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Abstract:-Globalization is making the manufacturers to invest and invent in the manufacture / production of sophisticated
and quality products to meet ever changing needs of the customer. Thus, the research in manufacturing has been
concentrated towards the high speed machining involving CNC Machines, Robots and Automated Handling Systems with
the emergence of computers in Engineering on one side and the development Unconventional Machining such as Chemical
Machining, Laser Beam Machining (LBM), Electron Beam Machining (EBM) and Electron Discharge Machining (EDM) on
the other side. Out of them, the environment of Chemical Machining is found to be hazardous, whereas LBM and EBM
require huge investments in comparison to EDM. Therefore, the EDM is widely used in manufacturing. In the present paper,
about 111 research papers are reviewed on the major topics of EDM research. It also reports on the research related to the
adoptive monitoring and control of process and the feasibility of different strategies of obtaining the optimal machining
conditions. EDM as well as WEDM industrial applications are reported together with the hybrid machining process.
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l. INTRODUCTON

Electric Discharge Machining (EDM) is an Unconventional Machining technique of metal removal process
consisting of erosion of material from the work piece due to series of discrete sparks between work piece and electrode
separated by a thin film of dielectric fluid medium. The EDM process is generally divided into (i) Die-sinking EDM, (ii)
Wire Electric Discharge Machining, (WEDM) (iii) MicroEDM, (iv) Powder Mixed EDM and (v) Dry EDM. What ever may
be the type of process, the aim is to remove the metal from the work piece by optimum utilization of the machining
parameters to get the required shape with quality surface. In the optimum or better utilisation of the available machining
variable parameters through number of techniques either by experimentation or modeling are being used in the research and
in practice. The recent observation is being the application of the Wire-EDM in Granite Mining Operations to avoid the
heavy manual involvement. The outline of various types of EDM and the techniques used for various materials are given in
the Figure — 1. The technique starting from a simple means of making tools and dies has reached the stage as the best
alternative of producing micro scale parts. Such EDM process growth is briefly discussed based on 111 contributions ever
since its basic principle started with the erosive effect of electric discharges.

1. ELECTRIC DISCHARGE MACHINING (EDM)

The Literature shows the basis of EDM with the discovery of the erosive effect of electric discharges or sparks
during the year 1770 by the English Chemist Joseph priestly [1]. However, the destructive nature of properties of electrical
discharges has been exploited for constructive purpose in the year 1943 at Moscow University [2]. The development of the
system by Lazarenko [2] has been utilized the resistance capacitance type of Power Supply for the widely used EDM in the
year 1950 and it became a model for successive development in EDM [3]. At the same time, the work of three American
employees became the basis for vacuum tube EDM machine and the electronic servo system has automatically provided the
proper electrode-to-work piece spacing for sparking, without the electrode contact [4]. The manufacturing / production
technology has taken a revolutionary change in 1980s with the advent of computers and made the conventional machines as
Computer Numerical Control (CNC) machines including EDM so as to manufacture sophisticated and quality products with
accuracy and better productivity. Since then, the CNC in EDM made the process automatic starting from inserting the
electrodes in place of tool till obtaining the finished / polished cavity or cavities [5]. Such CNC-EDM has resulted in
enormous benefits and influenced the research area. Thus, it is common in the research to bring-out the contributions of
various researchers / manufacturers / experts from time to time. In the process, the EDM operating and performance
parameters along with electrode design and manufacture [6], Role of EDM in Unconventional and CNC machining [7] and a
Review on EDM in relation to the Aluminum Matrix Composites [8] have been seen. The EDM is further expanded as
WEDM. The influence of current, Voltage on MRR, surface roughness in WEDM [9] and its relevant topics with the
relationship between the dynamics of electrode and control in WEDM [10] and applications of WEDM [11] have been
briefly discussed. Then the trend of research in Die-sinking EDM on (i) Conductive Ceramics [12] and (ii) Silicon Carbide
Metal Matrix Composites, {13] have been reviewed. All of them have given future direction on the topics: MRR, surface
finish, wire diameter, Tool wear, Current rate, kerf, accuracy, etc. Out of the available EDM processes, the Wire EDM is
found to be more flexible and hence the review is briefly brought in the following.
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1. DEVELOPMENTS IN EDM

The research has gained importance in various angles in terms of experimental studies, modeling both
mathematical and simulation and also other techniques for EDM with the main objective of either to maximise the metal
removal rate (MRR) or minimise the machining time and tool wear or optimise the machining cost to obtain better surface
finish with either conventional or composite or metal combinations. Though extensive theoretical and experimental studies
on various aspects of EDM process such as the machine types, tooling, control circuits, selection of the process conditions
and online machine control [14]; the complex nature of EDM process and effect of interacting process parameters make the
process analysis quite difficult. Therefore, the Researchers worldwide are focusing attention on modeling and optimization
of EDM and its related processes. In the present paper, experimental studies and Modeling of machining parameters on
various aspects of EDMs are briefly studied and presented in the following.

Electrical Discharge Machining (EDM)
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Figure- 1 : Different types, process parameters and Performance measures of EDM

31 STUDIES ON EDM

The contributions of researchers have been reviewed in terms of experimental studies on EDM for machining
different materials including composite materials. Since the metal removal rate is dependent on the type of electrode used,
the powder metallurgy technique for fabricating composite electrode has been tried so as to reduce the crakes and wear
resistance, [15]. The feasibility of fabricating micro holes in high nickel alloy using micro EDM has been shown, [16] and
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the hole making on WC-Co based R-C circuit was experimented, [17]. The copper electrodes give higher MRR than the Al
electrodes during machining of stainless steel and carbides since Al electrodes under-go more wear than copper electrode
due to their lower melting point and specific thermal energy during EDM, [18]. The graphite electrode is being used during
machining of Tungsten Carbide ceramics, [19]. The effect of ultrasonic vibration of the electrode was studied on surface
integrity of Tungsten carbide,[20]. The experiments conducted with EDM for surface roughness reveal that smooth
machining surface and sharp bottom surface of V groove with PCD tool,[21], theTiCN-20Ni-10TaC cermets results in lower
surface roughness than that of other cermets[22]; The surface roughness increases with increase in current [12,23]; the US-
EDM helps not only in surface finishing but also increase in MRR,[24]; and also found that the pulse on time factor is most
influencing factor in production of quality surface and MRR,[25]. The influence of electrode material, flushing, electrode
dimension, depth of cut and planetary motion on EDM performance (material removal rate, the electrode wear, accuracy and
texture) is discussed, Lonardo and Bruzzone, [26].

The experiments with Rotary EDM are conducted on Al,Oz, 6061 Al Composite and found that the (i) MRR
increases significantly to certain extent and then decline in non-linear pattern with increase in pulse on time and peak
current. (ii) Surface roughness increases with increase in current and pulse duration. (iii) Addition of SiC in Al metal matrix
composite reduces the electrical conductivity of work material and hence Al-10 % SiCp can be effectively machined using
EDM, [8] . The Review Paper of relating to the research work on EDM reveals that the SiC reinforced MMC with sinking
EDM and powder mixed EDM have the potential scope to enhance the capability of machining performance so as to obtain
better output product under better working conditions and concluded that the research work on dry EDM and using water in
EDM as dielecric fluid are the emerging areas followed by MMCs, [13]. The multi objective optimization model on
surfaceness of UNS C34000 Brass in EDM helps to identify the Roughness parameters in EDM with offline control of
correlated multiple surface quality characteristics, [27] .

V. WIRE ELECTRIC DISCHARGE MACHINING (WEDM)
A simple WEDM process is shown in the Figure -2.
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Figure -2: Simple wire EDM process with spark gap details [9]
V. MODELING AND OPTIMISATION

It is essential to produce any product with good quality at low cost with the requirement of customer. To achieve
this objective, the influence of various parameters the process parameters have been studied to get the best performance of
either EDM or WEDM processes by many researchers and reported briefly in the sub sections.

(i) Mathematical Models

The Mathematical models, the most useful and non-destructive modeling techniques are emerged with the growth
of the computer memory. The utilization such techniques in wire EDM is briefly mentioned in the following. To start with,
the development of Mathematical models to obtain the surface finish [28,29] and eroding surface [30] based on the discharge
parameters. The Mathematical models are widely developed to (i) Calculate the minimum gap distance for the spark
generation between the work piece and the electrode [31]; (ii) predict the responses based on constraints of optimization
techniques [32]; (iii) correlate the interrelationship and find the best working conditions of various parameters (peak current,
duty factor, wire tension and water pressure) during the machining of Iconel-601 to obtain the MRR, wear ratio and
surfaceness, [33]; (iv) establish the relationship between the performance measures of the process and its controllable
parameters [34]; (v) study and determine the crack zone beyond the crater due to the thermal stresses exceeding the limits
due to longer pulse duration, high power and plasma channel radius, [35 ]; (vi) study the influence of peak current and pulse
on time on surface roughness problem solving and optimization of process parameters [36].

(i) Simulation:

The Simulation is developed on Computer Systems and depend on the speed of the Computer System. The inverse
problem of obtaining the appropriate tool electrode shape for achieving the desired final workpiece shape is presented for
die-sinking EDM by reverse Simulation and it can also be used in forward simulation,[37].The thermal stresses estimated
during the Numerical Simulation of WEDM with FEM exceeded the yield strength of the HSS work piece mostly in the
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extremely thin zone near the spark, [38]. The design and the obtaining of an experimental database, a preliminary analysis
for the selection of process variables and the establishment of wire breakage indicators can be achieved by Simulation [39].

(iii)  Fuzzy Logic:

The larger the Gray — Fuzzy reasoning grade the better the multiple process response thereby the electrode wear
ratio decreases and MRR increases in WEDM Process, [40]. The Fuzzy Logic model developed is compared and analysed
multi response the optimization parameters [41]. The reliable pulse rate in the adoptive control system [42] and thermal
analysis with spark erosion in relation to tool / work materials [43] are determined with Fuzzy Logic modeling followed by
the prediction of the cutting velocity with in the selected range of machining parameters for higher material removal rate and
better surface finish and found that the output results are in good correlation with that of experimental results, [44].

(iv) Artificial Neural Networks (ANN)

ANN models are being used in modeling of machining parameters either independently or combining with other
algorithms. To cite: six neural network models, namely the LOGMLP, TANMLP, RBFN, the error TANMLP, the adaptive
TANMLP, the adaptive RBFN, and the ANTIS and a neuro-fuzzy model for MRR in EDM and observed that the ANTIS
model is more accurate than the other models, [45]. Thus, the ANN models are used to estimate (i) crater shapes and surface
roughness, [46, 47] and with back propagation and Feed forward with Back propagation technique to predict MRR, [48] and
then it is proved that the BPN is reasonably more accurate than RBFN where as RBFN is faster in comparison to BPN while
modeling the surface roughness [49]. The effect of the pulse on time on material removal rate is estimated in combination
with Genetic Algorithm hybrid model [50] and then the to study radial basis function of Neural Net works in MRR [51].

The optimum machining process parameters, such as the shape of the crater cavity, MRR and TWR (tool wear
rate) are determined by the Intelligent Process Model with FEM and ANN [52]. The cutting speed and surface roughness of
Tungsten carbide cobalt composite are predicted Soft computing models, [53]. The computational speed and accuracy are
improved on one side and MRR is estimated on other side during the EDM of AISI D, Steel by Neuro — Fuzzy Model [54].
The ANN model with back propagation can predict the response parameters such as MRR, Ra and fractal dimensions very
accurately while machining HSS of M, grade working with electrolyte copper tool, [55]. The surface roughness of AlSI
4340 steel is predicted in combination with factorial design. Then the relationship between the ANN models and
Mathematical regression analysis are estimated and then compared with the experimental values for their trueness, [56].

(v) Response Surfaceness Methodology (RSM)

The Response Surfaceness Methodology (RSM) is being a technique being used based the output parameters so as
to check the quality of the surface obtained in wire EDM and other output parameters. It is established by RS that the (i)
Peak current (C) and concentration (D) influence the maximum MRR and smooth SR in a Powder Mixed Electrical
Discharge Machining (PMEDM) [57]; whereas the Weighted Principal Component (WPC) method can offer significantly
better overall quality than the multi-response signal to noise ratio (MRSN) method [58]; that the peak-on time and peak
current significantly affect the MRR and OC during micro-hole machining of Ti-6Al-4V with tungsten carbide electrode and
the RSM based experimental data is used to develop the regression based mathematical models [59].

(vi) Taguchi Technique:

The literature reveals that the Taguchi technique is the most effective modeling tool to study the performance
characteristics of either EDM or WEDM process and determine the effect of input variables and their levels. Some of the
contributions by Taguchi Technique in Wire EDM are brought-out in the following to decide the (i) Ra and MRR by
Parametric Optimization [60]; the number of experiments and Optimization of machining parameters in relation to work
piece by orthogonal array method [61]; multi-response optimization by weighted principle component method [62]; Surface
Removal Rate, cutting radius of workpiece on machining of Al,O3 particle Alloy (6061); [63] (Chiang and Chang, 2006);
precision and accuracy are by Taguchi Dynamic Experiments with Fuzzy Logic Analysis by 81.5 %, [64]; accuracy and
surface roughness by the measured responses of MRR on Incoloy 800 super alloy [65]; the quality design in kerfwidth for
machining of Nickel based super alloy Nimonic C263, [66]. The study carried-out with Taguchi for the minimum number of
experiments on machining of Aluminum-24345 problem can be solved when compared to full factorial design and proved
by experimental results to demonstrate that the machining model is suitable, [67]

(vii) ANOVA

It is common practice to use Analysis of Variance (ANOVA) to estimate the performance of any system based on
the input parameters and it also used in wire EDM. The influence of wire-EDM machining parameters, (i.e., pulse-on time,
pulse-off time, pulse peak current and wire tension) is investigated and established that the surface roughness is affected by
multifold regression analysis for MRR, [68]. Further, the EDMed DC53 die steel is very much influenced by Pulse-on time
and Pulse-peak current [69]. The optimal solutions to find the MRR and SR are developed and established that the Gaussian
Process Regression (GPR) models have the advantage over the regression models [70]. Further, the optimal process
parameters, namely peak current affects EWR, SR, [12] where as the pulse-on, pulse-off wire speed and wire tension for
simultaneous optimization of cutting speed and dimensional lag are determined by Grey Relational Analysis, [71] followed
by the variation of output responses with process parameters are mathematically modeled using Non-linear regression
analysis method and then checked for correlation with the experimental results, [72].

EXPERIMENTAL INVESTIGATIONS:
The experimental investigations on Wire EDM are normally conducted by dividing the input variable into two
types, namely electrical and non-electrical variables. The normally considered electrical input variables are Peak Voltage
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(V), Peak Current (C ), Pulse duration (T), Polarity (P), Pulse Interval (t), Pulse Wave (W), etc. The non-electrical
parameters are Dielectric Fluid, Electrode Material and Work piece material. After machining, the normal out-put
parameters such as Material Removal Rate (MRR), Surface Roughness (Ra), Tool Wear Rate (TWR), Current Rate (CR),
Overcut (OC) and Kerf Width (KW) either independently or of combinations of any of them are normally being obtained
during the experimentation on WireEDM Process. In the process, wire EDM sparking frequency monitor has been
developed to detect the thermal load for on-line control to prevent the wire from rupture by means of a multi-objective
model. Then the relationship between the machining rate and surface finish under optimal machine conditions has been
proved by experimental investigations,[73]. The experimental investigations are discussed in the following.

5.1 Surface Roughness and MRR

The surface roughness (Ra) and uniformity of the internal surfaces of the holes have been studied in a two stage
Micro-EDM machining process consisting of fabrication of electrodes in first stage and by machining of holes in second
stage, [74]. It is found in experimentation that the maximum cutting speed while machining with WEDM on the metal
matrix composites of AlSi7Mg / SiC and AISi7Mg / Al,O5 is approximately 3 times and 6.5 times lower than the cutting
speed of Aluminum alloy, respectively, [75] whereas better straightness, surface roughness, gap length, accuracy in corner
cut and electrolytic corrosion-free obtained with the dry-WEDM over the conventional WEDM, [76]. It is also the wet dry
wire EDM results in better surface integrity over dry wire EDM during machining on SUS304 Austenitic Stainless steel,
[77]. The effects of electrolytic corrosion decreases as the AC the power source increases based on the electrical double layer
theory and is proved by experimentation, [78]. The changing the pulse-on time, the cutting speed ( material removal rate),
the surface roughness and the width of the slit of cutting significantly influence the volume fraction of reinforcement
(Al,O3 particles) in WEDM on Aluminum matrix composites (Al,O3 p/ 6061 Al). It is also found that the frequent breakages
of electrodes in machining metals with combination of SiC combinations and thus the usage of thin wires influence the
surface wear at various settings of machining parameters WEDM, [79] followed by the effect of cutting parameters on the
size of erosion, [80]. Therefore, new assisting electrode material is invented to avoid the breakages and established the
WEDM method is also better suited for work pieces of SisN, insulating ceramics [81]. Average surface finish in relation to
wire wear [82], surface smoothness and cracks [83] are reported in the experimental studies.

5.2 Machining of Steels:

Experiments with wire EDM on reciprocating dry sliding pin on plate revealed that the Zro2-WC composite
exhibits better tribological characteristics over Zro2-TiCN and Zro2-TiN, [84]. Further, the experimental results revealed
that very low wire tension in machining of composites whereas a high flushing rate and a high wire speed were required to
prevent wire breakage, [85].

A new concept of specific discharge energy (SDE) is presented. It is observed that the materials having close
values of SDE demonstrate very similar machining characteristics, if they are machined under the same machining
conditions, [86]. Therefore, the process performance is improved by silver coating on work piece material [87] and it is
proved that the Zinc coated Brass Wire gives better performance than brass wire in terms of lower frequency of the breakage
of wire, [88]. The hardness of material matrix will not affect whereas the recast layer on the Wire EDM surface has to be
mechanically removed to improve the pipe-coupling efficiency and prevent the formation of the deformation cracks during
expansion process, [89]. Tests have been conducted on various materials to study the effect of spark cycle and pulse on time
of Wire EDM microfeatures so as to understand the root cause for the material fracture mechanism, [90]. An experimental
study is carried out on WEDM to identify various significant control factors and their interactions that affect the machining
performance such as metal removal rate (MRR) and surface finish (SF) based on Taguchi Method. The relationship between
control factors and responses like MRR & SF are established by means of non-linear regration analysis resulting in a valid
mathematical model. Genetic algorithm is used to optimize the wire electric discharge machining process with multi
objectives. The study demonstrated the wire EDM process parameters can be adjusted to achieve better MRR & SF
simultaneously, [91]. A fine quality surface finish has been obtained on tool steel SKD11 by shortening the discharge
duration and lowering the peak current in the experimentation of WEDM using RC Pulse Generator, [92] . Reversed polarity
machining with the appropriate pulse energy can improve the machined surface roughness, [93].

Further, the analysis has been formulated using multiple regression method to study the effect of pulse-on time and
pulse-peak current, on the surface roughness. A model developed by [94] was validated by experimentation within 7%
levels of error. An experimental determination method of the convective heat transfer coefficient in wire electro-discharge
machining (WEDM) is introduced. A special device is developed to measure the average temperature increment of the wire
after a period of short circuit discharges, and the thermal load imposed on the wire is also tracked and recorded. Then based
on the thermal model of the wire, the convective coefficient is calculated accurately. The influence of the kerf and the effect
of the coolant flushing pressure on the convective coefficient are studied [95]. In finish machining of wire -EDM, in order to
study the surface morphology under various pulse duration, thermo-analysis is carried out to investigate the mechanism of
erosion of the work piece material using the finite element method. The results are verified with the experimentation and
observed that surfaces machined by short pulse duration and long pulse duration have similar roughness values when the
pulse energies are almost the same. Also concluded that, during finish machining that has high requirements in surface
roughness, long-duration pulses cannot meet the machining requirements and only short-duration pulses can be used to carry
out the machining, [96]. It was observed that, the factor servo-voltage has the largest effect on all the response variables
irrespective of the materials used in the experiments conducted on three materials (viz., Hot Die Steel, Oil Hardened Non-
sinking Steel, and Mild Steel) to optimize the process parameters, [65] and also while machining Al / SiCp metal matrix
composites using wire EDM [97]. Further, it is established that the surface finish of composite material is found to be
better with increased % of SiC reinforcement.
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Experiments have been conducted to study the relationship between the MRR and Electrode Wear Ration (EWR)
and surfaceness on an Alumina based ceramic composite, Al,O3 / TiC / Si Cw and established that the (i) MRR increases
with discharge current, pulse on time and duty cycle time, (ii) EWR increases with discharge current, duty cycle and gap
Voltage and (iii) Surfaceness increases with an increase in discharge current and pulse on time, [98]. Experiments are
conducted to drill high speed aspect ratio holes on microwave processed magnesium nano composites and established that
the MRR and taper mainly depend on the servo speed and pulse on time, [99].

5.3 Machining of Alloys:

Electrode preparation techniques and the machining of micro holes are described in detail and showed that for
brass electrodes, an arithmetic average roughness value as low as 1.7 pm is achieved. The technique of preparation in the
usage of brass micro electrodes is found result in good quality surface and hence employed directly to machine the micro
holes on the same machine using micro-EDM (u-EDM) attachment, [100]. Further, the effect of discharge conditions on
erosion efficiency have been studied in drilling with p-WEDM using RC relaxation circuit in the melting and evaporation
concept of material removal phenomenon,[101]. The tension of the micro wire electrode during the WEDM process is
optimized in accordance with the discharge energy based on the coupled thermo-mechanical analysis, ( both the three-
dimensional temperature and the stress distribution), [102]. The usage of Copper based Graphite Electrodes is established
that the (i) formation of microcracks at lower current range of 4 A and Pulse duration of 3.2 us and (ii) produces crater with
poor surface finish, with increases in high discharge current rate and longer pulse duration while machining AISI H13
Steels [103]. To overcome such issues, a mathematical model of wire lateral vibration in machining is suggested to calculate
the maximum amplitude of wire vibration [104]. The surface roughness increases with increase in current due to more metal
removal in single discharge for a set of process parameters, [105]. With such background, the performance characteristics,
such as material removal rate (MRR), tool wear rate (TWR) and over cut (OC) are studied and analysed the usage of
different dielectrics (kerosene and de-ionized water) in micro hole machining of Ti-6Al-4V, [106]. The de-ionized water is
used in machining of two different materials in the experimental work to find the MRR and Ra, [107].  In doing so, the
machined kerf width varies with different machining parameters, which greatly influences the machining precision. The
higher the value of thermal conductivity and specific heat capacity of machined material decrease the efficiency have been
established by the experiments on WEDM on materials — Titanium Alloys (Ti6A1-4V) and cemented Carbides (B40), [108].
Based on the above observations, two thermal models namely, (i) the random pulse model for machining thin work pieces,
and (ii) the clusters model for thicker work pieces are proposed. Further, a transient thermal analysis for the determination
of temperature distribution in the wire of a WEDM process under multiple discharge condition is reported by using an
explicit finite-difference method. The studies have revealed that the (a) thermal loads of wire EDM with short elapsed time is
essential while machining thin work pieces and (b) where as the long elapsed time under multiple spark conditions will
increase wire velocity and thus reduces the maximum temperature, [109]. Further, a better surface is obtained by micro
electric discharge machining using powder mixed dielectric (PMD) media on SKH-51 tool steels while compared to
Tungsten Carbide (WC) [110]. Recently, coatings have been introduced to increase the strength of the copper and
composite wires and established that the wires with a-phase, B-phase and y-phase coatings have significantly increased the
wire EDM productivity [111].

VI. CONCLUSIONS

The EDM is an unconventional material removal process and flexible enough to meet the diverse machining
requirements posed by the demand in the global metal cutting industries. With emergence of computers, the EDM process
has been widely brought under varoius methods. Among them, the wire EDM has become more popular. It has been
commonly applied for the machining and micromachining of parts with intricate shapes and varying hardness requiring high
profile accuracy and tight dimensional tolerances. However, the main advantage of the process is the relatively low
machining speed as compared to other conventional machining process due to its thermal machining technique. The ultimate
goal of Wire EDM process is to achieve an accurate and efficient machining operation combined with quality with at most
best machining performance by the various factors affecting the process and identifying the optimal machining condition
from number of combinations. More than one hundred papers have been reviewed and the salient contributions are brought
in the paper. Such contributions will help the researchers but also the manufacturers to cope with the growing production /
manufacturing techniques in global manufacturing arena.
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