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ABSTRACT

Electric discharge machining (EDM) is one of most popular machining methods to manufacture
dies and press tools because of its capability to produce complicated shapes and machine very
hard materials. The present study has been done to study the effect of different input parameters,
namely, current, workpiece material, electrode material, dielectric medium, pulse on time, pulse
off time and powder and some their interactions on the MRR, TWR, micro hardness and surface
roughness. The effect of various input parameters on output responses have been analyzed using
Analysis of Variance (ANOVA). Deposition of the powder material either in pure form or in
compound form was also studied. XRD and microstructure analysis was completed to understand
the form and amount of deposition on the surface of the workpiece material. Main effect plot and

interaction plot has been used to determine the optimal design for each output response.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION TO NON-CONVENTIONAL MACHINING

The industries always face problems in manufacturing of components because of several reasons
such as the complexity of the job profile or may be due to surface requirements with higher
accuracy and surface finish or due to the strength of the materials. It is no longer possible to find
tool material which are sufficiently hard and strong to cut materials like stainless steel, titanium
and high strength temperature resistant alloys, fiber reinforced composites, satellites, ceramics,
and difficult to machine alloys. Production of complex shapes with better surface finish, precise
tolerances and higher production rates in such materials by traditional methods is even more
difficult. In industries like aerospace, nuclear reactors, turbines etc. to meet such demands, a
different class of machining processes have been developed which are termed as non-traditional
machining processes or advanced machining processes. Such processes can which can accurately
and easily machine the most difficult-to-machine materials to intricate and accurate shapes.
Advanced machining processes can be classified into three basic categories, i.e. mechanical,
electro-thermal, and electro-chemical machining processes. Some of them can be used only for
electrically conductive materials, while others can be used for both electrically conductive and
electrically non-conductive materials. In mechanical advanced machining methods, (abrasive jet
machining, ultrasonic machining, and water jet machining) kinetic energy of either abrasive
particles or water jet is utilized to remove material from the work piece. In electro-thermal
methods, (laser beam machining, electron beam machining, and plasma arc machining), the
energy is supplied in the form of heat and energy is concentrated onto a small area of work piece
resulting in melting, or vaporization and melting both. In electrochemical (electrochemical
machining), is a process which is reverse of electroplating. In some of above mentioned above
cases, productivity can be increased as compared to conventional methods either by performing
the operations faster or by reducing the total number of manufacturing operations. In non-

conventional machining methods, there is no direct contact between the tool and the work piece;



hence the tool need not be harder than the workpiece. Further, in spite of the recent technical
advancements, the conventional machining processes are inadequate to produce complex
geometrical shapes in the hard and temperature resistant alloys and die steels. Keeping these

requirements in mind, a number of non-conventional methods have been developed.

1.2 ELECTRIC DISCHARGE MACHINING

Electric discharge machining (EDM) is one of most popular machining methods to manufacture
dies and press tools because of its capability to produce complicated shapes and machine very
hard materials. This process enables machining of any conducting material, which is electrically
conductive. The process removes the metal with sparks generated between electrode tool and the
workpiece. The electrode tool made of copper or graphite, gradually makes the cavity that is a
mirror image of the shape of the tool. There is no direct contact between the electrode tool and

workpiece. The sparks flow through the dielectric fluid at a controlled distance. [1-3]
1.3 HISTORY OF ELECTRIC DISCHARGE MACHINING

In1768, the English scientist, Sir Joseph Priestly first observed the metal erosion by spark
discharges. More than hundred years elapsed before some practical use was effected. In 1943,
two Russians, B.R. and N.I. Lazarenko, whilst investigating the wear of switch contacts, deduced
that spark discharge could be utilized for machining recently developed new metals which were
proving to be difficult to shape by established methods. [4] The first British patent was granted
to Rudorff in 1950. USA, Japan and Switzerland further developed electric discharge machining
around 1950. A machine for spark machining by ‘method x’ was patented in USA in 1952. After
the investigations of Lazarenko, the EDM process has attracted worldwide attention as a
technique for metal machining and since then considerable research and development has been

carried out and an improved form is being used in many current applications. [5]
1.4 WORKING PRINCIPLE OF EDM

The basic principle of the EDM process is the conversion of electrical energy into thermal
energy through a series of discrete electrical discharges occurring between the electrode tool and
the workpiece immersed in dielectric fluid. The insulating effect of dielectric fluid is important

in avoiding electrolysis of electrodes during EDM process. The spark is initiated at the point of

2



smallest inter-electrode gap by high voltage, overcoming the strength of the dielectric thus
breaking down dielectric. Erosion of metal takes place from both electrodes (work piece and
tool). After each discharge, the capacitor is recharged from DC source through a resistor, and the
spark that follows is transferred to the next narrowest gap (Figure 1.1). The cumulative effect of
a succession of sparks spread over the entire workpiece surface leads to erosion, or machining to

a shape, which is approximately complementary to that of the tool.

Resistor

- O—/WV x

Tool-electrode

d.c ____\/ (-ve)

T Voltage 7
voltage Capacitor v 951 Gapfilled with dielectric
source == c ¥

Workpiece-electrode
(+ve)

Figure 1.1: Relaxation circuit [4]

The Lazarenko relaxation circuit (RC) does not give good material removal rate (MRR), and
higher MRR is possible only by sacrificing surface finish [6]. As indicated in Figure 1.2, the
increase in voltage of capacitor should be larger than the breakdown voltage and hence great
enough to create a spark between electrode tool and workpiece, at region of least electrical
resistance, which usually occurs at the smallest inter electrode gap [4]. A major portion of
machining time is spent on charging the capacitor. There is a very high peak value of current at
the instant of spark initiation, followed by a rapid rate of decline. The spark temperature
resulting from this high current peak is much higher than needed to remove material and results

in thermal damage of tool electrode. Reduction in the peak
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Figure 1.2: Variation of capacitor voltage with time [4]

current and increase in spark duration would result in lower electrode wear and improved

machining efficiency [6].

Comparatively less metal is eroded from the tool as compared to the workpiece due to following

reasons:

a) The momentum with which positive ions strike the cathode surface is much less than the
momentum with which the electron stream impinges on the anode surface.
b) A compressive force is generated on the cathode surface by spark which helps reduce tool
wear [2].
This has been achieved with advent controlled pulse generator. Its typical wave forms are shown
in Figure 1.3. In this, as comparison to RC circuit there is increase in pulse duration and less

peak current value and shortened idle period [6].

Fulse Fulse

QLW QUL Total Pulse Time

Figure 1.3: Pulse waveform of controlled pulse generator [3]



1.5 EDM DISCHARGE PHENOMENON

The discharge process during EDM is separated into three main phases which are: preparation

phase, discharge phase and interval phase.
1.5.1 Preparation phase

When the generator switches voltage on, the electrical field reaches highest strength in the
between the electrode. Ignition will not take place in former discharge channel. Spark location is
determined by the gap distance and the gap conditions. In the presence of electrically conductive
particles in the gap, thin particle bridges are formed. When the strength of the electric field
exceeds the dielectric strength of the medium, electric breakdown of the medium takes place.
Ionization of the particle bridges takes place and a plasma channel is formed in the gap between
the electrodes. A minimum 3A current is needed to start the discharge. The steps in this phase

are shown in the Figure 1.4.
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Figure 1.4: Preparation phase [8]
1.5.2 Discharge phase

In the discharge phase, the first plasma channel has to be developed in the shortest time against
dielectric and a very high pressure inside the channel creating shock wave distribution within the
liquid. The current passing the gap creates the high temperatures causing material evaporation
from both electrodes. As the electron-processes show quicker reaction, anode material is worn
and this effect causing minimum wear of tool electrode which is more important in surface

finishing operations. Current density and temperature decrease quickly with continuous growth



of plasma channel. More energy is distributed to cathode where material at plasma spots become

molten. Steps, during the discharge phase, are shown in Figure 1.5.

Figure 1.5: Discharge phase [8]
1.5.3 Interval phase

When the discharge is ended by switch off the generator, the plasma channel is de-ionize. The
gas bubble collapsed and material is ejected out from the surface of electrodes in the form of
vapors. The evaporated material solidifies quickly when it comes in contact with cold dielectric
and debris are flushed away from the discharge gap. The debris concentration around earlier
discharges creates a conductivity level in the gap, which defines the minimum off-time before a
new ignition can be started. This moment is reached after 5-15 micro seconds when the de-
ionization level of former plasma channel lowers beyond the average of gap conductivity. Power
is switched on again for the next cycle after sufficient de-ionization of dielectric has occurred.

The steps in this phase are shown in Figure 1.6 [8].
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Figure 1.6: Interval phase [8]
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1.6 SINKER EDM

Sinker EDM is also known as the cavity EDM or volume EDM. Sinker EDM consists of an
electrode tool and workpiece, both are electrically conductive and submerged in the dielectric
fluid like kerosene oil or EDM oil. The electrode tool and workpiece are connected with power
supply and power supply generates an electrical potential between two parts. As the electrode
tool approaches the workpiece, dielectric breakdown occurs in the fluid forming ionization
channel, and a small sparks jumps. The resulting heat and cavitation vaporize the base material
and electrode. These sparks strike one at a time in huge numbers at seemingly random locations
between the electrode tool and the workpiece. As the base metal is eroded, and the spark gap
increased, thus electrode has to be lowered automatically by the machine so that the process can
continue uninterrupted. When, gap between tool and workpiece increases, flushing takes place to
remove the eroded metal. Several hundred thousand sparks occur per second in this process, with
the actual duty cycle being carefully controlled by the setup parameters. These controlling cycles
are sometimes known as "on time" and "off time". The on time setting determines the length or
duration of the spark. Hence, a longer on time produces a deeper cavity for that spark and all
subsequent sparks for that cycle creating a rougher finish on the workpiece. The reverse is true
for a shorter on time. Off time is the period of time that one spark is replaced by another. A
longer off time for example, allows the flushing of dielectric fluid through a nozzle to clean out
the eroded debris, thereby avoiding a short circuit. Sinker EDM system is shown in the Figure

1.7.

Servo Mechanism

Ram Head -

Electrode

N ][]

N

Workpiece

Dielectric Fluid -=}— Work Tank

Dielectric Pump and Filter

Dielectric Reservoir

— DC Power Supply|




Figure 1.7: Sinker EDM system [7]
1.7 EDM PROCESS PARAMETERS
1.7.1 Polarity

Polarity, in EDM process determines the direction of current flow relative to electrode. Polarity

of electrode can be either positive or negative depending on applications.

e +
_|_ —

Mormal Polarity Fewverse Folarity

Figure 1.8: Concept of normal polarity and reverse polarity

In normal polarity workpiece is positive and tool electrode is negative. In negative polarity
workpiece is negative and tool is positive (Figure 1.8). With the discharge taking place between
workpiece and tool, electriferous particles and electrons from the cathode in the dielectric arouse
the ionization which produced ionized channel. The particles with positive charge bombard the
cathode while electrons bombard the anode in ionized channel. In this process, electrons, which
are smaller and lighter, thus accelerate faster and reach higher speed, whereas the particles with
positive charge accelerate more slowly and do not reach high speeds. As a result, electrons
transfer more energy to anode than positive charged particles to transfer to the cathode. This
difference leads to material removal in anode that is greater than material removal in the cathode.

Polarity is determined by tool material, work material, current density and pulse length.
1.7.2 Pulse on time

Pulse on time is the time period during which machining is takes place. Material removal rate

(MRR) is directly proportional to amount of energy applied during pulse on time. When the



pulses with small on time are used, material removal by electron bombardment is predominant
due to higher response rate of less massive electrons. However, when the longer pulses are used,
energy sharing by positive ions is predominant and material removal rate decreases. When the

electrode polarities are reversed, longer pulses are found to produce higher MRR.
1.7.3 Pulse off time

Pulse off time is the time during which re-ionization of dielectric takes place. More pulse off
time means greater machining time. A non-zero pulse off time is a necessary requirement for
EDM operation. Discharge between the electrodes leads to ionization of the spark gap. Before
another spark can take place, the medium must de-ionize and regain its dielectric strength. This
takes some finite time and power must be switched off during this time. Too low values of pulse
off time may lead to short-circuits and arcing. A large value on other hand increases the overall
machining time since no machining can take place during the off-time. The surface roughness is
found to depend strongly on the spark frequency. When high frequency sparks are used lower
values of roughness average (R,) are observed, because the energy available in given amount of
time is shared by large number of sparks leading to shallower discharge craters. Each cycle has
an on-time and off-time that is expressed in units of microseconds. Concept of pulse on-time and

pulse off-time is shown in Figure 1.3.
1.7.4 Discharge current

The discharge current (I4) is a measure of the power supplied to the discharge gap. A higher
current leads to a higher pulse energy and formation of deeper discharge craters. This increases
the material removal rate (MRR) and the surface roughness (R,) value. Similar effect on MRR
and R, is produced when the gap voltage (V) is increased. Once the current starts to flow,
voltage drops and stabilizes at the working gap level. The preset voltage determines the width of
the spark gap between the leading edge of the electrode tool and workpiece. Higher voltage

settings increase the gap, which improves the flushing conditions and helps to stabilize the cut.
1.7.5 Peak current

It is most important parameter in EDM process and it is amount of power used in discharge

machining. Peak current is measured in units of amperage. During each pulse on-time, the



current increases until it reaches a preset level, which is expressed as the peak current. An
increase in current, results in increased MRR as well as increased surface roughness (SR) and
tool wear rate (TWR). In die-sinking and wire EDM applications, the maximum amount of

amperage is governed by the surface of the cut.
1.7.6 Pulse wave form

Different wave forms are supplied by different generators. In case of rotating impulse generators
the rectified sinusoidal voltage wave form is given across the spark gap to produce the spark.
Due to the inductive circuitry there is a spark oscillation even after the pulse is withdrawn give
rise to extremely high tool wear and arcing become frequent if the second pulse comes before
complete dampening of the oscillation. In relaxation generator, the spark oscillation is reduced.
TWR will be less and charging time is equal to ignition delay, so the ionization process is slower
and depends on charging time. Pulse wave form, generated by the square pulse generators, is
much more defined and easily controllable. Using a generator, which can produce trapezoidal

pulses, one can reduce relative tool wear to very low values.
1.7.7 Types of dielectric fluid

Selection of dielectric medium is an important consideration for EDM performance. Mineral oils
are commonly used as the dielectric medium for die-sinking EDM operations. Mineral oils are
exhibit high dielectric strength and a low viscosity is preferred because of their better
performance. For safety reasons, oils with a high flash point are normally used. Kerosene is one
such oil which is used commonly for EDM process. Water based dielectric are used almost
extensively for wire EDM operations. Water has a high specific heat capacity which leads to
better cooling effect required for wire cut operations. To prevent chemical reactions, deionized
water is used in such applications. In comparison to mineral oils and water, air has the lowest
dielectric strength, viscosity, thermal capacity. A low viscosity air medium favors higher cutting
accuracy and better surface finish. Low dielectric constant suggests a lower MRR with air
medium. Low thermal capacity and thermal conductivity suggests higher thermal damage of
workpiece. For a complete analysis of thermal damage an opposing effect caused by the

expansion of plasma channel due to low viscosity must also be accounted. Air is the better
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dielectric for surface finish and accuracy at the expanse of the MRR. In EDM process, dielectric

fluid has following requirements:

1. Provide effective cooling during operation.

2. Breakdown electrically in the shortest possible time once the breakdown voltage has been
reached.

3. Good degree of fluidity.

4. Remain electrically non-conducting until the required breakdown voltage has been reached.

5. Deionize the gap immediately after the spark has occurred.

1.7.8 Types of flushing

Flushing is the proper circulation of the dielectric fluid between electrode tool and workpiece
during operation. During the machining operation debris are produced in the gap and reduces the
dielectric strength. If the amount of debris in the gap becomes too many, the particles can form
an electrically conducting path between the electrodes, causing unwanted discharge which
becomes arcs, with consequential damage to both tool and workpiece. To obtain highest
machining efficiency, proper flushing is necessary. When deep and complex shapes have to be
produced, flushing plays a significant part in EDM. Filtration of dielectric fluid before re-
circulation is highly essential. In EDM, flushing can be achieved by the following method:

1.7.8.1 Suction flushing

In this, dielectric is sucked through either the workpiece or the tool. This technique is employed
to avoid any tapering effect due to sparking between machining debris and the side walls of the

electrodes. Suction flushing through the tool rather than through the workpiece is more effective.
1.7.8.2 Injection flushing

In this technique, dielectric is fed through either the workpiece or the tool which are pre-drilled
to accommodate the flow. With the injection method, tapering of components arises due to the

lateral discharge action occurring as a result of particles being flushed up the sides of electrodes.
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1.7.8.3 Side flushing

When the flushing holes cannot be drilled either in the workpiece or the tool, side flushing is
employed. If there is need of flushing of entire working area, special precautions have to taken

for the pumping of dielectric.
1.7.8.4 Flushing by dielectric pumping

This method has been found particularly suitable in deep hole drilling. Flushing is obtained by
using the electrode pulsation movement. When the electrode is raised, clean dielectric is sucked
into mixed with contaminated fluid, and as the electrode is lowered the particles are flushed out

[4,6].
1.7.9 The electrode tool

The shape of electrode tool will be basically same as that of the product is desired. Metals with a
high melting-point and good electrically conductivity are usually chosen as tool materials for
EDM. They should be cheap and readily shaped by conventional methods. The electrode
materials are classified as metallic material (copper, brass, tungsten, aluminum), non-metallic
material (graphite), combined metallic and non-metallic (copper-graphite), and metallic coating
as insulators (copper on moulded plastic, copper on ceramic) etc. High density graphite is used in
pulsed EDM equipment, although the material does not perform satisfactorily in RC EDM work.
It gives low wear due to its high melting temperature. Copper has the qualities for high stock
metal removal. It is a stable material under sparking conditions. Brass as a tool material has high
wear. Copper-boron and silver tungsten both exhibit extremely low wear. Sometimes copper
tungsten is employed as the cathode metal. Its use yields high machining rates and very low

wear. Due to its high cost and not so readily shaped, its applications are limited.
1.7.10 Electrode gap

Electro-mechanical and electro-hydraulic systems are used to respond to average gap voltage.
During operation, the feed control must maintain a movement of electrode towards the
workpiece at such speed that working gap, the sparking voltage remains unaltered. Rapid

response of the mechanism is essential and this implies a low inertia drive and it is essential to
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have rapid reversing speed with no backlash. Typically values of gap size range between 0.005

to 0.05 mm.
1.8 ORGANIZATION OF THESIS

The thesis has been organized in nine chapters. Brief description of the contents of each chapter

is given below:

Chapter 1 highlights the brief introduction with non-conventional machining processes.
Working principle and various discharge phases (preparation phase, discharge phase and interval
phase) in EDM process has been discussed. Different EDM process parameters have been

discussed in the brief, which can effects the performance of EDM process.

Chapter 2 presents an available literature of EDM process for surface modification. The
available literature has been categorized in two broad classifications such as surface modification
with powder mixing fluid and surface modification with electrode materials. Summary of the

literature and gap in literature also discussed.

Chapter 3 presents the area of research work to be undertaken has been identified. Objective and

work plan also discussed. Methodology to be adopted also described in brief.

Chapter 4 presents the analysis and results of the MRR. Results after the Analysis of Variance
(ANOVA) and Taguchi Signal-to-Noise ratio are outlined in this chapter. Main effect plot and
interaction plots for MRR are discussed in this chapter. Optimal design conditions have been

discussed.

Chapter 5 presents the analysis and results of the TWR. Results after the Analysis of Variance
(ANOVA) and Taguchi Signal-to-Noise ratio are outlined in this chapter. Main effect plot and
interaction plots for TWR are discussed in this chapter. Optimal design conditions have been

discussed.

Chapter 6 presents the analysis and results of the micro hardness at non-deposited and deposited
region. Results after the Analysis of Variance (ANOVA) and Taguchi Signal-to-Noise ratio are
outlined in this chapter. Main effect plot and interaction plots for non-deposited and deposited

region are discussed in this chapter. Optimal design conditions have been discussed.
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Chapter 7 presents the analysis and results of the surface roughness (R,). Results after the
Analysis of Variance (ANOVA) and Taguchi Signal-to-Noise ratio are outlined in this chapter.
Main effect plot and interaction plots for surface roughness (R,) are discussed in this chapter.

Optimal design conditions have been discussed.

Chapter 8 presents the analysis of surface properties. XRD and microstructure analysis has been
completed to understand the form and amount of deposition on the surface of the workpiece

material.

Chapter 9 presents the results, conclusions and recommendations from the experimental work.
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CHAPTER 2

LITERATURE REVIEW

2.1 REVIEW OF LITERATURE

Electrical discharge machining has been widely used for manufacturing various components
such as moulds, dies and complex shapes on the hard materials with higher surface finish. A lot
of work has been carried out on the different aspects of EDM such material removal rate, tool
wear rate, surface modification with or without mixing of powder particles in the dielectric

fluid. This chapter presents review of available literature on the aspects of surface modification.
2.2 CATEGORIZATION OF LITERATURE
The available literature has been divided into following categories:

1. Surface Modification with Powder Mixing.

2. Surface Modification with Electrode Material.

2.2.1 Surface Modification with Powder Mixing

Kansal et al. [9] investigated the effect of silicon powder mixing into the dielectric fluid of
EDM on machining characteristics of AISI D2 die steel. Six parameters, peak current, pulse on-
time, pulse off-time, concentration of powder, gain and nozzle flushing have been considered.
The process performance is measured in the terms of machining rate. In the presence of
suspended silicon powder in a kerosene dielectric of EDM, identify the important parameters
and their effect on machining rate of AISI D2. All the selected parameter, except nozzle
flushing has a significant effect on the mean and variation in machining rate (S/N ratio).
Optimization to maximize to machining rate has been undertaken using the Taguchi method.
The ANOVA analysis indicated that the percentage contribution of peak current and powder
concentration toward machining rate is maximum among all the parameters. They showed that
the setting of peak current at a high level (16 A), pulse on-time at medium level (100us), pulse
off-time at low level (15us), powder concentration at high level (4 g/1), gain at a low level (0.83
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mm/s) produced optimum machining rate from AISI D2 surface when the machined by silicon

powder mixed.

Uno et al. [10] proposed a surface modification technique to obtain high surface wear resistance
using EDM with powder mixed fluid. First, a coating application of nickel layer on aluminum
bronze for plastic molds and shell molds and then formation of a hard titanium carbide layer on
alloy steel is carried out by using carbon powder mixed fluid with titanium electrodes. They
investigated that EDMed surface with nickel powder mixed fluid has smaller surface roughness
than that in EDM with kerosene type fluid. The resolidified layer can nickel can be generated on
EDMed surface and the thickness of the layer becomes larger and more uniform with increase
of nickel powder concentration in the machining fluid. By mixing the carbon with dielectric
kerosene, thick hard layer with small surface roughness values can be obtained. The hardness of
the layer containing TiC is much higher than that of base material which leads to higher surface

wear resistance.

Pecas and Henriques [11] suggested that powder particles to the EDM dielectric fluid modifies
some process variables and creates the conditions to achieve a higher surface quality in large
machined area. They studied the improvement in the polishing performance of conventional
EDM when used with powder mixed dielectric. The analysis was carried out varying the silicon
powder concentration and flushing flow rate over a set of different processing areas and the
effects in the final surface is evaluated. The evaluation was done surface morphologic analysis
and measured through some quality surface indicators. The result showed the positive influence
of silicon powder in the reduction of crater dimensions, white layer thickness and surface
roughness. It was demonstrated that an accurate control of powder concentration and flushing

flow is a requirement for achieving an improvement in the process polishing capability.

Simao et al. [12] reviewed the published on the deliberate alloying of various workpiece
materials using EDM. Experiments carried out by powder metallurgy tool electrodes and the use
of powders suspended in the dielectric fluid, typically aluminum, nickel, titanium etc. Results
have been presented on the surface alloying of AISIH 13 hot work tool steel during a die sink
operation using partially sintered WC/Co electrodes operating hydrocarbon oil dielectric. An Lg
fractional factorial Taguchi experiment was used to identify the effect of key operating factors

on the output measures viz., electrode wear, workpiece surface hardness, etc. With respect to
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microhardness, the percentage contribution ratio for peak current, electrode polarity and pulse
on-time were approximately 24, 20 and 19% respectively. Typically changes in surface
metallurgy were measured upto a depth of about 30um (with a higher than normal voltage of
270V) and an increase in the surface hardness of the recast layer varying from 620 HK 0.025
to1350 HK 0.025approximately.

Furutani et al. [13] attempted to make thick titanium carbide (TiC) or WC layer and
investigated a surface modification method by EDM with a green impact electrode. Titanium
alloy powder or tungsten powder was supplied from the green compact electrode and it adhered
on a workpiece by the heat caused by the discharge. They proposed a surface modification
method by EDM with powder suspended in working fluid in order to avoid the production
process of green compact electrode. According to the investigators, the use of thin electrode and
a rotating disk electrode were expected to keep the powder concentration high in the gap
between an electrode and workpiece and to accrete powder material on workpiece. Titanium
powder is suspended kerosene working oil. TiC layer developed a thickness of 150 pm with
hardness of 1600 HV on carbon steel with electrode of Imm in diameter. When a disk placed
near a plate rotates in viscous fluid, the disk dragged into the gap between disk and the plate.
Powder concentration in the gap between a workpiece and a rotational disk electrode could be
kept high. A wider area of the accretion could be obtained by using the rotational electrode with

gear shape.

Wong et al. [14] proposed a near mirror finish phenomena in electrical discharge machining
when powder is introduced into dielectric fluid as a suspension at the tool-workpiece or inter-
electrode gap during machining. The dielectric flushing system of conventional die sinking
EDM machine was specially modified to inject and distribute the powder into the dielectric
fluid, especially at the gap between the tool and the workpiece. Machining was performed on
various types of steel with different types of powder suspension at a peak current of around 1A.
Particular combination of powder mixed dielectric and workpiece have been found to produce
mirror surface or glossy machined surface. Close scrutiny of mirror finish surface reveals
shallow overlapping resoldified discs with smooth rims, unlike typically EDMed surfaces,
which are typically covered with deep craters, pock marks and globules. The various factors

affecting the generation of mirror like surfaces were studied. The appropriate settings of
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electrode polarity and pulse parameters and correct combination of workpiece material and
powder characteristics have a significant influence on the mirror finish condition. The use of
negative electrode polarity (i.e. with tool as negative electrode, which condition is normally
used for finishing EDM) is necessary to achieve the mirror finish condition. Other features of
powder mixed dielectric EDM shorter machining time, more uniform dispersion of electrical
discharge, and stable machining. Based on the results of the experimental investigation, types of
material composition, powder properties and machine setting in bringing the near mirror

condition were discussed.

Wau et al. [15] investigated the effect of surfactant and Al powder added in the dielectric on the
surface status of workpiece after EDM. It was found that the best distribution effect was
produced when the concentration of Al powder and surfactant in the dielectric were 0.1 and 0.25
g/1, respectively. An optimal surface roughness (R,) value of 0.172 um was achieved under
positive polarity, discharge current 0.3A, pulse duration time 1.5 ps, open circuit potential
140V, gap voltage 90V, and surfactant concentration 0.25 g/l. the surface roughness of
workpiece is improved upto 60% as compared to that EDMed under pure dielectric with high
surface roughness (R;) 0.434 pm.

Pecas and Henriques [16] studied the performance improvement of conventional EDM when
used with powder mixed dielectric fluid. A silicon powder was used and the improvement is
assessed through quality surface indicators and process time measurement, over a set of
different processing areas. The result showed the positive influence of the silicon powder in the
reduction of the operating time, required to achieve a specific surface quality, and in the

decrease of the surface roughness, allowing the generation of mirror like surfaces.

Jeswani [17] used graphite powder in kerosene dielectric fluid. Experimental results revealed
that the addition of about 4g of fine graphite powder (10um in average size) per litre of
kerosene increases the metal removal rate (MRR) by 60% and tool wear rate (TWR) by 15% in
electrical discharge machining. The wear ratio TWR/MRR is reduced by about 28%. This effect
may be attributed to the reduction in the breakdown voltage of kerosene dielectric caused by the
addition of the graphite powder. A scheme of in-process of graphite contamination, based on

measuring the clarity of the kerosene with a photodiode, is proposed.

18



Furutani and Shimizu [18] investigated the deposition process of lubricant surface by EDM
with Molybdenum disulfide (MoS;) powder suspended in working oil. They also studied the
influence of some machining condition through the friction test. It was found that Molybdenum
disulfide could be deposited on the metals which melting point lowers than MoS,. The

expansion of the gap length caused the improvement of the roughness.

Prihandana et al. [19] proposed a new method that consists of suspending micro-MoS, powder
in dielectric fluid and using ultrasonic vibration during micro-electrical discharge machining (-
EDM) processes. The Taguchi method is adopted to ascertain the optimal process parameters to
increase the material removal rate of dielectric fluid containing micro-powder in u-EDM using
a L3 orthogonal array. Pareto analysis of variance is employed to analyze the four machining
process parameters: ultrasonic vibration of dielectric fluid, concentration of micro powder, tool
electrode material and workpiece materials. They showed that the introduction of MoS; micro-
powder in dielectric fluid and using ultrasonic vibration significantly increase the material
removal rate and improves the surface quality by providing a flat surface free from black carbon

spots.

Zhao et al. [20] performed experimental research on machining efficiency and surface
roughness of powder mixed EDM (PMEDM) in rough machining. They showed that PMEDM
machining can clearly improve the machining efficiency at the same time surface roughness by

selecting proper discharging parameters.

Ming and Liu [21] studied the effects of additives in kerosene used as diclectric fluid for EDM.
They showed that additives can increase the MRR and decrease the TWR and improve the

surface quality of work, especially in mid-finish machining and finish machining.

Kozak et al. [22] reported investigation of electrical discharge machining using powder
suspended working fluid instead of pure dielectric. The EDM characteristics obtained using
hydrocarbon dielectric and mixtures of deionized water with abrasive powder have been
compared. The relationships between surface roughness parameters, material removal rate and
operating parameters of EDM have determined for different kinds of powder and concentration

in kerosene/water.
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Kansal et al. [23] optimized the process parameters of powder mixed electrical discharge
machining. Response surface methodology has been used to plan and analyze the experiments.
Pulse on-time, duty cycle, peak current and concentration of silicon powder added into
dielectric fluid of EDM were chosen as variables to study the process performance in terms of
material removal rate and surface roughness. The silicon powder effect both material removal
rate and surface roughness. MRR increases with the increase in the concentration of silicon
powder. Peak current and powder concentration are the most influential parameters on MRR

and SR.

Tzeng and Chen [24] conducted experiment on SKD-11 steel with aluminum, chromium,
copper and silicon carbide powder. They found that aluminum powder gave the best surface
finish followed by chromium; whereas copper powder generated worst surface characteristics.
Particle size, concentration as well as its properties such thermal conductivity, density and

electrical resistivity affected performance.

Chow et al. [25] used kerosene, kerosene with aluminum powder, kerosene with silicon carbide
powder in EDM as a dielectric fluid. The addition of both aluminum and silicon carbide powder
to the kerosene permit an extension of the gap between electrode and workpiece. The extended
gap increases the debris removal rate and material removal depth. Several discharging
trajectories formed within a single input impulse and several discharging spots created within a
discharging impulse. The effects due to discrete discharging pulse were, minimizing of

machined debris, increases the material removal depth and surface roughness.

Chen and Lin [26] proposed a combined process that integrates the electrical discharge
machining and ultrasonic machining to investigate the machining performance and surface
modification on Al-Zn-Mg alloy. Titanium carbide particles added in dielectric fluid. The
elemental distribution of titanium and carbon on the cross-section were quantitatively
determined using an electron probe micro-analyzer. They showed that combined process

improve the hardness and wear resistance of the machined surface.
2.2.2 Surface Modification with Electrode Materials

Tsai et al. [27] proposed a new method of blending the copper powders contained resin with

chromium powders to form tool electrodes. Such electrodes made at low pressure (20Mpa) and
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temperature (200°C) in ho mounting machine. They showed that using such electrodes
facilitated the formation of modified surface layer on the workpiece with corrosion resistant
properties. The optimal mixing ratio and proper machining parameters (polarity, peak current,
and pulse duration) were used to investigate the effect of material removal rate, electrode wear
rate, surface roughness and thickness of recast layer on the usability of these electrodes.
Composite electrodes obtained higher MRR than copper electrodes; the recast layer was thinner
and fewer cracks were present on the machined surface. Chromium elements in the composite

electrode migrated to workpiece, resulting in good corrosion resistance of the machined surface.

Mohri et al. [28] proposed a new method of surface modification by EDM using composite
electrodes on workpieces of carbon steel or aluminum were carried out in hydrocarbon oil.
Copper, aluminum, tungsten carbide and titanium were used for the materials of electrodes, it
was revealed that there existed the electrode material in the work surface layer and the
characteristics of the surface of material are changed. Surfaces have lesser cracks, high

corrosion resistance and wear resistance.

Koshy et al. [29] used a rotating disk electrode which is more productive and accurate
technique than use conventional electrode. Material removal rate, tool wear rate, relative
electrode wear, corner reproduction accuracy and surface finish aspects of rotary electrode were
compared with those of a stationary one. The effective flushing of the working gap improves
material removal rate and machines surface with better finish. Despite the prevalent high tool
wear rate, the reproduction accuracy is least affected as the wear gets uniformly distributed over
the entire circumference of the disk. Machining of the sharp corner is possible even with

aluminum electrode, whose relative electrode wear is greater than unity.

Singh et al. [30] investigated the effects of machining parameters such as pulsed current on the
material removal rate, diameteral overcut, electrode wear, and surface roughness in the electric
discharge machining of EN-31 tool steel hardened and tempered to 55 HRc. The work material
machined with copper, copper tungsten, brass and aluminum electrodes by varying the pulsed
current at reverse polarity. They showed that the output parameters of EDM increase with
increase in pulsed current and beat machining rate were achieved with copper and aluminum

electrodes.
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Khanra et al. [31] developed a metal matrix composite (ZrB,-Cu) to get an optimum
combination of wear resistance, electrical and thermal conductivity. The ZrB,-Cu composite
have been developed by adding different amounts of Cu and tested as a tool material at different
process parameters of EDM during machining of mild steel. The ZrB,-40 wt% Cu composite
showed more material removal rate with less tool wear rate than commonly used Cu tool. But
the diameteral overcut and average surface roughness found to be lesser in the case Cu tool than
composite tool. The tools and workpiece surfaces were analyzed by scanning electron

microscope (SEM)/EDS and X-RD technique.

Erden and Bilgin [32] observed that there is practically no change in machining rate during
machining of mild steel with copper electrode when the dielectric is artificially contaminated
with metallic powder. But when the brass electrode was used, there was a significant increase in
machining rate. This is due to short time lag in case of copper electrodes and long time lags in
case of brass electrodes. The impurities decrease the time lag and some of open circuit pulses

replaced by erosive electrical discharge.

Curodeau et al. [33] used an electrically conductive polymer electrode made of styrene-
carbonaceous composite. Water was used as dielectric medium in the projected EDM processes,
a preliminary evaluation of water as dielectric medium, in conjunction with graphite electrode,
was performed. Tool steel workpiece with a macro-level 0.35 mm Peak-Valley milled surface
roughness is smoothed down to a 0.25 mm Peak-Valley in a single EDM iteration step in

deionised water.

Marafona and Wykes [34] used 75/25 tungsten copper electrode and D2 tool steel workpieces.
They optimized the parameters such MRR, TWR and surface roughness. It was found that a
black layer of carbon was deposited on the tool when low current intensity and long pulse
duration was used. This layer inhibits further tool wear and a higher current intensity can then
be used to improve the MRR without increase the TWR. SEM showed that a layer was formed
on the surface of tool with high carbon content as well as D2 steel elements such as iron and

chromium. Energy dispersive X-ray analysis was used to measure the composition of tool.
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Muttamara et al. [35] used a graphite electrode for machining of alumina. They showed that,
machining with graphite electrode gave a significantly higher MRR and low electrode wear than
copper electrode. The value of MRR was found to increase by 60% with positive electrode
wear. No element of copper was observed on the conductive layer when investigated with
energy dispersive spectroscopy. Surface roughness was improved by 12% with positive

polarity.

Haron et al. [36] investigated the machining characteristics when machining XW42 tool steel
at two current setting (3A and 6A), three diameter sizes (10, 15, and 20mm) of copper and
graphite electrodes with kerosene as dielectric. They showed that material removal rate is higher
and the relative electrode wear ratio is lower with copper electrode than graphite electrode. The
increase in current and electrode diameter reduced tool wear rate as well as material removal

rate. Combination of both electrodes will improve surface finish.

Mohan et al. [37] analyzed the effects of EDM parameters (polarity, current, electrode material,
pulse duration, rotation of electrode on MRR TWR and surface roughness) in machining of Al-
SiC metal matrix composite with 20 and 25 volume% Sic. Electrode material, polarity of
electrode and volume percentage of SiC, the MRR increased with increase in the discharge
current and for a specific current it decreased with increase in pulse duration. Increase in the
volume percentage of SiC had an inverse effect on MRR and Positive effect on TWR and
surface finish. Increasing the speed of rotating electrode resulted in a positive effect with MRR,

TWR and better surface roughness than at stationary.

Mohri et al. [38] used 0.1 mm diameters wires of tungsten, copper and brass as electrode on
AISI-1049 steel workpiece material to observe the effects of electrode materials on material
accretion process using EDM. Under the same machining conditions, tungsten was the

deposited on the workpiece, while the workpiece drilled with copper and brass electrode.

Li et al. [39] investigated the effects of titanium carbide (TiC) in sintered copper-tungsten (Cu-
W) electrodes. Six batches of specimens with TiC content varying from 5 to 40% were
fabricated by mixing, ball milling, pressing and liquid phase sintering. A uniform dispersion of
fine particles of TiC in Cu-W system and a narrower particle size distribution provide

possibility for obtaining the dense electrodes. The relative density first increased then decreased

23



with increasing TiC while the electrical resistivity correspondingly first decreased then
increased. The surface roughness decreased with increase of relative density and vice-versa. The
highest relative density, lowest electrical resistivity, and best EDM could be obtained by 15%
TiC addition, i.e. the lowest TWR, highest MRR and best surface finish.

Roethel and Garbajs [40] observed that the properties of machined surfaces depended on the
properties of alloys which were formed in the surface layers due to diffusion of the tool
electrode material and breakdown of the dielectric. By microprobe analysis, it was possible to
study the phase changes of the material in the surface layers. The working conditions in the gap
played a highly significant role in deciding the chemical structure and he properties of method

and consequently solidify layer.

Jeswani and Basu [41] carried out electron microprobe analysis for surface deposition and
diffusion of tool material on mild steel, high carbon steel and high speed steel with copper and
brass tool electrodes using kerosene and distilled water as dielectric medium. They observed
that high energy machining results in lower surface deposition but more depth of diffusion.
High speed steel had best deposition followed by the high carbon steel and mild steel showed
the least deposition. Machining in distilled water high pulse energy resulted in lower surface
deposition and depth of diffusion as compared to machining in kerosene. Pulse energy was
found to be the most important factor aiding surface deposition as compared to tool material,

work material and dielectric.
2.3 SUMMARY OF THE LITERATURE REVIEW

A lot of work has been done in surface modification with electrical discharge machining.
Surface modification has been done either with electrode material or with powder mixing in the
dielectric medium. From the literature survey, it is observed that the field of surface
modification using EDM process is still at the experimental stage. Many researchers [9], [11],
[16], [23], [25] used silicon metal powder in the kerosene dielectric fluid and investigated the
various effects on the machining parameters such as surface roughness, tool wear rate, material
removal rate. Some [10], [12], [15], [24] studied effects on material removal rate and surface

roughness value with adding aluminum powder in the kerosene dielectric fluid. Effects of MoS2
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powders [18], [19] also carried out. Graphite powder [17] reduced the wear ratio TWR/ MRR

about 28%. Material removal rate is increased by 60%.

Surface modification by electrode materials also carried out. Many researchers [28], [30], [32],
[34], [36], [38], [41] used copper electrode for machining of different materials and observed
that a layer of electrode material has taken place on the surface of workpiece material which
improve the surface properties. Some of researchers [29], [37] showed that aluminum electrode
has positive effect on tool wear rate and surface finish. Graphite electrode [35], [36] reduce tool
wear rate and increase the material removal rate than copper electrode. Tungsten copper

electrode [34] improves the MRR without increase the TWR.
2.4 PROBLEM FORMULATION

The field of surface modification using EDM process is still in at the experimental stage. A
number of research studies have been carried out and feasibility of the process is well
established. From the literature review, it is observed that no research work has been carried out
on surface modification using tungsten powder in EDM oil dielectric fluid. Analysis of material
transfer from tungsten and copper electrode and material transfer from powder suspend in
dielectric medium is missing. No work has been reported on effects of copper powder on high
carbon high chromium, hot die steel, EN31 with graphite and tungsten-copper electrode in
kerosene oil and EDM oil. So in the thesis work it is proposed to study the effect of different
input parameters, namely, current, workpiece material, electrode material, dielectric medium,
pulse on time, pulse off time and powder and some their interactions on the MRR, TWR, micro
hardness and surface roughness. The effect of various input parameters on output responses
have been analyzed using Analysis of Variance (ANOVA). Deposition of the powder material
either in pure form or in compound form was also proposed to studied. XRD and microstructure
analysis was to understand the form and amount of deposition on the surface of the workpiece

material.
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CHAPTER 3

PILOT EXPERIMENT &DESIGN OF STUDY

3.1 PILOT EXPERIMENTATION

The effect of various input parameters i.e. pulse on time, pulse off time, current, electrode,
workpiece material and powder were investigated through the pilot experimentation. Two
responses were selected for pilot experimentation namely material removal rate (MRR) and tool
wear rate (TWR). The assignment of factors was carried out using statistical software MINITAB.
All the factors were varied at three levels except workpiece material, which was varied at two
levels. The degrees of freedom required for the experiment was calculated to be 11, thus the
orthogonal array that can be used should have degrees of freedom (dof) greater than 11. L18
which can accommodate a combination of 2-level and 3-level factors was thus used for conduct
of experiments to measures two response values namely, MRR and TWR. After the conduct of
the 18 trials the mean values for MRR and TWR are tabulated in Table 3.1. For the analysis of
the result, Analysis of Variance (ANOVA) was performed.

Table 3.1: L18 Orthogonal Array along with results for powder mixed EDM process during pilot
experimentation

Trial | Workpiece | Pulse on | Current | Pulse off | Electrode | Powder MRR TWR

No. time (us) | (Amp) | time (us) (mm*/min)| (mm®/min)
1 HCHCr 10 2 38 Copper | Copper 2.98 0.011
2 HCHCr 10 5 57 Graphite | Graphite 11.92 5.024
3 HCHCr 10 8 85 W-Cu Mix 37.26 0.616
4 HCHCr 50 2 38 Graphite | Graphite 0.99 1.256
5 HCHCr 50 5 57 W-Cu Mix 14.03 0.136
6 HCHCr 50 8 85 Copper | Copper 14.03 0.449
7 HCHCr 100 2 57 Copper Mix 1.36 0.112
8 HCHCr 100 5 85 Graphite | Copper 15.65 3.14
9 HCHCr 100 8 38 W-Cu | Graphite 1.61 1.57

26




10 H13 10 2 85 W-Cu | Graphite 491 0.205
11 H13 10 5 38 Copper Mix 10.89 0.449
12 H13 10 8 57 Graphite | Copper 34.97 3.14
13 H13 50 2 57 W-Cu Copper 3.89 0.068
14 H13 50 5 85 Copper | Graphite 9.87 0.112
15 H13 50 8 38 Graphite Mix 1.43 4.71
16 H13 100 2 85 Graphite Mix 3.35 0.628
17 H13 100 5 38 W-Cu Copper 8.5 0.068
18 H13 100 8 57 Copper | Graphite 11.49 0.157
Table 3.2: ANOVA for MRR
Source SS v v F F critical at 95% P
confidence level
Workpiece 6.16 1 6.160 0.10 0.766
Pulse off time 398.17 2 199.085 3.15 0.116
Current 593.65 2 296.827 5.22 5.14 0.049
Pulse on time 340.26 2 170.130 2.69 0.147
Electrode 38.88 2 19.441 0.31 0.746
Powder 135.21 2 67.605 1.07 0.401
Residual error | 379.42 6 63.237
Total 1891.76 17

The relationship of MRR with current, pulse on time and pulse off time during the machining
using copper, graphite and tungsten- copper electrode in powder mixed dielectric is shown in the
Figure 3.1. It was observed that at low current, MRR 1is low but increases sharply with increased
current. ANOVA for MRR is given in Table 3.2. The current was observed to be most significant
factor affecting MRR. The MRR increased with increase in the pulse on time and decreased with
increase in pulse off time. The workpiece material and the electrode material had insignificant

effect on MRR. Further, the MRR was observed to increase when copper powder was suspended

in dielectric and reduce with graphite powder.
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Main Effects Plot for MRR

Cata Mears
workpiece Pulss on Currenk
15 /
104 — /"_//‘
B 5 /
=
S He Hds 10 5 100 2 5 3
= Pulse off Elechrode powder
L
= 15
10 \‘. //H '\\/f‘
5_
ERIEE TI E!|5 IZII.I glr wéu IZII.I glr m;x
Figure 3.1: Main effect plot for MRR during pilot experimentation
Table 3.3: ANOVA for TWR
Source SS \% \Y F F critical at 95% P
confidence level
Workpiece 0.4284 1 0.4284 0.32 0.591
Pulse off time 1.2608 2 0.6304 0.47 0.645
Current 6.5037 2 3.2519 2.44 0.168
Pulse on time 1.1655 2 0.5827 0.44 0.665
Electrode 28.3231 2 14.1616 10.62 5.14 0.011
Powder 0.2748 2 0.1374 0.10 0.904
Residual error 8.0008 6 1.3335
Total 45.9571 17

The relationship of TWR with the current, pulse on and pulse off during the machining with

copper, graphite and tungsten- copper electrode in powder mixed dielectric is shown in the
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Figure 3.2. The electrode material was found to be most significant factor effecting TWR. With
copper electrode showing least TWR while graphite electrode has maximum TWR. Also,
increase in current caused high tool wear, while all other factors had insignificant effect on

TWR.

Main Effects Plot for Mean of TWR
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Figure 3.2: Main effect plot for TWR during pilot experimentation
3.2 METHODOLOGY

The full factorial design is referred as the technique of defining and investigating all possible
conditions in an experiment involving multiple factors while the fractional factorial design
investigates only a fraction of all the combinations. Although these approaches are widely used,
they have certain limitations: they are inefficient in time and cost when the number of the
variables is large; they require strict mathematical treatment in the design of the experiment and
in the analysis of results; the same experiment may have different designs thus produce different
results; further, determination of contribution of each factors is normally not permitted in this
kind of design. The Taguchi method has been proposed to overcome these limitations by

simplifying and standardizing the fractional factorial design. The methodology involves
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identification of controllable and uncontrollable parameters and the establishment of a series of
experiments to find out the optimum combination of the parameters which has greatest influence
on the performance and the least variation from the target of the design. The effect of various
parameters (workpiece material, electrode, dielectric, pulse on time, pulse off time, current and
powder) and some of the effects of interactions between the main factors were also be studied

using parameterization approach developed by Taguchi [42].
3.3 PROCEDURE OF EXPERIMENTAL DESIGN
The whole procedure of Taguchi method is as under. [43]

Establishment of objective function.

Selection of factors and/or interactions to be evaluated.

Identifications of uncontrollable factors and test conditions.

Selection of number of levels for the controllable and uncontrollable factors.
Calculation total degree of freedom needed

Select the appropriate Orthogonal Array (OA).

Assignment of factors and/or interactions to columns.

Execution of experiments according to trial conditions in the array.

A S AR e

Analyze results.

10. Confirmation experiments

3.4 ESTABLISHMENT OF OBJECTIVE FUNCTION

The objective of the study is to evaluate the main effects of workpiece material, dielectric,
electrode, pulse off time, pulse on time, current and powder on the MRR, TWR, surface
roughness and micro hardness. Deposition of the powder material either in pure form or in
compound form was also studied. XRD and microstructure analysis was completed to understand

the form and amount of deposition on the surface of the workpiece material.
3.5 DEGREE OF FREEDOM (dof)

The number of factors and their interactions and level for factors determine the total degree of
freedom required for the entire experimentation. The degree of freedom for each factor is given

by the number of levels minus one.
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dof for each factor : k-1

where k is the number of level for each factor

dof for interactions between factors : (ka-1) X (kg-1)
where ka and kg are number of level for factor A and B
3.6 DUMMY TREATMENT

The dummy treatment accommodates 2-level factor in a basic 3-level orthogonal array by using
only two of possible levels for the factor and simply repeating one level from the previous of two
levels for the indicated third level. Any one of the two levels for the factor can be repeated, so

whichever is easiest, cheapest, or makes more sense should be repeated.
3.7 SELECTION OF FACTORS AND INTERACTION

The determination of which factors to investigate depends on the responses of interest. The
factors affects the responses were identified using cause and effect analysis, brainstorming and

pilot experimentation. The lists of factors studied with their levels are given in the Table 3.4.

Table 3.4: Factors interested and their levels

S. Factor Levels
Factors . .

No designation

Level-1 Level-2 Level-3
1 | Worpiece material A HCHCr HDS EN 31
7 Dielectric B Kero'sene EDM Kerpsene

oil oil oil**
. Tungsten-
3 Electrode C Graphite copper Graphite**
4 Pulse off time D 33 57 25
(us)

5 | Pulse on time (us) E 10 50 100
6 | Current (Amp) 2 5 8
7 Powder G No Copper Tungsten

**= Dummy treated
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Some of interactions between the main factors were believed to be of interest. The interaction

identified for detailed statistical analysis is as under:

(1) Workpiece v/s Electrode, A x C
(i1)) Workpiece v/s Powder, A x G
(ii1) Electrode v/s Powder, C x G

The minimum dof required in the experiment are the sum of all the degrees of freedom of
factors and interactions. In the present experiment setup, there are five 3-level factor and two,
electrode and diclectric are 2-level factor. The number of dof for factors A, D, E, F and G are
two and for factor B and C is one. The total dof for the experiment including the interaction
is given in Table 3.5. As the dof required for the experiment is 20, the orthogonal array (OA)
to be used should have more than 20 dof. The most suitable orthogonal array that can be used
for this experiment is L27, which has 26 dof assigned to its various columns. The additional

six dof were used to measure the random error.

Table 3.5: Degree of freedom

Factor A B C D E| F| G| AxC AxG CxG Total
Degree of 2x1 | 2x2=1] 1x2=
2 1 1 2 2 2 2 20
Freedom =2 4 2
3.8 ORTHOGONAL ARRAY

OA plays a critical part in achieving the high efficiency of the Taguchi method. OA is derived

from factorial design of experiment by a series of very sophisticated mathematical algorithms

including combinatorics, finite fields, geometry and error- correcting codes. The algorithms

ensure that the OA to be constructed in a statistically independent manner that each level has an

equal number of occurrences within each column; and for each level within one column, each

level within any other column will occurs an equal number of times as well. Then, the columns

are called orthogonal to each other. OAs are available with a variety of factors and levels in the

Taguchi method. Since each column is orthogonal to the others, if the results associated with one

level of a specific factor are much different at another level, it is because changing that factor
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from one level to the next has strong impact on the quality characteristic being measured. Since
the levels of the other factors are occurring an equal number of times for each level of the strong
factor, any effect by these other factors will be ruled out. The Taguchi method apparently has the

following strengths:

1. Consistency in experimental design and analysis.
2. Reduction of time and cost of experiments.
3. Robustness of performance without removing the noise factors.

The selection of orthogonal array depends on:

e The number of factors and interactions of interest

e The number of levels for the factors of interest

Taguchi’s orthogonal arrays are experimental designs that usually require only a fraction of the
full factorial combinations. The arrays are designed to handle as many factors as possible in a
certain number of runs compared to those dictated by full factorial design. The columns of the
arrays are balanced and orthogonal. This means that in each pair of columns, all factor
combinations occur same number of times. Orthogonal designs allow estimating the effect of
each factor on the response independently of all other factors. Once the degrees of freedom are
known, the next step, selecting the orthogonal array (OA) is easy. The number of treatment
conditions is equal to the number of rows in the orthogonal array and it must be equal to or
greater than the degrees of freedom. The interactions to be evaluated will require an even larger
orthogonal array. Once the appropriate orthogonal array has been selected, the factors and

interactions can be assigned to the various columns. [42]

The linear graph used for assignment of factors in L27 array is shown in Figure 3.3. The L27
array has 13 columns and each column has two dof associated with it. In the linear graph, each
vertex of the triangle represents a column in L27 array. Factor A has been assigned to column 1,
factor B to column 2 and factor G to column 5. Each connecting line of the triangle represents
interaction and also the column merged for the purpose. Column 3 and 4 were merged to
measure the interaction of factor AXC, column 6 and 7 and column 8 and 11 were merged to
measure the interaction of factor AXG and CXG respectively. The remaining factors B, D, E and

F were assigned to columns 9, 10, 12 and 13 respectively. Two factors, dielectric fluid and
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electrode material, were varied at two levels each and the third level was dummy treated. To
calculate the variation due to error a comparison of average response value of level 1 and 1**

(repeated dummy treatment experiment) was calculated.

1(A)
9 10 12 13
o 6 0 ©°
3, 4 (AXC) 6,7(Axgy ° D EF
2(0) 5(G)
8, 11 (CxG)

Figure 3.3: L27 Linear Graph
The 27 trial conditions represented by Taguchi’s L27 are given in Table 3.6. The dummy
treated levels are marked by using ** against the repeated level.

Table 3.6: L27 Experimental design

Trial no | Workpiece Dielectric Electrode | Pulse off | Pulse on Current | Powder
time (us) | time (us) (Amp)
1 HCHCr Kerosene Gr 38 10 2 No
2 HCHCr EDM oil Gr 57 50 5 Cu
3 HCHCr Kerosene** Gr 85 100 8 W
4 HCHCr EDM oil W-Cu 57 100 8 No
5 HCHCr | Kerosene** | W-Cu 85 10 2 Cu
6 HCHCr Kerosene W-Cu 38 50 5 W
7 HCHCr | Kerosene** Gr#* 85 50 5 No
8 HCHCr Kerosene Gr** 38 100 8 Cu
9 HCHCr EDM oil Gr* 57 10 2 W
10 HDS EDM oil Gr 85 50 8 No
1 HDS Kerosene** Gr 38 100 2 Cu
12 HDS Kerosene Gr 57 10 5 w




13 HDS Kerosene** | W-Cu 38 10 5 No
14 HDS Kerosene W-Cu 57 50 8 Cu
15 HDS EDM oil W-Cu 85 100 2 w
16 HDS Kerosene Gr** 57 100 2 No
17 HDS EDM oil Gr* 85 10 5 Cu
18 HDS Kerosene** Gr** 38 50 8 W
19 EN31 Kerosene** Gr 57 100 5 No
20 EN31 Kerosene Gr 85 10 8 Cu
21 EN31 EDM oil Gr 38 50 2 w
22 EN31 Kerosene W-Cu 85 50 2 No
23 EN31 EDM oil W-Cu 38 100 5 Cu
24 EN31 Kerosene** W-Cu 57 10 8 W
25 EN31 EDM oil Gr** 38 10 8 No
26 EN31 Kerosene** Gr** 57 50 2 Cu
27 EN31 Kerosene Gr* 85 100 5 w

** = Dummy Treated

Each of the 27 experimental design represents the set of values of input process parameters with
which particular experiment is to be conducted. Thus the total 27 experiment were, thus
performed with repetition to minimize the effect of uncontrollable factors for each combination

of all input parameters. Machining time during each experiment was 10 minutes.
3.9 EXPERIMENTAL SET UP

The experiments have been conducted on the Electrical Discharge Machine model T-3822
(Figure 3.4) of victory electromech available at Thapar University, Patiala in the Machine Tool
lab. Many input parameters can be varied in EDM process, like discharge voltage, pulse on time,
pulse off time, polarity, peak current, electrode gap and type of flushing, each factor has its own
effect on the output parameters such as tool wear rate (TWR), material removal rate (MRR),
surface roughness (SR) and hardness of the machined surface. The ranges of the parameters
varied for the experimental work were selected on the basis of results of pilot experiments. The
input parameters, which were kept constant during the experimentation, are given in the Table

3.7.
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Table 3.7: Constant input parameters

S.No Parameter Value set as
! Open circuit voltage 135+5%
2 . .

Polarity Positive
3 Machining time 10 minutes
4
Spark energy Low

> Powder concentration 10 gm/1

To ensure that the suspended powder particles do not clog the filtering system special mild steel
tank was designed for the conducting experiments. This tank of size 330 x 180 x 187 mm was
made of 3mm thick mild steel and had capacity of 9 litre. The tank was installed in EDM

machine as shown in Figure 3.6. A stirrer rotating at 1400 rpm was used in the tank for proper

mixing of the powder in the dielectric.
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Figure 3.4: Electrical Discharge Machine

Servo

System
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Figure 3.5: Schematic diagram of set up
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Figure 3.6: Dielectric Tank with stirrer attachments
3.10 MEASURING AND TEST EQUIPMENT USED

Micro hardness and surface roughness tests were conducted on all the samples, produced after
each of the 27 trials. Also, MRR was measured using a weighing machine, while TWR was
measured using a Vernier Calliper. The details of important test equipment used in experimental

study are given below:
3.10.1 Surface Roughness Tester

Surface roughness was measured using the Perthometer, model M4Pi of Mahr, Germany
available in the Metrology lab of Thapar University, Patiala. The equipment uses the stylus
method of measurement, has profile resolution of 12 nm and measure roughness up to 100pm. A

tracing length of 4.8 mm was used for analysis. Surface roughness of each sample was measured
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at three different positions namely, centre, left and right of each machined sample. The left and

right positions were taken at 7mm form center on each side.
3.10.2 Micro Hardness Tester

Micro hardness was measured on a computer interfaced Micro Hardness Tester, (model MVH-2)
Metatech industries, Pune, India, available at Thapar University, Patiala. The micro hardness
measurement is dependent on the diameter of indentation on the samples. The indents formed in
the pyramid shaped indenter were measured with Quantimet software using a load of 1 kg for 20

seconds. The micro hardness was measured at deposition as well as non deposition region.
3.10.3 X-Ray Diffraction Machine

XRD analysis was carried out on X-Ray Diffraction machine, (model ME 210 LA 2) of Rigaku
corporation, Japan, available in Material Testing lab of Thapar University, Patiala. The range of

26 from the 5° to 100° was used at a scan speed of 5°/minute for each test.
3.10.4 Scanning Electron Microscope (SEM) Machine

Microstructure was carried out of some selected samples on Scanning Electron Microscope,
(model JSM-840A) of Joel, Japan, available in Material Testing lab of Thapar University,
Patiala. The range of magnification from 10% to 3,00,000x. SEM of samples was carried out on

three ranges, namely, 200, 500% and 1000x.

3.11 ANALYSIS OF RESULTS

Signal-to-noise ratio

The parameters that influence the output can be categorized into two classes, namely
controllable (or design) factors and uncontrollable (or noise) factors. Controllable factors are
those factors whose values can be set and easily adjusted by the designer. Uncontrollable
factors are the sources of variation often associated with operational environment. The best
settings of control factors as they influence the output parameters are determined through
experiments. From the analysis point of view, there are three possible categories of the
response characteristics explained below.

r is the number of tests in a trial (noise of repetitions regardless of noise levels)
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r

2 : .
§ Y i = summation of all response values under each trial
i=1

MSD = Mean square deviation

y;= Observed value of the response characteristic

y,= nominal or target value of the results
The three different response characteristics are given by the following.
1) Higher is Better. The S/N for higher the better is given by:

(S/N)ng = -10 log (MSDyg)

Where MSDyg = li Lz
ri= Yi

( Equation 3.1)
MSDyg = Mean Square Deviation for higher-the-better response.
2) Nominal is Better. The S/N for nominal is better is:

(S/N)NB =-10 |Og (MSDNB)

Where MSDyg = %Zr:(yj Yo )2
j=1 (Equation 3.2)

3) Lower is Better. In this design situation, TWR and surface roughness is the type of ‘‘lower

is better’’, which is a logarithmic function based on the mean square deviation (MSD), given

by

S/N, =-10log(MSD ) = —1010g[(%z yi)

i=1

Where MSD g =

(yjz)

= |~

r
j=1

(Equation 3.3)
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Signal to noise ratio for response characteristics

The parameters that influence the output can be categorized in two categories, controllable
factors and uncontrollable factors. The control factors that may contribute to reduced variation
can be quickly identified by looking at the amount of variation present in response. The
uncontrollable factors are the sources of variation often associated with operational environment.

For this experimental work, response characteristics have given in the Table 3.8.

Table 3.8: Response Characteristics

Response name Response type Units
Material Removal Rate (MRR) Higher the better mm’/min
Tool Wear Rate (TWR) Lower the better mm’/min

Micro Hardness Higher the better Hvn
Surface Roughness Lower the better Microns

Measurement of F-value of Fisher’s F ratio

The principle of the F test is that the larger the F value for a particular parameter, the greater the
effect on the performance characteristic due to the change in that process parameter. F value is
defined as:

. MS for the term
MS for the error term

Depending on F-value, percentage contribution is calculated of each factor and interaction.

Computation of average performance:

Average performance of a factor at certain level is the influence of the factor at this level on

the mean response of the experiments.

Analysis of variance

The knowledge of the contribution of individual factors is critically important for the control of
the final response. The analysis of variance (ANOVA) is a common statistical technique to
determine the percent contribution of each factor for results of the experiment. It calculates

parameters known as sum of squares (SS), pure SS, degree of freedom (dof), variance, F-ratio
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and percentage contribution of each factor. Since the procedure of ANOVA is a very
complicated and employs a considerable of statistical formula, only a brief description of is

given as following.

The Sum of Squares (SS) is a measure of the deviation of the experimental data from the mean

value of the data.

Let ‘A’ be a factor under investigation
3 T2
SS; = Z (yi—T)
i=1

Where N = Number of response observations, T is the mean of all observations Y;is the

i, th response

Factor Sum of Squares (SS,) - Squared deviations of factor (A) averages from overall

A-2 TZ
n) N

average

ssA:Lkz;(

Where

>

(Equation 3.4)

A =Average of all obseravtions under A level =A /n,
T = sum of all observations
T= Average of all observations=T /N

n, = Number of obsernations under A level

Error Sum of Squares (SS,) - Squared deviations of observations from factor (A)

averages
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=1 (Equation 3.5)

Sum of Squares (SS , ;) for interactions

SSua | 5 Q2| -5

i1\ Niaceyi

(Equation 3.6)

Sum of Squares of factors for dummy treatment level

The level symbols for A, & A, , both indicate the same test condition w.r.t. factor A.

Therefore
A +A ) A2 T?
SSA :( 1 1 ) + 2 _ N
n + N _ .. n
Al Al A2 (Equation 3.7)
SS e = ( 1 ! )
nA] + nAl**

(Equation 3.8.)

c 2 2
S5ua | 5[ A2 |- T, 5.

i=1 n(AxB)i

(Equation 3.9)
SS 4 =55 , — (V,)(V,)

SS,, is expected sum of squares due to factor A, and the percent contribution to the total

variation can be calculated as:

S

T

P = x 100
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3.12 TEST RESULTS FOR WORKPIECE & ELECTRODE MATERIAL

Three workpiece materials High-Carbon High-Chromium (HCHCr), Hot Die Steel (H13) and
EN31 and two electrode materials Graphite and Tungsten-Copper were used. Before the start of
experimentation, the chemical composition of workpiece and electrode material was measured
on an Optical Emission Spectrometer DV-6. The percentage composition of the workpiece and
electrode material is provided in Table 3.9 and 3.10 respectively. The dimension of each
workpiece 100x 50x 10 mm was selected. The worpieces are shown in the Figure 3.7 and Figure
3.8 before and after machining respectively. The diameter of each electrode was 20mm and

pictorial view of electrode are shown in the Figure 3.9.

Table 3.9: Chemical composition of workpiece materials

Workpi % composition

€ce

Fe C Si Mn P S Cr Mo Ni Co Cu Ti Vv \%%

HDS 90.6 | 04 | 1.0 | 0.39 | 0.03 | 0.02 | 532 | 1.1 | 036 | 0.01 | 0.01 | 0.01 | 03 | 0.1

HCHCr | 835 | 1.6 | 0.5 | 0.55 | 0.03 | 0.03 | 13.3 | 0.05 | 0.07 | 0.01 | 0.05 | 0.02 - 0.0

EN31 923 |1 03 | 1.0 | 040 | 0.04 | 0.02 | 5.0 0.09 | 0.01 | 0.03 1.0

Table 3.10: Chemical composition of electrode materials

Electrode % composition
" Cu Ni V4 Ti Pb
Tungsten-copper 79.36 19.462 0.121 | 0.047 | 0.014 0.026
Graphite More than 99% purity
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Figure 3.8: Workpiece materials after machining
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Figure 3.9: Electrodes

The surface of workpiece was ground on the surface grinder to remove any scaling. Micro
hardness of workpiece was measured at three different positions before machining and is given

in the Table 3.11.

Table 3.11: Micro hardness of worpiece materials before machining

Workpiece material HCHCr HDS (H13) EN31

Micro hardness (hvn) 576 534 552
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CHAPTER 4

RESULTS AND ANALYSIS OF MRR

4.1 INTRODUCTION

The effect of parameters i.e. workpiece, dielectric, electrode, pulse on time, pulse off time,
current, powder and some of their interactions were evaluated using ANOVA and factorial
design analysis. A confidence interval of 99% has been used for the analysis. One repetition for

each of 27 trials was completed so as to measure Signal to Noise ratio (S/N ratio).

4.2 RESULTS FOR MRR

The results for MRR for each of the 27 treatment conditions with repetition are given in Table
4.1. MRR of each sample was calculated from weight difference of workpiece before and after

the performance trial:

(Wi — Wf) ]
MRR = ETE X 1000 mm3/min

Where Wi = Initial weight of workpiece material (gms)
Wf = Final weight of workpiece material (gms)
t=Time period of trails in minutes
p = Density of workpiece in gms/cc

Table 4.1: Results for MRR

MRR
. Pulse | Pulse (mm’/min) Mean
Tria Workpiecel  Dielectric Electrod off on Current Powder MRR S/N
1 no. e (Amp) 3, . ratio
(us) (us) (mm/min)
| 11

1 HCHCr Kerosene Gr 38 10 2 No 3.75 4.06 3.90 11.81

5 HCHCr EDM oil Gr 57 50 5 Cu 18.05 | 17.52 17.78 25.00

3 HCHCr Kerosene** Gr 85 100 8 W 10.17 | 10.12 10.14 20.12

4 HCHCr EDMoil |W-Cu 57 100 ] No 26.69 | 26.84 26.77 28.55
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5 | HoHcr | Kerosene®* [W-Cu | oo 10 Cu 6.51 | 6.85 6.68 16.49
6 | HCHCr Kerosene |W-Cu | ;¢ 50 W 26.86 | 26.86 26.86 28.58
7 | HeHey | Kerosene®* | Gri* | oo | o No | 1446 | 1400 | 1423 | 23.06
8 | HCHCr | Kerosene | Gr* | 4q 100 cu | 3201 | 3274 32.37 30.20
9 | gcucr | EPMoil Gr* | o 10 W 8.46 8.60 8.53 18.62
10 ups | EDM oil Gr 85 50 No 242 | 2.06 2.24 6.92
11 HDS Kerosene** Gr 38 100 Cu 7.51 8.48 7.99 18.01
12 HDS Kerosene Gr 57 10 W 7.69 7.93 7.81 17.85
13 HDS Kerosene** (W-Cu 38 10 No 10.51 | 10.51 10.51 20.43
14 HDS Kerosene |W-Cu 57 50 Cu 26.30 | 25.90 26.10 28.33
15 HDS EDMoil |W-Cu | ¢s 100 W 10.86 | 11.31 11.08 20.89
16 HDS Kerosene | Gr** 57 100 No 3.18 3.16 3.17 10.02
17 HDS EDM oil Gr* | ¢s 10 Cu 10.42 | 10.90 10.66 20.55
18 HDS Kerosene** | Gr** 38 50 W 12.68 | 13.45 13.06 22.31
19 EN31 Kerosene** Gr 57 100 No 14.47 | 13.54 14.00 2291
20 EN31 Kerosene Gr 85 10 Cu 4.11 4.28 4.20 12.46
21 EN31 EDM oil Gr 38 50 w 12.53 | 12.13 12.33 21.82
27 EN31 Kerosene ~ |W-Cu | ¢ 50 No 3.67 | 3.98 3.82 11.63
23 EN31 EDMoil |W-Cu | ;¢ 100 cuy | 2004 | 20.78 20.41 26.19
24 EN31 Kerosene** \W-Cu | 4 10 W 17.31 | 17.84 17.58 24.89
25 EN31 EDM oil Gr* | 3¢ 10 No 1.05 1.45 1.25 1.66
26 EN31 Kerosene** | Gr** 57 50 Cu 5.37 5.97 5.67 15.03
27 EN31 Kerosene | Gr** | ¢ 100 W 20i82 21.08 20.95 26.42
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4.3 ANALYSIS OF VARIANCE - MRR

The results were analyzed using ANOVA for identifying the significant factors affecting the
performance measures. The Analysis of Variance (ANOVA) for the mean MRR at 99%
confidence interval is given in Table 4.2. The variation data for each factor and their interactions
were F-tested to find significance of each. The principle of the F-test is that the larger the F value
for a particular parameter, the greater the effect on the performance characteristic due to the
change in that process parameter. ANOVA table shows that electrode (F value 60.22), current (F
value 41.03), pulse on time (F value 26.75), powder (F valuel6.05), pulse off time (F
valuel1.73) are the factors that significantly affect the MRR. All others factors, namely,
dielectric and workpiece material and interactions were found to be insignificant. Table 4.3
shows the ranks of various factors in the terms of their relative significance. Current has the
highest rank, signifying highest contribution to MRR and dielectric has the lowest rank and was
observed to be insignificant in affecting MRR. Main effect plot for the mean MRR is shown in
the Figure 4.1 which shows the variation of MRR with the input parameters. As can be seen
MRR increases with increase in current from 2Amp to SAmp. It, however, shows no significant
change in MRR when current is further increased from SAmp to 8 Amp. MRR is high with
tungsten-copper electrode as compared to graphite electrode and the MRR increases with
addition of powder in dielectric. The interaction plot is shown in the Figure 4.2 which shows that

none of the interactions are significant for the MRR.

Table 4.2: ANOVA for MRR

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 102.11 2 51.06 | 10.87
Dielectric (B) 1.01 1 1.01 0.22
Electrode (C) 28298 | 1 | 28298 | 60.22 13.7 262.53 17.172
Pulse off time (D) | 11026 | 2 55.13 | 11.73 10.9 69.36 4.537
Pulse on time (E) | 251.42 | 2 | 125.71 | 26.75 10.9 210.52 13.770
Current (F) 385.60 | 2 | 192.80 | 41.03 10.9 344.70 22.547
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Powder (G) 150.87 | 2 7543 | 16.05 10.9 109.96 7.193
(A x C) 38.80 2 19.40 | 4.13
(A x G) 16256 | 4 | 40.64 | 8.65
(C x G) 14.99 2 7.49 1.59
Error 28.19 6 4.70
TOTAL 1528.79 | 26 | 58.80 1528.79 100
e pooled 34766 | 17 | 2045 531.72 34.780
Table 4.3: Response table for means of MRR
Level Workpiece | Dielectric | Electrode | Pulse off | Pulse on Current | Powder
(A) (B) (©) time (D) | time (E) (F) (G)
1 11.13 12.34 10.55 14.30 7.90 7.02 14.65
2 16.36 12.72 16.64 14.16 13.57 1591 8.88
3 10.29 9.33 16.32 14.86 14.26
Delta 6.07 0.38 6.07 4.96 8.41 8.89 5.77
Rank 4 7 3 6 2 1 5
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Main Effect Plot for Mean MRR
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Figure 4.1: Main effect plot for Mean MRR
Interaction Plot for Mean MRR
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Figure 4.2: Interaction plot for MRR
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4.4 RESULTS FOR S/N RATIO - MRR

The S/N ratio consolidated several repetitions into one value and is an indication of the amount
of variation present in the process. The S/N ratios have been calculated to identify the major
contributing factors and interactions that cause variation in MRR. MRR is a “Higher the better”

type response is given by a logarithmic function based on the mean square deviation:

(S/N)HB =-10 |Og (MSDHB)
Where MSDyg = lz[%J
rsly;

MSDyg = Mean Square Deviation for higher-the-better response.

Table 4.4 shows the ANOVA results for S/N ratio of MRR at 99% confidence interval. Other
than the dielectric, all other factors are significant. According to F-test powder was observed to
be the most significant factor affecting the MRR, followed by current, pulse on time, electrode,
workpiece according to F-test. All the interactions studied during the trials were found to be
significant. Main effect plot and interaction plot of S/N ratio for MRR are shown in the figure
4.3 and 4.4 respectively. Table 4.5 shows the ranks of various factors in the terms of their
relative significance. Current has the highest rank, signifying highest contribution to MRR and

dielectric has the lowest rank and was observed to be insignificant in affecting MRR.

Table 4.4: ANOVA for S/N ratio of MRR

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) | 108.77 | 2 5438 | 37.72 10.9 104.14 7.880
Dielectric (B) 7.53 1 7.53 5.22
Electrode (C) 140.74 | 1 140.74 | 97.63 13.7 138.43 10.474
Pulse off time (D) | 62.07 2 31.03 | 21.53 10.9 57.44 4.346
Pulse on time (E) | 19592 | 2 97.96 | 67.95 10.9 191.30 14.474
Current (F) 24732 | 2 123.66 | 85.78 10.9 242.69 18.363
Powder (G) 27053 | 2 13527 | 93.83 10.9 26591 20.119
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(A xC) 99.45 2 49.72 | 34.49 10.9 94.83 7.175
A x G) 13142 | 4 32.85 | 22.79 9.15 122.17 9.244
(C x G) 49.27 2 24.64 | 17.09 10.9 44.65 3.378
Error 8.65 6 1.44
TOTAL 1321.66 | 26 50.83 1321.66 100
e pooled 16.18 7 2.31 60.09 4.547
Table 4.5: Response table for S/N ratio of MRR
Level Workpiece | Dielectric | Electrode | Pulse off | Pulse on Current | Powder
eve
(A) B) © time (D) time (E) (F) (G)
1 18.12 18.91 18.05 20.12 16.09 16.04 21.37
2 22.50 20.03 22.89 21.25 20.30 23.45 15.22
3 18.37 17.62 22.59 19.50 22.39
Delta 4.38 1.12 4.84 3.63 6.50 7.41 7.17
Rank 5 7 4 6 3 1 2
Main Effect Plot for S/N ratio of MRR
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21 /\ . /
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Figure 4.3: Main effects plot for of S/N ratio of MRR
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Interaction Plot for S/N ratios of MRR
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Figure 4.4: Interaction plot for S/N ratio of MRR

4.5 OPTIMAL DESIGN

In this experimental analysis, the main effect plot and interaction plot in Figure 4.1 and Figure
4.2 used to estimate the mean MRR with optimal design conditions. From the, Table 4.6 it is
concluded that highest MRR was observed when tugsten-copper electrode, pulse off time 38us,
pulse on time 100 ps, current SAmp and tungsten powder was selected in the treatment
conditions. In S/N ratio highest MRR was observed when workpiece material HCHCr, tugsten-
copper electrode, pulse off time 57us, pulse on time 100 ps, current SAmp and tungsten powder
was selected in treatment condition. In this case, the same levels of the significant factors and
interactions provide the higher average and reduced variability so nothing has to be
compromised. In some situations, the levels of factors which improve the average and improve
the uniformity may conflict, so a compromise may have to be reached. Also, a compromise may
have to occur when multiple responses are considered and the same factor level may cause one

response to improve and another to deteriorate.
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Table 4.6: Significant factors and interactions for MRR

Affecting mean Affecting variation (S/N ratio)
Factors
Contribution Best level Contribution Best level
Workpiece (A) Insignificant - Significant Level 1- HCHCr
Dielectric (B) Insignificant - Insignificant -
Electrode (C) Significant Level 2- W-Cu Significant Level 2- W-Cu
Pulse off time (D) Significant Level 1- 38us Significant Level 2- 57 us
Pulse on time(E) Significant Level 3-100 ps Significant Level 3- 100 ps
Current (F) Significant | Level 2- 5 Amp Significant Level 2- 5 Amp
Powder (G) Significant Level 3- W Significant Level 3-W
(A xQC) Insignificant - Significant AC,
(A xG) Insignificant - Significant AiG;
(CxQG) Insignificant - Significant C,Gs

Estimating the mean

In experimental analysis, the MRR is a higher average response is better (HB) characteristic.
Depending on the characteristic, different treatment combinations has chosen to obtain
satisfactory results. After conducting the experiments the optimum treatment condition within
the experiments determined on the basis of prescribed combination of factor levels is determined

to one of those in the experiment.

Mean value of MRR

MAixCy Ay xA1 Ay xAvDyEsFy Ay X Cy +A; X G31C; X Gz + D + E3 + F, — 5T

— — 3 /i
My sy iy 0y apy —20-18F15.18+18.51414.16+14.82+15.91-5x12.07=38.33 mm’/min

Confidence Interval around the Estimated Mean

The confidence interval is a maximum and minimum value between which the true average
should fall at some stated percentage of confidence. The estimate of the mean p is only a point

estimate based on the averages of results obtained from the experiment. Statistically this provides
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a 50% chance of the true averages being greater than pu and a 50% chance of the true average

being less than p [43].

Confidence Interval around the estimated MRR

Fa,Vl,Vz e R

Cl, =, [ —"— Where F,.. =F ratio
nef-f 172

a=risk (0.01) confidence =1-«

v, =dof for meanwhichis always =1

v, =dof forerror=v,

Nett = Number of tests under that condition using the participating factors

N 27
Ny = = =1.8
1+d0fAXC,AXG,CXG,D,E,F 1424+44+2424+2+2
V
I AETAL :\/0.17><20.45 133
N 1.8

So the confidence interval around the estimated mean of MRR is given by 38.33+1.38 mm®/min.

56



CHAPTER 5

RESULTS AND ANALYSIS OF TWR

5.1 INTRODUCTION

The effect of parameters i.e. workpiece, dielectric, electrode, pulse on time, pulse off time,
current, powder and some of their interactions were evaluated using ANOVA and factorial
design analysis. A confidence interval of 99% has been used for the analysis. One repetition for
each of 27 trials was completed so as to measure Signal to Noise ratio (S/N ratio).

5.2 RESULTS FOR TWR

The results for TWR for each of the 27 treatment conditions with repetition are given in Table

5.1. The TWR is calculated from the loss in length in electrode during performance trial:

X L
TWR = — mm?3 /min

Where A = front area of electrode (mm?)
L = Loss in length of electrode (mm)
t = time period of trial (minutes)

Table 5.1: Results for TWR

Trial Pulse | Pulse c ; TWR mm/min Mean S/N
ra Workpiece Dielectric Electrode| off on ( :I‘I‘el)l Powder TWR "
e (us) | (ns) P [ II mm¥min | O
1 HCHCr Kerosene Gr 38 10 2 No 0.356 | 0.356 0.356 -8.97
2 HCHCr EDM oil Gr 57 50 5 Cu 2.512 | 2.512 2.512 -8.00
3 | HcHey | Kerosene®* | Gr 85 | 100 | 8 W | 2134 [ 2043 ] 20885 [ -6.39
4 HCHCr EDM oil W-Cu 57 100 ] No 2.567 | 2.567 2.567 -8.18
5 HcHCy | Kerosene** | W-Cu 85 10 2 Cu 0314 | 0.314 0314 10.06
6 HCHCr Kerosene W-Cu 38 50 5 W 0.836 | 0.836 0.836 1.55
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7 HCHCr Kerosene** | Gr** 85 50 5 No 3.65 3.65 3.65 -11.24
8 HCHCr Kerosene Gr** 38 100 8 Cu 2.124 | 2512 2.318 -7.33
9 HCHCr EDM oil Gr* 57 10 2 W 0.628 | 0.628 0.628 4.04

10 HDS EDM oil Gr 85 50 ] No 2512 | 2.512 2.512 -8.00
11 HDS Kerosene** Gr 38 100 2 Cu 1.768 | 1.768 1.768 -4.94
12 HDS Kerosene Gr 57 10 5 W 1.256 | 1.57 1.413 -3.05
13 HDS Kerosene** | W-Cu 38 10 5 No 1.057 | 1.057 1.057 -0.48
14 HDS Kerosene W-Cu | 55 50 8 Cu 1.456 | 1.456 1.456 -3.26
15 HDS EDM oil W-Cu | ¢s 100 2 W 0.523 | 0.523 0.523 5.63

16 HDS Kerosene Gr* 57 100 2 No 1.125 | 1.125 1.125 -1.02
17 HDS EDM oil Gr** 85 10 5 Cu 3.14 | 3.14 3.14 -9.93
18 HDS Kerosene** | Gr** 38 50 ] W 1.256 | 1.256 1.256 -1.97
19 EN31 Kerosene** Gr 57 100 5 No 3.16 3.16 3.16 -9.99
20 EN31 Kerosene Gr 85 10 8 Cu 2.512 | 2.512 2.512 -8.00
21 EN31 EDM oil Gr 38 50 > W 0.314 | 0.314 0.314 10.06
22 EN31 Kerosene W-Cu 85 50 2 No 0.954 | 0.954 0.954 0.40

23 EN31 EDM oil W-Cu | 3¢ 100 5 Cu 0.828 | 0.828 0.828 1.63

o4 | EN31 | Kerosene** | W-Cu | o | o | ¢ w | 1256 [ 1256 [ 1256 | -1.97
25 EN31 EDM oil Gr** 38 10 ] No 2225 | 2.225 2.225 -6.94
26 EN3] | Kerosene** | Gr** 57 50 > Cu 1.256 | 1.256 1.256 -1.97
27 EN31 Kerosene Gr** 85 100 5 w 1.256 | 1.256 1.256 -1.97

5.3 ANALYSIS OF VARIANCE - TWR

The results were analyzed using ANOVA for identifying the significant factors affecting the
performance measures. The ANOVA results for the mean TWR at 99% confidence interval is
given in Table 5.2. ANOVA table shows that current (F value 7.79), powder (F value 3.22) and
electrode (F value 3.17) are the factors that significantly affecting the TWR. All other factors,
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namely, workpiece material, dielectric, pulse on time, pulse off time and interactions were found
to be insignificant. The rank of importance for various factors in the terms of their relative
significance is given in the Table 5.3. Current has the highest rank, signifying highest
contribution to TWR and dielectric has the lowest rank and was observed to have insignificant
affect on TWR. Main effect plot for mean TWR is shown in the Figure 5.1 which shows the
variation of TWR with the input parameters. As can be seen TWR increases with increase in
current and pulse on. TWR in tungsten-copper electrode as compared to graphite electrode is
low. Also, TWR decreased with addition of powder in dielectric and significantly affected the
TWR when tungsten powder has mixed in the dielectric. The interaction plots are shown in the

Figure 5.2 which shows that none of interaction was significant for the TWR.

Table 5.2: ANOVA for TWR

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 0.13 2 0.07 0.55
Dielectric (B) 0.11 1 0.11 0.95
Electrode (C) 358 | 1 358 | 30.08 13.7 3.25 14.000
Pulse off time (D) 2.14 2 1.07 9.00
Pulse on time (E) 0.43 2 0.22 1.81
Current (F) 862 | 2 | 431 | 3619 10.9 7.96 34.271
Powder (G) 406 | 2 | 203 | 17.03 10.9 3.39 14.615
(A x C) 074 | 2 | 037 | 3.10
(A x G) 120 | 4 | 030 | 2.52
(C  G) 148 | 2 | 074 | 623
Error 071 | 6 | 012
TOTAL 2322 | 26 | 089 23.22 100
¢ pooled 696 | 21 | 033 8.62 37.114
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Table 5.3: Response table for means of TWR

Level Workpiece | Dielectric | Electrode | Pulse off Pulse on Current Powder
(A) (B) ©) time(D) time (E) (F) (G)
1 1.52 1.69 1.86 1.21 1.43 0.80 1.78
2 1.69 1.55 1.08 1.70 1.63 1.98 1.95
3 1.58 1.88 1.73 2.02 1.06
Delta 0.16 0.13 0.77 0.66 0.30 1.21 0.89
Rank 6 7 3 4 5 1 2
Main Effect Plot for Mean TWR
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Figure 5.1: Main effects plot for mean TWR
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Interaction Plot for Mean TWR
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Figure 5.2: Interaction plot for mean TWR
5.4 RESULTS FOR S/N RATIO - TWR

The S/N ratios have been calculated to identify the major contributing factors and
interactions that cause variation in TWR. TWR is a “Lower is better”, type response and is
given by a logarithmic function based on the mean square deviation (MSD) given by:
S/N, =-10log(MSD ) =-10 log[(%izr; y2i)

Table 5.4 shows the ANOVA results for S/N ratio of TWR at 99% confidence interval.
According the F test, current was observed to be the most significant factor affecting the
TWR, followed by electrode, powder and pulse off time. Interaction between electrode and
powder is the significant for TWR. The rank of importance of various factors in the terms of
their relative significance is given in the Table 5.5. The current has the highest rank,
signifying highest contribution to TWR and dielectric has the lowest rank and was observed
be insignificant in affecting TWR. Main effect plot and interaction plot of S/N ratio for TWR

are shown in the Figure 5.3 and Figure 5.4 respectively.
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Table 5.4: ANOVA for S/N of TWR

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 6.83 2 3.42 1.18
Dielectric (B) 0.20 1| 020 | 007
Electrode (C) | 11417 | 1 | 11417 | 3936 | 137 | 10712 10.922
Pulse offtime (D) | 76.69 | 2 | 3835 | 13.22 10.9 62.59 6.381
Pulse on time (E) | 3592 | 2 | 17.96 | 6.19
Current (F) 45709 | 2 | 22854 | 78.80 109 | 44298 45.167
Powder (G) 11992 | 2 | 59.96 | 20.67 109 | 10581 10.789
(A % C) 1763 | 2 | 88 | 3.04
(A x G) 4190 | 4 | 1048 | 3.61
(C x G) 93.02 | 2 | 4651 | 16.04 10.9 7892 8.046
Error 1740 | 6 | 2.90
TOTAL 980.77 | 26 | 37.72 980.77 100
e pooled 119.89 | 17 | 7.05 183.36 18.695
Table 5.5: Response table for S/N ratio of TWR
Level Workpiece | Dielectric | Electrode Pulse off Pulse on Current Powder
(A) (B) ®) time (D) | time (E) (F) (G)
1 .08 218 376 0.0 20.81 3.46 3.52
2 11.83 237 0.59 371 2.49 461 ~4.05
3 23.00 327 3.62 578 0.65
Delta 1.16 0.18 3.89 3.77 2.80 9.25 471
Rank 6 7 3 4 5 1 2
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Main Effect Plot for S/N ratio of TWR
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Figure 5.3: Main effects plot of TWR for S/N ratio

Interaction Plot for S/N ratio of TWR
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Figure 5.4: Interaction plot for S/N ratio of TWR
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5.5 OPTIMAL DESIGN

In this experimental analysis, the main effect plot and interaction plot in Figure 5.1 and Figure
5.2 used to estimate the mean TWR with optimal design conditions. From the, Table 5.6 it is
concluded that least TWR was observed when tugsten-copper electrode, current 2Amp and
tungsten powder was selected in the treatment conditions. In S/N ratio least TWR was observed
when tugsten-copper electrode, pulse off time 57us, current SAmp and tungsten powder was
selected in treatment condition. In this case, the same levels of the significant factors provide the
higher average and reduced variability so nothing has to be compromised. In some situations, the
levels of factors which improve the average and improve the uniformity may conflict, so a
compromise may have to be reached. Also, a compromise may have to occur when multiple
responses are considered and the same factor level may cause one response to improve and

another to deteriorate.

Table 5.6: Significant factors and interactions for TWR

Factors Affecting mean Affecting variation (S/N ratio)
Contribution Best level Contribution Best level
Workpiece (A) Insignificant - Insignificant -
Dielectric (B) Insignificant - Insignificant -
Electrode (C) Significant Level 2- W-Cu Significant Level 2- W-Cu
Pulse off (D) Insignificant - Significant Level 2- 57us
Pulse on (E) Insignificant - Insignificant -
Current (F) Significant Level 1- 2 Amp Significant Level 2- 5 Amp
Powder (G) Significant Level 3- W Significant Level 3-W
(AxCQ) Insignificant - Insignificant -
(A xG) Insignificant - Insignificant -
(C x G) Insignificant - Significant CoGs

Estimating the mean

In experimental analysis, the TWR is a lower average response is better (LB) characteristic.

Depending on the characteristic, different treatment combinations has chosen to obtain
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satisfactory results. After conducting the experiments the optimum treatment condition within
the experiments determined on the basis of prescribed combination of factor levels is determined

to one of those in the experiment.
Mean value of TWR

“CzXGs,Dz,Fz =C, XG3 + D, + F,-2T

— — 3/
Me,p,me, 0.87+1.70+1.98-2x1.60 =1.35 mm’/min

Confidence Interval around the Estimated Mean

The confidence interval is a maximum and minimum value between which the true average
should fall at some stated percentage of confidence. The estimate of the mean p is only a point

estimate based on the averages of results obtained from the experiment.

Confidence Interval around the estimated TWR

Fa,vl,vzve .
Cl,=,[———— Where F,,, =F ratio
nef-f 172
a=risk (0.01) confidence =1-«a

v, =dof for meanwhichis always=1

v, =dof forerror=v,

neff = Number of tests under that condition using the participating factors

_ N 3 27
l+dof c.opr 1+2+2+2

F ..V
Cl, = |2t = ,/—0'21 x0-33 _ 134
Ny 3.85

So the confidence interval around the estimated mean of TWR is given by 1.35+0.134mm’/min.

=3.85

neff
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CHAPTER 6

RESULTS AND ANALYSIS OF MICRO HARDNESS

6.1 INTRODUCTION

The effect of parameters i.e. workpiece, dielectric, electrode, pulse on time, pulse off time,
current, powder and some of their interactions were evaluated using ANOVA and factorial
design analysis. A confidence interval of 99% has been used for the analysis. One repetition for

each of 27 trials was completed so as to measure Signal to Noise ratio (S/N ratio).
6.2 RESULTS FOR MICRO HARDNESS

The results for micro hardness at deposited region and non-deposited region for each of the 27
treatment conditions with repetition are given in Table 6.1. The micro hardness measurement is
dependent on the diameter of indentation on the samples. The indents formed in the pyramid

shaped indenter were measured with Quantimet software using a load of 1 kg for 20 seconds.

Table 6.1: Results for micro hardness at non-deposited and deposited region

Micro hardness
at non-
dgposited Mean Migro hardpess at Mean
Trial region (hvn) Micro S/N deposited region (hvn) Micro S/N
no. | 11 hardness ratio | 11 hardness ratio
1 635 632 634 56.03 733 723 728 57.24
) 672 678 675 56.58 835 829 832 58.40
3 832 840 836 58.44 1175 1181 1178 61.42
4 774 779 777 57.80 978 971 975 59.77
5 729 735 732 57.29 934 935 935 59.41
6 812 821 817 58.23 1156 1162 1159 61.28
7 671 672 672 56.54 845 838 842 58.50

66




] 826 820 823 58.30 1012 1018 1015 60.12
9 763 771 767 57.69 1045 1040 1043 60.36
10 745 751 748 57.47 912 920 916 59.23
11 682 687 685 56.70 856 851 854 58.62
12 758 763 761 57.62 1188 1185 1187 61.48
13 724 731 728 57.23 1022 1030 1026 60.22
14 782 776 779 57.83 1047 1053 1050 60.42
15 745 740 743 57.41 1092 1089 1091 60.75
16 687 690 689 56.75 863 871 867 58.76
17 743 750 747 57.46 924 931 928 59.34
18 842 838 840 58.48 1174 1165 1170 61.35
19 731 735 733 57.30 745 738 742 57.40
20 765 758 762 57.63 826 835 831 58.38
21 739 730 735 57.31 1098 1089 1094 60.77
2 768 774 771 57.74 832 840 836 58.44
23 792 798 795 58.00 874 869 872 58.80
24 856 848 852 58.60 1126 1125 1126 61.02
25 774 770 772 57.75 843 839 841 58.49
26 756 761 759 57.599 824 831 828 58.35
27 792 785 789 57.935 1189 1193 1191 61.51

6.3 ANALYSIS OF VARIANCE- MICRO HARDNESS AT NON-DEPOSITED REGION

The results for micro hardness at non deposited region for each of the 27 treatment conditions
with repetition are given in Table 6.1. The results were analyzed using ANOVA for identifying
the significant factors affecting the performance at 99% confidence interval. ANOVA Table 6.2
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shows that factors, namely workpiece material, dielectric, electrode material, pulse on time,
pulse off time and interactions studied in trials were found to be insignificant. Table 6.3 shows
ranks of various factors in terms of their relative significance. Current has the highest rank,
signifying the highest contribution in micro hardness and pulse off has the lowest rank and was
observed to be insignificant in micro hardness at non-deposited region. Main effect plots are
shown in the Figure 6.1 which shows that micro hardness increases with addition of powder in
dielectric medium. The tungsten powder increased the micro hardness as compared to copper
powder. The micro hardness increases with increase in current. The micro hardness was found to
The

be high when machined with tungsten electrode as compared to graphite electrode.

interaction plots for micro hardness are shown in Figure 6.2.

Table 6.2: ANOVA for micro hardness at non-deposited region

Sources SS_ [ v [ vV [ F [Feritea)| SS % conibution
Workpiece (A) 4348.96 ) 2174.48 2.81
Dielectric (B) 378.69 1 378.69 | 0.49
Electrode (C) | 584896 | | | 584896 | 753
Pulse off time(D) 82.57 2 41.29 0.05
Pulse on time (E) 753.69 2 376.84 | 0.49
Current (F) 26757.63 ) 13378.81 | 17.27 10.9 24225.93 31.835
Powder (G) 21492.02 2 10746.01 | 13.87 10.9 18960.32 24.916
(A x Q) 222870 | , | 111435 | 144
(A x Q) 5060.70 4 1265.18 1.63
(C % G) 449698 | , | 224849 | 290
Error 4649.44 6 774.91
TOTAL 76098.35 | 5 | 2926.86 76098.35 100
¢ pooled 27848.70 2 1265.85 32912.10 43.249

Table 6.3: Response table for means of micro hardness at non-deposited region
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Level | Workpiece | Dielectric | Electrode | Pulse off Pulse on Current Powder
(A) (B) ©) time (D) time (E) (F) (G)
1 774 750.8 745.7 758.5 750.3 723.6 750.6
2 747.9 758.7 776.9 754.4 754.9 746 724.6
3 746.3 755.3 763.1 798.7 793.1
Delta 27.7 7.9 31.2 4.1 12.8 75.1 68.4
Rank 4 6 3 7 5 1 2
Main Effect Plot for Mean Micro Hardness at Non-Deposited region
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Figure 6.1: Main effect plots for mean micro hardness at non-deposited region
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Interaction Plot for Mean Micro Hardness at Non-Deposited Region
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Figure 6.2: Interaction plot for micro hardness at non deposited region
6.4 RESULTS FOR S/N RATIO - MICRO HARDNESS AT NON-DEPOSITED REGION

The S/N ratio consolidated several repetitions into one value and is an indication of the amount
of variation present in the process. The S/N ratios have been calculated to identify the major
contributing factors and interactions that cause variation in micro hardness at non-deposited
region. Micro hardness is a “Higher the better” type response is given by a logarithmic function

based on the mean square deviation:

(S/N)HB =-10 |Og (MSDHB)

Where MSDyg = li LZ
r j=l yj

MSDyg = Mean Square Deviation for higher-the-better response.

Table 6.4 shows the ANOVA results for S/N ratio of micro hardness at non-deposited region at
99% confidence interval. The factors, namely, workpiece material, dielectric, electrode material,

pulse off time, pulse on time, and interactions studied in trials powder were found to

70



insignificant for micro hardness at non-deposited region. Table 6.5 shows rank importance to
various factors in terms of their relative significance. The highest rank to current signifying the
highest contribution to micro hardness and pulse off time has the lowest rank and was observed
to be insignificant for micro hardness. Main effect plots and interaction plots of S/N ratio for

micro hardness at non-deposited region are shown in the Figure 6.3 and Figure 6.4 respectively.

Table 6.4: ANOVA for S/N ratio of micro hardness at non-deposited region

Sources SS v \Y F F (critical) SS' % contribution
Workpiece (A) 0.64 2 0.32 2.96
Dielectric (B) 0.03 1 0.03 0.28
Electrode (C) 0.83 1 0.83 7.66
Pulse off time(D) 0.00 2 0.00 0.02
Pulse on time (E) 0.10 2 0.05 0.48
Current (F) 354 | 5, | 177|164l | oo 3.14 30355
bowder(G) | 280 | o | 14 | B2T | o9 246 23.807
(A x Q) 0.29 > 0.15 1.36
(A x G) 0.76 4 0.19 1.77
(C xG) 0.65 2 0.33 3.02
Error 0.65 6 0.11
TOTAL 10351 5,6 | 040 10.35 100
e pooled 3.95 20 0.20 4.74 45.838

Table 6.5: Response table for S/N ratio of micro hardness at non-deposited region
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Level Workpiece | Dielectric | Electrode | Pulse off Pulse on Current Powder
(A) (B) ©) time (D) time (E) (F) (G)
1 57.77 57.50 57.43 57.57 57.48 57.17 57.49
2 57.44 57.57 57.80 57.53 57.54 57.44 57.18
3 57.44 57.55 57.63 58.04 57.97
Delta 0.33 0.07 0.37 0.03 0.15 0.86 0.79
Rank 4 6 3 7 5 1 2

Mean of SN ratios

Main Effects Plot for S/N ratio of Micro Hardness at Non-Deposited Region
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Figure 6.3: Main effect plot for S/N ratio of micro hardness at non-deposited region
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Interaction Plot for S/N ratio of Micro Hardness at Non-Deposited Region
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Figure 6.4: Interaction plot for S/N ratio of micro hardness at non-deposited region
6.5 OPTIMAL DESIGN

In this experimental analysis, the main effect plot in Figure 6.1 used to estimate the mean micro
hardness at non-deposited region with optimal design coditions. From the, Table 6.6 it is
concluded that the highest micro hardness at non-deposited was observed when current 8 Amp
and tungsten powder was selected in the treatment conditions. In S/N ratio the highest micro

hardness was to be observed at same treatment conditions.

Table 6.6 Significant factors and interactions for micro hardness at non-deposited region

Factors Affecting mean Affecting variation (S/N ratio)
Contribution Best level Contribution Best level
Workpiece (A) Insignificant - Insignificant -
Dielectric (B) Insignificant - Insignificant -
Electrode (C) Insignificant - Insignificant -
Pulse off time (D) | Insignificant - Insignificant -
Pulse on time(E) | Insignificant - Insignificant -
Current (F) Significant | Level3-8 Amp Significant Level 3-8 Amp
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Powder (G) Significant Level 3- W Significant Level 3- W
(AxC) Insignificant - Insignificant -
(A x G) Insignificant - Insignificant -
(C xG) Insignificant - Insignificant -

Estimating the mean

In experimental analysis, the micro hardness is a higher average response is better (HB)
characteristic. Depending on the characteristic, different treatment combinations has chosen to
obtain satisfactory results. After conducting the experiments the optimum treatment condition
within the experiments determined on the basis of prescribed combination of factor levels is

determined to one of those in the experiment.

Mean value of micro hardness at non-deposited region

Upg = 798+793-756 =835 hvn

Confidence Interval around the Estimated Mean

The confidence interval is a maximum and minimum value between which the true average
should fall at some stated percentage of confidence. The estimate of the mean p is only a point
estimate based on the averages of results obtained from the experiment. Statistically this provides
a 50% chance of the true averages being greater than pu and a 50% chance of the true average

being less than p.

Confidence Interval around the estimated micro hardness at non-deposited region

Cl, = |/~ Where F,.,, = F ratio
neff
a=risk (0.01) confidence =1-«

v, =dof for meanwhichis always=1
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v, =dof forerror=v,

Nett = Number of tests under that condition using the participating factors

N 27

Ny = = =54
l+dof., 1+2+2

=7.18

F.. .V
cl A :\/0.22x1265.85

N 5.4

So the confidence interval around the mean micro hardness at non-deposited region is given by
835+7.18 hvn.

6.6 ANALYSIS OF VARIANCE - MICRO HARDNESS AT DEPOSITED REGION

The results were analyzed using ANOVA for identifying the significant factors affecting the
performance measures. The Analysis of Variance (ANOVA) for the mean micro hardness at 99%
confidence interval is given in Table 6.7. ANOVA table shows that factors, namely, powder (F
value 133.15), electrode material (F value 13.93) and current (F value 13.09) were found to be
significant for micro hardness at deposited region. Table 6.8 shows rank of various factors in the
terms their relative significance. The powder has the highest rank, signifying highest contribution
in micro hardness and pulse off time has the lowest rank and was observed to be insignificant in
affecting in micro hardness at deposited region. The interactions were found to be significant for
the micro hardness at deposited region. Main effect plots for mean micro hardness at deposited
region are shown in the Figure 6.5 which shows that micro hardness has increased with addition
of powder in dielectric medium. It was observed that with tungsten powder micro hardness
increased as compared to copper powder. The micro hardness increased with increase in current.
The micro hardness was found to be more when machined with tungsten electrode as compared
to graphite electrode. The interaction plots for micro hardness at deposited region are shown in

Figure 6.6.
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Table 6.7: ANOVA for micro hardness at deposited region

Sources SS v \Y% F F (critical) SS' contr:ution
Workpiece (A) | 29506.06 | o | 14753.03 | 10.01
Dielectric (B) 2709.38 | 1 2709.38 1.84
Electrode (C) 20533.50 | | | 20533.50 | 13.93 13.7 16046.79 2.940
Pulse off time (D) | 812.39 2 406.19 0.28
Pulse on time (E) | 1108.72 | 2 554.36 0.38
Current (F) 38596.06 | o | 19298.03 | 13.09 10.9 29622.63 5.427
Powder (G) 3924395 | o | 196219.7 | 133.15 10.9 383466.08 70.259
(A xC) 716344 | » 3581.72 2.43
(A x G) 15168.78 | 4 3792.19 2.57
(C xG) 28910.00 | » | 14455.00 9.81
Error 8842.18 | ¢ 1473.70
TOTAL 545790 | 26 | 20991.92 545790.00 100
e pooled 9422094 | 21 4486.71 116654.50 21.374

Table 6.8: Response table for means of micro hardness at deposited region

Level Workpiece | Dielectric | Electrode | Pulse off | Pulse on Current Powder
(A) (B) ©) time (D) time (E) (F) (G)
1 928.7 954.3 949 973 960 919.2 904.7
2 967.2 975.6 1007.5 960.8 969.4 975.2 863.5
3 971.7 975.8 1011.1 1137.3
Delta 80.9 21.2 58.5 12.2 15.6 91.9 273.8
Rank 3 5 4 7 6 2 1




Main Effects Plot for Mean of Micro Hardness at Deposited Region
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Figure 6.5: Main effect plot for mean micro hardness at deposited region
Interaction Plot for Means of Micro Hardness at Deposited Region
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Figure 6.6: Interaction plot of mean micro hardness at deposited region
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6.7 RESULTS FOR S/N RATIO - MICRO HARDNESS AT DEPOSITED REGION

The S/N ratio consolidated several repetitions into one value and is an indication of the amount
of variation present in the process. The S/N ratios have been calculated to identify the major
contributing factors and interactions that cause variation in micro hardness at deposited region.
Micro hardness is a “Higher the better” type response is given by a logarithmic function based on

the mean square deviation:

(S/N)ng = -10 log (MSDyg)
Where MSDyg = li LZ
r j=l yj

MSDyg = Mean Square Deviation for higher-the-better response.

Table 6.9 shows the ANOVA for S/N ratio for micro hardness at 99% confidence interval.
Rather than the three factors, namely, electrode material, current and powder all other factors are
found to be insignificant. According to F-test powder is the most significant factors which
affecting the micro hardness at deposited followed by current, electrode. All interactions studied
during the trails were found to be insignificant for micro hardness at deposited region. Main
effect plots and interaction plots of S/N ratio for micro hardness at deposited region are shown in

the Figure 6.7 and Figure 6.8 respectively.

Table 6.9: ANOVA for S/N ratio of micro hardness at deposited region

Sources SS v \Y F F (critical) SS' % contribution
Workpiece (A) 2.73 2 1.36 8.86
Dielectric (B) 0.08 1 0.08 0.53
Electrode (C) 2.03 1 2.03 13.23 13.7 1.62 3.581
Pulse off time (D) 0.07 2 0.04 0.24
Pulse on time (E) 0.08 2 0.04 0.27
Current (F) 4.17 2 2.09 13.55 10.9 3.35 7.385
Powder (G) 30.44 2 15.22 98.94 10.9 29.62 65.377
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(A % C) 0.66 2 0.33 2.13
(A x G) 1.52 4 0.38 2.47
(C x G) 2.59 2 1.30 8.43
Error 0.92 6 0.15
TOTAL 4530 | 26 1.74 4530 100
e pooled 8.66 21 0.41 10.72 23.656

Table 6.10: Response table for S/N ratio of micro hardness at deposited region

Level Workpiece | Dielectric | Electrode | Pulse off Pulse on Current Powder
(A) (B) ©) time (D) time (E) (F) (G)
1 59.25 59.55 59.43 59.66 59.55 59.19 59.10
2 59.61 59.67 60.02 59.55 59.64 59.66 58.68
3 60.2 59.67 59.69 60.03 61.11
Delta 0.78 0.12 0.58 0.11 0.13 0.84 2.43
Rank 3 6 4 7 5 2 1
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Workpiece Dielectric Electrode
61
60 P R .
— — - —
59
» T T T T T T T
o EN31 HCHCr HDS EDM Kerosene Gr w
b= Pulse off Pulse on Current
©
= 61
%
« 607 . ._—"
@) e —————— g &
S 59 —
w T T T T T T T T T
= 38 57 85 10 50 100 2 5 8
Powder
61
60
59 ‘\/
T T T
Cu No w
Signal-to-noise: Larger is better

Figure 6.7: Main effect plot for S/N ratio of micro hardness at deposited region
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Interaction Plot for SN ratios of Micro Hardness at Deposited Region
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Figure 6.8: Interaction plot of SN ratio for micro hardness at deposited region

6.8 OPTIMAL DESIGN

In this experimental analysis, the main effect plot in Figure 6.5 used to estimate the mean micro
hardness at deposited region. From the, Table 6.11 it is concluded that the highest micro
hardness at deposited was observed when current 8Amp, tungsten-copper electrode and tungsten

powder was selected in the treatment conditions. In S/N ratio the highest micro hardness was to

be observed at same treatment conditions.

Table 6.11: Significant factors and interactions for micro hardness at deposited region

Factors Affecting mean Affecting variation (S/N ratio)
Contribution Best level Contribution Best level
Workpiece (A) | Insignificant - Insignificant -
Dielectric (B) Insignificant - Insignificant -
Electrode (C) Significant | Level 2- W-Cu Significant Level 2- W-Cu
Pulse off time (D) | Insignificant - Insignificant -
Pulse on time (E) | Insignificant - Insignificant -
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Current (F) Significant | Level 3- 8 Amp Significant Level 3- 8 Amp

Powder (G) Significant Level 3- W Significant Level 3- W
(A x C) Insignificant - Insignificant
(A x G) Insignificant - Insignificant
(C xG) Insignificant - Insignificant

Estimating the mean
Mean value of micro hardness at deposited region
=C, + F3 + G3- 2T

“C2F3G3

Mo . = 1007.5+1011.11+1137.33-2x968.5 = 1218.94 HVN
2343

Confidence Interval around the Estimated Mean

Confidence Interval around the estimated micro hardness at deposited region:

Cl, = —22 2 Where F..., = F ratio
neff
a=risk (0.01) confidence =1-«

v, =dof for meanwhichis always=1

v, =dof forerror=v,

Nett = Number of tests under that condition using the participating factors

N 27

Ny = = =54
l+dof., 1+2+2
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ay ,vzve

neff

=13.20

cr _ \/0.21><4486.71

5.4

So the confidence interval around the mean micro hardness at deposited region is given by
1218.94+13.20 hvn.
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CHAPTER 7

RESULTS AND ANALYSIS OFSURFACE ROUGHNESS

7.1 INTRODUCTION

The effect of parameters i.e. workpiece, dielectric, electrode, pulse on time, pulse off time,
current, powder and some of their interactions were evaluated using ANOVA and factorial
design analysis. A confidence interval of 99% has been used for the analysis. One repetition for

each of 27 trials was completed so as to measure Signal to Noise ratio (S/N ratio).

7.2 RESULTS FOR SURFACE ROUGHNESS (R3)

In this experiment surface roughness of 27 treatment conditions with repetition are measured at
three positions, namely, center, left and right of each sample. The left and right positions were
taken 7 mm on each side of center. The results for surface roughness at center for each of the 27

treatment conditions with repetition are given in Table 7.1.

Table 7.1: Results for surface roughness at center, left and right position

Surface Surface Surface
roughness at roughness at left roughness at

center position position right position S/N

) (microns) (microns) (microns) ratio
Trial S/N
no. I II Mean ratio I II Mean S/N ratio I II Mean

3.74 3.79 3.76 -11.52 3.51 3.43 3.47 -10.80 3.05 35 3.27 -10.33
1

6.43 5.92 6.17 -15.82 6.30 6.89 6.6 -16.39 6.04 5.85 5.95 -15.49
2

8.10 8.64 8.37 -18.46 10.52 9.28 9.90 -19.93 8.17 7.69 7.93 -17.98
3

8.72 8.79 8.75 -18.84 7.14 9.02 8.08 -18.20 7.9 8.67 8.28 -18.37
4

4.09 421 4.15 -12.36 3.95 3.99 3.97 -11.98 3.75 4.03 3.89 -11.81
5

5.55 6.12 5.84 -15.33 6.17 5.51 5.84 -15.34 6.52 6.22 6.37 -16.08
6

5.57 5.21 5.39 -14.64 5.87 5.67 5.77 -15.22 6.03 5.21 5.62 -15.02
7

6.36 6.87 6.61 -16.42 6.38 7.79 7.08 -17.05 6.95 7.9 7.42 -17.43
8
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. 3.49 4.02 3.75 -11.51 4.11 3.85 3.98 -12.00 3.66 4.20 3.93 -11.91
0 6.77 8.17 7.47 -17.51 6.72 7.94 7.33 -17.33 6.49 7.00 6.75 -16.59
. 5.37 491 5.14 -14.22 5.55 4.72 5.13 -14.24 5.77 5.37 5.57 -14.92
b 6.29 5.96 6.12 -15.74 5.83 5.88 5.85 -15.35 5.75 5.83 5.79 -15.26
" 4.73 436 4.54 -13.15 5.03 53 5.16 -14.26 4.83 4.94 4.89 -13.78
14 6.85 7.50 7.17 -17.12 6.94 7.24 7.09 -17.01 6.95 7.15 7.05 -16.96
s 5.53 5.90 5.715 -15.14 5.75 6.08 591 -15.44 6.17 593 6.05 -15.64
6 4.51 4.79 4.65 -13.36 5.01 4.86 4.93 -13.86 4.67 4.57 4.62 -13.29
1 5.79 4.97 5.385 -14.64 5.63 5.34 5.48 -14.79 5.16 5.36 5.26 -14.42
7
s 8.38 8.15 8.26 -18.34 8.17 7.69 7.93 -17.98 8.29 8.38 8.34 -18.42
" 6.18 6.96 6.57 -16.36 6.83 6.70 6.77 -16.61 6.99 6.8 6.89 -16.77
" 6.43 6.44 6.43 -16.17 6.21 5.67 5.94 -15.48 6.1 6.2 6.15 -15.77
. 533 5.57 5.45 -14.73 4.69 5.57 5.13 -14.24 4.78 4.77 4.78 -13.58
. 5.79 5.58 5.68 -15.1 5.11 4.98 5.04 -14.06 5.42 4.88 5.15 -14.25
23 7.41 6.95 7.18 -17.13 7.44 7.55 7.49 -17.49 7.1 6.82 6.96 -16.85
9 6.75 5.68 6.21 -15.90 6.94 6.22 6.58 -16.38 6.86 6.35 6.61 -16.41
s 5.26 5.57 5.41 -14.67 5.27 5.2 5.24 -14.39 5.21 543 5.32 -14.52
2 3.80 3.38 3.59 -11.12 4.04 4.38 4.21 -12.49 4.13 3.93 4.03 -12.11
. 6.32 7.89 7.10 -17.08 6.48 6.93 6.71 -16.53 6.68 7.27 6.98 -16.88

7.3 ANALYSIS OF VARIANCE- SURFACE ROUGHNESS AT CENTER POSITION

The results were analyzed using ANOVA for identifying the significant factors affecting the
performance measures. The Analysis of Variance (ANOVA) for the mean surface roughness at
99% confidence interval is given in Table 7.2. The two factors, namely, current (F value 52.63)
and pulse on time (F value 21.27) were found to be significant in surface roughness at center
position. All other factors, namely, workpiece, dielectric, electrode, pulse off time, powder and
interactions studied during trials were found to be insignificant for surface roughness. Table 7.3

shows the ranks of various factors in terms of their relative significance. Current has the highest

&4




rank, signifying the highest contribution to surface roughness and workpiece material has the
lowest rank and was observed to be insignificant in affecting surface roughness. Main effect plot
and interaction plot are shown in Figure 7.1 and Figure 7.2 respectively. As the current and pulse
on time increases, surface roughness increased. With tungsten powder, surface roughness of

machined surface increases and with copper powder surface roughness decreases.

Table 7.2: ANOVA for surface roughness at center position

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 0.15 2 0.08 0.27
Dielectric (B) | 0.46 1 0.46 1.66
Electrode (C) 0.43 1 0.43 1.57
Pulse off time (D) | 0.75 2 0.37 1.35
Pulse on time(E) | 1172 | 2 586 | 2127 109 | 1078 21.146
Current (F) 2899 | 2 1450 | 52.63 10.9 | 2806 35.024
Powder (G) 172 | 2 0.86 3.11
(A x C) 1.65 2 0.82 2.99
(A x G) 1.01 4 0.25 0.92
(C x G) 247 | 2 123 4.48
Error 1.65 6 0.28
TOTAL 5099 | 26 1.96 50.99 100
¢ pooled 1028 | 22 0.47 12.15 23.83

Table 7.3: Response table for means of surface roughness at center position
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Level Workpiece | Dielectric | Electrode | Pulse off Pulse on Current Powder
(A) (B) (@) time (D) time (E) (F) (G)
1 5.963 6.146 5.873 5.803 5.089 4.658 5.762
2 5.871 5.870 6.141 5.892 6.118 6.036 5.808
3 6.054 6.192 6.680 7.193 6.318
Delta 0.183 0.276 0.269 0.389 1.591 2.535 0.556
Rank 7 5 6 4 2 1 3
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Figure 7.1: Main effect plot for mean surface roughness at center position
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Interaction Plot for Mean Surface Roughness at Center Position
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Figure 7.2: Interaction plot surface roughness at center position
7.4 RESUTLS FOR S/N RATIO - SURFACE ROUGHNESS AT CENTER POSITION

The S/N ratios have been calculated to identify the major contributing factors and
interactions that cause variation in surface roughness. Surface roughness is a “Lower is
better”, type response and is given by a logarithmic function based on the mean square
deviation (MSD) given by:

S/N, =-10log(MSD) = —1010g[(%izr; y2i)

Table 7.4 shows the ANOVA for S/N ratio for roughness at 99% confidence interval. The two
factors, namely, current and pulse on time were found to be significant in surface roughness.
Remaining all other factors and all interactions studied during the trials were found to be
insignificant. Table 7.5 shows the ranks to various factors in terms of their relative significance.
Current has the highest rank, signifying the highest contribution to surface roughness and
dielectric has the lowest rank and was observed to be insignificant in affecting surface
roughness. Main effect plo and interaction plots for S/N ratio are shown in Figure 7.3 and Figure

7.4 respectively.
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Table 7.4: ANOVA for S/N ratio of surface roughness at center position

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 1.15 2 0.57 0.71
Dielectric (B) 1.07 1 1.07 1.32
Electrode (C) 1.14 1 1.14 1.41
Pulse off time (D) | 2.20 2 1.10 1.36
Pulse on time (E) | 26.13 | 2 13.07 | 1620 10.9 23.99 20.612
Current (F) 6662 | 2 | 3331 | 4130 10.9 64.47 35.399
Powder (G) 3.82 2 1.91 2.37
(A % C) 3.57 2 1.78 2.21
(AxQ) 2.70 4 0.68 0.84
(C x G) 3.14 2 1.57 1.95
Error 4.84 6 0.81
TOTAL 11638 | 26 | 448 116.38 100
e pooled 23.62 22 1.07 27.92 23.98
Table 7.5: Response table for S/N ratio of roughness at center position
Level Workpiece | Dielectric | Electrode | Pulse off Pulse on Current Powder
(A) (B) (®) time (D) | time (E) (F) (G)
1 -15.37 -15.56 -15.13 -15.06 -13.97 -13.23 -15.00
2 -14.99 -15.14 -15.57 -15.09 -15.53 -15.55 -14.02
3 -15.47 -15.68 -16.34 -17.05 -15.81
Delta 0.37 0.42 0.44 0.62 2.37 3.82 0.81
Rank 5 7 6 4 2 1 3
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Main Effect Plot for S/N ratio of Surface Roughness at Center Position
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Figure 7.3: Main effect plot for S/N ratio of surface roughness at center position

Interaction Plot for S/N ratio of Surface Roughness at Center Position
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Figure 7.4: Interaction plot for of S/N ratio of surface roughness center position
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7.5 OPTIMAL DESIGN

In this experimental analysis, the main effect plot in Figure 7.1 used to estimate the mean value
surface roughness with. From the, Table 7.6 it is concluded that least surface roughness was
observed when pulse on time 10us, current 2Amp were chosen in the treatment conditions. In

this case, the same levels of the significant factors provide the higher average and reduced

variability so nothing has to be compromised.

Table 7.6: Significant factors and interactions for surface roughness at center position

Factors Affecting mean Affecting variation (S/N ratio)
Contribution Best level Contribution Best level
Workpiece (A) Insignificant - Insignificant -
Dielectric (B) Insignificant - Insignificant -
Electrode (C) Insignificant - Insignificant -

Pulse off time (D) | Insignificant - Insignificant -

Pulse on time (E) | Significant Level 1-10 ps Significant Level 1- 10 ps
Current (F) Significant | Level 1- 2 Amp Significant Level 1- 2 Amp
Powder (G) Insignificant - Insignificant -

(A x C) Insignificant - Insignificant -
(A x G) Insignificant - Insignificant -
(CxQ) Insignificant - Insignificant -

Estimating the mean

In experimental analysis, the surface roughness is a lower average response is better (LB)
characteristic. Depending on the characteristic, different treatment combinations has chosen to
obtain satisfactory results. After conducting the experiments the optimum treatment condition

within the experiments determined on the basis of prescribed combination of factor levels is

determined to one of those in the experiment.

Estimating the mean

Mean value of surface roughness at center position:
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Mg = 4.65+4.65-5.96 =3.34 microns

Confidence Interval around the Estimated Mean

The confidence interval is a maximum and minimum value between which the true average
should fall at some stated percentage of confidence. The estimate of the mean p is only a point
estimate based on the averages of results obtained from the experiment. Statistically this provides
a 50% chance of the true averages being greater than u and a 50% chance of the true average

being less than p.

Confidence Interval around the estimated mean of surface roughness at center position

a,vl,vzve
Cl, =, |—— Where F,.., =F ratio
neff
a=risk (0.01) confidence =1-«

v, =dof for meanwhichis always=1

v, =dof forerror=v,

Mgt = Number of tests under that condition using the participating factors

N2
o l4dofi. 14242

F, ..V /
amv, Ve _ 0.22x0.47 013
Nt 5.4

So the confidence interval around the surface roughness at center position is given by 3.34+0.13

54

Cl, =

microns.
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7.6 ANALYSIS OF VARIANCE- SURFACE ROUGHNESS AT LEFT POSITION

The results for surface roughness at left position for each of the 27 treatment conditions with
repetition are given in Table 7.1. The Analysis of Variance (ANOVA) for the mean surface
roughness at 99% confidence interval is given in Table 7.7. The two factors, namely, current and
pulse on time were found to be significant in surface roughness at center position. All other
factors, namely, workpiece, dielectric, electrode, pulse off time, powder and interactions studied
during trials were found to be insignificant for surface roughness. Table 7.8 shows the ranks to
various factors according to significance in surface roughness; current has higher rank which has
highest contribution in surface roughness. Main effect plot and interaction plot for surface
roughness at left position are shown in the Figure 7.5 and Figure 7.6 respectively. As the current,
pulse on time and pulse off time increases, surface roughness increased. With tungsten powder,

surface roughness of machined surface increases.

Table 7.7: ANOVA for surface roughness at left position

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 0.20 2 0.10 0.31
Dielectric (B) 0.18 1 0.18 0.56
Electrode (C) 0.16 1 0.16 0.48
Pulse off time (D) 0.71 2 0.36 1.10
Pulse on time (E) | 14.92 | 2 7.46 23.07 10.9 14.12 23.951
Current (F) 3074 | 2 | 1537 | 4753 10.9 29.94 >5.023
Powder (G) 227 | 2 1.14 3.52
(A x C) 174 | 2 0.87 2.69
(A x G) 0.19 | 4 0.05 0.15
(C x G) 136 | 2 0.68 2.11
Error 1.94 6 0.32
TOTAL 5441 | 26 | 2.09 441 100
¢ pooled 8.76 2 | 040 1035 19.02
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Table 7.8: Response table for means of surface roughness at left position

Level Workpiece | Dielectric | Electrode | Pulse off | Pulse on Current Powder
(A) (B) ©) time (D) time (E) (F) (G)
1 5.904 6.141 5.972 5.834 5.078 4.645 5.892
2 6.079 5.968 6.134 6.012 6.107 6.189 5.757
3 6.094 6.232 6.893 7.243 6.429
Delta 0.190 0.173 0.161 0.397 1.815 2.598 0.672
Rank 5 6 7 4 2 1 3
Main Effect Plot for Mean Surface Roughness at Left Position
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Figure 7.5: Main effect plot for of surface roughness at left position
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Interaction Plot for Mean Surface Roughness at Left Position
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Figure 7.6: Interaction plot for surface roughness at left position
7.7 RESULTS FOR S/N RATIO -SURFACE ROUGHNESS AT LEFT POSITION

The S/N ratios have been calculated to identify the major contributing factors and
interactions that cause variation in surface roughness. Surface roughness is a “Lower is
better”, type response and is given by a logarithmic function based on the mean square
deviation (MSD) given by:
S/N_ =-10log(MSD) = —1010g[(%i y2i)
i=1

Table 7.9 shows the ANOVA for S/N ratio for roughness at 99% confidence interval. The two
factors, namely, current and pulse on time was found to be significant in surface roughness.
Remaining factors and all interactions studied during the trials were found to be insignificant.
Table 7.10 shows the ranks to various factors in terms of their relative significance. Current has
the highest rank, signifying the highest contribution to surface roughness and dielectric has the
lowest rank and was observed to be insignificant in affecting surface roughness. Main effect plot

and interaction plot for S/N ratio are shown in Figure 7.7 and Figure 7.8 respectively.
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Table 7.9: ANOVA for S/N ratio of surface roughness at left position

Sources SS % A% F F (critical) SS' % contribution
Workpiece (A) 0.68 2 0.34 0.74
Dielectric (B) 0.66 1 0.66 1.43
Electrode (C) 0.59 1 0.59 1.29
Pulse off time (D) 1.37 2 0.69 1.49
31.06 26.870
Pulse on time (E) 32.36 2 16.18 | 35.21 10.9
Current (F) 68.96 | 2 | 3448 | 75.03 10.9 67.66 >8.532
Powder (G) 4.29 2 2.14 4.66
(A x C) 225 | 2 | 112 | 244
(A x G) 020 | 4 | 005 | 0.11
(CxQG) 1.49 2 0.74 1.62
Error 2.76 6 0.46
TOTAL 11559 | 26 | 4.45 11559 100
¢ pooled 1428 | 22 | 0.65 16.88 14.599

Table 7.10: Response table for S/N ratio of surface roughness at left position

Level | Workpiece | Dielectric | Electrode | Pulse off | Pulse on Current Powder
(A) (B) ©) time (D) time (E) (F) (G)
1 -15.30 -15.59 -15.26 -15.09 -13.94 -13.24 -15.22
2 -15.22 -15.26 -15.58 -15.37 -15.57 -15.78 -14.97
3 -15.59 -15.65 -16.60 -17.09 -15.92
Delta 0.37 0.33 0.31 0.55 2.66 3.85 0.94
Rank 5 6 7 4 2 1 3
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Main Effect Plot for S/N ratio of Surface Roughness at Left position
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Figure 7.7: Main effect plot for S/N ratio of surface roughness at left position

Interaction Plot for S/N ratio of Surface Roughness at Left Position
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Figure 7.8: Interaction plot for S/N ratio of surface roughness at left position
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7.8 OPTIMAL DESIGN

In this experimental analysis, the main effect plot in Figure 7.5 used to estimate the mean surface
roughness. From the, Table 7.11 it is concluded that least surface roughness was observed when
pulse on time 10us and current 2Amp was chosen in the treatment conditions. In this case, the
same levels of the significant factors provide the higher average and reduced variability so

nothing has to be compromised.

Table 7.11: Significant factors and interactions for surface roughness at left position

Factors Affecting mean Affecting variation (S/N ratio)
Contribution Best level Contribution Best level
Workpiece (A) Insignificant - Insignificant -
Dielectric (B) Insignificant - Insignificant -
Electrode (C) Insignificant - Insignificant -
Pulse off (D) Insignificant - Insignificant -
Pulse on (E) Significant Level 1-10 ps Significant Level 1- 10 pus
Current (F) Significant Level 1- 2 Amp Significant Level 1- 2 Amp
Powder (G) Insignificant - Insignificant -
(A x C) Insignificant - Insignificant -
(A x G) Insignificant - Insignificant -
(CxQG) Insignificant - Insignificant -

Estimating the mean

He

Mean value of surface roughness at left position:

=4.64+5.07-6.02 =3.69 microns

Confidence Interval around the Estimated Mean

Confidence Interval around the estimated surface roughness at left position:
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F
aV,V, ' e .
Cl, = —nl - Where F,, =F ratio
eff ’

a=risk (0.01) confidence =1-«a
v, =dof for meanwhichis always =1

v, =dof forerror=v,

Nett = Number of tests under that condition using the participating factors

SN 21
T l+dofi. 1+2+2

F, ..V /
avw, Ve _ [0.22x0.40 o012
N 5.4

So the confidence interval around the surface roughness at left position is given by 3.69+0.12

5.4

Cl, =

microns.
7.9 ANALYSIS OF VARIANCE- SURFACE ROUGHNESS AT RIGHT POSITION

The results for surface roughness at right position for each of the 27 treatment conditions with
repetition are given in Table 7.1. The results were analyzed using ANOVA for identifying the
significant factors affecting the performance measures. The Analysis of Variance (ANOVA) for
the mean surface roughness at 99% confidence interval is given in Table 7.12. The factors,
namely, current, pulse on time, powder and electrode were found to be significant for surface
roughness at right position. The factors, namely, workpiece, pulse off time and interaction
between workpiece X powder were found to be insignificant in surface roughness. Table 7.13
shows the ranks to various factors relative to their significance in surface roughness. The current
has the highest rank which has highest contribution in surface roughness and dielectric has
lowest rank and was observed insignificant to surface roughness at right position. Main effect

plot and interaction plot for surface roughness at left position are shown in the Figure 7.9 and
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Figure 7.10 respectively. As the current, pulse on time and pulse off time increases, surface

roughness increased.

Table 7.12: ANOVA for surface roughness at right position

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 0.18 2 0.09 2.86
Dielectric (B) 0.00 | 1 0.00 | 0.00
Electrode (C) 064 | 1 0.64 | 20.56 13.7 0.55 1.154
Pulse off time (D) 0.04 2 0.02 0.70
Pulse on time (E) | 13.60 | 2 | 680 |21727 | 109 13.42 28.025
Current (F) 2857 | 2 | 1429 | 45640 | 109 28.39 59.288
Powder (G) 215 | 2 1.08 | 3437 10.9 1.97 4.113
(A% C) 069 | 2 | 035 | 11.08 10.9 0.51 1.069
(A x G) 095 | 4 | 024 | 7.3
(CxG) 086 | 2 043 | 13.68 10.9 0.67 1.408
Error 0.19 6 0.03
TOTAL 4788 | 26 1.84 47.88 100
e pooled 137 | 15 | 0.09 2.37 4.943

Table 7.13: Response table for means of surface roughness at right position

Level Workpiece | Dielectric | Electrode | Pulse off Pulse on Current Powder
eve
(A) (B) © time (D) time (E) (F) (G)
1 5.876 5.921 5.813 5.882 5.014 4.591 5.811
2 5.854 5.923 6.141 5.908 6.006 6.081 5.646
3 6.037 5.977 6.747 7.096 6.310
0.664
Delta 0.183 0.002 0.327 0.095 1.733 2.505
Rank 5 7 4 6 2 1 3
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Main Effect Plot for Mean Surface Roughness at Right Position
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Figure 7.9: Main effect plot for of surface roughness at right position
Interaction Plot for Mean Surface Roughness at Right Position
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Figure 7.10: Interaction plot for surface roughness right at position
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7.10 RESULTS FOR S/N RATIO FOR SURFACE ROUGHNESS AT RIGHT POSITION

The S/N ratios have been calculated to identify the major contributing factors and
interactions that cause variation in surface roughness. Surface roughness is a “Lower is
better”, type response and is given by a logarithmic function based on the mean square
deviation (MSD) given by:
S/N_ =-10log(MSD) = —1010g[(%2 y2i)
i=1

Table 7.14 shows the ANOVA for S/N ratio for roughness at 99% confidence interval. The
factors, namely, current pulse on time, electrode, powder and interaction between workpiece x
electrode was found to be significant in surface roughness. Remaining factors and all interactions
studied during the trials were found to be insignificant. Table 7.15 shows the ranks to various
factors in terms of their relative significance. Current has the highest rank, signifying the highest
contribution to surface roughness and dielectric has the lowest rank and was observed to be
insignificant in affecting surface roughness. Main effect plot and interaction plot for S/N ratio

are shown in Figure 7.11 and Figure 7.12 respectively.

Table 7.14: ANOVA for S/N ratio of surface roughness at right position

Sources SS v v F F (critical) SS' % contribution
Workpiece (A) 1.32 2 0.66 8.66
Diclectric (B) 0.03 1 0.03 0.38
Electrode (C) 1.71 | 1.71 22.42 13.7 1.38 1.203
Pulse off (D) 036 | 2 0.18 234
Pulse on (E) 3223 | 2 1611 | 211.41 109 | 3138 27.464
Current (F) 68.69 | 2 3435 | 450.59 0.9 | 6804 >9.179
Powder (G) 4.99 2 2.49 32.71 10.9 433 3.770
(A % C) 1.81 2 0.91 11.90 10.9 1.16 1.010
(A X G) 198 | 4 0.49 6.49
(C * G) 140 | 2 0.70 9.20
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Error 0.46 6 0.08
TOTAL 11498 | 26 4.42 114.98 100
e pooled 5.54 17 0.33 8.48 7.374

Table 7.15: Response table for S/N ratio of surface roughness at right position

Level Workpiece | Dielectric | Electrode | Pulse off | Pulse on Current Powder
(A) (B) ©) (D) (E) (F) @)
1 -15.24 -15.27 -15.04 -15.11 -13.80 -13.10 -15.09
2 -1494 -15.20 -15.58 -15.18 -15.39 -15.62 -14.77
3 -15.48 -15.38 -16.46 -16.94 -15.80
Delta 0.54 0.07 0.53 0.27 2.66 3.85 1.03
Rank 4 7 5 6 2 1 3

Main Effects Plot for S/N ratio of Surface Roughness at Right Position
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Figure 7.11: Main effect plot for S/N ratio of surface roughness at right position
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Interaction Plot for S/N ratio of Surface Roughness at Right Position
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Figure 7.12: Interaction plot for S/N ratio of surface roughness at right position

7.11 OPTIMAL DESIGN

In this experimental analysis, the main effect plot and interaction plot in Figure 7.9 and Figure
7.10 used to estimate the mean surface roughness. From the, Table 7.16 it is concluded that least
surface roughness was observed when pulse on time 10us, current 2Amp, graphite as electrode
was chosen in the treatment conditions. In this case, the same levels of the significant factors and
interactions provide the higher average and reduced variability so nothing has to be
compromised. In some situations, the levels of factors which improve the average and improve
the uniformity may conflict, so a compromise may have to be reached. Also, a compromise may
have to occur when multiple responses are considered and the same factor level may cause one

response to improve and another to deteriorate.
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Table 7.16: Significant factors and interactions for surface roughness at right position

Factors Affecting mean Affecting variation (S/N ratio)
Contribution Best level Contribution Best level
Workpiece (A) Insignificant - Insgnificant -
Dielectric (B) Insignificant - Insignificant -
Electrode (C) Significant Level 1-Gr Significant Level 1-Gr
Pulse off (D) Insignificant - Insignificant -
Pulse on (E) Significant Level 1-10 ps Significant Level 1- 10 pus
Current (F) Significant Level 1- 2 Amp Significant Level 1- 2 Amp
Powder (G) Significant Level 1- No Significant Level 1-No
(A x C) Significant AqC Significant AqC
(A xG) Insignificant - Insignificant -
(C x G) Significant CiG Insignificant -

Estimating the mean

Mean value of surface roughness at right position

Me e reagxc ez, — Gt Bt Fit Gp+ A X G+ G X Gy =5T

He, g moiaxcicig, = 5-81H4.59+5.014+5.64+5.21+5.18-5x5.92 =3.35 microns

Confidence Interval around the Estimated Mean

Confidence Interval around the estimated surface roughness at right position

Cl, = | ="~ Where F..., = F ratio
r-]eff
a=risk (0.01) confidence =1-«a

v, =dof for meanwhichis always =1

v, =dof forerror=v,
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Nt = Number of tests under that condition using the participating factors

Ny = N = 27 =2.45
l+dofecrgacce 1+2+2+2+2+2
F,, .V
cl, = |Tewwle _ [015x0.09 0y
N 2.45

So the confidence interval around the surface roughness at right position is given by 3.35+0.074

microns.
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Chapter 8

FURTHER ANALYSIS

8.1 INTRODUCTION

In the present work, the effect of various input parameters i.e. current, pulse on time, pulse off
time, electrode material, powder on the surface properties of the workpiece material was
evaluated. During machining, temperature between tool and workpiece very high and this high
temperature causes fusion or partial vaporization of the molten metal and the dielectric fluid at
the point of discharge. Due to very high temperature the workpiece material is subjected to, re-
crystallization of the metal grains take place and subsequent cooling of the heated metal causes
change in the micro structure. The heating and cooling rate decides the shape of grains and
properties of surface of machined area. Also, material is transferred from the powder suspended
in the dielectric, as well as from the eclectrode, on to the machined surface. The chemical
composition of the machined surface was determined with the help of X-Ray Diffraction (XRD)
analysis. Micro structural analysis was carried using Scanning Electron Microscope (SEM) and
Lieca Metallurgical Microscope. During this analysis chemical composition of machined surface

and micro structure of machined surface determined
8.2 XRD ANALYSIS

During machining of the workpiece, material is transferred from suspended powder in the
dielectric and from the electrode material, resulting in improvement of surface properties. The
material transferred to the workpiece, forms various compound on the surface of workpiece. To
analyze this, the workpiece was tested for XRD on selected samples. The range of 26 from 5° to
100° was used at a scan speed of 5%/minute at wavelength 1.54 angstrom for each test. After the
XRD analysis, each sample was tested on Optical Emission Spectrometry to quantitatively

confirm the results of XRD.

8.2.1. XRD Analysis of High Carbon High Chromium (HCHC )
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The XRD pattern of HCHCr machined with tungsten-copper electrode in EDM oil with no
powder mixed in dielectric medium is shown in the Figure 8.1. The pattern shows the presence
of cohenite synthetic (Fe;C). The cohenite is rich iron meteorites, having carbon content not
more than 0.4-0.6% less than o-y eutectoid composition. The presence cohenite increase the
hardness. As shown in the Figure 8.1 Fe;C compound formed increases the hardness of the
surface. Pattern list are given shown in the Table 8.1 which shows the percentage of the
compound according to the score. After the spectrometer analysis, it was observed that carbon

percentage increased from 1.60% to 1.63% and tungsten increased from 0.02% to 0.024%.
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Figure 8.1: XRD pattern of HCHCr machined with W-Cu electrode in edm oil without powder
mixing. (I 8Amp, Pulse on time 100us, Pulse off time 57s)

Table 8.1: Pattern list for HCHCr machined with W-Cu in EDM oil without powder mixing

Visible Score Compound Scale Chemical SemiQuant [%]
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Factor Formula

1 10 Cohenite — 1.274 Fe; C 100

synthetic

The XRD pattern of HCHCr machined with W-Cu electrode with tungsten powder mixed in
kerosene dielectric medium is shown in the Figure 8.2. The XRD pattern shows the traces of
tungsten carbide (W,C), chromium molybdenum and copper germanium iron on the surface of
sample. Tungsten carbide is an inorganic chemical compound containing tungsten and carbon
atoms. The tungsten carbide has very high strength thus imparts hardness rigidity to the material.
Compressive strength is also higher. In addition, mechanical and physical properties such as
toughness, wear resistance were also improved with tungsten carbide. In chromium molybdenum
compound a hexagonal and a Face Centered Cubic (FCC) phase was formed. The hardness of
hexagonal phase increased and FCC compounds decreased. Copper germanium iron improved
the hardness and wear resistance. The changes in chemical composition after machining are

given in Table 8.2. Pattern list of XRD pattern are given in Table 8.3.

Table 8.2: Chemical composition of HCHCr machined with W-Cu electrode in kerosene with

tungsten powder mixing. (I=5 Amp, Pulse on= 50us, Pulse off=38us)

Composition Before machining (%) After machining (%)
Carbon 1.6 1.74
Tungsten 0.02 1.37
Chromium 13.3 12.9
Molybdenum 0.05 0.09
Copper 0.05 0.94
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Figure 8.2: XRD pattern of HCHCr machined with W-Cu electrode in kerosene with tungsten
powder mixing. (I=5 Amp, Pulse on= 50ps, Pulse off=38us)

Table 8.3: Pattern list HCHCr machined with W-Cu electrode in kerosene with tungsten powder

mixed dielectric

Visible Score Compound Scale Factor Chemical SemiQuant
Formula [%]
1 2 Tungsten Carbide 0.249 W, C 19
2 26 Chromium 0.478 ( Cro7 Moy 3) 33
Molybdenum
3 31 Copper 0.531 Cui6 Feg 48
Germanium Iron Geps

The XRD pattern HCHCr machined with graphite electrode with copper powder mixed in
kerosene dielectric is shown in Figure 8.3. The XRD pattern shows the traces of copper,

chromium and carbon and has not formed any compound. The chromium has transferred in a-
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chromium which reduces the stresses and improves the corrosion resistance. After the

spectrometer analysis, it was observed that percentage of copper increased from 0.03% to 1.12%

and carbon increased from 1.6% to 1.94%. Pattern list of XRD are given in Table 8.4.
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Figure 8.3: XRD pattern of HCHCr machined with graphite electrode in kerosene with Cu powder
mixing. (1=5 Amp, Pulse on=50ys, Pulse off=57us)

Table 8.4: Peak list of HCHCr machined with graphite electrode in kerosene with Cu powder

mixed dielectric

Visible Score Compound Scale Chemical SemiQuant [%]
Factor Formula
1 16 Copper, syn 0.262 Cu 5
2 28 a-Cr 0.792 Cr 14
3 27 Carbon 0.486 C 81
8.2.2. XRD Analysis of EN31
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The XRD pattern of EN31 machined with graphite electrode with tungsten powder mixing in
kerosene dielectric medium is shown in the Figure 8.4. The pattern shows the some traces of
chromium iron carbide and iron carbide. The chromium forms solid solution with iron and has
high solubility in a-ferrite as well as y-iron. The iron atoms of cementite phase can be substituted
in chromium atoms and forms carbides in steel. The chromium carbides and chromium iron
carbides are formed by carburization of chromium at high temperature. When chromium is more
than 5%, the high temperature properties and corrosion resistance of steels is improves and also
the, hardenability. The thermal expansion coefficient of chromium carbide is almost equal to that
of steel, reducing the mechanical stress buildup at the layer boundary. The changes in the
chemical composition after machining of EN31with graphite electrode in tungsten mixed powder

are given in Table 8.5. Table 8.6 shows the pattern list and compound which was formed.

Table 8.5: Chemical composition of EN31 after machining with graphite electrode in tungsten

powder in kerosene dielectric (I 5 Amp, Pulse on time 100us, Pulse off time 85}1s)

Composition Before machining % After machining %
Carbon 0.35 0.47
Tungsten 0.01 0.22
Nickel 0.09 0.13
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Figure 8.4: XRD pattern of EN 31 machined with graphite electrode in kerosene with tungsten

powder mixing. (I 5Amp, Pulse on time 100us, Pulse off time 85ps)

Table 8.6: Pattern list EN 31 machined with graphite electrode in kerosene with tungsten powder

mixing
Visible | Score Compound Scale Chemical SemiQuant
Factor Formula [%]
1 45 Chromium Iron 0.673 Cr; Fei4 C 43
Carbide
2 39 Iron Carbide 0.803 Fes C.63 57

The XRD pattern of EN31 machined with graphite electrode in copper powder mixed kerosene

dielectric is shown in the Figure 8.5. The XRD pattern shows the traces of copper iron (Fe Cuy)

and carbon.

The carbon imparts the strength, wear resistance and hardness but reduces the

toughness and ductility. The carbon has contributed by electrode wear as well as the pyrolysis of

the dielectric. Iron copper (Fe Cus) has good corrosion resistance and have some effect on
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hardness. After the spectrometer analysis, it was observed that carbon percentage increased from

0.35% to 0.79% and copper increased from 0.03% to 1.12%.
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Figure 8.5: XRD pattern of EN 31 machined with graphite electrode in kerosene with Cu powder
mixing. (I 2Amp, Pulse on time 50us, Pulse off time 57ps)

Table 8.7: Pattern list of EN 31 machined with graphite electrode in kerosene with Cu powder

mixing
Visible Score Compound Scale Factor | Chemical Formula | SemiQuant [%]
1 13 Copper Iron 0.709 Fe Cuy 15
2 16 Carbon 0.495 C 85

The XRD patterns of EN 31 machined with W-Cu electrode in copper powder mixed in EDM oil
is shown in the Figure 8.6. The XRD pattern shows the traces of copper and cementite
compound. Copper has transferred from powder which was suspended in the dielectric and as

well as from the electrode material. The cementite is iron carbide with an orthorhombic crystal
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structure. The cementite increases the hardness of material. The copper has not formed any
compound. After the spectrometer analysis, it was observed that percentage of copper increased

from 0.03% to 1.12%.
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Fig 8.6: XRD pattern of EN 31 machined with W-Cu electrode in EDM oil with Cu powder mixing.
(1I=5 Amp, Pulse on= 100us, Pulse off=38us)

Table 8.8 Peak list of EN 31 machined with W-Cu electrode in EDM oil with Cu powder mixing

Visible | Score Compound Scale Chemical SemiQuant
Factor Formula [%]
1 85 Copper, syn 0.655 Cu 67
2 8 Cementite 0.352 Fe; C 33

8.2.3 XRD Analysis of Hot Die Steel
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The XRD pattern of hot die steel machined with graphite electrode in copper mixed in kersoene
dielctric is shown in the Figure 8.7. The pattern shows the formation of iron carbide and copper
on the machined surface. The iron carbide (Fe;C;) with an orthorhombic crystal structure
increased the hardness of material. After the spectrometer analysis, it was observed that carbon

percentage increased from 0.4% to 0.68% and copper increased from 0.01% to 1.22%.
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Figure 8.7: XRD pattern of hot die steel machined with graphite electrode in kerosene with copper

powder mixing. (I 2Amp, Pulse on time 100us, Pulse off time 38ps)

Table 8.9: Pattern list of hot die steel machined with graphite electrode in kerosene with copper

powder mixing

Visible Score Compound Scale Chemical SemiQuant [%]
Factor Formula
1 11 Iron Carbide 0.466 Fe; Cs 41
2 43 Copper, syn 0.824 Cu 59
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The XRD pattern of hot die steel machined with graphite electrode in tungsten powder mixed
dielectric is shown in the Figure 8.8. The XRD pattern shows chromium carbide compound.
Corrosion resistance of steels improved and hardenability improved with chromium carbide.
After the spectrometer analysis, it was observed that tungsten increased from 0.1% to 1.15% and
chromium decreased from 5.32% to 5.23% because some replacement of chromium with

tungsten on surface.
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Figure 8.8: XRD pattern of hot die steel machined with graphite electrode in kerosene with

tungsten powder mixing. (I=8 Amp, Pulse on= 50us, Pulse off=38Ls)

Table 8.10: Pattern list of hot die steel machined with graphite electrode in kerosene with

tungsten powder mixing

Visible Score Compound | Scale Factor Chemical Formula | SemiQuant [%]

1 19 Chromium 1.172 Cr; G5 100
Carbide
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The XRD pattern of hot die steel machined with W-Cu electrode in copper mixed in kerosene
dielectric is shown in Figure 8.9. The XRD pattern shows the cohenite compound which
contributes to increase the hardness but copper has not formed any compound. The copper has
not formed any carbide in tool steel after machining and has generally found as a solid solution
with iron. The effect of copper in improving the mechanical properties of ferrite phase is only

marginal but in any case, the presence of copper is not detrimental to properties.
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Figure 8.9: XRD pattern of hot die steel machined with W-Cu electrode in kerosene with copper
powder mixing. (I 8Amp, Pulse on time 50us, Pulse off time 57s)

Table 8.11: Pattern list of HDS machined with W-Cu electrode in kerosene with Cu powder

Visible Score | Compound Scale Chemical SemiQuant [%]
Factor Formula
1 30 Copper 0.645 Cu 43
2 21 Cohenite 0.700 Fe; C 57

8.3 SUMMARY OF XRD ANALYSIS
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The summary of the XRD analysis is tabulated in Table 8.12.

Table 8.12: Summary of XRD analysis

Workpiece

Flectrode

Powder

Dielectric

Results

HCHCr

W-Cu

No

EDM oil

Shows the Cohenite synthetic
(Fe3C).
Increase the corrosion
resistance and hardenability.
Reduce the mechanical stress

at layer boundary.

HCHCr

W-Cu

tungsten

Kerosene

Shows the traces of W,C, Cr
0.7Mo 0.3, Cu 1.6Fe 0.1 Ge
0.3.

Increase the hardness and
rigidity.

resistance

Toughness, wear

were improved

HCHCr

graphite

copper

Kerosene

Shows the traces of Cu, C, « -
Cr.
Chromium reduces the stresses

and improves the corrosion.

EN31

graphite

tungsten

Kerosene

Shows the traces of chromium
carbide and iron carbide.

Temperature properties and
corrosion resistance improved.
Reduced the  mechanical

stresses.

EN31

graphite

copper

kerosene

Shows the traces of copper

iron and carbon.
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Iron carbon has improved the
corrosion  resistance  and
hardness.

EN31 W-Cu copper | EDM oil Shows the traces of copper and

cementite.
Cementite  increased  the
hardness of machined surface.
Copper has not formed any
compound.

HDS graphite copper | Kerosene Shows the formation of iron
carbide and copper.

Iron carbide contributed to
increase the hardness of
material.

HDS graphite | tungsten | Kerosene Chromium carbide compound
has formed.

Corrosion resistance of
materials improves.
Hardenability improved with
chromium carbide.

HDS W-Cu copper Cohenite  compound  has
formed but copper has not
formed any compound.
Cohenite contributes to
increase the hardness.

8.4 MICROSTRUCTURE ANALYSIS

Microstructure analysis was carried out on some selected samples using Scanning Electron

Microscope to study the change in the microstructure after machining. The samples were
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prepared as per standard before SEM analysis on three different magnifications, namely, 200x,

500% and 1000x.
8.4.1 Method of Sample Preparation
The steps for the sample preparation for SEM are given below:

1) Cut out the samples in 13x16mm on wire cut EDM.
2) Clean the surface with wire brush.
3) Clean the samples with acetone.

4) Clean the samples with ultrasonic gel to remove any dust particles.

Cracks White layer

Figure 8.10: SEM micrograph at 200x of HCHCr machined with W-Cu electrode in without
powder mixed in EDM oil (I 8Amp, pulse on time 100us, pulse off time 57ps)
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Figure 8.11: SEM micrograph at 500x of HCHCr machined with W-Cu electrode in without

powder mixed in EDM oil (I 8Amp, pulse on time 100us, pulse off time 57ps)

Thick cracks
at 8Amp
current on
white layer

Figure 8.12: SEM micrograph at 1000x of HCHCr machined with W-Cu electrode in without

powder mixed in EDM oil (I 8Amp, pulse on time 100us, pulse off time 57ps)
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Figure 8.13: SEM micrograph at 200x of HCHCr machined with graphite electrode in copper
powder mixed in EDM oil (I 5Amp, pulse on time 50us, pulse off time 57s) Thick cracks at

SAmp but less
thick as
compared to
8Amp current

Coagulation
and
compound
deposition

Particle
deposition

Sample - 01 Jun'2010

Figure 8.14: SEM micrograph at 500x of HCHCr machined with graphite electrode in copper
powder mixed in EDM oil (I 5Amp, pulse on time 50us, pulse off time 57us)
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Figure 8.15: SEM micrograph at 1000x of HCHCr machined with graphite electrode in copper
powder mixed in EDM oil (I 5Amp, pulse on time 50us, pulse off time 57s)

Figure 8.16: SEM micrograph at 200x of EN 31 machined with graphite electrode in copper mixed
in kerosene (I 2Amp, pulse on time 50us, pulse off time 57s)
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Figure 8.17: SEM micrograph at 500x of EN 31 machined with graphite electrode in copper mixed
in kerosene (I 2Amp, pulse on time 50us, pulse off time 57s)
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Figure 8.18: SEM micrograph at 1000x of EN 31 machined with graphite electrode in copper mixed
in kerosene (I 2Amp, pulse on time 50us, pulse off time 57s)
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19: SEM micrograph at 200x of EN 31 machined with graphite electrode in tungsten
mixed in kerosene (I 5Amp, pulse on time 100us, pulse off time 85us)
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Figure 8.20: SEM micrograph at 500x of EN 31 machined with graphite electrode in tungsten

mixed in kerosene (I 5 Amp, pulse on time 100us, pulse off time 85ps)
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5.21: SEM micrograph at 1000x of EN 31 machined with graphite electrode in tungsten mixed in
kerosene (I 5Amp, pulse on time 100us, pulse off time 85ps)

SEM micrograph at 200x, 500x and 1000x% of high carbon high chromium machined with
tungsten-copper electrode in without powder mixed in EDM oil (I=8 Amp, pulse on 100us, pulse
off 57us) are shown in the Figure 5.10-5.12 which shows formation of cracks on the white layer.
The crater size is more when machined at 8Amp without powder in dielectric. Crater size
increased with increase in current. A recast layer has observed on the machined surface. The
surface was observed to be rough because of debris which were not flashed away completely
from the machining zone. Different layers which were formed in the machined are shown in the
Figure 5.22. The discharge between the workpiece and tool melts the metal and metal vaporizes
which created thermally altered layers of the cavity. The white layer readily formed and was
observed to remains stable on the surface. The white layer is typically fine grained and hard and
is alloyed with carbon from the material transferred from electrode. In the white layer material
was taken to molten state but neither ejected nor removed by flushing action of the dielectric.
The depth of this top melted zone depends upon the pulse energy and duration. The carbon
content in the layer can also be affected by carburization from the flushing fluid or electrode

material, but decarburization also occurs. The action of EDM altered the metallurgical structure
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and characteristics in the recast layer. The recast layer is formed by the un-expelled molten
metal solidifying in the craters. The white layer is densely infiltrated with carbon to the point that

1ts structure is different than that of the base material.

4%Redglosited layer in compound form
OQQ

m Qw

Recast/White layer

Base material

Figure 5.22: Different layers formed on the EDM machined surface

The white layer consists mainly of martensite, residual austenite, and some undissolved carbide.
In addition, the high-temperature conditions induced during the EDM procedure prompt some
carbon atoms from the kerosene dielectric fluid to migrate into the surface of the machined
component. As the thickness of the white layer increases, it becomes more brittle and therefore
fractures more readily. As a result, the fatigue life reduces as the thickness of the white layer
increases. The next layer is rehardened layer, in this layer temperature has risen above the
hardening temperature and martensite formed and which become more hard and brittle. The last
layer which is formed that is tempered layer in which material has not heated up to reach
hardening temperature and tempering back occurred. This layer retains the metallurgical
structure same as the base material because temperature absorbed is not to the level to change the
structure. Below the tempered layer is the base material and this is unaffected by EDM process.
When workpiece material was machined without powder in the dielectric then crater size is more
and more in the depth. Increasing the current or reducing the pulse-on duration suppresses the
formation of surface cracks in the machined surface.[12, 44] The fundamental cause of cracking
lies in the existence of the internal stresses which are created at the time of the machining

operation. The surface density and the depth of these cracks are directly related to the machining
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conditions, more increase the current (2Amp-8Amp), more the appearance frequency of these
cracks increases. The cracks are formed with the result of high thermal stresses prevailing at the
workpiece surface as the latter was cooled at fast rate after the discharge. Figure 5.16-5.17 shows
the uniform dispersion of the particles and less micro cracks on the surface of machined when
machined with copper powder mixed dielectric. The fine dispersion of hard particles is shown in
the Figure 5.19-5.21 which shows the region with no white layer deposition, no crack formation
and also shows the cracks all around the region of deposited and white layer. The size of the
craters is smaller. With addition of cooper powder in the dielectric craters size is less as

compared to tungsten powder.
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CHAPTER 9

RESULTS, CONCLUSIONS AND RECOMMENDATIONS

9.1 RESULTS

The effect of parameters i.e. workpiece, dielectric, electrode, pulse on time, pulse off time,

current, powder and some of their interactions were evaluated using ANOVA and factorial

design analysis. The purpose of the ANOVA was to identify the important parameters in

prediction of MRR, TWR, micro hardness, surface roughness. Some results consolidated from

ANOVA and plots are given below:

9.1.1 PILOT EXPERIMENT

It was observed that at low current, MRR is low but increases sharply with increased
current.

MRR was observed to increase when copper powder was suspended in dielectric and
reduce with graphite powder.

The electrode material was found to be most significant factor effecting TWR.

Increase in current caused high tool wear

9.1.2 MRR

Current was found the most significant factor with F value 41.03 and its contribution to
MRR was 22.54% and followed by electrode (F value 60.22), pulse on time (F value
26.75), powder (F valuel6.05), pulse off time (F valuell.73) were the factors that
significantly affected the MRR which had contribution to MRR was 17.17%, 13.77%,
7.93%, 4.5% respectively.

Others two factors, namely, dielectric and workpiece material and interactions were
found to be insignificant.

In S/N ratio workpiece material and interactions were found to be significant affecting

MRR for reducing the variation.
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The estimated mean value of MRR when six factors, namely, workpiece material
(HCHCr), pulse off time (57us), current (5Amp), pulse on time (100us), powder
(tungsten) and interactions were considered with 99% confidence interval was found to

be 38.33+1.38 mm>/min.

9.12 TWR

Current (F value 36.19), electrode (F value 30.08) and powder (F value 17.03) were the
factors that significantly affected the TWR.

Factors, namely, workpiece material, dielectric, pulse on time, pulse off time and
interactions were found to be insignificant for TWR.

In S/N ratio pulse off time, interaction between electrode and powder was the significant
for TWR to reducing the variation.

The estimated mean value of TWR when four factors, namely, electrode (W-Cu) pulse
off time (57us), current (SAmp), powder (tungsten) and interaction between electrode
and powder were considered with 99% confidence interval was found to be

1.3540.134mm>/min.

9.1.3 MICRO HARDNESS

Current (F value 17.27) and powder (F value 13.22) were the factors that has significantly
affected the micro hardness at non-deposited region.

Factors, namely workpiece material, dielectric, electrode material, pulse on time, pulse
off time and interactions studied in trials were found to be insignificant for micro
hardness at non-deposited region.

The estimated mean value of micro hardness at non-deposited region when current SAmp
and tungsten powder were considered with 99% confidence interval was found to be
835+7.18 hvn.

Powder (F value 133.15), electrode material (F value 13.93) and current (F value 13.09)
were found to be significant for micro hardness at deposited region and all other factors

studied in trials were found to be insignificant.
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The estimated mean value of micro hardness at non-deposited region when current
8Amp, tungsten-copper electrode and tungsten powder were considered with 99%

confidence interval was found to be 1218.944+13.20 hvn.

9.1.4 SURFACE ROUGHNESS

Current (F value 52.63) and pulse on time (F value 21.27) were found to be significant in
surface roughness at center and left position. All other factors, namely, workpiece,
dielectric, electrode, pulse off time, powder and interactions studied during trials were
found to be insignificant for surface roughness.

The estimated mean value of surface roughness at center and left position when current
2Amp and pulse on time 10us were considered with 99% confidence interval was found
to be 3.34+0.13 microns and 3.69+0.12 microns.

Current, pulse on time, powder and electrode were found to be significant for surface
roughness at right position. The factors, namely, workpiece, pulse off time and
interaction between workpiece and powder were found to be insignificant.

The estimated mean value of surface roughness at center and left position when current
2Amp, graphite electrode pulse on time 10us and interaction between workpiece
(HCHCr) and electrode (graphite) were considered with 99% confidence interval was

found to be 3.35+0.074 microns.

9.1.5 XRD ANALYSIS

HCHCr

When HCHCr workpiece material was machined with W-Cu electrode in EDM oil with no

powder mixing, Cohenite synthetic (Fe;C) was formed which increases the corrosion resistance

and hardenability and reduce the stresses. Also, same material was machined with W-Cu

electrode in kerosene oil with tungsten powder mixed, forming tungsten carbide (W,C)

compound which increases hardness and rigidity. Traces of Cu, C, a-Cr have been formed on the

surface of HCHCr as machined with graphite electrode with copper powder mixing in kerosene

oil.
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EN31

Chromium carbide and iron carbide were formed on the surface of EN31 when machined with
graphite electrode with tungsten powder mixed in kerosene oil which improved the thermal
characteristics and corrosion resistance and reduced the mechanical stresses. Corrosion
resistance and hardness were improved when machined with graphite electrode in copper mixed

kerosene oil.
Hot Die Steel

Iron carbide was formed on the surface of HDS as machined with graphite electrode in copper
mixed kerosene oil. Iron carbide contributed to increase the hardness of material. Chromium
carbide was formed when machined with graphite electrode in tungsten powder mixed kerosene.

Cohenite compound was formed but copper did not formed any compound.
9.1.6. MICROSTRUCTURE ANALYSIS

SEM micrograph carried out on selected samples at three different magnifications, namely at
200x%, 500x and 1000x%. It was observed that crater size was more when machined at 8 Amp
without powder in dielectric as compared to when machined with powder mixed in dielectric.
The white layer formed readily and remained stable on the surface. The white layer was observed
to be typically fine grained and hard and was alloyed with carbon from the material transferred
from electrode. With increase in current micro cracks on the white layer also increased. The
fundamental cause of cracking lies in the existence of the internal stresses which were created at
the time of the machining operation. The uniform dispersion of the particles and less micro
cracks on the surface of machined were observed when machined with copper powder mixed
dielectric. With addition of cooper powder in the dielectric craters size was less as compared to

tungsten powder.
9.2 CONCLUSIONS

The present study was carried out to study the effect of input parameters on the MRR, TWR,
surface roughness, micro hardness and on the surface properties. The following conclusions were

drawn from the study:
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e The MRR and TWR are mainly affected by the current and electrode material.

e All three workpiece materials showed improvement in micro hardness when machining
has been carried out with tungsten powder and the highest value of micro hardness
1193hvn has been achieved in EN31. The tungsten was found in the form of intermetallic
compounds as carbide (W,C).

e Micro hardness also affected with current.

e Surface roughness was mainly affected by the current and pulse on time. At higher value
of current causes the more surface roughness.

e Tungsten and copper was found on the surface of workpiece material when machining
was carried out with tungsten-copper electrode and with tungsten or copper suspended in
the dielectric medium. In HCHCr material, tungsten has been increased from 0.02% to
1.37% and copper from 0.05% to 0.94% when machining has been carried out with
tungsten-copper electrode in tungsten powder mixed in dielectric medium.

e With addition of powder in dielectric medium, crater size reduced and with copper crater
size was less as compared with tungsten powder.

e Thickness of cracks increased with increase in current.

e Higher surface finish can be achieved at low current value.

e To increase the hardness of material tungsten powder can be used.

e Dielectric medium has less effect on the output responses.
9.3 RECOMMENDATIONS FOR FUTURE WORK

Only three workpiece materials, namely, HCHCr, hot die steel and EN31 has been used. Other
materials such as titanium, OHNS die steel and tungsten hot work die steel can be used.
Machining was carried out only with two powders, copper and tungsten. Other powders, namely,

silicon, nickel, vanadium can be used. Particle size and powder concentration can also be varied.
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APPENDIX-A

TECHNICAL SPECIFICATION OF EDM MACHINE

The experiment has been conducted on Electrical Discharge Machine model T-3822M, Victory

Electromech, Kolhapur, India. Technical data of machine is as under:

1.Electrical Data

Supply voltage 415V, 30, 50 Hz

Connected load 3 KVA

Open gap voltage output 135£5% V

Max. Machine current 12Amp

Current range 3 ranges of 4Amp each
Current adjustment 0-4Amp in each current range

2. Machine Tool

Height 1300mm
Width 730mm
Depth 840mm
Net weight 325 kg
Quill travel 150mm
3. Work Tank

Length 600mm
Width 350mm
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SPECIFICATIONS OF MEASURING INSTRUMENTS

1. OPTICAL EMISSION SPECTROMETER

Make and model
Base
Medium

Accuracy

2. PERTHOMETER
Make andmodel
Measurement method
Profile resolution
Cut-off wavelength

Tracing length

3. MICRO HARDNESS TESTER
Make and model
Software used

Load

Baird, DV-6, USA
Iron, Aluminum, Copper
Argon gas

0.0001%

Mahr. M4Pi, Germany
Stylus

100nm

0.8mm

4.8mm

Metatech, MVH-2, Pune, India,

Quantimet

1 kg
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Dwell time 20 sec

4. SCANNING ELETRON MICROSCOPE
Make and model JSM-840A Joel, Japan

Magnification range 10x to 3,00,000%

5. X-RAY DIFFRACTION TESTER

Make and model ME 210 LA 2, Rigaku corporation
Scan speed 5°/minute
Range of 20 5% to 100°
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1. Kerosene oil
Appearance
Density (kg/m’)
Flash Point (°C)
Boiling Point (OC)

Viscosity (centistokes)

2. EDM oil
Appearance

Density (kg/m’)

Flash Point (°C)
Viscosity (centistokes)
Specific gravity

Dielectric strength

SPECIFICATIONS OF DIELECTRIC MEDIUM

Clear, transparent, light
817.15

40

600

2.71

Clear, light

835

130

3.12
0.78+0.02

45 kv
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