν is Poisson’s ratio, and σdyn

y is

the dynamic yield stress.
A hydrodynamic behavior is assumed for the hydrostat-

ic part of the stress coupled with a stress–strain mechanical
relation for the deviatoric behavior. The hydrodynamic be-
havior is governed by Mie–Grüneisen’s equation of state
model (EOS) (Eq. (11)) which establishes a hydrostatic
relationship between pressure (P) and internal energy
(Em) with reference to the material Hugoniot curve:

P ¼ ρ0 � C2
0 � η

1−S � ηð Þ2 � 1−
Γ0 � η

2

� �
þ Γ0 � ρ0 � Em ð11Þ

where P is the pressure, ρ0 the initial density, Γ0 the di-
mensionless Grüneisen coefficient in normal state, C0 the

speed of the sound, η = 1 − (ρ0/ρ), Em the internal energy
per unit mass, and S the linear Hugoniot slope coefficient
between the wave velocity (D) and the particle velocity
(U): D = C0 + S ×U.

Grüneisen’s model parameters for the AISI 316L steel are
presented in Table 3.

The deviatoric behavior is provided by the Johnson-Cook
plasticity law with isotropic hardening. This model allows to
account for the temperature effect and the stress-strain depen-
dence at high strain rate between ε0 = 10−2 s−1 (quasi-static

load) and ε̇eq ¼ 106 s−1 (shock conditions) [63]. σeq is given
by:

σeq ¼ Aþ B� εneq

� �
� 1þ C � ln

ε̇eq
ε̇0

� �� �

� 1−
T−T r

Tm−T r

� �m� �
ð12Þ

where σeq is the equivalent stress, εeq is the equivalent plastic
strain, ε̇eq and ε̇0 are the strain rate and a reference strain rate,
respectively, A, B, n, C, and m are material constants, T is the
absolute temperature, Tr is the room temperature, and Tm is the
melting temperature.

Johnson-Cook’s parameters for the AISI 316L stainless
steel are listed in Table 4. It should be mentioned that these
values are valid until 105 s−1 of strain rate [63].

Table 5 shows Young’s modulus as a function of tempera-
ture according to references [64, 65].

It is worth mentioning that Abaqus uses the shear modulus
instead of Young’s modulus when using EOS in the model.

In the case of isotropic materials, the shear modulus (G) is
connected to Young’s modulus (E) and to Poisson’s coeffi-
cient (ν) by the following expression (Eq. (13)) where ν is
assumed to be 0.3:

G ¼ E
2 1þ νð Þ ð13Þ

Table 2 Thermophysical
properties, in solid state, of the
stainless-steel AISI 316L [62]

Melting point (K) 1703

Boiling point (K) 3090

Latent heat of fusion (kJ kg−1) 270.0

Density ρ (kg m−3) 8084 − (0.4209) × Т − (3.894E−05) × Т2

Heat capacity Сp J Kg
−1 K−1 462 + (0.134) × Т

Thermal conductivity λ W m−1 K−1 9.248 + (0.01571) × Т

Linear expansion coefficient α × 1E−06 (K−1) 17.89 + (2.398E−03) × T + (3.269E–07) × T2

Table 3 Grüneisen’s model parameters for the stainless steel AISI 316L
[31]

ρ0 (kg m−3) C0 (m s−1) Cel (m s−1) S HEL (MPa) Γ0

7900 4570 600 1.49 1100 2
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2.2.2 Pressure pulse model

A consistent pressure pulse model requires the knowledge of
three important inputs that are the magnitude of the peak pres-
sure, the temporal evolution of the pressure, and its spatial
distribution.

To our knowledge, there are no published experimental
measurements or reliable models in the EDM-related literature
that can be used to characterize the pressure shock owing to
the plasma-matter interaction in the case of EDM process. For
this reason, reference is made to the available models in the
field of LSPwhere the plasma-induced pressure is exhaustive-
ly studied and characterized [32, 34].

To compute the magnitude of the peak pressure as a func-
tion of the heat flux transmitted to the workpiece, we used the
LSP-associated model (Eq. (14)) proposed by Sollier [66].
This model postulates that in confined plasma mode, the pres-
sure is proportional to the square root of the incident laser
power density.

P0 ¼ 1:7�
ffiffiffiffi
I0

p
ð14Þ

with P0 (GPa) being the plasma-induced peak pressure and I0
(GW cm−2) the laser power density.

Peyre et al. [67] revealed that laser shot peening of a surface
immersed in water causes an intensification (ranging from 5 to
10) of the shock amplitude by a trapping-like effect of the
plasma.

In this paper, this model (Eq. 14) is adapted and applied in
the case of EDM process. The laser power I0 is substituted by
the EDM heat flux at the plasma axis Q0(t). A factor Fp is
added to the model to take account of the pressure amplifica-
tion phenomenon caused by the dielectric liquid often present
in the EDM process. Since Q0(t) is time dependent, the pres-
sure P0(t) too will be time dependent as expressed by the
following equation:

P0 tð Þ ¼ 1:7� Fp �
ffiffiffiffiffiffiffiffiffiffiffi
Q0 tð Þ

p
ð15Þ

The time-based profile of a laser-generated pressure pulse
p = f(t) is well identified in the LSP process for a given pulse

duration and a laser power density (Fig. 3). It is always con-
sidered a quasi-Gaussian peak pressure. Yue and Yang [28]
found numerically a similar behavior in the EDM process, as
shown in Fig. 4.

In the case of the EDM process, this trend of pressure
evolution is coherent with Descoeudres’s [68] experimental
measurements where he states that:

– The electron density is extremely high during the first
microsecond of the discharge and decreases rapidly after-
wards. The ion density is roughly equal to the electron
density;

– The light emitted by the plasma is much more intense
during the first microsecond than during the rest of the
discharge;

– At the end of the discharge, the plasma implodes and
disappears quickly;

– The plasma is of high density in the early stage of the
discharge (above 1018 cm−3) and then decreases during
the discharge. But even after a few tens of microseconds,
the electron density remains high, above 1016 cm−3;

– During the whole discharge, the density measured is
slightly higher in the plasma center.

Based on these findings, it was possible to establish the
hypothesis that pressure reaches its peak in the first

Table 5 Young’s modulus vs. temperature for the stainless steel AISI 316L [64, 65]

T (°C) 20 100 200 300 400 500 600 700 800 900 1000 1100 1200

E (GPa) 197 191.5 184 176.5 168 160 151.5 142.5 130 108 81.5 32 7.4

Table 4 Johnson-Cook’s
parameters for the stainless steel
AISI 316L [31]

A (MPa) B (MPa) C n m ε̇0 (s
−1) Tm (K)

300 600 0.045 0.35 0.5 1 1700

Fig. 3 Normalized pressure pulse induced by 10 ns laser pulse in LSP
process [31]
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microseconds of the discharge, then decreases to almost 0 at
the end of the on-time.

According to Eq. (15), the plot of the time-based evolution
of the peak pressure (Fig. 5) at the plasma axis using factor
Fp = 5 leads to a very similar trend to that presented in Fig. 3.

The spatial pressure distribution P= f(r) is less easy to char-
acterize. In the LSP process, the best experience/simulation
match was found for a spherical-type distribution [32]. This
optimized distribution (Eq. (16)) is used in this work. Given
that the behavior of the EDM plasma is different from that in
the LSP process, it was conceivable to examine also the uni-
form distribution of the pressure as expressed by Eq. (17):

P r; tð Þ ¼ P0 tð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

0:5� r2

R tð Þ2
s

ð16Þ

P r; tð Þ ¼ P0 tð Þ � H R tð Þ−rð Þ ð17Þ
where P(r,t) is the pressure magnitude, P0(t) is the peak pres-
sure, and R(t) is the time-dependent heat-source radius, r is the
radial distance from the plasma axis, andH(x) is the Heaviside
function.

2.3 Model design and mesh

The commercial code ABAQUS/Explicit was used to com-
pute the stress and strain distribution on the EDMed work-
piece, during and after a single electrical discharge. The
problem is considered 2D semi-infinite axisymmetric with
a domain shaped like a quarter disc (Fig. 6). Linear
explicit-coupled temperature displacement CAX4RT ele-
ments (A four-node thermally coupled axisymmetric quad-
rilateral, bilinear displacement, and temperature, reduced
integration, hourglass control) were allocated to the finite
domain, with a denser mesh near the loaded boundary. A
symmetric boundary condition was assigned to the (O, y)
axis.

A CINAX4 infinite-element boundary is imposed in the
model to avoid the reflection of the shockwaves on the free
surface which ensure the stability and the convergence to-
ward the equilibrium state. The FEM computation was
performed in two dynamic analysis steps and carried out
in ABAQUS/Explicit code to capture the material rapid
response to a single electrical discharge. During the first

Fig. 4 Average of pressure with respect to time in EDM process [28]

Fig. 5 Top, heat flux densityQ0(t) at plasma axis. Bottom, pressure P0(t)
at plasma axis.U = 26V, I = 10A, ton = 26μs,Fp = 10, plasma expansion
model Eq. (6)

100 μm200 μm

600 μm

Plasma-affected
boundary

Fig. 6 Schematic of axisymmetric model used in ABAQUS™: finite +
infinite element model
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step, a time-dependent heat flux and pressure pulse are
submitted to the plasma-affected boundary, and forced
convection is assigned beyond. The total step time is taken
equal to the on-time 26 μs.

The second step is activated right after the first one, during
which the cooling relaxation phase is simulated without any
thermal and mechanical loading in order to compute the resid-
ual deformation and stress fields. Its time duration is taken
long enough so as to reach room temperature and a quasi-
steady equilibrium state whose stresses and deformations
fields are considered quasi-residual. It is important to notice
that we could have carried out the cooling relaxation step into
ABAQUS/Implicit code, but we opted for an explicit formu-
lation and used material damping to control numerical oscil-
lations and to reach a quasi-residual stress field.

3 Experimental characterization
of the EDM-affected layer

A series of experiments was carried out on AISI 316L square-
shaped samples (workpiece) of 20 mm edge length, cut from
4-mm-thick plate and then machined on die-sinking electrical
discharge machine (Eurotech BASIC 450) using graphite as
tool electrode and a commercial EDM oil as dielectric fluid.
The main machining parameters used are listed in Table 6.

The choice of these parameters is driven by the fact that
low-energy discharges are used at the end of the EDM
standard process and therefore, are responsible for the final
surface integrity.

3.1 Residual stresses

Residual stress analysis was conducted by X-ray diffrac-
tion (XRD) according to the French standard AFNOR XP
A 09-285 on May 1999. The classical “sin2 ψ” method was
applied for the stress measurement with the use of 11
ψ-angles for each stress value. A special stress analysis
system SET-X was used with {3 1 1} plane under Kα1 of
Cr (λ = 0.229 nm). The analysis zone is limited by a colli-
mator of 2 mm in diameter. Due to the weak penetration
depth of X-ray radiation (about 5 μm with 66% absorption
of the incident radiation), for each in-thickness stress mea-
surement, a thin layer was removed by electropolishing
techniques using a chlorine-based acid electrolyte. Then

the X-ray diffraction measurements were carried out on
the newly exposed surface located at a known depth below
the original surface. To locally polish the workpiece, an
adhesive mask was pasted on the sample to delimit an
etching circle of 8 mm in diameter.

This procedure does not introduce additional stresses but
relaxes already existing residual stresses. According to
Belassel [33], the XRD results with the local polishingmethod
can be considered valid when the removal depth is lower than
one tenth the diameter for a cylindrical specimen. Beyond this
value, the results should be corrected to account for the stress
relaxation resulting from the local material removal. Belassel
[33] also states that there is no reliable correction model avail-
able for this local removal technique.

The in-depth measurements of the residual stresses’ normal
components are shown in Fig. 7. In the first 100 μm close to
the EDMed surface, tensile stresses are predominant and reach
their maximum amplitude at 25 μm below the surface. Tensile
stresses are then balanced by compressive stresses.

Shear stresses (Fig. 8) are significantly weaker than the
normal stresses. The weakness of the shear stresses reveals
the predominance of the voluminal expansion-based deforma-
tion of the matter, which highlights the isotropic nature of the
residual stress field.

3.2 Work hardening

In addition to the tensile residual stresses, the EDM process
induces a substantial work hardening gradient in the heat-

Table 6 EDM
machining parameters Discharge current I (A) 10

Discharge voltage U (V) 26

Pulse duration ton (μs) 26

Workpiece polarization Cathode
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Fig. 7 In-depth residual stress profiles for σxx and σyy components. I =
10 A, ton = 26 μs
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affected layer that can be estimated by microhardness mea-
surements and X-ray diffraction peak broadening [69].

3.2.1 X-ray diffraction peak broadening

When a metallic material is machined by the EDM process,
the crystals in the heat-affected layer are plastically deformed.
As the crystals are deformed, lattice defects and dislocation
tangles develop, producing microstrain (strain over the dimen-
sions on the order of the crystal lattice) and a reduction in the
crystallite size. Both the increase in microstrain and the reduc-
tion in the crystallite size cause broadening of the X-ray dif-
fraction peak (integral width). The line-broadening data can be
used to qualitatively assess the hardening level within the
EDMed layer.

Figure 9 shows the in-depth X-ray diffraction peak
broadening in EDMed sample. The curve decreases in-
depth up to about 100 μm. It drops from 3.7°, at the top
surface, to 2.28° at a depth of 100 μm. Beyond this limit, it
remains almost constant, which indicates the beginning of
the bulk material zone, undisturbed by the EDM process.
Figure 9 highlights also the isotropy of the plastic defor-
mation as confirmed by the in-depth integral width along X
and Y orientations.

3.2.2 Vickers microhardness tests

Microhardness measurements were carried out using a ©CSM
micro-indentation tester according to the indentation

parameters presented in Table 7. The first measurement was
taken at a depth of 15 μm to avoid the edge effect.

Figure 10 illustrates the in-depth microhardness mea-
surements. The curve starts with the maximum recorded
value of 520 HV located just beneath the EDMed surface
and then decreases almost linearly up to 50 μm. finally, it
stabilizes at a value of 230 HV (bulk material hardness).

The in-depth microhardness profile offers important
qualitative information on the hardening state that prevails
in the near-surface layers. Ben Moussa et al. [70] proposed
an experimental-based curve correlating the equivalent
plastic strain (EPS) to the microhardness HV measurements
in the case of the AISI 316L stainless steel. Based on this
curve, the equivalent plastic strain is evaluated in the
EDMed layer, as shown in Fig. 10. It is worth mentioning that
this quantification is to be considered with caution and serves
only as an indication of the work hardening level.

At 15μm below the EDMed surface, the level of the EPS is
very high (~ 70%). Then, it decreases, almost linearly to sta-
bilize at about 13%, which corresponds to the undisturbed
bulk material. This percentage comes naturally from the
rolling process of the sheet from which the samples are taken.

3.3 Element content change

The in-depth content change of the main chemical elements
(carbon, iron, chromium, manganese, and molybdenum) was

Fig. 8 In-depth residual stress profiles, τxy and τyx components. I = 10 A,
ton = 26 μs

Fig. 9 In-depth X-ray diffraction peak broadening. I = 10 A, ton = 26 μs

Table 7 Indentation
parameters Approach speed 25 (μm min−1)

Acquisition rate 10.0 (Hz)

Loading Linear

Maximum load 500.00 (mN)

Load speed 1000.00 (mN min−1)

Discharge speed 1000.00 (mN min−1)

Pause 5.0 (s)

Type of indenter Vickers

Indenter material Diamond

2764 Int J Adv Manuf Technol (2018) 99:2755–2776



investigated by means of energy-dispersive X-ray spectrosco-
py (EDS) on EDMed specimens. The analysis of the profiles
(Fig. 11) clearly shows a carbon enrichment in the first 10 μm.

This is mainly due to the diffusion phenomenon of carbon
atoms coming from the dielectric liquid and the graphite of
the tool.

4 Results and validation

Several combinations of hypotheses were tested, and those
that gave the most relevant results are summarized in
Table 8 and analyzed.

The form of the heat-flux distribution has significantly in-
fluenced the mechanical response of the EDMed layer. To
emphasize the specificities inherent in each kind of distribu-
tion, the results have been gathered in two groups according to
the form of the heat-flux distribution (HFD). Gaussian heat-
flux distribution (GHFD) is assumed in the first group, while
uniform heat-flux distribution (UHFD) in the second.
Simulation results have been compared with experimental da-
ta from the current database.

Fig. 11 Energy-dispersive X-ray spectroscopy (EDS) line scan I = 10 A, ton = 26 μs
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4.1 Mechanical response of the EDM-affected layer

The elementary electric cycle on which the EDM process is
based is consist of two critical phases. The first one is the
discharge phase sustained for a period of on-time (ton). The
second is the pause time (toff), which instantaneously occurs
right after the first one when turning off the electric energy.

This electric cycle triggers a sequence of thermomechanical
loadings, starting by a high energy heat flux and a pressure
pulse, acting at once on the machined surface during the first
phase, followed by a cooling stage during the second phase.
The material reacts against these loadings and exhibits a partic-
ular behavior that is very interesting to know. The numerical
model developed in this study allowed to follow the behavior of
the workpiece throughout an EDM basic electrical-cycle.

4.1.1 Pure thermal loading (without pressure)

At the end of the heating phase, a pool of still molten matter
located at the top layer exhibited a stress-free state. The extent
of this area in terms of (radius, depth) is sensitive to the form
used for the HFD. In the case of UHFD (Fig. 12a), it is

(76 μm, 12 μm) against (44 μm, 14 μm) for the GHFD
(Fig. 13a).

In the solid layer below the melting pool, reigns a field of
compressive stresses which is less thick in the case of GHFD
(Fig. 14a) but with more intense stresses (−110.2 MPa) than
those developed by the UHFD (−47.3 MPa) (Fig. 14b). This
compressed layer is then enveloped by a band of tensile stress-
es that balance the compression stresses.

The very high temperature in the hotspot causes a large
thermal expansion of the molten material. This expansion,
blocked by the cold sublayers, escapes through the surface
of the workpiece that is free of any external pressure. This is
noticeable especially for the model with GHFD (Fig. 13a)
where a swelling is well developed on the surface. In the case
of UHFD, the same phenomenon exists but as an uprising of
the surface (Fig. 12a) rather than swelling.

At the end of the on-time, and whatever the form of the
HFD, a zone of plastic deformations, developed in the sol-
id sublayers, surrounds the molten pool. The Equivalent
Plastic Strain (EPS) is slightly higher in the case of the
GHFD (Fig. 15a) with a max = 8.46% against 7.48% for
the UHFD (Fig. 15b) which has broader plastically

Table 8 Summary of the conclusive combinations

Combination Thermal Mechanical

Heat-source
radius

Fc (%) Heat-flux distribution Heat-flux peak × E+11
(W m−2)

Plasma
radius

Fp Pressure
distribution

Peak pressure
(GPa)

18 45 Gaussian Uniform 10 15 Spherical Uniform

C1 Eq. (6) × × 3.84 Eq. (6) 4 × 1.33

C2 × × × × 3.33

C3 × × × × 5

C4 × × 0

C5 Eq. (6) × × 2.1 Eq. (6) × × 2.46

C6 × × × × 3.7

C7 × × 0

)b()a(
Fig. 12 Mises stress fields in the case of pure thermal load with UHFD (combination C7): a at the end of the on-time and b after total cooling
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deformed area caused by the uniform distribution of the
heat flux that allows temperatures to diffuse further and
reach deeper areas.

At the beginning of the cooling phase, the total mechanical
strain rate remains high, particularly in the hot-spot. Ranging
from 3.44E+04 s−1 for the GHFD to 5.22E+04 s−1 for the
UHFD, as shown respectively in Fig. 16c, d.

During the cooling phase, the plastic deformation increases
and develops further in depth and toward the surface to

dominate the area that has solidified. The same behavior is
detected in both cases of HFD and the maximum values
reached in terms of EPS are very close (12 and 15%) as shown
in Fig. 15c, d, respectively.

After total cooling, the workpiece reaches the room tem-
perature and there appears a residual mechanical equilibrium
state characterized by a gradient of residual stresses and work
hardening. Figures 12b and 13b illustrate the residual Von-
Mises stress in the case of a UHFD and GHFD, respectively.

(a) (b)
Fig. 13 Mises stress fields in the case of pure thermal load with GHFD (combination C4) a at the end of the on-time and b after total cooling

(a) (b) 

(c) (d)
Fig. 14 Max. in-plane principal, stress fields in the case of pure thermal load with combination C4 (GHFD) a at the end of the on-time and c after total
cooling and combination C7 (UHFD) b at the end of the on-time and d after total cooling
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(a) 

(c)

(b)

(d)
Fig. 16 Max, in-plane principal, total mechanical strain rate fields in the case of pure thermal load with combination C4 (GHFD) a at 1E-07 μs and c at
the end of the on-time and combination C7 (UHFD) b at 1E-07 μs and d at the end of the on-time

(a) 

(c)

(b)

(d)
Fig. 15 Equivalent plastic strain fields in the case of pure thermal load with combination C4 (GHFD) a at the end of the on-time and c after total cooling
and combination C7 (UHFD) b at the end of the on-time and d after total cooling
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With the GHFD, the maximum of the stress amplitude is
538.6 MPa versus 496.6 MPa for the UHFD. Whatever the
HFD, the maximum stress amplitudes are localized in
sublayer in the form of a band which may extend up to the
surface in the case of UHFD as shown in Fig. 12b.

The residual tensile stresses dominate the surface layers of
80 μm thick in the case of the UHFD (Fig. 14d) versus 64 μm
for the GHFD (Fig. 14c).

4.1.2 Thermal and pressure loads

When pressure is added as a load, the global aspect of the
stress distribution in the workpiece remains roughly the same
as shown in Fig. 17a–d. There is a general increase in the
stress magnitude proportionately to the peak pressure applied.
For a peak pressure of 5 GPa (combination C3), the maximum
amplitude of the Mises stress reaches 642 MPa (Fig. 17b),
whereas it was 538 MPa without the pressure (Fig. 13b).
The same trend is detected also for the plastic deformation
where an increase in peak pressure induces an increase in
EPS, as shown in Fig. 18a–d.

The morphology of the crater is significantly different,
depending on whether the pressure is applied or not. In the

case of pure thermal loading, no crater shape is visible
(Figs. 12b and Fig. 13b), while in all cases where the pres-
sure is active, the presence of a crater shape is perfectly
visible for all combinations considered under pressure, as
shown in Fig. 17a–d.

4.2 Residual stresses validation

4.2.1 Influence of the heat flux distribution

Two types of heat flux distributions have been tested.
Figure 19 illustrates the influence of each distribution on
the calculated residual stresses in the absence of any exter-
nal pressure. The numerical profiles of residual stresses
from the C4 and C7 combinations are similar in overall
appearance to the experimental one. The residual stresses
are of traction type on the surface, then balanced by com-
pressive stresses in sublayers. Note also that the peak of
tensile stresses is approximately 15 μm below the surface.

The C7 combination built on a UHFD allows a better pre-
diction of the residual stresses when compared with the exper-
imental measurements, especially at the magnitude level and
the extent of the tensile stresses. However, an overvaluation of

(a) (b)

(c) (d)
Fig. 17 Mises stress fields after total cooling in the case of thermal and pressure loading. Combinations: a C2, b C3, c C5, and d C6

Int J Adv Manuf Technol (2018) 99:2755–2776 2769



compressive stress is observed. The numerical profile of the
C4 combination, based on a GHFD, lies outside the error
limits of the experimental measurements.

4.2.2 Influence of the pressure pulse

Figure 20 shows the in-depth residual-stress for the C2, C3
and C4 combinations. It can be noted that the addition of
pressure does not change the overall shape of the numerical
profiles, which mostly remain similar. For the same ther-
mal loading, adding pressure did not improve the numeri-
cal prediction of the residual stresses. Profile C4, corre-
sponding to a pure thermal load, almost coincides with
profile C2 corresponding to the same thermal loading and
a peak pressure of 3.33 GPa. Raising the pressure further
increases the gap between the numerical and experimental
profiles, which is clear for the combination C3 correspond-
ing to a peak pressure of 5 GPa. The same tendency was
also found for the combinations C5 and C6 (Fig. 21) where
the pressure did not induce a positive effect on the accura-
cy of the residual stresses computation.

The form of the pressure-distribution did not show a
significant influence on the residual stresses profile
(Fig. 22). The profile of the combination C1, with
Spherical Pressure-Distribution (SPD), is as close to the
experimental profile as that of the combination C2 with
Uniform Pressure-Distribution (UPD), despite its peak
pressure (3.33 GPa) that was 250% more intense than that
of the combination C1 (1.33 GPa).

(a) (b)

(c) (d)
Fig. 18 Equivalent plastic strain fields after total cooling in the case of thermal and pressure loading. Combinations: a C2, b C3, c C5, and d C6

Experimental
C4
C7

Fig. 19 In-depth profiles of experimental and computed residual stress on
316L steel. Only thermal loading is considered. Combinations—C4:
GHFD and C7: UHFD
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In this study we did not go beyond 1.33 GPa for the SPD
case because, this form of distribution causes critical distor-
tions in the mesh and beyond this limit the solver does not
converge since no remeshing step is planned. This problem is
seldom met in the case of a UPD even with peak pressure of
5 GPa. For this reason, the SPD was abandoned and only the
results of the UPD are presented in the following.

4.3 Equivalent plastic strain validation

The EPS is sparsely sensitive to the HFD, as shown in
Fig. 23. The maximum value, about 11.3%, was reached
by both types of HFD at almost the same depth. However,
the thickness of the plasticized zone due to the UHFD was
about 100 versus 70 μm for the GHFD. The addition of the
pressure as a load, increased the level of the plastic defor-
mation and the thickness of the plasticized zone for the
GHFD as confirmed by the Fig. 24. The EPS level in-
creased from 11.3% for a pure thermal load (combination

Experimental
C2
C3
C4

Fig. 20 Effect of the pressure pulse on the computed residual stresses in
the case of a GHFD. Combinations: C2, 3.33 GPa; C3, 5 GPa; and C4,
0 GPa

Experimental
C5
C7
C6

Fig. 21 Effect of the pressure pulse on the computed residual stresses in
the case of a UHFD. Combinations: C5, 2.46 GPa; C6, 3.7 GPa; and C7,
0 GPa

Experimental
C2
C1

Fig. 22 Effect of the pressure distribution form on computed residual
stress. Combinations—C1: spherical and C2: uniform

C4
C7

Fig. 23 Comparison of computed EPS profiles in the case of pure thermal
load. Combinations—C4: GHFD and C7: UHFD
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C4) to 40% in the case of a 5 GPa peak pressure (combi-
nation C3), a gain of 254%. The thickness of the plasti-
cized area grew from 70 μm for the C4 combination to
100 μm for the C3 combination.

In the case of a UHFD, the addition of pressure mainly
affected the level of the EPS. This latter increased propor-
tionally with the applied peak pressure (Fig. 25). The EPS
rose from 11.24% for a pure thermal load (combination

C7) to 19.7% in the case of 3.7 GPa peak pressure (com-
bination C6), a gain of 75.27%. The thickness of the plas-
ticized zone seemed insensitive to the peak pressure level
in the case of UHFD.

A qualitative comparison of computed and measured EPS
was carried out as shown in Fig. 26. The experimental profile
was obtained in correlation with the measurements of micro-
hardness as explained earlier and the numerical profile is that
resulting from the combination C3 since it caused the most
intense EPS.

According to Fig. 26, the computed EPS profile is much
lower than the experimental one with a shift of about 30%
EPS. However, the numerical model provides a reasonable
prediction of the 15 μm depth where the maximum amplitude
of EPS is located and the thickness of the layer disturbed by
the electrical discharge of approximately 100 μm.

5 Discussion

We have proposed in this study a numerical approach based
on robust models more appropriate to the real physics that
governs the EDM process in order to better understand the
mechanical response of the workpiece during and after an
electric discharge on which the EDM process is based. We
intentionally focused on the latest electric discharges that oc-
cur at the end of a machining phase. More specifically, the
discharges that condition the final mechanical state which is
often qualified by residual.

C2
C3
C4
C1

Fig. 24 In-depth EPS computed in the case of GHFD

C5
C6
C7

Fig. 25 In-depth EPS computed in the case of UHFD

Experimental
C3

Fig. 26 Comparison of experimental and computed in-depth EPS profiles
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The mechanical problem is strongly coupled to the thermal
problem, and the accuracy of the numerical results are directly
related to the robustness of the thermal model. In fact, the
thermal model depends on several parameters, including
mainly the shape of the heat-flux distribution, the expansion
of the heat source, and the amount of the energy Fc transferred
to the workpiece. It was therefore essential to investigate each
of these parameters.

Given the diversity of the models, a strategic decision was
made to deal with two kinds of heat-flux distributions:
Gaussian and uniform with their respective values of Fc: 18
and 45%. Twomodels were selected to simulate the expansion
of the heat source; one is of equivalent heat source type, and
the other is of plasma expansion type.

Besides the thermal loading, a new boundary load was
taken into account as an external pressure pulse applied in
conjunction with the heat flux on the same boundary. The
evidence of this pressure and its background are more and
more cited in recent literature. This raises the need to initiate
a first attempt to model plasma-induced pressure and to inves-
tigate its possible impact on the state of residual stresses and
work hardening.

The mechanical behavior law is essential to enhance the
reliability of the results. It was carefully designed so that it is
well adapted to the very high strain rates that arise in the surface
layers during the electrical discharges and even afterwards.

Several combinations of hypotheses were tested through
numerical simulations in the case of a single electrical dis-
charge. Therefore, the number of results was very high, so
only the combinations that led to some conclusive results are
presented and discussed.

It should be noted that the model referenced Eq. (7)
governing the expansion of the heat source led to low and
unacceptable temperatures, as they did not exceed 442 °C on
the upper surface. In fact, this model caused premature expan-
sion of the heat source that rapidly reached high radius values,
which drastically reduced the heat-flux density. Consequently,
this model was later abandoned.

In general, the selected models have demonstrated their
ability to properly simulate the mechanical behavior of the
EDMed layer during and after an electrical discharge. The
comparison of the numerical and the experimental profiles
of residual stresses revealed that the assumption of the uni-
form distribution of the heat flux is more precise than the
Gaussian distribution in approximating the experimental mea-
surements. Indeed, for the same expansion model of the heat
source (Eq. 6), the Gaussian distribution model, concentrates
the maximum of the heat flux power in a very narrow section
around its axis. Far from the axis, the intensity of the heat flux
decreased exponentially to almost zero at the heat source bor-
der. Contrariwise, with the uniform distribution, the heat flux
was evenly distributed over the loaded section, which ensures
a deeper penetration of the heat, even with a lower heat flux

power (− 45.3%) compared with that used with the Gaussian
distribution.

According to the modeling proposed in this study, the ad-
dition of a uniformly distributed pressure, as a loading condi-
tion, did not affect significantly the residual stress state that
appeared to be substantially driven by the thermal loading
more than by the pressure pulse. On the other hand, the effect
of the pressure was particularly perceptible on the strain hard-
ening and the crater morphology, and more precisely on the
formation of a bulge around the crater due to the repelling
phenomenon driven by the pressure and the superficial ther-
mal expansion gradient.

In fact, during the electric discharge, a fraction of the ma-
terial melted due to the very high temperatures caused by the
plasma and formed a molten pool with a radius of about
14 μm. The stresses and strains were almost zero in this liquid
area and appeared in the solid layer surrounding the molten
pool. The existence of the pressure over the molten pool
prevented its free expansion at the surface. This phenomenon
was even more pronounced as the pressure was more intense.
Thus confined, the incompressible liquid material further
presses the underlying solid sublayers by transmitting to them
a fraction of the pressure exerted on it, which increases the
strain and the work hardening in these solid layers. The other
fraction is dissipated in the bulge formation.

Once the electric discharge collapsed, the cooling phase
began free of any external pressure. The shrinkage rate is the
main phenomenon that governs the genesis and the evolution
of stresses and strains in the molten pool and so on in the
already prestressed solid sublayers. This may explain why in
the near-surface layer of about 14 μm thick, the amplitudes of
the residual stresses were fairly close for all the combinations
studied. It is furthermore understood why the maximum am-
plitudes of the stresses and the work hardening are localized in
sublayers. More precisely, in the solid boundary that was un-
derlying the molten pool and which kept a memory of the
work hardening and the thermal stresses formed rather during
the heating phase and potentially amplified by the pressure
that was applied.

The spherical distribution of the pressure has not been
acutely investigated because of the critical distortions in the
mesh, particularly at the surface.With this kind of distribution,
it was impossible to exceed 1.33 GPa. A value for which the
computed residual stresses were interesting as shown in
(Fig. 22). Nevertheless, the level of work hardening remains
similar to that caused by the pure thermal loading of the com-
bination C4.

According to the modeling approach proposed in this
study, the work hardening in the EDMed layer is caused by
the thermal expansion and the applied pressure, at least in the
deep zone. But, for all the combinations studied, the numerical
results showed a work hardening level that is much lower than
the experimental measurements.
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The change of the chemical composition of the surface
layer due to the diffusion of numerous chemical elements
coming from the dielectric fluid and the tool material cannot
stand alone to explain the high work hardening level, particu-
larly in the deep layers. Moreover, the analyses made by EDS
spectroscopy showed that the change of the carbon content did
not exceed the first 10 μm below the machined surface. This
suggests that other phenomena are potentially associated and
manage the shift, such as microstructural changes caused by
thermal cycles, and the cyclic hardening phenomenon that
characterizes the 316 L steel [71], subsequent the perpetual
electrical discharges that bombard the surface of the work-
piece and cause untold numbers of thermal and mechanical
loading cycles.

6 Conclusion

A new numerical approach is proposed in this study to get
further insights into some aspects of the mechanical behavior
of a workpiece of 316 L steel material subjected to an EDM
basic electrical cycle. Several hypotheses have been assumed
and investigated, including the shape of the heat flux distribu-
tion, the model of the heat-source expansion and the fraction
of the energy transferred to the workpiece.

We attempted to develop a consistent model of the EDM
plasma-induced pressure phenomenon that has been assumed
as a new boundary load. The models adopted were coded and
simulated with the commercial code Abaqus® and the obtain-
ed results led to the following conclusions:

– The proposed modeling and the adopted approach dem-
onstrated their efficiency and ability to predict, as expect-
ed, the evolution of the mechanical behavior of the
EDMed layer, since the set-up of the electric discharge
and up to the total cooling of the workpiece;

– The combination made-of the uniform distribution of the
heat flux, Fc = 45%, and Eq. (6) as the heat-source expan-
sion model was the most appropriate to approximate the
real residual stress profile;

– As modeled in this study, the pressure effect is evident on
the work hardening and the bulge formation and less ob-
vious on the residual stresses;

– The plastic deformations induced by the thermal expan-
sion and the pressure are insufficient to explain the high
hardening level of the deep layers;

– The strain rate in the EDMed layer remains very high
throughout the heating phase and even at the beginning
of the cooling phase;

– The peak of the residual tensile stresses is located in the
sublayer, at the earlier solid-liquid boundary. A local ma-
terial decohesion might probably occur in this zone;

– The relaxation of the residual stresses on the surface layer
is not only due to the damage;

– The assumptions on which the plasma-induced pressure
modeling is based require further investigation and devel-
opment to better clarify and quantify the potential me-
chanical effects of this phenomenon.
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