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ABSTRACT

Electric discharge machining (EDM) is widely used in industries for machining
hard metals. A number of manufacturers worldwide are producing EDMs, and
this is a well-established commercial product. The EDM works on the principle
of maintaining electrode gaps (between tool and workpiece) for producing an
electrical discharge, which converts into high-temperature plasma. This discharge
is reasonable for the erosion of the workpiece (positive polarity). The servo
mechanism and the power supply are the key components of an EDM machine.
Although few micro-EDMs use capacitor-type power supplies, they are very less
popular due to their low efficiency. A servo mechanism is used to control the
gap between electrodes for stable discharge. The response time of the servo
mechanism is much lower than the discharge time; therefore, the pulse power
supply helps in avoiding the short-circuit condition. The irregularities on the
contact surfaces of the workpiece and the tool and debris particles flowing with
the dielectric are the major reasons for the short-circuit condition. The literature
review shows that even with the best servo mechanism and by adjusting the
process parameters of the power supply, such as pulse width, duty cycle, discharge
voltage, and discharge current, achieving a uniform discharge is difficult. Most
of the voltage-current plots have shown that the ionisation and the short circuit
are taking up a significant fraction of the on-time. Which ultimately reduces the

efficiency of the process and lowers MRR with slower machining speeds. Apart

xi



from the technical deficiency, the complex circuit of the pulse power supply and
the servo mechanism make it costly. The above two issues with the existing
commercial EDMs have been addressed in the present work. A self-servo bipolar
linear actuator has been developed to maintain the inter-electrode gap. The
developed actuator is highly responsive and currently works with a DC power
source. The servo mechanism and the power supply (straight DC) are simple
in design and much lower in cost than the existing EDM. The servo mechanism
is based on a magnetic levitation balance to ensure the set discharge voltage.
The developed technology needs a feasibility analysis with a range of materials.
Therefore, the objective of the proposed work is to analyse the feasibility of
the maglev EDM. IIT (ISM) Dhanbad and Varnica Precision Pvt Ltd. jointly
developed the prototype and provided it for the feasibility analysis. The first
prototype has performed well and was machined on pure Ti, Ti6Al4V, Inconel
625, and nimonic alloys. Cylindrical brass and copper were used as tool materials,
with deionized water as a dielectric medium. An open circuit voltage of 12 V with
a current of 2 amps was set in the power supply with a discharge voltage of 6-7.5 V
and a discharge current of 500 mA to 1.5 A. Specific energy consumption (SEC),
material removal rate (MRR), tool wear rate (TWR), average surface roughness
(Ra), and voltage-current characteristics were analysed. Moreover, mathematical
modelling of the plasma, material removal rate, and surface roughness have been
developed. The process responses were compared with the available literature,
and a few experiments have been performed on the existing EDM. It has been

noted that the performance of the recently created maglev EDM is comparable

x1i



to that of traditional EDMs. However, it’s expected that more advancements
in maglev EDM technology will allow it to outperform the current EDM and

possibly simplify maintenance.
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CHAPTER 1

INTRODUCTION

1.1 Background

Electrical discharge machining (EDM) is a popular unconventional machin-
ing process. It allows the machining of high-strength and wear-resistant materials
such as titanium and nickel-based alloys. These materials have proven to be either
impossible or economically unproductive to process using conventional machin-
ing methods. Nevertheless, the exceptional qualities of these materials motivate
engineers to employ them in cutting-edge industries like aerospace, medicine, and
electronics. It has been reported that these materials are tough to cut due to
their low thermal conductivity and strong strength. The EDM is the most suit-
able machining method to process these materials. The primary advantage of
EDM is that it is a non-contact approach. Consequently, no contact force, ten-
sion, or vibration components are present during the machining process[2]. In
EDM, material removal is based on the thermal impact of electrical discharges
in a micro-confined gap (spark gap) under a dielectric circulation medium |[3].
In recent years, the method has gained the ability to produce complex 3D ge-
ometry, shapes, and structures with enhanced surface integrity and stability[4].
Ideally, EDM is a favourable machining technique to process hard materials, but
practically, the dependency on various electrical and non-electrical process pa-

rameters makes the process stochastic[5].Hence, the process characteristics are



still dubious, which can be easily observed on a voltage-current plot due to un-
even discharge. Subsequently, EDM shows undesirable responses like uneven
material removal rate (MRR), high tool wear, generation of a recast layer, poor
surface finish, and improper flushing of debris[6]. In EDM, machining speed and
accuracy are the critical issues that are limited by the probability of normal dis-
charge. Normal discharge is essential because it ensures good machining stability
and the surface finish of the machined parts. A suitable servo control mechanism
responded well to ensure the occurrence of normal discharge because it restored
the initial gap in the repeated cycle [7|.In conventional EDM, a geared-based or
lead-screw-based servo control system is typically used for gap control. Due to
mass inertia and backlash, the dynamic response of these servo control systems
is sluggish[8]. In addition, the servo system’s delayed response is what causes
arcing and short-circuiting phenomena. This reduces efficiency, productivity, and
speed in terms of machining. Inadequate flushing and a sluggish positioning re-
sponse may also result in secondary discharge|9]. It is well known that EDM
takes place in a narrow gap between two electrodes. The inter-electrode gap,
also known as the spark gap, is controlled using a servo control mechanism. This
spark gap plays a crucial role and is responsible for effective machining in terms
of higher MRR and lower surface roughness (SR) with a minimum tool wear
rate (TWR). The concentration of eroded material particles in the narrow gap
increases the chance of ineffective discharge energy, hence diminishing EDM’s ef-
fectiveness. Considering the above, the function of the servo control mechanism

is vital. Therefore, the optimisation of servo mechanisms or tool feeding technol-



ogy is essential. The conventional servo controller uses motors and ball screws,
which decreases the capability of EDMs due to their slower reaction. Utilising
magnetic actuators, scientists have tried to enhance the precise electrode gap. It
is reported that every pulse is essential for accelerating machines by keeping the
proper electrode gap; the typical servo system is incapable of regulating the cor-
rect gap|10]. In the present work, an analysis of the existing feed mechanism was
carried out, and to execute the toned-gap condition, a technology employing the
maglev theory was analyzed. The proposed technology is referred to as maglev
EDM. In the past, Zhang used the maglev actuator and successfully incorporated
it into an existing EDM to enhance its performance. The suggested maglev EDM
is distinct from the original maglev actuator. The proposed method does not re-
quire an EDM machine, and the second significant characteristic of the system
is its superior control. The Maglev EDM is an adaptive system and may thus
employ a DC power supply instead of an RC or pulsed power supply. A series
of experiments were conducted to confirm the results and viability of the tech-
nology. The experimental results demonstrate that Maglev EDM outperforms
the existing EDM technology. The analysis of MRR, specific energy, and surface
roughness (SR) revealed the possibilities of the innovative Maglev EDM. In the
forthcoming chapters, thorough explanations and comparisons will be presented.
The report starts with the primary knowledge of EDM and highlights the little
history needed to understand the EDM process. Later, in subsequent chapters,
the feasibility of the proposed technology for machining hard-to-cut metals is

compared with the reported results and presented.



1.2 Evolution of EDM

The inception of the electrical discharge machine (EDM) was reported in
1770. The uncontrolled eroding effect of the electric spark was discovered at that
time. Later in 1943, Russian scientists B.R. and N.I. Lazarenko noticed that
electric current wears valuable metals. The present electric discharge machining
was created by the couple using the current’s inverse action to control material
erosion|[11] in a systematic manner.The couple also analysed spark frequency and
spacing to optimise EDM. In addition, the first EDM drilling apparatus employ-
ing an intense control spark of current was created at this time. In the 1950s,
electrical discharge machining (EDM) entered its pioneering phase, bringing tech-
nology from the laboratory to industrial applications. Russia and its socialist
allies dominated the evolution of EDM for a considerable length of time. Resis-
tance capacitance (RC) was the type of power supply that the Lazarenkos used.
However, the charging of condensers to provide discharge energy was halted for
an extended period of time, and ionization in the electrode gap was thoroughly
observed by researchers|12|[13]. Numerous studies have been conducted to differ-
entiate between an arc and a spark. As a result, research concluded that sparks
might provide a more distinct and superior surface finish than arcs, which degrade
the surface finish due to the unregulated flow of power|[14]. As a result, many
more circuits were created to aid in the development of power supplies. During
the same time, the general circuitry changed from the R.C. circuit to other RCL
circuits, which increased the machining speed and efficiency as a result of an in-

crease in the discharge rate. The Americans also discovered a variety of circuits



for generating power discharge and enhancing the capabilities of controllers. The
United States and the United Kingdom developed several cutting-edge technolo-
gies, particularly for improved discharge on and off management. A number of
businesses produced EDM technology at the same time, including ELOX, which
dominated the market at the time. However, the other producers of machine tools
were also attempting to establish their products on the market. A business named
Agie created and manufactured the first sinking EDM in 1954, which attracted
manufacturing researchers due to its novelty. The same business subsequently in-
vented the CNC wire-cut EDM in 1969[15]. The late 1960s and early 1970s were
groundbreaking years for the development of EDM technology. Specifically, the
three major technological and scientific breakthroughs improved performance.
The first invention was the planar transistor in 1959, and the second formed
the foundation for integrated circuit technology. Following this advancement,
the static pulse generator became a reality. Subsequently, with the assistance of
integrated circuits, the third evolution of digital equipment, similar to the first
computer machine, enhanced the control and programming of the servo control
system. In 1971, the first microprocessor was invented to aid in the numerical
control and programming of servo systems. However, socialist countries could
not benefit from such inventions, so Mitsubishi, Fanuc, Sodick, and Seibu Denki
took over the market. AGIE and CHARMILLES’ first static pulse generator
reduced open-circuit voltage and gap control for efficient discharge to achieve a
high machining rate, wear resistance, and precision. After 1980, CNC improved

the efficiency of self-control machining and quality.



1.3 Electrical Discharge Machine

Electrical discharge machining (EDM) is a technique for machining electri-
cally conductive materials using controlled sparks. The procedure involves the
gradual melting of the work material via application of thermal energy with high-
frequency sparks between the cathode (tool) and the anode (workpiece), in the

presence of a dielectric fluid [16].

1.3.1 Mechanism of material removal in EDM

EDM is based on a thermoelectric model in which electrical energy is turned
into heat energy through a series of small electrical discharges between two elec-
trodes. Once the potential difference is applied to the electrodes, the cathode
acts as a tool and the anode as a workpiece [17|. A suitable dielectric medium
occupies the narrow, confined gap between the electrodes and immerses the elec-
trodes into it. Because of the potential difference, the cathode emits electrons.
These expelled electrons from the cathode rush towards the anode and collide
with the dielectric fluid that is in their way. Such collisions split the molecules of
the dielectric medium into electrons and positive ions. The formation of a nar-
row column of ionized dielectric fluid molecules between the electrodes creates an
electrical path. This electrical path, or plasma channel, has a very low electrical
resistance, allowing a large number of electrons to pass through it. This phe-
nomenon significantly increases the temperature as a result of the striking and
kinetic energy on the work surface. Due to this, the electrode and workpiece both
melt and evaporate, leaving a crater on the surface of the workpiece. When the

pulse is switched off, the plasma channel breaks down, and circulating dielectric



fluid flushes away machined material in the form of microscopic debris from the

inter-electrode gap. The material removal mechanism is shown in Figl.1
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Figure 1.1: Material Removal Mechanism

1.3.2 EDM Hardware

Servo Mechanism: In EDM, the servo mechanism is very important be-
cause it predicts the spark gap and makes the mechanical changes that are needed
to keep the gap constant. The most significant module in a servo control sys-
tem is the microcontroller, which transmits the digital control signal, converts
analogue signals to digital signals using an A/D module, and drives the motor
using a pulse width modulation (PWM) module [18]. It controls the optimal gap
between the electrodes as well as avoids physical contact between the electrodes,
which results in arcing, short circuits, or a worthless open circuit[19]. Addition-
ally, the servo mechanism includes a servo motor and a lead screw [20]. This
mechanism is commonly referred to as a servo controlled feed mechanism|21].

The servo control can be run using different algorithms or rules, such as predict-



ing the gap distance and offsetting the tool position, the ignition delay time, the
average gap voltage, the average delay time, etc|22]. It evident that the proper

functioning of the servo controller mechanism ensures efficient EDM.

Power Supply: Electrical discharge machine (EDM) requires controlled
high-frequency energy sources. In general, the EDM power supply is made up
of an electrical circuit that produces a power pulse and a control device that
regulates the amount of energy in each pulse. A variety of power supply unit
solutions have been created to date, ranging from simple resistance-capacitance
RC power supplies, which are still in use today, to complicated resonant power
supply units[23]. By selecting the appropriate power source and pulse generator
for the application, excellent material removal rate (MRR) results can be ob-
tained. The schematic arrangement of the important hardware and elements is

presented in Figl.2
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Figure 1.2: Schematic arrangement of EDM

Dielectric : The dielectric fluid is a form of isolation that flows between the

electrode gap and permits the requisite spark whenever it is necessary by ionizing.



It is mandatory that dielectric medium must initially function as an insulator and
then transform into a conductor by reducing its dielectric strength when it attains
the required voltage for the spark. During the deionization process, the dielectric
medium should regain its strength. Usually, kerosene, distilled water, or an oil
are used as dielectric medium that can be ionized. The other job of dielectric
medium is to protect metals from heat stress and oxidation and to make sure
that chip debris is flushed away properly[24|. For efficient machining, the right
selection of a suitable dielectric medium is necessary; numerous characteristics,
including dielectric strength, viscosity, colour, and odour, influence the selection

of a suitable dielectric medium.

1.3.3 Control Parameters

Voltage and Current plot: In the EDM process, the temperature differ-
ence between the tool and workpiece is mostly a consequence of the power source
and narrow gap distance between the electrodes. Consequently, the performance
of EDM is predicated primarily on these essential aspects. The influencing pa-
rameters in EDM can be classified in two ways: electrical parameters such as
discharge current, discharge voltage, and pulse on and off duration, and non-
electrical characteristics including electrode gap and dielectric medium [25]. The
researcher analyzed every component of EDM and determined that these influenc-
ing parameters were accountable for the efficiency of the machining process. In
conventional EDM, each process parameter is meticulously regulated, and pulse
length is kept by power regulation devices. As depicted in Figl.3, every energy

pulse can be divided into three distinct zones: ionization, discharge, and short



circuit.
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Figure 1.3: Voltage and current graph of conventional EDM process

During the machining process, first the dielectric fluid is ionized, which in-
creases the discharge energy, and then a spark is produced in the second discharge
zone to remove the material. The third possible zone may be undesirable (a short
circuit) and must be avoided in the machine by briefly disconnecting the power
supply and then re-establishing a stable spark. The occurrence of short-circuiting

is detrimental to the quality of the EDM surface.

Pulse on/off time: It is refer the time interval during which the spark
occurs between the tool electrode and the workpiece once the breakdown voltage
of the dielectric is reached, causing its ionization. Whereas the Pulse off time

refers the interval between consecutive sparks during which no current is supplied

10



to the electrodes and deionization of the dielectric occurs.

Gap Voltage, Peak Current and Duty Cycle: The gap voltage or
also known as discharge voltage is the average potential difference between the
tool and workpiece. It determines the sparking energy during the spark. The
Peak Current is another crucial element that affects machining rate and surface
roughness. It is the amount of energy that can be measured by the flow of
electrons during discharge machining. whereas the duty cycle is the ratio of

pulse on time to the total cycle time (sum of pulse on time and pulse off time).

1.3.4 Process Responses

Material removal rate: The Material removal rate (MRR) is calculated by
the volume of the material removed or the weight difference of workpiece before
and after EDM operation. It is observed that the material removal rate increases
significantly with the increase in peak current [26]. The MRR is given by the
following Eq. 1.1[27|. It increases with supplied energy in the form of either peak
current or gap voltage

Wq

Wy —
M = — 1.1
RR=~— (1.1)

wherew, and w, are the workpiece weights before and after machining, respec-

tively, and T is the machine time.

Tool Wear Rate: The tool wear rate (TWR) is the weight difference be-
tween the tool before and after the machining, divided by the machining time.

The TWR is given in microgram per minute. It is expressed by the following Eq.
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1.2[27].

T, -1,

T =
WR a

(1.2)

T, and T, are the weights of the cutting tool before and after machining, respec-

tively, and T is the machine time.

Specific Energy: The specific energy consumption (SEC) is defined as the
amount of discharge energy required to remove a single unit of volume or mass.
In actuality, it is the power to material removal rate ratio, usually expressed in

J/pg. Tt express by the following Eq. 1.3

DischargePower

SE (1.3)

- Materialremovalrate

Surface morphology: The surface roughness (SR) in EDM is also one of the
important process outputs. Ideally, each electrical pulse forms a crater on the
work surface and the eroded material moves with dielectric flow, but the small
amount of material eventually re-solidifies and forms undesirable peaks on work
surface and hamper the quality of surface. It is observed that surface roughness
increased when the pulse-on time and open-circuit voltage were increased. Sur-
face roughness is affected by pulse time and open-circuit voltage due to higher
discharge energy [28]. The surface roughness is measured in pm and is considered

a performance indicator in EDM.

1.4 Problem Definition
After a comprehensive study of the literature survey, the following gaps have

been identified:.In existing EDM, generally, a geared-based or lead screw-based
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servo mechanism is utilised to maintain the inter-electrode gap. The dynamic
response of this type of servo control system is slow due to mass inertia and
backlash problem|8]|. The slow response of the servo system further causes arcing
and short-circuiting phenomena. This reduces the machining efficiency, produc-
tivity, and speed of the process. Further, the condition of secondary discharge
may occur due to improper flushing and slow positioning response[29]. Addi-
tionally, inconsistent discharge is another open issue in EDM. The traditional
power supply, especially the RC pulse generator type, does not ensure an effi-
cient spark condition; a functional delay affects the machining rate and surface
quality; and additional thermal damage occurs on the work surface due to a
lack of dielectric strength recovery[30]. Hence, the issues associated with existing
EDM tool-feeding servo mechanisms and power supply difficulties are the focus

of this investigation. The list of open issues is as follows:

1. Slow response of the conventional servo Mechanism,
2. Inconsistent discharge energy,
3. Issues of arcing and short-circuiting ,

4. Complexity of power supply.

1.5 Objectives of the present work

The issues addressed in Section 1.4 have been tried to resolve by the inven-
tion of the maglev EDM. It is a self-servo bipolar linear actuator that needs a
pure DC power supply for EDM. Similar to any other new technology, it needs
a feasibility test with various workpieces (electrically conductive materials) sim-
ilar to the existing EDM process. Therefore, the objective of the present work
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is to experimentally test the Feasibility of Maglev EDM with difficult-
to-machine materials. During the feasibility analysis, the experimental data
available in the literature was used for the performance evaluation. The perfor-
mance evaluation was done by comparing the specific energy (SE) of material
removal in the reported works with the specific energy measured in the maglev
EDM. Apart from the specific energy, surface roughness, material removal rate,
tool wear rate, and voltage-current characteristics have been compared with the

available literature for the performance evaluation.

Additionally, mathematical models of material removal rate and surface
roughness have been developed. A detailed analysis of the machined surface
has been performed for any material migration and diffusion detected through
energy dispersion X-ray (EDX). Surface morphology has been studied in detail
using field emission scanning electron microscopy (FESEM). Focusing on the aim
of the work, multiple hard metals have been machined, and machining perfor-
mance has been evaluated with the help of available literature. In this study, the
following materials have been used to asses the feasibility of EDM in presence of
demonized water as a dielectric medium:

WorkPiece Material

1. Commercial available Pure titanium
2. Titanium alloy (Ti6Al4V)
3. Inconel 625

4. Nimonic alloy
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Tool Material

1. Brass

2. Copper

1.6 Organization of the report

The entire report is organized into eight chapters. Chapter 1 introduces the
basics of electrical discharge machines and the technological research gap. This
chapter includes the background and motivation behind the current work. A liter-
ature review on the evolution of EDM and the work reported by the investigators
are presented in Chapter 2 with their various essential aspects. The literature
review has been separated into different sections, component-wise, such as servo
controllers, power supplies, etc. At the end of Chapter 2, a summary of the rel-
evant work is given. Chapter 3 includes the development and description of the
Maglev EDM (MEDM) in various sections. The chapter includes pictorial and
schematic views of the MEDM, which helps to understand the working principles
and design of present technology. The next chapter is based on the feasibility
analysis of MEDM through a series of experiments and resultant discussions on
commercially pure titanium as the work material. This chapter analyses the
working capabilities of MEDM using the different process parameters. The chap-
ter compares the output response of MEDM with the reported work and provides
a conclusive statement. Chapter 5 examines the feasibility of MEDM through
experiments on the work material, titanium alloy, and discussions of process out-

puts. The chapter compares the response output of MEDM with work carried
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out on the same material in the past. At the end of the chapter, the summary
of the work is represented. Chapter 6 focuses on the feasibility test through ex-
perimentation and discusses Inconel 625 work materials. Similar to the previous
chapter, the response output of MEDM and reported work concerning the same
work material are provided here. In Chapter 7, the feasibility of the MEDM is
analysed by performing experiments on another work material, Nimonic Alloy.
The response output of the MEDM is observed and compared using the graphs
and 3D views. At the end of the chapter, the work is summarised point-wise.
Chapter 8 presents the key conclusions of the entire work carried out to justify
the feasibility of the Maglev EDM (MEDM). The concise report of the present
work explains the performance and feasibility of Maglev EDM; the process out-
put response has been presented through pictorial views appropriately, wherever
required. The findings of this study demonstrate that the maglev EDM outper-

forms conventional EDM in terms of performance.

16



CHAPTER 2

LITERATURE REVIEW

The current chapter highlights the significant aspects of EDM that researchers
have previously developed. The chapter is organised from the earliest stages
of EDM development to the most advanced facilities currently available. The
investigators faced several issues and challenges while exploring the EDM. Many
of them have been fixed with technological advancements, while many are still
unsettled and open to further research, requiring pioneering work for robust EDM

technology.

The entire chapter is divided into sections that discuss technological advances
in EDM components, such as the servo mechanism, controller units, and power
supply system. From the subject’s perspective, the functioning and development
of these three elements are significant. Consequently, the present chapter focuses
on the primary problems and issues with the current servo mechanism, power

supply system, and inconsistent discharge.

2.1 Servo mechanism

The overall performance of EDM in terms of material removal rate (MRR),
tool wear rate (TWR), and surface roughness (SR) has received considerable
attention for many years|31][32]. In EDM, metal is removed from the workpiece

and very little from the tool as a result of tool wear. This leads to a gap between

17



tools and work. To maintain spark voltage, avoid short circuits, and keep the
electrodes (tool and work) the appropriate distance apart, a tool feed mechanism
is needed. In conventional EDM, a servo mechanism is used to maintain the
gap. It is a mechanical system comprised of a servo motor and a lead screw that
operates with the aid of feedback signals.The typical servo controller is shown in

Fig2.1
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Figure 2.1: EDM Servo mechanism

The principle of the servo mechanism is based on error-sensing feedback and
acts as a self-acting device to keep the right distance between electrodes. It com-
prises electronic and mechanical components to regulate the electrode’s mobility.
The EDM process is conducted in a limited space (typically measured in microns).
Due to the formation of a bridge over the plasma channel between the electrodes,
the buildup of eroded material particles in a confined area increases the chance
of undesirable conditions. The formation of such unwanted connections between
electrodes results in short circuiting and arcing, which decreases the efficiency
of the machine. Consequently, it has been determined that an instantaneous
response of the drive mechanism to elevate the tool electrode without inertia
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delays is needed. In the early stages of EDM development, conventional servo
mechanisms were used. For instance, when the distance between the electrodes
is high, the voltage across the electrodes is typically considered an open circuit
and has the greatest magnitude of voltage. In addition, this state defines the
absence of load or the absence of material erosion during open-circuit voltage. In
circumstances where the distance between the electrodes is narrow, debris may
become lodged between the electrodes, resulting in a short circuit. As a result,

in a short circuit, the voltage across the gap reaches zero magnitude.

This has been explored in prior studies that, the Z-axis servo drive system is
used to maintain the proper inter-electrode gap based on the spark state. With
the advancement in the field, electro-hydraulic drive systems replaced electric mo-
tors due to the hysteresis and low responsiveness of the existing mechanism|33].
The majority of the previous studies have shown that the appropriate positional
stability influences the entire machining process. The servo control system en-
sures proper and rapid positioning of the tool electrode for efficient discharge.
The literature review shows that with advancements in the field, sophisticated
servo control systems were used to control the range with transistorised variable
speed controllers and more accurate digital positioning encoders. Several stud-
ies found that by reducing the typical servo control system’s response time and
backlash error, the researchers optimised the positioning system. EDM stability
and precision were improved by different methods. This has been discussed by a

great number of authors in the literature that due to servo controller issues such
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as backlash error, stack inertia, and delayed response, the researchers used piezo-
electric ceramic actuators to drive a linear motor. The piezoelectric actuator was
investigated for high-frequency response. These controllers had better transient
response and tracking than the previous controller due to their ceramic mate-
rial’s unique properties|34|. In the literature, it was reported that piezoelectric
logic offered the remarkable advantages of superior resolution, faster response,
and high rigidity. The usual constraint with the piezoelectric controller was its
limited stroke, and the need to realise a higher degree of freedom was noted.
Further, it was observed that such a system is necessary to reduce friction and
delay response without physical contact. Subsequently, a new concept based on
the magnetic bearing was successfully established [35]. Eventually, the issues of
friction and inertia were rectified using magnetic bearings. This advanced tech-
nology had the ability to provide a wide band width, precise actuation with many
degrees of freedom, and a large stroke that allowed for proper electrode place-
ment. A significant amount of magnetic bearing research was conducted for the
high-speed and contact-free spindle, and as a result, a maglev wide-bandwidth,
highly precise, longer stroke 5 DOF positioning system was developed|36]. The
entire research was carried out in phases. In the first step, the actuator was de-
signed and manufactured, and in the second phase, the local feedback enhanced

the positioning precision, bandwidth, and other characteristics.

The newly developed actuator was small enough to be installed on a stan-

dard, electrically powered machine. Parallel to the magnetic bearings system,
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research was carried out, and the invention of a micro inchworm-style feed mech-
anism was developed|37]. The analysis revealed that the piezoelectric properties
had very low strain, which is less than 0.02 mm, and a maximum thrust force of
roughly 30 N, with a little accuracy. Later, to accommodate a large stroke and
larger force, the piezoelectric linear inchworm actuator was discovered. These
actuators were more smart or adaptive than the previous ones|38]. To realise the
optimum gap between electrodes and sufficient stroke length, the research was
continued globally. The other group of researchers was working on a linear elec-
trostrictive motor with significantly increased thrust capacity, high positioning
responsiveness, and enhanced tracking precision|[39]. An innovative linear elec-
trostrictive motor with electromagnetic clamping was designed to significantly

overcome the feeding mechanism concerns.

In addition to these solutions, the voice coil and piezoelectric components
also realised high response and direction on the Z-axis exclusively. These solu-
tions had the same drawbacks. To add electrode rotation or automatic electrode
retraction, the drive weight was limited to a few grammes. Subsequently, it was
difficult to attain a few microns of length and high-speed responsiveness in all
three directions (X, Y, and Z). Consequently, the investigators developed two
theories or modules, one of which was a local actuator for microholes and the
other for extremely precise microdie cutting. These two prototype local actuator
modules were 10 times more efficient than typical electrode servo systems|40].

Later, again, another set of researchers worked on the piezoelectric material and
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evaluated it. They reported the same issue, which was a restricted stroke of the
actuator. This difficulty was overcome by adopting the inchworm principle to get
the large stroke|41]|. A novel linear piezomotor with great positional resolution,
stiffness, and output force has been designed. By substituting point-to-point
contact with a surface, the developed system was able to reduce the number of
mechanical elements and interfaces. The performance of the piezo motor was
spectacular. It displayed a positional resolution of 5 nm, a stiffness of 90 N/m,

and an output force of 200 N.

Previous studies have shown that, despite the physical properties of the
material, like the piezo effect, the researchers focused on the magnetic properties
of the material to get the suitable placement and strokes of the electrode. Further
field research led to the discovery of a new method that legalised the maglev
effect. In consequence, the maglev actuators demonstrated a positioning stroke
bandwidth of greater than 100 Hz and positioning strokes of 2 mm in the thrust
direction. The maglev actuator could create stability even in discharge situations
and boost the machining rate by 21.8% [42]. Due to the magnetic local actuator’s
(MLA) exact control, the right distance between the electrodes was attainable.
The study also discovered that the MLA increased machining speed by 20-40%
compared to EDM without the MLA. The only major difficulty with the Maglev
local actuator concerned the power supply brushes. When the current supply to
the electrode’s power brushes hits the levitated shaft, friction is created between

the shaft and brushes. This friction causes a disruption in the spindle shaft’s
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motion, which decreases the efficiency of the action. The researchers overcame
this issue by creating an additional novel 5-DOF Maglev local actuator. The novel
MLA overcame every worry raised by the prior controller. In this actuator, the
discharge current was supplied via a soft, excitable wire, allowing the levitated
shaft to move freely and unimpeded[43|. With bandwidths of up to 200 Hz in the
5-DOF directions, the MLLA was able to accommodate positioning resolutions of
sub-micron and several microradians. The work presented demonstrates that the
system accomplished a stroke of 2 mm in the thrust direction, 180 metres in the
radial direction, and 3.6 radians in the tilt direction. Recently, more advanced
types of feeding systems are in trend, like in the recent past, a 6-DOF maglev
levitated parallel actuated dual-stage system with positioning in x-y plane motion
was developed|[44|. Later, the six-axis industrial robot (IR) technique was used
and investigated in EDM. The IR techniques were not suitable due to the high
vibrations. However, the use of novel WEDM and IR as servos was discovered to

improve results.

2.2 Control Unit

EDM, like other non-traditional machining processes, employs automatic
control components. Depending on the machining circumstances, these auto-
mated components receive instructions or signals to carry out the procedure.
It is evident from prior research that the mechanism of machining is complex
and unpredictable due to its dependence on various input parameters|[33]. Even
an experienced operator can’t control the suitable spark state manually because

the pulse frequency is higher and the spark conditions change. Scientists have,
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however, come up with a number of ways to control the gap or spark condition.
EDM normally uses automated control servomechanisms as mentioned in the
previous section. The servo mechanism consists of a control unit. This control
unit functions as an adaptive system and uses error sensor feedback to compare
the machine’s output response with input. In addition, based on the state er-
ror signal, the condition is evaluated, and the servo control mechanism receives
the necessary inputs. It was observed that this system eliminated the acing and

resulted 50% boost in process productivity[45].

Later, the researchers employed a neutral-network methodology to imple-
ment online monitoring and control measures. It was significantly superior to
the old system; the new control system could respond promptly to spark-gap
conditions. This method was built on a feed-forward neural network that mon-
itors the amount of voltage and current in the gap between the electrodes via
supplied signals [46]. A group of researchers further explored the neural network
approach so that optimal parameters could be applied to the EDM in order to im-
prove its performance. According to the findings of the tests, the neural network
method produces more accurate forecasts for the various EDM states|47]. Sub-
sequently, researchers investigated the adaptive control system and determined
that the process model and control parameters were the most challenging. This
issue was resolved by a self-regulating system that checks the gap conditions of
the real-time process [48]. After optimising the first adaptive control optimi-

sation system (ACOS), the researcher created another advanced system. The
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latest system might detect problems early on and fix them to save energy and
time([33][49]. The researchers tuned controlling factors to maximise material re-
moval with little tool wear. Several more characteristics can be improved during
the process, according to online optimisation. Nevertheless, researchers discov-
ered that the ACO system can handle the automated adjustment based on the
conditions, although there is room for improvement. Due to the volatile nature
of the EDM process, researchers discovered that exact control over the spark gap
is challenging. In response, a new system based on fuzzy logic was developed|[50].
Fuzzy logic is typically based on qualitative logic and relevant data pertaining
to a certain condition. The EDM is a type of nonlinear multi-variable process,
and researchers have found the fuzzy system to be effective in such processes.
The system allowed the EDM machine to vary the effective distance between the
electrodes. Researchers examined the capability of quick reaction and the com-
pactness of fuzzy logic|51|[52][53]. Fuzzy logic-based EDM with a piezoelectric
stage provides stable machining due to a normal, efficient discharge. Without
fuzzy logic and the piezoelectric stage, discharge was uneven, affecting machined
surfaces|54]. The fuzzy logic-based controller avoids short-circuiting and smooths
EDM by responding quickly and accurately to normal discharge. All gap control
methods were based on the expected servo reference voltage and could not self-
regulate. The novel self-tuning regulator with proportional-integral (PI) feedback
used electrode gap feedback signals. Researchers used a PI controller to improve
EDM placement[55]. In motion control, inertia and path friction are impor-

tant[56]. Since the entire EDM process is based on different process factors and
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variables that greatly affect the process, a PI controller was advantageous|57][58].

For the majority of EDMs, the proportional-integral-derivative (PID) method
was developed. The feedback signals adjust the servo controller using specified
mathematical models[59]. This system assigns parameters based on EDM process
attributes|60]. PID controllers increased the efficiency of sinking EDM processes
by 30%[61]. A powerful microcomputer adjusts the servo driving signals instead
of the reference voltage. The EDM self-turning controller and P.I. controller
worked best together. Despite numerous adaptive control servo systems, flushing
was still lacking, especially in the deep-hole EDM process. A self-turning inte-
grated controller for EDM solved the flushing problem. This controller removes

trash from deep-hole EDM operations using tool withdrawal|62].

This novel method measured the cumulative time ratio of the gap, usual
spark, temporary arcs, dangerous arcing, and short-circuiting with 0.2 or 1 ms
resolution. The transient arcing parameter predicts arcing, and employing its
time ratio in the control system process boosts machining productivity by 20%.
Even with tough flushes, the integrated EDM controller stabilises machining and
eliminates arcing during EDM sinking. Another upgraded adaptive control sys-
tem was created to control gap situations using EDM monitor data|63|. This
proposed system used the gap condition. EDM is highly dynamic and stochastic,
making online adjustment to increase reliable, efficient spark discharge difficult
for any controller[64]. All control systems could execute certain functions to make

the EDM more efficient. Still, the procedure included flaws, including unattended
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flushing. Another study group developed a more complex technique to fix the
poor flushing. This sophisticated system comprised a model reference, an adap-
tive control system, and new servo interface technology that could solve the most
practical problem of poor flushing conditions during machining. This model ref-
erence system could observe each discharge state and optimise the servo voltage
as needed. Feedback and error signals are used for online optimisation to improve
flushing|65]. This new servo control circuit had a servo reference voltage in a wide
range to get a higher time ratio than normal sparks and avoid interference due to
changes in the duty cycle. As a result, the overall productivity of the innovative
servo control unit turned out to be about 40% higher than the previous con-
troller|45]. Lately, a new adaptive control with the well-known fuzzy controller
that uses energy consumption and short-circuit ratio as control inputs has been
proposed|[66].Despite the novel method, energy consumption is computed from
pulse-on time, discharge voltage, and peak current as a frequency function. Iso-
lating discharge signal noise first determines each pulse’s ignition delay duration.
Hence, stability and fast servo cutting are obtained. Over time, an extensive
literature has developed on control units. With the advancement in the field,
a unique pulse servo control was made by figuring out the four most important
gap voltage waveform states: open circuit, normal spark, arcing, and short cir-
cuit|67]. They adjusted the pulse interval in real-time using an anomalous spark
ratio. The control approach regulates each pulse’s pulse delay in real time ac-
cording to the discriminated gap states. It was observed that despite being done

under constant workpiece thickness, the discrimination system with changing
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pulse interval can achieve stable machining even in unanticipated disturbances
of varying workpiece thickness. With the high contouring precision that EDM
needs, an indirect adaptive servo control was made|68]. To fix the nonlinear fric-
tion and cogging effects of servos, the output relationships of the auto-regressive
moving average model and the neural network-based compensation were com-
bined. A group of researchers used vibration activation on the workpiece and
adaptive servo feed-rate control in an RC pulse generator to increase flushing,
MRR, and SR [69]. Discharge frequency, voltage, and current inputs. Feed-rate
and discharge frequency evaluate workpiece thickness and calculate the adjusted
feed-rate. Hence, the servo feed rate achieved 2.5 times EDM speeds without vi-
bration. Recently , an advanced adaptive neuro-fuzzy inference system (ANFIS)
for servo control was created|70]. It is intended for wire EDM and improves pre-
diction of gap voltages and wire breakages. The control uses pulse on time, pulse
off time, mean gap voltage fluctuation, and wire feed rate. The method worked

well with wire deterioration during high-intensity gap voltage machining.

2.3 Power Supply

EDM requires high-frequency power like other unconventional machining
methods. The pulse power generator produces controlled energy for sparking
in EDM. The pulse power generator has an effect on the MRR and the surface
finish quality|71][72]. Two sub-components make up the EDM power generator:
the power supply and the pulse generator|71].The power supply may be either
linear or switching mode power suuply (SMPS). The SMPS type of power supply

is commonly used in EDM due to its low cost, greater MRR, and superior surface
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finish|[73]. A pulse generator with two types of relaxation or resistance capaci-
tance (RC) and a transistor pulse generator constitutes the other component of
the power generator unit. Fig 2.2 depicts the fundamental construction of an RC

power generator.

Prior research suggests that initially, RC pulse generators were used; how-
ever, charging condensers to provide discharge energy took a long time, and
researchers carefully investigated ionization in the electrode gap|74]. Due to the
charging and discharging phenomenon in RC-type circuits, it is difficult to keep
the voltage at a consistent level|75]. RC-type pulse power supplies’ restrictions
are overcome by transistor-type power supplies’ higher discharge frequency. Due
to the circuit delay, it helps trigger the pulse quickly. By switching off the cir-
cuit for an ultra-short time, the delay prevents abnormal discharges like arcing
and short-circuiting, leads enhancing material removal[7]. Due to its increased
capabilities, massive current handling capacity, and quick reaction, the transis-
tor is replacing the RC-type pulse generator[4]. The pictorial view of a transistor
power generator is shown in Fig2.3. It has been found that the transistor-resistor
and transistor-inductor pulse power supplies are capable of meeting the condi-
tions for a self-sustaining spark discharge after the gap has been broken. This
capability continues until the end of the discharge, at which point the gap volt-
age needs to be maintained above the threshold value[76]. Due to their high
discharge energy and material removal rate, transistor pulse generators are used

in conventional EDM|77|[78]|79]. Pulse duration and discharge current can be
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adjusted in transistor pulse generators. To reduce gap current in EDM, simple
RC power generators or transistor generators with a resistor are used. The tran-
sistor’s key output voltage may vary due to the direct current power source’s
design[80]. The results indicate that the selection of an EDM generator is influ-
enced by the desired machining outputs. With a larger peak current and longer
discharge period, a transistor-type generator produces more energy and consider
for the higher MRR|81]. The notable benefits of transistor-based pulse gener-
ators include the ability to set pulse shape and broad ranges of peak current
and pulse width[82]. This enables diverse methods for managing servo speed via
pulse discrimination|83]. There are two distinct types of transistor pulse gener-
ators, iso frequency and iso-energy, whereas current WEDM machines provide
operator selection to operate under both regimes|84]. Iso-frequency is a constant

pulse frequency and matches transistor train generators|85]. This pulse gener-
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Figure 2.3: Transistor type power generator [1]

ator is better for applications with high MRR|[86] or high insulation and high
voltage, such as polycrystalline diamond machining with oil dielectric fluid|87].
Whereas, the iso-energy pulse generator, also called isopulse|[86], gives out the
same amount of energy with each pulse and makes triangle-shaped waves with
equal slopes|88]. The iso-energy generator was made to reduce the random dis-
charge process so that SR and MRR would be better than with regular transistor

pulse generators|85].

It was discovered after some time that iso-energy generators provide a more
stable process, which is advantageous for control techniques due to less arc and
short-circuits, improved flushing conditions, and a uniform MRR[89]. On the

other hand RC generators function by storing electric field energy in a capacitor.
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The parallel capacitor located across the machining gap regulates the discharge
energy[90]. Once fully charged, the capacitor discharge is discharged without a
switch and is guided only by the gap distance|91]. It was observed that RC pulse
generators have a lower discharge energy distribution than transistor pulse gen-
erators|92], resulting in smoother SR and mirror-like surfaces with SR up to 0.2
pm Ra|93]. However, the RC pulse generator may be carefully tuned to produce
less energy with a shorter discharge period. Therefore, the RC pulse genera-
tor produces pulses for micro-EDM to form extremely fine micro structures[94].
Consequently the power supply choice, depends on the type of application. Micro-
EDM with low material removal may use the RC pulse generator. The transistor
pulse generator is used for high material removal. Recent research has resulted
in the development of a novel and hybrid strategy. In this method, rough cuts
are executed using the relaxation-type pulse, and the trim cut makes successful
use of the isoenergetic-type pulse|95]. However, resistance reduction is a problem
for transistor power. Its widespread use is limited by internal resistance-induced
ripple and attenuation (noise) in the intended signal. Because it’s free of dis-
turbance and attenuation, pure DC power may help the spark gap discharge
energy (noise). Researchers used a DC power source directly to perform EDM
and produced a considerably greater material removal rate than standard power

supplies|96].

2.4 Dielectric Medium
In addition to the above components, the flushing system is also an important

component of EDM. In actuality, the dielectric medium keeps the debris or eroded
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material away from the machining zone. In most of the applications, deionized
water, kerosene, and hydrocarbon oil are commonly used as working mediums
in EDM|97]|98].The kind of dielectric medium, pressure and flow velocity further
affects the machining response in terms of MRR, surface roughness and tool wear
rate[99]. It is reported that kerosene can be used as a dielectric medium when
processing titanium to get a good surface finish. But the TiC that forms during
EDM of titanium alloy slows down the rate of material removal and makes it hard
to remove debris. Deionized water may speed up the rate of material removal
by making it easy for titanium alloys to oxidise. This process of oxidation and
decomposition of the medium creates heat to improve the MRR[100]. Further, to
improve the MRR, the combination of water and kerosene can also be employed.
For example, a research group found in an experiment that 60% of MRR can
be enhanced by combining dielectric media with distilled water[101]. According
to the literature, oxygen decomposition from hydrogen forms bubbles across the
electrode gap, which creates pressure differences inside and outside of the bubble.
The pressure difference and dielectric pressure segregate the debris equally in
the electrode gap. The proper distribution of debris leads to sufficient instant

discharge energy for the improved surface finish [102][103][104].

2.5 Summary

Numerous cutting-edge approaches have been implemented to improve po-
sitioning response and machining precision. Important innovations such as a
pivot-bearing-supported actuator arm without friction, a vibrating tool electrode

for enhanced flushing, and a magnetic field have been implemented. It is reported
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that the following works represent important steps forward in the areas of EDM
positioning response and machining accuracy. A piezoelectric actuator technique
was added as major advancement to improve tool electrode placement|34|. Later
the piezoelectric actuator realized limited use due to the lack of sufficient degree
of freedom (DOF) and quick stroke retraction. Such limitations of the piezo-
electric actuator were addressed by developing the magnetic bearing levitation
technique. The new approach employed the magnetic force, which was able to
provide contact-free motion under the effect of the magnetic field. It was observed
that magnetic levitation can be considered a solution to overcome the limitations
of piezoelectric actuators like DOF and limited stroke [105]|. Later, taking into
account the magnetic field effect, the researchers developed a magnetic actuator
based on the maglev lucidity. The developed maglev actuator outperformed in
terms of wide bandwidth and millimeter stroke for more accurate positioning in
5 DOF. This actuator was used as an additional attachment in the micro EDM,
the performance improved [41][57]. A PID (proportional-integral-derivative) con-
troller was utilized to regulate the electrode tip of the tool at a very low vibration
magnitude (approximately 2 mm).The same study group enhanced the work and
found a high material removal rate with a stable discharge using a 5-DOF lo-
cal actuator arm [43](9]. Although successful magnetic levitation was reported
with the RC power supply, it was an addition to the existing EDM machine.The
other group made machining faster and more accurate by combining a high-speed
maglev actuator arm with EDM. The maglev actuator arm boosted the rate of

machining by 434.2% in comparison to traditional EDM][106].
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Lately, a revolutionary maglev transportation platform was made to allow for
high-precision, high-speed linear motion over a large distance. In the levitation
subsystem, the moving platform was constructed by six sets of electromagnets.
By using the finite-element (FE) method to study the magnetic coupling of elec-
tromagnets, the best way to place electromagnets in space was found [107]. A
maglev-levitated lens-driven actuator was designed and manufactured to realize
the maglev effect in lase machining first. The goal of actuator was to reduce
assist gas consumption and increase machining rates in laser machining, partic-
ularly for high aspect ratio holes. The actuator was capable of driving the lens
to achieve real-time control of the relative displacement between the lens axis
and the assist gas jet nozzle axis[108]. To quickly maintain the appropriate elec-
trode gap and obtain radial vibration for debris removal, a 3 DOF precise mag-
netic/piezoelectric hybrid drive actuator was used to regulate the tool electrode
in the thrust direction. The positioning performance of the actuator is then tested
through experimentation using a controller that includes local current feedback

for the electromagnets|[109].

In micro EDM, a magnetic levitation device with a hollow spindle and PID
algorithm is proposed to reduce the complexity of the machine tool and utilize a
large electrode. The incremental PID method achieves 150Hz axial (Z) response
frequency and 5 micrometer and 2 micrometer radial and axial position precision,
respectively.In the reported work, micro-EDM was accomplished with a magnetic

suspension spindle with a 1.3 mm stroke [9]. The maglev actuators have been
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employed in many other applications like micro-gravity vibration isolation sys-
tems in space station for the ideal experimentation conditions. In accordance
with the Lorentz force theory, a maglev actuator was designed and constructed
[110]. Tn recent past a 6-DOF maglev levitated parallel actuated dual-stage
system with coarse-to-fine positioning in x-y plane motion was developed. This
two-stage motion system was made up of a 6-DOF maglev primary stage and
a 2-DOF planar motion flexure-based secondary stage. This design reduced the
levitated platform’s weight and dimensions, enhancing its dynamics using the ma-
glev effect|44]. It was observed that the use of magnetic field assistance generates
the Lorentz and Ampere forces increase plasma channel stability, current den-
sity, and consequently material removal efficiency [111]. Due to the convenience
of contact-less forces, magnetic field-aided methods have recently demonstrated
considerable potential and superiority for upgrading the machining process and
its performance [112]. In line with the present subject matter, the effect of the
magnetic field was employed by the researchers to improve the machining char-
acteristics like MRR and Surface quality. Prior research and development either
incorporated magnets as an integrated part of the servomechanism or as an acces-
sory to enhance the machining characteristics. None of these used magnets as a
self-actuating mechanism. In present technology, the magnetic circuit is created
and structured so that the electrode gap is governed by the current flowing into
the electric magnet. It is an adaptive system, and can use a DC power source for

EDM instead of an RC or pulsed power supply.
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CHAPTER 3

DESCRIPTION OF MAGLEV EDM

3.1 Introduction

In the previous chapter, the significant difficulties associated with conven-
tional EDM were discussed. The challenges inspire development of a dependable
engineering system that guarantees the correct translation of the cutting tool.
The recommended technology replaces the standard tool feed mechanism, i.e.,
the servo controller, with a this technique. The proposed method is based on
the Maglev principle and employs bipolar fixed and movable magnets.This new
approach regulates the movement of tool electrode towards the workpiece by

applying a voltage differential across the space between electrodes.

However, according to the available literature, magnets have been employed
as servo controller attachments in tool feeding systems. Magnets are employed
to prevent physical contact and friction between mechanical components of the
servo system.But the present technology works without a servo controller and
has never been used for tool translation. Additionally, a DC supply replaces
the pulse power supply. The current investigation shows that the new method is

feasible and provides improved output response.

3.2 Working principle and development of MEDM
A maglev EDM is a technology to erode material by the exact same process

as classical EDM does. The novelty of proposed system is its inter-electrode



gap control mechanism. In present technology a self-servo bipolar linear actuator
(SSBLA) has been developed to perform the task of controlling the inter-electrode
gap at the desired value of gap voltage. The SSBLA is the key component of the

maglev EDM.

3.2.1 Construction and working of self-servo bipolar linear
Mechanical components
It consists of three major mechanical components arranged logically as shown
in fig 3.1 .
e Electromagnet stationery (EMS);
e Permanent magnet moving (PMM);

e Permanent magnet stationary (PMS).

The EMS is connected to a DC power supply to apply a vertical downward
force due to the repulsive force (Fgyg) between two magnets, viz., the EMS
and PMM. The PMM can move in a vertical direction on a slide and contain
the tool electrode. The movement of the tool and PMM assembly governs the
inter-electrode gap for the discharge process. The PMS, a permanent stationary

magnet, is fixed to provide floating force (Fpys) to the moving assembly.

All three magnets are aligned in a vertical line so that the PMM can float
over the PMS with influence of the repulsive balance force Fgyg and Fpyg. The
self-weight of moving assembly is supporting the repulsive force between PMM
and EMS. Thus, in equilibrium condition Fpyg — Frys + Weight of the assembly
of PMM and tool.
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Figure 3.1: Working Principle of MEDM

Electrical components and connections

A DC power source is connected with the EMS to push the PMM downward
to maintain the system in equilibrium. The DC power supply is connected with
the tool (-) and workpiece (+) in a parallel electrical connection. The potential
difference between the electrode and EMS is in parallel; therefore, both voltages

are the same.

The function of the SSBPLA

Initially, the system is in equilibrium, and the DC power source is at full
applied voltage ( open circuit ), with a small amount of current (about 200-300

mA) passing through the EMS. For EDM process to start, the workpiece is mov-
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ing upward, i.e., closer to the workpiece, with the help of a manual linear stage.
Once the inter-electrode gap reaches the threshold value of the gap, ionization
and discharge start between the electrodes. The voltage between the electrodes
drops, and the reduction in this voltage results in a reduction in the voltage at
the terminals of the EMS. Hence, it reduces its repulsive force. The reduction in
Frys will allow PMM and tool assembly to move away from the workpiece, and
as a result, the discharge process will stop. The gap voltage will increase and may
reach to the open circuit voltage. This increase in the voltage increases the Fgys
and the tool will move towards the workpiece. Further movement of the work-
piece towards tool will result in lowering the discharge voltage with an increase in
discharge current. Thus, tool motion between equilibrium conditions will cause
electrical discharge during motion. The aim of the mechanism is to reach an
equilibrium condition at a discharge voltage, and here continuous discharge will

be happening between the electrodes.

A true-scale working prototype was developed and is shown in Fig3.2 with an
enlarged view of the machining zone. As mentioned that the proposed technol-
ogy is based on the concept of magnetic levitation. Here, two magnetic repulsive
forces (Frys & Fpus) are balanced using two sets of magnets. One is an electro-
magnet (which acts as a bipolar linear motor), while the other two are permanent
magnets. A pure DC power source is connected to the electromagnet to energies
it. Further, the same DC power supply is connected in parallel to the tool and

workpiece in straight polarity as shown in Fig3.3. A pivot-bearing supported
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Figure 3.2: True scale working prototype of Maglev EDM; magnified view of

machining zone

actuator arm is used to hold the tool electrode along with a movable perma-

nent magnet (PMM). An electromagnet Stationary (EMS) is fixed just above

this movable permanent magnet (PMM) to facilitate the strong electromagnetic

repelling force (Fguys).
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Figure 3.3: Mechanics of servo stabilized maglev EDM system

Another permanent magnet stationary (PMS) is kept below this movable

permanent magnet (PMM), which keeps the tool electrode away from the work-

piece and offers the second magnetic repulsive force called force restoration (Fpys).The

complete arrangement develops two parallel electrical loops with the same poten-
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tial as per the Kirchhoff voltage law. One loop is in between the electromagnet
(bipolar linear motor) and permanent movable magnet (EMS & PMM), while an-

other loop is in between the movable permanent magnet and permanent magnet

stationary (PMM & PMS).

General specification of magnets are used

e Rectangular bar magnet

e Width: 1 cm

e Height: 3 cm

e Power/Strength: Depends on the electric current I in wire.

e ST unit N. Tesla-1

The mechanism is set in such a way that the magnetic repulsive force (Fgus)
moves down the tool towards workpiece, which reduces the electrode gap. The
electrode gap decreases the voltage potential of the power supply and thus the
magnitude of magnetic repelling force (Fgys). A situation where the magnetic
repulsive force and restoring force will be equal, i.e., (Fgms) = (Fpus). This is the
state of equilibrium at which the tool will oscillate to maintain the proper gap.
Fig3.4 depicts servo-stabilized gap control mechanism as well as the variation
of different magnetic forces. Curve 1 depicts the no-load voltage state (open
circuit voltage). Curve 2 depicts the electromagnetic repulsive force (Frys) that

acts between the electromagnet (EMS) and permanent magnet moving (PMM),
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pushing the tool electrode towards the workpiece. The restoring force operating
between permanent magnet moving (PMM) and permanent magnet stationary
(PMS) is shown in curve 3. The process begins at the far left of the graph
(point A), where the inter-electrode gap is significantly large and the applied
voltage potential is equal to the electrode’s no-load condition. The horizontal
axis in Fig3.4 shows the inter-electrode gap. The electrical resistance (R) between
the electrodes reduces with the gap distance. Therefore, the horizontal axis
represents the inter-electrode gap along with the electrical resistance. At the
extreme left, the gap and the resistance are maximum and reducing towards
right direction. At the extreme right the gap between the electrodes is zero
with zero resistance i.e., short circuit condition. The electromagnet is at its
maximum magnetic strength in this position. The tool begins to move towards
the workpiece due to the high strength of magnetic repulsive force (Fgusg), and the
distance between electromagnet stationary (EMS) and permanent magnet moving
(PMM) begins to increase. The inter-electrode gap d between the tool electrode
and the workpiece will be reduced as the distance between them increases. The
electromagnet’s magnetic field intensity will be decreasing in nature from point A
to point B when the voltage drops owing to ionization. As the magnetic repulsive
force reduced rapidly (point B onward), the restoring force (curve 3) will be
increased simultaneously. The inter-electrode will reach point C after a certain
tool movement. This is the point at which the electromagnetic repulsive force and
the restoring force are equal. To keep the electrode’s gap constant, the tool starts

oscillating around the equilibrium point (target point C). The discharge continues
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at this moment because the channel is entirely ionized. The tool should ideally
stay there for a few microseconds at this point, however, due to mass inertia, it
sometimes goes forward. The restoring force (Fpyg) becomes stronger than the
electromagnetic repulsive force (Fpys) as the tool travels forward, and the tool
retracts. An acceptable inter-electrode spacing has been maintained for smooth

and continuous discharge based on the above concept. The magnetic repulsive
Electromagnetic repulsive force (2) Restoring force (3)
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Figure 3.4: Schematic showing the basic principle of working of maglev EDM
system with actual arrangement of peripheral components
force acting between the two magnets with pole strength m; and ms and distance

T, is illustrated in equation (3.1)

my X My

T
Equation indicates the nature of magnetic force significantly depends on the
magnetic pole strength and the operating distance. As voltage is not varying
during the open circuit condition before breakdown hence, there is no change
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in magnetic poles strength. This means magnetic pole strength is constant and
it forms a straight line (see curve 1) before the breakdown point. But after
breakdown, the voltage decreases continuously hence magnetic pole strength is
also decreasing. This will form a straight with decreasing slope (see curve 1 after
breakdown). Later on, it is observed in equation (3.2) that the magnetic repulsive
force is also changing due to the variation in the distance in square terms. Hence,
it will form a parabolic curve up to the breakdown point. After the breakdown
point, the distance is still continuously changing in the square term (1/22) (see
curve 2) due to the voltage drop, hence it will again form a parabolic curve. As the
magnitude of the electromagnetic repulsive force decreased, the magnitude of the
restoring force will be increasing in nature (see curve 3). A situation will come
where both magnetic repulsive forces will be balanced (Fgys) = (Fpus).This
is the equilibrium point (target point C) in the curve about which tool will
oscillate to maintain the suitable gap and machining will occur. The magnetic
repulsive force (Fpms) experienced by the magnets(EMS & PMM) is given by
[113]. Similarly, the restoring force (Fpus) between permanent magnet moving

(PMM) and permanent magnet stationary (PM2) [113] is given in equation (3.2)

mo X M3

Fpus = k, (3.2)

T
where mo and m3 are the magnetic pole strength of, permanent magnets moving
(PMM), and permanent magnets stationary (PM2) respectively. In above two
equations X,, is the operating distance between the EMS and PMS while X, is

the operating distance between PMM and PMS. K; and K, are the magnetic

45



force constants. The voltage is applied across the electrodes in parallel to the
electric magnet, in Fig3.4. In a parallel circuit the voltage between parallel ports
is equal. As the electrode gap reduces (left to write in X axis of fig3.4) the gap
voltage decreases and hence the voltage applied to the electric magnet reduces.
The reduction in the voltage of the electric magnet reduces its strength. The

following equation (3.3) shows the general magnetic strength.

uwxV

~ S r T R (3:3)

Here, magnetic field (B) is directly proportional to Voltage (V), p is permeability
of free space, r is the distance of separation, R is electrical resistance of the coil.
Equation (3.1) presents the significance of magnetic pole strength with respect
to distance. In present technology, the inter-electrode voltage regulates the mag-
netic pole strength, and consequently, the gap between electrodes is adjusted by

repelling and attracting forces.

This technology presented a unique gap control system based on magnetic
levitation to improve machining productivity and servo response frequency. In
the proposed technology, fluctuation of 1mm is observed by high speed camera.
The motion was based on the magnetic force balance therefore, it is considered as

analog motion. The vertical motion resolution of the system was 100 micrometers.

In addition, a unique actuator arm technology is used to firmly lift the tool
and precisely position it for effective discharge. The tool electrode’s quick oscilla-

tion enhanced the gap condition by effectively flushing debris particles from the
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machining zone [140]. The positional response was assessed using digital image
processing (DIP) and the time displacement curve. The time transient voltage-
current curve (V-1 curve) was used to test the machining speed and stability.
The current state, pictorial view of the maglev EDM is shown in Fig 3.5 with the

enlarge view of the tool and work electrodes. The improvement in the design is

——

Micro positioning stage

Figure 3.5: The current pictorial view of the maglev EDM

ongoing process. Hence, maglev EDM in its refined form will be available soon

for industrial applications.

3.3 Summary
The present chapter explains the construction and working principles of the

Maglev EDM (MEDM). Fig 3.1 shows the principle and construction details
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of the MEDM. Fig3.2 shows the prototype of the currently developed MEDM.
Whereas Fig3.4 outlines the logic of the actual process and movement of the tool
electrodes with respect to the applied voltage. In the later section of the chapter,

specific components and a pictorial view of the MEDM were presented.
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CHAPTER 4

FEASIBILITY ANALYSIS ON CPTI WORK MATERIAL

(List of publications])

4.1 Introduction

The present chapter deals with the feasibility analysis of the proposed Ma-
glev EDM (MEDM) through a series of experiments. The chapter explores one of
the objectives of the present work, which is to perform a feasibility check on hard-
to-cut metals. The hard-to-cut material, commercially available pure titanium
alloys, is chosen as a workpiece because it exhibits machining difficulty. The fea-
sibility of developing EDM is the prime concern, so such difficult-to-cut material
is utilized as work material. The present chapter includes the experimentation
details, the result, and the discussion in the same order. The result and dis-
cussion sections briefly discuss the effect of various typical process parameters
on machining. Finally, the output responses like material removal rate, surface
roughness, and specific energy are computed and compared with the reported
work. The conclusive summary of the entire experimentation is summarized at
the end of the chapter. The summary of the work proclaims that the Maglev

EDM is superior to the conventional EDM in terms of better output response.



4.2 Experimental Methodology

The experiments were performed on commercially pure titanium (CPTI). A
small plate with a thickness of 3 mm. It was a raw sample and polishing was
not performed. The average area surface roughness of the raw sample was 2-3
micrometers (measured on non-contact profilometer zygo NV9000). CPTI is the
most commonly used material for making non-structural applications, such as
water channels, ducts, and pipes, owing to its high strength at elevated tem-
peratures, corrosive resistance, and good formability.A brass tool electrode with
a 2 mm diameter was used with deionized water as a dielectric medium. Both
electrodes were connected to a direct current (DC) power supply, so the cut-
ting tool and workpiece acted as the cathode and anode, respectively. The work
applies a 12 V open-circuit voltage and a 2-amp peak current through the DC
power supply. A digital oscilloscope (Tektronix, TDS2012C, 2-channel, 100 MHz
bandwidth) using a differential type voltage (TPP0201, Tektronix) and current
probe (65A-Hantek), BNC type, was used to assess the waveforms of the dis-
charge voltage and current. In four different experiments, the workpiece material

was eroded into the shape of a circular pocket with a 2 mm diameter.

The experiments were repeated three times to estimate the experimental
errors. A digital weighing pan (Mettler Toledo) with a minimum count of 10ug
was used to measure the weight of the workpiece before and after machining.
In this work, the distance between the electrodes and the movement of the tool

electrode were carefully kept at a play distance to get the most energy out of the
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discharge. The play distance has a finite value and does hamper the discharge,
as described by the V-I characteristics in the following sections. By putting

mini/micro dampers on the tool, the play distance was expected to be cut down.

4.3 Observations

The experiments were conducted systemically, and all the observations were
noted carefully. The following sections discuss the explanation and science behind
the occurrences of all response outputs. The entire process itself adequately
explained and validated the EDM. In the process, metal was removed from the
harder work-piece (CP-TT) without any physical contact with the tool (brass),
which is a comparatively soft material. In order to illustrate the procedure,
the voltage-current plot of Maglev EDM was described and contrasted with the
die sink EDM machine currently in use. In addition, the material removal rate
was analyzed and compared with the existing literature. The specific energy
of the machining is a measure of proficiency. Low specific energy shows high
machining efficiency. The specific energy of the machining was calculated for the
maglev EDM and compared with the existing literature, which showed that the
specific energy is minimum in maglev EDM for CPTI.The other critical response
in EDM process is surface roughness. The following sections provide insights into

the capabilities and proficiency of the Maglev EDM.

4.3.1 Discharge voltage-current characteristics
The discharge voltage and current characteristics play a crucial role in form-

ing the required appropriate spark between the electrodes. The discharge energy
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of EDM process can be given by the following eq. 4.1 as the product of current,

voltage and pulse time. Mathematically,
DischargeEnergy =V x I x T (4.1)
Where: V= Voltage (Volt) , I = Current (Ampere) and T= time (ps).

In general, during EDM, there can be five different types/conditions of
pulses, as shown in figure 4.1. These all are based on the input process variables.
In the first type, open voltage is the condition where the voltage is maximum,
and the current is minimum. This circumstance is an ideal condition in which
there is no removal of work material. The following condition is that spark or
normal spark conditions have sufficient capability to perform proper machining

that utilizes high current amplitudes between electrodes.

Break Down Voltage

Spark Sustain

W

Tﬂ;mﬁhﬂ

Open Spark Transition arc Stable Arc  Short

Time ps

Current (I) Voltage (V)

Time ps

Figure 4.1: The five different possible EDM conditions
[114]

The usual spark provides the proper delay for the breakdown and recovery
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of the dielectric strength of the liquid medium for the next pulse. The transi-
tion arc or stable arc is a common phenomenon except that the stable arc has
no high-frequency component as in a transition arc. However, the stable arc
differs from the normal discharge and has a weak high frequency signal com-
pared to normal discharge. In the last possible phenomenon, short-circuiting
is the state where the gap voltage is almost zero, and the current amplitude is
the highest. Short-circuiting occurs for various reasons, such as debris that are
formed between electrode gaps, shallow electrode gaps, or physical contact of
electrodes|[114]. Short- circuiting affects the process stability and leads to a lower
MRR with a poor machined surface. Further investigation of the voltage-current
waveform found that arcing is another harmful phenomenon for the quality of the
surface in EDM and micro EDM. The arcing results from the uncontrolled ther-
mal energy transformation during the process. Arcing is the successful discharge
of current before attaining the open-circuit voltage, which results in repetitive
discharge at the same location[115]. During arcing, the current flows in the same
plasma without recharging the capacitor and recovering the dielectric strength
of the previous discharge[116]. Experiments were carried out on a standard die
sink EDM to explain the conditions above. (SPARKONIX ZNC/ENC35). Fig
4.2 shows the voltage-current characteristics recorded during conventional EDM.
The plot shows arcing, short circuit, ionization, and normal discharge during

conventional EDM.

In the study of waveforms, it is observed that an ignition delay occurs as the
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Figure 4.2: Illustration of the discharge waveform of conventional EDM

voltage is applied between the electrodes, and the dielectric does not break down
immediately, which results in a slight static time lag. Therefore, the researcher
investigated the spreading of the ignition delay and determined that discharge oc-
curred after the activation time|[117].The discharge interval must be long enough
to generate and recover suitable plasma and dielectric strength respectively, to
achieve a stable spark. However, it has been reported that an interval that is too
long leads to a low MRR. Hence, the precise control of electrode movement is the
most essential, especially in micro EDM. In addition to the discharge interval, the
plugging of debris in the electrode gap, the electrode geometry, and inappropriate
input parameters affect the machining about arcing and short-circuiting (which

is the most undesirable). Therefore, steady discharge energy is the prime require-
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ment for micro EDMs. Hence, the attention and consideration of voltage-current

wave-forms are the most important in the process.

In the present work, a digital storage oscilloscope (DSO) was used to observe
the waveform of the discharge voltage and current. Figd.3 a and b illustrate the
discharge voltage and current wave-forms of the Maglev EDM. The waveforms
clearly express that the discharge is stable throughout the process. Since the
power supply is a pure DC power source, the Tiof f) time is zero in the wave-
form. Fig4.3 a shows multiple pulses, which show a uniform discharge after each
retraction of the tool. Fig 4.3 b shows two pulses in detail. No short circuit is
shown in the waveform, which is nearly impossible in conventional EDM. Instead,
an almost stable discharge with a negligible arcing at a few places is shown. The
proper discharge without short-circuiting ensures a higher MRR in Maglev EDM.
No ionization time is visible in the plot due to zero time in the process. This
finding again supports a high energy supply and less non-productive time and
enhances the MRR. Over all, the Maglev EDM proceeds continuously without
any abruption, as occurred in conventional EDM, indicating the Maglev EDM’s
proficiency. The proposed MEDM is fabricated out of an invention of “Self-servo
bipolar linear motor” This can be used in micro-EDM and macro EDM by varying

it power. In some cases, it is used for nano EDM also [118§].

Further, the EDM process is governed by either discharge voltage or dis-
charge current. In The present work discharge voltage is set at pre-defined value.

The interelectrode gap changes to attain the value of the set discharge voltage
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Figure 4.3: (a) Voltage and current characteristics showing stable and uniform
discharge; (b) detailed pulse characteristics.

based on the dielectric material. Therefore, the target is discharging.voltage
and not the gap between the electrodes. Manual linear stages have been used
in the current work and the workpiece is kept stationary. Since the EDM is a
very low-MR process, a stationary workpiece is sufficient to characterise the pro-
cess. Moreover, it is planned to use a motorised stage. However, it is not in the

scope of the present work.

4.3.2 Material removal rate (MRR)

The MRR and TWR are the most significant factors in the machining process
that affect the manufacturing firms’ productivity over time. The MRR is the
weight difference of the workpiece before and after machining, divided by the
machining time presented by Equation 1.1. Similarly, TWR is the difference in
the weight of the tool before and after machining and divided by the machining

time presented by Equation 1.2. The MRR is the key component to be considered
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from the economic point of view of any machining operation. In the field of EDM,
especially in the machining of hard to cut materials, MRR is always a prime
concern for researchers.
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Figure 4.4: Comparison of the material removal rate between maglev EDM and
the literature

Research continues to optimize this machining response from inspection to
the present era. As per figure 4.4, many researchers have suggested that the
tools and techniques enhance EDM from time to time. For example, the study by
Meena et al. [119] calculated the MRR at an average of 34.4microgram/min and
concluded that the voltage is the most influential parameter among all of the pa-
rameters. The MRR observed by Pradhan et al.[120] was 25.2microgram /minThey
produced micro holes in titanium alloy and observed that the pulse on time is
the most significant factor in MRR and that the peak current mainly affects

the TWR in micro EDM. They attributed the peak current to a higher MRR
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and high tool wear because of the monotonic increase in the high energy den-
sity. Later, Meena et al. confirmed that the current is the most promising factor
among all of the parameters of micro EDM for higher MRR. They observed the
MRR in the average range of 39.9microgram/min while machining commercially
pure titanium. The MRR measured by Kuriachen et al.[121] was in the average
range of 67.1microgram/min during the multi-response optimization technique.
They used multi-objective particle swarm optimization and considered that the
gap voltage influences the MRR, in micro EDMs. Rajamanickam et al.[122| cal-
culated the MRR in the average range of 34.7microgram/min. They used tap
water as a dielectric medium with and without additives to compare conductive

and nonconductive additives.

Tiwary et al.[123] observed the MRR in the 36.49microgram/min and con-
cluded that the pulse on time, the peak current, and the gap voltage affect the
range of MRR. During maglev EDM, the average measured material removal
rate is 76.6microgram/min, which is significantly higher than that of other con-
ventional EDMs for a similar range of discharge energy. In the current work,
the maximum TWR was observed at 8.5microgram/min, the minimum TWR
was noted at 2microgram/min, and the average TWR, was found to be 10%
of the MRR in Maglev EDM. The accumulation of eroded material on the tool
electrode and the absence of pressure flushing are the most significant causes of
the tool wear rate variation. The above results demonstrated the higher per-

formance of Maglev EDM due to the availability of continuous discharge energy
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with an external pulse of time compared to conventional EDM. In the current
work, the values of MRR and TWR are observed in natural flushing, which can
be additionally enhanced by employing a forced flushing system. Fig4.4 shows
the Comparison of MRR attained by conventional EDM and Maglev EDM. The
MRR is higher, showing the capability of Maglev EDM over other conventional
EDM systems. The Maglev EDM shows a higher MRR because of the superior
inter-electrode gap (IEG) control, which almost wholly removes harmful effects

such as short-circuiting and arcing.

4.3.3 Specific energy in EDM

In the previous section, a higher MRR was achieved in Maglev EDMs as
compared to the literature; however, a higher MRR could be due to the high
energy supply. The comparison could be fairer if specific energy could be com-
pared with the available literature. It could be helpful to explore a wide range of
literature with different input process parameters. The specific energy is required
to remove the unit amount of material from the workpiece. It is denoted by SE
and refers to EDM as in other machining processes. Specific energy is another

factor crucial to defining the machining productivity of any manufacturing firm.

In EDM, the SE is defined by Equation 4.2

DischargePower
SE =
MRR

(4.2)

Furthermore, here the discharge power can be evaluated in EDM as a product
of the discharge voltage, current, and duty factor. During the Maglev EDM, the

maximum MRR was achieved at approximately 82microgram/min, and the SE
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ranged from approximately 30.76t035.21.J/g in three repetitions.
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Figure 4.5: Comparison of the specific energy between the maglev EDM and the
literature

This finding indicates that the current Maglev EDM utilizes low energy to
erode the substantial material, which demonstrates the proficiency of the current
Maglev EDM over conventional EDM. A proper IEG produces efficient specific
energy (SE) by utilizing each power pulse during spark generation. The specific
energy of past reported work with Maglev EDM has been studied and presented
in figure 4.5. From the comparison plot, the specific energy is found to be lowest

in the Maglev EDM for the same range of MRRs compared to the literature.

4.3.4 Surface morphology and surface roughness

The quality of any machined surface can be demonstrated by the arbitrary
range of craters and hills formed during the machining process. In EDM, the
discrete discharge pulses are responsible for the quality of the surface. The ma-
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chining parameters significantly affect surface roughness, resulting in overlapping
craters and hills. The surface quality in engineering applications is an important
constraint, such as in the mould and die manufacturing industries|124]. The re-
cast layer is one of the downsides of EDM and is a prime issue to be considered
in the enhancement of surface quality[125]. The recast layer is one of the down
sides of EDM and is a prime issue to be considered in the enhancement of surface
quality [87]. The recast layer was developed by the lack of appropriate elimi-
nation of melted material and re-solidification, similar to quenching phenomena
[126]. Therefore, the recast layer is closely associated with the pulse duration.
The long pulse duration can reduce the thickness of the recast layer to a great

extent.

Furthermore, the recast layer’s thickness depends on the dielectric type, as
a study reported that kerosene dielectric form a thinner layer compared to other
dielectric media[127]. The long pulse releases more energy to enhance the effect of
the dielectric force and reduce the thickness of the layer further[128]. In addition,
it has been seen that the surface roughness values of the machined component are
increased at higher currents and during longer pulse duration|129]. Since the dis-
charge energy is associated with the melting and vaporization of the work-piece
material, with high discharge energy, larger craters are produced on the work sur-
face, which deteriorates the quality of the surface [130][131][132]. In addition, in
some instances, the process is further prolonged undesirably since the movement

of the electrode tool toward the work-piece and the extended movement of the
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tool result in short circuits during machining. This short circuit and arcing inten-
sify the discharge energy at a high level, and high energy deteriorates the surface
quality through uneven erosion of the work material and tool|14]. In the present
Maglev EDM, the material is removed from the workpiece in circular cavities, as
shown in figure 4.6. Under the recast layer, the heat penetration is prolonged on
the machining surface, and a heated zone is formed, called a heat-affected zone
(HAZ). Here, the surface morphology was detected by Zygo new view 9000 3D
optical profilometer and an OLYMPUS BX51 M optical microscope. From the

obtained images, the presence of the HAZ is evident, as shown in figure 4.6.

Cavity Top View : Cavity Cross View

Accumulated Debris
& ey R

Figure 4.6: Optical microscope and profilometer images of surface morphology

During the EDM process, the temperature of the HAZ does not reach the
melting point or vaporization stage. Hence, the heated material does not de-

tach from the location, however, the properties of the micro-structure change.
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Since the produced discharge energy is shared by each element of the process,
namely, the workpiece, dielectric medium, and tool, a HAZ is formed in both
electrodes|133|. More accurate results were obtained by re-tuning the machined
surface using a profilometer, demonstrating the HAZ created during the con-
struction of the appropriate 2 mm cavity. Furthermore, usage of natural flush-
ing technique, in the current experiments, accumulated unwanted debris on the
work-piece surface. The debris can be washed out or minimized by using forced
pressure flushing and a fresh dielectric medium. During the Maglev EDM, some
micro cracks are often seen in the work-piece surface of the thermal shocks and
quenching of the newly machined surface. Since the specific energy density is pre-
dominantly influenced by the current-voltage characteristics and the gap state of

the electrodes, the characterization of the surface morphology is more unstable.

In the present Maglev EDM, the waveforms and gap conditions were main-
tained to ensure a high surface finish with minimum loss of pulse discharge energy.
In Maglev EDM, the primary value of the surface roughness varies from 3.08 to
5.17 pm, and the average surface roughness is obtained at 4.085um. In figure
4.7, the average surface roughness of the Maglev EDM is presented and compared

with other micro EDM processes that have similar MRR ranges.

It has been observed that the range of the average surface roughness is lower
in Maglev EDM compared with other conventional EDM. The average surface
roughness in the current work was 4.3um, which was slightly higher than the

surface roughness obtained by Ahmed et al.[134], which was 3.67 pum. They
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Figure 4.7: Comparison of the surface roughness

employed a forced flushing technique to carry out the debris and eroded metal
particles, whereas natural flushing was applied in the current Maglev EDM case.
However, other researchers have determined various surface roughness ranges,
such as Kumar et al. [135] who obtained an average surface roughness in the range
of 5.95 pm. They used the hybrid Taguchi artificial neural network approach to
predict the surface roughness under different conditions. The average surface
roughness observed by Singaravel et al. [136] was 5.06 um. They tested and
concluded that vegetable oil did not function as a dielectric medium in a few

cases and enhanced the surface roughness compared to other dielectric media.

Sahu et al. [137] observed an average surface roughness in the range of 5.88
pm during comparative experiments of various tools. The average surface rough-
ness observed by Oliver et al. [138] was 6.57 um. The research that contributed

to the field of EDM of hard-to-cut materials pointed out that the peak current

64



is the most significant parameter and leads to unwanted material removal during
EDM. The pulse on time is the second factor that affects the surface roughness.
Both parameters ultimately increase the specific energy density while machining

and affect the mechanism of the material removal rate.

4.4 Summary

The Maglev EDM is explored by experiments on the CPTT work-piece using
the brass electrode. The results revealed that the proficiency of the Maglev EDM
was higher than that of the conventional EDM. In addition, the material removal
rate, specific energy, and surface morphology were studied as output responses
and compared with the available literature. The following conclusions are drawn

from the current work:

e MRR is higher in Maglev EDM than in conventional micro EDM due to the
near-zero pulse of time. This relationship increases the desired discharge

energy throughout a longer period.

e The TEG is precisely controlled and regulated by the maglev servo mech-
anism as per the requirement of the EDM. The spark gap is accurately
maintained by the logical arrangement of the magnets using the Maglev

lucidity and replacing them with a conventional servo mechanism.

e The short circuit is the prime concern in conventional micro EDM; short
circuits deteriorate the surface quality and increase the Tool Wear Rate.

At present, Maglev EDM has resolved such issues to a great extent.

e Maglev EDMs shows less specific energy than other conventional EDMs
by replacing the conventional pulsed power supply and effectively utilizing

maximum energy.
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CHAPTER 5

FEASIBILITY ANALYSIS ON TITANIUM ALLOY
WORK MATERIAL

Publication is under reviewl

5.1 Introduction

The present chapter deals with the feasibility analysis of the proposed Maglev
EDM (MEDM) through a series of experiments. The experiments were performed
on the Ti-6Al-4V alloy with a tool made of soft brass (in comparison to Ti-6Al-
4V) with a 2 mm diameter. Deionized water was used as a dielectric medium
during the machining process. It is well known that titanium alloys, mainly
Ti-6Al-4V, have wide application in the biomedical, aeronautical, and marine
industries, as they have several excellent properties such as a high strength-to-
weight ratio, high corrosive resistance, high wear resistance, and high strength
at a higher temperature. Therefore, titanium is a suitable material to detect the

feasibility of maglev EDM.

5.2 Experimental method

A preliminary experiment was done, and the optimum initial electrode gap
distance attained was ~ 1 mm at 12 V open circuit voltage and 2 A peak current.
The circular dimples were formed using three repetitions of 10 minutes and a 1

mm initial gap distance.



5.2.1 Discharge waveform
Various shapes of pulse have been revealed in studies, which are dependent
upon the type of pulse generator applied during the EDM process. These pulses

have exposed significant effect on MRR and surface roughness of the workpiece

[139).
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Figure 5.1: Discharge waveform of maglev EDM process (a) Single-pulse; (b)
Multi-pulses

Therefore, pulse shape plays a crucial part in confirming that the newly de-
veloped maglev EDM works correctly in a continuous manner. The discharge
waveform throughout maglev EDM process during single pulse and multiple
pulses are shown in Figh.1 (a & b) respectively , which were taken on digital
storage oscilloscope. Fig 5.1 (a & b) time vs. voltage and current graphs are
shown. In this graph time is changing on X-axis, while voltage (yellow line) and
current (blue line) are on Y-axis. From Fig 5.1a it is visible that the average dis-
charge voltage and current are 6 volt and 1.2 Amp respectively.In maglev EDM
short circuit is not obtained since the minimum voltage in the waveform is above
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zero volt in fig 5.1 (a & b). Similarly, this figure is not showing open circuit
voltage; it indicates no open circuit condition during the machining. Although it
shows an instability for a fraction of a second in ~ 20-30 seconds, it may be due
to the debris between the electrodes. Thus, stability during maglev EDM (with-
out short circuit/open circuit) is higher than in the conventional EDM process
(presence of short circuit). In figure 5.1 a, it is illustrated that the pulse width or
pulse on time is very high as compared to pulse off time which results in ignition
delay. Therefore, discharge energy from maglev EDM is very high compared to
the conventional EDM method, since discharge energy is dependent upon pulse
width. Resultantly, shorter ignition delay has produced higher discharge energy
between the inter electrode gaps within the pulse duration. Therefore, larger
volume of material is removed within a given amount of input power through
maglev EDM. From discharge waveform in every chapter, it was observed that
short circuit does not exist in maglev EDM mechanism, even with the usage
of still dielectric. Therefore, higher duty cycle and continuous discharges were
achieved. In Maglev EDM the duty cycle was achieved nearly 95%. Whereas it is
quite difficult or nearly impossible to achieve the smooth waveform without short
circuiting or arcing in conventional EDM process. Even the duty cycle usually

observed in conventional EDM may be 50 to 70%.

In figure 5.1 b, the average discharge waveform is continuously observed
without interruption. It is observed that during maglev EDM process, debris does

not occur between inter electrode gaps, hence, stable discharge is achieved during
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entire machining time. Further, the observed voltage-current plot of Maglev
EDM with the time scale is presented in figure 5.1 a and b. It is observed
that most of the voltage and current waves are stable and uniform. Only, the
sudden downfall in the discharge voltage indicates the quick ionization without

ignition delay which results in continuous EDM. In addition to the above the plot
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Figure 5.2: Positioning response of maglev EDM in terms of time displacement
curve
[140]

of the time-electrode displacements were observed using a high-speed camera
(FASTEC imaging, Model IL5LM4, USA, resolution SVGA 800 x 600, 12-bit
CMOS sensor, shutter 3 psec) during quick retraction and positioning. The time-
electrode displacement curve for rapid positioning and retraction is presented in
figure5.2. The plot shows that for a unit mm positioning stroke, the machine
accomplished a positioning resolution of nearly 10pm. The initial interelectrode
gap was set at 1 mm, and the maximum travel shown in figure 5.2 is 1000 pm.

This additional 80 mm travel of the tool can be justified as the tool is returning to
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its original set position; it crosses the initial set distance due to inertia. Further,
the plot shows that the tool electrode is stable for microseconds on the topmost

position for the stable gap condition before the forward stroke.

5.2.2 Predictive modeling

In analytical approach researchers tried to develop a thermal model to pre-
dict MRR and surface roughness aimed at a single spark or pulse, then multiplied
it with number of pulses to predict the final MRR and surface roughness. These
approaches have taken various assumptions such as the size of plasma chan-
nel, crater size, temperature distribution and mode of heat transfer. Therefore,
these models are validated through a specific, definite type of EDM process. In
present modelling, dimensional analysis approach is taken through Buckingham’s
7 theorem [141] and multi variable regression analysis|142] to find out values of
power index and linear coefficient. Various researchers have done mathematical
modelling of EDM process through dimensional analysis. These studies took dis-
charge energy and workpiece material property during mathematical modelling.
In actual practice, dielectric medium and tool material affects the MRR and av-
erage surface roughness (Ra) of EDM process, which has been observed in several

studies [143] [144][145].

In present work, during dimensional analysis workpiece material properties
such as melting point temperature, density and thermal conductivity were taken
as non-variable by taking identical workpiece in modelling. These workpiece

materials’ values were included in the value of linear coefficient and power index
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constant of Buckingham’s 7 theorem. It is understood by the previous studies
[144][145] that MRR and Ra are influenced by the energy density of plasma
(dependent upon tool material characteristics which A and o represent), the
dielectric medium (represented by D, and «); and the EDM machining condition
parameters (represented by T, I, Vy, PandDy). These symbols have the usual
meaning, which is given below in Table 5.1. From these parameters, a complete
dimensionally independent (CDI) subset or repeating variables were selected to
form a group of the dependent variable and other independent variables as non-

dimensional 7.

Table 5.1: Dimensions of parameters applied on dimensional analysis

Parameter Category | Parameter Symbol | Dimension (MKSA)
Discharge Time Ton T
Surface Area of tool A L2
CDI Subset Discharge voltage vd ML2T-31-1
Flushing pressure P ML-1T-2
Discharge current Id I
Duty factor Df -
Independent term Thermal diffusivity « M-1L-3T3I2
Dielectric strength Ds MLT-3I-1
Tool electrical conductivity | o M-1L-3T3I-2
Dependent term Material removal Rate Mr MT-1
Surface roughness Ra L

The four parameters T,,,,A, Vy, and P are selected as CDI subset and remain-
ing 5 independent parameter are selected to form non dimensional % parameter
indicated below in Table 5.1. The MRR and Ra can be expressed in a relationship

as follows-

M, =f(T, xIgx Vagx Px Dy x Ax o x D x ) (5.1)

Ry = f(Ton, x I4 x Vg x Px Dy x Ax o x Dg x a) (5.2)

From equation 5.1 and equation 5.2, it is evident that both the dimensionless
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homogeneous equations have ten variables with four fundamental dimensionless
coefficients, therefore according to Buckingham’s theorem [146] the solution can

be given in the form of a product of six independent dimensionless 7 equations.

By applying Buckingham’s theorem each dimensional term can be stated as

shown in equation 5.3, 5.4, 5.4, 5.5, 5.6, 5.7, and,5.8.

w = f(To, A"V P M,) (5.3)
m = f(To3 A®V?PPR,) (5.4)
m = [(To APV PPy (5.5)
m = (T A"V P"Dy) (5.6)
w = [(Ton APV{"PPa) (5.7)
m = f(Ton APV P D,) (5.8)

By solving the above equations as per Buckingham’s 7 theorem [141] and replac-

ing dimensionless parameters 7s, equations can be rewritten as follows equation

5.9 and 5.10.
f M’I’ ]dTon‘/d D5A0.5 OTonv2 -0 (5 9)
T, A05p’ Atsp 70y p )T '
f(Bo LTaVa DA 0T,V _ (5.10)
T,,A05p’ Atsp 7l Ty p )T ‘

Applying power law to evaluate the eq. (5.9) and (5.10) give
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In the above expression, equations 5.11 and 5.12 are the final equations from
which prediction of MRR and Ra is achievable after finding the values of linear

coefficients and power indexes of both equations.

To find the values of constants (K1, K2,v1,v2, wl, w2, x1,22,y1,y2, 21, and,
22) multi-variable regression analysis [142]is applied with the help of experimen-
tal values of previous published results. It is observed from various predictive
models that; they were simply applying experimental values of their own EDM
setup [147-149]. The predictive models were not feasible for other EDM setup
since the servo mechanism or control mechanism changed during every setup.
Therefore, in current predictive modelling, experimental results of different EDM
setups were considered. The following table 5.2 shows the experimental values
of previously published works [150-154] which were applied in multi variable re-
gression analysis. Identical units were taken throughout the parameters to find
the values of linear coefficients and power indexes. In general the noise is a part
of the EDM process, but it does not affect the output parameters such as MRR,
or surface roughness. Hence the present study did not consider noise for math-
ematical modeling. In mathematical modeling, the key factors which affect the
output parameters were considered and some were neglected due to their relative

insignificance.
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Table 5.2: Parameters and their values applied to develop mathematical model

Parameter [150] [151] [152] [153] [154]
Discharge Time (min) 3.33E-06 8.33E-07 0.000005 1.08E-06 2.50E-06
Surface Area of tool | 78.57 78.57 78.57 154 50.29
(mm2)

Discharge voltage (V) 200 20 25 115 75
Flushing pressure | 0.005 0.00005 0.021414 0.005 0.0153
(Kgf/mm2)

Discharge current | 20 20 10 20 6

(Amp)

Duty factor 0.3 0.5 0.85 0.6435 0.03
Thermal diffusivity | 5.34 8.58 4.428 4.428 4.428
(mm2/min)

Dielectric strength | 18000000 80000000 4700000 4700000 4700000
(V/mm)

Material removal Rate | 2.24E-05 2.98E-05 2.37E-05 3.04E-05 2.64E-06
(Kg/min)

Surface rough- | 4.49E-03 2.65E-03 6.88E-03 5.38E-03 7.39E-03
ness(mm)

5.3 Results and discussion
5.3.1 Model validation and prediction

By multi variable regression analysis, values of linear coefficients and power

indexes are found; hence equation 5.11 and 5.12 are established as follows.

]dTon‘/;l 1.0614
= 0.5
M, = 5.585E — 10(T,,, A** P) < L ) . -
5.13
D 0.3123 OéTon —1.6954 DSA(O'5) 0.8303 O'TOnVQ —0.3235
IT V 0.1914 aTn 0.1556
= 0.5 ( ZdZon7d 0.0067 o
R, = 14.289A (W) D, ( L ) |
(5.14)

() ()

The above equation 5.13 and 5.14 are the concluding equations of mathe-
matical modeling, which were obtained with the help of the Buckingham theorem
and multivariable regression analysis. This model is unique from earlier, since
it includes experimental values of different experimental setup to facilitate the
diversity of the EDM setup. This model includes properties that were not taken

in the previous modeling and that affected the MRR and Ra with great extent.
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The following formula calculates the experimental MRR of maglev.

This model includes properties that were not taken in the previous model-

ing, and they affect the MRR and Ra to a great extent. The following formula

calculates the experimental MRR of Maglev EDM.

Experimantal M RR =

Finalweighto fworkpiece — initialweighto fworkpiece

Machiningtime

(5.15)

Prediction results of MRR and Ra excellently matched with the experimental
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Figure 5.3: Experimental vs. Predicted result during different EDM process (a)
MRR; (b) Average surface roughness

results of EDM setup which were taken into consideration during calculation of

constant of model. Although, prediction results were not matched with maglev

EDM setup results, a difference in prediction and experimental results of maglev

EDM setup was observed. The reason for not including the maglev EDM exper-

imental result is to compare it to the conventional EDM method and see how it

differs.

Thus, evaluation of maglev EDM setup from other conventional EDM setup



can be achieved. Fig 5.3 a & b shows the experimental vs. predicted value of
MRR and Ra, respectively. It is observed from fig 5.3 a that the experimental and
predicted value of MRR is maximum during Kolli and Kumar|153| experimental
setup while minimum in maglev EDM. Here the critical factor is discharge volt-
age and current, which is minimum during maglev EDM process. Additionally,
several other parameters also affect the MRR and Ra. Since maximum discharge
voltage and current were given during Kao et al. experiment, nevertheless, max-
imum MRR and Ra was not observed during their experimental setup. These
parameters are duty cycle, pulse on time, dielectric medium, plasma density and
tool electrode material which were included in present mathematical modeling.
During the maglev EDM process the MRR was increased by 66.23% which was
higher than the predicted results. This shows that maglev technology is better
than the expected result in MRR. Experimental Ra in machined surface of ma-
glev EDM is obtained from profilometer Zygo new view 9000 and it is explained
below in next section; characterization of surface morphology. From figure 5.3
b, it is observed that experimental value of maglev EDM were varying higher
than predicted value. Minor variation in Ra within predicted and experimental
results can be concluded as the effect of deviation in quenching rate, which was

not included in mathematical modelling.

Moreover, during maglev EDM process MRR result (66.23%) was increased
higher than Ra (38.1%) result. Average % error observed in prediction of MRR

and Ra was a mere, less than 1% in EDM setup, which was included during math-
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ematical modelling. Hence, excellent prediction results were achieved through
mathematical modelling. It is a general trend that increment in MRR will in-
crease Ra. Although, by observing figure 5.3 a & b, it can be concluded that the
general trend is wrong and MRR is not directly proportional to Ra of the mate-
rial. There are certainly other factors on which Ra and MRR of material depends
such as tool material, dielectric medium, quenching rate and energy density of
plasma. In the maglev EDM process, small tool diameter was used and energy
density of plasma is too high as mentioned in figure 5.3 b. As a result, Plasma
energy density and specific energy during maglev EDM is maximum, accord-
ingly, highest % error in prediction is obtained during Ra. Therefore, it can be
concluded from mathematical modelling that MRR in maglev EDM is achieved
more than the expected or predicted result, without ample increment in Ra of

workpiece material.

5.3.2 Characterization of surface morphology

The 3D machined surface on maglev EDM is characterized and analyzed
using optical profilometer Zygo new view 9000. Fig 5.4 a & b depicts the three-
dimensional surface topography taken on it. In this figure, height of the lump
and depression on machined surface can be seen. In figure 5.4 a, it can be
observed that the diameter of material removed from the machined surface was
approximately 2 mm. From figure5.4 a, it can be concluded that the value of
over cut is relatively low during maglev EDM process. In maglev EDM process,
continuous sparking phenomenon removes material to form craters and these

craters play a crucial role in elaborating on surface topography.
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Cylindrical cavity on Ti-6Al-4V HAZ Crater

oo |

(@) (b)

Figure 5.4: Surface morphology during maglev EDM (a) 3D profile map of whole
texture; (b) 3D profile map of machined surface

It is clear from figure 5.4 a & b maximum height of the machined surface
can be observed at approximately 250 pm. In figure 5.4 b the highest valley
and peak is 173.347 x 173.347 um? area and approximately micron size semi-
spherical shapes craters are achieved through the maglev EDM process. Figh.5
shows the machined surface 2D profiles with different scale taken from the optical
microscope Olympus BX-52 and Zeiss field emission scanning electron microscope
(FESEM). Fig 5.5 b shows the image captured by the optical microscope and Fig
8(c) shows the FESEM image of the inside area within the machined surface.
During maglev EDM process, de-ionized water was filled inside the workpiece
holder. Combination of still water with concentrated discharge energy produced
oxides layer on the upper surface of the workpiece. Fig 5.5 b & ¢ show long micro
cracks, micro pores, material accumulation and metal globules. The difference of

contraction stress within surface surpasses the material’s ultimate tensile stress.
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Therefore, long micro cracks are formed.

—

Machined surface Material accumulate Micro debris

Oxide layer

xxxxx

Micro pores

(a) (b) (©
Figure 5.5: Surface morphology during maglev EDM (a) 2D profile of whole dim-
ple (b) 2D profile with 20 pm scale of maglev EDM taken from mi-

croscope (¢) 2D profile with 3 um scale of maglev EDM taken from
FESEM

It can be observed from surface morphology revealed in figure 5.5 b & c that
the surface irregularities and color change with an increase in discharge power.
Heat affected zone (HAZ) can be seen in figure 5.5 a & b,since Ti-6A1-4V has
low thermal conductivity and the surface layer is heated up during thse EDM
process, however, the material is not removed. Therefore, from figure 5.5 ¢, it
can be inferred that too much micro-debris are collected on machined surface in
spherical nodules . Since, the quantity of micro size debris was excessive in maglev
EDM, still deionized water was used. Therefore, debris of micron size were not
removed from machined surface, while debris of macro size were removed by the

oscillatory motion of the tool electrode.

figure 5.6 is plotted with the help of the optical profilometer Zygo new view
9000 and as per the ISO 4288-1997 standards, to measure the Ra between 2 -10
pm, the sampling length should be between 2.5-12.5 mm. Although, machining
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roughness(Ra)

Root mean sqaure
roughness (Rq)

Skewness (Rsk)

Kurtosis (Rku)

Olteration 1 483 6.2 -0.48 14.1
O lteration 2 6.86 8.05 -0.1 25.7
Iteration 3 4.88 5.78 -0.12 17.82

Figure 5.6: Roughness values observed on machined surface during maglev EDM
by Optical profilometer

is achieved by 2 mm diameter tool, four slices of 2 mm length were made in
machined area to measure the average value in iteration one, two and three.

Filter was applied from 0 to 1 mm to measure the surface profile without form.

In figure 5.6 root mean square roughness (Rq), skewness (RSk), Ra and
Kurtosis (Rku) of the machined area is shown. Ra signifes the average deviation
of asperities roughness from mean line throughout sampling length. Maximum
Ra is observed in iteration two since the MRR is higher in it than the other
two. Moreover, an additional reason of high Ra in iteration two in comparison
to iteration one and three is high pulse on time. It has been reported that the
higher pulse on time crater size is unavoidably larger [155], it results in higher
Ra of workpiece. Rq shows the standard deviation of distribution of surface
heights and maximum Rq is observed in iteration three than in iteration two. It

displays that surface heights of machined surface during iteration three is more
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randomly distributed. The skewness of a profile shows the profile’s balance about
the mean line, which means if several peaks and valley are equal, then it will
show zero skewness. So a positive skewness value shows high peaks and negative
skewness shows deep scratches or more valleys. During maglev EDM in all three
iterations, negative skewness is detected. Therefore, it can be concluded that
maglev EDM is constructing the craters and removing asperities, which existed
before the machining workpiece surface. The present maglev EDM mechanism
phenomena displays a perfect characteristic of EDM process. Moreover, minimum
skewness value is observed in iteration two and maximum in iteration one, this
value validates that the surface roughness is minimum in iteration one and MRR
is maximum in iteration two. Kurtosis value is the sharpness of the probability
density of a profile. According to it, a value lower than three, signifies less
number of high peaks and low valleys present in profile, while value more than
three indicates higher number of high peaks and low valleys. During maglev EDM
process, kurtosis value shows minimum number of high peak and low valley in

iteration two, which approves a high MRR value during iteration two [156].

5.3.3 Evaluation of the specific Energy

In present work, specific energy is termed as the minimum amount of en-
ergy (in Joule) required to remove a unit mass (in ugm) of workpiece material
(Ti-6Al-4V). Minimum specific energy value means higher MRR with less dis-
charge power supply. Therefore, performance of different experimental setup is
evaluated based on it. According to it, an experimental setup with minimum

value of specific energy is best and vice versa. In this calculation, duty cycle is
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included to exclude the amount of discharge power that is wasted during pulse off

time. Five published research articles were referred along with the results of the
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Figure 5.7: Specific energy comparison of different experimental setup
[157]
maglev EDM to accomplish evaluation based on specific energy to remove ma-
terial. The specific energy to remove the material from Ti-6Al-4V is calculated,
and its assessment can be seen in figureb.7. It shows Kao et al. EDM process,
wherein the specific energy required to remove the material was approximately
five times more than maglev EDM process. It can be observed that they have
applied copper tool of 10 mm diameter with high amounts of input power. How-
ever, duty cycle, excessive voltage and dielectric medium (kerosene) increases the
specific energy required to remove material. Moreover, excessive voltage devel-
ops arcing more than beneficial discharge pulses, which leads to the wastage of
input power. Kerosene with higher amount of input power enhances the forma-
tion of carbide layer on upper surface, which results into an increment in the
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wastage of discharge energy to remove it. In the assessment it was seen that
Tang and Du EDM setup took less amount of specific energy than maglev EDM.
They achieved it by optimized application of discharge voltage, current, dielectric
medium (water) and duty cycle. However, the leading cause of difference between
specific energy of reported work and maglev EDM is the excessive influence of
tool material (copper vs. brass) and its diameter (10 vs. 2 mm) on the amount
of plasma energy density.In assessment, it was observed that Rahul et al. applied
cryogenically treated copper tool of 10 mm diameter with high flushing pressure.
High flushing pressure reduced the occurrence of several short circuit and debris
formation on the upper surface. Additionally, by cryogenic treatment of cop-
per tool they improved electrical and thermal conductivity [152]. Subsequently,
they achieved approximately five times less specific energy to remove material
than maglev EDM. Kolli and Kumar have achieved highest MRR, however their
specific energy was poor than maglev EDM. This condition arose because they
applied excessive voltage and 14 mm diameter copper tool with EDM oil, produc-
ing excessive carbide layer and high plasma energy density. Additionally, pulse
on time was very low, therefore excess arcs were produced than discharge pulses,
which increased the wastage of input power. The duty cycle during Nair et al.
experiment was the lowest (3%) which enhanced the wastage of input power.
Moreover, instead of copper tool they applied a brass tool, with lower electrical

conductivity, similar to the maglev EDM experiment.

In figure5.7 it can be observed that Sisodiya et al. consumed more specific en-
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ergy compared to other works. According to A(thermal conductivity). #(melting
point temperature) theory[158|[159]|machining through EDM process is low for
the material which have high value of multiplication of A & 6.1t was observed
since CpTi is applied as workpiece material during Maglev EDM process and ac-
cording to A. @ theory, CpTi has less machining capability during EDM process
than Ti-6Al-4V alloy. Therefore, specific energy consumed in machining CpTi is
higher than Ti-6Al-4V alloy. Additionally, CpTi has approximate double thermal
conductivity than Ti-6Al-4V alloy, which allows heat to transfer through it more
easily than Ti-6A1-4V alloy. Hence, material removal through melting and evap-
oration becomes difficult during machining of CPTI.The preceding comparison
of specific energy consumption revealed significant differences from the reported
work. So in one reported work, the author computed the actual energy and found
that it is constant for multiple sets of parameters[160]. From above discussion it
can be determined that the maglev EDM setup during machining Ti-6A1-4V alloy
has shown comparably better specific energy as opposed to other EDM setups.
Additionally, CpTi machining during Sisodiya et al[157] had higher specific en-
ergy due to the \. 6 theory of EDM process. In the research stated in published
articles, CNC EDM machines were used during experiments, whereas newly de-
veloped maglev EDM has no CNC control. When experimental parameters of
experiments were compared, the reason for low specific energy was detected to
be plasma energy density (tool electrode diameter), continuous flow of dielectric
medium with pressure and copper electrode. It can thus be concluded that the

cheaper maglev EDM setup can achieve better results than many other expensive
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conventional EDM setup, if similar parameter of process are used, as it can work

at higher duty cycle without short circuit throughout an extended period.

5.3.4 Summary

The maglev EDM mechanism is developed to assist and drive the tool elec-
trode to maintain the optimum electrode gap. Furthermore, the Maglev EDM
control mechanism could reduce the possibility of irregular electric discharge,
leading to enhanced machining efficiency. In this investigation, the stability of
the maglev EDM was observed by the analysis of discharge waveforms, and the
machining characteristics such as MRR and surface roughness parameters. The
mathematical modelling was achieved with different experimental setup results
to diminish the effect of similar servo mechanism. This study can be concluded

as follows-

e The experimental results of discharge waveform, surface morphology and
MRR validate that the maglev EDM mechanism can do a stable EDM pro-
cess. The controlled spark between electrodes produces optimum amount

of discharge energy to remove the material.

e From discharge waveform results it was observed that short circuit does
not exist in maglev EDM mechanism, even with the usage of still dielectric.
Therefore, higher duty cycle and continuous discharges were achieved as

compared to conventional EDM process.

e Prediction error of MRR is higher than the prediction error in Ra since
high plasma energy density is achieved during maglev EDM. A higher ex-
perimental result than prediction result of MRR shows that maglev EDM
produces better results than expected without ample increment in Ra of
Ti-6Al-4V alloy.

e It was observed from machined surface that during maglev EDM process,

increase in pulse-on time causes enhancement in several craters and their
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size, as a result MRR and Ra are increased.

It is established from mathematical modeling prediction results that MRR
and Ra have no direct relation with each other. Other factors include
the amount of plasma energy density, tool material and dielectric medium,
which have equivalent impact as discharge energy and workpiece material
have on MRR and Ra.

It was detected that static dielectric medium placed micro-debris on ma-
chined surface and macro-debris were removed by controlled oscillation of

tool electrode.

From the surface roughness parameters Ra, Rq, RSk and Rku, it is con-
cluded that that maglev EDM control mechanism forms craters and remove

asperities that existed on surface before the machining.

Specific energy of material removal results have concluded that the maglev
EDM generates excellent results as compared to various conventional EDM
mechanisms. Therefore, the maglev EDM control mechanism can work as
low cost sustainable manufacturing substitute for high cost conventional
EDM machine.



CHAPTER 6

FEASIBILITY ANALYSIS ON INCONEL 625 WORK
MATERIAL

(List of publications2)

6.1 Introduction

This chapter deals with the feasibility analysis of the proposed Maglev EDM
(MEDM) through a series of experiments. The workpiece and tool material for
the experiment were Inconel 625 with a specimen size of 30 mm x 20 mm x
2 mm, and a cylindrical copper rod with a diameter of 3 mm and a length of
10 mm was used. The workpiece material was chosen because it falls into the
difficult-to-cut category and presents research problems regarding machinability
using traditional methods. Furthermore, the material has unique features such as
good corrosion and wear resistance at high temperatures and pressures, making

it popular in industrial applications [161].

The machining feasibility of maglev EDM was examined, and the find-
ings were compared with those reported in the literature. The experimental
results demonstrate that specific energy consumption (SEC), material removal
rate (MRR), tool wear rate (TWR), and average surface roughness (Ra) were
all within the ranges of reported work. The surface morphology, material migra-

tion, and diffusion phenomena were further examined using field emission scan-
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ning electron microscopy (FESEM) and electron diffraction X-ray spectroscopy
(EDX), respectively. The proposed technology might serve as an alternative to

EDM'’s servo gap control.

6.2 Materials and Methods
6.2.1 Workpiece and tool material

The thermophysical characteristics of workpiece and tool materials, as well as
their elemental composition and mechanical characteristics, have been highlighted
in Tables 6.1 and 6.2. The dielectric medium utilized in the experiment was
commercial grade EDM oil (specific gravity 0.753, kinematic viscosity (at 40 °C)

2-3 ¢St, dielectric strength 45 KVA.

Table 6.1: Chemical constituents (% weight) and mechanical properties of Inconel
625 workpiece

Elemental composition | Ni Cr Mo Ti Fe Mn | Nb+Ta | Si | C Al S
% Weight 58-71 | 19-23 | 08-10. | 0.4 | 0.5 | 0.5 | 3.2-3.8 1 0.1 | 0.4 | 0.015
Mechanical properties

Mass density 8.44 g/cm?®

Melting Point 1290-1350°C

Elastic modulus 205.8 GPa

Tensile strength 940 MPa

Yield strength 430 MPa

Hardness 88 (HC)

Table 6.2: Thermo mechanical property of tool electrode (Copper) material

Thermo-physical Properties Value
Composition 99.9% Cu
Density 8.904 g/cm?
Melting point 1083°C
Hardness 100 HB
Electrical resistivity 9 puf2-cm

6.2.2 Experimental Procedure

Prior to machining, the tool and workpiece’s cross-sections were polished on
a disc polishing machine with emery polishing paper of grades 1500 and 1800.
(Chennai Metco). After that, a velvet cloth with diamond paste is used to create
a mirror-like finish. It is necessary for a clear view of the crater that has formed
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on the machined surface. Pilot tests were used to identify the extremely low
and high values of process parameters in terms of gap voltage, gap current,and
duty factor. The machining is stable at a gap voltage of 6-8 V (no-load voltage
12 V) and a gap current of 400-500 mA, according to the results of pilot tests
(peak current 1 A). The level of experimental condition for maglev EDM was
determined based on the pilot experiment and is listed in Table 6.3 along with

obtained output responses.

Table 6.3: The measured gap voltage, gap current and duty factor in four itera-
tions during processing of Inconel 625

Open circuit voltage (V) | Discharge voltage (V) | Discharge current (A) | Duty factor | Machining time
7.12 0.47 0.9564
6.8 0.45 0.9564 .

12 A 0.46 0.9564 10 minutes
7.15 0.48 0.9564

In the current experimental work, the workpiece was connected to the pos-
itive terminal while the tool was connected to the negative terminal of the DC
power supply. The workpiece is dipped in EDM oil and an open-circuit voltage
of 12 V is applied by fixing the maximum peak current of 1 A across the load.
The tool starts oscillating along the thrust direction to maintain the constant
inter-electrode gap. The machining starts at a discharge voltage of 6.5-7.5 V and
discharge current of 400-500 mA. During discharge, the electrical information in
terms of the current-voltage waveform is captured in a digital storage oscilloscope
(DSO) via a differential type current and voltage probe. This information was
further used to calculate the discharge power and specific energy consumption
rate of workpiece material. The material removal rate (MRR) and tool wear rate

(TWR) was calculated using the weight reduction method i.e., by measuring the
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difference between initial and final weight before and after the machining using a
highly precise weighing machine (Mettler Toledo, accuracy one pg). There were
four trial experiments were carried out to observe the various readings. However,
it was observed that to maintain the constant, the inter-electrode gap tool must
be advanced, which is maintained with the help of driving voltage for the required
adjustment in magnetic force. Sometimes, due to the mass inertia of the tool,
the restoring force becomes larger than the repulsive force; hence, in order to
maintain the constant inter-electrode gap, the tool realises some upward force in

the Z direction. The upward force seems to be a thrust force.

6.3 Results and Discussions
6.3.1 Morphological characterization of the machined surface through
FESEM

The high-resolution field emission scanning electron microscopy (FESEM,
SUPRA-55, ZEISS) was used to study and quantify the surface properties of the
machined surface. Fig 6.1 shows the surface topography of the machined surface
as a function of maglev EDM input parameters. Micro-holes, micro debris par-
ticles, micro globules, micro-pores, pinholes, lumps of debris particles, and other
structures were observed on the machined surface, according to microscopic im-
ages. Micro-holes and pinholes may emerge as a result of trapped gas air bubbles
in the melted material during solidification [162]|. The reattachment of more than
three irregular debris particles cause lumps of debris formation during solidifi-
cation. Due to insufficient flushing or the mass density inertia property, certain
debris particles were found perfectly spherical and stuck to the machined sur-

face. Micro globules were named for the minuscule reattached spherical debris
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Figure 6.1: Surface topography/morphology analysis of machined workpiece
parts through FESEM

particles. With an increase in discharge current value, the enrichment of micro
holes, debris particles, micro globules, lumps of debris, micro-cracks, and so on
increases. More craters and large debris will occur as thermal energy is derived
from the discharge,potentially lowering the quality of the surface. In two itera-
tions, the existence of the recast layer (white layer) at the edge surface is shown

in figure 6.2 (a & b).

Recast layer Interface region Recast layer Interface region

EHT = S00kV Signal A = InLens. Date 18 Mar 2021 — l*_rn EHT = 5.00kV Signal A = InLens. Datte :18 Mar 2021
WO = 40mm Mag= S00KX Time 1104312 Wo= 48mm Mag= 500KX Time :11.05:38

(a) (b)

Figure 6.2: The re-solidified layer (recast layer) near the interface region of the
machined surface
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6.3.2 Material migration and diffusion analysis through EDX
Energy-dispersive X-ray spectroscopy was used to determine the elemental
and chemical composition of the machined surface. It provides information about
the availability of elemental peaks inside the material in terms of weight percent-
age or atomic percentage, at different positions of the machined product. The
elemental peaks of the machined surface are shown in figure 6.3 as EDX spectra,
while material migration and diffusion were depicted in figure 6.3b. Significant
levels of nickel, ferrous, manganese, chromium, and copper suggest that most
elements come from their compositional component. The fact that copper is
available in a somewhat larger quantity implies that bidirectional material trans-
fer and diffusion occur within the machined surface.The presence of carbon in a
little bit higher quantity indicates that the carbon comes from the carbon stub
(sample attached with it) and from the decomposition of hydrocarbon oil under
high-temperature plasma . The presence of oxygen indicates that the surface gets
oxidized, which may be due to the contact of atmospheric air. FESEM images
were used to study the topography of the localized tool eroded part, and EDX
was used to characterize the chemical composition. The EDX examination shows
that nickel (0.66%) and hafnium (3.70%) are in significant concentrations on the
tool’s eroded surface. It means that there is bidirectional material movement
and diffusion under the high-temperature plasma. A large amount of copper
(68.31%) in the spectrum suggests that most of the portion comprises copper.
The surface shape of the worn tool electrode surface is depicted in figure 6.4a,

while the chemical characteristic and material movement are depicted in figure
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6.4b. The tool has been worn at a specific spot, indicating localized tool erosion.

6.3.3 Material migration and diffusion analysis through EDX
Energy-dispersive X-ray spectroscopy was used to determine the elemental

and chemical composition of the machined surface. The elemental peaks of the

machined surface are shown in figure 6.3 a as EDX spectra while material migra-

tion and diffusion were depicted in 6.3 b.
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Figure 6.3: (a) Chemical characterization (b) material migration, and elemental
diffusion analysis through EDX spectrum

The presence of significant levels of nickel (39.55-39.69, wt %), ferrous
(3.22-3.63, wt%), manganese (1.59-1.77, wt%), chromium (14.80-16.20, wt%),
and copper (23.05-28.49, wt%) suggest that the majority of the elements come
from their compositional component. The copper is available in a somewhat
larger quantity implies that bidirectional material transfer and diffusion occur
within the machined surface [163]. The presence of carbon (8.22-14.92, wt%) in
a little bit higher quantity indicates that the carbon comes from the carbon stub
(sample attached with it) as well as from the decomposition of hydrocarbon oil
under high-temperature plasma [164|. In order to characterize the chemical com-

position and investigate the topography of the localized tool degraded region,
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FESEM pictures were used. The energy-dispersion X-ray spectroscopy (EDX)
analysis reveals that the degraded surface of the tool contains substantial quanti-
ties of nickel (0.66, wt%) and hafnium (3.70, wt%). This implies that bidirectional
material movement and diffusion take place within the high-temperature plasma.

The spectrum shows a significant quantity of copper (68.31, wt%), indicating
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Figure 6.4: (a) Surface morphology of the eroded tool part (confined tool wear
with their spark position) (b) material migration and diffusion within
the tool eroded part

that copper makes up the majority of the component. Fig6.4a shows the surface

profile of the worn tool electrode surface. Fig6.4 b illustrates the chemical char-

acteristic and material flow. A specific area of the tool has been worn, indicating

localized tool erosion.

6.3.4 Discharge characteristic curve analysis

The analysis of current and voltage pulses provides important insights into
the gap condition and the type of discharge waveform. The duration of the igni-
tion delay, during which the dielectric completes its ionisation process, is one of
the most crucial factors determining the stability of the discharge phenomenon
in the EDM process. Sometimes a discharge occurs without any ignition delay,
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resulting in a transient arc. These transient arcs should be avoided during ma-

chining because they can impair surface integrity[165]. Another occurrence that

No short circuiting
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Figure 6.5: Real time voltage and current waveform at the time scale of (a) 100ms
and (b) 10ms
is common in conventional EDM is short-circuiting. This is brought on by the
servo head’s poor response and ineffective flushing (unstable gap) of the debris
particles from the discharge zone. The enormous current can flow with no dis-
charge due to direct contact. This should also be avoided because it degrades the
workpiece’s machined surface. Fig6.5 shows the time transient discharge charac-
teristic curve of Maglev EDM in terms of voltage and current (V-I) waveform.
The machining occurs at the moment when the open-circuit voltage is dropped to
discharge voltage and currents start raising during effective pulse on time. In the
current system, the supplied power was pure DC type hence, no ignition delay
and pulse off time is there. The channel is ionized very fast (short ionization)

for creating continuous electrical discharge. Meanwhile, it was noticed that the
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recorded duty factor was approximately 0.9564 in the digital storage oscilloscope
(DSO). This indicates that most of the discharge energy part is utilized in re-
moving the material during effective pulse on time. Moreover, it indicates the

continuous EDM without any pulse interval time.

The fig 6.5 a indicates that most of the discharge energy pulses are stable
and uniform. No ignition delay is found in the curve this means the ionization
and discharge are happening simultaneously. The three discharge energy pulses
are shown in Fig 6.5 b at a time scale of 10 ms. The majority of discharge
energy pulses exhibit uniform pulse widths (28 ms) free of any undesirable signals
like arcing and short-circuiting. The voltage-current waveform’s overall analysis
reveals that the process is extremely steady and efficient. Additionally, it shows

that the suggested servo mechanism effectively controls the gap condition.

6.3.5 Surface integrity (SI) analysis

In the EDM process, surface roughness is an important machining perfor-
mance indicator. It is influenced by the presence of micro-pores, micro-holes,
micro-cracks, and micro debris particles [166]. A non-contact type profilometer
(Zygo, NewView-9000) was used to measure the arithmetic mean height (Sa),
root mean square roughness (Sq), and maximum height (Sz) roughness metrics.
Fig 6.6 (a) indicates the 3D plot of area surface roughness for the scanned area
of 1562.870 x 1562.870 pm2. The Sa, Sq, and Sz were found 0.707 pm, 1.461
pm, and 30.981 pm respectively. The 2D surface plot with three different slices

over the machined part is presented in figure 6.6b. Later on, the actual variation
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of linear surface integrity (local) parameters (Ra, Rq, and PV) over the three

different slices were presented in figure 6.6c.

It was noted that the Ra, Rq, Rz, were changing between 0.899 and 1.057
pm, 1.198-1.366 pm, and 6.862-7.197 pm respectively. In case of maglev EDM,
the overall evaluation of the surface roughness and surface texture characteristics
suggests that the surface integrity parameters have a low value. This is owing
to the machining gap’s availability of low discharge energy. The action of tool
electrode oscillation quickly improves the flushing condition, resulting in a low
roughness value. In the current study, the area surface roughness is quantified
in terms of arithmetic mean height (Sa), root mean square roughness (Sq), and
maximum height (Sz). A non-contact white light interferometer (Zygo, NewView-
9000) was used to measure these roughness metrics. Fig 6.6 (a) indicates the 3D

plot of area surface roughness for the scanned area of 1562.870 x 1562.870 pm?2.

The Sa, Sq, and Sz were found at 0.707 pm, 1.461 pm, and 30.981 pm,
respectively. The 2D surface plot with three different slices over the machined
part is offered in Later, the actual variation of linear surface integrity parameters
(Ra, Rq, and PV) over the three different slices were presented in 6.6 (C). It
was noted that the Ra, Rq, and Rz were changing between 0.899-1.057 pm,
1.198-1.366 pm, and 6.862-7.197 pm, respectively. In the Maglev EDM, the
overall evaluation of the surface roughness and surface texture characteristics
suggests that the surface integrity parameters have a low value. It is owing to

the machining gap’s availability of low discharge energy. Moreover, the action of
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Figure 6.6: (a) 3D plot for area surface roughness for the scanned area (b) 2D
surface roughness plot (c¢) variation of linear surface integrity param-
eters (Ra, Rq, and Rz) over three different slices

tool electrode oscillation quickly improves the flushing condition, resulting in a

low roughness value.

6.3.6 Specific energy consumption (common performance index) anal-
ysis

The specific energy consumption (SEC) is defined as the amount of discharge
energy required to remove a single unit of volume or mass. Initially, discharge

power has been calculated based on the information obtained in the form of dis-
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charge voltage, discharge current, and effective pulse on time. The specific energy
consumption was obtained by dividing this discharge power by the material re-
moval rate (MRR). The maximum specific energy consumption was (1.6284 J/ug)
for the discharge power of 1.17 J/s (watt) while the minimum (1.2245 J/ug) for
the discharge power was 1.06 J/s (watt). To assess its effectiveness, the specific
energy consumption (SEC) of the current maglev EDM system was compared
with the data from the published literature, as shown in figure 6.7. According to
Ali et al. [167] the specific energy ranges from 0.1278 to 2.5265 J/ug for discharge
powers between 66 and 408 J/s. The chosen dielectric medium was EDM oil in
their case, and the working material was Inconel 718. Mishra et al. [168] reported
that the EDM system’s specific energy varies between 0.054 and 0.4789 J/ng for
discharge powers between 300 and 700 J/s. Inconel 625 served as the material for
the workpiece, electrolytic pure copper served as the tool, and and the tool was a
cylindrical graphite rod (¢12 mm). The examination of the data from this article
showed that the system’s specific energy ranges from 0.1820 to 1.7919 J/ug for
discharge powers between 210 and 792 J/s. Similar to this, Datta et al.[169]
revealed in another study that the EDM system’s specific energy ranges from
0.03805 to 1.2085 J/ug for discharge powers between 97.7 and 743 J/s. Inconel
718 plate served as the workpiece material and copper (¢ 20 mm) and EDM oil
served as the tool and dielectric fluids respectively. Upadhyay et al.[170] eval-
uated performance indicators such as material removal rate (MRR), tool wear
rate (TWR), surface roughness (Ra), and surface crack density (SCD) to exam-

ine the EDM system’s ability to machine Inconel 601 material. The examination
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Figure 6.7: Comparative analysis of specific energy consumption (SEC) with the
existing literature

of the data included in this work showed that over the discharge power range of
187.5-392 J/s, the specific energy varied between 0.07561 and 0.2632 J/pg. The
maglev EDM system’s specific energy (1.2245-1.6284 J/ng) is within the same
range as that previously reported in the literature (0.03805-2.5265 J/pg), accord-
ing to the overall analysis of the specific energies of five distinct EDM studies.
This means that the system requires very little servicing and maintenance costs

and is just as effective as other commercial EDM systems.

6.3.7 Material removal rate (MRR) and tool wear rate (TWR) anal-
ysis

The material removal rate (MRR) is one of the important performance mea-
sures which significantly depends on the level of discharge energy in the machin-
ing gap. The maximum estimated material removal rate was found 57 pg/min

for the discharge voltage of 7.12 V and discharge current of 470 mA. The mini-
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mum material removal rate (MRR) was noted 39 pg/min at a discharge voltage
of 6.8 V and discharge current of 450 mA. The average material removal rate
(MRR) in four iterations was 47 pg/min. Fig 6.8a indicates the variation of ma-
terial erosion rate from average value in four iterations with respect to discharge
power. It was reported in the literature that as the discharge power increases the
material erosion rate also increases but after achieving the maximum material
removal rate (MRR) it starts decreasing despite increasing current and voltage
[171]. The decreasing nature of MRR shows the condition of insufficient flushing.
Moreover, it is well-known fact that insufficient flushing further leads to transient
arc and short-circuiting formation which reduces the material removal rate by an

appreciable amount.
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It has been observed that high voltage potential and larger pulse width,
the machining gap becomes wider which reduces the intensity of the flow of
discharge current within the confined gap. The reduction in discharge current
significantly reduces the material removal rate to a great extent.Tool wear is
an unavoidable phenomenon in the p-EDM process and has a direct impact on
machining accuracy and economics of the machining process. It is noted in the
literature that the tool wear rate decreases with increasing conductivity. It is
reliant on the density of the electrode material and the availability of the discharge
energy in the machining gap. The maximum tool wear rate was observed 9
ng/min when the discharge voltage was 7.12 V. The minimum tool wear rate was
noted 4 pg/min when the discharge voltage was 7.10 V. The average tool wear
rate (TWR) was found 6 g/min in four iterations. Fig6.8b indicates the average

variation of tool wear rate in four iterations with respect to discharge power.

6.4 Summary
The following conclusions can be derived based on the current study and

experimental examination.

e In present chapter the feasibility of the Maglev EDM was observed using

Inconel 625 material as a workpiece.

e In four iterations, the feasibility study found that performance metrics
such as material removal rate (MRR), tool wear rate (TWR), and sur-
face roughness (SR) fluctuate in the range of 39-57 pg/min, 4-9 pg/min,
and 0.899-1.057 nm (Ra) respectively.

e The time transient voltage-current (V-I) waveform shows that the majority

of the discharge energy pulses are steady and uniform (28 ms), and there
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is no ignition delay (short ionization).The absence of arcing and short-

circuiting signals indicates that the process is highly efficient.

The recast layer thickness is frequently greater towards the interface be-
cause flushing pressure is lower. The fractured dielectric has left behind
fine granules that are alloyed with carbon in this hard, resolidified layer.
The parent material’s carbon content, the type of dielectric fluid utilised
(1.06-1.17 J/s), and the discharge power were found to have a significant

influence on the white layer thickness.

The chemical characterization of the substance using EDX analysis shows
that it migrates and diffuses in both directions. Due to the surface alloying
process within the machined surface, this could result in the formation of

an intermetallic compound under high plasma region.

The maglev EDM system had specific energy of 1.2245-1.6284 J/ug, which
was consistent with the earlier research range (0.03805-2.5265 J/ug).
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CHAPTER 7

FEASIBILITY ANALYSIS ON NIMONIC ALLOY
WORK MATERIAL

(List of publications3)

7.1 Introduction

The present chapter deals with the feasibility of a gap-controlled strategy for
EDM processes using magnetic levitation. The tool is levitated and positioned
accurately using a unique actuator arm. The actuator arm attained the required
positioning accuracy in the thrust (Z) direction to ensure a uniform and smooth
discharge free of arcing and short circuits. Experiments were carried out using a

copper tool and EDM oil on Nimonic superalloy (Grade C-263).

In present chapter comparison of voltage- current (V-I) curve, FESEM ob-
servations for microholes, micropores, the recast layer, and other surface topo-
graphical features are presented. Further, the bidirectional material movement
and elemental diffusion are shown by elemental characterization using EDX anal-

ysis.

7.2 Materials and Methods
7.2.1 Workpiece and tool material

A Nimonic alloy of Grade C-263 with a specimen size of 30 mm x 30 mm
x 2 mm was the work material while 3 mm copper rod was the tool material.

Table 7.1 illustrates the compositional and thermophysical properties of the work



material. The material was chosen due to its inherent superior mechanical and
physical properties, such as high oxidation strength and corrosion resistance at
elevated temperature and pressure [172]. Furthermore, the material belongs to
the category of exotic material and poses research challenges in machinability by
the conventional methods. Also, it is a widely utilized material for avionic, bio

implant, automotive, gas turbine, and heat exchanges industries [173].

Table 7.1: Chemical constituents (%weight) of Nimonic C-263 workpiece(under
Mass Density= 8.36 g/cm?® and Melting Point 1300 — 1355°C" )

Elemental composition % weight
Al 0.6
B 0.005
C 0.040-0.080
Co 19.0-21.0
Cr 19.0-21.0
Cu 0.2
Fe 0.7
Mn 0.6
Mo 5.60-6.10
Ni 49
S 0.007
Si 0.4
Ti 1.90-2.40

A pure copper rod of diameter 3mm having a length of 10mm was used as tool
electrode material (cathode) for the experimentation. The material is very soft
and widely adopted as a tool material for EDM operation. The thermo-physical

characteristics of the tool material are registered in Table 7.2.

Table 7.2: Thermo-physical property of tool electrode (Copper) material

Thermo-physical properties value
Composition 99.9% Cu
density 8.904 g/cm?
Melting point 10830C
Hardness 100 HB
Electrical resistivity 9uf) -cm
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7.2.2 Experimental Procedure

It is a well-known fact in EDM that the negative imprint of the tool is
shaped over the workpiece surface, therefore the cross-sectional part of the tool
and workpiece were refined before machining. The initial finishing is done using
a disk polishing machine (Chennai Metco) with emery paper grades 1500 and
2000. To produce the mirror quality, a velvet cloth with diamond paste was used
later. The measured experimental condition for cutting the workpiece on maglev
EDM on open circuit voltage 12V is shown in table 7.3 whereas the table 7.4
depicts the experimental conditions on traditional EDM on open circuit voltage

180-220V in the same way.

Table 7.3: Measured voltage and current signal in four iterations (IT1-1T4) via
digital storage oscilloscope during machining on maglev EDM

Discharge voltage (V)  Discharge current (A)  Pulse on time (ps)  Duty factor ~Machining time

7.2 0.69 29 0.9564
7 0.67 29 0.9564 10 minutes
7.1 0.71 29 0.9564
7.3 0.72 29 0.9564

Table 7.4: Parameter setting for machining of Nimonic alloy (C-263) on conven-

tional EDM
Gap voltage (V)  Gap current (A) Discharge Voltage Pulse on time (ps) Duty factor  Machining time
12 3 10.5-13.5 20 0.5633
16 4 15-17 70 0.7446 10 minutes
20 5 18-22 170 0.8333
24 6 20-28 270 0.8544

The workpiece was now connected to the positive terminal of the DC power
supply, while the tool was attached to the negative terminal. The workpiece is
immersed in high-performance EDM oil (specific gravity 0.753, dielectric strength
45 kVA), and a 12 V open-circuit voltage is applied by fixing the maximum peak

current of 1 A. To maintain a steady inter electrode gap, the tool begins to
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oscillate. With variable discharge current (650-750 mA), discharge happens at
different voltage potentials (6.5-7.5 V) for the same open-circuit voltage (12 V).
The electrical information is collected in a digital storage oscilloscope (excel file)
for the calculation of discharge power and specific energy. The weight reduction
method is used for the calculation of MRR, and TWR using a weight balance

machine (MettlerToledo, accuracy 10 ug).

7.3 Results and Discussions
7.3.1 Discharge stability monitoring through V-1 curve

The measured voltage-current waveform on Maglev EDM during multiple
discharges is depicted in Fig7.1a. The majority of the voltage and current sig-

nals were determined to be stable and uniform. The rapid drop in discharge
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Figure 7.1: Real-time voltage-current waveforms (as measured) of maglev EDM
t (a) 100ms and (b) 10ms time scale

voltage implies that ionization is occurring rapidly and without any ignition de-

lay. This indicates that EDM is of continuous type. There is no provision of

OFF time as DC power has no switching mechanism (ON/OFF). Here, ioniza-

tion and discharge happen simultaneously. When the circuit tries to attain the

open circuit condition there is cut-off in the flowing current for short duration of
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time which seems as OFF time in the current mechanism. In this situation the
electromagnetic force become higher than restoring force which pushes the tool
toward workpiece for generating discharge. Fig 7.1b indicates the three discharge
energy pulses at the time scale of 10 ms. The uniform pulse width was 29 ms.
There were no arcing or short-circuiting signals, indicating that the process is

very efficient and stable.

Fig7.2indicates voltage-current curve of conventional EDM at a gap voltage
of 12V and duty factor of 0.56. It was found that most of the voltage pulses
are arises without any ignition delay. This indicates that the machining is hap-
pening with short ionization time. In further stages, these no ignition delays
form transient arc. The transient arc indicates that the deionization is not fully
complete after the previous pulse and there is a remnant of residual conductivity
in the plasma channel [174]. In the same curve, the discharge current varies in
both directions which indicates the current is of bipolar type. The bipolar nature
of current may arise due to the polarity change (instantaneous rush of ions and
electrons causes short—term swap or residual magnetization within the gap[175].
Fig 7.2b indicates the normal discharge of conventional EDM at gap voltage of
16 V and duty factor of 0.74. The presence of a significant amount of ignition
delay indicates that the gap is getting enough time to get it completely ionized.
Fig7.2¢ indicates the current-voltage curve at gap voltage of 20 V and duty factor
of 0.83. The curve contains all types of discharge energy pulses such as normal

discharge, transient arc, short-circuiting, etc. As the duty factor increases the
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amount of effective pulse on time also increases. The increase in effective pulse on
time denotes that most of the discharge energy pulses are involved in removing
the material. Fig7.2d indicates the current-voltage pulse at gap voltage of 24 V
and duty factor of 0.85. The curve denotes that most of the discharge energy
pulses are normal however some energy pulses are posing very little ignition delay

time which may form the condition for arcing.

7.3.2 MRR and Specific energy consumption (SE) analysis

Material removal rate (MRR) is one of the critical performance parameters
which significantly depend on discharge energy level. This discharge energy level
is further reliant on discharge voltage, discharge current, and duty factor. The
duty factor is important because it decides the time of effective machining for a
particular pulse. In present experimental work on maglev EDM, the duty factor
(0.9564) is stable. The maximum estimated MRR was found 102ug/min while
the minimum MRR was found 60 pug/min. Average MRR was 79.260 pg/min.
Fig 7.3a shows the impact of discharge power on MRR in Mgalev EDM, and Fig
7.3b conventional EDM. It was noted that the discharge power has an eminence

impact on MRR as compared to voltage only.

With the increase in discharge power, the material removal also increases.
The MRR is much higher in conventional EDM due to the high energy flow.
However, it was also found that the MRR decreases after some time instead of
increasing voltage. The reason may be the insufficient exclusion of debris particles

from the machining zone or due to low plasma strength. Instead of better flushing
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in conventional EDM, transient arcing and short-circuiting arise. The reason may
be the slow response frequency of conventional servo EDM head and gathering
of debris particles. Additionally, the previous study says that MRR is decrease
with the of plasma density. It is mean that for long pulse duration the MRR

decrease due to the arcing [176].

The specific energy (SE) is the another significant performance response
which indicates the amount of discharge energy that is utilized for removing a
single unit of volume. From fig 7.4 it was observed that the specific energy was
maximum (2.2142 J/ug) for the discharge power of 2.26 J/s while the minimum
(1.2558 J/ug) for the discharge power of 2.08 J/s in maglev EDM. This means,
with increasing discharge power, the specific energy is increasing. The specific
energy in the maglev EDM system is higher due to low discharge power which

causes lower erosion rate.
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Figure 7.3: Variation in MRR with respect to discharge power in (a) Maglev
EDM (deviation from average MRR) (b) conventional EDM
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A similar type of pattern was also observed in conventional EDM. The max-
imum specific energy of 0.1144 J/ug was found at discharge power of 195 J/s.
Later on, the specific energy of the maglev EDM system is compared with the
data available in the open literature. Huang et al. [177]| estimated the specific
energy in the range of 0.03433-1.07978 J/ug for the discharge power range 49-599
J/s. Sonawane and Kulkarni [178] illustrated that the specific energy varies in
the range of 0.4297-1.8367 J/ug. Sahu et al. [179]designates that the specific
energy is lying between 0.9854 J/ug to 1.5133 J/ug. Shastri and Mohanty [180]
indicated that the specific energy varies in the range of 0.1670-1.0200 J/ug for
the discharge power range of 60-270 J/s. Shastri and Mohanty [181] showed that
the specific energy varies in the range of 0.2575-0.93026 J/ug for the discharge

power range of 127-416 J/s.

7.3.3 Surface roughness (SR) and tool wear analysis

Surface roughness is another indicator of a machining performance measure,
which deals with the surface integrity of the machined parts. In the current work,
the surface integrity of the machined surface was analyzed by Zygo profilometer
(New View 9000). The 3D plot for crater geometry is illustrated in figure 7.5a.
The surface texture parameters (Sa, Sq, Sz) for the scanned area of 1562.870 x
1562.870 pm2 are represented in figure 7.5b. The observed value of Sa, Sq, and
Sz was 0.719, 1.192, and 17.802 pm, respectively.To examine the linear surface
integrity parameters (Ra, Rq, Rsk, Rku, and PV), three different slices (line)
were taken. The actual variation of surface roughness is denoted in figure 7.5c.

It was observed that Ra, Rq, Rz, Rsk, and Rku were varying between 0.931 and
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1.442, 1.171 and 1.861, 6.227-9.331, 0.66-1.04, and 2.82-3.57pm respectively. In
maglev EDM, the overall evaluation of the surface roughness and surface texture
parameters shows that the surface integrity parameters have a low value due to
flow of low discharge energy. In EDM, tool wear is an unavoidable phenomenon.
It depends on the density of the electrode material and the amount of discharge

power available [182].

(b)
% (Slice 1) Name PV (pm) RMS (pm) Ra (pm) Rsk Rku
| '-\’-'"-i' Slice1  8.209 1.521 1.215 0.68 299
4 "% (Slice 3) Slice2  6.227 1171 0931 066 2.82

Slice 3 9.331 1.861 1.442 -1.04 3.57

Height (pom)

Distance (pum)

©

Figure 7.5: (a) 3D plot for surface roughness variation and crater geometry (b)
area surface roughness and their variation (c) variation of linear sur-
face integrity parameters (Ra, Rq, and Rz)

The tool wear rate first increases as the gap voltage increases, but after a
while, despite increasing the gap voltage, the tool wear rate progressively starts
to decrease. The cause could be work material deposition on the tool surface
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as a result of diffusion and material migration. The maximum and minimum
tool wear rates in maglev EDM were observed to be 28 and 14ug/min in the
present four cycles of work. The average rate of tool wear was 19.75 pg/min.
This suggests TWR. is 25% of MRR and needs to be improved. The following

relation was used to evaluate the tool wear rate.

Twi) — T f)
MassDensity x Tm

TWR = (7.1)

Where T(wi)indicates the initial tool weight, T(v f) indicates the final tool weight

after machining, and 7;, indicates the total machining time in minutes.

7.3.4 Surface topography analysis by FESEM

The impact of input variables on the machined surface was examined in terms
of surface morphology and topography through field emission scanning electron
microscopy (FESEM) (Zeiss, Supra-55). surface characteristics are illustrated
in figure 7.6. The presence of micropores, microholes, micro-pockets, micro-
globules, and reattachment of melted debris particles, etc., were noted. These
are due to thermal impact of electrical discharge and improper splashing of molted

material [183].

The formation of the recast layer was found near the edge of the machined
part. Mostly, it is formed at the termination of pulse on time because at that
time the molten material is neither ejected nor completely flushed away. This
re-solidified layer was hard and contains fine grains alloyed with the carbon that

comes from the cracked dielectric. The re-solidified layer is appearing white
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Figure 7.6: Surface morphology/topography analysis of machined workpiece
parts through FESEM in two iterations at the same location

and unaffected by the etching process[184]. Micro-pores and pinholes were also
observed on machined surfaces which is due to the trapping of gas bubbles in

molten material during solidification|[185].

7.3.5 Bidirectional material migration and diffusion analysis through
EDX

Energy-dispersion X-ray spectroscopy analysis is carried out to determine
the elemental and chemical composition of the machined surface. Moreover, it
enables the analysis of near-surface elements and offers number of various ele-
ment peaks at different locations, which appear as a sample mapping. Fig7.7a
indicates the chemical characterization of the workpiece machined surface. The
material migration and elemental diffusion analysis are shown Fig 7.7b. The
presence of an appreciable amount of nickel, chromium, molybdenum, titanium,
iron, and silicon indicates that most of the parts come from the parent material
composition. The availability of copper signifies the bidirectional material trans-

fer and diffusion from the tool electrode[186]. The surface alloying phenomenon
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Figure 7.7: (a) Chemical characterization (b) material migration, and elemental
diffusion analysis (c) machined copper tool electrode surface (inset:
localized tool erosion with their spark location) (d) bidirectional ma-
terial transfer in EDX spectra after machining on the tool surface
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may happen under high temperatures and pressure in plasma region. At last, the
presence of carbon indicates that carbon comes from the carbon stub or from de-
composition of hydrocarbon oil (EDM oil) under high-temperature plasma. Fig
7.7c demonstrates the surface characteristics of the tool electrode (copper) after
machining. The analysis of tool wear surface through EDX indicates that the ma-
terial is migrated from both electrodes. The presence of nickel (16.16% weight)
and chromium (5.59% weight) in an appreciable amount indicate the molecular

diffusion and transfer of material in figure 7.7d.

7.4 Summary
The following conclusions can be derived based on current experimental

work.

e In the present chapter, a feasibility study was performed on the difficult-

to-cut material nimonic alloy under the defined conditions.

e According to the feasibility study, the material removal rate varies between
60 and 102 pg/min.The tool wear rate ranges from 14 to 28 pg/min. In
four iterations, the average tool wear rate wasl19.75 g/min, or 25% of the
MRR, and has to be improved.

e The average specific energy (1.735 J/ug) of the maglev EDM system is
almost identical to that published in the open literature (0.0343-1.837

J/ng).

e The machined surface’s average roughness (Ra) was 0.931-1.442pm, indi-

cating a smooth surface when compared to the existing EDM.

e The EDX examination of the machined surface confirms the machined sur-

face’s bidirectional material transfer and elemental diffusion.
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CHAPTER 8

CONCLUSION AND FUTURE SCOPE

8.1 Conclusion

When it comes to cutting complicated shapes of hard-to-cut materials, elec-
trical discharge machining (EDM) has many advantages over traditional ma-
chining methods. Tt is true that advancements in the field of EDM have refined
cutting-edge technology over time. Although it is often true that there is scope for
improvement due to significant reasons, It is considered less effective and reliable
because of its statistical nature and unstable discharge energy. Despite multiple
attempts to improve the settings, failures have been attributed to a stochastic
process mechanism and the inclusion of a number of uncontrollable parameters.
In order to ensure the long-term viability, efficiency, and robustness of the pro-
cess, it is necessary to have a system that can adjust as a self-adaptive measure
to address the occurrence of process failures and be consistent against power
interruptions. In response, a technology called the Maglev Electrical Discharge
Machine (MEDM) was developed, aiming to overcome the lacunae or limitations
of conventional EDM. The current research objective is to test the feasibility of
MEDM by comparing its response to the same range of process parameters as

conventional EDM.

The feasibility of MEDM was tested on hard-to-cut metals like commercially

pure titanium, titanium alloy, Inconel 625, and Nimonic alloy. The response based



on experimentation with the various materials is presented in the different chap-
ters. The quantitative comparison in graphical form of material removal rate,
surface finish, tool wear, and specific energy is presented in the respective chap-
ters wherever applicable. It was observed that the undesirable process output
of conventional EDM is due to the conventional servo mechanism. The delayed
response,backlash, and gear hysteresis caused the harmful effect in the conven-
tional servo system. Further, in the existing EDM technology, the traditional
power source also affects the machining rate. Unfavorable process output, like
inconsistency in discharge energy, affects the process economy and productivity.
During the feasibility test it was observed that MEDM is a superior technology
that addresses all major concerns and challenges of conventional EDM. Since the
MEDM is based on the magnetic levitation concept, it eliminates the need for
a conventional servo mechanism for tool feeding. Moreover, MEDM uses a pure
DC power supply by replacing the conventional pulse power supply. The machin-
ing responses on the hard-to-cut materials proclaim that the MEDM is feasible,
and its outputs are comparable with the same range of process parameters as
conventional EDM technology.
Following are the salient conclusions drawn from this feasibility analysis:
e The MEDM is free of mass inertia and backlash, because of the replacement
of older tool feeding servo mechanisms.

e The positioning response of maglev EDM is very fast compared to tradi-

tional EDM due to the self-adaptive system.

e MEDM runs on a pure DC power source, hence, the complex power source

(transistor or capacitive) is eliminated.
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e The maintenance cost of the servo mechanism and complex circuitry was

eliminated.

e A comparison of the discharge characteristic curves of conventional EDM
and MEDM shows that the voltage-current in MEDM is more stable. Un-
wanted signals like arcing and short-circuiting were not present, indicating

that machining speed and stability have improved.

e The response output in terms of material removal rate, surface finish, and

specific energy were comparable with conventional EDM.

However, the MEDM is in an early stage, but it might be used in industry
with a few upgrades and could replace conventional EDM technology. The indus-
trial applications of MEDM will be revolutionary for exceptional economy and

higher productivity in the machining of hard-to-cut metals.

8.2 Future Scope

The presently developed MEDM technology is in its early stages. Hard and
challenging materials such as duplex steel with different tool materials and di-
electric media (hydrocarbons and gases) are under examination. The feasibility
analysis of maglev EDM (MEDM) on four hard-to-cut metals is shown in this
document. As a future area of research, MEDM’s current design can be improved
to make more advanced technology, such as by making the flushing system better.
At the present stage, only voltage variation is possible to a limited extent, and
other process parameters cannot be changed. In the future, MEDM can be com-
pared with conventional EDM for the same discharge energy at the laboratory for
a true comparison and to validate the developed technology. These factors may

improve further with future technologies. The rectified power supply may replace
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the DC power supply. A high-power generator could improve material removal.
At present, the feasibility investigation is done by running the machinery for up
to 15 minutes. However, in the next phase, the durability test may extend the
machine’s runtime by several hours. Such improvements in the present MEDM

can make the technology more capable for industrial applications.
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