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Chapter 7

Conclusion
This chapter presents the summary of the research done in this thesis along with conclusions
of the work.

7.1

Plasma behavior of underwater spark under different electrodes


The temperature of EDM plasma has been found to depend upon the composition of
the work piece material. It is possible that the eroded material also becomes a part of
plasma during implosion of plasma and these ablated materials significantly
influences the thermodynamic and transport properties of plasma. The temperatures
of the electric discharge zone for I SS304 and P91 are found to be of the order of
5500K and 7100K respectively. The highest temperature of plasma among the
materials studied in this work was found for Zircaloy i.e. around 14372K. The
temperature for copper reaches around 9048 K.



The dynamic behavior of spark was studied using fast photographic camera. It
revealed that plasma of EDM with water as dielectric has pressure driven flow.
Strong anode jet through J×B pumping, sausage type instability, generation of
pressure wave shock fronts, formation of multiple radial arc roots were observed and
their significance in performance has been established. Physical observation of
shocks and variation in its intensity with change in anode materials are possibly
addressed for the first time. However, the information inferred in this study is
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qualitative but may serve as good first-hand information for theoretical modelling and
experimental understanding of wire EDM plasma. The observation of J×B pumping
in EDM discharge is a very important phenomenon as it affects the amount of energy
of the spark that interacts with the workpiece. This observation is also not possibly
included in any of the previous literatures.

7.2

Characteristics and microstructure of Recast layer and Wire EDM
machined surface of P91.


The study showed recast layer is formed in WEDM of P91 and the layer has micro
crack distributed in all directions. A mathematical relation was established to study
the significance of process parameters on the thickness of the recast layer, the surface
finish, the number density and the orientation of the cracks was found to depend on
the machining conditions. The average length of micro crack in P91 varies from
2.2µm to 11.8µm under the experimental conditions used in this study.



A detailed investigation of recast layer was carried out. It is concluded through the
TEM image of the recast layer that this layers has the presence of re-casted grains.
High resolution TEM also revealed that the layer has regions where no lattice could
be seen and also regions where small crystals were observed. These regions had nano
crystalline as well as amorphous structure. This could be possibly due to intense
heating and rapid cooling experienced by the material after spark is off. Electron
diffraction pattern from these regions also confirmed the presence of amorphous and
nano crystalline regions. The numerical model also successfully explained the
microstructure observed under the SEM. Residual stress and nano hardness of wire
EDM machined surface of P91
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7.3

Optimization of process parameters for P91 and general industrial
materials
The study also concluded with the establishment of optimum process parameters for
obtaining the desired surface characteristics like surface roughness, length of micro
cracks, and orientation of micro cracks during machining of P91 and general
industrial materials using wire EDM have been obtained. Medium energy condition
(refer to chapter 5) are best suitable for wire EDM machining of P91.

7.4

Room temperature and high temperature behavior of wire EDM
machined surface of P91
The corrosion study of machined surface of P91 showed that the P91 steel wire
electrical discharge machined surfaces have better passivation than diamond polished
surface in different pH buffer solution and in sulphuric acid environment. (pH-0 to
pH-9.2). However, these surfaces behave similar to weldment of P91 steel
qualitatively and quantitatively in sulphuric acid environment. The craters formed on
the WEDM machined surface at as initiation sites of pitting corrosion. Therefore, the
wire EDM machined surface has poor pitting resistance than diamond polished
surfaces. The wire EDM machined surface has better chromium content along the
carbides as compared to diamond polished surface. Hence the IGC resistance of P91
steel wire EDM machined surface is better than diamond polished surface.
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Chapter 8

Future work
This chapter presents an extension to this thesis in the form the future work. The author
wanted to explore more in the field of optimization of Wire EDM process. However, these
due to diverse scope of research in this field a confined approach with identified aim was
inevitable. Therefore, these works can be presented as future scope for research in wire
EDM.

8.1 Suggestions for future Work
Some of the possible extensions of the present study are as follows

8.2 Non Fourier heat conduction modelling of Wire EDM plasma
The present study uses Fourier heat conduction to model the heat conduction involved
in Wire EDM process. The heat transfer in wire EDM involved very high flux and
very minuscule time of application of flux of the order of microseconds. Such high heat
flux applied within such time interval can be explained with Fourier heat conduction
model with some assumptions. A new approach of Non Fourier heat conduction can be
used to study the heat transfer involved in the Wire EDM process. Non Fourier heat
conduction are generally used to study the heat transfer phenomena involved in
biological tissue where high heat fluxes are applied over concentrated areas for
application like LASER therapy etc. The spark –workpiece interaction in EDM process
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has similar behavior, a very small area of application of flux form very small time
interval. Therefore, a detailed look into wire EDM process through aspects of Non
Fourier heat conduction can be studied.

8.3 Behaviour of wire EDM plasma using different dielectrics
In the present work characteristics of water plasma was studied. The behavior of
plasma depend upon the composition of the dielectric and performance of the
machining process also depend on the type of dielectric used. Therefore, an extensive
study of plasma of different dielectrics could be done. This would help in selection of
best dielectric for optimized performance of the Wire EDM process for different
materials.

8.4 Modelling of convection at plasma and liquid interface in
Wire EDM process
In the present study the only conduction mode of heat transfer form plasma to work
piece has been studied. The plasma –liquid interface in the dielectric medium accounts
for cooling of plasma during Wire EDM process. Therefore, a detailed investigation of
plasma liquid interface under different dielectric and electrodes can be studied to assess
the efficiency of WEDM process.
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Surface Characterization and Optimization of Wire Electric Discharge Machining process of P91 steel
(Summary)
Electrical discharge machining (EDM) is known as spark machining and widely used as a metal machining
process. Material is removed from the work piece by a series of rapidly recurring current discharges between
two electrodes, separated by dielectric liquid, due to pulsing voltage applied between tool and work-pieceelectrode and this forms Plasma in the narrow channel causing intense heating which melts the work-piece
material. The melted metal portion subsequently gets ejected out due to the implosion of plasma channel in
voltage pulse off cycle and flushed out as debris. High machining accuracy can be obtained in EDM. In this
thesis we have carried out study of the surface characterization and optimization of Wire EDM process of P91
steel. The study carried out is described in six chapters.
Chapter-1 dealt with basic physical process of plasma generation in spark channel in WEDM. It outlined the
experimental investigation that are carried out for type and characteristics of plasma produced in various work
piece materials, estimation of the spark plasma temperature in WEDM process, numerical modelling of
transient heat transfer in the work-piece on application of the heat in ‘voltage pulse on time’ and study the
effect of temperature transient on the microstructure of the cut surface. It also outlined the optimization of
process parameters using response surface methodology carried out in P91 steel. The corrosion characteristics
of cut surface of P91 steel with various energies were studied.
Chapter -2 covered the review of literatures published in EDM and WEDM in general. It gave following areas of
research (a) Physics of EDM process (b) Improving machine performance in terms of material removal rate,
tool wear and surface characteristics (c) study of heat transfer in WEDM using numerical modelling.
Chapter-3 covered the details of experimental work carried out on P91 steel and other industrial materials.
Experiment was conducted using standard WEDM machine at various cutting energies which encompasses the
variation of peak current, voltage and spark on/off time and combination of all these parameters and cut
surface microstructural data was collected using Scanning Electron Microscopy and Transmission Electron
Microscopy for in depth study of recast layer characteristics of cut surface.
Chapter-4 covered the experimental setup and theoretical investigation that were carried out for type and
characteristics of plasma produced in various work piece materials and estimation of the spark plasma
temperature in WEDM process by optical spectroscopic technique using ‘line Pair method’. WEDM plasma
temperature was estimated experimentally for P91, Zircalloy-4, SS304, Copper and Aluminum work-piece. It
gave new finding of electromagnetic pumping prevalent during the spark occurring in spark on time.
Chapter-5 covered the detail study of transient heat transfer that takes place during one cycle of spark ontime. The heat source in the form of Gaussian pulse was applied with all necessary boundary and initial
condition in finite element model to estimate the temperature profile with time along the depth for different
cutting energy condition. The temperature so obtained was used to correlate the surface microstructural
feature obtained in the study. Recast layer features like thickness, surface roughness, micro-cracks, crater sizes
and residual stress were correlated with Numerical model estimation.
Chapter-6 covered the corrosion behavior of the P91 cut surface in pH-4, neutral pH 9 buffer solution, in
0.5M
buffer solution and the results were compared with
diamond polished surface. Corrosion characteristics with respect to corrosion potential and corrosion current
were estimated in different cutting energy condition. Inter granular corrosion was also studied for the cut
surface.
Chapter-7 outlined the conclusion of the study and future work on WEDM.

Chapter 1

Introduction
1.1 Motivation and Significance
Electrical discharge machining (EDM) is used for alloys or those materials that are very
difficult to machine with traditional techniques. This method mostly works with materials
that are electrically conductive. Search for methods for machining ceramics has been also
made. This technique can cut difficult contours in hardened steel without making it soft by
heat treatment. This method works well with metals and alloys and can be put in the nontraditional or non-conventional category along with other processes such as electrochemical
machining, cutting or water jet cutting as compared to the conventional group of machining
processes like turning, grinding, drilling etc.

1.2 Research trend in the field of EDM
Machining of advanced materials viz. super alloys, ceramics, and composites, requiring high
precision and surface quality at minimum machining cost is being pursued today. To meet
these challenges, non-conventional machining process are used. The type of energy used for
machining differentiates non-conventional process from conventional processes. The
different types of non-conventional machining processes are Ultrasonic Machining (USM)
[1], Water Jet Machining (WJM) [2], Abrasive Jet Machining (AJM) [3], Electric Discharge
Machining (EDM), Electron Beam Machining (EBM) [4], Laser Beam Machining (LBM)
[5], Chemical Machining (CM) [6] and Photochemical Machining (PCM) [7]. The EDM is a
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thermal material removal process. It is used now extensively to machine various advanced
materials with high accuracy. Various EDM processes have evolved based on applications.
Die-sinking EDM, Rotating pin electrode (RPE), Wire electrical discharge machining
(WEDM), Micro-EDM, Dry EDM, Rotary disk electrode electrical discharge machining
(RDE-EDM) are some of the variants [8]. There are a number of process parameters
associated with WEDM process such as peak current, pulse-on time, pulse-off time, wire
electrode material, wire speed, wire tension, flushing pressure, work material properties etc.
which can be used as input to assess the outcome responses such as material removal rate,
surface roughness, dimensional accuracy, recast layer etc. Several researchers have attempted
to improve the performance characteristics of WEDM through use of Taguchi method,
Response surface optimization and grey relational analysis apart from using artificial neural
network. Ho et al. [9] have classified the wide range of published works relating to the
WEDM process into three major areas, namely optimizing the process variables (process
parameter design & process modeling), monitoring and control the process (fuzzy control
system, wire inaccuracy adaptive control system, wire breakage, wire lag, wire vibration &
self-tuning adaptive control system), and WEDM developments (hybrid machining process,
WEDM applications). P.C. Pandey [10] presented a review of the area of research in EDM
process. The major challenges in this field are to understand the behavior of the plasma
channel both at macroscopic and microscopic levels and improve the Material removal rate
(MRR). Some of the research areas in EDM are shown in Figure 1.1.
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Figure 1.1 Research trends EDM [3]

P. T. Eubank and M.R Patel [11] proposed a variable mass cylindrical plasma model for
EDM. The model consists of three differential equations, one each from fluid dynamics,
energy balance and the radiation equation, combined with a plasma equation of state. A
thermo physical property subroutine was used to allow realistic estimation of plasma
enthalpy, mass density, and particle fractions by inclusion of the heats of dissociation and
ionization for a plasma created from deionized water. Numerical solution of the model
provides plasma radius, temperature, pressure, and mass as a function of pulse time for fixed
current, electrode gap, and power fraction remaining in the plasma. Moderately high
temperatures (> 5000 K) and pressures (> 4 bar) persist [11] in the sparks even after long
pulse times (100to -500, µs) [11]. The plasma, once created by dielectric breaks down,
radiates energy to the electrode surface and using them to melt and facilitate the ejection
of liquid metal by the mechanism of superheating. It is estimated that 18%oftotalenergygoes
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to melting of cathode, 8%totheanode, and the remainder to enlarging the mass and the size of
the plasma at the expense of the surrounding liquid [11]. The model evaluates the spark
radius as function of effective discharge time with exponent coefficient [4]. The exponent
coefficient of 3/4 was found for the plasma radius by Robinson [12] by exploding wires under
water. They used a comprehensive plasma model including heat transfer and thermo physical
properties including dissociation and ionization.

1.3 Gap areas in EDM research
A review of the literature [1-15] revealed that most of the research work has been directed
towards optimization of WEDM operation and modeling of the process and directed to a
particular material. A comparison of the effect of WEDM process for different materials is
yet to be studied exhaustively. Most of the researchers concentrated their study on Material
removal rate (MRR) [13] and tried to use adaptive control either using Artificial neural
networking (ANN) [14] or Response surface methodology (RSM) [15]. The effect of
discharge current, pulse duration, work piece material property (thermal conductivity,
specific heat capacity and melting point) has not been studied extensively in relation to
surface morphology on different materials.

1.4 Scope of the present work
There are a lot of research works done in EDM but no research work for P91 steel material
was reported as per the knowledge of the author of the thesis. P91 steel is a martensitic steel
and it is extensively used in high temperature applications. In this thesis, the EDM cutting of
P91steel will be examined in detail. The scope of the present work contains the following
main aspects.
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1. Detailed examination of the generation of the plasma and its behavior with different anode
materials during the cutting process using advanced experimental methods.
2. The creation of debris would be investigated by high speed photography giving a
perspective which has not been focused so far in other research papers in much detail.
3.

Investigation of effect of process parameters on the surface microstructure of the
machined surface. This also includes study of nature of phases present, the grain size,
grain morphology, cracks, recast layer characteristics, extent of heat affected zone.

4. Study of corrosion behavior of wire EDM machined surface of P91 steel and correlating
the residual stresses present in the machined surface with process parameters and
microstructure of the machined surface.
5. Optimization of wire EDM process for machining of P91 steel using RSM technique and
preparation of a generalized table of optimized process parameters for general industrial
materials.
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Chapter 2

Literature Survey
2.1 Introduction
The idea of spark machining was initiated as early as in 1920 in USSR. B.R Lazarenko and
N.I Lzarenko in USSR originally developed [1] the technology of Electrical Discharge
Machining (EDM). Since then, the process of EDM was being developed continuously in
various applications [1]. The shop floor and tool room applications of WEDM took place
rapidly in late 1980s. In this chapter research papers related to EDM plasma channel
formation, its growth, the mechanism o f erosion of the electrodes, mode of heat
transfers from plasma to the workpiece, the effect of voltage and current variation on the
material removal rate of the work piece and residual thermal stress on the cut surface are
reviewed and discussed. The research papers can be broadly classified into five different
categories, i.e. (i) papers related to plasma formation, (ii) growth and (iii) mode of heat
transfer in plasma channel and (iv) study of microstructure of machined surface (v) tool wear
rate (TWR)

2.2 Working principle and key features of EDM process
EDM works on the principle of erosion of material by electric discharge. The work piece
and tool are made electrodes. The electrodes are separated from each other and gap between
the electrodes is filled with a dielectric [2]. The gap between the electrodes is decided by the
dielectric strength of the dielectric medium present between the electrodes. Pulsed voltage is
applied to the electrodes which leads to breakdown of the dielectric. As soon as dielectric
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breaks down an electric discharge is generated. Continues flushing of dielectric is provided to
the electrodes. The material of the work piece melts and is eroded by flushing of the
dielectric. It is necessary to regain the dielectric strength of the liquid between the electrodes
for next spark to occur. Therefore, the spark is kept on for specific time which is called spark
on time (ton), after which spark gets off which is known as spark off time (toff) [3]. Other
important key parameters of EDM process are pressure of flushing of dielectric, tension of
wire (in case of wire EDM), peak current (IP) i.e. maximum current imparted to the
electrodes) , voltage applied between the electrodes (V) [2] .

2.3 Material removal mechanism
Critical explanation of the mechanism of material removal during EDM was given by Van
Dijik. In the work done by Van Dijik [2, 3 4] a thermal model along with a computational
simulation are used to explain the phenomena occurring during discharge machining.
However, in this work many assumptions were made and at that time when this model was
formulated experimental data was not sufficient. In the late eighties and early nineties better
models were developed to explain the phenomena occurring during EDM in terms of heat
transfer theories. An investigation carried out at Texas ANM University gave the most
advanced explanation for the process taking it as a thermal process [5-7]. Essentially three
sets of papers developed, the first set addressing the material removal on the cathode
presenting a thermal model [5], the second set addressing erosion opening on the anode side
[6] and the third set described the plasma channel that is formed during the passage of the
discharge current through the dielectric liquid [8]. Validation of these models was carried out
by AGIE Corporation, a leading EDM manufacturer using experimental data also [5].
Material removal from the two electrodes because of melting or vaporization processes in
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conjunction with pressure dynamics established in the spark gap while the quality of the
plasma channel had been used to model the process as a thermal process. The models
developed so far were inadequate to explain all aspects of this process. These models
assumed many factors which need not be applicable like discharge in gases, underwater spark
and implosion of vapour bubbles of hot plasma collapse. Many new theories like electro
mechanical theory, thermo mechanical theory a thermo electric theory had been proposed in
recent literature to explain this process better [9, 10] . The model from the work of Singh and
Ghosh [9] which considers the presence of an electrical force on the surface of the electrode
that will be able to mechanically remove material and create the creators, is more appealing
because of the fact that material near the surface has reduced mechanical properties due to an
increase in temperature, making this possible. This set of workers were able to explain the
process better than by thermal model for processes specially for small discharge energies
which are typically adopted in micro EDM and in finishing operations. When mathematical
modeling of the EDM process was done, problems were faced. The hydrodynamic, the
thermodynamic behavior and the gap pollution of the working fluid are difficult to model. It
appears that the material removal mechanism in EDM is not well understood and there is a
need to validate testing models. It is difficult to create a theoretical model to explain all the
technical results. The earlier efforts where governed by market demand for application
oriented models and failed to give a unified EDM model. In electrical discharge, the removal
of materials is based upon the erosion effect of electric sparks occurring between two
electrodes. Several theories have been put forward in order to explain the phenomenon of
complex nature occurring during the erosive spark process [10]. Some of these are the
following:
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1. Electro-mechanical theory
2. Thermo-mechanical theory
3. Thermo-electric theory

2.3.1 Electromechanical theory
In this it is postulated [10] that the removal of particles takes place as a result of concentrated
electric field. This theory proposes that the forces of cohesion in the lattice of the material is
exceeded by the force separating the material particles as a result of the electric field. The
model proposed by Singh and Ghosh [9] postulates that removal of material around electrode
is due to an electric force on the surface of the electrode that mechanically removes material
from electrode creating craters. This is aided by the fact that the mechanical properties of the
material are reduced due to temperature increase caused by the passage of the current.

2.3.2 Thermo-mechanical theory
In this theory [10] it is postulated that the material removal during EDM process occurs as a
result of melting of the material under the influence of flame jets. The various electrical
effects of the discharge lead to the formation of the flame jets. Like the previous set of
models, this theory is also not able to explain all the experimental observations.

2.3.3 Thermoelectric theory
The models under this theory [10] assume the metal removal occurring during EDM takes
place under the combined influence of electric field and the extremely high temperature of
the process. The creation of a high temperature plasma channel due to the sparks generated
in the electrode gap as a result of the discharge current, leads to this effect. Though this
theory appears to be more comprehensive, it cannot interpret all the experimental
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observations. It is the based on thermo-electric mechanism and is able to explain the process
best at the moment.

2.4 Process mechanisms
The concept of EDM process has been shown in Figure 2.1. A basic understanding of the
different phenomena during process can help the machinist in selecting the best process
parameters for a given surface and also troubleshooting. The physics behind the different
phenomena occurring during the process can be understood step by step as follows:
In the gap between the electrode and the work-piece which is of tens of microns and is filled
with a dielectric liquid like hydrocarbon oil or deionized water, pulsed arc discharges occur.
In this case the dielectric medium in between works as a capacitor and has importance in
avoiding electrolysis during the passage of spark.
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Figure 2.1 Schematic diagrams showing the different phases of the EDM process and
the different phenomena occurring during machining [11].
In the gap between the electrode and the work-piece which is of tens of microns and is filled
with a dielectric liquid like hydrocarbon oil or deionized water, pulsed arc discharges occur.
In this case the dielectric medium in between works as a capacitor and has importance in
avoiding electrolysis during the passage of spark.

The electric potential generated in the small gap of 10 to 100 microns due to the application
of

high voltage is able to exceed the electric breakdown strength of the medium in the

small gap shown in Figure 2.1. It sets initiation of spark by breakdown of dielectric strength
of dielectric used as shown in Figure 2.1(a)-(c). After that expansion of plasma channel starts
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and charge is carried by free ions and electrons [11]. As soon as the temperature of the
plasma channel reaches to melting point of the materials, the work piece material starts
melting and evaporating (Figure 2.1 (d) –(f) . At the end of spark on time the spark goes off.
This phase leads to implosion of plasma bubble and the molten material gets eroded from the
workpiece. Further the debris gets flushed by the incoming dielectric and dielectric strength
is restored (Figure 2.1(g)-(i).In order to avoid short circuiting of the electrodes, a gap is
needed especially when vibration of the formation tools and deposition of metal debris
occurs due to inadequate flushing. Between the electrodes a channel of plasma is generated
which further develops with duration of the discharge. Intense localized heating occurs in the
narrow channel and the temperature exceeding 9000 to 13000 K is developed. Since the rate
of removal of material is small, there is a need for the discharges to occur at very high
frequencies (103-106Hz) [6].
The discharge occurs at a single location for every discharge till it is moved to a new
location. Because of these occurrences small crater is generated on the work-piece surface as
well as on the tool electrode. Due to the flow of the dielectric the material which comes out
of either of the electrodes solidifies and is flushed away. In case of the wire EDM, the wire is
moved continuously and therefore the location of the spark on the wire keeps changing. This
ensures that the material is not removed repeatedly from one spot. The material removal from
the electrode is controlled by applying suitable polarity
The temperature of the plasma generated by the spark drops rapidly after end of the
discharge.

End of the discharge leads to recombination of ions and electrons and the

dielectric breakdown strength is restored. In order to get the next stable spark on, it is
essential for the next pulse discharge to occur at a spot sufficiently far from the previous
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discharge location. This is achieved by controlling the mechanism of wire movement through
Servo control by CNC. It is important to control the time interval between pulse discharges
so that the dielectric breakdown strength of the liquid is restored. If this is not insured, it will
occur at the same location leading to non-uniform erosion of the work-piece and the tool.

2.5 EDM plasma
In EDM process when current is passed, electrons are accelerated due to the presence of the
electric field [12]. Ionization of the neutral species takes place because of collision with
accelerated electrons. Sudden accumulation of ions creates an avalanche of electrons and this
movement effects the electric field. Spark is created by this avalanche [12]. In this process,
the discharge current density is of the order of 108 to 109 A/m2 and the duration is of the
order of hundreds of microseconds [12]. The high current density leads to uncontrollable
discharge and location of discharge needs to be preciously controlled for achieving better
machining. Electrons are emitted from cathode spot when discharge occurs. The collision of
electrons leads to creation of secondary electrons, electrons emitted from field emission and
thermal electrons [13]. The variation in electric field and the temperature of the plasma leads
to variation in emission of electrons. The current density of the plasma increases due to the
presence of such avalanche of electrons [13].
The discharge in EDM process lasts for few microseconds [4] and the size of the region
affected by the plasma is also in micrometer, exact analysis of the EDM plasma formation is
very difficult. Eubank is one of the scientist who analyzed the physics of the complex process
of plasma formation by thermal modeling with different type of heat sources for example
source cathode heating model circular expanding heat source [5, 6]. This group of scientists
also examined the expansion of the plasma channel to see its effect on the work-piece
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surface. The energy of the discharge is distributed between the anode, the cathode and the
plasma channel [12]. The amount of energy during the formation of a certain volume of
crater during machining was estimated by comparing with the volume of material eroded and
the volume of crater in the theoretical model. Magneto hydrodynamic analysis of EDM
characteristics of the plasma has shown that sizable amount of energy is distributed to the
electrodes and the amount of energy which gets transferred by convection and radiation
models of heat transfer is negligible [14]. The generation of the spark is marked by the point
at which voltage imparted goes above the dielectric strength of the air in the gap between the
electrodes and the spark goes off at the end of the spark off-time. An arc between two copper
plates separated in air was considered by them. At high temperature the air contains ions.
This work [14] assumes that at high temperature the air contained ions and molecules - N,
NO, O, N2, O2, copper ions and electrons. An estimate was made of the velocity of electrons,
electromagnetic field, temperature and pressure. However, the model made many simplistic
assumptions as compared to the actual situation prevailing during the EDM process. The few
simplistic assumptions made were that the process occurred in air whereas in reality it occurs
in a liquid. Similarly, material eroded in the electrode due to spark is not considered and the
plasma was considered in a steady state and thermal equilibrium condition. Despite these
shortcomings, the model gives an insight to the formation of plasma channel during EDM.
Though EDM is a combination of several processes, except for short discharge it can be
considered as a thermal process with a small error due to the thermal effect [1, 9]. Most of
the researchers adopted the solution of thermal problem in order to model an EDM discharge
and they considered it as a heat transmission problem where the heat input is representing the
spark [5-7]. Solution of the thermal problem yields the temperature distribution inside the
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work piece, from which the shape of the generated craters can also be estimated. Several
parameters like electrode material, the type of dielectric, on-time and current and voltage
during the discharge govern the characteristics of EDM discharges such as the percent of
energy that is transferred to the work piece by conduction, the size and shape of the discharge
channel and the mechanism of material ejection [15-16]. The possible relations between the
parameters are difficult to establish due to the difficulty in measuring the parameters in an
experiment. Spectroscopy techniques [17-18] revealed that the temperature distribution
inside the plasma channel is not uniform and the temperature distribution is Gaussian. The
energy distribution in EDM is a function of the duration of discharge. The extent of erosion
of anode and cathode is related to the spark on time. If the duration of discharge is altered,
the rate of material removal will change even though the anode and cathode materials are
same [5-6].

2.6 Pulse characteristics used in EDM process
Rapid developments in the field of EDM took place due to availability of powerful
generators, better mechanical concepts, new wire tool electrodes, improved machining
intelligence, better flushing etc. [19]. As compared to the initial speeds possible, wire EDM
speeds have gone up to twenty times over the years leading to a decrease in machining cost
by at least 30% over the years [19]. Parallel improvements in surface finish by as much as a
factor of 15 and increase in discharge current by a factor of 10 have taken place [19].

2.6.1 Pulse generator
In early days, the EDM machines used pulsed generators of relaxation time based on
capacitor discharges. Wire Electric discharge machining (WEDM) process specifically used
this type of equipment till recent years because of the need of the high surface finish and
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throughput. In case of WEDM tool wear is not a major concern. The results from literature
[12, 19, and 20] shows various conditions of discharge durations and peak current based on
requirements. The straight capacitance which comes due to the wire and tool holders plays a
vital role in deciding the minimum discharge energy per pulse. The stray capacitance only
and not the extra capacitance is used in final finishing when minimum discharge energy is
required [12]. If one uses lower peak current and longer discharge duration, the tool wear is
less and surface roughness is better. This however, leads to lower energy efficiency and
lower material removal rate because of the lower heat flux. A major fraction of the energy
distributed to the workpiece in the forms of various modes of heat transfer [5]. A lower
discharge frequency per unit time results because of longer discharge durations, therefore this
pulse condition is suitable for finishing [12]. In the case of shorter discharge duration and
higher peak current, the melted and evaporated regions in the work-piece are small and the
rate of removal of material power pulse is small.
Shorter discharge duration and higher peak current provided better surface finish due to
smaller discharge carters as compared to lower peak current and longer discharge duration,
the material removal is considerably larger. In this case larger heat flux also results in higher
energy efficiency. Because of shorter duration of the discharge the rate of repetition of
discharge per unit time is higher which also results in higher material removal rate [12]. In
this situation, the tool electrode wear rate is high. Because of this reason short discharge
duration and high peak current are used in WEDM, in comparison to sinking EDM. This
results in an insignificant tool electrode wear.
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Relaxation type pulse generator
The relaxation type generators as shown in Figure 2.2 [12] have been replaced by transistors
type generators in recent years with the development of large current high response power
transistors. The transistorized circuit is shown in Figure 2.3 [12].

Figure 2.2 Schematic diagram of relaxation type pulse generator [12].

Figure 2.3 Schematic diagram showing the transistor type pulse generator [12].
The relaxation type pulsed generators, however, are still used in finishing and
micromachining because of the difficulty of obtaining pulses of significantly short duration
with constant pulse energy in transistor gate circuit. In case of the transistor circuit, it takes at
least several tens of nano seconds for the discharge current to come down to zero after
detecting the occurrence of discharge [12]. Because the electric circuit for detecting the
occurrence of discharge takes certain amount of time to switch-off the power transistor which
has its own delay time. Therefore, constant discharge durations, shorter than several tens of
nano seconds is difficult to obtain using transistor type pulse generator. In Figure 2.4 [12], a
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series of resistances and transistors are connected in parallel in between the current source
and the point of discharge gap. Occurrence of discharge takes place with the switching-on of
any one transistor leading to a discharge current of ~4 A, at discharge voltage of 20 V [12].
The discharge voltage is almost constant at 20 V, irrespective of the discharge current
because a higher degree of ionization is brought by a larger current. This results in greater
diameter of the arc column causing increase in electrical conductivity of the plasma channel.
The number of transistors switched on proportionally increased the discharge current. The
current waveforms are shown in Figure 2.4 [12].
With switching the transistors with open voltage of 100V between the electrode and the work
piece, the discharge does not occur immediately. It occurs after the ignition delay time td. The
delay in discharge is needed over and above the statistical formative time lags for debris
particles to from bridges between the electrodes. [12]
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Figure 2.4 Variations of current and voltage shown in the form of waveforms during
EDM [12].
A discharge current ie is impressed through the gap after the dielectric breakdown. The power
supply using the gate control circuit supplies the current continuously for discharge duration,
te after the onset of discharge. This results in a uniform discharge crater size and with the
onset of more discharge cycles, more debris are formed and thus ignition delay time varies,
but the size of discharge crater is independent of the ignition delay time [12]. When the
initial discharge cycle is complete, the transistors are again switched on and voltage is
applied between the electrodes for next discharge.

2.6.2 Servo Mechanism for tool/wire control
The gap control which is achieved by servo mechanism of the tool electrode feed is not
constant unlike in commercial machining methods [21]. In order to get the desired spark by
keeping proper gap width, servo feed control is used. A higher gap voltage results from a
larger gap width which causes ignition delays. The tool feed speed increases to maintain
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constant gap whenever the average voltage gap is higher than the servo reference voltage as
pre-set by the operator. When the servo reference voltage is higher than the average gap
voltage, the feed speed decrease or the electrode is retracted. This results in ignition delays of
smaller magnitude. The humps of discharge crater and debris particles which short circuits,
can be avoided by this process. Also, when tool electrode shapes are complicated a quick
change in the working surface will not result in hazardous machining [21]. In some cases, in
place of the average gap voltage the average ignition delay time is used to control and
monitor the gap width, which is the case for smaller gap width resulting in a smaller ignition
delay.

2.6.3 Different types of pulses used in the EDM process
Current pulses have a significant effect on material removal rate and surface roughness of
EDM machining process. Performance measures such as MRR, tool wear, and surface finish
for the same energy depend on the shape of the current pulses. The following four different
electrical pulses may be distinguished, depending upon the situation in the gap which
separates both the electrodes [22].

a) Open voltage or open circuit
b) Real sparks or effective discharges
c) Short circuit
d) Arcs
On the basis of time evolution of discharge current or discharge voltage, the above terms are
defined. The effect of these may differ quite significantly in terms of tool wear and material
removal. When the distance between the electrodes is quite large there is no material removal
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or electrode wear. On the other hand, when the tool and the work-piece come in contact, a
short circuiting takes place and again there is no material removal. In between these two
extremes there exists the electrode distance range which can be considered for actual
discharges either in the form of arc or spark [23]. The characteristic voltage drop across the
gap during a pulse occur in both the cases i.e. arc and spark. The difference between these
two is very difficult to establish. The damage to the tool and the work-piece is severe during
occurrence of an arc, because it occurs at the same spot. This happens because during arching
the plasma channel during the previous pulse is not fully de-ionized, therefore the current
during the following pulse prefers to flow along the same current path [24]. To initiate a new
spark breakdown, the formation of the gaseous channel is considered to be necessary.
Therefore, there is a need for distinguishing with respect to the effective discharges or real
sparks during EDM. The general belief is that sparks really contribute to material removal
[23-25].

2.6.4 Tool wear and rectangular and nonrectangular current pulses
As compared to the performance of the relaxation type generator, the rectangular pulse
generator has resulted into improved material removal rates and reduced electrode wear [26].
However, the issue of electrode wear still persists and is considerably significant particularly,
during finishing operations. During finishing it is not important to have MRR though it may
be preferable. During finishing, accuracy is the key factor. In order to reduce tool wear, nonrectangular current pulses, comb current and other types of current pulses have been applied
successfully besides the selection of proper parameters. The new state of the art electrical
generators have been created to produce both the rectangular and non-rectangular current
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pulses, making it possible to observe their effects on machining performance. Some of the
investigators have proposed reduction in tool wear by using slope current pulses [26]. The
pulse on-time which for a given average current considerably influences the tool wear and
the material removal was not considered completely in EDM studies [27]. Often, an attempt
is made to find a region in which the non-rectangular pulses have a clear advantage over
rectangular pulses [27]. Before S.T. Jilanai and P.C. Pandey [27] researchers have not given
precise difference between the effect of rectangular pulses and non-rectangular pulses due to
machine limitations. So those efforts are valid only for specific ranges.

The heat density on the electrode surfaces decreases by the same degree when the
instantaneous discharge energy is constant. Therefore, at the beginning of a discharge with a
small diameter of the discharge channel, maximum heat density exists. As the channel
diameter increases the heat admitting surface expands and the proportion of energy dissipated
by radiation, convection, and conduction rises markedly [12, 26]. If these physical
mechanisms are true, the supplied discharge energy is not optimally utilized with the
rectangular current pulse, because at the beginning of the discharge, the current density is so
high that the material to be removed is heated far beyond the required melting temperature.
The current density varying during a discharge must be regarded as the criterion for the
electrode erosion because it is argued that at the beginning of the discharge; only the anode is
thermally affected. In this phase the electrons in the plasma channel are accelerated towards
the anode and transfer their energy of motion to the anode by impact. At that time the plasma
channel rapidly expands but its diameter is still small [28]. The energy imposed on the anode
decreases after a few microseconds because of the decrease in energy density on the anode,
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along with further expansion of the plasma channel. Thermal modeling of the process also
shows that the input power and tool wear are related by thermal conductivity of the tool and
pulse on-time. Therefore, an adaptation of the supplied power input will result in a reduction
of the tool.

Another factor that influences tool wear is the pulse interval time. It is known that with the
diminishing of the pulse interval to the limit at which the discharges deteriorate into
stationary arcs leads to the generation of socket discharges by favoring deposition of graphite
protective film [26]. This increases the resistance to electrical erosion of the copper tool
electrode [29]. Inversely, an increase of pause interval determines both an increase of tool
wear and the diminishing of graphite film deposition. Thus, the adequate conditions for the
deposition of the graphite film and the diminishing of current at the beginning of discharge,
causes the decrease of tool wear.

2.7 Dielectric fluid
The EDM setup consists of a power supply whose one lead is connected to the work-piece
immersed in a tank having dielectric liquid. The tank is connected to a pump, dielectric
reservoir, and a filter system. The pump provides pressure for flushing the work area and
moving the oil while the filter system removes and traps the debris in the oil [30, 31]. The oil
reservoir restores the surplus oil and provides a container for draining the oil between the
operations [12, 16]. The main functions of the dielectric fluid are:


To flush the eroded particles produced during machining, from the discharge gap and
remove the particles from the oil to pass through a filter system.



To provide insulation in the gap between the electrode and the work-piece.
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To cool the section that was heated by the discharge machining.

The two most commonly used fluids are petroleum based hydrocarbon mineral oils and deionized water [16]. The oils should have a high density and a high viscosity. These oils have
the proper effects of concentrating the discharge channel and discharge energy but they
might have a difficulty in flushing the discharge products.
For most die sinking EDM operations kerosene is the common die electric used with certain
additives that prevent gas bubbles [32, 33]. Silicon fluids and mixture of these fluids with
petroleum oils have excellent results. However, deionized water is used in WEDM most.
High removal rates, less tool wear and better surface finish have been obtained in the
machining of titanium alloys. Other dielectric fluids with a varying degree of success include
polar compounds such as aqueous solutions of ethylene glycol, water in emulsions and
distilled water. The main things of dielectric that the EDM user should be concerned with
are:

2.7.1 Flash point
This is the temperature at which the vapors of the fluid will ignite. This explanation is a little
simplistic as conditions for testing are more involved but for the sake of discussion and
safety‘s sake, the higher this number, the better [34]. Unless one is doing extremely small,
low power cavity work or drilling the tiniest of holes, be especially concerned with anything
on a spec sheet or MSDS rated lower than 180 degrees Fahrenheit.

2.7.2 Dielectric strength
This is the ability of the fluid to maintain high resistivity before spark discharge and in turn
the ability to recover rapidly with a minimum amount of off-time. An oil with a high
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dielectric strength will offer a finer degree of control throughout the range of frequencies
used, especially those used when machining with high duty cycles or poor flushing
conditions. This will provide for better cutting efficiency coupled with a reduced potential
arcing [33].

2.7.3 Viscosity
The lower the viscosity of the fluid the better is the accuracy and finishes that can be
obtained. In mirror finishing or close tolerance operations, spark gaps can be as small as
0.005 or less [34]. With such tight, physical restrictions such as this, it is much easier to flush
small spark gaps with lighter and thinner oil. Good finishing EDM oils are on the thin side.
In the EDM operations requiring moderate finishes like in the forging dies, high MRR, high
current values, heavier oils can be used. Viscosity in such conditions can be high because of
larger spark gaps and this will also prevent the excess loss of fluid through vaporization.

2.7.4 Specific gravity
Often confused with viscosity, this is the ―weight‖ of a substance measured by a hydrometer
[33]. The ―lighter‖ the oil or lower its specific gravity, faster the heavier particles (chips)
settle down. This reduces the gap contamination and possibilities of secondary discharge
and/or arcing.

2.7.5 Color
In order to facilitate viewing of the submerged part it is always better to start with a liquid
that is as clear as possible. It is natural for all dielectric oils to eventually darken with use, but
it seems only. In the starting condition the oil should be clear [33-34]. If it is not clear in the
starting condition, then it means it carries undesirable or dangerous contaminants.
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2.7.6 Odor
The oils that have a strong odor give an indication for the presence of sulfur which is
undesirable in the EDM hence should be avoided as the dielectric properties will not be
suitable [34].

2.8 Preventive Maintenance
In order to extend the life of the oil there is a need to carry out certain maintenance steps like
regular filtration. Though very desirable, water contamination cannot be eliminated
completely when the electrode will heat up, condensation will occur on the electrode surface.
Because of their porous structure, graphite electrodes will contribute more to the
condensation than the metallic electrodes as more moisture absorption from the air will take
place. It is important, therefore, to store the graphite electrodes in dry areas. It is also possible
to dry the graphite electrode before use by putting it in an oven for some time.
All oils darken in shades from amber to brown with use and age, because these products will
break down when exposed to high heat. The color of the oil is an indication of its condition
and necessitates replacement. Obviously, sustained high amperage machining will break
down the oil more rapidly. Due to tars, resins and hydrocarbon generation by sustained high
temperature machining as a result of breakdown of the oil, staining of the oil occurs. This
does not necessarily indicate that the oil has deteriorated because this discoloration will not
go with filtration.

2.9 Different Applications of EDM
2.9.1 Sinking EDM
In sinking EDM the shape of the machined piece is either created by replication of a properly
shaped tool electrode or by 3D movement of a simple electrode as in a milling machine or a
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combination of the above motions. The most commonly used electrode materials are copper
or graphite. The process of cutting occurs in the dielectric fluid. The function of the
numerical control is to monitor the voltage and current and in other words the gap conditions,
the pulse generator and the different axes [12]. The presence of graphite and metallic
particles contained in the fluid can help electrical transfer of this nature in two ways:
ionization in the dielectric oil/water is added by the particles which are in case of EDM,
electrical conductors and can carry the charge directly; the electrical breakdown of the fluid
is catalyzed by the particles [12, 35]. At the point where the distance between the electrode
and work piece is least, the electrical field is strongest. Filtration is carried out to remove
debris particles and decomposition products from the dielectric liquids.
Figure 2.5 gives the schematic view of WEDM process. Using this process with wire
electrode of 0.02-0.33mm in diameter complicated shapes can be cut [35, 36]. Various
materials are used as wire electrode such as plain brass, or coated wires like brass or zinc
coated steel wires. Where thin wires are to be used normally tungsten or molybdenum are
used as wire material. All types of ruled surfaces can be cut by this process because the wire
orientation can be changed by controlling the horizontal position of the upper wire guide
relative to the lower guide. Because of the fact that discharge currents of very short duration
and high peak value are used, the current is supplied through the upper lower feeding brushes
to ensure a quick rise in the discharge current avoiding wire breakage by joule heating. In
order to reduce vibration and deflection, tension is applied to the wire, which also ensures
cutting accuracy. In order to keep high open voltage and avoid electrolysis de-mineralized
water is most commonly used as dielectric liquid for WEDM. This dielectric liquid has many
advantages over hydrocarbon as a dielectric liquid. The important one being lack of fire
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hazard. Hydrocarbon dielectrics are normally used in sinking EDM because tool electrode
wear is lower as compared to de-ionized water and surface roughness is better.

Figure 2.5 Schematic diagram showing the wire EDM set-up [36].

2.9.2 Micro EDM
Like conventional macro EDM, micro EDM is an erosion process where the material is
removed by electrical discharges generated at the gap between two electrically conductive
electrodes. This is used for making micro holes, channels and 3D micro cavities in
electrically conductive materials including super alloys and stainless steels. This technique
can also be used for making irregular cross-sections. The electrode prepared by the Wire
electric discharge grinding (WEDG) determines the size and the shape of the micro hole
made by micro EDM [37]. Uniform wear method with Computer aided design (CAD) and
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Computer aided manufacturing (CAM) and machining of micro hole with high aspect ratio
and noncircular blind micro hole are some of the recent activities of interest in this area [37].

2.9.3 EDM Drilling
Once relegated to a last resort method of drilling holes, fast hole EDM drilling is now used
for production work. Drilling speeds have been achieved of up to 2 inches per minute [38,
39]. Holes can be drilled in any electrically conductive material, whether hard or soft,
including carbide. Fast hole EDM drilling is used for putting holes in turbine blades, fuel
injectors, cutting tool coolant holes, hardened punch ejector holes, plastic mold vent holes,
wire-EDM starter holes, and other operations [40]. The term fast hole EDM drilling is used
because conventional ram EDM can also be used for drilling. However, ram EDM hole
drilling is much slower than machines specifically designed for EDM drilling. Fast hole
EDM drilling uses the same principles as ram EDM. A spark jumps across a gap and erodes
the work-piece material. A servo-drive maintains a gap between the electrode and the workpiece. If the electrode touches the work-piece, a short occurs. In such situations, the servodrive retracts the electrode. At that point the servomotor retraces its path and resumes the
EDM process. Literature survey shows most of the work in EDM investigates the influence
of process parameters on the surface integrity of the EDM drilling process [23].

2.9.4 Wire EDM
In case of wire EDM, a continuously moving conductive wire works as tool electrode. This is
an advanced electrical discharge machining process. In this process, metal removal takes
place by complex erosion effect of electric sparks generated by a pulsating direct current
power supply between two closely spaced electrodes in dielectric liquid [19,23]. Because of
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the high energy density, material is eroded from both the wire and work-piece by local
melting and vaporizing. Since the new wire keeps feeding to the machining area, the erosion
of the wire does not affect the process and material is continuously removed from the workpiece. The programmed trajectory of wire electrode movement leads to the cutting of the
work-piece cut in the desired shape [21]. This process is extensively used in cutting hard
materials for dies and molds. Advancements have taken place in the avoidance of wire
breakage, development of monitoring and control system, database, machining of advanced
materials. Besides this comparison of different wire performance and thermal as well as
vibration modeling has also been done [41]. Figure 2.6 shows wire EDM

Figure 2.6 Photograph of a wire EDM machine [image courtesy CDM, BARC].
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2.9.5 Abrasive Electro Discharge Grinding (AEDG)
The processes of cutting and grinding in the hybrid process known as AEDG. In this process
of mechanical abrasion of a metal bonded diamond wheel is combined with the electroerosion of EDM. The removal of the materials generated by abrasion is done by combined
action of rapid, repetitive spark discharges between work-piece and rotating tool, separated
by a flowing dielectric fluid and by a mechanical action of irregularly shaped abrasive
particles on the periphery of the wheel [42].The recent advances made in AEDG process are
a) monitoring and control, b) new power generator, c) 2-axis NC wheel dressing unit, d)
environmental performance of different dielectric fluids [43, 44]. Strategy for optimizing
neural network modeling, the study of self-addressing characteristics and sequence of
operations and using neural networks for controls in AEDG form some of the recent areas of
research in this method. The nature of the interaction of the energy generated during EDM
with the work-piece depends on several properties of the material like thermal conductivity,
electrical conductivity and the mechanical properties [29, 45]. The work piece is not just cut,
the thermal effects of the process bring several changes in the material being cut on the
surface and in the subsurface region. The extent of these effects depends not only on the
properties of the material but also on the machining parameters [46]. The machining
parameters decide the extent of energy generated. There have been studies dealing with the
nature of the discharge created during the EDM process. These studies are complex because
besides other factors the time period of the event is very small of the order of microseconds.
The nature of the discharge occurring during the EDM process has been examined in some
studies. During the period in which the pulse is on, the anode remains at ground potential and
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the cathode is at negative potential. Because of this the electrons move towards the anode and
the ions in the plasma move towards the cathode. The electrons move faster and hit the
anode, which is exposed to high temperature and undergoes local melting. Once the voltage
jumps to the on period, the breakdown of the dielectric happens and a plasma channel is
created between the electrodes with extremely high energy density [12]. Sudden generation
of plasma leads to creation of very high dynamic pressure and generation of shock wave in
the vicinity of the discharge gap driven by high inertia of the liquid dielectric [15]. There is
melting of both the electrodes. However, the melting of the anode is faster because the
electrons travel much faster. The part of the cathode in contact with the plasma is much
smaller as compared to the anode because the cathode acts as almost like point source of
electrons. The plasma channel undergoes a sudden collapse once the discharge stops. The
sudden collapse of the plasma channel [47] leads to a burst of molten material on the
electrode and the dielectric fluid. Part of the molten material thus solidifies on the electrode
and part of it is carried away by the dielectric in the form of debris. The numerous EDM
discharges create craters on the material being machined. The overlapping craters represent
the EDM machined surface. The process of spark erosion is understood in a limited way and
the development of EDM technology has been mostly by a trial and error approach. In order
to have a systematic development of the process there is a need for better complete
understanding which will involve understanding the complex interplay of hydrodynamics,
electromagnetic, electrodynamics and thermodynamics at various temperature ranges and
time scales. There is also a need for understanding the role of the different process
parameters on the process. Earlier many researchers have studied the temperatures developed
in the EDM plasma. There are many assumptions made in these studies. Besides actual
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measurement, high speed photography also has revealed some details of the process. The
physical explanation of the material removal during electric discharge machining is presented
by Van Dijck. [3]. Van Dijck presented a thermal model together with a computational
simulation to explain the phenomena between the electrodes during electric discharge
machining. However, this model suffers lack of explanation completely due to shortage of
experimental data. Heat transfer models of EDM were developed in the late eighties and
early nineties, including an investigation at Texas A&M University with the support of
AGIE, now Agiecharmilles. It resulted in three papers: the first presenting a thermal model of
material removal on the cathode by D.D. Di Bitonto [5], second paper on anode erosion
model and third cathode erosion model. It was supported by the experimental data.

These models give the most authoritative support for the claim that EDM is a thermal
process. It proposed that removing of material from the two electrodes takes place because of
melting or vaporization, along with pressure dynamics established in the spark-gap by the
collapsing of the plasma channel. However, for small discharge energies the models are
inadequate to explain the experimental data. Model from Singh and Ghosh [9] indicates the
removal of material mechanically from the electrode takes place due to the presence of an
electrical force on the surface of the electrode and create the craters. Additionally, the
material on the surface has altered mechanical properties due to an increased temperature
caused by the passage of electric current.

2.10 Characteristics of EDM machined surface
The nature of the recast layer has very strong relationship with the type of dielectric [48].
The nature of the recasts layer differs in the case of kerosene and water and other dielectric
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medium. The formation of the recast layer occurs because of the re-solidification of the
molten material which did not sweep away from the component surface during EDM process.
The surface created is hard, brittle and has poor fatigue resistance due to the presence of
cracks [49]. The characteristics of the recast layer depend on the EDM parameters. The
region below the recast layer does not undergo melting. However, this region experiences
high temperatures and may have some solid state phase transformations. These solid state
transformations create changes in the properties of the material [49]. The recast layer
thickness is lower in wire EDM [50]. This is primarily because of the differences in the dielectric fields, discharge control systems and electrode materials. The generation of high
temperature not only leads to melting but does cause solid state phase transformations like
martensitic transformation. These generate significant amount of stress on the surface which
leads to crack formation [49, 51]. Even if the cracks do not form, the presence of residual
stress on the surface is a matter of concern.

2.11 Modeling
There have been many modelling efforts to understand the different aspects of the process.
The heat input has been modelled with different types of heat sources. The heat flux has also
been modelled differently [13]. Gaussian flux model, thermo-hydraulic modelling with
interaction between the different effects taking place. Thermal modelling essentially involves
considering the spark as a heat source from which heat is transferred to the adjoining regions.
With this the temperature distribution inside the work piece and a theoretical estimate of the
craters can be made. The actual process is much more complex with a host of things
happening together like formation of the discharge channel and the material ejection. All
36

these processes cannot be handled by one model. The thermal modelling has been attempted
by a very large number of researchers. Some others researchers have also have considered
electrical forces generated during the discharge involved along with the thermal model.

2.12 Modelling and optimization of EDM process
Tariq Jilani and P.C. Pandey [53] presented metal removal in EDM as a thermal erosion
process where the heat transfer is predominantly through conduction. In this paper, a twodimensional heat transfer model, assuming the plasma channel to be a disc heat source, has
been employed to study the effects of EDM input parameters, such as pulse duration, pulse
energy and material properties, on metal removal and crater shape. Wataru Natsu, S. Ojima et
al. [20] determined the EDM plasma by spectroscopic technique. They used line pair method
and Ablel‘s inversion.
The authors P.C. Pandey and, S.T. Jilani [52] presented that the majority of models predict
metal removal rates many times higher than that actually occur and normally do not account
for the variable rate of energy supply to the plasma channel as the pulse progresses, and
ignore the presence of a re-solidified layer. They presented an analysis of metal removal in
the EDM process by accounting for the growth of the plasma channel during the pulse-on
period. A method for computing the thickness of the re-solidified layer is also proposed.
Lhiaubet [54] studied the removal of electrode material by electric discharges in a dielectric
liquid with a short inter electrode gap (about 50µm) and short discharge durations (20-2000
µs). They used voltage drop obtained by comparison of experimental results concerning mass
loss at the electrodes and the molten volume computed after a linearized heat conduction
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model since it is therefore virtually impossible to measure the anodic and cathodic voltage
drops of such discharges.
K. Gajjar [55] has presented a thermal model in COMSOL for single discharge EDM
process. As the exact behavior of plasma at micro level is not known the paper simplifies the
boundary conditions to model the geometry using single discharge. Multiple discharge
process involves the flushing cycle also, in which the debris is flushed off by the dielectric so
that the material removed may not stick back to the work piece.
Klocke et al. [56] investigated the properties of recast layer since they are very crucial for the
mechanical behavior of the component as a whole. They investigated the surface layer in
TEM and by EDS to identify the structural constitution of the microstructure. They also
investigated influence of local defects and transformations on the work piece functionality.
They found from Transmission electron microscopy (TEM) that white layer is mainly of
amorphous microstructure and at boundary to parent

material

crystalline

structures

spread into the amorphous regions.
Kozak et al. [57] presented the results of experimental and theoretical investigations of the
influence of discharge frequency and discharge energy on the material removal rate of
WEDM of for Polycrystalline diamond blank. They reported that the machining feed rate was
approximately directly proportional to the discharge frequency and increases as the
capacitance C is increased.
Prohaszka et al. [58] evaluated the influence of the various wire electrode materials using
magnesium, tin and Zn on the performance during WEDM. The operational parameters were
kept constant during the whole series of experiments i.e. spark discharge time of 60 µs and
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total pulse cycle time is kept at 100 μs. They concluded that the coating with low work
function material increase cutting efficiency of wire. They found that wires with small work
function and high melting point performs better.
M. Kunida [29] has studied the bubbles and debris particles generated by single pulse
discharge. They reported that the gap width between the electrodes is of much significance.
During the spark discharge the plasma is generated and consists of ionized gas. The material
removal rate in each discharge is small so to improve the material removal rate, the
frequency of discharge per unit time should be increased. They also established that after
spark ends the rapid cooling of the plasma and machined surface takes place. This results into
recombination of ions and electrons and dielectric strength of the dielectric is regained. For
better material removal rate the next spark shall occur adjacent to the last spark. The
capacitance of the dielectric liquid gets reduced due to dielectric breakdown during
ionization and shall regain the dielectric strength. Hence sufficient spark off time should be
provided for next discharge cycle. [59]
Zingerman et al. [60] reported the size of the arc column increases with passage of time. It is
roughly equal to the size of the crater observed on the machined surface. The size of the
discharge bubble is much larger than the electrode gap. The plasma bubble rapidly expands
due to evaporation of electrode materials, dielectric liquid and dissociation molecules and
ionization of atoms.
Rebelo et al. [61] have analyzed the influence of pulse energy on surface integrity in
EDM process, they revealed the surface integrity by using optical and scanning electron
microscopy and found that the dimension of crater size increases with increase in pulse
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energy. X-ray diffraction was used for determining a white layer which consists of a new
phase of cementite and microprobe analysis was used for confirmation. It was observed that
heat affected area changes with change in discharge energy by using X-ray diffraction.
Shivam Kumar Singh and S. C. Jayswal [62] suggested that thermo physical properties
(thermal and electrical conductivity, heat to vaporize from room temperate, boiling
temperature, thermal expansion and melting temperature) of the work piece and tool
electrode considerably affects the process performance like MRR, TWR and surface integrity
of workpiece material.
Yan and Liao [63] employed proportion of abnormal sparks (abnormal ratio) and the
sparking frequency to monitor and evaluate the gap condition of the WEDM process on-line.
The relationships are investigated between these two sensing parameters and wire breaking
phenomenon, MRR, and surface roughness of the machined part under various machining
conditions. Based on the results, an Adaptive control optimization (ACO) system is
developed. They developed Fuzzy rules based on operator experience, expert knowledge and
a multivariable and three-region fuzzy controller.
Gokler and Ozanozgu [64] carried out an experimental study to select the combination of
cutting parameters of WEDM process to get the surface roughness of the order of 1-3µm on
material with thickness 30, 60 and 80 mm, and on 2379 and 2738 steel materials.
Spedding and Wang [65] attempted to model the cutting speed, surface roughness and
surface waviness in wire EDM process through response-surface methodology and artificial
neural networks (ANNs). They proposed a response surface model based on a central
composite rotatable experimental design, and a 4-16-3 size back-propagation neural network
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for desired surface accuracy. They claimed EDM process, experiments showing that both of
the models are able to predict the process performance, such as cutting speed, surface
roughness, and surface waviness within a reasonable large range of input factor levels.
Y.S. Liao J.T. Huang [66], Y.H. Chen studied the method for obtaining good surface
roughness, by modifying the traditional circuit using low power for ignition for machining.
With the assistance of Taguchi quality design, ANOVA and F-test, machining voltage,
current-limiting resistance, type of pulse-generating circuit and capacitance are identified as
the significant parameters affecting the surface roughness in finishing process.
Tosun et al. [67] studied experimentally the variation of workpiece surface roughness with
varying pulse duration, open circuit voltage, wire speed and dielectric fluid pressure in
WEDM. They found that the increasing pulse duration, open circuit voltage and wire speed,
increase the surface roughness whereas the increasing dielectric fluid pressure decreases the
surface roughness. In this study, the analysis of variance (ANOVA) and F-test were
performed to see statistically significant process parameters and the percent contribution of
these parameters on Ra.
Newton et al. [68] conducted study on the effect of process parameters on the formation and
characteristics of recast layer in wire-EDM of Inconel 718 alloy. They found that average
recast layer thickness increased primarily with energy per spark, peak discharge current, and
current pulse duration. Over the range of parameters tested, the recast layer was observed to
be between 5 and 9µm min average thickness, although highly variable in nature. They found
that recast material possess in-plane tensile residual stresses
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Tomura and Kunieda [69] investigated the mechanism of electromagnetic force occurring in
WEDM. They developed a two-dimensional finite element method (FEM) program to
analyze the electromagnetic field taking into account electromagnetic induction. The
electromagnetic force on the wire was estimated from the surface integral of the vector
product between the current density and magnetic flux density over the cross section of the
wire. Electromagnetic force generated by DC component alone was calculated. In this study,
they developed an unsteady electromagnetic field analysis program based on solution of
poison equation in FEM. Trapeziodal current profile (waveform) was assumed in their
calculation. They have shown that calculated wire movement agreed with the measured wire
movement. They indicated that electromagnetic force should be considered for the better
accuracy in WEDM.
Portillo et al. [70] employed ANN to detect the degradation of the wire electric discharge
machining (WEDM) process in a range of steel workpiece thicknesses (50-100 mm. The
ANN model is based on three ELMAN model. The claimed that this approach gives
advantages of one unique neural structure in order to avoid having a battery of heuristic rules
per workpiece height, and also to taking advantage of the learning capacity of ANN.
Poro´s and Zaborski [71] studied the efficiency of wire electrical discharge machining of
hard-to-machine materials experimentally. They conducted extensive study on the variation
of WEDM cutting efficiency on different materials e.g. Titanium alloy Ti6Al4V and
cemented carbide (B40). By applying different wire electrodes diameter with uncoated brass
wire, zinc oxide coated brass and zinc coated brass wire. They used uncoated brass wire, 0.25
mm diameter, zinc oxide coated brass wire with brass CuZn (80:20)/(50:50 ) wires for study
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[71]. Different process parameters like spark Ton and gap voltage. They developed a semi
empirical model considering the work piece electrical and thermal conductivity, specific heat
capacity and melting point. They concluded that the higher value of thermal conductivity,
specific heat capacity and melting point of the machined material causes the decrease of
efficiency of WEDM process.
Ramakrishnan and Karunamoorthy [72] performed a series of experiments under different
cutting conditions of pulse on time, delay time, wire feed speed, and gap current. The
material removal rate and surface roughness were predicted using artificial neural network
models, and optimized by assigning different weight factor using multi response signal-tonoise (MRSN) ratio in addition to the Taguchi‘s method.
Ramakrishnan and Karuna Moorthy [73] carried out optimization of WEDM operations
using Taguchi‘s robust design methodology with multiple performance characteristics. Multi
response signal to noise (MRSN) ratio was applied to measure the performance
characteristics deviating from the actual value. Analysis of variance (ANOVA) is employed
to identify the level of importance of the machining parameters on the multiple performance
characteristics considered
Cabanes et al. [74] developed acquisition system to capture discharge current and discharge
voltage in order to obtain an extensive experimental database based on stable and unstable
tests. They developed early detection methodology for instability in WEDM and to avoid
unstable machining and wire breakage. In order to quantify the trend for instability they
considered cause of poor flushing, variation of sparking frequency, discharge energy, ignition
delay time, and peak current.
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2.13 Optimization of EDM process parameters
Mahapatra and Patnaik [75] identified significant machining parameters affecting the
machining performance as discharge current, pulse duration, pulse frequency, wire speed,
wire tension, and dielectric flow using Taguchi Method also developed non-linear regression
equations to establish the relationship between discharge current, pulse duration, pulse
frequency, wire speed, wire tension & dielectric flow rate with the material removal rate,
surface finish and the cutting width (kerf).
Han et al. [76] investigated the influence of the machining parameters like pulse duration,
discharge current, sustained pulse time, pulse interval time, polarity effect, material and
dielectric on surface roughness in the finish cut of WEDM. They have shown surface
roughness can be improved by decreasing both pulse duration and discharge current and the
removal rate is higher for a short pulse duration combined with a high peak current.
Anish Kumar [77] attempted modelling the response variable i.e. surface roughness in
WEDM process using response surface methodology of pure titanium (grade-2). The
experimental plan is based on Box-Behnken design. Six parameters i.e. pulse on time, pulse
off time, peak current, spark gap voltage, wire feed and wire tension has been varied to
investigate their effect on surface roughness. The surface roughness has been optimized
using multi-response optimization through desirability. ANOVA has been applied to identify
the significance of developed model. The test results confirm the validity and adequacy of
the developed RSM model. Finally, they presented the optimum parametric setting for the
optimization of process.
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J.T. Huang, Y.S. Liao [78] attempted to unveil the influence of the machining parameter
(pulse-on time, pulse-off time, table feed-rate, flushing pressure, distance between wire
periphery and workpiece surface, and machining history) on the machining performance of
WEDM in finish cutting operations. The gap width, the surface roughness and the recast
layer depth of the machined workpiece surface are measured and evaluated. Based on the
Taguchi quality design method and numerical analysis, it is found that the pulse-on time and
the distance between the wire periphery and the workpiece surface are two significant factors
affecting the machining performance. They established mathematical models relating
machining parameters and performance by regression, and non-linear programming using the
Feasible-direction algorithm for obtaining the optimal machining parameters.
A. Erden [79] investigated the EDM process both theoretically and experimentally to
determine the effects of electrode materials on the machining performance. Author modelled
a single and isolated spark physically and mathematically and its three phases viz.,
breakdown, discharge and erosion are investigated. Re-solidified electrode materials as
suspended particles in the dielectric liquid are found to be the most significant factor in the
breakdown phase. Mathematical expressions relating the time lags to particle concentration
are evaluated and which can be used to determine the effects of particle concentration on the
machining performance. The author [12] studied the polarity effect both theoretically and
experimentally. Author concluded that optimum machining conditions can only be obtained
by proper selection of the tool material, workpiece material and discharge medium since they
affect the initiation and development of the discharge and erosion of electrode materials.
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Based on the literature survey a number of gaps have been observed in WEDM process. They
also studied the influence of the discharge current on machining surfaces, by applying
thermo-analysis on material removal in the finish cut of WEDM using the finite element
method. They found that high peak current with short pulse duration gives gasifying ejecting
morphology whereas low peak current with long pulse duration gives melting morphology of
cut surface [12, 29].
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Chapter 3

Experimental Methodology
3.1 Introduction
P91 steel plates in normalized (1080 oC, 30 min) and tempered (770 oC and 30 min)
condition were used in this study. P91 is 9Cr1Mo ferritic martensitic steel. The
microstructure of P91 is tempered martensitic with precipitates of vanadium / niobium
nitrides and carbides, as it is produced by normalizing in the temperature range of 1040-1080
ºC and followed by tempering in the range of 750-780°C [1]. During tempering the carbides
precipitates, which improves the strength of P91 [2]. The elemental composition of P91 is
presented in table 3-1. The physical and mechanical properties of P91 relevant to this study
have been listed in table 3-2. Rolled P91 plates of dimension 130mm×120mm×40 mm were
used in the study. A schematic of machining process is shown in Figure 3.1. The samples
were machined using WEDM and microstructure of the machined surface was analysed. The
processing parameters were optimized to improve the response. Again the samples were cut
using optimized control parameters and analysed to verify the improvement in the surface. It
also acts as the cooling medium after the implosion of the plasma channel and helps in
erosion of molten material. The effect of medium on the surface layer has been investigated
by researchers [3]. In this case, the surface layer had all the characteristics of a typical recast
surface.
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Table 3-1 Elemental composition on P91
Element

Fe

Al

Weight

88.5 0.0 0.08- 8.0-

0.3- 0.85- 0.4 0.06-

(%)

8

0.60 1.05

4

C

Cr

0.12 9.5

Mn Mo

Ni Nb

0.1

N

P

Si

0.03- 0.02 0.200.07

S

V

0.01 0.18

0.5

Figure 3.1 Schematic diagram showing the interaction of the wire and the workpiece
and generation of the machined surface during WEDM process.
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Table 3-2 Physical and mechanical properties of P91
Properties

Value

Density

7850kg/m3

Tensile Strength, Ultimate

750 MPa

Tensile Strength, Yield

550 MPa

Modulus of Elasticity

210GPa

Bulk Modulus

160GPa

Poisson ratio

0.29

Shear modulus

80.0GPa
12.0µm/m-oC

CTE, Linear
Specific heat capacity

0.470 J/Kg-oC

Thermal Conductivity

55.0 W/m-K

3.2 Design of Experiment
The experiments were designed to study the influence of the individual process parameter
and the combination of process parameters on the surface integrity. For second order
regression analysis in Response Surface Modelling the size of experiments becomes large
and analysis becomes very complicated when variables involved are more than three levels.
Such extensive study will require a large number of experiments, which are time consuming
and uneconomical for industry. Therefore, a systematic combination of parameters was used
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to screen the significant parameters and optimize the response of the experiment using those
parameters. The range of process parameters were selected on the basis of capability of
machine. Central composite design was used for designing the experiment since central
composite design is the most commonly used in response surface designed experiment. It is a
factorial or fractional factorial design with center points, augmented with a group of axial
points (also called star points) that allow estimation of curvature. This gives a well-designed
experiment plan to reduce the size of experiments. Central composite rotatable design of
second order was used for establishing the relation of response surface using smallest number
of experiments without losing accuracy. In this experiment eight design points were taken at
the origin and two points for each variable at a distance of α from origin, where α = (2k) 1/4
and k is the no of parameters in the study. A total 32 samples were cut during the experiment.
Based on previous literatures on optimization of WEDM, discharge current (Ig), gap voltage
(Vg), pulse on time (Ton), Pulse off time (Toff), were chosen as variables to study their effect
on the morphology of the machined surface [4] and this was used to generate the ANOVA
table and the response surface. ANOVA analysis was performed by considering 95%
confidence interval to assess the significance of the process parameters which affect the
surface roughness response of the machined surface. To study the effect of process
parameters a polynomial response for surface roughness was fitted in the equation 3.1.

k

k

k

i 1

i 1

i 1

y  0   i  xi   ii  xi2   i  xi  x j  
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(3.1)

Where xi, xj, xk are input or independent process parameters. ß0, ßi, ßii, ßij are unknown
coefficients of parameters called regression coefficients. Response surface is obtained by
plotting the response y. The optimum value of the process variables was obtained by solving
the regression equations and by analysing the response surface plots.

3.3 Machining of P91 samples
The experimental work was carried out using CNC ULTRACUT WEDM (Electronic
Machine Tools Ltd). It consists of CNC WEDM machine tool, a pulse generator to provide
pulsating DC voltage, wire drive mechanism for circulation of tool wire, supply tank for deionized water (dielectric) at room temperature and dielectric flushing system. The operator
can vary the control parameters to optimise the machining process. Zinc coated brass wire of
diameter 250µm was employed for machining. The wire traverses through the work piece
from two guides placed above and below the work piece and equipped with flushing jet to
remove debris.
The main processing parameters of WEDM machining are discharge current (Ig), gap voltage
(Vg), pulse on time (Ton), Pulse off time (Toff), wire feed rate (WF), Wire Tension (WT),
Flushing pressure (FP), and Wire Diameter. The process parameters can be divided into two
categories namely Electrical parameters and Non electrical parameters. Electrical parameters
contain discharge current (Ig), gap voltage (Vg), pulse on time (Ton), Pulse off time (Toff) and
non-electrical parameters contain wire feed rate (WF), Wire Tension (WT), Flushing
pressure (FP), Wire Diameter etc. This paper focuses on the surface integrity of machined
surface in terms of various features of recast layer. Recast layer is formed by solidification of
un-eroded molten material on substrate, volume of which depends mostly on the energy of
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spark. Therefore, in this paper electrical process parameters like peak current (IP) in ampere,
voltage (V) in volts , spark on time (Ton) in µs, spark off time (Toff) in µs, were selected for
parametric optimization of WEDM of P91. The reponse parameters are surface roughness
(SR), length of micro crack (Lc) and number density of micro crack (Nda). The value of
process parameters for machining are presented in table 3-3. The medium used in this study
was deionized water, which has good dielectric strength of 65-70 MV/m for generation of
spark between the electrodes. It also acts as the cooling medium after the implosion of the
plasma channel and helps in erosion of molten material.
Table 3-3 Cutting parameters
Sl No.

Process parameters
IP(A)

V(V)

Ton(µs)

Response parameter
Toff(µs)

SR, Ra(µm)

Lc(µm)

Nda (%)

1

70

20

120

30

1.653

2.2

70

2

130

20

120

30

3.15

11.6

65

3

70

80

120

30

1.568

8.7

47

4

130

80

120

30

2.865

10.6

72

5

70

20

130

30

1.89

3.6

44.5

6

130

20

130

30

2.78

7.6

68

7

70

80

130

30

1.32

9.8

55

8

130

80

130

30

1.91

3.5

78

9

70

20

120

60

3.45

2.2

63.5

10

130

20

120

60

3.87

9.3

68

11

70

80

120

60

1.784

8.7

62

62

12

130

80

120

60

2.428

4.4

53.6

13

70

20

130

60

2.535

2.3

40

14

130

20

130

60

1.896

6.8
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15

70

80

130

60

1.783

5.8

67

16

130

80

130

60

1.113

2.8

73.8

17

100

50

125

45

2.35

5.8
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18

100

50

125

45

1.698

3.1

58

19

100

50

125

45

1.438

2.9

65

20

100

50

125

45

1.832

3.8

69

21

70

50

125

45

1.311

6.9

57

22

130

50

125

45

3.165

8.7

73

23

100

50

125

45

1.7356

8.3

48

24

100

50

125

45

1.7735

6.4

53

25

100

50

115

45

1.9832

10.4

59

26

100

50

135

45

1.5324

11.8

62

27

100

50

125

45

2.786

8.8

47

28

100

50

125

75

2.35

9.3

63

29

100

50

125

45

2.89

4.9

41

30

100

50

125

45

2.8

7.9

52
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3.4 Optical spectroscopy of underwater plasma
A dedicated setup was fabricated resembling principle EDM process. It consists of a
dielectric tank, a linear stage for movement of tool, a rotational stage for adjusting probe of
optical spectroscope, a micrometer scale to adjust the gap between the electrodes as shown in
Figure 3.2.The schematic of the plasma spectroscopy experiment is shown in Figure 3.3.

Figure 3.2 Photograph showing the experimental setup.
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Figure 3.3 Schematic diagram showing experimental setup for spectroscopy.
It consists of two electrodes. One vertical rod type made of tungsten with conical tip (tip
angle 30°) working as cathode and the other rectangular block (100mm x 52mm x 6mm)
working as anode. It also consists of a pulsed power supply for imparting pulsed voltage to
the electrodes (waveform shown in Figure 3.4), a small recirculation pump for flushing the
dielectric (pumping rate 51 lpm), fiber optic based spectral data acquisition system with
collimating lens at the fibre tip, fast photographic camera equipped with necessary data
acquisition, control and monitoring system. The cathode is screwed to a linear movable
platform which was further powered with a servomotor to control the travelling speed. The
anode is fixed on the bottom of the tank with metallic screw. The tungsten electrode is
connected to one terminal of power supply of 10 kHz generating a pulsed voltage of
maximum magnitude 500V and maximum current 2A. The anode is connected to the other
terminal of power supply through metallic screws. The gap between the cathode tip and the
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anode surface, adjusted through an attached micrometre screw, is maintained within 4050µm and both the electrodes are fully immersed in de-mineralised water (used as dielectric).
This water is continuously circulated using a centrifugal pump to replenish the dielectric
strength of the dielectric at the gap between the electrodes. When voltage between the
terminals increased beyond the dielectric breakdown voltage of the demineralized water, arc
formed between the cathode tip and the job. This generated arc is used for melting and
eroding the workpiece material. The point of connection between the arc and the job is called
arc root. Thermally constricted arc at the anode arc root results in extremely high current
density (in excess of 106 A/m2). Resulting highly localized intense ohmic heating at the arc
root causes fast melting of the anode material at the root location. Under the influence of
extremely high temperature of the arc, the molten material soon vaporises, dissociates into
atoms, gets ionized and becomes part of the arc plasma so generated. Four different materials
namely SS304, copper, zircaloy, ferritic martensitic steel (P91) were used in the experiment
as anode to investigate the behaviour of the generated arc for different anode material. The
intense light emitted from the electric discharge carried the signature of ionic and molecular
species present in the plasma. Therefore, this characteristic signature of the species indirectly
gives information about the temperature of the plasma. The light generated in the plasma is
collected using an optical fibre, mounted with a collimating lens at its tip as shown. The other
end of the fibre is connected to a triple grating spectrograph (Shamrock SR-303i) with
Czerny-Turner arrangement and 303mm focal length. The triple grating turrets are fitted with
gratings: 300 lines/mm, 1200 lines/mm and 2400 lines/mm. In this study the spectra were
recorded with grating of 1200l/mm. Obtained wavelength resolution was around 0.1 nm.
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Figure 3.4 The voltage waveform from the power supply.

The generation and evolution of the plasma was recorded using a fast photography camera
(PCO1200hs) with a frame rate of 2500 frames per second or higher. The camera has a
maximum resolution (horizontal × vertical) of 1280×1024 (pixels), pixel size of 12 μm x 12
μm, minimum exposure time of 1 μs. In the present study the pulse on time of the power
supply was 80 µs and pulse off time was 35µs (Figure 3.4).
The inter-frame time for the fast camera was around 234μs in most of the cases. Depending
on chosen frame size, the actual inter frame time was automatically set by the camera. It is
evident from the inter-frame time that it was not possible to capture more than one image per
discharge event in the present setup.

3.5 Surface roughness measurement
Surface roughness of the machined surface of each sample was measured using stylus type
profilometer. The profilometer has cut-off length of 500µm. It measures all three types of
surface finish parameters namely Ra, Rz, and Rrms. Average surface roughness was expressed
as Ra in µm, which is commonly used in manufacturing industry. The stylus of the
profilometer took 5 readings from random points along a line and calculates an average of
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the absolute slope of the profile within the sampling length. Such 5 readings were made on
different random lines of the machined surface of each sample and the average of the five
was selected as the surface roughness of the sample.

3.6 Nano Hardness measurement
The machined surface has recast layer of the order of 2-8 µm relevant to this study. So an
investigation of the hardness profile of the machined surface was necessary to understand the
physical characteristics of the recast layer. Since the size of the recast layer was very small it
was very difficult to resolve the difference in hardness of the recast layer and the bulk
material by normal Hardness test. Therefore, hardness profile on the cross section of the
machined surface was obtained by measuring nano hardness from recast layer to the bulk
material. Samples were polished and nano indentation was made on the cross-section of the
machined surface using Berkovich diamond indenter (UNHT, CSM). Standard procedure for
nano indentation was followed. a) The indenter was lowered to touch the cross section of
machined surface b) Load of 5 mN was applied and indenter was moved up c) Unloaded up
to 90% then subsequently d) upholding and total unloading. Similar reading were taken in 5
different positions on the machined surface and an average of the five readings were selected
as the average hardness of the recast layer.

3.7 Scanning Electron Microscopy (SEM) of WEDM machined
surface of P91
The microstructure of the machined surface was observed under SEM. In this study SEM
images were taken by using Carl zeiss cross beam, Auriga and TEM images were taken by
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using TEM JEOL 3010. The SEM examination was done at 5kV voltage with maximum
magnification of 30KX.The uneroded molten materials gets redeposited as recast layer. The
thickness of the recast layers varies with the energy of the spark. Therefore, to revel the
microstructural features of the machined surface the samples were cut into smaller pieces of
dimension (25×5×10 mm) and mirror polished in sequential grades of SiC paper followed by
diamond paste polishing. The polished samples were then etched with Villella‘s reagent (95
ml of ethyl alcohol, 5 ml of hydrochloric acid, and 1 g of picric acid).SEM images for two
section were extracted. The plan view of the machined surface showed the size of craters and
micro cracks and the cross sectional view shows the thickness of the recast layer and cracks
present in the recast layer.

3.8 Transmission Electron Microscopy (TEM) of WEDM
machined Surface of P91
The SEM images of the machined surface revealed that the recast layer has very fine or
featureless surface. Therefore, for deeper insight the recast layer region was investigated
under TEM. The sample of TEM was prepared by Focussed ion Beam Technique (FIB). In
this method a beam of gallium ions are bombarded on the selected region. The accuracy of
the region selected for taking out the sample for TEM can be of the order of 1µm. In this
study a section of recast layer with length 10 micron and thickness 1 micron was selected for
TEM investigation. The sample of TEM was cut from the SEM sample by FIB and then
welded to a copper base holder. The sample was then examined in TEM to reveal the in
depth features of the recast layer.
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3.9 Measurement of experimental responses
The experimental responses were measured in terms of parameters like surface roughness of
the machined surface, recast layer thickness, nano-hardness and microstructure of recast
layer, density, average length and orientation of micro cracks.
The polished samples were etched with Villella‘s reagent (95 ml of ethyl alcohol, 5 ml of
hydrochloric acid, and 1 g of picric acid) to reveal the microstructure of the machined surface
to study the characteristics of the recast layer. The micro cracks seen in recast layer were
classified into two categories. In this study all micro cracks which are inclined 0° -30° and
150-180° with respect to the cutting line are termed as lateral crack and those inclined
between 30° -150° w.r.t cutting line is termed as axial micro cracks. Average length of micro
cracks (Lc), number density of micro cracks (Nd) and orientation of micro-cracks (%Nd, as
ratio between axial and lateral cracks) were determined for different energies for the given
area of machined surface using the equations 3.2 and 3.3 shown below
5

Lc 

L
j 1
5

cj

N
j 1

(3.2)
cj

(3.3)

Where, Lcj is the length of micro crack, Ncj is the number density of micro cracks in each
Scanning electron micrographs and Aj is the area of each micrograph [5 6]. The typical
procedure for calculation of the above mentioned parameters are presented in Figure 3.5.
Surface roughness (SR) measurements of the walls of the square channels cut were made
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using a stylus type profilometer. The profilometer has cut-off length of 500µm. The
micrographs of the machined surface were observed and length, number and orientation of
micro cracks on machined surface were measured.

Figure 3.5 SEM image of machined surface used for response parameter calculation.

3.10 Corrosion Samples preparation
The cracks and craters in the machined surface of WEDM samples were tested for
passivation. The cracks and craters can be a site of initiation of corrosion, which can further
lead to failure of the component. In the corrosion experiment the WEDM machined P91 steel
plates were normalized (1080ºC, 30min) and tempered (770ºC and 30min). To compare the
corrosion behaviour of WEDM machined surface of P91 with diamond polished surface two
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samples in coupon size of 30×15×5 mm were prepared for electrochemical experiments. The
coupons were cleaned with acetone and lacquer coating was done on the edges and all the
other sides except the area of exposure for electrochemical measurements. The coupons were
placed under potentiodynamic Polarization test carried out in solutions with different pH.
The solutions used were 0.5M H2SO4, Borate buffer solution (pH-9.2), 0.5M H2SO4 + 0.25M
NaCl, 0.1M NaH2PO4 + 0.1M NaOH (pH-7) and 0.06M NaH2PO4 + 0.025M KH2PO4 (pH4). The tests were carried out in a conventional three-electrode cell using a Platinum (Pt)
electrode as the auxiliary (counter) electrode and a saturated calomel electrode (SCE) as the
reference electrode. The samples after electrochemical experiments were characterised using
an SEM. Argon gas purging was done for 30-45 minutes before the potentiodynamic
polarization measurement and this purging continued during the experiment. The
potentiodynamic polarization measurements were carried out using a Biologic VSP-300
potentiostat at room temperature (26 ± 1°C). First the open circuit potential was measured for
the sample for 20-30 minutes. After that cathodic cleaning was done at -1.0 V A vs Eref for 1
minute to remove any contamination or oxide layer from the sample surface and then again
open circuit potential was measured. Linear sweep voltammetry technique was used. A
sweep rate of 20mV/min was employed. Double-loop electrochemical potentiodynamic
reactivation (DL-EPR) studies were carried out at -50 mV below the open circuit potential
(OCP) to +500 m VSCE and reverse scan till OCP in deaerated 0.003M H2SO4 solution at a
scan rate of 100 mV/min. The samples after electrochemical experiments were characterised
using an SEM.
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3.11 Residual stress measurement
The recast layer in WEDM machined surface has residual stresses which could be fatal for
the service life of the component. Residual stress on the machined surface was measured by
standard GIXRD technique used for metals [6]. The thickness of the recast layer in WEDM
machined surface was of the order of 2-10 µm, therefore grazing incidence angle XRD was
used for determining residual stress. The cross section of the machined surface was prepared
by polishing the samples and the space lattice distortion was measured and compared with
powder diffraction file of same material. The distortion of space lattice gives an indication of
strain and hence residual stresses.
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Chapter 4

Estimation of temperature of
WEDM plasma using
spectroscopy
4.1 Introduction
Underwater wire electrical discharge machining (EDM) is gaining rapid momentum in recent
years due to its unique ability to cut and shape wide range of solid materials where
conventional techniques give poor performance. It involves high temperature plasma [1].
While both the electrodes start melting as they are exposed to the high heat flux, the anode
melts faster as it receives the fast electrons during pulse on-time [2]. The complete EDM
process involves hydrodynamics, electromagnetics, electrodynamics, thermodynamics and
different transport processes. Dielectric strength and viscosity of the liquid, electrical and
thermal conductivity of the liquid dielectric as well as electrodes, and dependence of these
properties on pressure and temperature are important parameters determining the overall
nature of the discharge. Set physical parameters like discharge gap voltage, discharge
current, pulse on-time, pulse interval, gap distance etc. also play very important roles. It is
almost impossible to maintain uniform values of all these parameters in every applied pulse
due to inherent nature of the process itself. Time and space averaged behavior may be of only
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practical relevance. A simple and comprehensive theory of the phenomenon is naturally
absent. Nevertheless, a number of efforts have been made to achieve an analytical model
giving good match with the experimental erosion rate.
Breakdown of liquid dielectric has been studied earlier in various fields like exploding wires
[3], laser produced plasma [4] and condensed matter [5]. Plasma studied in this work is
similar to them in parameters but different in kinetics and evolution as they depend on
specific electrode configurations, dielectric and operating conditions used. Density and
temperature achieved in these plasmas give them a special status of non-ideal plasmas and
lead to interesting behavior, much of which are not explored enough. While numbers of
theoretical and numerical studies exist on the EDM plasma, experimental studies on the basic
discharge phenomenon inside the dielectric, which lies at the heart of the process, are highly
limited. Tiny size of the plasma, short duration, weak luminous intensity, problem of placing
intrusive electrostatic probe inside liquid dielectric, poor reproducibility due to continuously
evolving electrode surface profiles and dielectric contamination from eroded electrode
materials are some of the difficulties of the experimental study.
Available theoretical and numerical material removal models for EDM machines assume
extremely high temperature (owing to intense current density in the constricted plasma
channel) as the primary cause for erosion [2-5]. Electro-thermal semi-infinite cylinder model
with a circular heat input [6], two-dimensional heat flow model with medium bounded by
adiabatic cylindrical surface in the radial direction [7], semi-infinite cylinder model with disc
heat source[8], point heat source conduction model for cathode erosion [9] and anode erosion
[10], point heat source model for cathode and circular disc heat source model for anode [2],
variable mass, semi-infinite cylinder model with circular heat input [11], expanding circular
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heat source model with time varying heat flux [12], lossy dielectric media model using
particle physics approach [13], multi-scale model with Gaussian heat flux [14], thermohydraulic coupling model with consideration of phase transition [15] are some of the
available theoretical models in this regard. Other theoretical calculations like estimation of
net emission coefficient of EDM arcs [16] also have been reported. However, when
compared with corresponding experimental results, sometimes the theoretical material
removal rate (MRR) is found to be more than 8.5 times the experimental one [17]. While
some of the later developments were able to predict MRR in reasonable agreement with
experimental one for certain longer pulses and high current, they are found to overestimate
the temperature distribution and give values for MRR off by a factor as high as 46 for shorter
pulses [17]. Nevertheless, all these studies have significant contributions in reaching the
present level of understanding.
For any accurate model, one needs to identify the details of the basic physical processes
involved. Analysis of the fast photographic images of the EDM arcs can give the
characteristic features of the dynamic evolution of the discharge and direct indication of the
fundamental processes involved.

Analysis of wavelength distribution in the spark and

respective intensities may give information about participating species, their densities,
average temperature of the discharge zone, signature of the physical processes and regime of
operation. While a good volume of work is available on modelling, experimental studies to
understand the dominant mechanisms are only few and behaviour of the developed plasma is
still poorly understood.
Albinski et al. [18] studied the temperature of an EDM plasma. Fe-I lines (411.854 nm and
413.29 nm) were captured and temperature was determined using ratio of two line intensities.
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Descoeudres et.al did time-resolved imaging and spatially-resolved spectroscopy of EDM
plasma in 2005 [19]. The same results were republished by them again in 2008 [20]. The
estimation of temperature was based on the line intensity ratio measurements using three
copper lines 510.55 nm, 515.32 nm and 521.82 nm. Ramkumar et.al. [21] did similar optical
spectroscopic study of EDM plasma using line pair method and the Stark broadening, for
plasma temperature and electron density respectively. Temporally and spatially resolved
electron density in the filament of a pulsed spark discharge in water was investigated by Niu
et.al. [22] using broadening of Hα line.
It may be emphasized here that the ratio of two line intensities method (RTLIM), used in
most of the above studies, give accurate temperature if and only if the energy levels
associated with the chosen lines maintain LTE (Local Thermodynamic Equilibrium)
distribution. Unfortunately, most of the EDM plasmas do not maintain LTE. Rather, they
maintain PLTE (Partial Local Thermodynamic Equilibrium), under which few of the energy
levels are not populated as per Boltzmann distribution. If any of the chosen lines in the
RTLIM arise out of transition involving levels not maintaining LTE, the temperature
estimated is bound to be erroneous. This important aspect is not explicitly addressed in any
of the above studies. The Boltzmann plot technique used in the present study is unique in the
sense that it first checks the whole emission range with specific anode material to identify the
region where large numbers of emission lines are available over a short wavelength range.
This ensures nearly similar general absorption features for all the chosen lines. Next, it
checks whether the chosen lines follow LTE distribution or not. This is done by simply
checking the linearity maintained by the lines in the Boltzmann plot. Any emission line,
originating from levels not maintaining LTE does not follow linearity in the plot. Since
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instead of only two lines (as used in RTLIM), a number of lines are considered in the
determination of temperature and LTE is ensured, the calculated temperature is expected to
be reliable and reasonably accurate. Observed high linearity in the Boltzman plots, offered by
the used lines for every anode material, is presented in the experimental analysis part.
Basic limitation of the previous time and space resolved studies of EDM discharge [19, 20] is
that they could not capture the occurrence of variety of important dynamics and their
dynamic evolution, happening over larger spatial scales and longer time scales. Quality of the
recorded images was poor and no distinct structure could be identified. All the captured
images looked highly identical due to extremely small time difference between consecutive
images. Estimated temperatures from the captured spectra at different spatial locations also
exhibited no significant variation. Nearly similar features were observed for electron density
as well. In such scenario, the present experiment was planned to explore the full set of the
associated dynamics in EDM discharges and understand their time evolution. Adopted
experimental plan selected large enough spatial scale to capture the dynamics occurring over
extended region. Highest possible frame rate, compatible with the chosen spatial scale was
set to capture the images using fast camera. It may be noted that the afforded highest frame
rate, detailed in the experimental part, was not enough to capture more than one image per
pulse. To overcome this limitation, the study employed a key idea similar to ‗ensemble
average‘ concept in statistical mechanics. Somewhat complete information about all possible
dynamics in EDM arc discharge may be obtained if large numbers of images are captured in
sequence. Different images will correspond to different time instants after initiation of the
pulsed discharges. The instants of grabbing the image will span over the full pulse length in
the limit when number of captured images is very large. This is the principle followed in this
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study. For practical presentation purpose, only selected images, representative of specific
dynamics for a given anode material are presented in this article. Interesting discharge
dynamics, its time evolution, and interaction with the electrodes, apparently not explored
earlier, have been obtained from the fast-photography results. Unique material dependent
behaviour has been revealed through emission spectroscopic analysis. Electron density is
extracted from broadening of corresponding Hα line. Plasma temperature is determined using
Boltzmann Plot method. Here it may be remarked that supporting observed material (anode)
dependent behaviour (temperature, density, arc dynamics) through computational fluid
dynamic (CFD) simulation including shocks and electromagnetic body forces arising out of
current carrying nature of the generated plasma requires availability of thermodynamic and
transport properties of the underwater plasma loaded with evaporated anode material at
elevated pressures and different temperatures. Calculation of required thermodynamic and
transport properties like density, specific heat, reactive thermal conductivity, translational
thermal conductivity, electrical conductivity, viscosity, diffusion coefficients etc. as a
function of temperature as well as pressure involves extensive modelling efforts and remains
beyond the scope of the present study. Nevertheless, the experimental findings obtained from
the study may serve as data for fundamental understanding and benchmarking of the future
simulation results.

4.2 Results
As the EDM discharge event starts, it breaks the H-OH bond of the dielectric (water).
Presence of extremely high temperature of the arc further breaks the OH radicals into H and
O atoms. Observed atomic lines of H and O in the EDM spectra, irrespective of anode
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material used, supports this fact. Complete breakdown happens very fast (<50 ns) and a
substantial plasma volume forms near the electrode gap in the form of a cylindrical channel
of diameter of few hundred micrometers. To understand the behaviour, the discharge
phenomenon may be modelled using the following gross overall reaction kinetics:

H 2O  H  OH

(4.1)
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During discharge, the plasma developed is expected to include all the species mentioned
above. ‗M‘ corresponds to metal, ‗M+‘ is its first ion and ‗e‘ is the electron. Because of low
ionization energy of metallic atoms and presence of high temperature it is possible that
higher ionized state of metal atoms may also exist. Depending on the anode and cathode
material a number of metallic atoms and ions may be present. If an alloy is used as anode
material, number of different types of metallic species may be even more. However, the
dominant lines in the emission spectra are usually contributed by the metallic constituents
from the anode material. It may be pointed out that although tungsten is used as cathode in all
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the studies, possibly due to its high melting point or much weaker line intensity compared to
the other lines present, its lines are rarely seen.
Among different anode materials used in the study, SS304 plates includes Cr (18.2%), Ni
(8.1%), Mn (8.1%), C (0.55%), Si (0.35%) and S (0.001%) apart from Fe. Used P91 is an
alloy of Fe with Cr (9%) and Mo(1%) for high temperature strength, improved oxidation
resistance and creep resistance. It also includes very small quantities of Ni and Mn to
increase hardenabilty. Elemental composition of zircaloy includes Zr (98.23%), Sn (1.5%),
Fe (0.12%), Ni (0.05%) and Cr (0.1%).
General notion about material removal in EDM discharges includes two phase: vaporizing
stage and splashing stage at the end of discharge. Material removal capacity in the later stage
is found to be much greater than that in the vaporizing stage. While large hydrostatic pressure
difference is suspected to be the primary driving force for debris removal, the fundamental
mechanisms like possibilities of electromagnetic pumping are not discussed in literature to
the best of the author‘s knowledge. Needless to mention that associated shearing flow has
significant potential to influence the crater morphologies and deposition of material in the
surrounding area. However, it is estimated that only a small fraction (<10%) of the molten
material is removed in the process and rest of the material undergoes re-solidification [15].
Accurate numerical simulation of the process demands details of the arc dynamics and
associated attributes of thermo-hydraulic coupling during the EDM discharge process. The
primary objective of the fast photographic study in this work is to explore the domain and
extract direct evidences of possible dynamics.
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Figure 4.1 Photographs showing arc spots and traces of the arc paths driven by
instability in different materials.

Figure 4.1(a-d) presents the physical image of the surfaces of different anode blocks made of
different materials, each subjected to series of EDM discharges of similar time span. Apart
from the expected central crater exactly below the cathode, the interesting observations are
the traces of the arc paths surrounding it. It is observed that the nature and distribution of the
arc paths have significant dependence on the anode material. While for zircaloy, the
azimuthal distribution of arc parth is observed to be fairly asymetric, the same for P91 and
SS304 are highly symmetric. For copper the distribution is found to be inbetween. The
behaviour is extremely important as it indicates to be a fundamental phenomenon involved
in the process and has signficant impact on thermal distribution, process quality and process
efficiency. A rigorous fast photographic study of the phenomenon, presented in this study
was motivated by this.
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The primary problem in capturing an arc image is its extreme brightness. This often leads to
saturation and does not reveal the underlying details of the internal structure of an arc linked
to fundamental processes. Fortunately, it was surprisingly easy to manage this problem using
the fast photography camera, PCO1200hs. The camera has the facility to cut down the
intensity in a manner that it gradually exposes the higher intensity internal structures
developed inside the plasma avoiding the problem of saturation and glare [23]. In its extreme
stage, only the highest intensity zones remain visible, which is nothing but the arc path, well
resolved in space. Using this facility, the camera can brilliantly capture any non-uniformity
in the media similar to visualization using techniques like shadowgraphy, schlieren
photography etc.
Highly nonlinear dependence of associated plasma transport properties on temperature,
existence of steep temperature gradient, pulsed nature of the discharge and continuously
evolving electrode microstructures make the arc dynamics continuously evolving in time. It
is therefore difficult to reproduce the same plasma structure with identical operating
parameters. However, our study reveals that the typical features of the average behavior
under similar operating conditions are reasonably reproducible. It may be pointed out that the
recorded spectral intensity comes from the whole tiny plasma volume rather than any
particular location. It also must be noted that the discharge gap within which the plasma
forms is only few tens of μm. Due to spatial and temporal uncertainties in the discharge
caused by short-lived pulses and very nature of the arc, it was not practical to focus at any
particular location of the evolved arc. The revised Boltzmann Plot technique, used in
determination of central axis temperature, is suitable for spatially unstable arc discharges and
pulsating arcs.
84

Whenever there is a curvature in the current path caused by a kink [Figure 4.2], magnetic
field lines are more concentrated towards the center of the curvature. This makes the
magnetic field inside curvature (Bin) greater than that (Bout) outside. Corresponding magnetic
pressures may be expressed as:
(4.8)

Bin2
PBin 
2 0

PBout 

(4.9)

2
Bout
2 0

μ0 is the permeability of the medium. Naturally, PBout is less than PBin, which leads to
development of magnetic pressure gradient in radially out ward direction as shown in Figure
4.2. Higher the degree of curvature, greater is the driving force. This is how ―kink induced
magnetic pressure driven flow‖ arises in the present case. It is very obvious, that this
phenomenon may happen with any magnitude of current whenever there is a curvature in the
current path in the medium.

Figure 4.2 Schematic diagram showing kink induced magnetic pressure driven flow.
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Figure 4.3 Depiction of mechanism of JXB pumping for removal of anode material [24]
and image captured by fast camera (inset) as a combined effect of JXB pumping and
kink.

Through numerous observations in the fast photographic study, one phenomenon is found
common with all anode materials: flow in the form of an expanding jet [Figure 4.3] and
images in [Figure 4.3-Figure 4.8]. This is a very significant phenomenon and not considered
in any of the earlier theoretical or experimental studies in this context.
Nevertheless, this particular phenomenon is actually well discussed in thermal plasma
literature [24] and termed as ‗J×B‘ pumping. When associated current lines in a conducting
medium arrange in a vertically diverging configurations Figure 4.3, the magnetic field at the
top is less compared to the same at the bottom (inversely proportional to the radius of the
column). Similarly, the current density (J) is also less at the top compared to the same at the
bottom (due to larger area of cross-section at the top). As a result, net JxB body force at the
top (FBtop) is less compared to the same at the bottom (FBbottom). Therefore, net pressure (Ptop)
in the upper region is the sum of plasma pressure (nkBT) and contribution due to FBtop. The
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same (Pbottom) in the bottom region is the sum of plasma pressure (nkBT) and contribution due
to FBbottom. Obviously Ptop is less than Pbottom. In such a situation, a gradient in pressure
develops in the vertically upward direction:
p



( Ptop  Pbottom)

(4.10)

This is the root cause of formation of an expanding plasma jet propagating in the upward
direction. Since, associated flow is driven by gradient in pressure and not absolute pressure,
even a slightest gradient in the pressure may induce such flow. It may also be noted that the
phenomenon may happen with any nonzero current, provided the current configurations is
able to produce a pressure difference.
Notably, the captured images of the jet are always found to be slightly inclined with respect
to vertical [Figure 4.3]. This is expected if we consider the curvature of the arc path and
register the effect of kink induced magnetic pressure driven force acting in radially outward
direction [Figure 4.2].
As far as removal of material from the anode piece is concerned, this has potential to play a
very dominant role. It has immense importance in theoretical modelling as well as
experimental understanding of the material removal mechanisms involved. In our opinion,
this is a phenomenon of high impact, missed by the community for long time.
For different anode materials, emission spectra from the discharge were different due to ionic
and atomic contribution to the plasma specific to that anode material. However, since water
is used as dielectric in all the cases, Hα emission line, contributed by dielectric water was
observed in all. Most of the necessary spectroscopic data like transition energy levels,
degeneracy, transition probability, and wavelength have been taken from NIST database [25],
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except for Zr-II lines. Other than wavelength information, no other spectroscopic data is
available in NIST data base for Zr-II. Necessary data have been obtained from Ref. [26].

4.3 Fast photographic study
4.3.1 Discharge with P91
Snapshots of the discharge kinetics observed with P91 as anode are presented in Figure 4.4.
Three important features, namely, kink instability [27], sausage instability [27] and J×B
pumping [24] are clearly observed. The kink in Figure 4.4 (a) and Figure 4.4 (e) embodies
higher magnetic field in the concave side compared to the same in the convex side. Resulting
difference in magnetic pressure (B2/2μ0) causes a strong mass flow across the arc in radially
outward direction as observed (here μ0 is Permittivity of free space). Once the flow detaches
from the arc, typical movement of the plasma bubble is captured in Figure 4.4 (f). Figure
4.4(b) and Figure 4.4 (c) present observed mass flow related to J×B pumping effect,
discussed above. Material from the arc root region flows like an intense expanding jet in the
vertically upward direction. On its way, it interacts with the kink induced magnetic pressure
driven force and finally chooses a resultant path slightly inclined with the vertical. The
interaction zone and the point of deflections are identifiable.
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Figure 4.4 Observed evolution of arcs in underwater EDM discharges with P91 as
anode material (The cathode is not visible. Approximate location of the cathode (finger
shaped) and anode (vertical line) are sketched (a-f).
Due to intensive cooling by the dielectric, the plasma channel becomes thin and current
density becomes extremely high. Associated pinching effect leads to interesting sausage type
instabilities in the arc as observed in Figure 4.4(d). It may be emphasized that this transient
phenomenon is observed in the zone of dielectric media (water), where temperature is much
lower compared to the same in the main arcing zone. The thin filamentary arc transiently
passes through such colder zone making it further thinner through thermal pinching. While
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there exists lots of ambiguities about diameter of EDM arc channel [28], present observation
indicates that it is thin enough to make self-pinching force greater than the force exerted by
plasma pressure, a requirement for sausage type instability to occur. The fast photographic
images are the direct proofs that such phenomena happen. An estimate of the maximum
possible radius of the plasma channel compatible with the flowing current as following:
The magnetic field produced by a plasma column of radius R (carrying current I) at its edges
may be written as:
BR

0 2 I
.
4 R

(4.11)

For initiation of sausage type instability, the magnetic pressure must be comparable with the
plasma pressure. If this happens for a maximum arc channel radius of say Rmax, one obtains:
(4.12)

BR2 max
 nk BT
2 0

Where, n, kB and T are respectively number density, Boltzmann constant and temperature.
This gives:

Rmax 

0
1
.
.I
4 2nk BT

(4.13)

For P91, estimated number density and plasma temperature [see table 4-1] give Rmax around
1.5 μm for an arc current of 2A. This is an important outcome of the study, giving a direct
estimate of arc channel radius in EDM discharge with water as dielectric.
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Table 4-1 Details of the Hα lines for discharges with different anode material and
derived quantities

Sl.

Anode

Position

Wavelength

ΔλO

ΔλS

Electron

Temperature

Coupling

No

material

of Hα

shift (nm)

(nm)

(nm)

density

(K)

parameter

line

from 656.28

(nm)

nm

.

(x1024/m3)

(Γ)

1

P91

658.5

2.22

1.2

1.15

0.297

8159

0.22

2

Zr

658.2

1.92

1.4

1.35

0.376

14525

0.13

3

SS304

656.45

0.15

0.35

0.30

0.041

6151

0.15

4

Cu

661.0

4.72

1.95

1.90

0.621

10534

0.22
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4.3.2 Discharge with SS304
Discharge kinetics with SS304 as anode is presented in Figure 4.5(a) to Figure 4.5(f).

Figure 4.5 (a-f) Evolution of arcs in underwater EDM discharges with SS304 as anode
material. Approximate location of the cathode (finger shaped) and anode (vertical line)
are sketched.
Together with J×B pumping and kink effect, existence of multiple simultaneous arc
connections over the anode are the special features in this. In Figure 4.5 (a) it is observed that
the kink induced high magnetic pressure shifts the connection of the arc over the cathode
upward along its length. The discharge is no more between the tip of the cathode and the
point over the anode, exactly below the tip. It has been observed that although in different
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magnitude, depending on cases, the magnetic pressure has potential to shift the connections
both at cathode and anode end. In fact the movement of the anode arc root leaves traces over
the anode piece. In Figure 4.5 (b) two simultaneous arc spots are observed. Removal of
material from the other spot through J×B pumping and anode jet formation is clearly
observed. In Figure 4.5 (c) the shape of the anode jet under combined influence of kink effect
and J×B pumping is clearly observed. Off the tip connection of the arc over the cathode is
noted. The arc always tries to maintain its minimum voltage configuration, achieved at its
minimum length. On the other hand, the kink induced pressure force and J×B pumping force
tries to deform it from its minimum voltage configuration. The competition among these
forces is visible in Figure 4.5 (c). In Figure 4.5 (d), two simultaneous arc spots over the
anode and their different off the tip connections on the cathode are seen. It appears that the
kink induced pressure keeps on shifting the cathode connection upward till total voltage drop
across the length of the arc becomes no more sustainable by the power supply and the arc
goes off. Figure 4.5 (d) and Figure 4.5(e) captures such events just before extinction. In
Figure 4.5 (f) an interesting event is captured where there are two connections over the anode
and only one connection on the cathode. Possibly two individual arcs, existing earlier with
separate connections over the cathode have been merged together at the cathode end during
evolution driven by the instabilities. It may be pointed out that most of the time the discharge
event starts at the location over the anode, nearest to the cathode tip. Developed instability
might have driven the arc to the other locations later. Due to limitation in the frame rate, the
fast camera was unable to capture all events and recorded only those physical states during
evolution as received by the camera at the instant of the snaps taken, marked on each frame.
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4.3.3 Discharge with Copper
Typical features observed in the EDM discharges with copper as anode are presented in
Figure 4.6 (a) - Figure 4.6 (d).

Figure 4.6(a-d) Evolution of arcs in underwater EDM discharges with copper as anode
material. Approximate location of the cathode (finger shaped) and anode (vertical line)
are sketched.
Figure 4.6 (a) shows clearly visible shock boundaries as well as prominent anode jet under
combined influence of J×B pumping and kink induced magnetic pressure. Movement of the
arc connection over the cathode driven by magnetic pressure is captured in Figure 4.6 (b).
Dual arc spots over the anode and movement of debris in the form of plasma blob, detached
from the anode jet are seen in Figure 4.6 (c). Formation of anode jet in similar fashion as in
Figure 4.6 (c) with off the tip arc connection over the cathode is observed in Figure 4.6 (d). It
may be pointed out that unlike earlier two cases, observation of very prominent shock
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boundaries indicates occurrence of much higher temperature in this case compared to the
earlier cases. Spectroscopic study presented in the next section also supports this fact well.
Typical propagation of the shock fronts, captured with vivid details at different stages of the
arc discharge, are presented in Figure 4.7 (a)-(d). Bubbles, acting as scattering centers are
encircled in Figure 4.7 (b), (c) and (d). Applying built in digital intensity reduction facility in
the camera, only shock fronts and very high intensity arc zones are visible in Figure 4.7 (a)
and bubbles (low intensity scattering centers) are invisible.

Figure 4.7 Details of the observed shock fronts captured in different discharge events.
Bubbles, acting as scattering centers are encircled in (b), (c) and (d). Applying built in
digital intensity reduction facility in the camera, only shock fronts and very high
intensity arc zones are visible in (a) and bubbles (low intensity scattering centers) are
visible. [Possible locations of the cathode are sketched].
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Figure 4.8(a-d) Evolution of arcs in underwater EDM discharges with zircaloy as anode
material. Arrows indicate prominent shock boundaries. Approximate location of the
cathode (finger shaped) and anode (vertical line) are sketched.

4.3.4 Discharge with zircaloy
EDM discharge with zircaloy as anode material exhibits features substantially different from
the earlier three. In all frames highly prominent shock boundaries, indicative of occurrence of
high temperature, have been observed. The fact is also supported by the spectroscopic
measurements, presented in the later part of this study. Existence of two simultaneous arcs is
observed in Figure 4.8(a). Emerging strong anode jet via J×B pumping and interesting
multiple simultaneous connections of arc over the cathode are seen in Figure 4.8(b). Strong
anode jets under combined influence of kink induced magnetic pressure and J×B pumping
are seen in Figure 4.8(c) and Figure 4.8(d) as well.
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4.4 Emission spectroscopic study
For EDM spectra with different anode materials, a wide spectral range is scanned initially
using low resolution grating (300 lines/mm) for gross identification of location of the peaks
and then focused in the region of interest using high resolution grating (1200 lines/mm or
2400 lines/mm) to obtain accurate details. Parts of the spectra, used in determination of
temperature for discharge with different anode material, are presented in Figure 4.9. It has
been observed that none of these spectra shows presence of Hβ line while presence of Hα line
is observed in every spectrum. Relatively low temperature (~eV) and high density, observed
as characteristic feature of EDM arc discharges are identified as the primary reason for strong
Stark broadening of the Hα line (656.285nm) and vanishing of the Hβ line (486.127nm).
After a thorough scrutiny of the recorded lines over a wide range of wavelengths and study of
their appearance in the overall spectra, relevant regions of the respective spectra have been
chosen for determination of axial temperature. The following aspects have been kept in
consideration while choosing the lines in each case: (i) the lines must be well resolved, (ii)
the lines must have appreciable intensities (iii) number of suitable lines in the chosen range
must be four or greater (iv) The wavelength range within which the lines occur, must be short
so that effect of absorption if any remains nearly identical for all the wavelengths considered
(v) the energy levels corresponding to the considered lines should not involve ground state.
The last requirement follows from Partial Local Thermodynamic Equilibrium (PLTE),
discussed in the later part of this section. As presented in Figure 4.9, the considered
wavelength range is 40 nm or less in all the cases. Numbers of lines available for Boltzmann
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plot are 7, 5, 7 and 7 for Zr, Cu, P91 and SS304 respectively. Exhibited high linearity in the
Boltzmann plots [Figure 4.10 (a-f)] ensures PLTE.
Although Fe is the major constituent of both P91 and SS304, content of Cr in SS304 is 19%
while that in P91 is only 9%. SS304 does not include Mo while P91 includes 1% Mo.
Although both have Fe lines, influence of Cr and Mo makes the overall emission spectra
from P91 and SS304 slightly different as may be clearly noticed from the spectra presented
in Figure 4.9. In this study, the same Fe lines of 407.36 nm and 407.174nm have been used in
the Boltzmann plots of both P91 and SS304. However, other five lines have been chosen
different based on the criteria mentioned.

Figure 4.9 Spectra recorded during EDM discharge with different anode materials: (a)
Cu (b) SS304 (c) P91 (d) Zircaloy.
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Figure 4.10 (a)-(c):Copper emission lines recorded from EDM discharge at three
different instances [Table-4.1]; (d) –(f) Corresponding Boltzmann plots indicating
deviation from LTE for the line 1 and 2 (324.75 nm and 327.4 nm, circled) involving
ground state.

When a system is in thermal equilibrium, various energy levels are populated according to
Boltzmann distribution. Under such condition, the intensity (Iui) of radiation of wavelength
(λui) due to transition from level 'u' to 'i' follows the relation [29]
(4.14)

Where, kB is the Boltzmann constant, Aui is the 'transition probability' for the specific
transition. Eu and gu are the excitation energy and statistical weight factors of the upper level
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'u'. It is obvious from equation (4.14) that at a given temperature 'T', a plot of ln I uiui / gu Aui 
along vertical axis and Eu along horizontal axis for different λui will result in a straight line,
and the excitation temperature 'T' can be determined from the slope of the straight line. The
method of extracting temperature is known as Boltzmann plot technique.
While it is common in the literature to use equation (4.14) in determination of plasma
temperature, the formula cannot give correct axial temperature for inhomogeneous axisymmetric plasmas without performing the Abel inversion, in the case of spatially integrated
line intensity measurements. The complexity in determination of temperature in welding arcs
due to sharp temperature gradient, temporally unstable nature of the arc and absorption of
radiation in the colder layer has been discussed by Uhrlandt [30]. In the present study, we
have used a formula suitable for finding the central axis temperatures in inhomogeneous,
axisymmetric, optically thin, LTE plasmas having strong gradient Gaussian temperature
profile [31]. Specialty of this method is that it avoids the necessity of Abel inversion. Due to
its integral features, it is well suited for rapid monitoring of spatially unstable arc discharges
and pulsating arcs [31]. Experimentally, the error found in the determination of the central
axis temperature of a high current arc in argon using this method and the Abel inversion
technique did not exceed 1.5% [31]. The method can give better axial temperature in the case
of LTE violation compared to Abel inversion as inaccuracies in the measurements at the
edges of the plasma column (where non-LTE prevails) propagate to the central axis
temperature in the later case. Limitation of this method is that it gives only the value of axial
temperature and cannot find the radial profile.
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The formula used in the present study differs from the usual expression (4.14) only in the
logarithmic part and may be expressed as [31]:
(4.15)

Axial temperature is determined from the slope of the linear plot similar to (4.14).
Experimentally, the collection optics focused the region of shortest distance between the
cathode tip and the planer anode (few tens of micrometers). Once a pulse is applied, the arc
initiates in this region in the form of a thin cylindrical plasma column of high gradient.
Although, subsequent dynamics takes the arc to other spatial locations, light is collected
primarily in this configuration. Steep radial gradient of the plasma column is further assisted
by surrounding coolant dielectric (water). Applied method records total spatially integrated
radiation line intensities over the plasma diameter and determines only the temperature at the
central axis of the plasma column.
The used method relies on optically thin assumption of the chosen lines. It may be noted that
the absorption of electromagnetic radiation by water in the gas phase occurs mainly in three
regions: microwave (rotational transitions), infrared (vibrational transitions) and vacuum
ultraviolet (electronic transitions) regions. Absorption of the chosen lines by water is
negligible in the region of spectrum considered in the study (table 4-2). Spectroscopic
measurements in short metal arcs through careful analysis of line profiles using Fabry-Perot
interferometer revealed absence of self-absorption of atomic lines in the wavelength range
considered [32,33].
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It is noted from Figure 4.10that the intensities of the three Cu-I spectra [Figure 4.10 (a), (b)
and (c)], recorded under three different instances with similar operating conditions, vary
appreciably due to spatially unstable nature of the arc. However, the method, based on
relative line intensities, gives nearly similar axial temperature each time.

Good

reproducibility of the observed behavior is noted from this.
Often it has been observed in laboratory plasmas that complete local thermal equilibrium
(CLTE) does not hold good [29]. Sometimes, there exist few levels, which are not populated
as per Boltzmann distribution due to lack of enough collisions. Apart from these levels, rest
of the energy levels follow Boltzmann distribution and the system exhibits partial local
thermal equilibrium (PLTE) [29].
PLTE in so-called thermal plasma is a subject of research over many decades [34-38].
Validity conditions for Complete Local Thermodynamic Equilibrium (CLTE) and PLTE of
homogeneous, time-independent, and optically thin copper plasmas have been derived [35].
It has been observed that for Cu I, electron densities of ne> (5 ×1022 - 5 × l023) m-3 are
required for CLTE and a density ne>(5 ×1021 -5×1022) m-3 is necessary for PLTE for electron
temperatures ~ 1 eV [36]. When the electron density ne is sufficiently large, radiative
processes may be neglected compared to the collisional processes and CLTE is maintained.
However, as the electron density decreases, deviations from equilibrium start in the ground
state and progress to the higher excitation states [37, 47]. In arcs, depending on discharge
condition, appreciable deviations from LTE have been observed in spite of high temperatures
(above 20000 K) and high electron densities (up to 2 × 1023 m−3) [38]. The electric field,
providing energy for the discharge, strongly affects the free electrons of high mobility and
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quickly establishes a common kinetic temperature among them through collisional processes.
However, if the collision rates between electrons and heavy particles are not high enough, the
situation may lead to deviations from the Boltzmann distribution. The ground state is
separated from all excited states by a relatively large energy gap. Since the inelastic cross
section for collisions with electrons is significantly lower for the ground state than for the
excited states, a deviation in the Boltzmann distribution between the ground state and the
excited states creeps in [38]. Nevertheless, the Boltzmann plot technique can still be used to
determine temperature using the emission lines not involving ground states, as the method
employs ratio of line intensities in which the under population factor of the excited states, if
any, mostly cancels out [38].
Typical spectra observed in different EDM discharge systems are presented in Figure 4.9 (a),
(b), (c). Considered emission lines and associated energy levels are mentioned in table 4-3.
As presented in the later part of this section, the excitation temperature is estimated to be
around 1 eV and the measured electron density is around 6.2 x 1023 m-3 (for copper, see
table 4-1). According to previous studies [34, 37], the system is expected to be close to
CLTE. For verification, we focus on the Cu I emission spectra recorded from the EDM
plasma at three different instances with identical operating conditions [Figure 4.10
(a),(b),(c)]. We note from table 4-3, that the emission lines at 324.75 nm (line-1) and 327.4
nm (line-2) associate transitions involving ground states. Rests of the considered lines do not
associate ground state (table 4-3). Figure 4.10 (d),(e) and (f) represent the Boltzmann plots
corresponding to spectra of Figure 4.10.(a), (b) and (c) respectively. If the system is in
CLTE, a perfectly linear plot is expected for all the lines. Interestingly, it is observed in all
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the plots that line-1 and line-2 consistently stays off the straight line followed by other
emission lines [Figure 4.10 (d), (e) and (f)]. This supports existence of PLTE in the system.

Table 4-2 Spectroscopic parameters for the emission lines used in temperature
determination using Boltzmann plot technique
Lin
e
No

Ek(cm-1) g
(upper)

A
Ref.
-8 -1
(10 s )

Cu (Cu-I lines)

[25]

λ(nm)

Lin
e
No

Ek(cm-1)
(upper)

λ(nm)

g

A
Ref.
-8 -1
(10 s )

Zircaloy (Zr-II lines)

[26]

1

465.11

62403

8

.380

1.

321.28

36869

6

0.28

2

510.55

30784

4

.020

2.

327.3

31866

10

1.2

3

515.32

49935

4

.600

3.

337.47

37682

4

1.2

4

521.82

49942

6

.750

4.

343.05

32899

8

0.5

5

578.21

30535

2

.0165

5.

349.62

28909

8

1.2

6.

354.26

42410

12

1.2

7.

358.79

30435

4

0.13

SS304 (Fe-I lines)

[25]

P91 (Fe-I lines)

[25]

1

406.36

37163

7

.69

1

404.58

36686

9

.75

2

407.17

37521

5

.80

2

406.36

37163

7

.69

3

430.79

35768

10

.34

3

407.17

37521

5

.80

4

432.57

36079

7

.52

4

418.17

46745

7

.23

5

438.35

34782

11

.50

5

418.70

43633

5

.21

6

440.47

35257

9

.28

6

425.08

36079

7

.10

7

441.51

35612

7

.12

7

426.04

42816

11

.39
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Table 4-3 Different emission lines and associated energy levels
Cu I
Sl. Wavelength Upper
(nm)
level
energy
(eV)
324.75
3.82

Lower
level
energy
(eV)
0

Sl.

SS304 (Fe-I)
Wavelength
Upper level
(nm)
energy (eV)

4063.6

4.61

Lower
level
energy
(eV)
1.56

327.40

3.79

0

4071.74

4.66

1.60

465.11

7.75

5.08

4307.9

4.44

1.56

510.55

3.82

1.39

4325.76

4.48

1.61

515.32

6.20

3.79

4383.54

4.32

1.49

521.82

6.20

3.82

4404.75

4.37

1.56

578.21

3.79

1.64

4415.12

4.42

1.61

Zr II
Sl. Wavelength
(nm)

P91 (Fe-I)

1

321.28

Upper
level
energy
(eV)
4.58

Lower
level
energy
(eV)
0.71

Sl.

Wavelength
(nm)

Upper level
energy (eV)

1

404.58

4.55

Lower
level
energy
(eV)
1.48

2

327.3

3.95

0.16

2

406.36

4.61

1.56

3

337.47

4.67

1.00

3

407.17

4.65

1.68

4

343.05

4.08

0.46

4

418.17

5.80

2.83

5.

349.62

3.58

0.04

5

418.70

5.41

2.45

6.

354.26

5.26

1.76

6.

425.08

5.38

2.47

7.

358.79

3.77

0.32

7.

426.04

5.31

2.40
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As observed from table 4-2 and table 4-3, the temperature is estimated in each discharge
system excluding the lines having transition involving ground states. To avoid error in the
intensity estimation, we have excluded the lines, which are not well resolved and the lines
having very low intensities. Typical Boltzmann plots obtained for different anode materials
are presented in Figure 4.11 (a-d). Observed good linearity in the plots ensures PLTE among
the levels considered. Average axial temperature is determined from independent
measurements using the same set of emission lines. Typical scatters in the measured axial
temperatures are indicated by the associated error bars in Figure 4.12. Different transition
lines considered in the study for different anode materials and relevant spectroscopic
parameters are listed in table 4-2. Figure 4.12 presents the axial temperatures of the plasma
estimated in discharges with different anodes. Application of Boltzmann Plot method to the
spectra received from discharge with SS304 anode gives an average axial temperature of
6151K. Similarly, obtained average axial temperatures with P91 and Cu anodes are
respectively 8159K and 10534 K. However, for zircaloy observed emission was found to be
radically different. Unlike the previous three cases where emission lines were primarily from
atomic transitions (Fe-I or Cu-I), most of the intense emission lines from discharge with
zircaloy anode are found to be from singly ionized Zr (Zr-II). Since first ionization potential
(IP) of Cu, Fe and Zr are close to each other (IP(Cu)=7.7 eV, IP(Fe)= 7.9eV, IP(Zr) = 6.6 eV), this
itself is indicative of existence of higher temperature in the discharge with zircaloy as anode.
Slightly lower ionization potential of Zr might have contributed as well to this effect.
Estimated average axial temperature from Boltzmann plot using Zr-II lines is found to be
14525K. It is noted that under similar operating conditions, estimated temperature of the
discharge zone with zircaloy as anode is substantially higher compared that for others. The
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observation is supported by other evidences like pronounced shock boundaries in Figure 4.8
and presence of ionic lines of Zr Figure 4.9(d). The error bars in Figure 4.12give observed
scatter in the respective data due to uncertainties in the measurement. Under a given
operating condition with a specific anode, temperatures determined from independent
measurements were found to be close to each other (refer Figure 4.12).

Figure 4.11 Typical Boltzmann plot obtained for discharges with anode material (a)
SS304 (b) P91 (c) copper and (d) Zircaloy [Number attached to data point indicates
respective line number in Table 4-2].
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Figure 4.12 Temperatures as obtained from Boltzmann plot for discharges with
different anode materials. [Bars indicates the typical scatter in the data, estimated over
independent measurements].
It has been observed that under similar discharge parameters the temperature of the plasma
depends significantly on the specific type of the anode material used. Constriction in the arc
root region, determining the local current density and hence ohmic heating and intensity of
ablation of the anode material, depends on the specific anode material used. On the other
hand, density of ablated material in the plasma substantially influences its thermodynamic
and transport properties including electrical conductivity and hence volumetric heat
generation inside the plasma column. Notably, under similar discharge parameters, the
spectra recorded at different instances with same anode material result in nearly similar axial
temperatures within the error limits (See Figure 4.12, for example). Although interesting
variations are observed, typical electron temperature observed in the study is low (~ eV).
This is consistent with the reported observations in similar plasmas discussed in the
introduction part. High density of the EDM plasma results in rapid loss of energy of the
electrons through collision, leading to low electron temperature. However, due to high
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density of plasma, high frequency of collision among electron, neutral and charged species
thermalize them and all the species are expected to have nearly the same temperature.

Figure 4.13 (a) Shift in wavelength and (b) Lorentzian half widths of Hα lines for
discharge with different anode materials.

Figure 4.14 Recorded Hα line profiles: (a) P91 (b) Zircaloy (c) SS304 and (d) Copper.
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Depending on density of electron and temperature, acceleration of the electrons by the ion
field (AEIF) and contribution due to dipole ionic-electronic shift (DIES) results in a shift of
the Hα peak with respect to theoretical position of the Hαline (656.28 nm) as reported by [39]
and [40]. Figure 4.13 (a) presents the measured shifts of Hα line for EDM discharges with
different anode materials. Measured full width at half maxima (FWHM) of the Lorentzian
profile of the Hα line for different anode material are presented in Figure 4.13 (b). Recorded
Hα line profiles for different anode materials are presented in Figure 4.14. Numbers of
theoretical and experimental studies on stark broadening and shift of the Hα line, mainly
dealing with estimation of electron density and origin of the shift, are available in literature.
Recently, advanced calculations including the effects of ion dynamics in the estimation of
electron densities have been reported. Half width (Δλ) of the Lorenzian profile of the Hα lines
is related to the number (Ne) of electrons per m3 as [40, 41]
(4.16)

It is observed that the obtained line profiles are predominantly Lorentzian in shape.
Broadening of a spectral line primarily occurs from several factors: natural broadening
caused by finite lifetime of excited states, Doppler broadening due to the movement of the
emitting atoms, instrumental broadening due to diffraction effect of slit and Stark broadening
due to presence of randomly oriented electric fields around the emitting atoms. Doppler
broadening results in a Gaussian shape and rest of the broadening mechanisms result in
Lorentzian shape of the line profile. While predominant Lorentzian shape of the lines
indicates negligible Doppler broadening in the present case, its contribution to the total width
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at a given temperature T can be approximated for an emitted line of central wavelength λo as
[29]:
(4.17)

kB is the Boltzmann constant, m is the mass of emitting atom, c is speed of light. Doppler
contribution in the width of Hαline (λo =656.28 nm), estimated from the above formula,
comes to be less than 0.04 nm for temperature less than 8000K. It will be further less at lower
temperatures. On the other hand, typical value of natural broadening is very less and is of the
order of 0.01 pm [29, 47]. It is several orders of magnitude lower than the broadening
observed in the present study (Figure 4.14 (a-d)).
An upper limit of the instrumental broadening is obtained in the study from the Lorentzian fit
of the recorded line shape (Figure 4.15) of a monochromatic light (632.8 nm line of He-Ne
laser) [42]. As observed, instrumental broadening in the present setup is around 0.05 nm.

Figure 4.15 Estimation of instrumental broadening: line shape recorded by the
spectrograph for monochromatic 632.8 nm line of He-Ne laser giving full width at half
maximum (FWHM) ~0.05 nm.
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Since the observed line profiles in Figure 4.14 exhibit predominantly Lorentzian shapes, the
lines are primarily broadened due to Stark effect and instrumental broadening (since both
have Lorentian shapes). Broadening contribution from Stark effect (ΔλS) is obtained from
observed total broadening (ΔλO) and instrumental broadening (ΔλI) as [43].The estimated
electron densities for different anode materials are presented in table 4-2.
(4.18)
In ideal plasma Coulomb collisions are negligible. In all other cases, where the effects of
inter-particle interactions govern the plasma behavior, the plasma is considered as non-ideal.
At low temperature and low densities, the particles (mixture of electrons, atoms and ions) in
partially ionized plasma usually possess mean free path much greater than the average inter
particle distance and the plasma behaves mostly in the ideal regime. As density increases,
average inter-particle distance decreases and the particles start interacting strongly with each
other via Coulomb field. When the average energy of inter-particle interaction becomes
comparable with the thermal energy, the plasma is considered as truly non-ideal. In the
present case, the sudden outburst of discharge produces considerably high pressure. Clearly
visible shock boundaries are indicative of that. From the measured electron temperature Te
and number density ne, non-ideality of the generated plasma can be estimated through the
plasma coupling parameter Γ, defined as ratio of electrostatic Coulomb energy to the thermal
energy [44]:
(4.19)
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Where, e is the electronic charge, kB is the Boltzmann constant and ‗a‘ is the average interparticle distance. ‗a‘ can be estimated from the density (n) using the equation:
(4.20)

If Γ much less than 1, the plasma is considered ideal. If Γ is comparable to 1, the plasma is
weakly non-ideal and if Γ is much greater than 1, the plasma is said to be strongly coupled.
As calculated in table 4-1, the coupling parameter for different anode material is close to 1 in
all the cases. Hence, the cold and dense plasma produced by EDM discharge is always
weekly non-ideal plasma.
Another important effect is that the extreme density caused by the pressure exerted by the
dielectric lowers the ionization energy and hence wipes out the upper energy levels in the
hydrogen atoms [43]. This leads to two effects: (i) vanishing of the radiation lines involving
higher lying states like Hβ (486.127nm) and Hγ (434.046nm) etc and (ii) increase in the
continuum radiation. Absence of Hβ and Hγ in the recorded spectra supports the fact very
well.
In a system containing hydrogen, if nmax is the quantum number of the highest energy level of
the hydrogen atom for the detected transitions, then a rough estimate of the electron density
in the system (ne in cm-3) may be obtained from Inglis-Teller equation as [45]:
(4.21)
In our case, Hα line of the Balmer series corresponding to transition from level 3 to level 2 is
detected but Hβ line of the same series corresponding to transition from level 4 to level 2 is
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not seen. Hence one can assume nmax within 3 and 4 in the present case, giving value of
ne~1024/m3. It may be noted that the value so obtained is of the same order of magnitude as
obtained from the analysis of Stark broadening of Hα line.
Apart from stark broadening and shift of the line location, several other important
information about the system are also obtained from the Hαline. A scrutiny of the recorded
Hα profile shape in Figure 4.14 reveals that it is not perfectly symmetric like a Lorentzian
profile. Observed slight asymmetry owes its origin to the interactions between other ions
present in the weakly coupled non-ideal plasma and the Hα emitting hydrogen atom.
Another important observation is that the recorded Hα profiles with most of the anode
material reveal existence of tiny bumps and dips near their base. Resonant interaction
between Stark splitting and the ion acoustic turbulence induced oscillating electric field may
explain the observed structures [46].

4.5 Summary and conclusion
EDM process is a state of the art technology to cut and shape wide range of materials of
technological interest. While it is a matured technology, developed mainly through trial-anderror approaches, understanding full potential of the technology requires a thorough scientific
understanding

of

the

processes.

Hydrodynamic,

electromagnetic,

electro-dynamic,

thermodynamic and different transport processes play vital roles in shaping the discharges
involved. The present study aims at understanding the complex nonlinear processes through
fast photography and emission spectroscopic signatures in discharges with different anode
materials. Using a specially designed experimental rig, signature of the species in the
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generated plasma has been extracted using a fiber optic based spectrograph system. Presence
of Hα line, but absence of Hβ line in the emission spectra is an interesting observation [47].
High density, caused by the pressure exerted by the dielectric, lowers the ionization energy
and hence wipes out the upper energy levels in the hydrogen atoms and vanishes the
radiations like Hβ involving higher lying states. For an EDM discharge with a given anode
material, the emission lines, characteristic to the anode material, have been used in
determining the plasma temperature using Boltzmann plot method. Width of the Stark
Broadened Lorentzian profile of Hα line has been used in determining the density of electrons
in the plasma. From the obtained plasma quantities, plasma coupling parameter has been
estimated and it has been established that the generated plasma falls in the regime of weekly
non-ideal plasma.
Temperature of EDM plasma has been found to significantly depend on the specific type of
anode material used [47]. Possibly, ablated material becomes part of the plasma and
substantially influences its thermodynamic and transport properties, which in turn results in
their distinctive behavior observed. The temperatures of the discharge zone for iron based
substances like SS304 and PL91 are found to be around 5500K and 7100K respectively. The
same for copper reaches around 9048 K and that for zircaloy touches 14372K [47]. This in
turn influences the dynamical behavior and evolution of the arc for each type of anode.
Dynamic evolution of the arcs has been studied using fast photographic camera. Formation of
strong anode jet through J×B pumping, kink induced magnetic pressure driven flow, sausage
type instability, generation of distinct shock fronts, formation of simultaneous multiple arc
roots over anode as well as cathode and drift of arc roots on electrode surfaces are some of
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the important features observed. Physical observation of shocks and variation in its intensity
with change in anode materials are possibly addressed for the first time. The information is
qualitative but may serve as good first-hand information for theoretical modelling and
experimental understanding. Direct observation of simultaneous multiple arc attachments
over cathode as well as anode is another aspect not discussed previously in this context. All
available studies are based on single electrode attachment points. The direct observation of
multiple attachments may assist in more realistic modelling and better interpretation of
experimental results. Observation of J×B pumping in EDM discharge is a very important
phenomenon not included in any of the previous experimental or theoretical studies [47].
Kink induced magnetic pressure driven flow, directly identified through fast photography has
potential to contribute significantly in relevant mass transport processes in CFD models of
EDM discharge. Physical observation of plasma blob detachment process in underwater arcs
may help in understanding the overall transport process. Direct observation of ―sausage type
instability‖ gives information about possible current paths, its diameter and distortion. Any
distortion in the current path may induce body forces through electromagnetic interaction
which must be taken into account for interpretation of results and modelling of the system. It
is believed that obtained information may contribute significantly towards enhanced
understanding of EDM discharges.
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Chapter 5

Characterization of wire EDM
surface and optimization of
process parameters
5.1 Introduction
Advanced machining processes like laser beam, electron beam and electric discharge
machining (EDM) are used for fabricating components with intricate geometry in high
strength steels [1-3]. The molten material is flushed out from the melting site in the form of
debris due to the collapses of the plasma channel during the off cycle [4]. Rapid extraction of
the heat by the cold work piece by conduction and quenching of heat by surrounding fluid
leads to rapid cooling of a thin layer of material close to the cutting face. This rapid cooling
leads to re-solidification and quenching of the molten material and it forms a thin layer on the
machined surface, called recast layer [5]. The morphology of the machined surface and
micro-structural characteristics of the recast layer depend on the WEDM process parameters
and thermo-physical properties and physical metallurgy of the material. The recast layer may
contain tensile residual stresses and cracks, which are detrimental for fatigue life of the
manufactured parts [6]. It has been reported that the average recast layer thickness and its
standard deviation increases with increase in spark energy [7]. Below the recast layer is a
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heat- affected zone (HAZ) which can be composed of several different layers, depending on
chemical composition of the work piece [8]. Tang and Guo have optimized the machining
parameters in machining of S-03 special stainless steels [9]. They have reported the
optimized combinations of process parameters for surface roughness and material removal
rate as objective parameters. The recast layer and surface roughness of the machined surface
increased with increase in the spark energy and peak current [10-11]. Lee [12] has reported
micro cracks and holes in recast layer. The physics of material removal by WEDM is
complex and minimization of the recast layer and micro crack is a major problem in WEDM
industry. Therefore, it requires optimization of process parameters for desirable surface
integrity of the machined surface.
While substantial literature exists on different aspects of WEDM of different materials like
Stainless Steel S-03, Aluminium, Inconel 718, tool steels and die steels, there are certain
important aspects which have not been attempted in earlier studies [5]. These aspects are
thermal modelling of the process in order to predict the nature of the surface finish and the
subsurface microstructure. Both these aspects are of considerable practical significance in
this machining process. The surface finish is a factor, importance of which cannot be
underestimated in any cutting process. The microstructure of the material under the cut
surface is also very important as this decides the mechanical properties of the cut surface.
The present research work focuses on WDEM machining of P91 [13-15], no work has been
done so far in WEDM machining of P91. In addition, it has also addressed the aspects of
generating a deeper understanding of the surface finish and underlying microstructure
through thermal modelling. An effort has been made to come up with a surface response
approach in this study to select the parameters which lead to least surface roughness and
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smaller cracks of harmless orientation and thereby improving the quality of machined surface
using optimization of process parameters of WEDM. ANOVA table is prepared to check the
statistical significance of the main parameters followed by optimization of machined surface
in terms of surface roughness and density of cracks in the recast layer by response surface
methodology. The surface integrity of machined surface is elucidated after parametric
optimization [16]. The formation of craters has been examined experimentally and verified
by thermal modelling. The formation of the craters and its size have a direct impact on the
surface roughness.
The fine features of the craters, thickness of the recast layer and the microstructural details
have been extensively examined by using FEG SEM. The fine structure at the cut surface has
been probed by HRTEM. Besides microstructural characterization, the surface properties like
hardness have been measured by nano-indentation, residual stress by x-ray diffraction and
surface finish by profilometer. The cause of cracks and micro-structural features observed
have been presented and discussed in terms of process parameters and properties of the
material. This chapter also gives a general guideline for selecting process parameters for
WEDM machining of common industrial materials like SS304, Aluminium and Zircaloy by
thermal modelling approach.

5.2 Heat transfer modelling
The thermal modelling gives time dependent temperature distribution with distance from cut
surface and helps in better understanding of the temperature dependent metallurgical features
at each thickness due to the cooling rates during quenching and consequential microstructural
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changes. The thermal modelling helps in ascertaining the size of the crater which in turn
determines the surface roughness.
Numerical modelling is performed in general purpose finite element software ABAQUS.
Model contains 3634 number of linear quadrilateral elements with 3760 number of nodes.
Nonlinear behaviour of the material is simulated using elastic plastic material model. Apart
from nonlinear behaviour material conductivity, latent heat, thermal expansion coefficients
are also provided as an input. Temperature variation with different material phases and
volumetric changes with temperature are incorporated with user subroutine. Melting
temperature is also simulated in the model in such a way that, if material temperature reaches
1200 0C then the material loses all of its strength and both considered in the transient heat
transfer analysis.
WEDM process involves heat transfer from spark generated in the gap between the tool wire
and the workpiece. The amount of material removed depends on the energy of spark. In this
study, average energy of the spark which interacts with the material is expressed by Eq.5.1
[17].
(5.1)

Where, Ee = Discharge energy, V= Discharge voltage, I = Current, and t = pulse on time. In
this study the temperature of the spark generated during WEDM process was measured by
spectroscopic technique using Boltzmann Plot method and a high speed camera. During these
measurements the highest temperature was estimated to be of the order of ~15000K for high
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energy configuration [18]. Fourier heat conduction equation was used to model the heat
transfer process using Gaussian heat source as shown in Figure 5.1.

Figure 5.1 Schematic diagram of the geometry adopted for Numerical modeling.
Governing equations
(5.2)

(5.3)

Boundary conditions
(5.4)
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(5.5)

Since all boundaries of work piece are in contact with water
Initial conditions
(5.6)
Where ρ, Cp, q, T, t, Q, k, u, h are density, heat capacity, heat flux (pulsed), temperature,
time, internal energy, thermal conductivity, velocity vector and heat transfer coefficient
respectively.
= 295°K.
Three levels of energy were selected to study the effect of process parameters on the
microstructure of the machined surface. The higher energy level corresponds to high level of
average pulse current, voltage and spark on time, the lower energy level has low current,
voltage and spark on time. The modelling parameters for the three energy conditions are
presented in table 5-1. The radius and heat flux of plasma was estimated using equation (5.7)
and equation (5.8) [19-22].
(5.7)
(5.8)

Where

is in meter and

is in seconds. In the present case plasma flushing efficency

(PFE) has been estimated by equation used in refernce [19, 22]. The theoretical volume of
material eroded is different from the actual volume of material eroded. Their ratio is known
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as Plasma flushing efficiency. In WEDM process the workpiece experiences thermal cycle
because of application of a pulsed voltage. The thermal profile of the work-piece has been
numerically modelled to understand the behavior of cooling cycle. The microstructure of the
machined surface is dependent on the thermal cycle due to application of pulsed voltage.

5.2.1 Effect of Phase change
The phase change of P91 during cooling plays a vital role in the determination of residual
stress on the ―White‘ layer (re solidified layer). When the WEDM spark is ―ON‖, the
temperature of work piece reaches above melting point (1500 oC) for fraction of seconds in
the area of heated zone and then cools down to room temperature rapidly during spark ―OFF‖
time. The rapid heating and cooling changes the base metal microstructure at the heat
affected zone. During heating the initial structure (Ferrite and tempered Martensite) begins to
transform to austenite above AC1 temperature. The AC1 temperature for this steel is 819 ºC850 ºC [23].

Figure 5.2 Phase diagram of P91 steel
showing the domains of stability of the
different phases [24].
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Upon cooling Martensite starts forming along with metal carbides and nitrides. A thermal
Martensite formation in P91 steels has been studied extensively, especially with respect to
the Martensite start temperature Ms. The phase diagram of P91 is shown in Figure 5.2. The
amount of Martensite formation depends only austenizing temperature and is independent of
time when a steel is cooled below the Ms temperature. The quantity of martensite
transformed from austenite depends on the temperature under-cooling below the Ms. In order
to trace the formation of martensite during cooling cycle, the differential form of KoistinenMarburger equation (5.9) [25,26] was used in the finite element model and which is
expressed as
(5.9)
Where Δfm is the change of martensite fraction due to change in temperature ΔT during
cooling cycle
During Austenite formation volume shrinkage takes place. Later when cooling takes place,
Martensite starts forming due to diffusion less athermal transformation. The bigger hump in
the dilatation-temperature curves which is observed during quenching, is due to the
formation of a thermal Martensite below the Ms temperature (375oC) [23]. Ms temperature
generally decreases with increasing carbon and other alloy content and can be expressed by
equation (5.10) [23]
(5.10)

Where, Ms is in 0C and element wt is in %. Martesitic finish temperature Mf is not definitive
since martensitic transformation becomes increasingly difficult with amount of carbon in the
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remaining austenite becoming less and less. The volume fraction of Martensite can be
estimated by using equation (5.9) and (5.10) However, when cooling slows down the
formation of a thermal Martensite stops, and an isothermal transformation associated with
volume expansion starts. The volume expansion varies with austempering -temperature and
has large values at higher austempering temperatures. The corresponding dilation time
curves clearly show a short incubation time, followed by a large expansion, when maintained
at the corresponding austempering temperature lower than critical temperature. Schematic
diagram of the volume change due to phase transformation is indicated in Figure 5.3
(dilatometry curve for both heating and cooling process of P91). The lower carbon content in
the austenitic matrix will increase the martensitic transformation temperature and the rapid
quenching process will have great impact on the martensitic morphology.

Figure 5.3 Dilatometric curve of ASTM387 gr 91(P91) steel showing the sequence and
temperatures of different phase transformations.
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Quenching process taking place in WEDM couples three major phenomenon.
a) Thermal gradients,
b) Phase transformation
c) Thermal dilation due to phase change.
For P91 steel martenisite starts forming at 360 oC and end at 200 oC [23]. In the simulation
study material properties are considered as temperature and microstructure dependent.
Thermal and mechanical and phase related properties e.g. density, latent heat during phase
change, thermal expansion coefficient, Young‘s modulus and yield stress of material were
applied as time dependent temperature field. Standard Fourier heat conduction model was
considered. Phase related properties were taken from Reference [26] which were interpolated
from experimental value and were applied to the program input as polynomial expression. In
the above analysis the effect of residual stress due to volume change during martensitic
transformation and yield stress dependent on temperature were added for calculating the total
strain [25,26] which is given in equation (5.11).
(5.11)

Where the components are strain rate due to elastic, plastic, thermal loading and volumetric
change. Transformation induced plasticity is not considered here. The volumetric change
strain is maximum in the temperature of 3600C -280 0C.

is evaluated from equation

(5.12).
(5.12)
The value

is taken as

FEM analysis and

(though some authors used

is estimated from Equation (5.9). The total strain
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) [23] for the
is accommodated

in FEM by modifying the thermal expansion coefficient.

The temperature dependent

material properties of P91 is taken as shown in Figure 5.4. Properties during phase
transformation of steel has been taken from reference which was taken for the analysis along
with the coefficient of thermal expansion given in Figure 5.4 [26]. The formation of surface
features like craters and cracks at HAZ is investigated using the heat transfer study. The other
important feature which is part of the surface is cracks. The conditions that lead to the
formation of cracks need to be ascertained.

Figure 5.4 Physical properties of P91 as a function of temperature [26].
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Table 5-1 Process parameters for heat transfer modelling
High energy

Medium energy

Low energy

Gap Current (Ig), A

5

2

1.5

Gap Voltage (V)

80

60

20

Spark on time (Ton), μs

130

48

100

Effective Spark on time

52

48

40

Radius of plasma estimated (μm)

53

34

28

PFE

0.22

0.15

0.14

Crater Size (μm)

21.67

13.48

4.18

(Ton effective), μs (40% of Ton)

5.3 Results and Discussion
5.3.1 High energy condition
The radius of the plasma formed in this case is estimated to be of the order of 53μm.
Equation (5.7). the heat transfer analysis for high energy condition was carried out for 5A
discharge current and effective spark on time of 52 micro seconds. The numerically
estimated size of the crater is of the order of 35 μm as shown in Figure 5.5 and table 5-1. The
theoretical estimated size of the crater is of the order of 21 μm (after incorprating PFE). It is
evident from Figure 5.5 the maximum temperature reaches upto 18000C after spark is off.
The cooling rates obtained is also highest among the three energy conditions. The cooling
rate at 1µm form the onset of spark off time is of the order of
5.6.
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K/s as shown in Figure

Figure 5.5 Temperature profile of machined surface at high energy.

Figure 5.6 Temperature variation across the machined surface at high energy.
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5.3.2 Low energy condition
The radius of the plasma formed in this case is estimated to be of the order of 28μm as
estimated from equation (5.7). The heat transfer analysis for low energy condition was
carried out for 1.5 A discharge current and effective spark on time of 40 micro seconds.
Hence the theoretical size of crater (after incorprating PFE) is of the order of 4 μm. The
numerical estimated size of the crater is of the order of 8 μm shown in Figure 5.7. It is
evident from Figure 5.7 that the maximum temperature reaches up to 14000C after spark is
off. As we move inward towards the bulk material the rate of cooling starts decreasing from
K/s at 1 μm to

K/s at 10 μm as shown in Figure 5.8. It is also observed that

after 25 micron from the cutting edge no significant temperature change takes place in workpiece.

Figure 5.7 Temperature profile of machined surface at low energy (contour).
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Figure 5.8 Temperature variation across machined surface at low energy.

5.3.3 Medium energy condition
The radius of the plasma formed in this case is estimated to be of the order of 34μm. The heat
transfer analysis for medium energy condition was carried out for 2A discharge current and
effective spark on time of 48 micro seconds. Though the process parameters show a little
variation from those used for low energy conditions, the computation results show that the
temperature profile from the cutting edge to the bulk differs considerably. Hence the
theoretical size of crater (after incorprating PFE) is of the order of 13 μm. The numerical
estimated size of the crater is of the order of 25 μm as shown in Figure 5.9. After the end of
spark on time the cooling rate at 1µm is of the order of

K/s shown in Figure 5.10. The

cooling rate was found to decrease on proceeding towards the bulk material.
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Figure 5.9 Thermal profile of machined surface at medium energy conditions (contour).

Figure 5.10 Temperature gradient across machined surface at medium energy
condition.
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5.4 Microstructure
The cut surface microstructure was analysed for changes involved in WEDM. Figure 5.11,
Figure 5.12 shows sub grain structure, typical of a tempered ferritic martensitic steel. The
sub-grain boundaries are decorated with carbide precipitates, which are reported in the
literature as M23C6 type precipitates [13]. WEDM machining involves intense heat generation
causing local melting and even evaporation of the material followed byrapid cooling. The
machined surface gets heated by the micro pulsed spark and flow of heat takes places
predominantly towards the bulk material due to which the material is continuously heated.
The morphology of EDM machined surface is distinct due to complex heating, cooling and
erosion mechanism. The SEM image of the machined surface revealed that the surface
texture is composed of solidified material having several randomly distributed features like
cracks, craters and precipitates.

Figure 5.11 Base Microstructure of P91 steel as seen in the SEM.
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Figure 5.12 TEM of base microstructure P 91 steel showing the features of the
tempered structure.
The microstructure of the machined surface depends on the thermal history of machining
parameters. The heat evolved during WEDM process and inefficient flushing of the molten
material leaves behind a layer of re-solidified molten material on the machined surface called
recast layer or white layer. This layer contains micro holes and cracks which are fatal for
fatigue life of the component [27]. Micro cracks are formed due to differential cooling of
parent material and the re-solidified layer estimated by theoretical modelling.Improper
flushing of the molten material leads to non-uniform temperature distribution causing
thermal stresses on the machined surface. Orientation of micro cracks plays a significant role
in the fatigue life of the machined component [6, 28]. Micro cracks are formed when stresses
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in the recast layer exceeds the ultimate tensile strength of the material [27]. To study the
performance of the machined surface three zones were identified considering the
microstructure and Nano hardness of machined surface. Outermost surface is recast layer,
which has re-casted material and craters. The next layer is heat affected zone where material
has been heated to high temperatures and then cooled, followed by the bulk material as third
region. Besides the thickness of the recast layer and the heat affected zone; the roughness of
machined surface is accounted by shape and size of crater formed and micro cracks present
on the machined surface. The size and orientation of solidified stripe shaped features also
varied with energy and with zones mentioned above. The elemental composition of the
machines surface was more or less homogenous. In high energy conditions it has been
observed from experimental results that the surface is irregular. High energy leads to melting
of the work piece and material gets eroded due to high pressure shock during implosion of
the plasma. As estimated by numerical modelling the cooling rate at the cut surface is highest
under this condition and was found to drastically reduce on proceeding towards the bulk
material. The effect of this high cooling rate and its variation on the microstructures was
extensively examined by different tools and is described in this section.The plan view of
SEM of machined surface in Figure 5.13 shows craters which are roughly circular in shape.
The molten material is pulled in the gap between the electrodes. It can be seen in the Figure
5.13 and Figure 5.14 that there are large number of pores visible on the machined surface.
Also some craters seem to penetrate inside the work piece.
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Figure 5.13 SEM image of machined surface at high energy with cracks in the
machined surface and secondary craters- plan view.
High energy of the spark forms larger volume of molten pool which gets solidified during the
off cycle of the spark. Some debris particles attached in the form of spherical globules can be
observed form the image. Since the energy of the discharge is high, the recast layer formed
in previous cycles gets heated by the subsequent spark and during spark off time some
material gets eroded from the re-solidified material of the earlier recast layer, thereby
forming small eroded craters. It is evident from Figure 5.13 that there are several cracks of
size varying from 1-8 µm present on the machined surface. The walls of the crater has small
circular features which resemble secondary craters. The width of the crack opening is of the
order of 0.5-1µm. At high energy the temperature of molten pool volume is larger as
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compared to that of low energy and same flushing time leads to very high cooling rate of the
order of 109 K/s. This causes high thermal stress and causes cracking in the re-solidified
material.

Figure 5.14 SEM image of machined surface with recast layer showing cracks- cross
sectional view.
Cross sectional view of the machined surface is shown in Figure 5.14. The SEM images
revealed that for specimen machined at high energy level, the recast layer thickness was
largest among the three energy conditions. In the discharge cycle the material near the edge
gets melted and eroded during the implosion of the plasma channel. The recast layer in this
case essentially was featureless as seen in the SEM. However, in some parts of the recast
layer very fine martensitic feature could be observed. It had cracks of length typically about
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4-5 μm and debris incorporated in it. The boundary between the recast layer and the heat
affected zone was found to be distinct. Each spark cycle results in partial heating of the
previously solidified layer and continuously heats the substrate material. In heat affected
zone the number density of precipitates is low. This can be attributed to rapid heating and
fast cooling of material in HAZ. The thickness of the HAZ can be verified from the SEM of
machined surface in different energy conditions and the extent of heat affected zone is of the
order of 15-20 μm under higher energy level. The temperature of material has gone above the
ferritic to austenite transformation temperature followed by rapid quenching leading to the
dissolution of precipitates and transformation of austenite into martensite in this region. The
martensite volume fraction in the HAZ is therefore much higher and the volume fraction of
the precipitates is much lower in this region.
The nature of the martensite in some parts of the heat affected zone was very fine as could be
seen in Figure 5.15. This was because of much higher cooling rate in that region. Higher
spark energy often leads to instability of the plasma and pressure shock waves are generated
during the implosion of the plasma channel. This pressure waves causes thermal spalling of
the solidified material and SEM observations revealed a brittle rupture of recast layer shown
in Figure 5.15, as spalled region in heat affected zone. The microstructure is also
characterized by micro cracks. These cracks are oriented in different directions and number
density of the micro cracks is high for high energy. The rapid heating and cooling during
spark off cycle generates a brittle surface which develops thermal cracks in it. The molten
material is subjected to differential cooling leading to formation of residual stress in the
machined surface. Figure 5.16and Figure 5.17shows the extent of residual stress as a function
of distance from the cutting edge. In high energy condition the residual stress reaches up to
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700 MPa at 10μm away from the cutting edge. This value is unusually high. Other
researchers have also found similar behavior in other materials [29]. In each level of process
parameters, SEM images revealed that the grain size in the recast layer is different for
different energy levels. It also revealed fine spherical precipitates arranged inside the grain
and in the grain boundary. The patterns of deposited debris and material in the recast layer
depend on the thermal nature of the process.

Figure 5.15 SEM image of machined surface at high energy condition- cross sectional.
view.
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Figure 5.16 Residual stress of the machined surface at different peak currents
(experimental).

Figure 5.17 Residual stress of the machined surface at different peak current
(numerical).
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Figure 5.18 Nano Hardness of the cross section of machined surface.
Previous literatures on WEDM reported that the recast layer is hard and brittle [30, 31], thus
it aids crack growth. The gradient of Nano hardness from recast layer to the bulk material as
shown in Figure 5.18 indicated the recast layer has hardness of the order 1.5-2 times as that
of the bulk material. The nano- hardness of the machined surface washigh since the recast
layer is hard and the extent of hardened layer is higher for wide recast layer. Besides the
aforementioned features, craters were also seen in the recast layer surface. The radius of the
plasma channel generated during EDM has been studied in detail [18]. In that study fast
photography of EDM spark had revealed the plasma channel. On comparison with the results
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of that work it could be seen that the radius of the crater was dictated by the radius of the
plasma channel generated during WEDM.
The microstructure of the region below the crater had different characteristics. The recast
layer in these regions was normally found to be thinner. The base microstructure was found
to have a higher density of carbides. Lower thickness of the recast layer lead to a higher
cooling rate leading to the creation of very fine martensitic structure. A FIB section of the
sample also revealed the recast layer is porous in nature as shown in Figure 5.19. The TEM
image of the recast layer showed the presence of re-casted grains. At the machined surface
high resolution TEM image showed regions where no lattice could be seen and also regions
where small crystals were observed. (Figure 5.19). These regions were mixture of both nano
crystals and amorphous structure. Electron diffraction pattern from these regions confirm the
facts that this region is a mixture of amorphous and nano crystalline phases as shown in
Figure 5.19. Observation of the amorphous and nano crystalline regions is consistent with the
fact that the machined surface experienced rapid melting due to intense heat generated in
spark and rapid cooling which lead to melting and re-solidification of the un-flushed molten
material at very high rates of the order of

K/s. At such high cooling rates in alloys

amorphization of phase and nano-crystal formation takes place. Numerical modelling also
indicates that in the specimens cut at lower energy too this region will be present because of
rapid solidification occurring after rapid heating. However, the thickness of this region will
be much smaller as estimated from the heat transfer modelling. The surface roughness
measured in high energy condition by profilometer is of the order of 2-4 µm. High current
value leads to bigger plasma channel as compared to that in case of low energy condition and
hence larger melt pool size. In this case melt pool does not get efficiently eroded by flushing
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and implosion of plasma bubble at end of spark on time. This results into re-solidification of
the uneroded melt pool forming the recast layer. Al details of surface roughness, length of
micro crack, number density of micro crack and orientation of microcrack are mentioned in
table 5-2.

Figure 5.19 TEM sample of recast layer prepared by FIB technique, showing porosity
in recast layer and High resolution TEM showing nano crystalline grains and
diffraction pattern.
Among the three energy conditions analysed in this work, the thickness of the recast layer is
minimum when machining is done under low energy conditions. The SEM image of the
machined surface revealed that the density of micro cracks is also low and secondary craters
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are not apparent in the recast layer as shown in Figure 5.20. This can be attributed to poor
reheating of the re-solidified material because of lower volume of the melt pool. The
observed crater size is of the order of 4-10µm, which is very close to the size predicted by the
numerical model. It can also be observed that under this machining condition the machined
surface has very fine structure with no micro cracks as seen in Figure 5.20. The results of the
heat transfer model shows, the maximum temperature reached is well above the melting point
of the material and the microstructural features on the machined surface confirms local
melting.

Figure 5.20 High resolution SEM image of machined surface at low energy condition plan view.
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Figure 5.21 shows the cross sectional view of the machined surface under low energy
conditions. It can be noticed that the thickness of recast layer in this case is of the order of 12 µm. Figure 5.16 and Figure 5.17 shows the residual stress on machined surface under low
energy condition. It can be observed that for case of low energy conditions the residual
stresses are less as compared to that in case of high energy condition. This leads to small
number of cracks in the recast layer. The estimated cooling rate from the modelling
calculations is of the order of

K/s at 1µm from the cutting edge. The recast layers

besides being thinner in this case, have coarser microstructure. It was observed that the
number density of micro-cracks is significantly less in lower energy conditions. The size of
craters in the recast layer is larger in this case, this may be attributed to better erosion of
molten pool as the volume of molten pool is low in lower energy conditions. This leads to
better surface finish but lower material removal rate. In low energy condition the thickness of
the recast layer was less as most of the material gets eroded during the flushing cycle. But the
subsurface flaws like the size of blow holes and size of craters were larger. It can be
attributed to the better flushing of molten material during the flushing cycle leaving larger
craters.
In high energy condition the craters are filled with the re-solidified material which remains
unflushed during the flushing cycle. In low energy condition, the boundary between the
recast layer and heat affected zone is very uneven. The width of the HAZ was found to be
much smaller than the high energy conditions. In low energy condition the precipitates are
arranged on the grain boundary. No thermally spalled features were observed in lower energy
condition because of better stability of plasma channel. The small thickness of recast layer in
this condition causes significant reduction in nano-hardness of the machined surface. The
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microstructure below the craters was found to be devoid of carbides because of low heat
input and relatively lower rapid cooling. The different zones below the crater which is of
much smaller size can be clearly seen in Figure 5.21. The surface roughness measured in
Low energy condition by profilometer is of the order of 1-2 µm. Low current value leads to
smaller plasma channel and hence smaller melt pool. Small melt pool gets efficiently eroded
by flushing and implosion of plasma. This results into better surface finish of the machined
surface but the material removal rate in this case is very poor.

Figure 5.21 SEM image of machined surface at low energy condition- cross sectional
view.
In medium energy conditions plan view of SEM image of the machined surface shown in
Figure 5.22 revealed that there are some flat areas along with small pores present in the
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machined surface. In the medium energy level, the features are in between those of higher
energy level and lower energy level in terms of number density of cracks, orientation of
cracks and craters, debris and inclusions. An increasing trend in thickness of the recast layers
can be seen in the medium energy level shown in Figure 5.23. It is observed that the number
of craters was less as the craters were filled with re-solidified material. The Nano hardness of
the machined surface was more on the edge in HAZ region.The crater size is small and the
recast layer thickness is uniform. Presence of carbides in the base microstructure below the
recast layer can be clearly seen.The surface roughness measured in medium energy condition
by profilometer is of the order of 1.5-4 µm.

Figure 5.22 SEM image of machined surface at medium energy condition - plan view.
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Figure 5.23 SEM image of machined surface at medium energy condition – cross
sectional view.

5.5 Response surface analysis of machined surface of P91
5.5.1 Effect of process parameters on surface roughness.
The effect of process parameters on surface roughness of the machined surface has been
examined by response surface methodology. The results show in preceding sub-sections that
the most prominent factor is peak current which affects the surface roughness of the
machined surface. During EDM cutting, some portion of molten material is redeposited on
the parent material surface as the entire volume of molten metal does not gets ejected out.
Due to this, it leaves behind a redeposited layer in the next cycle. As the tool wire moves
during the cut process, the material gets heated and subsequently cooled forming recast layer.
In the next cycle of spark on time, a part of molten metal gets redeposited adjacent to the
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previously solidified layer. Surface roughness is high when there is discontinuity in the
machined surface in terms of multiple molten pool deposit. It is observed in Figure 5.14 that
the machined surface has micro holes and debris particles. Blow holes are formed due to
emission of gases during breakdown of dielectric which get trapped between the layers of
molten pool which gets redeposited adjacent to the recast layer formed in previous spark on
time. When the energy per spark is more, greater craters are formed due to inefficient cooling
of the molten pool and some material gets eroded in the form of flakes by thermal spalling in
addition to evaporation as shown in Figure 5.15.
Figure 5.24 shows that when peak current is increased from 70A to 130A, surface roughness
increases.

Figure 5.24 Effect of process parameter on surface roughness on WEDM machined
surface of P91 steel.
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The energy of discharge increases when peak current is increased keeping all other
parameters constant. When voltage was kept on the lower side, the breakdown of dielectric
was difficult and hence discharge was unstable leading to higher surface roughness [14].
Higher voltage requires smaller gap between the work piece and the tool electrode and
reduces the fluctuation in discharge. Hence, re-deposition of recast layer will be smooth [15].
The lowest surface roughness was observed at Ton=135µs. The interaction time of the spark
with the work piece increases with higher pulse on time and consequently the molten pool
area increases. This also brings temperature stability in the molten pool area and recast layer
gets detached from the machined surface resulting into better surface roughness as seen in
SEM micrograph Figure 5.25 [32]. Effect of combination of process parameters on surface
roughness is presented in Figure 5.26. While cutting with higher spark off time lesser number
of discharges takes place and with lower current of cutting, the molten pool becomes smaller.
It also provides sufficient time to flush out. This causes minimum surface roughness and this
is evident at setting peak current to 70 A and pulse off time to 45µs. A regression equation of
surface roughness in terms of process parameters and their contribution is estimated in
equation (5.13).
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Figure 5.25 SEM image showing detached recast layer on the P91 base metal.

Figure 5.26 Two way interaction plot of process parameters on surface
roughness for WEDM machined surface of P91 steel.
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Regression equation
(5.13)

5.5.2 Effect of process parameters on micro-cracks
SEM images shows many micro cracks are visible in the recast layer ranging from 1μm to13
μm [32]. The average length of micro cracks for each set of process parameters was
estimated and response surface regression was analysed on the basis of results observed by
analysis of variance (ANOVA). Peak current (IP), Pulse off time (Toff), linear combination of
peak current and voltage (IP×V), peak current and pulse on time (IP×Ton) and square of pulse
on time (Ton) are the significant process parameters which affects the average length of micro
crack.
Regression equation
(5.14)

Average length of micro crack is lowest for peak current 70A. This may be attributed to the
low volume of molten material. The length of micro cracks increases with the increase in
current. Higher peak current and pulse on time increases the energy per spark whereas lower
pulse off time gives less time for efficient removal of debris and inefficient cooling time.
Average length of micro crack is observed to increase linearly and then decreases with
increase in discharge voltage. When discharge voltage is increased the effective electric field
(E= V/d) required for breakdown of the dielectric used for generating spark gets lowered
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[18]. This effectively increases the gap between the electrodes and thus delivers lesser
amount of energy to the work piece. It is observed that on increasing pulse off time (Toff)
average length of micro crack first decreases and then increases at Toffequal to70µs. The
lowest value of average length of micro crack is observed at Toff equal to 60µs. High pulse
off time gives more time for flushing and quenching of the re-solidified layer. It provides
more time for restoration of dielectric strength of dielectric used and the fluctuations in the
spread of spark is reduced, resulting into smaller micro cracks. [18]. Figure 5.27 and Figure
5.28 show the effect of individual and interaction of process parameters on the length of
micro crack respectively. The product of peak current and Ton and IP had 31.87%
contribution in variation of length of micro cracks. Lowest average length of micro crack is
observed for IP (70A) and V (20V). Lower value of discharge energy produces lower length
of micro cracks as explained earlier.

Figure 5.27 Effect of process parameters on average length of micro cracks for WEDM
machined surface of P91 steel.
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Figure 5.28 Interaction plot of process parameters for average length of micro cracks
for WEDM machined surface of P91 steel.

5.5.3 Effect of process parameters on orientation of micro crack
Response surface analysis has been carried out for the prediction of process parameters in the
orientation of micro-cracks preferably in the axial direction. It was observed from the
‗ANOVA‘ table that effect of the process parameters considered has significant ‗P‖ value
(less than 0.05). Figure 5.29 shows that with less (V×Ton), the % of axial cracks are less
while increasing Ton the number of cracks increases. The fluctuation in the distribution of
spark increases due to the probability of uneven distribution of spark energy. The probability
of uneven distribution of discharge energy increases when discharge energy is higher. When
voltage is higher the dielectric breaks down and spark occurs immediately and there is less
time for even distribution of spark energy. The non-uniform distribution of energy causes
cracks oriented in random directions. The thermal stresses lead to formation of micro cracks
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in the axial direction. It can be observed from the interaction plot shown in Figure 5.30, that
the lowest percentage of axial cracks are present for product of discharge voltage and pulse
on time (V×Ton). Higher pulse on time increases the interaction time of the spark which
facilitates fluctuation in the distribution of spark causing more cracks. Regression equation
for number density of axial micro cracks in the machined surface is presented in equation
below.
Regression equation
(5.15)

Figure 5.29 Effect of process parameters on number density of micro crack on WEDM
machined surface of P91 steel.
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Figure 5.30 Two way interaction of process parameters on number density of micro
crack on WEDM machined surface of P91 steel.

5.6 Optimization of Response parameters for P91
The response surface analysis discussed above shows that the level of process parameters
significantly affects the surface integrity of the machined surface. Surface characteristics can
be improved by optimizing the control parameters. Response optimization was carried out
and optimum level of process parameter for best surface performance are presented in table
5-2. After optimization the length of micro cracks was minimised to 2.13 µm and number
density of axial micro cracks was optimized from 70% (average) to 25.07%. Confirmation
experiments with optimized process parameters was done to verify the computational result
of the response surface optimization. The results shows good agreement with the predicted
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response as presented in Figure 5.31. The Average length of micro crack and the orientation
of micro crack got reduced in the range of predicted results.
Table 5-2 Optimum process parameters for desired response
Optimized

Optimized Response

response

parameter

Parameter

(confirmation

(RSM model)

experiment)

Parameters:
IP: 70 A, Voltage: 55 V, Ton: 120 mSec, Toff: 30 mSec
Surface roughness, Ra(µm)

0.852

0.813

Parameters:
IP: 70 A, Voltage: 20 V, Ton: 123 mSec, Toff: 47 mSec
Avg. Length of micro cracks (µm)

2.131

1.97

Parameters:
IP: 91 A, Voltage: 20 V, Ton: 130 mSec, Toff: 45 mSec
Number density of axial micro cracks (%) 25.07
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Figure 5.31 SEM image of machined surface using optimized process parameters for
WEDM machined surface of P91 steel.
In manufacturing industry, the operator needs to select the process parameters to achieve
desired surface characteristics. The response surface analysis study of WEDM gives best fit
cutting parameters required for achieving desired surface roughness in P91. The contour
plots of variation of different process parameters adjustments have been shown to achieve the
optimized finish. Two process parameters have been fixed and variation of other two has
been plotted. From the Contour plot in Figure 5.32, it can be observed that if the operator
wants a surface roughness in the range 2.25-2.5 μm then he has to choose upon the values of
spark off time somewhere around 50μs and voltage of the order of 55V with peak current
value at 100A and spark on time at 125 μs.
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Figure 5.32 Contour plot for optimum process parameters for WEDM machined
surface of P91 steel.

5.7 Optimized process parameters for WEDM of general
industrial materials
This study gives an insight into extending the use of results obtained for WEDM machining
of P91 for other materials used generally in manufacturing industry. The interesting
microstructural observations and response surface optimization for WEDM machined surface
of P91 inspired the researchers to do preliminary investigation through a similar approach in
SS304, Aluminium, and Zircaloy. These materials were chosen for study because they are
very frequently used in manufacturing industry. Samples of these three materials were
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machined at same energy and the machined surface was investigated using SEM to
understand the effect of conductivity on the cut surface. The thickness of the recast layer,
surface roughness, microstructure of the recast layer HAZ has been estimated
experimentally. The size of crater in SS304 is of the order of 28 µm as shown in Figure 5.33.
The corresponding modelling results of crater size is shown in Figure 5.34. The SEM image
of the machined surface shows a large number density of porous blowholes which are caused
due to emission of gases during electric discharge as shown in Figure 5.33. The SEM images
of Zircaloy machined surface revealed that crater size is of the order of 39 µm as shown in
Figure 5.35. The corresponding modelling results of crater size is shown in Figure 5.36, also
the machined surface contains a large number of cracks oriented in different direction. This
could be due to poor stability of spark. In aluminum the size of the crater is of the order of 19
µm and the surface has a repetitive pattern of spherical globules around the crater as shown
in Figure 5.37. The corresponding modelling results of crater size is shown in Figure 5.38.
Surface roughness of the machined samples under same energy condition was measured.
This gives the idea of effect of thermal conductivity on the performance of machining. Table
5-3 shows the comparative result of surface roughness of the abovementioned materials
measured experimentally. From the results it can be inferred that the size of crater and its
morphology is also guided by the thermal conductivity and melting point of the material.The
higher the thermal conductivity and lower the melting point the size of crater formed on the
machined surface is larger. The comparative analysis of the machined surface of the
abovementioned materials would help the operator to get an essence of effect of thermal
conductivity of the machining performance and hence process parameters for machining can
be selected wisely.
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Table 5-3 Surface roughness of EDM machined surface of common industrial materials
Material

Melting point( °C)

Thermal conductivity

Surface roughness

(W/mK)

Ra(μm)

SS304

1450

16.2

3.33

Zircalloy

1850

21.5

3.43

Aluminium

660

210

4.28

Figure 5.33 Machined Surface of SS304 at high energy condition (plan view).
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Figure 5.34 Thermal and Crater profile of SS304 under 5A estimated from numerical
modelling.

Figure 5.35 Machined Surface of Zircaloy at high energy condition (plan view).
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Figure 5.36 Thermal and Crater profile of Zircaloy under 5A estimated from numerical
modelling.

Figure 5.37 Machined Surface of Aluminum at high energy condition (plan view)
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Figure 5.38 Thermal and Crater profile of Aluminium under 5A estimated from
numerical modelling.

5.8 Conclusion
In the present research work, the effect of process parameters on the Wire Electric Discharge
Machining of P91 has been investigated. Square channels of P91 were fabricated using
WEDM technology [32]. To obtain the desired surface characteristics, a detailed study of the
control parameters which have significant effect, on the response such as surface roughness,
average length of micro cracks in the recast layer, orientation of the micro cracks in the
recast layer is analyzed [32]. The results of the study can be concluded with the help of
following points.
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1. Recast layer is formed in WEDM of P91 and the layer has micro crack distributed in
all directions. The thickness of the recast layer, the surface finish, the number density
and the orientation of the cracks was found to depend on the machining conditions.
The average length of micro crack varies from 2.2µm to 11.8µm under the
experimental conditions explained earlier[32].
2. The surface finish was primarily governed by the presence of craters, their size and
occurrence density, micro holes, craters, globules of un-expelled debris and spalled
area. The formation of secondary craters could also be seen. Process parameters were
optimized significantly reducing the formation of holes, voids and carters [32].
3. The heat generated and the cooling rates estimated were successfully used for
explaining the underlying microstructure and the size of the craters of the machined
surface [32].
4. The factors affecting the orientation of micro cracks was evaluated and the process
parameters were optimized for orientation having minimal effect on fatigue life of the
component [32].
5. Nano hardness of the machined surface was observed to decrease from the react layer
to the parent material. The reduction of Nano hardness was more at higher peak
current setting [32].
6. Desired surface characteristics could be achieved by optimizing the process
parameters. In this study optimum process parameters for surface roughness, average
length of micro crack and orientation of micro crack in the WEDM machined surface
of P91 have been obtained [32].
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7. The energy generation and heat transfer studies have given a new perspective for
predicting the surface finish of the machined surface and for explaining the
underlying microstructure. This approach could also be successfully tested for
estimating the surface finish in other materials [32].
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Chapter 6

Corrosion study of wire EDM
machined surface of P91 steel
6.1 Introduction
The P91 steel is widely used in the energy industry due to its excellent mechanical properties
such as high creep strength, high thermal conductivity, low thermal expansion, good
corrosion resistance and good mechanical properties after irradiation [1-3]. It is identified as
a candidate material for structural components of Generation IV nuclear power plants and
fusion reactors [3, 4]. The wire electrical discharge machining (WEDM) process is used for
manufacturing of certain intricate structural components for nuclear reactors. WEDM is
preferred in terms of its capability to produce high precision contours of complex geometry
with tight tolerance as it is a non-contact type machining method [5-6]. Subsequently as the
discharge phase ends an implosion of plasma channel takes place resulting in parts of the
molten metal getting deposited on to the EDM surface as re-solidified layer (also known as
recast layer). The recast layer in WEDM recast layer constitutes a dendritic structure [7]
whereas at other times it also comprises of dendrites and columnar structures [8-9]. The
dielectric medium also has some effect on the microstructural constituents of the recast layer
[7, 10-11]. In the presence of water as medium it is observed that there is incorporation of
oxides in recast layer and with oil medium there is increased carbon content. The top surface
of the recast layer could be amorphous [8] or crystalline [12-13]. Klocke et al. [9] observed
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that upper portion of recast layer is amorphous and the lower half which is nearer to parent
material is crystalline in tool steels. These recast layers are generally harder than the bulk
alloy due to presence of carbides and oxides. In case of carbon free alloys, the recast layer
hardness is comparable to the hardness of bulk alloy. The thickness of recast layer/recast
layer is a function of spark energy and current. Due to high cooling rates in WEDM process
thermal stresses get generated leading to cracks in the recast layer. Below the recast layer is a
heat- affected zone (HAZ) which can be composed of different microstructural layers,
depending on the alloy composition [7-12].
The WEDM surface containing recast layer has many inhomogeneties on the surface such as
cracks and pores [8-10]. These surfaces are potential sites for initiation of localized corrosion
if exposed to an aggressive environment. The EDM surface corrosion resistance has been
studied for different alloy systems [5, 14-17]. In the available literature on corrosion
resistance of EDM surfaces of alloys there are many contradictory observations. Yan et al.
[14] in his studies on Al-Zn-Mg alloy machined by EDM showed better uniform corrosion
resistance in 10%NaOH environment as compared to that of ground surface. The improved
resistance was assigned to formation of an amorphous layer in the recast layer. Ntasi et al.,
[15] showed inferior corrosion resistance to pitting and crevice corrosion of EDM machined
Cr-Co alloys and Ti alloy as an implant material. Uno et al. [16] showed that corrosion
resistance for electron beam machined surfaces was better than that of EDM cut surfaces of
low alloy steel. Selective dissolution of Co was observed in composites made of WC-Co
after EDM machining [17]. There is no literature available on corrosion evaluation of P91
WEDM surfaces. The present chapter involves the electrochemical evaluation of P91 steel
WEDM cut surfaces for its passivation in different pH buffer solution and sulphuric acid and
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localized corrosion resistance in sulphuric acid and sodium chloride environments. The
intergranular corrosion behaviour of P91 steel was also studied.
Two P91 steel WEDM surfaces namely Face1 and Face 2 were used for comparison with
diamond polished surface finished with 0.5 µm diamond paste. The WEDM process
parameters varied for Face 1 and Face 2 in terms of peak current 70A and 130A, voltage 80V
and 20V and spark off time of 30 µsec and 60 µsec respectively. A typical polarization curve
has been shown in Figure 6.1.

Figure 6.1 Representative polarization plot describing the electrochemical parameters
that are evaluated in the present electrochemical investigation of P91steel.
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6.2 Results & Discussion
6.2.1 Microstructural characterization
The cross-sectional microstructure for WEDM surface of P91 steel was observed under SEM
wherein the outermost layer which is around 2-8 μm thick is a solidified layer due to
implosion of the plasma channel which is termed as the recast layer (Figure 6.2). The
thickness of recast layer is calculated by finding the area of the recast layer and dividing by
length as the thickness of the recast layer is not uniform over the surface [7-12]. The recast
layer is non-uniform and showed multiple layers of deposition. It has micro cracks and pores
which extend till heat affected zone (HAZ) region (Figure 6.3). Figure 6.4 shows that it has
dendritic structure with different phases present like the martensite needles, retained austenite
and carbides. The recast layer also has a finer multi grain structure and is amorphous in
nature as observed under TEM diffraction. The grain size calculated using the annular ring
gap is 10˗10 m. Subsequently the grain size increases in the HAZ to the order of tens of
micrometer. In the diamond-polished surface which is the bulk structure of the WEDM
surface depicted as parent metal in Figure 6.2, the microstructure is predominantly tempered
martensite with carbides there could also be fine MX2 carbides or nitrides within the ferrite
[18-19].
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Figure 6.2 SEM of the cross section of the EDM surface P91 showing the three distinct
microstructural layers and presence of pores (marked by arrows) in the recast layer.
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Figure 6.3 SEM of the cross section of the EDM surface P91 showing presence of cracks
(marked by arrow) in the recast layer extending to the HAZ.
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Figure 6.4 SEM of recast layer of EDM surface 1 of P91 steel showing dendrites,
carbides along retained austenite boundaries and marten- site needles.

6.2.2 Electrochemical characterization
The electrochemical evaluation to understand the general passivation behavior was done in
three buffer solutions of different pH (4, 7 & 9). The two WEDM surfaces and diamond
polished surface of P91 steel were also exposed to sulphuric acid environment and after
addition of chloride. The electrochemical measurements in buffer solutions and in sulphuric
acid with varying surface conditions of P91 steel give an insight on passivation and the
passive film stability. Potentiodynamic studies were also carried out with sulphuric acid in
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the presence of chloride to understand the pitting corrosion resistance. The DL-EPR studies
were done for WEDM and diamond polished surfaces of P91 steel for evaluating the
susceptibility to IGC.

6.2.3 In pH-4 solution
The exposure of the two WEDM and polished P91 steel surface was carried out in sodium
diphosphate with potassium diphosphate (pH-4) buffer solution [20]. In Figure 6.5, the
diamond polished surface of P91 steel showed better passivity in acidic pH as compared to
WEDM surface. The Ecorr potential is anodic for WEDM surface (˗0.038VSCE) as compared
to that for diamond polished surface (˗0.564 VSCE). The Ecorr potential of diamond polished
surface being more cathodic to WEDM surface indicates that the cathodic reactions reduced
for the WEDM cut surfaces in the buffer solution (pH 4). The potentiodynamic plots show
the presence of two passivity regimes in the given environment. The passivity at lower
potentials is termed as primary passivity and at higher potential it‘s termed as secondary
passivity. Similar behaviour has been found in sulphuric acid environment by Geogy et al.
[19]. The primary passivity is attributed to the formation of chromium oxide layer and the
secondary passivity to the iron oxide layer [21]. Due to the presence of two passive regions
there are two transpassive dissolution regimes. Bojinov et al. [22] observed the two-stage
transpassivity in the Fe-Cr alloys. The first transpassivity is due to initial dissolution of Cr+3
to Cr+4 but the dissolution rates are not high since Fe+3 ions present in the passive layer
obstructs the further dissolution resulting in the second passivity observed. In case of
transpassive dissolution at higher potentials, Cr+3 gets converted to Cr

+6

resulting in

increased current density. Though the primary passive film stability for WEDM surface is
poor resulting in the first transpassive dissolution at 0.42 VSCE (Ept) while the primary passive
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film break down is observed for polished surface only after 0.88 VSCE (Ept)(Figure 6.5). The
WEDM surface already has some iron oxide (Fe2O3& Fe3O4) present and subsequently there
is a mixed oxide of Fe2O3 and Cr2O3 that gets formed on the surface as observed in Raman
plots (Figure 6.6). The Raman peak identification for iron oxide and chromium oxide is
based on literature data [23, 24]. Since we have a P91 steel where the Cr content is 9 wt%,
the passive film that gets formed will have lesser concentration of Cr2O3 and more of Fe2O3.
It has been reported that a presence of chromium above 13 wt% in the alloy results in a Cr2O3
dominated passive film [25]. In case of breakdown of secondary passivity, it takes place
almost at the same potential of 1.3 VSCE on both the surfaces. The primary passivity is also
governed by the oxide layer which is formed during the WEDM operations on the P91
surface due to its interaction with the dielectric medium and air. The passivity behaviour of
the WEDM face 1 and face 2 seems to be almost the same. The corrosion rates in table 61are comparatively higher for P91 steel for both WEDM and diamond polished surfaces in
the pH-4 solution compared to pH-7 and 9 solutions primarily because it is in acidic regime.
Table 6-2 shows that the WEDM parameter variations have not brought about any
formidable change in surface microstructure and composition which should result in
significant effect on electrochemical response of the surfaces.
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Table 6-1 Corrosion potential (Ecorr), corrosion current density (icorr) and corrosion rate
(CR) in mils per year (mpy) of P91 steel in acidic, neutral and basic environment
P91

pH-4 solution

pH-7 solution

pH-9 solution

Surface
condition
ECorr

iCorr

CR

ECorr

iCorr

CR

ECorr

iCorr,

CR

VSCE

mA/cm2

mpy

VSCE

mA/cm2

mpy

VSCE

mA/cm2

Mpy

3.23E-5

0.015

8.45E-6

0.004

5.27E-6

0.003

4.45E-6

0.002

9.22E-7

0.0004

-

EDM
Face-1

0.038

EDM

-

0.133

3.69E-6

0.001

0.163

-

0.174

1.99E-5

polished

-

0.006

0.054

Diamond

0.200

1.45E-5

Face-2

-

-

0.009

0.564

1.48E-6

0.006

0.248

0.196

Table 6-2 Corrosion potential (Ecorr), corrosion current density (icorr) and corrosion rate
(mpy) in H2SO4 and NaCl
P91 Surface condition

0.5M H2SO4

0.5M H2SO4 + 0.25M NaCl

ECorr

iCorr

CR

ECorr

iCorr

CR

VSCE

mA/cm2

mpy

VSCE

mA/cm2

mpy

EDM Face-1

-0.484

0.00793

3.62

-0.463

0.03004

13.69

EDM Face-2

-0.489

0.00303

1.38

-0.473

0.04401

20.06

Diamond polished

-0.501

0.00397

1.81

-0.496

0.00837

3.82
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Figure 6.5 Potentiodynamic plot for EDM and diamond polished P91 steel in pH-4
buffer solution.

187

Figure 6.6 Raman plot for EDM P91 steel in pH-4 buffer solution (a) before exposure
and (b) after exposure showing presence of iron and chromium oxide.

6.2.4 In pH-7 solution
The buffer solution, a mixture of sodium hydroxide and sodium diphosphate was used to
evaluate the passivation behaviour in neutral pH [26]. In Figure 6.7, it is clearly observed that
the Ecorr potential is slightly anodic for WEDM surfaces. The increased corrosion potential as
seen in table 6-1 is a result of the prior oxide film present on WEDM surfaces as compared to
the diamond polished surface of P91. But the primary passive current densities (ipp) are
almost the same indicating that in neutral environment the passivation tendency of the
WEDM and polished surfaces is nearly the same. The neutral pH environment is less
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aggressive to the P91 surface resulting in an instantaneous formation of passive film. The
passivation current densities are one order of magnitude lower than in the pH-4 solution due
to increased stability of the film that gets formed in this environment. The potentiodynamic
plot also shows the presence of two passivity regions which is characteristic of Fe-Cr steels
[19]. The primary passivity region for the WEDM surfaces is about 0.6 VSCE which is 200
mV larger than the pH-4 passivity region indicating stability of film in the environment. The
secondary transpassive potential (Est) for P91 steel for the two different surfaces in this
environment is 1.0 VSCE. The corrosion rates tabulated in table 6-1 show that the corrosion
rates are very low and the neutral solution results in lower corrosion current densities. The
shift in Ecorr potential to the anodic region indicates oxide formation as soon as the P91 steel
surface is immersed.
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Figure 6.7 Potentiodynamic plot for EDM and diamond polished P91 steel in pH-7
buffer solution.

6.2.5 In pH-9 solution
In the alkaline borate buffer solution [26], the corrosion behaviour of the EDM and polished
surface was almost similar. In Figure 6.8, Ecorr potential and primary passive current density
(ipp) is almost the same for both the surfaces. The only difference is in terms of the secondary
passivation (isp) where the passive film growth and stability is less for WEDM surfaces. The
passivity in ferritic steels is due to formation of corrosion products of dissolved metal ions in
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the environment tested. The primary passivity is a result of the formation of chromium
hydroxide while secondary passivity is due to iron oxide formation. Table 6-1 gives an
insight into the corrosion rates of the surfaces of P91steel in the pH-9 solution which is very
low and comparable to the corrosion rates in pH-7 solution. The lower rates of corrosion are
linked to the less aggressive nature of the solution and the metal surface reactivity to alkaline
solution. The diamond polished surface in the pH-9 solution has the least corrosion rates as
the surface is instantly passivated in the given alkaline environment. The primary passive
current density (ipp) obtained for the surfaces of P91 steel is around 10˗6 A/cm2. The primary
passivity is stable till 0.5 VSCE after which there is a gradual increase in the current values as
the potentials are increased. This increase is due to the constituent metal ions such as Fe and
Cr dissolution in passive film. The secondary passivity is again a result of the Cr dissolution
being curtailed by the Fe+3 ions that are forming at the primary transpassive potential (Ept).
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Figure 6.8 Potentiodynamic plot for EDM and diamond polished P91 steel in pH-9
buffer solution.

6.2.6 In H2SO4 solution
The polarisation behaviour of P91 steel in 0.5M H2SO4 solution shows a very different
dissolution and passivation behaviour. There is presence of two anodic dissolution peaks
denoted as EA and EB in Figure 6.9. The first anodic peak is the active dissolution of the
elements that are present in the alloy simultaneously at rates nearly proportional to their bulk
composition. There are various interpretations to this second anodic peak in literature such as
attack along the chromium depleted region along grain boundaries due to sensitization, the
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oxidation of hydrogen absorbed during the open circuit corrosion, oxidation of nickel
sulphide and dissolution of the copper layer deposited on surface. The peak observance
cannot be pin pointed to one phenomenon. In the present case, though during the immersion
of the P91 steel in the sulphuric acid environment at open circuit potential there was
formation of a black layer which is the corrosion product of the dissolved elements reacting
with the environment. Hence the icorr values are very low as shown in table 6-2. These
corrosion products would act as a catalyst for hydrogen ion reduction which would shift the
open circuit potential to noble potentials and result in the increased anodic dissolution. The
second peak could probably be due to dissolution of the different alloying elements such as
Fe, Cr, Mo at distinct potentials. The pH of the solution used is zero. This makes the steel
active during the initial scan subsequently there is formation of the chromium hydroxide
which results in initial passivation at 0.15 VSCE and the secondary passivation takes place as
iron hydroxide also get formed on the surface at higher scanned potentials. The occurrence of
primary passivity and secondary passivity in ferritic steels in sulphuric acid is well
documented [21]. Generally, native oxide film that forms on Fe-Cr alloys have double layer.
The inner layer being spinel oxide of Fe and Cr while the outer oxide layer is Cr2O3 layer
[27]. The primary passive current density values for the WEDM surface P91 was one order
of magnitude less than the diamond polished surface. The lowered primary passive current
density is a result of presence of oxide film on the WEDM surfaces which would aid in the
easy passivation of the remainder bare surface on the P91 steel. The potentio dynamic plot
for P91 WEDM surface almost matches with the potentiodynamic response from P91 weld
metal as observed in the studies carried out by Geogy et al. [19]. The passivation studies
carried out by Geogy et al. [19] in 0.5 M H2SO4 solution for weldments of 9Cr-1Mo steel
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showed that the weld metal had the worst corrosion resistance in the medium. This
establishes the fact that, the microstructure of the recast layer which is formed by the
solidification of liquid metal droplets, behaves like a weld metal structure with poor passivity
and lowered primary transpassive potentials (Ept). Apart from the microstructure it‘s also the
inhomogeneity that is present within the recast/recast layer such as pores and cracks that
results in the lowered corrosion resistance of the WEDM surface. It‘s already established that
in case of the low Cr steels that the passive film that gets formed in the acidic medium are
loose corrosion deposits and are unstable [28]. The presence of oxides on the EDM surface
makes the passivation currents to be reduced to one order of magnitude lower than the
diamond polished surface when exposed to the sulphuric acid environment. The micrograph
of the EDM surface as shown in Figure 6.10 indicates presence of the oxide layer (white
regions in the micrograph) formed during the machining operations. There are also regions
which are dark in colour where oxide formation has not taken place. The surface does not
show uniform dissolution in sulphuric acid medium as observed in Figure 6.11. The surfaces
which have selectively dissolved are regions which were having no oxide on it. These
regions when dissolved shows that the microstructure of the underlying bulk P91 steel is
similar to that is observed when P91 diamond polished surface is exposed in sulphuric acid
environment.

194

Figure 6.9 Potentiodynamic plot for EDM and diamond polished P91 steel in 0.5 M
H2SO4 solution.

Figure 6.10 SEM of P91 EDM surface Face1 before polarization in 0.5 M H2SO4
solution showing some areas with oxides (marked with arrow) region.
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Figure 6.11 SEM of P91 EDM surface Face 1 after polarization in 0.5 M H2SO4 solution
showing where base metal grain structure is revealed due to transpassive dissolution of
recast layer (marked with arrow).

6.2.7 In H2SO4 + NaCl solution
The polarisation as shown in Figure 6.12 of P91 steel WEDM surfaces and diamond polished
surfaces in 0.5M H2SO4 + 0.25M NaCl solution resulted in an increased anodic current
density with no indication of passivity. This is a result of the unstable passive film formed on
the P91 surfaces in this environment. The alloy doesn‘t show two anodic peaks as the
dissolution is very high in such an aggressive solution. As compared to WEDM surface, the
diamond polished surface showed lesser anodic current density for dissolution (Figure 6.12).
In case of WEDM surface, as seen in Figure 6.10 the surface is having prior oxide formation
on the surface. The oxide that gets formed on these surfaces imparts pseudo passivity after
exposure to sulphuric acid-chloride environment. The passive layer that would get formed in
the presence of sulphuric acid is inhibited by these oxides which act as sites for increased
dissolution in the presence of chloride environment. This makes a condition of galvanic
coupling on the surface resulting in an increased dissolution of the surface. The increased
anodic current densities observed in potentiodynamic plot (Figure 6.12) indicates that pitting
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has been initiated as soon as surfaces were exposed to the environment. The dissolution
kinetics is much faster in case of WEDM surface since it has oxidized surface which is
porous and unstable (table 6.2). The resistance to pitting is very poor and it starts pitting as
soon as the WEDM surface is exposed to the chloride environment. The current noises
observed on the plots for WEDM and diamond polished surfaces shows that there is
metastable pitting taking place on the surfaces.

The diamond polished surfaces at the

beginning itself shows several film breakdown and reformation activities which further leads
to sustained pitting and growth. Figure 6.13 shows pitting of the diamond polished surface
after potentiodynamic scanning up to a current density of 5 mA/cm2 and holding it for 60 sec.
The holding at this current density value resulted in shallow and deep pits getting formed on
the surface. In case of WEDM surface, as seen in Figure 6.14, the potentiodynamic scanning
and holding at 5 mA/cm2 resulted in fine but densely populated pits getting formed on the
surface which contributed to the increased anodic dissolution current density.

Figure 6.12 Potentiodynamic plot for EDM and diamond polished P91 steel in 0.5 M
H2SO4 + 0.25 M NaCl solution.
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6.3 Reactivation studies
The DL-EPR studies were carried out for diamond polished surface and two WEDM surfaces
of P91steel. The experiments were conducted in a low concentration sulphuric acid
environment. Though generally EPR studies are carried out using a depassivator such as
KSCN which has not been used in the present experiments. This is primarily due to the
excessive pitting and uniform corrosion of martensitic steels due to depassivators resulting in
no clear intergranular corrosion effects [29-31]. EPR studies have already been reported on
martensitic steels using sulphuric acid [30, 31]. It clearly showed a difference in the
reactivation potential and currents [32].

In the present studies, we have a tempered

martensitic structure for the diamond polished surface (Figure 6.3) while for the WEDM
surface it is martensitic structure with carbides and retained austenite in the recast layer
(Figure 6.4).Figure 6.15 shows an increased reactivation current density for diamond
polished P91steel as compared to EDM cut surface. This is primarily due to the
microstructural difference between the two surfaces. In case of diamond polished surface the
microstructure is primarily tempered martensite with carbide. In case of the WEDM surfaces
the microstructure is a mixed structure comprising of martensite, retained austenite and
carbides. It is a weld structure due to the molten metal getting solidified on the surface as
mentioned earlier. Also, the grain size has reduced considerably as shown by the TEM
analysis of the recast layer. In such conditions the chromium depletion around the carbides is
much less as the replenishment from the matrix is quite fast [33]. Hence the IGC
susceptibility measured in terms of degree of sensitisation (DOS) is less for the WEDM
surfaces compared to the diamond polished surface of P91steel. In case of the diamond
polished (Figure 6.16) the IGC attack is more concentrated along the prior austenite grain
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boundaries and along the martensite lathes. In Figure 6.17 the attack on the WEDM surface
is very different from that seen on the diamond polished surface. The attack seems to be
uniform attack and not concentrated at the grain boundaries.

Figure 6.13 SEM of diamond polished P91 after polarization in 0.5 M H2SO4 + 0.25 M
NaCl solution showing distinct pit formation.
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Figure 6.14 SEM of P91 EDM surface Face 1 after polarization in 0.5 M H2SO4 + 0.25
M NaCl solution showing distinct pit formation.

Figure 6.15 DL-EPR plots for P91 WEDM and diamond polished surface in 0.03 M
H2SO4 solution.
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Figure 6.16 SEM pictures show the attack on the diamond polished P91 surface after
DL-EPR studies at 0.03 M H2SO4 solution at room temperature.

Figure 6.17 SEM pictures show the attack on the P91 WEDM surface after DL-EPR
studies at 0.03 M H2SO4 solution at room temperature.
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From the potentiodynamic experiments on WEDM surfaces and diamond polished surfaces
of P91 steel in different pH solutions, the corrosion potential (Ecorr) and corrosion current
density (icorr) observed are specific to electrochemical behaviour of surface layer. The
WEDM surface is a recast layer. The general observation made for all surfaces of P91 steel
was that in case of high pH solutions corrosion current density, icorr is of the order of 10˗6 10˗7 mA/cm2 but as the pH decreases to 0 as in the case of 0.5M H2SO4 solution the corrosion
current density increases to the order of 10˗3 mA/cm2. The increase in the corrosion current
density is a result of passive film instability on the surface at rest potential. So, the corrosion
product that gets formed on the surfaces at acidic pH gives pseudo passivity.
As the pH of the solution decreases, apart from the increased corrosion current density of the
steel in the environment the corrosion potential becomes more cathodic. This makes the
surfaces more active in low pH environments and hence increased dissolution. Also, the
critical current density (iA and iB) increases with decreasing pH. Thus, passive layer
formation becomes difficult with increasing concentration of H+ ions in the environment. The
presence of a second anodic critical current density becomes predominant with decreased pH.
The presence of second anodic critical potential (EB)could be a result of oxidation of atomic
hydrogen absorbed by the metal, oxidation of Fe2+ ions in the acid solution, Ni enrichment on
the surface and presence of Cr impoverished regions, and microstructure and compositional
effect [34, 35].
In H2SO4 solution WEDM surfaces showed lower primary passivation current density (ipp)
than diamond polished surface. This could be a result of the dendritic structure of recast layer
as compared to wrought structure of the diamond polished surface. The increased dissolution
in the dendritic structure will result in availability of free chromium ions which react with the
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hydroxyl ions to form chromium hydroxide layer to give primary passivity. At higher
potentials, the chromium undergoes oxidation resulting in dissolution of passive layer and
iron hydroxide formation takes place. Also, since the WEDM operations would result in
inherent oxide film formation on the surface which further helps in passive film formation.
The electrochemical behaviour of WEDM surfaces in sulphuric acid environment is
comparable to the weld metal behaviour of 9Cr-1Mo steel weldment in the same
environment. The potentiodynamic plot (Figure 6.9) is shows that WEDM machined surface
of P91 has similar electrochemical behaviour which are reported in welded region of P91 by
Geogy et.al [19].
In solutions with high pH as in Borate buffer solution and pH-7 solution passive layer forms
readily keeping the corrosion rate negligible. When polarised to potentials of 0.4 - 0.7 VSCE
the primary transpassive dissolution takes place. It has been reported using an in-situ Raman
studies by Gui et al. [36] and Zhang [37] on iron and carbon steel surfaces that the passive
film formed at pH 8.4 has an iron hydroxide and magnetite layer but as current increases
there is a film breakdown or restructuring which dehydrates to Fe2O3 resulting in a temporary
loss in passivation. At higher potentials of upto 1.3 VSCE there is secondary transpassive
dissolution setting in which results in an increased dissolution of Cr ions.
When 0.25M NaCl is added to H2SO4 solution, chloride ions hinder the formation of passive
layer. Thus, in solution containing NaCl no passivity was observed. Also, in this solution
WEDM surfaces showed more reactivity than diamond polished surface which is due to
presence of micro cracks inherent to the recast layer of WEDM surface. This recast layer is
the re-solidified metal which has dendritic structure; hence chromium concentration is not
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uniform in the top recast layer. The micro cracks on the surface acts as the accumulation site
for the chloride ions hence causing the pits to initiate and once the pits are formed corrosion
takes place at a much faster rate.
The IGC susceptibility studies for P91 alloy in WEDM and diamond polished surfaces
revealed the strong effect of microstructure. In case of the smaller grains getting formed on
the WEDM surface due to the machining operation resulted in lesser chromium depletion. As
the grain size is small chromium diffusion is faster and DOS values are lower than the
diamond polished surface.

6.4 Conclusions


P91 steel wire electrical discharge machined surfaces have better passivation than
diamond polished surface in different pH buffer solution and in sulphuric acid
environment. (pH-0 to pH-9.2) [38].



P91 steel wire electrical discharge machined surface show corrosion behaviour
similar to that shown by weld metal of P91 steel weldment in sulphuric acid
environment [38].



Pitting resistance of P91 steel wire electrical discharge machined surfaces are poor as
prior oxide and pores act as initiation sites compared to diamond polished surface
[38].



IGC resistance of P91 steel wire electrical discharge machined surface is better owing
to increased chromium content along the carbides than diamond polished surface due
to decreased grain size [38].
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Wire Electric Discharge Machining (WEDM) process is one of the most important un-conventional
machining processes where intricate geometries can be machined with very fine accuracy. Here Plasma is
created due to spark produced between the electrodes separated by a dielectric and which erodes the
material and form debris which flushed out by dielectric. Surface
characterization and Optimization of WEDM process is the major aim
of this research work. The experimental investigations on recast
layers produced during WEDM in P91 steel and also in other general
industrial metals such as Al 1050, Zircaloy-4, SS304 were carried out.
The WEDM process was characterized by experimental temperature
measurements of plasma channel, detailed investigations of type of
plasma produced and numerical modeling of heat transfer in the
work piece during WEDM process. The estimation of temperature
experienced by the machined surface due to thermal transient and
its effect on the microstructure of the cut surfaces and estimation of
WEDM spark plasma temperature were considered to obtain desired
surface finish. The effects of variation of WEDM process parameters
on the nature of the recast layer formed on the machined surfaces
were predicted by numerical modelling substantiated by micro- Figure 1. Experimental investigations
structural examination.
on recast layer in WEDM process
It is demonstrated that re-solidified layer is formed due to solidification of part of molten metal during
cooling phase in WEDM of P91 steel. The thickness of this recast layer depends on the energy of the spark.
The peak current, voltage applied and spark on time are the major parameters affecting roughness of the
machined surface. The characterization of WEDM machined surface reveals that cooling rate mainly guides
the morphology of the recast layer. Investigation using TEM shows presence of nano-crystalline grains and
amorphous structure in the recast layer due to high cooling rate. WEDM cut surface contains porosity and
cracks which become potential for localized corrosion and failure. Also the HAZ microstructure is found to
alter the passivation behavior and resistance to corrosion. Electrochemical polarization study indicates that
although WEDM cut surface has better passivation resistance than diamond polished surface, it has poor
resistance to IGC and pitting corrosion. The study will be helpful in deciding the process parameters for
WEDM process for the materials used in the experiments (specifically P91 steel and other general industrial
metals such as Al 1050, Zircaloy-4, SS304).

