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Abstract Electrical Discharge Machining (EDM) is a non-conventional machining
process, widely utilized in the modern industrial environment, especially in appli-
cations that involve the manufacturing of complex shapes and geometries, along
with high dimensional accuracy. Conceptually EDM is a simple process, which is
based on the erosion that accompanies the spark occurrence between two electrically
conductive materials, one that acts as working electrode and one as the workpiece.
Nevertheless, in practice, and due to the technological advances in the relevant field,
EDM has become a multi-parameter machining process. The current chapter aims to
familiarize the reader with the process of EDM, while at the same time, to provide
useful and practical information concerning more advanced topics. The chapter’s
first sections are an introduction to the EDM, where a brief historical review, and
the basic working principles are presented. The basic physical mechanisms that take
place during machining are analyzed, along with the major machining parameters and
performance indexes. Moreover, a brief literature review concerning the machining
of steel and aluminum alloys with EDM is quoted. Thereafter, the basic principles for
modeling and simulation of the process are introduced, aiming to become a helpful
reference in model development. Finally, in the last section, a comparative study
regarding the machining of two different aluminum alloys (i.e., A15052 and Al6063)
with EDM is presented, indicating how different alloys of the same base may have
different behavior during their machining with EDM.
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1 A Brief History of EDM

Electrical discharge machining (EDM) is one of the most extensively used non-
conventional machining processes, with many applications in the modern industrial
environment. The main advantage of EDM is the capability of machining any electri-
cally conductive material, regardless of its mechanical properties, e.g. strength and
hardness, in complex geometries and with high dimensional accuracy. EDM finds a
wide range of applications in the fields of die and mold manufacturing, aerospace,
automotive industries, microelectronics, and biomedical engineering [1, 2]. The orig-
inal idea of this process came during the eighteenth century when scientist Benjamin
Franklin reported the erosion phenomenon of metal workpieces by electrical sparks
[3]. About 70 years later the scientist Joseph Priestly discovered the erosive effect
of electrical discharges.

A couple of Russian scientists, namely Dr Boris Lazarenko and his wife, Dr Natalia
Lazarenko (Fig. 1) were asked to develop a solution for tungsten contact points in
the military vehicles distributors to avoid erosion due to friction. At these contacts,
occurred small discharges that affected the surface quality of the contact points, and
small craters appeared due to the material erosion phenomenon. They discovered that
mineral oils could make the sparks more predictable and uniform. These uniform
sparks led to more uniform erosion phenomena on the tungsten surface, which was
one of the hardest known material at these times. Immediately the Lazarenko couple
realized the potential of their discovery, and they decided to create the first.

EDM prototype for industrial machining purposes, they also published their thesis
entitled “Investigation of the Effect of Wear on Electric Power Contacts for Manu-
facturing Purposes” [4]. The following Fig. 1. shows the schematic structure of their
EDM prototype which is similar schematic structure to the spark distribution unit.

At the early 1940s was invented the die-sinking EDM process with the advent
of pulse generators planetary and orbital motion techniques, CNC and the adaptive
control mechanism. So the EDM machine process was in commercial use in 1952
by the “Charmilles” industry which was presented for the first time as the Euro-
pean Machine Tool Exhibition in 1955 [5], and in 1972 “Agie” another company
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Fig. 1 On the left side a Dr. Boris and Dr. Natalia Lazarenko working on their EDM prototype,
and on the right side b is the schematic representation of their machine
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was invented the wire-ED machining process that included powerful generators,
improved machine intelligence, better flushing solution and new wire electrodes [6].
“Seibu” developed the first CNC wire EDM machine in 1972 and the first system
was manufactured in Japan. Kurafuii and Masuzawa in 1968 demonstrated the devel-
opment of the first micro- EDM machining process when they drilled a minute hole
in a 50 wm thick carbide plate.

2 Introduction and Basic Theory of EDM

The development of modern technology is determined in many respects by new mate-
rials difficult to process by conventional methods. Their commercialization and appli-
cation in industrial conditions involve the development of appropriate machining
technologies. One of the modern methods that makes it possible to shape conduc-
tive materials, regardless of their hardness, as well as the chemical composition, is
electro erosive machining. An unconventional method of material removal, using the
phenomenon of electric discharges occurring between two electrodes in the presence
of a dielectric, allows obtaining geometrically complex shapes that are difficult to
obtain by other methods. EDM machining is divided into two major types: die-sink
EDM and the wire-cut EDM. The following Fig. 2 shows the two machine types.
The principals are the same for the Die-Sink as well as for Wire EDM process with a
small difference in the setup. As it has been mentioned above, EDM is a removable
process for conductive materials by means of rapid repetitive spark discharges in
the presence of dielectric liquid, while a voltage difference is applied between the
electrode and workpiece.

Physical phenomena that occur during the material removal process in an erosion
process are of a complex nature. As a result of the applied electrical voltage, in the
presence of dielectric fluid (usually deionized water or hydrocarbon oil, which acts
as an insulator and coolant) the electrode comes closer to the workpiece material.
Upon the conductive workpiece, a column of intense electromagnetic flux is formed.
The electrical field is the strongest (energy density of 1011-1014 W/m?) at the
point where the distance between the electrode and workpiece is minimum. As the
insulating effect of the dielectric fluid breaks down under high electric field, it causes
a single spark to be discharged between the tool electrode and the workpiece. EDM
utilizes the material erosion due to a spark, occurring between two electrodes, one of
which is the workpiece, while both are immersed in the dielectric fluid. The intense
electromagnetic flow forms a plasma channel, with plasma temperatures being in the
range of 8000-12,000 °C. Part of the discharge energy is transformed into thermal
energy, and a part of it is absorbed by the workpiece; as a result, an amount of material
is melted and/or ablated. A portion of the molten and ablated material is being flushed
away by the dielectric fluid, after the end of the current pulse, and the consequent
breakdown of the plasma channel. A series of thousands or even millions of pulses
and sparks per second result to the total material removal. This cycle is repeated many
times during the machining process. The typical Material Removable Rate (MRR)
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Fig. 2 Graphical representation of a Wire EDM and b Die-sink EDM

per discharge is in range of 10-6 to 10-4 mm?, depending on the intensity of the
specific application [7, 8]. Since the shaped electrode defines the area in which the
spark erosion will occur, the accuracy of the part produced after EDM is fairly high.

In the case of Wire EDM (WEDM), uses a moving wire as a machining tool, whose
diameter is between 0.02-0.5 mm to remove material. The workpiece geometry is
obtained as a result of electrical dissipation between the wire electrode and the
workpiece surface. The wire electrode moves along the programmed path, which
allows cutting geometrically complex shapes. Depending on the required dimensions
and dimensional accuracy and surface roughness of the cut elements, the treatment is
carried out in several electrode passes along the programmed contour for cutting [9].

On the other hand, Die-Sink EDM the erosion mechanism occurs between the
shape of the electrode and the workpiece; the geometry of the electrode is reproduced
in the object with high accuracy. Modern electro-erosion machine tools are equipped
with a numerical control system that enables the production of geometrically
complex cavities or holes [10]. As a dielectric medium in die-sink EDM is used
commonly hydrocarbon fluids, synthetic fluids or even vegetable oil-based fluids.
The surface finish, as well as other parameters, relies on the dielectric decision of
dielectric fluid [11].
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3 Phases of Electrical Discharge

After 70 years of important applications of EDM in manufacturing processes, it is
very difficult to present a complete and define model explaining in all the different
processes that take place during one discharge. Makund et al. [12], presented the
expanding-circle heat-source model that provides correct erosion curves and explains
the low erosion rates. Almost one-decade, later Schumacher [13] tries to cover the
gap between different authors and to create a new consensus base. The following
Fig. 3 presents the faces of a single discharge pulse, namely:

1. The ignition phase.

2. Formation of the plasma channel.

3. Melting and evaporation of a small part of the workpiece material and the
electrode.

4. Ejection of the liquid molten material.

The ignition phase

In the first stage of the process (Fig. 3a), there is a lack of current flux due to the
resistance of the dielectric fluid. As the electrode comes closer to the workpiece mate-
rial, the electric field is increased and occurs the primary emission of the cathode’s

(a) (b)

() (d)

Fig. 3 Graphical presentation of the discharge phases: a ignition, b plasma formation, ¢ plasma
channel expand, d flashing
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electrons. These electrons accelerate by the electric field in the directions of the
anode and hit the molecules of the dielectric. Thus, generates secondary electrons
and positive ions that move, respectively, to the anode and the cathode causing the
ionization.

Formation of the plasma channel

During this phase, the positive ions created from the dielectric collide with the elec-
trodes from the cathode. This process produces more electrons that they are attached
to the anode and liberates more electrons. This genesis superheating followed by
small evaporation of the dielectric. This causes a reduction of the resistance of
the dielectric and increasing the electrical current, creating a discharge tunnel. The
plasma channel is created and circled by a vapor bubble, which concentrates all the
energy in that small volume. At this moment the open-circuit voltage drops rapidly
to the break voltage of the dielectric.

Melting and vaporization of the electrode materials

At this stage, during the generated plasma channel, the increased plasma high energy
melts both electrodes by thermal conduction and a portion of the electrode evaporates
due to the high plasma pressure over the cathode and anode spots. The explanation
of this phenomenon could be that both anode and cathode surfaces are affected by
the emission of the electrons and positive ions. The kinetic energy is transformed
into thermal energy as in both cases, the positive ions or the electrons hit the cathode
or the anode, respectively. As it can be in Fig. 3d, the anode melts quicker than the
cathode, due to lower mass of the electrons that collide with the anode compared to
the positive ions.

Flushing of the melted material

During the pause period, when the EDM machine stops the current abruptly, the
plasma channel collapses and the vapor bubble is formed, causing the superheated
molten liquid material of the surfaces (electrode and workpiece) to explode into the
dielectric. A part of the material flashes out by the dielectric into the surrounding,
while another part resolidifies in the crater. The last part of the material is called
“White Layer” (WL) or recast layer. In Fig. 4, the crater formation during a single
spark on tool steel utilizing a copper electrode with straight polarity is depicted. A
part of the evaporated material has been flushed away, while another part formed a
recast layer.

4 Process Parameters—Performance Indexes

Due to the multiparametric nature of the EDM, the process parameters can be
branched into two categories, i.e. non-electrical and electrical parameters. The most
important electrical parameters that affect the discharge energy are the Pulse-On
time (Toy), the Pulse-on current (I,,), the duty factor and the polarity. On the other
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Fig. 4 Crater formation from a single spark experiment

hand, these parameters are strongly related to the process parameters criteria (non-
electrical) such as the Material Removable Rate (MRR), Tool Wear Ration, and the
Surface Roughness (SR) [14, 15].

The duration of a pulse (Ton)

Is defined as the time during which there is a current flow between the electrode
and the piece and consequently, the time period during which material expulsion is
observed. The rate of material expulsion (MRR) is directly related with the machining
parameters, especially with the pulse-on current and time, and the machining effi-
ciency. Longer pulses result in a lower quality machined surface, as the craters formed
are deeper and broader in diameter. For low roughness, the use of “shorter” pulses is
recommended. Finally, the pulse duration of the pulses is related, to the processing
speed and surface roughness, to the stability of the treatment.

The pulse interval (T )

The time between the occurrence of two pulses is defined as Pulse-off time. During
it, there is no current flow, no spark event. Nevertheless, it is essential, as it is
the time during which the waste—products—are removed from the treatment zone.
Choosing the right interval is an optimization between the stability and the speed of
the processing (increasing the interval makes the processing slower, but at the same
time helps to remove the waste, making it more stable more effectively). Typical
prices are of the class of s.

The Potential difference

The potential difference between the piece and the electrode during processing is
an essential parameter. Higher values allow for a more significant gap between the
electrode and the piece, which makes it easier to flush and remove waste, making
processing more stable and increasing the MRR. At the same time, however, it results
in treated surfaces with higher surface roughness and more significant electrode wear.
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Material Removable Rate (MRR)

It is defined as the volume of material that is removed at a specified reference time.
It is usually expressed in units [mm?/min] and is calculated indirectly by the weight
difference of the piece before and after processing. It is an indicator of the processing
speed and is affected by the current intensity, the pulse and interval time, the “duty
cycle”, and the properties of the material to be processed.

Tool Wear Rate (TWR)

In the literature, the tool wear ratio (TWR) is also found as an electrode wear ratio
(EWR) or Relative Electrode Wear (REW). There is no difference, and it is essentially
the ratio of the volume of material removed from the electrode to the volume of mate-
rial removed from the piece expressed as a percentage [%]. There are cases where
the wear of the electrode on the “front surface” or in the corners, you measure inde-
pendently in [mm] or [Lm]. Nevertheless, the electrode wear ratio (TWR) continues
to be the most accurate method of measuring—expressing the wear of the elec-
trode during processing. Understandably, the wear of the electrode must be clearly
lower than that of the piece. Low TWR values express more stable, more efficient
and more economical treatments. The wear ratio depends directly on the processing
conditions (current intensity, vacuum potential, pulse time), the properties of the
materials (electrode and piece), but also the polarity used [16].

EDM in Steel Alloys

Steel and its alloys, was one of the first materials that were used experimentally in
EDM due to their use, mainly in production dies and molds. Until 1990, the workpiece
surface quality was exanimated only by stylus profilometers without considering any
material transformation and damage in ultramicroscopic level [17]. As the micro-
scopic technology developed, researchers were able to obtain three-dimensional
images of the surface topography as well as to define the particle migration, micro
and macrocracks. Haron, Deros and Fauziach [18] investigated the influence of the
EDM parameters on an AISI 1045 tool steel. The experimental results show that
the MRR and TWR were not depended on the size of the electrode, but it was near
related to the current flow. An experimental investigation was conducted by Bleys
et al. [19], on the surface and sub-surface properties of tool steel machined by EDM.
They considered three types of EDM processes, namely die-sink EDM, WEDM and
Milling EDM (MEDM) and they found that the developed of new generators or
mixed powder dielectrics will reduce the surface damage. Soni and Chakraverti [20,
21], investigated the TWR, MRR, surface texture, and the dimensional accuracy of
steel alloys machined by EDM.

Several researchers [22-30] tried to improve EDM performance in order to
increase machining production and decrease the machining time. The main aim is to
increase the accuracy and the MRR but at the same time minimizing the TWR. As it
has been abovementioned, due to the multiparametric nature of the EDM process, it
is not easy to find a single optimal combination for the machining parameters. Thus,



Modeling and Experimental Work on Electrical Discharge Machining 27

there is a need to apply multi-objective optimization methods to find the solutions to
these machining problems.

Khan [31] performed a comprehensive study by EDM mild steel by using copper
and brass electrodes. The results show that TWR increases with the increase of
voltage and current, also the cross-section of the electrode undergo more wear
compared to its length. Guu et al. [32] investigated the surface characteristics of
AISI D2 tool steel machined by EDM. They evaluated the recast layer by using
Scanning Electron Microscopy (SEM) and X-ray diffraction technique and showed
that, an excellent machine surface is produced with lower discharge energy, also
at these conditions (lower pule-on time and current) reduces the tensile residual
stress. Straka et al. [33] suggested an applied mathematical model to minimize the
depth of Heat Affected Zone (HAZ) and the microhardness of an EN X32CrMoV12-
28 steel machined by EDM with SF-Cu electrode. According to their study, the
most significant parameters that affect the quality of the machined surface are the
pulse-on and pulse-off time as well as the pulse-on current. A comparison study
performed on a duplex stainless steel alloy machined by EDM with 3 different elec-
trodes (Graphite, Copper-Tungsten and Tungsten electrodes) and 2 different dielec-
tric mediums. Ablyaz et al. [34] found by using Taguchi L18 method that, the most
significant parameter that affect the surface roughness is firstly the material of the
electrode although for the MRR the dominated factor was the pulse-on current. The
study also reported that higher MRR and SR values exhibited the surface wettability.
Finally, Mouralova et al. [35] performed a comprehensive study on the influence
of the WEDM parameters on Hardox 400 Steel. Among the other parameters (I,
Ton, Tofe and V), they also analyzed the wire feed and the cutting feed. By using a
regression model, the results show that the cutting speed is mainly affected by the
pulse-on time and pulse-on current, while the recast layer was between 5 to 20 pm.

EDM in Aluminum Alloys

Aluminum is light, ductile, plastic, non-magnetic; is an excellent conductor of electric
current; quickly oxidizes; it is very resistant to tarnishing; is recycled. Aluminum is
the third most abundant element (and the most abundant metal) in the earth’s crust,
which is about 8.1% by mass. It is a reactive element that forms solid compounds, so
alot of energy is required to obtain aluminum from aluminum oxide. As the injection
mold technology was getting more and more popular during the past two decades,
aluminum molds are competing with harden steel to produce softer materials. Thus,
a lot of researchers tried to explore the advantages of machining aluminum and
its alloys by using EDM technology [7]. Rao, Ramji and Satyanarayana [36, 37]
investigated the generated conditions of residual stresses in Machining AA2014 T6
by using WEDM. The results reviled, a wide range of residual stresses from 8.2 MPa
to 405.6 MPa. Besides, the researchers noticed the presence of AlCu and ACuj
intermetallic. These stresses could cause a susceptible surface to crack formation,
which affects not only the corrosion and wear resistance [38, 39] but also the fatigue
life [40]. Khana et al. [41] performed an EDM drilling on aluminum alloy 7075.
By using Taguchi grey relational theory and ANOVA they were able to analyze the
response factors (MRR and TWR) and correlate them with the machining parameters
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in order to find the optimal drilling conditions. They also Reported that the MRR
and TWR are mainly affected of the pulse-on and off time. By using the same
statistical method Bobbili and Gogia [42] machined a ballistic grade aluminum alloy
by WEDM. Mathematical models were developed using response surface method to
determinate the correlation between machining and performance characteristics. It
was demonstrated by Ahmed [43] an experimental investigation of coating deposition
on aluminum by EDM. The results show that most significant parameter that affect
the layer thickness, material deposition rate and the TWR is the peak current (I,). In
addition, the surface microhardness had a significant improvement with an average
hardness of 640HV.

5 Modeling and Simulation of EDM

Modeling and simulation consist a powerful tool in research regarding the EDM
process. Additionally, except of the capability to predict the machining results, it
provides an insight of the process, allowing the study of mechanisms and phenomena
that are almost impossible to be experimentally studied. Since EDM is a multi-
parameter process, with complex physical phenomena to take place, some reasonable
simplifications and assumptions have to be made, in order the modeling to become
feasible. These assumptions have always to be scientifically justified, and be based
on robust theoretical background. Each researcher/research team, adopts its own
approach regarding the simulation of EDM, developing and presenting different
models. Nevertheless, some assumptions/simplifications are common, thus, it is
considered useful and helpful to be presented.

At first, all discharges are considered identical, while during each pulse only one
spark is occurred. Thus, this “average” spark is simulated, and the results concerning
the overall process deduced from correspondence to the real processing time. The
into material heat transfer is considered that mainly take place due to conduction,
while Joule heating is often neglected. [44] The plasma channel is the main heat
source, while the workpiece exchanges heat through convection with the dielectric
fluid, and through radiation. Finally, the workpiece material is assumed as isotropic.
Some more details will be discussed below.

The conduction heat transfer is mathematically described as:

oT
p-C-E—V%k-VT):Q (D

with T the temperature, p the density, C the heat capacity (at a constant pressure Cp,
or for a constant volume C,), k the thermal conductivity and Q a heat source or a
heat sink. The heat source, i.e. the plasma channel in most simulations is considered
to have a Gaussian distribution, hence, the power density can mathematically be
expressed:
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Fy-V-I 2
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with V the machining voltage in V, I, the pulse-on currentin A, R, the plasma channel
radius in m, r the distance from the center of the plasma channel in m, and F, the
proportion of energy that is absorbed by the workpiece. At this point, some important
clarifications have to be made. At first, and regarding the power distribution of the
heat source: in studies different types of heat sources have been adopted, namely,
point heat source, or disc heat source. Nevertheless, in many of the models, a heat
sources with a Gaussian distribution is utilized, not only because the obtained results
are in line with experimental ones, but due to the theoretical background that supports
this approach. In the work of Weingirtner et al. [45] a comprehensive comparison
between different heat sources models can be found, concluding that the Gaussian
distribution is the most consistent with experimental results. Moreover, and regarding
the plasma channel radius, there is not a generally accepted model for its calculation,
rather experimentally driven semi-empirical relations. Two commonly used relations
are [46]:

R, =2.04-[p% . T2 3)

with Rp the plasma channel radius in wm, I, the discharge peak current in A and T,
the discharge duration in p.s.

R, =085 1073 . 12.48 . Toon,35 @

with R;, the plasma channel radius in m, I, the discharge peak current in A and T,
the discharge duration in s. Additionally, in some simulations the plasma channel is
considered constant during the whole spark time [47], while in others, the plasma
channel growths over time [48], implementing an expanding heat source. Finally, in
order the heat source to be fully described, the proportion of power that is absorbed
by the workpiece must be defined. Again, there is a deviation between the adopted
coefficients. In lots of studies an absorption coefficient of 18.3% is utilized, which
emanates from the research of DiBitonto et al. [12]. But this is only an approach; for
example, Vishwakarma et al. [49] used an absorption coefficient of 8%, while Singh
defined an absorption coefficient between 6.1 and 26.82%. The proportion of energy
that is absorbed by the workpiece is strongly depends on the machining parameters,
the workpiece and the electrode material, hence, these coefficients must carefully be
adopted and as the case may be. The most proper approach, in order the accuracy to
be ensured, is its definition by reverse engineering, based on experimental results.
Furthermore, this coefficient is preferably not to be constant, but as function of the
machining parameters [50].

The convection heat transfer between the workpiece and the dielectric fluid is
expressed as:
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with qgie; the heat flux from the workpiece to dielectric fluid due to convection in
W/m?, hgie; the heat transfer coefficient between the workpiece and the dielectric oil
in W/m?K.

At this point, it should be pointed out that in most of the models the assumption
of a constant geometry is implemented. In other words, the material erosion is not
considered, and the material removal is estimated through a temperature condition. In
a different approach, the material erosion is taken into consideration and simulated,
through computational methods like moving mesh [51] or deformed geometry [52].
Finally, it must mention, that there are studies concerning consecutive spark, and the
surface morphology as the result of them [53]. In those models, a multi-scale approach
is adopted, coupling the single spark analysis with a macro scale analysis, where
conclusions regarding the surface characteristics and roughness can be deduced.

6 Case Study: The Machining of Aluminum Alloys A15052
and Al6063 with EDM

The current case study concerns the machining of two different aluminum alloys with
EDM, namely the A15052 and A16063. The same machining parameters were utilized,
aiming in a straight comparison of the machining results, regarding the MRR, Ra
and Rt. AI5052 nominally contains 2.5% magnesium & 0.25% chromium, has good
workability, very good corrosion resistance, high fatigue strength, weldability, and
moderate strength, while it is extensively used in aircraft fuel/oil lines, fuel tanks and
other transportation areas. In A16063 the basic alloying elements are the magnesium
(0.45-0.9%) and the silicon (0.20-0.6%), it is a medium strength alloy, with a wide
range of applications, including architectural and transportation applications. The
alloys’ detailed chemical compositions along with their mechanical and thermo-
physical properties are listed in Table 1.

The experiments were carried out on an ANGIETRON EMT 1.10 die sinking
EDM machine, by using aluminum plates as workpiece material, and utilizing copper
working electrode, with nominal dimensions of 38 x 23 mm. In order any depositions
accumulation on electrode’s surface to be avoided, in-between the experiments the
electrode was properly being cleaned. A highly purified synthetic hydrocarbon oil
was used as dielectric fluid, which was properly channeled into the working tank
for the efficient debris removal. A nominal 1 mm cutting depth was set for all the
experiments, in order a full and uniform machined surface to be formed.

A full-scale experiment was conducted, with control parameters the pulse-on
current and time, each of one taking 4 levels of values, thus, 32 experiments were
carried out in total. The pulse-on current and time varied from 15 up to 24A and
from 100 up to 500 ws respectively, covering that way a wide range of per pulse
energies. In Table 2, the machining parameters are listed in details. The experiments
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Table 1 Chemical composition, mechanical and thermophysical properties of A15052 and A16063

Chemical composition

Element Wt. % Al Cr Cu Fe Mg
Al5052 95.7-97.7 0.15-0.35 <0.1 <0.4 2228
Al6063 <97.5 <0.1 <0.1 <0.35 0.45-0.9
Element Wt. % Mn Si Ti Zn Other total
Al5052 <0.1 <0.25 - <0.1 <0.15
Al6063 <0.1 0.2-0.6 <0.1 <0.1 <0.15

Mechanical and thermophysical properties

Density [g/cc] | Cp [J/kgK] | Thermal cond. | Melting point | Electrical | HV
[W/mK] [K] resistivity
[ohm/cm]
Al5052 |2.68 880 138 880-922 499¢-8 68
Al6063 | 2.70 900 200 889-927 332e-8 83
Table 2 Machining parameters
Machining conditions Level 1 Level 2 Level 3 Level 4
Discharge current I, (A) 15 18 21 24
Pulse on-Time Ty, (us) 100 200 300 500
Dielectric Synthetic hydrocarbon fluid
Dielectric flushing Side flushing
Open circuit voltage (V) 100
Close circuit voltage (V) 30

were conducted under straight polarity, with constant voltage difference, and more
specific, 100 and 30 V nominal open and close circuit voltage respectively. The Duty
Factor (n) was automatically adjusted to optimize the process, thus, only indirectly
can be estimated based on the mean current. Taking in mind that voltage pulses can
be approximated by square pulses, the Duty Factor is calculated based on Eq. 6:

n= (6)

Sl fe

with Ip with the ammeter indication of the mean current intensity in A and I, the
nominal pulse-on current in A. The MRR is defined as the volume of the removed
material per minute, and calculated based on Eq. 2:

W, — Wy
MRR = & — fin (7)
O In
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with MRR the material removal ratio in gr/min, Wg., Wy, the workpiece weight
before and after machining, respectively, in gr, p the workpiece material density in
gr/mm? and tm the machining time in min.

The Surface Roughness was estimated in terms of Ra and Rt, which emerged as
the mean value of five consecutive measurements on each machined surface. Finally,
the machined surfaces cross sections were grinded, polished and chemically treated
with proper etchant, being composed of 92 ml distilled water, 6 ml nitric acid and
2 ml hydrofluoric acid and the etched surfaces were observed in optical microscope
in order the formed WL to be studied.

Experimental Results and Discussion

In Table 3 the experimental results are presented.

MMR consists one of the main productivity indexes, directly related with the
machining efficiency and sustainability. Although, it is strongly depending on the
machining parameters, namely the pulse-on current and the pulse-on time, there is
not a linear correlation between the MRR and the machining power and the per
pulse energy. More specific, an increase in the machining power, or in the per-pulse
energy, does not compulsively result an increase in MRR, as there is an upper limit
on the attainable MRR. This behavior can be attributed to three main reasons: the
plasma channel growth, the debris concentration in between the electrode and the

Table 3 Experimental Results

Al15052 Al6063

I, Ton MRR Ra Rt MRR Ra Rt

[A] | [ps] [mm?/min] [pm] | [wm] [mm*/min] | [pwm] [wm]
15 100 172.7 10.8 77.2 125.66 8.10 53.40
18 100 207.3 10.7 76.6 189.49 9.30 62.40
21 100 207.3 11.2 76.2 148.15 9.10 64.80
24 100 257.3 11.8 86.4 211.64 10.30 77.60
15 200 179.7 15.1 95.6 139.65 11.20 67.80
18 200 213.2 14.5 98 189.30 12.40 88.60
21 200 252.1 14.4 96.8 194.00 11.80 83.40
24 200 274.4 14.5 101.6 233.92 13.40 85.80
15 300 155.5 14.1 93.8 129.63 14.20 89.20
18 300 216.9 16 113.2 161.62 14.20 96.40
21 300 223.9 15.2 104.2 189.30 13.80 101.00
24 300 259.1 14.4 104.4 21991 15.00 94.00
15 500 176.7 14.2 94.4 133.10 13.70 94.80
18 500 223.9 17.1 114.8 177.13 16.00 101.40
21 500 234.3 16.7 105 170.37 13.60 85.80
24 500 279.9 19.4 140.6 202.82 16.70 110.20




Modeling and Experimental Work on Electrical Discharge Machining 33

workpiece and the deposition of carbon the electrode surface. The formed plasma
channel expands over the pulse time, consuming significant amounts of energy. Hence
the higher the pulse-on time is, the more power is consumed by the plasma channel,
decreasing the machining efficiency. At the same time, intense machining parameters
lead in increased debris concentration between the electrode and the workpiece,
acting like a physical barrier, while a significant amount of energy is spent as they
re-melt. The carbon that is decomposed due to high temperatures is being deposited
on the surface of the electrode and workpiece, forming a “shield layer” of carbides,
which decrease the process efficiency. These underlying mechanisms that taking
place during machining significantly affect the MRR, hence, it is of extreme interest
to be studied the response of MRR in respect of pulse-on current and time.

Based on the obtained experimental data, which are presented in Table 3, the
comparison of MRR for the two aluminum alloys are presented in Fig. 5, along with
the corresponding Main Effects Plots. At first, by analyzing the Main Effects Plot of
both alloys, it can be deduced that the pulse-on current is the major parameter that
mainly affects the MRR, while the pulse-on time has a slight and vaguer influence.
More specific, for the A15052, the mean MRR is constantly increased with increase
of I, having a total 56.4% increase as pulse-on current is increased from 15 to 24A.
On the other hand, as the pulse-on time increased from 100 to 500 s, the mean MRR
only slightly changed, with the pulses of 100-300 s, and 200-500 s having almost
the same mean MRR. Similar results emerged for the A16063 as well. The pulse-on

MRR Al5052 vs. Al6063
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Fig. 5 MRR for Al15052 and A16063 along with the Main Effects Plot
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current mainly affects the MRR, while the pulse-on time has a fuzzy influence. The
mean MRR was increased about 64.4% as the I, increased from 15 to 24A, having
only a small decrease between 18 and 21A. On the contrary, as the T,, increased
from 100 to 300 and 500 ps the mean MRR remained almost constant, with only a
slight increase for pulse-on time 200 ps.

Comparing the MRR values of A15052 and Al6063, for all the sets of machining
parameters the MRR of AI5052 is higher, by average 26.36%. This can be attributed
to the alloys’ thermophysical properties. Namely, A16063 has higher Specific Heat,
Thermal Conductivity and Melting Point than A15052. Hence, the absorbed energy
is more easily distributed in the material, preventing the topical temperature rise that
will lead in material melt and removal. At the same time, due to the higher Specific
Heat and Melting Point, A16063 requires more heat energy than A15052 to be melt,
leading in lower MRRs, compared with these of A15052.

The machined Surface Roughness is another important parameter of EDM,
straight related with the surface quality of components that been manufactured with
EDM. The Surface Roughness highly depends on the pulse-on current and time, i.e.
the machining power and the per-pulse energy. The roughness is the result of the
material removal and the craters formation, as well the growth of the White Layer.
The craters’ geometrical characteristics, (e.g. size, depth and width) are contingent
on the pulse-on current and time. Nevertheless, each parameter affects the craters’
formation in a distinctive way. Specifically, and as a rule of thumb, the pulse-on time
allows the plasma channel to expand, resulting relatively big craters, while the pulse-
on current mainly is reflected on the depth of the formatted craters. Nevertheless, the
SR is subject to complicated underlying mechanisms, and depends on numerous of
parameters, including the workpiece and electrode material, the dielectric fluid, the
applied voltage and the utilized polarity during machining. Additionally, a crucial
parameter in Surface Quality, and hence for SR is the formation of the WL. During
EDM, only a portion of the molten material is removed from the workpiece, with the
rest of it being re-solidified. Moreover, ablated material, and debris that remained in
a close proximity to the workpiece surface, may re-attaches themselves, as a layer, on
the spark cavity forming a layer of re-deposited material. The re-solidified and the re-
deposited material form the WL, that drastically reshape the Surface Topology, since
the morphology of the machined surface is not only developed by consecutive and/or
overlaying craters, but from complex formations of re-solidified and re-condensed
material. In Figs. 6 and 7 Ra and Rt of the machined surfaces are presented, along
with their Main Effects Plots.

On the contrary with MRR, the Ra is mainly affected by the pulse-on time, while
the pulse-on current has a minor, and vaguer influence. More specific, the mean
Ra of Al15052 is constantly increased with increase in pulse-on time, having 51.5%
higher mean value for T,, 500 s, compared with the mean value for 100 ps pulse-
on time. On the other hand, the mean Ra for the different pulse-on currents does
not significantly change, showing only a slight increase trend as the pulse-on time
(i.e. the machining power) increases. Similarly, in A16063, increase in pulse-on time
results a continuous increase in mean Ra, while, the utilization of higher pulse-on
current has a fuzzy affect, leading in both increase and decrease of the mean Ra.
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Comparing the values of Ra for both alloys, they are in the same order of magnitude,
with the Ra of Al15052 being, in the vast majority, higher. This can be reasonably
attributed to the lower Thermal Conductivity, Specific Heat and Melting Point of
Al5052, parameters that, as it has been aforementioned, affect the MRR. Namely,
the higher MRR of A15052, implies that on each spark a greater amount of material
is removed, forming a bigger crater.

As it was expected, Rt is mainly affected by the pulse-on time, while the pulse-on
current has a fuzzy influence. As the T, increases, the mean Rt also continuously
increases, for both alloys, having a 43.7% and 51.9% rise between 100 and 500 s
for the A15052 and Al6063 respectively. On the other hand, higher pulse-on currents
result either an increase or decrease of the mean Rt, hence, any conclusion could be
precarious. Finally, it has to be mentioned, that, with only one exception, the Rt of
Al15052 is higher than this of A16063, advocating that in machining of AI5052 bigger
and deeper craters are formed.

In Figs. 8 and 9 the cross sections of A15052 and Al6063 are depicted respectively,
for constant machining power (i.e. 24 A pulse-on current), and for different per pulse
energies (i.e. 100, 200, 300 and 500 ps). Observing the cross sections, it is deduced
that the morphological characteristics of the WL are strong related with the pulse-on
time. Namely, for T,, 100 s, in both alloys, the WL is thin discontinuous, more
like random formations on the surface. Moreover, the formatted craters that can be
distinguished are shallow and wide. For 200 s pulse-on time, the WL becomes
thicker, covering greater percentage of the surface. Furthermore, some hollow glob-
ules appear, while the formed craters become deeper. The hollow formations are
shaped as the result of the material’s rapid re-solidification, and the gas entrapment

Fig. 8 Surface cross sections of A15052 for 24A and pulse-on time a 100 s, b 200 ws, ¢ 300 s,
d 500 ps
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Fig. 9 Surface cross sections of A16063 for 24A and pulse-on time a 100 s, b) 200 ps, ¢ 300 s,
d 500 s

inside it. For higher pulse-on times (300 and 500 ps), the WL get almost continuous
and thicker, while the aforementioned globules become denser and more bulky.

The juxtaposition of the cross sections for different per pulse energies, and for both
alloys, confirm the results of Ra and Rt, which previously presented and analyzed.
The WL in A15052 is thicker in comparison with that of A16063, while the formed
craters appear to be deeper and the globules more bulky. For all those reasons, it is
justified that Ra and Rt are higher in Al5052, and their increase in respect of the
pulse-on time.

7 Summary

The current chapter concerns the non-conventional machining process of EDM, as
well a specific case-study, namely, the machining of aluminum alloys A15052 and
A16063 with EDM. After a brief historical review, the main operation principles and
the underlying mechanisms of the process were presented, along with the most widely
used performance indexes. Then a brief review was presented for the machining of
steel and aluminum alloys with EDM, providing an adequate relevant literature. In
Sect. 5, the basic principles of modeling and simulation of EDM were presented,
while some interesting and “‘scientifically open” issues were pointed out. Finally,
in the last section a case study regarding the comparison of machining A15052 and
Al6063 with EDM was presented. A full-scale experiment was carried out, with
control parameters the pulse-on current and time. The machining performances were
estimated in terms of Material Removal Rate and Surface Roughness (Ra, Rt), while
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the machined surfaces cross sections were studied in optical microscope, in order the
WL formation to be observed. It was deduced that the pulse-on current mainly affects
the MRR, while Ra and Rt mainly depend and affected by the pulse-on time. Finally,
it was concluded that the WL morphology is contingent on both the machining
parameters, and the workpiece material as well.
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