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Abstract: Problem statement: Electrical Discharge Machining (EDM) is the mostdely used non
conventional machining process for removing malkeffiam workpiece by means of a series of
repeated electric discharges. Electrical Dischargiéing (ED-milling) is an emerging technology
where a cylindrical tool electrode follows a pragraed path in order to obtain the desired shape of a
part. During machining of metals by EDM processarge amount of heat is generated for which the
surface characteristics of the metals are affecidis phenomenon is unavoidable but this can be
controlled by suitable selection of the procesapeters. Though in most of the cases only elettrica
parameters are chosen but non electrical paramalsosplay significant role in the area of surface
integrity of the machined surface. The presentystrdphasized to establish a comprehensive analysis
of surface integrity, including the micro crackgcast layer thickness and material migration by
combining both electrical and non electrical precparameters under a wide range of machining
condition. Approach: In this research, experiment was designed by udegign expert software
(DOE). Response Surface Methodology (RSM) was tisedesigning the experiment. The process
parameters varied in the present study were tlaiooal speed of the electrode (N), Voltage (V) and
feed rate (f). Stainless steel AISI 304 was chasework material while a copper electrode was used
for EDM milling operation. The EDM milling operatis were performed on EDM machine
mikrotools integrated multi process machine tools D10. In this research, Scanning Electron
Microscope (SEM) was used to investigate the effeictmachining parameters on recast layer
thickness, micro cracks on the machined surfacgedisas the percentage of material migration on the
workpiece surfaceResults: Electrode rotation reduces recast layer thickridsabout 16.58% than
that of stationary electrode with same voltage f&ed rate. Moreover, it was observed that migration
of C and Cu on the workpiece surface reduces 81368f6 respectively when using rotary electrode
instead of stationary electrode with same parametetting.Conclusion: These results indicated that
voltage and rotary speed of electrode significaaffgct various criteria of surface integrity. Blede
rotation helped to reduce micro cracks, recastrithiekness as well as migration of material became
less when rotary electrode is used. Besides, th@imtion of reasonably low voltage and high rpm
reduced micro cracks, recast layer thickness amdnmiied the surface contamination on workpiece
surface during EDM milling of stainless steel.
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INTRODUCTION relatively simple to machine intricate shapes thatlld
be impossible to produce with conventional cutting
Electrical Discharge Machining (EDM) is a tools. In EDM process, the shapes of mold cavies
thermoelectric process that erodes workpiece nahteri directly copied from that of tool electrodes, smdt
by series of discrete but controlled electrical rkpa consuming preparation work must be done on the
between the workpiece and electrode immersed in &abrication of the corresponding tool electrodehew
dielectric fluid. It has been proven to be esgfcia the shape of the expected cavities changes or dae w
valuable in the machining of super-tough, elecliyjca of the tool electrodes exceeds a certain limity threist
conductive materials such as the new space-aggsallo be remade, wasting both time and money. To de&l wit
These materials would have been difficult to maehin this problem, EDM milling is the useful process whe
by conventional methods, but EDM has made ita cylindrical tool electrode follows a programmeattp
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in order to obtain the desired shape of a parbverall deterioration of the component’s mechanical
(Bayramoglu and Duffill, 1994; Yet al., 1998). Since, properties. Leet al. (1988) showed among the surface
standard tool electrodes are used, the preparttien defects, cracking is the most significant sindeats to
for EDM milling is dramatically reduced. reduction in the material resistance to fatigue and
It is found from previous studies that the EDM corrosion, especially under tensile loading cooditi
process changes not only the surface of the workpie Lee et al. (1990) demonstrated that cracks usually
material but also the subsurface (Krwhal., 1995). appear in brittle recast layer, may lead to thkufaiof
The EDM surface is made up of three distinctiveetay the EDMed product, particularly under conditions of
consisting of recast layer/white layer, heat affdctone  fatigue and impact loading. Consequently, if the
and unaffected parent metal (Ho and Newman, 2003jjuality of EDMed product is to be improved, it is
Since the recast layer is the topmost layer exptsed essential to develop an in depth understandinchef t
the environment, it exerts a great influence on theelationship between the predominant EDM machining
surface properties of the workpiece. This layer isparameters and the resulting machined surfaceritteg
formed by the un-expelled molten metal solidifyimg i.e., recast layer thickness, surface crack deresity
the crater. The molten metal is rapidly quenchedhiey material migration. From the available research
dielectric. Several authors discovered the presarfce findings, it has been seen that electrical pararsdilee
micro-cracks in this very hard brittle layer. lidHayer  peak current, pulse-on duration and voltage haee th
is too thick or is not reduced or removed by patigh  most prominent influence on EDM surface integrity
the effects of this layer can cause prematureriaiof (Ramasawmy and Blunt, 2004; Ho and Newman,
the part in some applications (Kumar al., 2008). 2003). However few research works were conducted
Therefore, reduction of recast layer thicknessnis of  which explained the effect of non-electrical praces
the major challenges for researchers to improviaser parameters like rotational speed of electrode timtal
integrity as well as EDM performance. Moreover, speed of workpiece, flushing of dielectric fluiddaieed
during EDM, the chemical composition of the rate on EDM surface integrity (Caydas and Hasgalik
workpiece and electrode changes due to materig2007; Bhattacharyyet al., 2007). Therefore, this study
migration between the workpiece and electrode. Thigttempts to establish a comprehensive analysis of
migration of material causes the behavioral chamjes surface integrity, including the micro cracks, r&ca
the workpiece and electrode (Ho and Newman, 2003)ayer thickness and material migration by combining
Since EDM was developed, much theoretical andboth electrical and non electrical process pararpete
experimental work has been done to identify theécbas under a wide range of machining condition.
processes involved and the performance of EDM
process. In spite of significant progress in this MATERIALSAND METHODS
technique and marked improvement in surface ifegri gy hevimental set-up: In this research, experiment was
after machining, some tec_hnlcal pr_oblems remaifyesigned by using design expert software (DOE).
unsolved. In many cases, as in tools, dies anspaoe  Response Surface Methodology (RSM) was used for
components, severe pressure and thermal loadiggs ajesigning the experiment. The process parameters
encountered. To avoid possible failures arisingnftbe  yaried in the present study were the rotationabdpef
surface defects of EDMed components, it is vit@tth the electrode (N), Voltage (V) and feed rate (f)ilevh
there should be an adequate understanding of theena other factors such as dielectric fluid pressurdarnity
and extent of surface damage imparted under variousf the electrode and capacitance maintained canstan
machining conditions. The three machining factors and their selectedldeve
Significant findings have been made by manyare shown in Table 1.
researchers to improve surface integrity. Abu Zeid A rectangular piece of stainless steel AISI 304
(1997) found that intense heat generated associatedes chosen as work material while a cylindrical
with each discharge during machining results iraloc copper electrode was used for EDM milling operation
severe temperature gradients in the machined surfad he dimensions of workpiece and electrode were
on cessation of the discharge, the surface layeos ¢ 100x30x8 mm and 70 mm 5 mm respectively.
quickly and develop a residual tensile stress that

. . . Table 1: Factors and levels selected for the enpeais
often sufficient to produce cracks in the machined

Levels
surfaces. Lee and Tai (2003) further added that the
structure of this thermally affected layer is quite ;aft‘t’_fs I R -11000 +11500
different from the parent material and the defedthin g Voltage, v () Coeredes RPM) s 120
it such as voids, cracks and induced stress camse &  Feed rate, f (um sé 4 6
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Table 2: Central Composite Design (CCD) matrix egglilts of recast layer thickness and material aign

Material migration from
electrode to workpiece

Voltage Rotational speed Feed rate Recast layer

Run Block V) of electrode (rpm) (um s&c thickness C (%) Cu (%)

1 Block 1 120.00 1500.00 4.00 8.43 4.23 0.24
2 Block 1 100.00 1250.00 5.00 6.95 4.39 0.18
3 Block 1 120.00 1000.00 4.00 9.00 4.36 0.23
4 Block 1 80.00 1500.00 6.00 591 4.15 0.12
5 Block 1 80.00 1000.00 6.00 6.45 4.19 0.19
6 Block 1 120.00 1000.00 6.00 8.76 4.32 0.23
7 Block 1 100.00 1250.00 5.00 6.74 4.42 0.18
8 Block 1 100.00 1250.00 5.00 7.14 4.46 0.17
9 Block 1 100.00 1250.00 5.00 6.98 4.44 0.15
10 Block 1 120.00 1500.00 6.00 8.26 4.28 0.18
11 Block 1 80.00 1500.00 4.00 5.70 4.22 0.12
12 Block 1 80.00 1000.00 4.00 6.31 4.30 0.14
13 Block 2 100.00 1250.00 6.68 6.89 4.48 0.2

14 Block 2 100.00 1250.00 5.00 7.19 4.32 0.19
15 Block 2 133.64 1000.00 5.00 8.12 4.60 0.26
16 Block 2 100.00 1670.45 5.00 6.83 4.33 0.22
17 Block 2 100.00 1250.00 5.00 6.78 4.47 0.21
18 Block 2 100.00 1250.00 3.32 6.53 4.22 0.20
19 Block 2 100.00 829.55 5.00 7.02 451 0.22
20 Block 2 66.36 1250.00 5.00 7.58 421 0.13

The EDM milling operations were performed on EDM significant since it leads to a reduction in thédiae
machine Mikrotools Integrated Multi Process Machineand corrosion resistance of the material especially
Tools DT 110. In this research, Scanning Electrorunder tensile loading condition. In this experiment
Microscope (SEM) model Jeol JSM-5600 was used tanicro cracks were observed thoroughly. Micro cracks
investigate the effect of machining parametersemast for workpiece were revealed at high magnification
layer thickness, micro cracks on the machined sarfa using SEM microscope. Observation on the surfates o
as well as the percentage of material migratiorthen the workpiece EDMed with stationary electrode
workpiece surface. The EDMed workpiece was cut intaevealed more cracks (Fig. la), than that of the
smaller size of 10x10 mm square in order to begolae  workpiece surface EDMed with rotary electrode
the SEM. The cut surfaces were then sanded with th@ig. 1b). Moreover, the minimum number of cracks
emery papers of reducing grain sizes. This wasvi@t was found in the parameter setting of V 80 V, N
by polishing with alumina (ADs) and the machined test 1500 rpm and f 6 pm séc(Run 4 of Table 2;
pieces were thoroughly washed with acetone usit@ Ul Fig. 1c), whereas, the maximum number of cracks
Sonic Cleaner. The effect of rotary motion of elede  observed in the parameter setting of V 120NV
was investigated first. The surface was EDMed with1000 rpm and f 6 um s‘éc(Run 6 of Table 2; Fig. 1d).
stationary electrode with parameter setting of V\80 It is observed that number of cracks in the
and f4 um sec and with rotary electrode with the workpiece surface reduces when EDM takes place with
same parameter settings of V and f but Nluserotary electrode. It is also observed that number o
500 rpm and results of both the cases were compareg ks in the EDMed surface decreases with incrizase
For further analysis to investigate the combinefectf rom. This is because; flushing rate becomes high at

o AChIiNg pofamelers il [ e SXOETIT i rpm ich emoves eraded paricles fom g3
y : and reduces the recast layer thickness. As cracsitgle

migration, all the surfaces EDMed with different . i | lated with | hick h
combination of process parameters provided by DOES 'In€arly related with recast layer thicknessg t
were examined thoroughly and the result is pregeinte reduction of recast layer at high rpm helps to cedine
Table 2. crack formation on the workpiece surface. Morepver

uniform temperature distribution can be achieved by
RESULTSAND DISCUSSION increase in rpm which helps to obtain fewer cra€ks.
contrary, the number of crack increases with inezaa

Analysis of micro crack on workpiece surface: voltage. When the voltage is increased from 80 V to
Among the surface defects cracking is the mostt20 V, discharge strikes the surface motenisely.
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Fig. 1: SEM photographs of microcracks on workpiecerig. 2: SEM photographs of recast layer thickness o

surface with: (a) stationary electrode; (b) rotary workpiece for: (a) stationary electrode; (b)
electrode; (c) combination of 80V, 1500 rpm rotary electrode; (c) combination of V 120V, N
and 6 pm sec; (d) combination of 120 V, 1000 rpm and f 4 um séc¢ (d) combination of
1000 rpm and 6 um séc V 80V, N 1500 rpm and f 4 um séc

This results in more spark energy to be accumulaited tapje 3: Comparison of recast layer thickness orkpiece EDMed

the workpiece as a result of higher thermal loadih with stationary and rotary electrode

consequently results in more crack in the workpiece Recast layer thickness

surface. The effect of crack becomes more pronalinceParameter

as voltage increases. —— Stationary  Rotary electde Pgrcentage

\ f(um sec?) electrode (N =500 rpm) improved
Analysis of recast layer thickness. Formation of 80 4 12.06 10.06 16.58

recast layer is as a result of molten material$ #na _ _ _
not completely flush away by dielectric fluid frothe Table 4: Comparison of recast layer thickness orkpiece EDMed

. . .- ith th bination of | It d high 0, N
workpiece surface. These molten materials solidify \ﬁlsoo ;gofnl 'S;'Z%;ar?;vgizhasglgge ;ﬂd rlgvn;?pm v

during cooling process and deposited on the wodepie 120, N 1000 rpm and f 4 pm s8c

In this experiment, the recast layer thickness hef t Recast layer Percentage
workpiece was first investigated using stationamgla v N(rpm)  f(umsec)  thickness (um) improved
rotary electrode with same voltage and feed rat&0 1500 4 5.7 36.66

parameters of 80V and 4 pm Secespectively as the 120 1000 4 9.0

previous analysis of microcracks. After that the ]
combined effect of process parameters on recast laylt IS also observed from Table 2 that the highest a
thickness were examined by analyzing all surfacesoWwest recast layer thickness obtained 9 pand
which were EDMed with different combination of 5-7 MM at the combination of V 120 V, N 1000 rpm
process parameters provided by DOE. Thre@nd f 4 pm se¢ (Run 3 of Table 2) and the
measurements were taken across the thickness bf eagombination of V 80 V, N 1500 rpm and f 4 pm Sec
layer and the results are shown in Table 2. (Run 11 of Table 2) respectively which are shawn
SEM views of recast layer thickness of workpieceFig. 2¢c and d.
EDMed with stationary and rotary electrode (Fig. 2a It is found that electrode rotation reduces recast
and b), revealed that recast layer formed on thiacei  layer thickness of about 16.58% (Table 3) than dfat
EDMed with rotary electrode (Fig. 2b) is thinnemth stationary electrode with same voltage and feeel tat
that of the surface EDMed with stationary electrodeis also observed that within the design space, the
(Fig. 2a). The recorded thickness for surface EDMed:ombination of low voltage and high rpm (V 80, N
with stationary electrode is (10.6, 12.4, 13.2),um 1500 and f 4 pm s&9 (Run 11 of Table 2) improves
with average of 12.06 um, while the surface EDMedthe recast layer thickness 36.66% (Table 4) thahdh
with rotary electrode has the average of 10.06 pnhigh voltage and low rpm (V 120, N 1000 rpm dnd
from the three measurements of (9.8, 10.2)12 4 pum sec’) (Run 3 of Table 2).
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The higher recast layer thickness recorded for thevith stationary electrode (6.55% C and 0.45% Cu
workpiece is as a result of increase in materimaeal  (Fig. 3a). Therefore, it seems that electrode imtat
rate. It can be observed that the recast layeknbigs is  helps to reduce the material migration on the wigtg
influenced by the voltage, as the voltage increasesurface.

recast layer equally increases as a result of WRE&.
The more material is removed; the more is the
proportion of it that is solidified as recast laysr the
machined surface. This is explained by the fact tta

the dielectric is constant. Therefore, as more ligat
transferred into the material as the voltage irmeea
the dielectric is increasingly unable to clear avilg
molten material and so it builds up upon the s@rfat
the workpiece. During cooling, this molten material
resolidifies to form the recast layer. On the cantr as
rpm increases, the flushing rate of dielectric éases
which prevents the debris to concentrate on thempar
metal. Therefore, thinner layer is formed.

Analysis of material migration: The surface
morphology of EDMed surface is usually rough as a
result of non-uniform distribution of spherical and
nonspherical  agglomerates.  Scanning  Electron
Microscope/Energy Dispersive X-ray (SEM/EDX)
composition analysis of workpiece show the presence
of metal particles other than the base metal. Th@am
particles moving from electrode to workpiece during
EDM are flushed out by continuous flow of dielectri
fluid. Since the particles cannot be completelglilwut

of spark gap, part of these materials is depositethe
surface of the workpiece. This implies that during
EDM, a significant amount of material is transferre
from electrode to the workpiece surface. The
composition of elements on the workpiece and
electrode surfaces was examined by Quantitative
Energy Dispersive X-ray (EDX). In this experimental
work, the material migration was first investigated
using stationary and rotary electrode with samé¢age!
and feed rate parameters of 80 V and 4 pmi‘sec
respectively to compare the two effects. Furtheemor
the combined effect of machining parameters or
material migration was examined by analyzing all
workpiece surfaces which were EDMed with different
combination of process parameters provided by DOE
The results of the EDX analysis showing the peagat
elements migrated from the electrode to the wodeie
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are shown in Table 2 and Fig. 3 respectively. Fig. 3: Migration of C and Cu from electrode to

Results of the EDX analysis show that appreciable
amount of Carbon (C) and Copper (Cu) are found to
migrate to the surface of the workpiece. It is obséd
that 5.97 and 0.18% of C and Cu respectively were
migrated to the surface EDMed with rotary electrode
(Fig. 3b) which is less than that of the surfaceMed
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workpiece surface with: (a) stationary
electrode; (b) rotary electrode; (c) combination
of high voltage and low rpm; (V 133.64V, N
1000 rpm and f 5 pm sé&¥; (d) combination
of low voltage and high rpm; (V 80V, N
1500 rpm and f 6 pm s&g
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Table 5: Comparison of material migration on wodqa EDMed with stationary and rotary electrode

Material migration

C (%) Cu (%)
Parameter setting

Stationary Rotary elémde Percentage Stationary Rotary electrode Pegen
Vv f(um sec?) Electrode (N =500 rpm) improved electrode (NG9 Bpm) improved
80 4 6.55 5.97 8.8 0.45 0.18 60

Table 6: Comparison of material migration on wodqe EDMed
with the combination of high voltage and low rpm (V
133.64V, N 1000 rpm and f 5 um s8and low voltage and
high rpm (V 80V, N 1500 rpm and f 6 um s&c

material migration equally increases (Fig. 3c and d
This is because, increase in voltage increasesk spar
energy, therefore, more metal is melted from the

electrodes which can not be completely flushed away

Material Percentage ’ ) ° )
migration improved by the dielectric fluid. On contrary, the EDX arsgly
showed that higher rpm reduces the percentage of
vV N(pm) flumsec) C(%) Cu(%) C(%) Cu(%) material migration (Fig 3c and d). Higher rpm irases
33-64 115088 é’ ;"1650 8-1226 9.78 5384 the flushing rate of dielectric which helps in peating

the debris to concentrate on the parent metal.c€fbes,

material transfer is reduced.
It is also observed from Table 2 that the lowest

percentage of material migration (4.15 C and 0.12% CONCLUSION
Cu) from electrode to workpiece was found at Run 4
of Table 2 with parameter combination of V =80 V In this research, the influence of process

N = 1500 and f = 6 um séc(Fig. 3d), while the parameters on surface integrity during EDM millimas
highest percentage of material migration (4.60 @ an been investigated. The machining parameters used fo
0.26% Cu) (Fig. 3c) was found at Run 15 of Table 2this experiment were voltage, rotational speedhef t
with parameter combination of V = 133.64V, N = 1000electrode and feed rate. The various surface fesitur
and f = 5 um seé. such as recast layer thickness, micro cracks and
The presence of C on workpiece surface is as &naterial migration have been thoroughly investidate
result of decomposition of hydrocarbon of dielectri The following conclusions can be drawn from the

fluid and alloying with the workpiece. It is fourtbat
migration of C and Cu on the workpiece surface cedu
8.8% and 60% respectively (Table 5) when usingryota °
electrode instead of stationary electrode with same
parameters setting. The result of surfaces EDMal wi
stationary electrode having higher percentage of
material element migrated to workpiece surfaceddcou
be as a result of more heat is confined in theniticiof — ©
both electrode and workpiece. Since temperatura as
result of heat promotes reaction, hence more diffus

of material elements takes place between the autizdf
metals. This heat promotes reaction between the two
electrodes particles, thereby increasing material
diffusion into both workpiece and electrode surface
during the EDM with stationary electrode.

Further EDX analysis with different combination
of process parameters shows that the combined
parameter setting of V 80V, N 1500 rpmdd
6 um sec reduces the migration of Cu to workpiece
by 53.84% than that of the parameter setting of V
133.64 V, N 1000 rpm and f 5 pm Sk¢Table 6).
From the EDX analysis it is further revealed tha t
migration of elements from electrode to workpiese i
influenced by the voltage, as the voltage increases
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study:

From the obtained test results it is evident that
voltage and rotational speed of electrode
significantly influence various criteria of surface
integrity such as recast layer thickness, surface
crack and material migration

Electrode rotation reduces the number of micro
cracks on the workpiece surface compare to that of
stationary electrode. Besides, the effect of micro
crack is less on the workpiece surface when the
combination of reasonably low voltage and high
rpm (V 80 V, N 1500 rpm and f 6 um s8ds used
compare to that of high voltage and low rpm (V
120 V, N 1000 rpm and f 6 pm s&c

The recast layer thickness obtained during the
EDM miling of stainless steel with rotary
electrode achieved 16.58% improvement over the
recast layer thickness obtained with stationary
electrode. Furthermore, within the design space,
the combination of low voltage and high rpm (V
80 V, N 1500 and f 4 pm séy improves the recast
layer thickness 36.66% than that of high voltage an
low rpm (V 120 V, N 1000 rpm and f 4 um S8c
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