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ABSTRACT

Electric Discharge Machining (EDM) is an importanéthod for the machining or drilling
holes, especially for difficult to machine matesialn EDM, materials removal starts when a
potential difference is applied between the workpiand tool electrode. This voltage is high
enough to produce a spark between two electrodes. spark melts and vaporizes a small
material volume on each of the electrodes. Theedigt fluid that fills the gap between the
electrodes flushes part of this material for wogkazone. The circulation on dielectric and the
removal on machine-debris are very difficult, sp#giwhen the hole or the cavity becomes
deep, which reduce the machining efficiency dueptor flow of dielectric fluid from the
working gap. This poor flushing ends up with stagmaof dielectric and build-up of machining
residues which apart from low material removal IQRR) also lead to short circuits, arcs and
low surface finish.

To improve the machining performance of EDM, a corald method of Electric Discharge
Grinding EDG and Electric Discharge Machining haet developed. Most of the researchers
have applied rotational motion to traditional etede only. By this method due to rotation of
electrode, dielectric circulation and debris remowaproves. However, rotational head
attachment of EDM is a very costly arrangement.

In order to solve the problem stated above, in tegearch a new hybrid electrode was
developed. The most noteworthy feature of the nekthsing this hybrid electrode is that it
removes the metal by abrasive action of ceramienatalso, as in traditional EDM machining
there is no as such action performed. The majoartdge of ceramic material attached to the
EDM electrode is that it removes metal by abrasistéon.

The objective of the present work is to investigtite effects of the various Developed
Hybrid Electric Discharge Machine Electrode (HEDM#tpcess parameters on the machining
performance and to obtain the optimal sets of m®garameters so that the performance of the
developed hybrid machine can be enhanced. The hatgehnique has been used to investigate
the effects of the HEDME process parameters toigre@dtimal parameters.

In the experimentation Taguchig Lorthogonal array was used with Hybrid Electric
Discharge Machine Electrode and it is explored wi#N31 High Carbon Alloy Steel as

workpiece.

Vi



The literature survey has revealed that a verg litssearch has been conducted to obtain
the optimal levels of machining parameters thaldyile best machining quality in machining of
difficult-to-machine materials like High Carbon 8yt Steel. This steel is widely used in die and
punch in manufacturing with expected applicatioovgh in the rapidly developing micro world.
With its exceptional hardness, wear resistancehagill mechanical strength it is becoming very

desirable for a number of applications.

The research work has been focused in the followspects:
1. Design and development of experimental set-up dapalproviding varying range
of parameters of HEDME process.
2. Experimental study of the effect of various processameters on performance
characteristics of developed Hybrid Electric DisgfgaMachining Electrode.

3. Fabrication of set-up capable of providing rotatmgtion to Tool (electrode).

ORGANIZATION OF THE THESIS IS GIVEN BELOW:

Chapter 1 deals with the general introduction, advantagepliegtions, advancements, in
EDM and hybridization of EDM process.

Chapter 2 presents the review of published literature on rmae under different
conditions, optimization of process parameters us&DM process. It further presents the
identified gaps in literature, statement of probleand objectives of the present

investigation.

Chapter 3 deals with fundamental aspects of “design of expent” used in the present

research work.

Chapter 4 deals with design and fabrication of experimentat-ugp. The various
components of HEDME process and measurement eqotpmsed for this study are also

discussed in this chapter

Vil



Chapter 5 deals with the selection of process parameterstlaeid range. The levels of
process parameters are finalized. The experimenta@ind measurement of response

parameters are discussed. The scheme of expermasriso been presented.

Chapter 6 deals with experimental results and analysis ghuahi method. The results are

discussed for the response parameters viz. MRR, BWRSR.

Chapter 7 highlights the important conclusion drawn from thesearch work. At the end

of this chapter, scopes of future work on the esldbpics have been enumerated.

viii
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND OF ELECTRIC DISCHARGE MACHINING

(EDM)

The history of Electric Discharge Machining (EDMatds back to the discovery of
electric discharges. Besides the discharges prddbgenatural phenomena, namely lightning,
the production of artificial discharges has beeasely related to the development of electrical
energy sources. First investigations of electrasiathtenomena were performed with frictional
machines, during the first half of the"™L8entury. After that, the first sparks and pulsez avere
produced with “Leyden jars”, an early form of cajpac invented in Germany and in the
Netherlands around 1745 [Ander (2003)].

The history of EDM itself begins in 1943, with thevention of its principle by Russian
scientists Boris and Natalya Lazarenko in Moscowe Boviet government assigned them to
investigate the wear caused by sparking betweegsten electrical contacts, a problem which
was particularly critical for maintenance of autdive engines during the Second World War.
Putting the electrodes in oil, they found that $pparks were more uniform and predictable than
in air. They had then the idea to reverse the pmemon, and to use controlled sparking as an
erosion method [Lazarenko B.R. (1943)]. Though tleyld not solve the original wear
problem, the Lazarenkos developed during the warfitlst EDM machines, which were very
useful to erode hard metals such as tungsten gsten carbide.

The “Lazarenko circuit” remained the standard ED&herator for years. In the 1950’s,
progress was made on understanding the erosionopteron [Germer and Haworth (1949),
Cobine et al. (1955), Zingerman (1956)]. It isoadring this period that industries produced the
first EDM machines. Swiss industries were involwealy early in this market, and still remain
leaders nowadays. Les Ateliers des Charmilles predigheir first machine in 1955. Due to the
poor quality of electronic components, the perfaroes of the machines were limited at this

time.



In the 1960’s, the development of the semi-conduittdustry permitted considerable
improvements in EDM machines. Die-sinking machibhesame reliable and produced surfaces
with controlled quality, whereas wire-cutting mawots were still at their very beginning.

With the introduction of numerical position contiial the late 1960’s and early 1970’s,
the movements of electrodes became much more eretlis major improvement pushed
forward the performance of wire-cutting machinemamputer numerical controlled systems
(CNC) improved further the performance of EDM iretmid 1970’s. During the following
decades, efforts were principally made in generdésign, process automatization, servo-control
and robotics. Applications in micro-machining beeaatso of interest during the 1980’s [Sato et
al. (1985)]. It is also from this period that thend market of EDM began to increase strongly,
and that specific applied EDM research took oveidoBDM research. Finally, new methods for

EDM process control arose in the 1990’s: fuzzy marand neural networks.

1.2 BASIC PRINCIPLE OF ELECTRIC DISCHARGE MACHININ G

Electric Discharge Machining (EDM), also referredats Spark Erosion Machining, is a
process consisting in the removal of metal paside®m a workpiece surface by a rapid
succession of short time electric discharges. Tuw tised for spark eroding is an electrode
whose shape is a negative replica of the contodretproduced on the work as shown in the

Figure 1.1.

The schematic of an EDM machine tool is shown iguFeé 1.2. The tool and the
workpiece form the two conductive electrodes inealetric circuit. Pulsed power is supplied to
the electrodes from a separate power supply utie @ppropriate feed motion of the tool
towards the workpiece is provided for maintainingoastant gap distance between the tool and
the workpiece during machining. This is performegdeither a servo motor control or stepper

motor control of the tool holder.



WORKPIECE

Figure 1.1: Tool shape and corresponding cavity formed on piede after EDM operation
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Figure 1.2: Schematic of an Electric Discharge machining (EDhMchine tool
[Walia et al. (2003)]

As material gets removed from the workpiece, tha i® moved downward towards the
workpiece to maintain a constant inter-electrode. Jde tool and the workpiece are plunged in

a dielectric tank and flushing arrangements areenfiadthe proper flow of dielectric in the inter-



electrode gap. Typically in oil die-sinking EDM, Ipad DC power supply is used where the tool
is connected to the negative terminal and the wedeis connected to the positive terminal.

The pulse frequency may vary from a few kHz to saMeglHz.

The inter-electrode gap is in the range of a fems tef micro meters to a few hundred
micro meters. Material removal rates upto 300 *min can be achieved during EDM. The
surface finish (Ra value) can be as high ag0during rough machining and even less than 1
um during finish machining. Figure 1.3 illustratég spark erosion in the EDM process.

S
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Figure 1.3: Spark Erosion in the EDM process [Jameson (2001)]

EDM is a thermal process; material is removed bwthend evaporation. Heat is
introduced by the flow of electric current betweba electrode and workpiece in the form of a
spark.

Materials at the closest points between the eldetand workpiece as shown in Figure
1.4, where the spark originates and terminates,haged to the point where the material

vaporizes. While the electrode and workpiece ndéeel more than warm to the touch during



EDM, the area where each spark occurs is veryTiw.area heated by each spark is very small
so the dielectric fluid quickly cools the vaporizethterial and the electrodes. However, it is

possible for metallurgical changes to occur fromdpark heating the workpiece surface.

A dielectric is required to maintain the sparkingpgbetween the electrode and
workpiece. This dielectric material is normallylaid. Die-sinker type EDM machines usually

use hydrocarbon oil and kerosene oll.

The main characteristics of dielectric fluid arattit is an electrical insulator until enough
electrical voltage is applied to cause it to chamge an electrical conductor. The dielectric
fluids used for EDM are able to remain electriceulators except at the closest points between
the electrode and workpiece. At these points, spgrkoltage causes the dielectric fluid to

change from an insulator to a conductor and thekspacurs.

The time at which the fluid changes into an eleatrconductor is known as the ionization
point. When the spark is turned off, the dielectiued deionizes and the fluid returns to being an

electrical insulator.

This change of the dielectric fluid from an insolato a conductor, and then back to an
insulator, happens for each spark. As each spatureca small amount of the electrode and
workpiece material is melted /vaporized. The vageadi material is positioned in the sparking

gap between the electrode and workpiece and whiarfupe the cloud as shown in Figure 1.4.

When the spark is turned off, the vaporized clooidigies as shown in Figure 1.5. Each
spark then produces an EDM chip or a very tiny dwlisphere of material made up of the
electrode and workpiece material. For efficient maimg, the EDM chip must be removed from
the sparking area. Removal of this chip is accoshelil by flowing dielectric fluid through the
sparking gap [ElIman Jameson (2001)].
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Figure 1.5: Spark-OFF: vaporized cloud solidifies to form E@kip [Jameson(2001)]

1.3 MATERIAL REMOVAL MECHANISM
Material removal mechanism of EDM involves an electerosion effect i.e. the
breakdown of electrode material accompanying any fof electric discharge (The discharge is

usually through a gas, liquid or in some casesdspliA necessary condition for producing a



discharge is the ionization of the dielectric tigtsplitting up of its molecules into ions and
electrons [Garg et al. (2010)].

As soon as suitable voltage is applied across ldwtredes, the potential intensity of the
electric field between them builds up, until at sopredetermined value, the individual electrons
break loose from the surface of the cathode andirapelled towards the anode under the

influence of field forces (Figure 1.6).
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Figure 1.6: Schematic Diagram of the EDM Process Showing thel€€Heat Sources, Plasma

Configuration, and Melt Cavities after a Certaimei
[Eubank et al., 1993]

In the movement of inter-electrode space, the mastcollide with the neutral molecules
of the dielectric, detaching electrons from thend @ausing ionization. At some time or the
other, the ionization becomes such that a narraanmél of continuous conductivity is formed.
When this happens, there is a considerable flowleftrons along the channel to the anode,
resulting in a momentary current impulse or disghar

The liberation of energy accompanying the disch#gds to the generation of extremely
high temperature, between 8,000° and 12,000°C,ircadgsion or partial vaporization of the
metal and the dielectric fluid at the point of diacge. The metal in the form of liquid drops is

dispersed into the space surrounding the electrbgiethe explosive pressure of the gaseous



products in the discharge. This results in the &irom of a tinycrater at the point of discharge
the workpiece [Panday and Shan (20(

1.4 COMPONENT OF EDM

Every EDM machine has the following basic elemé¢higure 1.7).

. Spark Generator

. Servo System

. Dielectric Syster

. Mechanical Structu

Figure 1.7:BasicElements of an EDM systerg RPI (1986)

1.4.1 SPARK GENERATOR

Electrical energy in the form of short duration uges with a desired shape shoulc
supplied to the inteelectrode gap. Spark generators are used as theesafuelectrical pulses |
EDM. The generators can be distinguished accordinghe way in wich the voltage i
transformed and the pulse is controlled. The digghanay be produced in controlled mannel
natural ignition and relaxation, or by means obatmllable semiconductor switching elemel



Nowadays, sophisticated computer aided spark gemsrare in use as a result of fast
development in electronics industry. These typesgeferators provide a better means of
controlling the physical parameters. The requiradrgy is in the form of pulses usually in

rectangular form.

1.4.2 SERVO SYSTEM

Both tool electrode and workpiece are eroded dutirey process. Dimensions of the
electrodes change considerably with respect to aingk the gap between electrodes increases.
This changes the required voltage for sparkingrelasing the pulse voltage or decreasing the
gap could be the responses to retain machiningepsod he former is not feasible since most of
the electrical energy used for breaking dieledigaid and producing a discharge channel in it
rather than machining, the resulting surface charatic will be changed continuously, and
furthermore, the required voltage for sparking Ww#l increased to the levels that spark generator
cannot supply. Therefore, the inter electrode dequlsl be maintained uniformly. This can be
achieved by a servo system that keeps up a moverhém electrode towards the workpiece at
such a speed that the working gap, and hence,piuisg voltage is unaltered significantly

during machining.

1.4.3 DIELECTRIC SYSTEM

Erosion properties of tool and workpiece are deiteech partly by the discharging
medium. The medium is composed mainly of dielectigquid and debris formed due to
solidification of vaporized material in cold dielectric liquid afteach discharge either as
irregularly shaped particles or hollow sphericatiokes.

In the case of the norma&rosion process with sequential discharges, thexdaage
changes of therocess parameters (i.e. debris concentrationhd#ptut etc.) as a consequence
of the existing flushing. Such changesuse large differences in metal removal, accuracg,
surface integrity. Therefore, type of thieshing highly depends on the geometrical propsrtf
the machined partience, EDM machines are equipped with necessarpgufiiters and other

devices necessary for fluid circulation.



Filtration of the liquid is required to keeafebris concentration within acceptable limits.
There are basically four functions afdielectric liquid in the process of EDM [Pandayd &han
(2003)].

I.  Physically, the dielectric liquid holds the chargecumulated on the electrodes for a
certain time period, determined by spark gap camtit When the gap conditions are
favorable, the liquid allows the electric curremffiow with lowest electrical resistivity.

Il.  The dielectric liquid keeps the discharge in a marchannel. Power density over the
electrode surface is thus increased and machiategs improved.

.  Heat released during discharge should be immediatioved, since it does not
contribute to the erosion. Further, it may causmafge on the electrode surfaces. The
dielectric liquid during Electric Discharge macmgishould remove the heat from the
electrode surfaces as soon as the electric diseleads.

IV.  The dielectric liquid is expected to carry the macitg products (debris) away from the

spark gap to prevent short circuits and therefoeegnt damage to the electrodes.

1.4.4. MECHANICAL STRUCTURE

EDM machines have similar construction with conieamdl drilling and milling machine
frames with vertical tool feeding and horizontalritable movements. Since there is not a real
contact between electrodes, that's why, it is ater&d that, the frame elements not taking much
force as in conventional machining so simpler desgoossible. This consideration needs a little
bit attention, because gas bubbles collapses antief discharge and cause high frontal shock

waves, therefore; the frame should be strong entwmghep its dimensional stability.

1.5 ADVANTAGES OF EDM
Conventional EDM machines can be programmed foticatr machining, orbital,
vectorial, directional, helical, conical, rotatiohapin and indexing machining cycles. This
versatility gives Electrical Discharge Machines matdvantages over conventional machine
tools.
» Suitability to Metals:
The process can be applied to all electrically cmtidg metals and alloys irrespective of

their melting points, hardness, toughness or enéss.
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1.6

Shapes

Any complicated shape that can be made on thectoobe reproduces on the workpiece.
Highly complicated shapes can be made by fabrigative tool with split sectioned
shapes, by welding, brazing or by applying quidkisg conductive epoxy adhesives.
Machining of hard metals:

EDM can be employed for extremely hardened worlgig¢tence, the distortion of the
workpiece arising out of the heat treatment procassbe eliminated. Time of machining
for hard metals is less than conventional machipiogesses.

Mechanical stress:

No mechanical stress is present in the process. due to the fact that the physical
contact between the tool and the workpiece is ekted. Thus, fragile and slender

workplaces can be machined without distortion.

Surface quality:
Cratering type of surface finish automatically ¢esaaccommodation for lubricants
causing the die life to improve. Hard and corrosiesistant surfaces, essentially needed

for die making, can be developed.

DRAWBACKS OF EDM

EDM is capable to do all operations that can beedmnconventional machining but it

has certain drawbacks also as mentioned below.

The need for electrical conductivity
To be able to create discharges, the workpiecedbs electrically conductive. Isolators

like plastics, glass and most ceramics cannot lehimed by EDM.

Predictability of the inter electrode gap

The dimensions of the gap are not always easildigiable, especially with intricate
workpiece geometry. In these cases the flushinglitons and the contamination state is
differ from the specified one. In the case of did«mg EDM, the tool wear also

contributes to a deviation of the desired workpigeemetry and it could reduce the
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1.7

achievable accuracy. Intermediate measuring ofvbikpiece or some preliminary tests

can often solve the problems.

Low material removal rate

The material removal of the EDM process is ratloav, lespecially in the case of die-
sinking EDM where the total volume of a cavity hasbe removed by melting and
evaporating the metal. Due to the low material remhoate, EDM is principally limited
to the production of small series. Also, it reqdidditional time and cost for creating
the cavity type electrodes.

Optimization of the electrical parameters

The choice of the electrical parameters of the Epdbkess depends largely on the
material combination of electrode and workpiece MEDanufactures only supply these
parameters for a limited amount of material comtiams. Whenever the machining of

special alloys is required, the user has to devigdopwn technology.

Environmental Effect

There are some potentially severe effects of EDMhenenvironment, most prominently
the effects of the hazardous materials from theerfl Currently, since there is no
regulation on the disposal of filters, debris, aryabyproduct of EDM, it is the

responsibility of the EDM user to properly handledadispose of the wastes in a

responsible manner. The fumes of EDM can have Hdaxaskin irritation to worker.

ADVANCEMENTS IN EDM

A significant number of ways have been focusedyielding optimal EDM performance

measures of high Material Removal Rate, low tochmmeate and better Surface Quality. This

section provides various advancements in EDM tieaelthese measures.

1.7.1 DRY ELECTRIC DISCHARGE MACHINING

Dry Electric Discharge machining (dry EDM) is a nifaztion of the oil EDM process in

which the liquid dielectric is replaced by a gasedielectric. High velocity gas flowing through
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the tool electrode into the inter-electrode gapsstiies the liquid dielectric. The flow of high
velocity gas into the gap facilitates removal obde and prevents excessive heating of the tool
and workpiece at the discharge spots. Providingfioot or planetary motion to the tool has been
found to be essential for maintaining the stabiitghe dry EDM process.

The dry EDM process schematic is shown in FiguBe Tubular tools are used and as the
tool rotates, high velocity gas is supplied throutginto the discharge gap. Gas in the gap plays
the role of the dielectric medium required for éliecdischarge. Also, continuous flow of fresh

gas into the gap forces debris particles away fifzergap.

Rotation or planetary motion‘

<"‘“-J~\___ﬂ

%

AL AL,

Tool electrode

Gas‘ flow

T

- | N~

K

Workpiece Molten area

LD,

Figure 1.8: Schematic of dry EDM process [Zhang (2006)]

Tool rotation during machining not only facilitatiigshing but also improves the process
stability by reducing arcing between the electrodesy EDM is an environment-friendly
technique because of the absence of mineral odebkguid dielectric. Environmentally harmful
oil-based dielectric wastes are not produced in EIDM. Also, the process does not pose a
health hazard since toxic fumes are not generatethgl machining. Additionally, absence of

mineral oil-based dielectrics drastically redudes iazards during the process [Zhang (2006)].
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1.7.2 EDM IN WATER

Water as dielectric is an alternative to hydrocarbi. The approach is taken to promote
a better health and safe environment while workatith EDM. This is because hydrocarbon oil
such as kerosene will decompose and release havagolur (CO and Ck). Research over the
last 25 years has involved the use of pure watémveater with additives. Machining in distilled
water resulted in a higher MRR and a lower weaiorttan in kerosene when a high pulse
energy range was used.

In 1981 Jaswani investigated the performances oiseme and distilled water over the
pulse energy range. It was also noticed that wishilleéd water, the machining accuracy was
poor but the surface finish was better.

Jilani and Pandey in the year 1984 measures thHerpemce of water as dielectric fluid
in EDM using distilled water, tap water and a mmetof 25% tap and 75% distilled water. The
best machining rates have been achieved with fhenvater and machining in water has the

possibility of achieving zero tool wear rate whesing copper tools with negative polarities.

1.7.3 EDM IN WATER WITH ADDITIVES

EDM in water with additives is advancement of EDMwater; this technique is used to
improve the performance of water. Some researchave studied the feasibility of adding
organic compound such as ethylene glycol, polyetig/lglycol 200, polyethylene glycol 400,
polyethylene glycol 600, dextrose and sucrose fwrave the performance of de-ionized water.

The surface of titanium has been modified after EQd¥hg dielectric of urea solution in
water [Yan et al. (2005)]. Koenig and Joerres (398dnd that a highly concentrated aqueous
glycerine solution has an advantage as comparégdmcarbon dielectrics when working with
long pulse durations and high pulse duty factosdiacharge currents, i.e. in the roughing range

with high open-circuit voltages and positive pdiatool electrode.

1.7.4 ROTATING WORKPIECE EDM

Rotating the workpiece is a technique in which tioteal motion is given to workpiece to
enhance the flushing of dielectric which subsedyemnnhproves the EDM performance.
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Workpiece rotary motion improves the circulationtbé dielectric fluid in the spark gap and
temperature distribution of the workpiece yieldingproved MRR and Surface quality [Guu and
Hocheng (2001)]. Horizontal EDM process in whicle thnain machining axis is horizontal
instead of the conventional vertical axis is pra@gab®y Kunieda and Masuzawa (1988). The
change in the basic construction in addition to ribtary motion of the workpiece offered an
accessible evacuation of debris improving the erogfficiency and accuracy of the sparking

process. Horizontal EDM has also been experimantdte micro-machining of small parts.

1.7.5 ROTATING ELECTRODE EDM

Performance measures of the EDM process also imprby the introduction of the
rotary motion to the electrode. It serves as arectiffe gap flushing technique, which
significantly improves the material removal ratel @mhancing the surface quality of workpiece.

Soni (1984) observed the morphology, chemical camiom and size distribution of
debris, when using rotating electrodes for the saloging effect of migrating material elements

from the workpiece and tool.
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CHAPTER 2
LITERATURE SURVEY AND PROBLEM FORMULATION

Modern metal working industry has several challengich as to control cost, decrease
lead-time from design to production, improvementpodduct quality, and machining/finishing
of difficult to machine materials. Researchers haxplored a number of ways to improve the
performance of response parameters in EDM processhie full potential utilization of this
process is not completely established because rgké laumber of various materials being
developed. The literature is reviewed with an dfpjecof achieving improved surface integrity

by developing a thorough understanding of the tegles evolved by the researchers on EDM.

2.1 REVIEW OF LITERATURE

Kahng (1977) stated that operating working voltage and the gutgerval plays an
important role in obtaining the required surfacesi. The flow movement of the dielectric fluid
controls the homogeneous surface characteristitgeientire EDM controlled region. The spark
gap control was also explained to obtain the dédeeel of surface roughness for a given set of
operating variables. Fluttering of the edges inER# region was investigated for the variation

in the controlling parameters.

Pandit (1978)conceptualized the theoretical aspects of thetild2ischarge machining
Process. The energy parameters and the Metal rémadgaelationships were developed for the
given set of operating voltages and the dielegressure. The relationships obtained were used
to plot graphs for the variation in the operatirantrolling parameters and their effects on the
consequents such as metal removal rate, surfaghmess and the power consumption by the

machine etc.

Pandit (1981) stated the critical factors affecting the perforo@nof the Electro
Discharge machining process when the work piecemahis Cemented carbide. A suitable hard
alloy material is selected as electrode tool makeAnd the dielectric fluid is given turbulent

flow in and around the EDM region. The operatingialales like Pulse duration, Discharge
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Current, Operating voltage, Pulse Interval time &t dissipation rate differ in operating
ranges considerably as compared to electro diselraeghining of Steel alloys. However, it has
been claimed that consistency and repeatabilitythef machine towards maintaining the
minimum deviation in the operating conditions hefpdot in the Machining accuracy in the

process.

Lim and Lu (1990) specified the basic thumb rules for the analyssudface features of
Electro discharge machining process. His paper masly meant for skilled workmanship
towards achieving the desired surface charactesisti minimum time and with safety. The
saving of the production cost is justified for tBBM process carried out. Common measures
and precautions which are helpful in carrying dwe EDM process for efficient operation are

also been suggested.

Jain (1990) formulated the generalized Electro Discharge Maalgi method with the
limited constraints related to Pulse interval tiared pulse duration. Many operating variables
were considered as parameters with fixed workiigesaover a given erosion depth and erosion
rate on the work piece. The formulated problem waaalyzed by using a simple optimization
algorithm by keeping other objective functions deetied and the results were concluded to give

the suitable operating variable value selectiotherbasis of output obtained.

Madhu and Jain (1991)developed the governing equations for the analysElectro
Discharge machining process under a controlled renmient. A computer program was
developed in the form of subroutines for the calttah of electrode wear rate. Metal removal
rate and dielectric material effect on the EDM msx The results obtained by the formulation
used with the help of quadratic elements showedaal gonvergence with those obtained by the

commercial packages.
Joopelli (1994)modeled and formulated the Electric Discharge Maidlgi process with

the optimization of objective functions relatednmving trajectories of machine tool electrode.

Gradient based methods have been used to optitmzsingle objective function variable. A
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moving frame reference was also used to locatetdbk electrode at any instant along its

traversed trajectories.

Smyers and Guha (1995)tated a practical approach for Machining the Biewyl
Copper alloys as work piece by Electro Dischargetang process. They suggested methods
for obtaining the desired level of surface chanmasties by using this EDM method. Safety
precautions and the indicative measures were steghésr the fruitful implementation of the
process. A brief note was also given for specifythg operating characteristics and safety

precautions for the EDM process to be carried out.

Kee (1996) specified an integrated approach for jointly sodviprocess selection,
machining parameter selection, and tolerance depigiblems to avoid inconsistent and
infeasible decision. The integrated problem is falated as bi-criterion model to handle both
tangible and intangible costs. The model is solwezing a modified chebyshev goal
programming method to achieve a preferred compminetween the two conflicting and non-

commensurable criteria.

Zhang (1997) calculated the effect of motion and turbulenceelem the dielectric
material during various stages of the electro-disgh machining process. The results are
tabulated and graphs have been recommended fdou#ige machining of steel materials. The
effect of the selection of dielectric fluid hasalseen analyzed for a given set of electrode tool

and material combination.

Yan et al. (2000)optimized the cutting of AD3/6061Al composite using rotary Electro
discharging machining with a disklike electrodeusyng Taguchi methodology. Four observed
values, material removal rate (MRR), electrode wate (EWR), relative electrode rate (REWR)
and surface roughness (SR), were used to verigyagpiimization of the machining technique. In
addition, six independent parameters were choseargbles in evaluating the Taguchi method
and were categorized into two groups: (i) Electrparameters, e.g. polarity, peak current, pulse
duration, and powder supply voltage. (ii) Non-elieetl parameters, e.g. circumferential speed of

electrode, reciprocating speed. Rotary EDM withkiidke electrode was shown from the
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observed results to reach a higher MRR althoughEWR was higher. The polarity of EDM
largely affected the MRR. The peak current of EDMimly affects the EWR and REWR. The
polarity, the peak current, the pulse duration @iedcircumferential speed of EDM mainly affect
the SR.

Matoorian et al. (2008)presented the application of the Taguchi robusigdesmethods
to optimize the precision and accuracy of the elgdtdischarge machining process (EDM) for
machining of precise cylindrical forms on hard ahfficult-to-machine materials. Their study
was carried out on the influence of six designdegtintensity supplied by the generator of the
EDM machine k), pulse-on timet(), voltage ¥), pulse-off time 1), servo V), and rotational
speed C) which are the most relevant parameters to beralted by the EDM process
machinists, over material removal rate (MRR) asimgicator of the efficiency and cost-
effectiveness of the process. The study of behawdithe mentioned response has done by
means of the technique called design of experim@®E). In this case, ang (2* x3') Taguchi
standard orthogonal array was chosen due to théawuaf factors and their levels in the study.

Patel et al. (2009)investigated in detail the machining charactersstsurface integrity

and material removal mechanisms of advanced cereomposite AJOs—SiG,~TiC with EDM.

The surface and subsurface damages have also sessad and characterized using scanning
electron microscopy (SEM). The results provide &hla insight into the dependence of damage
and the mechanisms of material removal on EDM d@rdi. Their study provided an important
insight for selecting EDM parameters using the mécacomposite AlOs— SiG,~TiC and
showed it could be efficiently machined without sizwg a significant loss to the surface
integrity. They showed that the material removaé reould be considerably increased due to

thermal spalling induced flake detachment at higluerent range.

Shabgard et al. (2011)presented a finite element model (FEM) to modelperature
distribution for AISI H13 tool steel workpiece irleetric discharge machining at different
machining parameters (pulse current, pulse on-ttemperature-sensitive material properties,
size of heat source and material flushing effici@n&canning electron microscopy (SEM) with

energy dispersive x-ray (EDX) and micro-hardnessstevere used to validate accuracy of FEM
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predictions. Increasing pulse on-time leads toghdy depth of heat affected zone and increasing

pulse current results in a slight decrease of deplieat affected zone.

Weingartner et al. (2012)evaluated wire electrical discharge dressing (WEDMith a
self-designed WEDD-device the dressing process saased out inside a grinding machine,
reducing non-productive time. Moreover, the in-gex WED-dressing was assessed, showing
potential for future applications. Their dressingpe&iments indicated that high erosion material
removal rates can be achieved and, in comparis@origentionally conditioned wheels, better
grinding wheel topography is generated. A modetdfculate the axial dressing feed rate in

WED-sharpening was also proposed.

Satyarthi and Pandey (2013proposed a mathematical model based on the fundamen
principles of material removal in electric dischargachining (EDM) and conventional grinding
processes. The inter-dependence of the thermalnauahanical phenomena was realized by
scanning electron microscopy (SEM) characteripatd the samples machined at different
processing conditions. The key input process paensidike pulse on time, pulse current, gap
voltage, duty cycle, pulse off time, frequency, ttepf cut, wheel speed and table speed are co-
related with MRR for three distinct idealized presig conditions. The constant showing the
extent of inter dependence of two phenomena weakiated by experimental data. The obtained
expressions of MRR have been validated for prongssonditions other than those used for
obtaining constants. It was found that the dischaggergy plays prominent role in material
removal. The percentage difference in experimefitalings and theoretical predictions was

found to be less than 3%.

2.2 IDENTIFIED GAPS IN THE LITERATURE
After a comprehensive study of the existing literaf a number of gaps have been
observed in Hybrid Electric Discharge Machiningditede (HEDME) Process research.
» Sufficient efforts have not been undertaken towahn@sfurther improvement in process
productivity/efficiency in terms of greater mackmgirate and accuracy.
» Almost all studies investigated the influence ofttouous rotation of single material tool

only. There is almost no study on Hybrid EDM eleds.
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» Literature review reveals that very few researclmenge carried out the work on Hybrid
EDM Electrode which includes development, monitgramd control of the process.
 There is no or very limited information available the direction of Hybrid EDM

Electrode from surface finish quality point of view

2.3 STATEMENT OF THE PROBLEM

The present work Development of Hybrid EDM Electrode (HEDME) for moying
Surface Morphologyhas been undertaken in the background of belowtimeed observation.
Major limitation of EDM process is the low produdty. The time to achieve the required
machining is higher in EDM process as comparedtwentional machining process. Despite a
range of different approaches all the research svork this share the same objectives of
achieving more efficient material removal. Therepegrs to be a need for more research
contribution to develop modification of EDM proceshkich will give better MRR economically
with better surface integrity. Present researchkwattends to focus on important aspect of
economic productivity of EDM (i.e. reduction of ¢@nd improving the Surface Integrity).

One such modification has been attempted in theepteinvestigation. This involves
addition of abrasive particles in tool (electroad)ich may improve surface integrity. This has
been achieved by attaching a Chain-Drive motor raeisim to tool (electrode) holder in EDM

process that makes tool (electrode) to rotate.

2.4 OBJECTIVE OF PRESENT INVESTIGATION

In light of the mentioned gaps, the present ingasibn aims to study the potential of
HEDME process with rotating tool (electrode) inpesse parameters (i.e. material removal, tool
wear and surface roughness) with the following cijes:

1. Design and development of experimental set-up daplproviding varying range
of parameters of HEDME process.

2. Experimental study of the effect of various processameters on performance
characteristics of developed Hybrid Electric DisgfgaMachining Electrode.

3. Fabrication of set-up capable of providing rotatmngtion to Tool (electrode).
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CHAPTER-3
EXPERIMENTAL DESIGN METHODOLOGY

A scientific approach to plan the experiments isemessity for efficient conduct of
experiments. By the statistical design of experithéhe process of planning the experiment is
carried out, so that appropriate data will be addld and analyzed by statistical methods
resulting in valid and objective conclusions. Whka problem involves data that are subjected

to experimental error, statistical methodologyhis tnly objective approach to analysis.

3.1 TAGUCHI'S PHILOSOPHY

Taguchi’'s comprehensive system of quality engimegeis one of the greatest engineering
achievements of the 2Gcentury. His methods focus on the effective appiim of engineering
strategies rather than advanced statistical tedesiqThe farther upstream a quality method is
applied, the greater leverages it produces onrtipeavement, and the more it reduces the cost
and time. Taguchi’'s philosophy is founded on théfaing three very simple and fundamental
concepts [Ross, 1988; Roy, 1990]:

e Quality should be designed into the product andmagected into it.

e Quality is best achieved by minimizing the deviaiofrom the target. The product or
process should be so designed that it is immun@dontrollable environmental variables.

* The cost of quality should be measured as a fumcialeviation from the standard and the

losses should be measured system-wide.

3.2 EXPERIMENTAL DESIGN STRATEGY
Taguchi recommends orthogonal array (OA) for layoug of experiments. These OA’s
are generalized Graeco-Latin squares. To desiggxpariment is to select the most suitable OA
and to assign the parameters and interactionderest to the appropriate columns [Roy, 1990].
In the Taguchi method the results of the experisiant analyzed to achieve one or more
of the following objectives [Ross, 1988]:
e To establish the best or the optimum conditionaf@roduct or process

* To estimate the contribution of individual paramgt@nd interactions
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* To estimate the response under the optimum conditio

The optimum condition is identified by studying tmeain effects of each of the
parameters.

The analysis of variance (ANOVA) is the statistitralatment most commonly applied to
the results of the experiments in determining thee@nt contribution of each parameter against a
stated level of confidence. Study of ANOVA table éogiven analysis helps to determine which

of the parameters need control [Ross, 1988].

3.3 SIGNAL TO NOISE RATIO

The S/N ratio is a concurrent statistic. A concotrstatistic is able to look at two
characteristics of a distribution and roll thesarelteristics into a single number or figure of
merit. The S/N ratio combines both the parametires ihean level of the quality characteristic

and variance around this mean) into a single mgacker, 1990].

3.4 STEPS IN EXPERIMENTAL DESIGN AND ANALYSIS

The important steps are discussed in the subsequteté.

3.4.1 SELECTION OF ORTHOGONAL ARRAY (OA)
In selecting an appropriate OA, the pre-requisates|Ross, 1988; Roy, 1990]:
» Selection of process parameters and/or interactmbs evaluated

» Selection of number of levels for the selected patars

The total Degrees of Freedom (DOF) of an experimena direct function of total
number of trials. If the number of levels of a paeder increases, the DOF of the parameter also
increases because the DOF of a parameter is theerunh levels minus one. Thus, increasing
the number of levels for a parameter increaseddta¢ degrees of freedom in the experiment
which in turn increases the total number of tridlbus, two levels for each parameter are

recommended to minimize the size of the experirfiRass, 1988].
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If curved or higher order polynomial relationshigtiween the parameters under study and
the response is expected, at least three levelsan parameter should be considered [Barker,
1990].

The number as subscript in the array designatidicates the number of trials in that
array. The total degrees of freedom (DOF) availablan OA are equal to the number of trials

minus one [Ross, 1988]:

e fin=N-1 231
Where,
fin = Total degrees of freedom of an OA
Ln = OA designation
N = Number of trials

When a particular OA is selected for an experimém, following inequality must be
satisfied [Ross, 1988]:

fun > Total degree of freedom required for parametedsiat@ractions ...3.2

3.4.2 EXPERIMENTATION AND DATA COLLECTION

The experiment is performed against each of tla¢ ¢onditions of the inner array. Each
experiment at a trial condition is repeated sin(flyputer array is not used) or according to the

outer array (if used). Randomization should beiedrto reduce bias in the experiment.

The data (raw data) are recorded against each doiadlition and S/N ratios of the

repeated data points are calculated and recordadsagach trial condition.

3.4.3 DATA ANALYSIS

A number of methods have been suggested by Tagiochianalyzing the data:
observation method, ranking method, column effeethmd, ANOVA, S/N ANOVA, plot of
average response curves, interaction graphs etss[R.988].

However, in the present investigation the followmgthods have been used:
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Plot of average response curves
* ANOVA for raw data
* ANOVA for S/N data

* S/N response graphs

The plot of average responses at each level ofranper indicates the trend. It is a
pictorial representation of the effect of parameterthe response. The change in the response
characteristic with the change in levels of a pat@mcan easily be visualized from these curves.
Typically, ANOVA for OA’s are conducted in the sammanner as other structured experiments
[Ross, 1988].

3.4.4 PARAMETERS DESIGN STRATEGY

3.4.4.1PREDICTION OF THE MEAN

The mean is estimated only from the significantapaeters. The ANOVA identifies the
significant parameters. Suppose, parameters A aatkBignificant and M, (second level of
A=A,, second level of B=B is the optimal treatment condition.

Then, the mean at the optimal condition (optimaleadf the response characteristic) is
estimated as [Ross, 1988]:
[ :T"'(Kz _T)"'(Ez _T)

=A,+B,-T
Where
T = Overall mean of the response
Kz ,§2: Average values of response at the second le¥@larameters

A and B respectively

3.4.4.2 DETERMINATION OF CONFIDENCE INTERVAL

The estimate of the mean (u) is only a point edentesed on the average of results
obtained from the experiment. Statistically this\pdes a 50% chance of the true average being
greater than p. It is therefore customary to regreshe values of a statistical parameter as a
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range within which it is likely to fall, for a givelevel of confidence [Ross, 1988]. This range is
termed as the confidence interval (Cl) [Ross, 1988]

The following two types of confidence interval atgggested by Taguchi in regards to the
estimated mean of the optimal treatment conditiosfs, 1988].

1. Around the estimated average of a treatment camdpredicted from the experiment.
This type of confidence interval is designated dsp&(confidence interval for the
population).

2. Around the estimated average of a treatment camditsed in a confirmation experiment
to verify predictions. This type of confidence in& is designated as €d (confidence

interval for a sample group).

The difference between ggJp and Cte is that Cpopis for the entire population i.e., all
parts ever made under the specified conditions,Glggis for only a sample group made under
the specified conditions. Because of the smallee ¢in confirmation experiments) relative to
entire population, Gk must slightly be wider. The expressions for cormguthe confidence
intervals are given below [Ross, 1988; Roy, 1990].

/F il,f jV
Clpop: Otn—ee 33
eff

Clee = \/Fu (1,fe)Ve[i+i} .34

ng R

Where, k. (1, fo) = The F ratio at a confidence level of(jlagainst DOF 1, and error degree of
freedom £

N
n =
1= [Total DOF associatedh theestimateof the mear]
N = Total number of results
R = Sample size for confirmation experiment
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In Eq. 3.7, as R approaches infinity, i.ehe tentire population, the value 1/R

approaches zero anddgkE Clror As R approaches 1, thedgbecomes wider.

3.4.4.3 CONFIRMATION EXPERIMENT

The confirmation experiment is a final step in fy¢ng the conclusions from the
previous round of experimentation. The optimum coows are set for the significant
parameters (the insignificant parameters are set@ahomic levels) and a selected number of
tests are run under specified conditions. The @ee the confirmation experiment results is
compared with the anticipated average based onpHrameters and levels tested. The
confirmation experiment is a crucial step and ghhi recommended to verify the experimental

conclusion [Ross, 1988].
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CHAPTER-4
DESIGN AND FABRICATION OF EXPERIMENTAL SETUP

4.1 DESIGN OF EXPERIMENTAL SETUP
Hybrid Electric Discharge Machining Electrode (HEBlsystem is used as machini

process for better material removal rate and theowal of machine debris especially wrhigh
surface integrity is required. Therefore, an appate frame and housing is necessar)
accommodate the system and proper functioning ef stup. The experimental set up
important element of the Hybrid Electric Dischaigachining developed r this research he

been described in this chapter. The line diagramydirid EDM is slown in Figure4.1.

Control Panel
A.C. Supply
Motor pely
Wivkpiece  Chain Drive
FILTER

Workpiece Fixture

Bush Bearing ﬁ

N g Pmﬂ.

Figure 4.1:Line diagram of HEDME set-up

28



The Developed Hybrid Electric Discharge Machininigdiode (HEDME) setup can be
divided into two elements:
» Electric Discharge Machine
» Rotating Electrode Unit

4.2 ELECTRIC DISCHARGE MACHINE

The Sparkonix S35 machine (Sparkonix India Pvt.)Lsthown in Figure 4.2 is used for
Hybrid EDM setup.

The EDM machine tool has the following specificago

Design : Fixed Column, Moving Table
Maximum working current : 35 Ampere

Input Mains Voltage : 415V+10%, 3 phaseHx0
Open Gap Voltage : 1-200V

Pulse-on Time : 1 to 1000 pus

Tank Size ; 775 x 450 x 325 mm
Quill ; 200 mm

Maximum height of workpiece : 300 mm

Maximum weight of workpiece : 400 Kg

Maximum weight of Electrodeg 35 Kg

Capacity of Dielectric System| 260 Ltrs

Height : 1320 mm

Width ; 725mm

Depth : 450 mm
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Figure 4.2: HEDME Machine Toc (1: Display Motor. 2: Motor for Rotating MechanisB

Die-Electric tank, 4: Servo-Control)

4.3 HYBRID ELECTRODE SYSTEM

The Hybrid Electric Discharge Machining Electrode (HERB) system incorporates
operate EDM in rotationHybrid Electric Discharge Machining Electrode (HEE) is
developed by comprising the features of Electrisdbarge Machining and Grinding whi

occurs alternatively in place of their simultaneetfect asEDG process.
In HEDME process, the metallic electrode used du&bG process has been repla

with slotted electrode. The slot on the surfacaneftallic electrode is completely filled wi

vitrified bond abrasive earamic slab and finally gets a unim circular shape, which is used
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alternative application of the EDG processes duéhéorotation of the hybrid electrode. T
mechanism of material removal of the HEDME progeshown in the Figure 4

| ik

illl
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= ] R — L] e |
€ L R — l
e ¥ IEEE— | e .
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Figure 4.3 Interaction of Electrod- Workpiece in HEDME Proce:
(1: Metallic Slot of Electrode2: Abrasive Ceramic Slot of Electrqd® Abrasive Cerami
particles 4: Workpiece, 5: Recast Layer, 6: Spark)

In this process, the material is removed in twosglka Firstly, the spark is genera
between workpiece and metallic portion of the skbtElectrodeduring Pulg-on in the EDM

machine. Due to the spark material is melted afigérsed below the melt zo.

The molten material is removed during pulse-time of EDM process. Thi
phenomenon is repeated during entire metallic @orof the hybrid electrode. Secondly -
material is removed due to the abrasive actionhefabrasiveceramic particles. The two
actions are repeated due to rotation of the eldetemd material is removed due to the indivic

effect of spark erosion and abrasion proce
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Many process parameters affect the performancehef HEDME process. The:
parameters are either EDMrinding or related to the both. The Figure hdvs the schemat

diagram of the HEDME proce:

A

Figure 4.4 Schematic view of the HEDME proci (1: EDM Machine RAM,

2: Metallic part of Electrode, 3: Abrasive CerarRiarticles, 4. Workpiec

Figure 4.5, 4.7 and 4.9 shows Photographic viof 1% 2" and & developed Hybric
Electric Discharge Machining Electrode (HEDME) resfively

Figure 4.6, 4.8 & 4.10 shows the line diagram® 2" and & design of develope
Hybrid Electric Discharge Machining Electrode (HEEMwith their Dimensions respective
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Figure 4.5: Photographic vievof 1° developed Hybrid Electric Discharge Machining Elede
(1: Copper Part)
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Figure 4.6: Line diagram of I developed Hybrid Electric Discharge Machining Elede (all

Dimensions in mm)
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Figure 4.7: Photographic vievof 2" developed Hybrid Electric Discharge Machining Elede
(1: Copper Part, zAbrasive Ceramic particles Slab)
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Figure 48: Line diagram of ¥ developed Hybrid Electric Discharge Machining Elede (all
Dimensions in mm)



Figure 4.9: Photographic vievef 3 developed Hybrid Electric Discharge Machining Elede
(1: Copper Part, zAbrasive Ceramic particles Slab)
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Figure 4.1C: Line diagram of % developed Hybrid Electric Discharge Machining Elede (all
Dimensions in mm)
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The following are the major components of the HED§jStem:

> Control panel

> A PWM generator circuit
> Adapter

> Electrode Holder

Figure 4.11:Photographic view of HEDME System setup (1: DC &#p®: Chain Drive for the
rotation motion, 3: Magnetic Chuck for Holding wpr&ce, 4: Hybrid EDM Electrode, 5:
Flushing Pipe, 6: Electrode Holder, 7: Plastic Gear
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4.3.1 CONTROL PANEL

A control panel consisting of a PWM generator dirdaotentiometer, 555 Timer (PWM)
& Capacitor for controlling speed of motor by adjog duty cycle of square wave.

Figure 4.12:Control Panel Circuit (1: LED, 2: Voltage Regulator Motor Driving, 3: 555
Timer for PWM, 4: Capacitor, 5: Potentiometer)

4.3.2 POTENTIOMETER

A Potentiometer is a three-terminal resistor wigliding contact that forms an adjustable
voltage divider. If only two terminals are used,eoend and the wiper, it acts as a variable
resistor or rheostat. A potentiometer measuringrunsent is essentially a voltage divider used

for measuring electric potential (voltage); the pament is an implementation of the same
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principle, hence its name. Potentiometers are camyngsed to control electrical devices st
as volume controls on audio equipment.entiometers operated by a mechanism can be us

position transducers, for example, in a joys

Figure 4.14 Inside view of a Potentiometer

4.3.3 A 555 TIMER PWM GENERATOR CIRCUIT

By varying the internal set points using the 55%entrol” pin, we can make ¢
adjustable pulse width generator. Every time thggder" pin pulses low briefly, the 555's outj
switches to be high, and the discharge transistdisabled, so C1 chais throughR1. It keeps
charging until itsvoltage is above the "control” pin voltage, at Wwhigoint the 555 changt
states. The output goes low, and the dischargesistan is activated, nearly immediats
discharging C1. The width (in time) of the ot pulse is determined by the control voltage.

putting a constant stream of brief l-going pulses into the "trigger"” pin, this cycle eags agait
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and again, and we get a digital sampled PWM reptaten of our analog waveform. It is use

for motor control.

R1
9.1k
___________________ A
\ \ l
} CLK1 @ | T vee
2kHz -—
| N O ‘ TROGER - HCHARGE areen = capacitor charging current path
I ‘ 555 T l red = capacitor discharging current path
| ‘ THRESHO
\ This generates a clock signal which is normally | u1 @
| high but has a brief negative pulse for every | TOUT . CONTROL, £ g
| \
\

V
transition of CLK1 T l @
___________________ J 1

-1
T 10nF

V1
sine
200 Hz

F

Figure 4.15 Circuit Diagram of 555 Timer for PW Figure 4.16 555
Timer for PWN

4.3.4 AC ADAPTER

An AC adapter or AC/DC converter is a type of emsipower supply, often enclosed
a case similar to an AC plug. Adapters for ba-powered equipment may be describec
chargers or rechargers. AC adapters are used igittrieal devices that regie power but do nc

contain internal components to derive the requuathge and power from mains pow

Input: 100V-210V
Frequency: 50-60Hz
Output: 12V DC

Figure 4.17: A 12V AC Adapter
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4.3.5 ELECTRODE HOLDER

Tool (Electrode) holder is made up mild steel, it consists of two parts one which \
be fixed at quill of EDM machine and the other péotver part) which has thread to hold t
(electrode). Both parts are combined by a bearystem in between them so that the rela

motion can bechieved in between the upper part and lower pafiool (electrode) holde

100

ra
10|10
~Ha0

&0

Figure 4.18:Dimension ofElectrode holde Figure 4.1< Photographic view of develop:
(all dimensions in mm) Electrode Holder
(1: Lower part, 2: Plastic Gear, 3: Beari4:

Upper Part)
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CHAPTER-5

PROCESS PARAMETER SELECTION AND
EXPERIMENTATION

In the present chapter, the process parametershwimay affect the machining
characteristics such as material removal rate,wealr rate and surface integrity are selected.

The range of the process parameters for the expatation was decided on the basis of
literature and past experience. The scheme of empets for process parameters selection is
laid out. The experiments are conducted within tdwege of selected process parameters of
EDM. The details of process parameters, their wahrel detail experimentation are given in the

subsequent sections.

5.1 SELECTION OF PROCESS PARAMETERS AND THEIR RANGE

In order to obtain high material removal rate, lovl wear rate and better quality of
surface produced by EDM process, the working raofyghe various parameters is to be

determined.

5.1.1 PEAK CURRENT

The peak current is basically a most important nmact parameter in EDM. The peak
current is maximum value of the current passingugh the electrodes for the given pulse and it
is represented byrland measures in unit of amperage (A). During gadlse on-time, the

current increases until it reaches a preset lewdkh is expressed as the peak current.

The maximum amount of amperage is governed by uhiace area of the cut. Higher
amperage is used in roughing operations and intieavor details with large surface areas.
Higher currents will improve MRR, but at the co$tsarface roughness and tool wear rate. All
these factors are also important in EDM becausartaehined cavity is a mirror image of tool

electrode and excessive wear will obstruct the oyuof machining.
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5.1.2 NO-LOAD VOLTAGE

No-load voltage can be measured as two differeloiegaduring one complete cycle. The
voltage which can be read across the electrodé{piemre gap before the spark current begins to
flow, is called the No-load voltage. The voltagatthan be read across the gap during the spark
current discharge is the working gap voltage. Befourrent can flow, the No-load voltage
increases until it has created an ionization platbugh the dielectric. Once the current starts to
flow, voltage drops and stabilizes at the workirap devel. The preset voltage determines the
width of the spark gap between the leading edgbaetlectrode and workpiece. Higher voltage
settings increase the gap, which improves the ifhgsbhonditions and helps to stabilize the cut.
Material removal rate, tool wear rate and surfameghness increases, by increasing No-load
voltage, because electric field strength increatesease in the no-load voltage value will

increase the pulse discharge energy which in tamimprove the MRR.

5.1.3 PULSE-ON TIME AND PULSE-OFF TIME

The pulse-on time is duration of time and pulsetofie is pulse interval of EDM spark.
These are expressed in units of microseconds amerae expressed by o and To
respectively. All the cutting was done during putsetime, so the duration of these pulses and
the number of cycles per second (frequency) hata wole. Metal removal rate is directly
proportional to the amount of energy applied durihg pulse on-time [Kansal et al. (2005)].
This energy is controlled by the peak current drellength of the pulse on-time. With longer
pulse duration, more workpiece material will be t®e&laway. The resulting crater will be
broader and deeper than a crater produced by shautse duration. This will increase the
surface roughness. Extended pulse duration alsw atiore heat to sink into the workpiece and
spread, which means the recast layer will be lasgel deeper heat affected zone. However,
extreme pulse duration can be counter-productiveeMthe optimum pulse duration for each
tool and workpiece material combination is exceedeaterial removal rate starts to decrease.

Long pulse duration can also restrict electrodenfraachining. The cycle is completed
when sufficient pulse interval is allowed before tstart of the next cycle. Pulse interval will
affect the speed and stability of the cut.
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According to theory, the shorter the interval, thster will be the machining operation.
But if the interval is too short, the expelled woidce material will not be flushes away with the
flow of the dielectric fluid and the dielectric ftlwill not be de-ionized. This will cause the next
spark to be unstable and slows down cutting maaia thng stable off-times. At the same time,
pulse interval must be greater than the deionimatiilme to prevent continued sparking at one
point [Fuller and John (1996)]. Modern power sugplallow independent setting of pulse on-

times and pulse off-times.

5.1.4 DUTY FACTOR

The duty factor1) is referred as the percentage of the on-timdivel@o the sum of the
on-time and off-time setting for a particular clihe effect of duty factor depends upon the effect

of pulse-on time and pulse-off time.

5.1.5 POLARITY

The polarity of the electrode can be either posity negative. But the excess material is
removed in positive polarity. When series dischastgets under the electrode area and passes
through the gap, which creates high temperatursicgumaterial evaporation at the faces of both
the electrode. The plasma channel is composed rofaid electron flows. As the electron
processes (mass smaller than an ions) show qureketion, the anode material is worn out
predominantly. This effect causes minimum wear he tool electrodes and becomes of
importance under finishing operations with shonpeise on-times. However, while running
longer discharges, the early electron process pmgdmce changes to positron process
(proportion of ion flow increases with pulse duoab, resulting in high tool wear. In general,
polarity is determined by experiments and is a enatf tool material, work material, current
density and pulse length combinations. In the prieséudy positive polarity was chosen for

experimentation.

The selected process parameters and their rangieefaletailed experiments are shown in
Table 5.1
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Table 5.1: Differeni process parameters and their range

S. No. | Process Paramete Range Units

1 Type of Tool 3 Different Shapes -

2 Current 2-10 A

3 Time 30-50 Minutes
4 No-oad Voltag: 1-200 \%

5 Pulse-on Time 1-1000 us

6 Pulse-offTime 1-1000 us

7 Polarity Positive/Negative

8 Flushing metho Submerged/Pressure | ---

5.2 WORKPIECE AND TOOL MATERIAL

The workpiece used for study was -31 High Cabon Alloy Steel with a CirculaDisk
shape (Diameter 50mm). EBLE.

i == —
N e . . . 0 . useerr s 0 2000 1
(= = - 0 tevseaa e T o e |
SRS ., - Towseses s . 1

Figure 5.1: Photographic view of Workpiece

By its character this type of steel has high regjshature against wear and can be

for components which are subjected to severe abwasiear or high surfadoading

The Chemical and Mechanical properties of High Garlhigh Chromium Steel a
shown in Table 5.2 and Table 5.3 respecti
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Table 5.2: Chemical compositions of EN-31 High Carbon Allag&

Element C Cr Mn Si Fe

Percentage 1.1 1.3 .33 .19 Balance

Table 5.3 Mechanical properties of EN-31 High Carbon Allsteel

S. No.| Essential Properties Value
1 Specific Gravity 7.83

2 Density (Kg/ m) 7833.44
3 Machinability 70

4 Modulus of Elasticity Tension 29

S) Thermal Conductivity (W/(m-K))| 240

6 Coefficient of Thermal Expansign6.5

7 Melting Point F) 2595

The EN-31 High Carbon Alloy Steel is widely useddatier bearing components such as
brakes, cylindrical, conical & needle rollers. With exceptional hardness, wear resistance and

high mechanical strength it is becoming very déd&dor a number of applications.

5.3 PREPARATION OF ELECTRODES

The electrodes are prepared by using several ctiomah machining methods such as

turning, parting, facing and grinding. The frontéaof the electrode against the workpiece was
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ground using emery paper to gain better surfadshfiand the flatness each electrode at tt
same level. The specimen of workpiece and used are shown in Figure 5.4, 5.5, and 5.7.

Figure 5.2: Turning Processes on Electrode

";::"l\h‘

Figure 5.2 Milling Processes on Electrode
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Figure 5.4: Specimen of 3 design of Figure 5.5: Specimen of % design of
Developed Hybrid EDM Electrode Developed Hybrid EDM Electrode of Cop
Copper

Figure 5.6: Specimen of ¥ design of Figure 5.7. The Specimen Workpie after
Developed Hybrid EDM Electrode machining
Copper
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5.4 RESPONSE CHARACTERISTICS

The effect of selected process parameters wasestad the following respon:
characteristics of EDM process:
1. Material Removal Rate (MR
2. Tool Wear Rate (TWR)
3. Surface Roughness (SR)

5.4.1 MATERIAL REMOVAL RATE (MRR)

Material removal rate was calculated by measurimg difference between initial al
final weight of the specimen after processing apacified set of condition by EDM proce
The initial and final weights of the workpiece ameasured on ectronic balance having a lec
count of 0.01 gm. The weight material removal (@&RR) was then converted into volumet

material removal rate.

J|
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Figure 5.8 Shimadzu’s Electronic Balance Machine

Volumetric material removal ra(mm®min) is calculated by using the relation:

:(Ml_Mz)X103 ..... 51
oM

MRR

Where ‘M, and ‘M, are the initial and final workpiece weight (gm) pestively, o’ is
the density of workpiece (gm/®), and ‘M’ is the machining time (min.)



An alternate method of MRR calculation is by meamurthe depth of cut and then
multiplying it with the area of cross-section oktlut. However, such a method may lead to
faulty values if a constant area of cross-sectoassumed since it is expected that the machined
section would be tapered. On the other hand, thghivéoss method of MRR calculation gives
the actual material removed during machining. Hehce method has been used for calculating
the MRR. Figure 5.6 shows the electronic balaneel éigr the calculation of MRR.

5.4.2 TOOL WEAR RATE (TWR)

The chips collected in the filter come not onlynfréhe workpiece, but can also originate
from the metal of the electrode. As the spark miglésworkpiece, tool also gets affected. The

same procedure was used to calculate the TWR@s&of MRR.

Volumetric tool wear rate (mffmin) was calculated by using the relation:

wr = M- M,) g 5.2
oM

Where ‘M, and ‘M, are the tool weight (gm) before and after machjniespectively,

‘p’ is the density of electrode (gm/@&mnand ‘M’ is the machining time (min.).

5.4.3 SURFACE ROUGHNESS (SR)

Surface roughness is the measure of the fine suifeegularities in the surface texture.
These are the results of the EDM process emplayenieiate the surface. Surface roughness is
related as the arithmetic average deviation ofstiéace valleys and peaks expressed in micro-

meters.

The parameter mostly used for general surface roegghis Ra. It measures average
roughness by comparing all the peaks and valleyseanean line, and then averaging them all
over the entire cut-off length. Cut-off length etlength that the stylus was dragged across the
surface; a longer cut-off length will give a mokeeage value, and a shorter cut-off length might

give a less accurate result over a shorter stadtshrface.
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Figure 5.9: Surface Roughne(Tester [Mahr FedergModel: Pocket Surf 1)]

In this work the surface roughness is measureMahr FederalPocket Surf Ill. The
Pocket Surf is a shofleor type surfac-roughness measuring instrument, which traces
surface of various machine parts and calculatesstirtace roughness based on rough
standards, and displays the resultanm The workpiee is attached to the detector which tre
the minute irregularities of the workpiece surfatbe vertical stylus displacement during
trace is processed and digitally displayed on tisplay of the instrument. The surf test |

following measuring range:

Ra 0.03um to 6.35um /1 uinch to 250uinch
Ry 0.2um to 25.3um /8 uinch to 999uinch
Rmax 0.2um to 25.3um /8 uinch to 999uinch
R, 0.2um to 25.3um /8 minch to 999uinch

The roughness values are taken by averaging dttheas measureents per specimen
different locations of specimens. ure 5.8shows the surface roughness tester usedhe

measure of surface roughness and Figure 5.9 sh@asutface roughness tester machine ar

various ranges of measureme
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Figure 5.10:Surface Roughness Te< showing its variousneasuring rang
[Mahr Feder: (Model: Pocket Surf )]

5.5 SCHEME OF EXPERIMENTS

The experiments we designed to study the effect of some of the Epdvmeters o
response characteristics. Taguchi parametric desigathodology was adopted in

experimentation. Table 5ghows the process parameters and their valueHeredi levels

5.5.1 SELECTION OF ORTHOGONAL ARRAY (OA) AND PARAMETER
ASSIGNMENT

Before selection a particular OA to be used as &ixn®r conducting the experimen
the following two points were considered as suggebly Ross (1996) and Roy (19¢
1. The number of parameters einteractions of interest

2. The number of levels for the parameters of inte
The nonknear behavior, if exist, among the process patareean only be studied

more than two levels of the parameters are usegtelfdre, each parameter was analyz three

levels.
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Table 5.4:SelectedProcess Parameters and Their Levels

Symbol Process Parameters Unit Level 1 Level 2 Leve
A Type of Tool - - - -

B Current A 2 6 10

C Time Min. 30 40 50

Work Material EN-31 High Carbon Alloy Steel, Workpiece Diametés0 mm,_Electrode
(Tool): Copper and Abrasive particles (Diameter 36mm,a&lwe particle Height 5mmn
Total Height 18mm),_PolarityPositive, Dielectric Fluid EDM Oil (LL 21), Flushing
PressureNormal Submerged (1kg/én

Standard b OA with the parameters assigned by using lineaplgs is given in Table
5.5. The unassigned columns were treated as éfooreach trial, experiments were replicated

three times.
Table 5.5: The Ly OA (Parameters assigned) with Response
Parameters Trial S/N ratio
Exp. | Run | Conditions Responses (Raw Data) (db)
No. | order | A B |C e R R2 R3
1 2 3 4
1 1 1 1 |1 s Y1 Yo Yis SIN (1)
2 4 1 2 2 - Y1 Y22 Y3 SIN (2)
3 7 1 3 3 - - - - -
4 9 2 1 3 - - - - -
5 2 2 2 1 - - - - -
6 5 2 3 2 - - - - -
7 8 3 1 2 - - - - -
8 6 3 2 1 - - - - -
9 3 3 3 3 - ¥1 Yo2 Yo3 S/N (9)
Total D > >
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5.6 EXPERIMENTATION

While performing various experiments, the followipigecautionary measures are taken:
1. To reduce the error due to experimental setup, egplriment is repeated three times in
each of the trial conditions.

2. The order and replication of experiment was randenhito avoid bias, if any, in the
results.

3. Each set of experiments was performed at room teafyre in a narrow range
(32+2°C).

4, The workpiece was cleaned with acetone before gediny measurement.

Three process parameters that were kept constahtvamed are given in Table 5.4.

Experiments were conducted according to the tesditons specified by theglOA (Table 5.5).

Taguchi recommends the use of S/N ratio to meaberguality characteristics deviating
from the desired values. The quality characterigfdMIRR is taken “higher the better” and for
TWR and SR, it is taken as “lower-the better”. T8 ratio for the “higher-the-better” and
“lower-the-better” of response can be computed $Rbd888; Roy, 1990) as:

R
(S/IN),, = -10 log [i (Yj‘z)}
R = .53
1 & 2
(S/IN)g =-101log | => (Y;7)
R 9= ..5.4
Where, ¥ (=1, 2, 3....... n) is the response value under tia ¢condition repeated R times.

Analysis of Variance (ANOVA) is performed to idefigtthe process parameters that are
statistically significant. With the S/N and ANOVAalyses, the optimal combination of the
process parameters is predicted.
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Each experiment is repeated three times in eactheofrial conditions. In each of the trial
conditions and for every replication, the MRR, TW&R is measured. The MRR response
characteristics are given in Table 5.6, The SRaesp characteristics are given in Table 5.7
whereas TWR response characteristics are givealeTs.8.

Table 5.6: Experimental trial conditions and results of resg@woharacteristics MRR

Input Parameters Responses
A B C Raw Data S/N
EXxp. .
No Type of | Current (A) |[Time Material Removal Rate Ratio
Tool (min.) (mm?3/min) (dB)
R1 R2 R3
1 S 2 30 0.16 0.18 0.17 -15.4P
2 S 6 40 2.39 1.94 1.76 5.94
3 S 10 50 3.35 3.9 4.54 11.69
4 S 2 30 0.46 0.54 0.29 -8.25
5 S 6 40 2.98 2.62 2.53 8.59
6 S 10 50 1.37 181 1.48 3.65
7 ) 2 30 0.65 0.71 0.63 -3.59
8 ) 6 40 1.39 1.47 1.53 3.28
9 S 10 50 5.01 6.57 6.97 15.55
Total 17.76 19.74 19.9
Overall Mean: 2.12
S;-1%' Design of Tool, §2™ Design of Tool, $3 Design of Tool R1, R2, R3 represent
Material Removal Rate response for three repestadreach trial.
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Table 5.7: Experimental trial conditions and results of resgcharacteristics SR

Input Parameters

Responses
A B C Raw Data
Exp. S/N Ratio
No | Typeof | Current Time Surface Roughness (dB)
Tool (A) (min.) (um)
R1 R2 R3
1 S 2 30 3.22 3.19 3.18 -10.09
2 S 6 40 5.05 5.234 5.08 -14.18
3 S 10 S0 6.06 6.75 6.05 -15.98
4 S 2 30 2.90 2.91 2.98 -9.34
5 S 6 40 4.29 4.656 4.05 -12.75
6 S 10 S0 5.31 5.27 5.31 -14.48
7 S 2 30 2.87 2.87 2.71 -8.99
8 S 6 40 4.13 4.25 4.10 -12.38
9 S 10 50 5.98 4.3 5.12 -14.28
Total 39.81 | 39.43 | 38.58
Overall Mean: 4.36

S;-1%' Design of Tool, & 2™ Design of Tool, $3 Design of Tool R1, R2, R3 represent Surfz

Roughness response for three repetitions of e&dh tr

ICE
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Table 5.8:Experimental trial conditions and results of resgwoharacteristics TWR

Input Parameters

Responses
A B C Raw Data
Exp. S/N Ratio
NoO Type of | Current Time Tool Wear Rate (dB)
Tool (A) (min.) (mm3/min)
R1 R2 R3
1 S 2 30 0.02 0.021 0.02 33.83
2 S 6 40 0.03 0.039 0.034 29.24
3 S 10 50 0.038 0.037 0.039 28.40
4 S 2 30 0.07 0.07 0.08 22.67
5 S 6 40 0.05 0.061 0.05 25.36
6 S 10 50 0.075 0.073 0.069 22.81
7 ) 2 30 0.01 0.013 0.014 38.09
8 ) 6 40 0.016 0.016 0.015 36.09
9 ) 10 50 0.038 0.039 0.032 28.76
Total 0.347 0.369 0.353
Overall Mean: 0.0396

S;-1%' Design of Tool, &2 Design of Tool, 3 Design of Tool R1, R2, R3 represent
Electrode WeaRate response for three repetitions of each trial.
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CHAPTER 6
ANALYSIS AND DISCUSSION OF RESULTS

6.1 ANALYSIS AND DISCUSSION OF RESULTS

The experiments were planned by using the paramnepproach of the Taguchi’'sgL
Orthogonal Array (OA). The response characteristais are provided in chapter 5 (Table 5.6 to
Table 5.8). The standard procedure to analyze dft@ éds suggested by Taguchi, is employed.
The average values and S/N ratio of the responaeacteristics for each parameter at different
levels are calculated from experimental data. Tlanneffects of process parameters both for
raw data and S/N ratio are plotted. The responsgesymain effects) are used for examining the
parametric effects on the response characteristies. analysis of variance (ANOVA) of raw
data and S/N ratio is performed to identify thengigant parameters to quantify their effect on
the response characteristics. The most favourabteditons (optimal settings) of process
parameters in terms of mean response charactaistiestablished by analyzing response curves
and the ANOVA Tables.

Further, the effect of HEDME process parametersype of Tool, Current and Time on
the selected response characteristics (materialovaimrate, tool wear rate and surface
roughness) have been discussed. The average Vvalespmnse characteristics and S/N ratio
(dB) for each parameter at level one, two and tijkde L2 and L3) are calculated from Table
5.6 to Table 5.8 (Chapter 5).

6.1.1 EFFECT ON MATERIAL REMOVAL RATE (MRR)

The raw data for average values of material remoasg and S/N ratio for each
parameter was analyzed at three levels (L1, L2L&)dThe results so obtained are presented in
Tables 6.1 and 6.2 respectively. The response suorethe individual effects of three process
parameters for the average value of MRR and S/N haitve been plotted as shown in Figure 6.1
to 6.3.

The pooled versions of ANOVA of the raw data and &itios for MRR are also shown
in Tables 6.3 and 6.4 respectively. The effectrotpss parameters on material removal rate for
both the raw data and S/N ratio are analyzed uSh@VA.
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Table 6.1:Main Effects of MRR (Raw Data) at various levels

LEVEL Type of Tool Current Time
L1 2.043 0.42 1.06
L2 1.56 2.07 2.89
L3 2.77 3.89 2.43
L2-L1 -0.48 1.65 1.82
L3-L2 1.21 1.82 -0.45

L1, L2 and L3 represent levels 1, 2 and 3 respelstiof parameters. Where L2-L1 is the aver
main effect when the corresponding parameter cleafigen level 1 to level 2. Similarly, L3-L

is the average main effect when the correspondamgrpeter changes from level 2 to level 3.

Age

N9

Table 6.2:Main Effects of MRR (S/N Ratio) at various levels

LEVEL Type of Tool Current Time
L1 0.74 -9.09 -2.83
L2 1.33 5.94 4.41
L3 5.08 10.29 5.56
L2-L1 0.59 15.03 7.24
L3-L2 3.75 4.35 1.15

L1, L2 and L3 represent levels 1, 2 and 3 respelstiof parameters. Where L2-L1 is the aver
main effect when the corresponding parameter clgafige level 1 to level 2. Similarly, L3-L

is the average main effect when the correspondamgrpeter changes from level 2 to level 3.

Age

No

Figure 6.1 show that MRR is more in case fahd 3 design of Tool when compared

with 2" design of Tool.

The general increase in MRR is explained by then dai better flushing, ease of

ionization, high rate of pressure drop at the enith® discharge which causes more violent bulk

boiling of the molten crater and also erosion @ #orkpiece due to cavitations. In case f

design of Tool, it had a flushing problem which [@g&bris particles gather at the centre

2

of

electrode. Thus," design of Tool make the gap less to flush outdileris and subsequently

improve the MRR due to better flushing as compaweti' & 3™ design of Tool.
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Figure 6.2 shows that MRR increases with the irewe@urren The discharge energy
proportional to the peak current in any dielecftigd. Thus, whenincreasing peak currer
higher energy will be discharged and cause moreaoabvvaporizing and melting on tl
machining area. It will also create a larger impudsforce of discharge and obtain a hig

MRR.

Figure 6.1: Effect of Design of Tool on MRR and S/N re
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Figure 6.2: Effect of Current on MRR and S/N ratio
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Figure 6.3: Effect of Time on MRR and S/N ratio

Figure 6.3shows that MRR increases from 2A to 6A and decse&sen 6A to 10A.
Increase in the time of machining will increase thase discharge energy which in turn

improve the MRR.

The reasoffior decreasing MRR at more machin time may be attributed due to the f
of gap conditions. At higher range of time, gapdibans may become unstable with impro

combination of puls@n time, pulse off time, peak current settil

To determine which factors significantly affectse tresponse characteristics, ANO®
has been performed. The pooled version of ANOVAdeerage values of raw data as wel

S/N ratiois given in Tables 6.3 and 6.4 respectiv:

These Tables indicatedhall the parameters significantly affect both #vwerage value
and the S/N ratio. The percentage contributionavbmeters as quantified under column P¢
Tables 6.3 and 6.4 indicate that the Time & peaketut are the most influential in controg

the average values as well as S/IN r
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Table 6.3: ANOVA of MRR (Raw Data)

SOURCE SS DOF \Y F-Ratio P
Type of Tool 6.63 2 3.32 4.31* 7.18
Current 54.16 2 27.08 35.19% 58.64
Time 16.17 2 8.09 10.51* 17.51
Error 15.39 20 0.77 --- 16.66
Total 92.36 26 100
*Significant at 95% confidence level, SS = Sum qfu&es, DOF= Degree of
Freedom, V=Variance, F-ratio tabulated: 3.493, P#rcentage contribution.

Table 6.4: ANOVA of MRR (S/N Ratio)

SOURCE SS DOF \Y F-Ratio P
Type of Tool 33.25 2 16.63 24.98% 4.27
Current 620.69 2 310.35 466.19* 79.63
Time 124.16 2 62.08 93.26* 15.93
Error 1.33 2 0.66 0.17
Total 779.44 8 100
*Significant at 95% confidence level, SS = Sum qfu&es, DOF= Degree of
Freedom, V=Variance, F-ratio tabulated: 19, P%<c@&atage contribution.

Figure 6.1 to 6.3 reveals that the optimum levélsnachining parameters for MRR of
the Hybrid EDM Electrode are: Type of Tool (level Eurrent (level 3) and Time (level 2)
which provide maximum MRR from workpiece when maed by HEDME process. It can be
further noticed that in case of all the parameténg higher values of average response
characteristics correspond to highest values ofr&fid. It is clear that parameters Type of Tool,
Current and Time significantly affect both the meand the variation in the MRR values. The
percentage contribution of machining parametedeicreasing order is Current (58.64%), Time
(17.51%) and Type of Tool (7.18%).
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6.1.1.2 ESTIMATION OF OPTIMUM PERFORMANCE
CHARACTERISTICS.
The optimum value of MRR (mifmin.) is predicted at the selected levels of Sigait
parameters B83C,. The estimated mean of the response charactdi&R is determined (Ross
1988; Roy 1990) as

burr= A3 + B3 + C 2 — 2x T ..6.1
Where
T: Overall mean of MRR = 2.12,
As: Average MRR at the third level of type of TooR=7
Bs: Average MRR at the third level of Current = 3.89,
C.: Average MRR at the second level of Time = 2.89
(Ref. to Table 6.1 and Figure 6.1 to 6.3)
Substituting the values of various terms in thevabequation
Mmrr = 2.77 +3.89 +2.89-2x2.12=5.28

The 95% confidence interval of confirmation expesitts (C¢e) and of population (Gdp) is

calculated by using the following equations:

CI CE = \/Fa (11 fe)ve[nl + %} ..... 62
eff
F, A, f )V,
Cl pop = \/ N ....6.3
eff

Where F(1,f): The F ratio at the confidence level of (lagainst DOF 26 and error DOEf
20,

N: Total number of results = 27 (Treatment=9, Riépa=3),
R: Sample size for confirmation experiments = 3,

Ve Error variance = 0.77 (Ref. Table 6.3),

fe (error DOF) = 20.
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_ N
1+ [ DOF associated in the estimate of mean response )

= 3.86 ....6.4

neff

Fo.os(1, 20)= 3.493 (tabulated F value) ,
So Cke=+1.26, Chop= £0.835
The predicted optimal range ( for a confirmationgwf three experiments) is :

HUMRR - Clce < HMRR < HvRrR T+ Clcg ; 4.02 < MRrRr < 6.54 ....6.5

The 95% conformation interval of the predicted misaas follows:
MMRR -Clpop < Mvrr < MvRR + ClroR 4.44 < |wrr<6.11 ....6.6
The optimal value of process parameters for thdigted range of optimal MRR are as follows:
Type of Tool (A, ¥ level),
Current (B, 8'level) = 10 A,

Time (C, 2%level) = 40 min.

6.1.1.3 CONFIRMATION EXPERIMENT

The three confirmation experiments for MRR are cmteld at the optimum setting of the
process parameters. The type of Tool is set’de@el, Current at'3 level and Time at™ level.
From the confirmation experiments the average MRRoiind to be 5.21mtfmin, which falls

within the 95% confidence interval of the predictgdimum parameter.

6.1.2 EFFECT ON TOOL WEAR RATE (TWR)

The raw data for average values of material remoasg and S/N ratio for each
parameter was analyzed at three levels (L1, L2L&)dThe raw data for average values of TWR
and S/N ratio for each parameter was analyzedeg flevels (L1, L2 and L3) which are given in
Table 6.5 and 6.6 respectively. The response cunrethe individual effects of three process

parameters for the average value of TWR and SiN hatve been plotted as shown in Figure 6.4
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to 6.6. The pooled versions of ANOVA of the rawadahd S/N ratios for TWR are also shown
in Table 6.7 and 6.8 respectively. The effect aicess parameters on TWR for both the raw data

and S/N ratio are analyzed using ANOVA.

Table 6.5 Main Effects of TWR (mniimin) at various levels (Raw Data)

LEVEL Type of Tool Current Time
L1 0.031 0.035 0.036
L2 0.066 0.035 0.048
L3 0.021 0.049 0.035
L2-L1 0.036 -0.001 0.012
L3-L2 -0.045 0.014 -0.013

L1, L2 and L3 represent levels 1, 2 and 3 respelstiof parameters. Where L2-L1 is the aver
main effect when the corresponding parameter clgafigen level 1 to level 2. Similarly, L3-L
is the average main effect when the correspondamgrpeter changes from level 2 to level 3.

Age

N9

Table 6.6:Main Effects of TWR (S/N Ratio) at various levels

LEVEL Type of Tool Current Time
L1 30.491 31.535 30.913
L2 23.617 30.233 26.892
L3 34.319 26.658 30.622
L2-L1 -6.874 -1.303 -4.021
L3-L2 10.702 -3.575 3.730

L1, L2 and L3 represent levels 1, 2 and 3 respelstiof parameters. Where L2-L1 is the aver
main effect when the corresponding parameter clgafige level 1 to level 2. Similarly, L3-L

is the average main effect when the correspondamgrpeter changes from level 2 to level 3.

Age

No
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Figure 6.4: Effect of type of Tool on TWR and S/N ra

In Figure 6.4, second Design of Tool has more TWRcampared to first and thi
Design of Tool, the possible reason is more erosiothe tool's Abrasive front surface whi

under presence of Debris generated if it is contpardirst and third Design of Tor
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Figure 6.5: Effect of Current on TWR and S/N ratio
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Figure 6.5 shows the effect «Currenton TWR. It has been observed that T\
significantly decreases from 6A 10A, and remains constant from 2A to 6A. This haygokdue
to more electrical energy is conducted into the mmaog zone within a single pulse; more t

materials are removed within the single pt
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Figure 6.6: Effect of time on TWR and S/N ratio

Figure 6.6shows the effect of pe-current on TWR, it is lesser at 30min., sliyy

increased at 40 minute and mmmum at 50 Minute

6.1.2.1 SELECTION OF OPTIMAL LEVELS

In order to determine the factors significantlyeating the TWR, ANOVA has bee
performed. The pooled version of ANOVA for averagdues of raw data as well S/N ratio is
given in Table 6.7 and 6.8 respectively. These dabihdicate that all the pimeters
significantly affect both, the average values amel $/N ratio. The percentage contributior
parameters as quantified under column P% in Talletd 6.8 indicate that the Tool is the ir

influential in controlling the average values of Rvdswell as S/N ratio.
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Table 6.7: ANOVA Raw Data (TWR)

SOURCE SS DOF \% F-Ratio P
Type of Tool 0.0101 2 0.0051 262.37* 80.09
Current 0.0012 2 0.00058 30.272* 9.24
Time 0.0009 2 0.00048 24.945* 7.62
Error 0.0004 20 0.000019 --- 3.05
Total 0.0126 26 100
*Significant at 95% confidence level, SS = Sum qti&es, DOF= Degree of Freedom,
V=Variance, F-ratio tabulated: 3.493, P%- Percemtamntribution.

Table 6.8:ANOVA S/N Ratio (TWR)

SOURCE SS DOF \% F-Ratio P
Type of Tool 176.440 2 88.220 112.113f 71.597
Current 38.271 2 19.135 24.318* 15.529
Time 30.167 2 15.084 19.169* 12.241
Error 1.574 2 0.787 --- 0.639
Total 246.451 8 100
*Significant at 95% confidence level, SS = Sum qti&es, DOF= Degree of Freedom,
V=Variance, F-ratio tabulated: 19, P%- Percentamdrdution.

Figure 6.4 to 6.6 reveal that the optimum levelsnaichining parameters for least TWR
are: Type of Tool (level 3), 2A Current (level Dda50 minute Time (level 3) which provide
minimum TWR from workpiece when machined by HEDMiBgess. It can be further noticed
that in case of all the parameters, the lower \wbfeaverage response characteristics correspond
to highest values of S/N ratio are taken. It isaclthat parameters Type of Tool, Current and
Time significantly affect both the mean and theiataon in the TWR values. The percentage
contribution of machining parameters in decreasnder is Type of Tool (80.09%), Current

(9.24%) and Time (7.62%).
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6.1.2.2 ESTIMATION OF OPTIMUM PERFORMANCE
CHARACTERISTICS.

The optimum value of TWR is predicted at the cele levels of significant parameters
A3B:Cs. The estimated mean of the response characteIR is determined (Ross 1988; Roy
1990) as

bwr= As+ B1+Cs— 2T ..6.7
Where

T: Overall mean of TWR = 0.039,

As. Average TWR at the third level of type of TooD:021,

Bi:  Average TWR at the first level of Current = (603

Cs:  Average TWR at the third level of Time = 0.035,

(Ref. to Table 6.5 and Figure 6.4 t06.6)

Substituting the values of various terms in thevabequation

Mrwr = 0.021 + 0.035 + 0.035 - 2 x 0.039 = 0.0118

The 95% confidence interval of confirmation expesitts (C¢e) and of population (Gdp) is

calculated by using the following equations:

_ 1.1 6.8 and
Clee = |F, @ f V.| —+ =
CE \/ a ( e) e|: neﬁ R:|

F. @ f )V

Cl pop = « L fVe 0 6.9

neff
Where,

Fa(1,o): The F ratio at the confidence level ofolagainst DOF 26 and error DOF
fe=20,

N: Total number of results = 27 (Treatment=9, &gjpn=3),

R: Sample size for confirmation experiments =3,
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Ve Error variance = 1.93xTqRef. Table 6.7),
fe error DOF = 20.
N

Newr = . - - = 3.86 ..6.10
1+ [ DOF associated in the estimate of mean response )
Fo.os(1, 20)= 3.493 (tabulated F value)

So, Ckeg=10.00632; Glop= £0.0042

The predicted optimal range (for a confirmationsah three experiments) is:
Hrwr - Clce < prwr < Brwr + Clee ;
0.0055 <pwr < 0.0181 ....6.11
The 95% conformation interval of the predicted misaas follows:
Hrwr -Clpop < prwr < Hrwr + Clror
0.0076<prwr<0.0159 . 6.12
The optimal value of process parameters for thdigted range of optimal TWR are as follows:
Type of Tool (A, ¥ level),
Current (B, f'level) = 2A,
Time (C, 3 level) = 50 min.
6.1.2.3 CONFIRMATION EXPERIMENT FOR TWR

The three confirmation experiments for TWR are cmteld at the optimum setting of the
process parameters. The type of Tool is sef’de@el, Current atSilevel and Time at8level.
From the confirmation experiments the average T@und to be 0.0105mmin, which falls

within the 95% confidence interval of the predictgdimum parameter.

6.1.3 EFFECT ON SURFACE ROUGHNESS (SR)

The raw data for average values of Surface Rough(R) and S/N ratio for each
parameter was analyzed at three levels (L1, L2l&)dThe raw data for average values of SR
and S/N ratio for each parameter was analyzedag tevels (L1, L2 and L3) which are given in
Table 6.9 and 6.10 respectively.
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The response curves for the individual effectshoéé¢ process parameters for the average

value of SR and S/N ratio have been plotted as showigure 6.7 to 6.9. The pooled versions
of ANOVA of the raw data and S/N ratios for SR @lso shown in Table 6.11 and 6.12

respectively. The effect of process parameters BnbSth the raw data and S/N ratio are

analyzed using ANOVA.

Table 6.9:Main Effects of SR (um) at various levels (Raw Data

LEVEL Type of Tool Current Time
L1 4.87 2.98 4.22
L2 4.19 4.54 4.39
L3 4.04 5.57 4.48

L2-L1 -0.69 1.56 0.18
L3-L2 -0.15 1.04 0.08

L1, L2 and L3 represent levels 1, 2 and 3 respelstiof parameters. Where L2-L1 is the aver
main effect when the corresponding parameter clsafigm level 1 to level 2. Similarly, L3-L2

is the average main effect when the correspondangrpeter changes from level 2 to level 3.

hge

Table 6.10:Main Effects of SR (um) at various levels (S/N Bati

LEVEL Type of Tool Current Time
L1 -13.42 -9.48 -12.32
L2 -12.19 -13.11 -12.61
L3 -11.89 -14.92 -12.58

L2-L1 1.23 -3.63 -0.28
L3-L2 0.30 -1.81 0.03

L1, L2 and L3 represent levels 1, 2 and 3 respelstiof parameters. Where L2-L1 is the average
main effect when the corresponding parameter clsafigm level 1 to level 2. Similarly, L3-L2

is the average main effect when the correspondangrpeter changes from level 2 to level 3.
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Figure 6.7: Effect of Type of Tool on SR and S/N ratio

Figure 6.7 shows the effect of type of Tool on surfaceglmess.Lower surface
roughness is observed in case " & 3" design of tool in as comparison t* design of tool.

Due to the spark, material is melted and softersovibthe melt zone

The moltermaterial is removed during pulse -time of EDM process. Then the matel
is removed due to the abrasive action of the cergaiticles. These two actions are repe
due to rotation of the electrode and material maeed due to the individual effe of spark

erosion and abrasion processes.
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Figure 6.8: Effect of Current on SR and S/N ratio
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Figure6.8 shows the effect of current on surface roughndggher surface roughness
observed in case of"2& 3" level of current in as comparison t level of current.This
happened due to more electrical energy is conduatedthe machining zone within a sing

pulse; more tool materials are removed within ihgle pulse
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Figure 6.9: Effect of Time on SR and S/N ratio

Figure 6.9 shows theffect of time on surface roughne It has been observed tttime

has insignificant effect on surface finish from tidOVA analyzatior

6.1.3.1 SELECTION OF OPTIMAL LEVELS

In order to determine the factors significantlyeating the SR, ANOVA has be
performed. The pooled version of ANOVA for averagdues of raw data as well S/N ratio is
given in Table 6.11 and 6.12 respectively. Thesklégindicate thaType of Tool & Curren
significantly affect both, the average values amel $/N rati, whereas Time is not significz.

The percentage contribution of parameters as diexhtinder column P% in Table 6.11 ¢
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6.12 indicate that the Current is the most inflierib controlling the average values of SR as

well as S/N ratio.

Table 6.11 ANOVA Raw Data (SR)

SOURCE SS DOF \Y F-Ratio P
Type of Tool 3.53 2 1.76 15.60* 9.61
Current 30.61 2 15.30 135.30* 83.36
Time 0.32 2 0.16 1.41* 0.87
Error 2.26 20 0.11 6.16
Total 36.72 26 100
*Significant at 95% confidence level, SS = Sum ou&es, DOF= Degree of
Freedom, V=Variance, F-ratio tabulated for Typ& obl: 3.493, P%- Percentage
contribution.

Table 6.12:ANOVA S/N Ratio (SR)

SOURCE SS DOF Vv F-Ratio P
Type of Tool 3.95 2 1.97 59.79* 7.88
Current 45.99 2 22.99 695.78* 91.69
Time 0.15 2 0.07 2.24* 0.29
Error 0.07 2 0.03 0.13
Total 50.16 8 100
*Significant at 95% confidence level, SS = Sum qfu&es, DOF= Degree of
Freedom, V=Variance, F-ratio tabulated for TypeTaobl: 19, P%- Percentage
contribution.

Figure 6.7 to 6.9 reveal that the optimum levelsnaichining parameters for least SR are:
Type of Tool (level 3) and 2A Current (level 1) whiprovided minimum SR for workpiece
when machined by HEDME process. It can be furtlegicad that in case of all the parameters,
the lower values of average response charactarisicespond to highest values of S/N ratio are
taken. It is clear that parameter Type of Tool @udrent significantly affect both the mean and
the variation in the SR values, whereas Time issmnificant. Thus any level of Time can be
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selected based on user requirements and economeypéditentage contribution of machining
parameters in decreasing order is Tool Current6@a), Type of Tool (7.88%) and Time
(0.29%).

6.1.3.2 ESTIMATION OF OPTIMUM PERFORMANCE
CHARACTERISTICS

The optimum value of SR is predicted at thetetelevels of significant parameters
A1B:C,. The estimated mean of the response characte8RBiis determined (Ross 1988; Roy
1990) as

Hsr= Kl + gl -T ...6.13

Where
T: Overall mean of SR = 4.364,
Ai;.  Average TWR at the third level of type of Too#:037,
Bi:  Average TWR at the first level of Current = 2298
C.. Average TWR at the second level of Time = Ngrficant,
(Ref. to Table 6.9 and Figure 6.7 to 6.9)
Substituting the values of various terms in thevabequation
Mrwr = 4.037 + 2.982 — x 4.364 = 2.655

The 95% confidence interval of confirmation expesitts (C¢g) and of population (Gdp) is

calculated by using the following equations:

B 1 1 6.14 and
Cle=_F, @f)V, | —+=
CE \/ a ( e) e|: neﬁ R:|

F. @ f. )V

Cl pop = adfNe 0000 6.15

neff
Where

Fa(1,): The F ratio at the confidence level ofolagainst DOF 26 and error DOF

fe=20,
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N: Total number of results = 27 (Treatment=9, &gjn=3),
R: Sample size for confirmation experiments =3,

Ve Error variance = 0.113Ref. Table 6.11),

fe error DOF = 20

N

Ny = - - - = 3.86 ..6.16
1+ [ DOF associated inthe estimate of mean response )
Fo.os(1, 20)= 3.493 (tabulated F value)

So, Cke=10.484; Chop= £0.319

The predicted optimal range (for a confirmationgwh three experiments) is:
Hrwr - Clce < prwr < Brwr + Cleg ;
2.172 <prwr < 3.139 ...6.17
The 95% conformation interval of the predicted misaas follows:
Hrwr -Clpop < prwr < Hrwr + ClpoR
2.336<prwr <2.975 6.18
The optimal value of process parameters for thdigted range of optimal SR are as follows:
Type of Tool (A, ¥ level),
Current (B, f'level) = 2A,
Time (C, f'level) = 30 min.

6.1.3.3 CONFIRMATION EXPERIMENT FOR SR

The three confirmation experiments for SR are cotatliat the optimum setting of the
process parameters. The type of Tool is set’de@el, Current attlevel and Time at™ level
(Even if it was not significant). From the confirtitan experiments the average SR is found to be

2.89, which falls within the 95% confidence intdrgathe predicted optimum parameter.
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CHAPTER 7
CONCLUSION AND SCOPE FOR FUTURE WORK

The investigation of Hybrid Electric Discharge Mathg process (HEDME) for exploring
the possibility of improvement in surface morphgldyy adding a abrasive grinding material in
electrode (tool) leads to useful results. HEDMEyartd machining process suggested in this
research work can be considered as one of the tamgoprocess in the field of machining

components having regular plane surfaces with sigface finish.

The important conclusions from this research woeklested in section 7.1. The scope for
further work that may be helpful to the manufacsungsers and the researchers engaged in this

technology is presented in section 7.2.

7.1 CONCLUSION

In experiment Taguchid.orthogonal array was used with 3 designs of coppdrabrasive
material as Hybrid EDM Electrode and it is explorgith EN-31 high carbon alloy steel. Within
the range of test conditions employed in the exinaisexperimental investigations, the

following major conclusions can be drawn:

I.  The higher surface finish gained by the employmehtAbrasive material to EDM
Electrode (Tool) is mainly attributed to improverhangrinding effect of electrode (tool).

II. As compared to Normal Copper electrode The HybiMEElectrode improve the MRR
by causing better debris evacuation from the s better fluid renewal. Also the

rotational Electrode leads to better surface fimistwvorkpiece.
lll.  The optional value of process parameters for tleglipted range of optimal MRR are as

follows: Type of Tool ( A, & level), Current (B, 8 level) = 10 A and Time (C,"2level) =
40 min.. The predicted optimal interval of predicteean for MRR is Gby 4.44 < [urr <
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V1.

VII.

VIII.

6.11. The 95% confidence interval of the prediatezhn for MRR is G 4.02 < [Rrr <

6.54. The confirmation optimum experimental valsefound to be as 5.21nifmin.

In case of MRR, the percentage contribution of €utr Time and Type of Tool is 58.64%,
17.51%, 7.18% respectively.

The optional value of process parameters for tleglipted range of optimal TWR are as
follows: Type of Tool ( A, & level), Current (B, 1 level) = 2A, Time (C, & level) = 50
min.. The predicted optimal interval of predicteéan for MRR is Gl 0.0076<prwr <
0.0159. The 95% confidence interval of the predicinean for MRR is GE 0.0055
<urwr < 0.0181. The confirmation optimum experimentalueais found to be as
0.0105mn¥min.

In case of TWR, the percentage contribution of Tgp&ool, Current and Time is 80.09%,
9.24% and 7.62% respectively.

The optional value of process parameters for thegipred range of optimal SR are as
follows: Type of Tool ( A, 3 level), Current (B, I level) = 2A, Time = not significant.
The predicted optimal interval of predicted mean3® is Clop 2.336<ptwr < 2.975. The
95% confidence interval of the predicted mean fBri$ Cke: 2.172 <pgwr < 3.139. The

confirmation optimum experimental value is found®as 2.89 um.

In case of SR, the percentage contribution of Cuiyr€ype of Tool and Time is 91.69%,
7.88% and 0.29% respectively.

As compared to traditional electrode, the new dgwedl Hybrid Electrode produces high
quality surface finish.
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7.2 SCOPE OF FUTURE WORK
HEDME machining is new and has not been thoroughvgstigated hence there is scope
of further investigation. The following suggestianay be useful for future work:

1. The effect of process parameters on different HEDMiasive Materials may also be
investigated.

The Set-Up can be upgraded to give High RPM’s extebde Holder.

3. Further work may be carried out to explore othehteques integrating to HEDME so that
enhancement of material removal rate may be actievea wide range of workpiece
shapes.

4. This hybrid techniqgue may be tried for new matec@nbinations. As no work is reported
on composite and harder materials like aluminacardmic.

5. Higher order OA may be considered to incorporatethed possible interactions of the
process parameters.

6. The effect of machining parameters like over cut debris analysis may be investigated.
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