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REVIEW ON RECENT DEVELOPMENT
IN ENVIRONMENTAL-FRIENDLY EDM TECHNIQUES
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Summary

The electrical discharge machining (EDM) is unitary of the widely used unconventional machining
because of its ability to cut very hard material engendering high dimensional accuracy as well. In
thermo-electric process, control sparks generation between electrodes causes material removal;
however, application of hydrocarbon oil based dielectric is an issuance of environmental disruption. To
rectify this problem, replacement of dielectric is main concerns in EDM research. This paper highlights
Dry-EDM, Near-Dry EDM and EDM in water, which is conceived as an environment amiable alteration
in the oil EDM process. The work gives a thorough review of Dry, near-dry EDM and EDM in water as
a process, where the target is to endeavor dielectric fluids that can be substituted bypassing hydrocarbon
oil. It is perceived that water and gas based dielectrics could take over oil-based fluids in die sink
applications. Novel technological advances in dry EDM machining processes, which deliberate the
relatively advanced stage of a technology in to the area of academic and industrial research is briefly
reviewed. An outline of the prospective trend of reviewing is intimate in the last fragment.
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Rozwdj zaawansowanych i ekologicznych metod ciecia elektroerozyjnego EDM

Streszczenie

Proces ciecia elektroerozyjnego (EDM) jest stosowany w obrébce materiatbw o duzej twardosci.
Umozliwia przecinanie elementéw o ztozonym ksztatcie. Materiat w procesie EDM jest usuwany
w wyniku jego erozji spowodowanej wytadowaniami elektrycznymi pomiedzy elektroda robocza
i przedmiotem obrabianym zanurzonym w ciektym dielektryku — oleju weglowodorowym. Czynnik
izolujacy jest czesta przyczyna naglego przerywania procesu ciecia. Stad konieczno$¢ prowadzenia
badan dla opracowanych dielektrykéw umozliwiajacych prowadzenie procesu w sposob ciagty.
W pracy przedstawiono ogolna charakterystyke procesu EDM poddanego modyfikacji. Olej weglo-
wodorowy zastapiono lub catkowicie usunieto z procesu ciecia. Scharakteryzowano proces ciecia
elektroerozyjnego na sucho (Dry-EDM), proces zblizony do suchego (Near-Dry EDM) i proces ciecia w
wodzie. Przewiduje sig, ze zastapienie oleju woda lub gazami cechujacymi sie dobrymi wtasciwosciami
dielektrycznymi umozliwi uzyskanie parametrow procesu ciecia zapewniajacych bezawaryjna i ciagta
prace urzadzenia EDM. Przedstawiono zaawansowana metode ciecia elektroerozyjnego, bez
koniecznosci stosowania czynnika ciektego. Jest to metoda przyjazna dla $rodowiska, obecnie
opracowywana w wielu instytutach badawczych dla zastosowania w praktyce przemystowej.

Stowa kluczowe: proces ciecia elektroerozyjnego EDM, proces suchy EDM, proces potsuchy EDM
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1. Introduction

Electrical discharge machining (EDM) is most widely usedn-no
conventional material removal processes. Often find application
manufacturing of mould, die, automotive, aerospace and surgical comgdhent
has a special power to utilize thermal energy to macHewrieal conductive
parts of high hardness [1]. EDM eradicates problems of meciastiesses,
chatter and vibration while machining, as it does not maketdimaact with
the electrodeand the work piece [2]. EDM has considerable superiority over
conventional machining in relation to manipulating workpiece of hattrials
and complex shapes [3, 4]. Nevertheless, there is an abundahegriobtions,
as it amalgamates environment pollution and being detrimintak cognitive
process [5]. EDM operations extensively use kerosene-basedtrieliegid.

So, for the perseverance and the competency of the EDM processsd of
liquid is pivotal because liquid effectively provides a coolingdium in a
discharge gap, thereby provide significant roles during mateeaioval
mechanism [6-9]. During the EDM process, coal oil-based digtetitjuid
decomposes and produce vapor, which is harmful to the operator [10].
Nevertheless, when hydrocarbon oil is used, health, safety andvinenenent
become important aspects [11]. Present research focus ommleest of no-
polluting technique, which prote¢the environmentind facilitate substantial
high MRR, low TWR, surfaces accuracy and minimum roughness values [12]

2. Dry EDM Machining

In 1985 Ramani and Cassidenti, noted in a short technical papéh®s,
use of gas based EDM (Fig. 1). Argon or helium gas was appliedligectric
for drilling a hole by a tubular copper electrode [13]. Howewer,1997
Kuniedaand Yoshida proposed new machining method known as EDM in gas.
They propose to decrease pollution by using gas rather than rkkerbased
dielectrics. Afterwards, it is being studied as method of good prospects [14].

gas channel
tube electrode
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products
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workpiece

Fig. 1. The principle of dry EDM process, based1#j
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To diminish the pollution and production of vapor during EDM machining
using liquid dielectric, the EDM usual procedure was further gsmzk In dry
EDM, compressed, gas or air passes through a thin walled tubpdarwhere
compressed gas cools the inter electrode gap and thus getsleidrisffrom the
gas [14, 15].

Still, Dry EDM is considered as an environmentally benefitgahnique
because of the absence of mineral oil-based liquid dielecamc
environmentally harmful oil-based dielectric wastes are ns¢daiLikewise, the
procedure does not pose a health hazard since toxic fumes arenaciteg
during machining. Additionally, absence of mineral oil-based diébsctr
drastically reduce fire hazards during the procedure. Mkedly)i advantages of
Dry EDM process are negligible tool wear, low residual seesand higher
precision. For machine makers and machine users, practicatajmpli of the
Dry EDM process endeavor many advantages like simplicity achine
building, since does not require sophisticated and spacious diet@attitation
and cooling scheme, which contributes to manufacturing and nhapeice
reductions. Considering concrete benefits of dry machining prexegs shown
in Fig. 2, firms and researchers involved in the evolution aftreledischarge
machining primarily aiming towards minimizing the use of hydrocarbon
dielectric fluids, either by replacing with gas, pure watemater-emulsion
solutions [16]. Although method is really encouraging, but need$iefunbre,
exhaustive investigation before it can see widespread afphice an industrial
scale.

Environmentally Manufacturing
Conscious Process
Manufacturing Cost Reducing
Dry EDM
Simplification of Improvement Decreased
Machine Tool of Performance Dielectric Medium
Structure Characteristics Costs

Fig. 2. Advantages of dry electro discharge madgrocess, based on [16]
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3. Systematic investigation of thedry EDM process

3.1. Factorsfor systemic of thedry EDM process

An organized investigation of dry EDM is necessary for im&ggtion to
the process, with some fundamental input as well as outgot$a&rom Fig. 3,
it can be seen that, some of the inputs factors consider acbahecteristics of
the dielectric fluid, in particular, electrical paramisteand machining
parameters. For output parameters, the underlying factorsatezial removal
rate; tool wear rate, the surface roughness, the wholeness sfirfaees and
pollution propagated by the procedure.

Input Parameters Optimizer Parameters
The Dielectric Fluid Compressed Air /Gas
= Output parameters
Properties: e Electrode
e Electrical
L Wear Rate
conductivity . Material
« Dielectric strength Removal Rate
» Dynamic viscosity .« Surface
* Thermal Roughness
c_onductlvny ‘ ‘ * Integrity of
Electric Parameters The Finish
» Gap voltage Surface
. ]
« Discharge current Drv EDM e The Level of
¢ Pulse interval 4 Pollution
¢ Pulse duration Generated
Other Parameters Burlng
¢ Gap distance rocesses
* Pressure of the Perturbing Parameters
dielectric fluid « The Extern Vibrations
¢ Polarity of the System
¢ Electrode rotary * The Ambient

Fig. 3. Factors for systemic analysis of the DryMEProcess, based on [17]

This paper focused on recent research initiatives carriedyorgsearchers
relevant to environmental aspects thereafter predicting EDNbrpsnce by
using modeling technique. The specific topic now foresees woriedarut by
researchers and aftermath of research. Development in dry EPMsSented in
following divisions based on the (1) Metal removal rate and Taarwate (2)
Surface roughness and over cut (3) Surface Integrity and (dktbreugh
techniques.
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3.2. Metal removal rate and tool wear rate

Kunieda et al. [14] in 1991 demonstrated new machining method to
enhance EDM performance by accumulation of oxygen gas in a discharge gap. It
is found that metal removal (MRR) gets increased due todbarrence of more
frequent discharge and enlarged discharge carter. Funhed9v Kunieda et al.
[15] find that the removal of molten and evaporated work piederiabgets
increased by using compressed gas flow through a pipe tootodiectThe
removed material solidifies and does not remain attached #iergrfoil of the
work piece as well as a tool electrode because applicatioheofds flow.
Findings suggest that a 3 D shape can be machined by using tfmINg2th.
Yoshida and Kunieda [18] in 1999 studied tool wear in dry EDM and rare o
view that TWR is very negligible for most of the pulse diora This is only
because of molten work piece material associated withawodl protects tool
wear. Zhan Bo et al. [19] studied the effect of process paresnaied
investigated the possibility of 3D surface machining in dry EOMey found
that tool wear increases slightly on rotational speed incredghen pulse
duration is 25um, optimum combination between depths of cut and gas pressure
result in maximum MRR and minimum tool wear. Yu et al. [20Fistigated the
effectiveness of the dry EDM method in the machining of cemerdeuide.
High-velocity oxygen gas was applied as the dielectric. Fyrttier EDM
performance was compared to oil EDM and oil EDM milling. The ifigd
indicates that dry EDM, milling produces the smallest formiatmn due to a
very low tool wear ratio. The machining speed in dry EDM is hidthan for oil
milling, EDM but lower than the oil die-sinking EDM. Zhang et @1, 22]
stated that EDM efficiency gets increased by using ultrasghiations in gas
mediums. Results indicated that, open voltage, pulse duration, thitualenuif
ultrasonic actuation, the discharge current, and the lessafindpe wall
thickness of electrode pipe are the significant factoirforeasing the material
removal rate. Besliu et al. [12] studied dry EDM and perforragperiments
using liquid as well as the compressed air dielectric. Resluttaed that in the
dry EDM process, electrode tool wear is better than viaél Eluring particular
operating conditions. Saha and Choudhury [23] studied dry electrizddaige
machining and performed a parametric analysis with tubulartredisc
Experiments were implemented by utilizing air as the dietecBischarges
current, pulses on time, duty cycle, gap voltage, air pressure amtlesppeed
were the controllable process variables. Result showctmegnt, duty factor, air
pressure; spindle speed was the significant factor effeddRR. It also
indicated that, TWR is independent of input parameters and increlagiaty.
Xu et al. [24] used tool electrode ultrasonic vibrationistad electrical
discharge machining in the gas mediums. They studied; EDM miaglof the
cemented carbides workpiece and MRR obtained in EDM in gaselsas
ultrasonic vibration assisted gas medium. The finding sugdestdy applying
ultrasonic vibration, material removal rate increaseatyyrelt further suggests
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that in case of ultrasonic vibration assisted machining fearacular discharge
pulse-on time MRR was found substantially higher. Puthumana and 26%hi [
used electrodes having peripheral slots for efficient debsposgal and to
enhance the MRR; peripheral slots accommodate more space flowhef
dielectric. The analysis of the results indicated thischarge current, gap
voltage, rotational speed and pulse of time were the signififactors affecting
the metal removal rate in the dry EDM process. In addition, theotislotted
electrodes significantly reduced the attachment of debris garticom the
electrodes, and the electrode wear rate. Kunieda et alinipgpved dry EDM
machining performance by controlling the gap distance, using pienoele
actuators. A simulator was used to study the effects of #moglectric actuator
on metal removal rate and machining stability of dry EDM. Rettlal. [27]
analyze the significance of oxidizing gas on the stabditya dry electrical
discharge machining process. Finding suggested that the matenaval rate
minutely affected by high-temperature energy from the oxidaénd that the
main difference between oxygen and less oxidizing gases is te apirin
different stability and time efficiency to the operation. Retlal. [28] in another
research studied the material removal rate and breakdown beHavilog the
process for different tool electrode and workpiece materiate finding
suggests that the discharge behavior had a prerogative on tahraimoval
rate on the workpiece material. Joshi et al. [29] invastid) material removal
rate in dry electrical discharge drilling. Final resuitdicated that the material
removal rate significantly influenced by discharge currenp galtage and
rotational velocity. In most of the experiments, TWR found almesb.ZThey
analyzed wear characteristic of a single discharge fordgtEDM process and
conventional liquid dielectric EDM process. The outcome shows ldnger
MRR and crater radius obtained at low discharge energiea,diogle discharge
in dry EDM as compared to that of traditional liquid dielectric EDM.

3.3. Polarity, overcut and surface roughness

Recently, Li et al. [30] suggested that to constrain dischagjets to
dissipate in the gap a fixed gas pressure was a prerequisitensolidate
deionization in dry EDM. To confirm the machining process stsadiathe
spark discharge state. It was recommended that positive padlaiie used in
dry EDM since electrodes manipulates prominent roles inistmil and
ionization. Zhang et al. [22] used ultrasonic to improve the effoy in
electrical discharge machining (EDM) in a gas mediums. T{peremental
results indicated that, the surface roughness was increaedegpect to the
growth of the open voltage, the pulse duration, and the arc currdw.s%d
Choudhury [23] studied dry electrical discharge machining antbrpeed a
parametric analysis with tubular electrode. Outcomes showcthregnt, duty
factor, air pressure; spindle speed was the prominent faifemtiag surface
roughness. Zhang et al. [31] performed experiments to get a moestirtate
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roughness of the completed surface. Results showed that suniagieness
increases for increase of gap voltage, discharge current and pulsendurat
Curodeau et al. [32] and Joshi [33] performed automated polishinglof too
cavity using thermoplastic electrode and air as a dieled®&sults showed
surface finish improved from 44 Ra to 36y Ra. Besliu et al. [12] studied dry
electrical discharge machining and find that the errors o€iticelar shape in a
cross section through the hole may be reduced by rotation of the electrode tool.

Fig. 4 Hole obtained using the liquid as dielectric {ddje
obtained using air as dielectric method (b), basefil2]

During experiments liquid and the compressed air are usedveorking
fluid. Results as shown in Fig. 4 indicated that for consideopgrating
conditions the quality of the surface is better when air is used as a wibtkihg

3.4. Surface Integrity and Modeling Techniques

Domenico Umbrello [34] performed experiments to analyze formatbns
white layers during machining of hardened AISI 52100 steel undeamily
cryogenic cooling conditions. They found that white layer is ghrtiaduced or
can be eliminated for the certain process parameters godeoic cooling
condition. Govindan and Joshi [35] presented an analysis of microscoack
machined surfaces in dry EDM and investigated the effect cEpsoparameters
on crack formation using the observations under SEM. Finding sudghasthe
micro-crack formation is best interpreted in terms of ayerarack length.
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Analysis of the results shows that the pulse off-time, disehargrent, gap
voltage and electrode rotation speed significantly affecavieeage crack length
in both wall and bottom regions of the machined hole. A comparisenaok
formation with the liquid dielectric EDM shows that the dg&esiof micro-
cracks and average lengths were lower in case of dry EDiMholiei and Baseri
[36] used back propagation neural network model to correlate thésiapd
outputs of the dry EDM process. Gap voltage, pulse current, puls@menduty
factor, air intake pressure and rotational speed of theddopted as an input
factor, and material removal rate and surface roughness aspantsbfactors. In
optimization stage, single objective optimization was performed tonlieie the
optimal factors related to each production. In order to detertfiaebest
solutions for higher metal removal rate and lower surfacghness, a multi-
objective optimization was applied. They indicate that a ptigdicnodel can be
applied to calculate the dry EDM process effectivelyuitifer advises that the
ABC algorithm for can also used for the optimal solution setsalfgkak and
Kozak [17] presented results of simulation and mathematical Imgdef the
material removal rate of electro discharge milling process with cessed air as
a dielectric. The finding hints that in case of DEDM millingthathin layers the
problem of particles attaching the electrode is negligiblegh@aselimination of
the atoms from the working gap is relatively soft. They sagthat, in case of
machining at the micro-scale DEDM milling process is moefuishan EDM,
milling in kerosene, since the tool wear ratio is more peetiscase DEDM
milling process.

3.5. Innovative techniquesto improve dry machining process

3.5.1. Dry ultrasonic vibration, electrical discharge

Zhang et al. [22] proposed a new advanced method which is experienced as
an ultrasonic vibration, electrical discharge (UEDM) maicignin gas. The
finding indicates that the enhancement of metal removal rate is therdase in
open voltage, pulse duration, amplitude of ultrasonic vibration andadbecc#
wall thickness of the tube. They further suggested that MRJRtrbie raised by
using oxygen gas rather than air as a dielectric. In ordierxctease the MRR,
they introduced the concept of ultrasonic vibration [21]. In other research, Zhang
et al. [22] find that for same surface roughness, MRR with BBM in gas is
less than the conventional EDM but nearly two times than EDM in gas.

3.5.2. Dry EDM, milling

Kunieda et al. [37] proposed the Dry EDM, milling technique tprome
the dry EDM performance. Results show that the metal remmtal of
quenched steel obtained by dry EDM, milling was approximately equal to that of
high-speed milling. Skrabalak et al. [38] represent the resultedfubject areas
in the field of dry electro discharge machining. The papeemoeomparison,
and influence on machining performance, of gas supply method: through
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electrode and from outside of the electrode, influence of gasupee$®w rate
and rotational speed of the electrode. Results suggested EMAf i&illing
process with air and sulfur hexafluoride is very effectoremicro machining of
complex cavities and shapes, and due to the negligible tool \atay this
process is more precise than EDM milling in kerosene.

3.5.3. Near dry EDM process

Hu et al. [39] investigated the near dry milling electrichécharge
machining (EDM) for the post-processing operation of Satallitg/s. Findings
indicate that the machining performance is powerfully #@dy discharge
peak current rather than the other ingredients. They furthegesteyl that,
higher discharge current causeed a higher MRR, lower TWRiighdr surface
roughness. Kao et al. [40] investigated the near dry electdsaharge
machining (EDM) process using a mixture of water and airhasdielectric
fluid. They evoke that for less debris deposition and higherriaatemoval
rate; a keener cutting edge may be practiced. At low digehemergy near dry
EDM has a higher material removal rate and brings forthaller gap distance
as compared to wet EDM. They produced a mathematical model edaterthe
water—air mixture’'s dielectric strength and viscosity t® thap distance
conceited than the gap distance consists of the discharge diatatheceaterial
removal depth. Tao et al. [41] investigated a near-dry EDMingimethod to
obtain a mirror-like surface finish (Fig. 5). In this methodyuid-gas mist
mixture as the dielectric delivered through a rotating tubellectrode. Results
show that at the low discharge energy input near-dry EDM exhijuitsd
machining stability and smooth surface finish. It was indicéted the surface
finish is expected to be further thinned out in near-dr\WHEDY reducing, the
pulse duration.

Fig. 5. lllustration of the mirror-like machinedrface, based on [41]

Tao et al. [42] further investigated the dry and near-drytrétat discharge
machining (EDM) milling for a superior surface finish fooughing and
finishing operations in order to attain a high material retnmate (MRR). For
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high MRR oxygen gas and copper, electrode is selected in cdsgBDM and
in case of near-dry EDM the nitrogen-water mixture and graglétetrode for
fine surface finish. Near-dry EDM exhibits the advantage addgmachining
stability and surface finish at the lowest dischargegniput. To improve the
surface finish in near-dry EDM Lower pulse duration and minor digeha
current are diagnosed as key factors.

3.5.4 Using pulsating magnetic field

S. Joshi et al. [33] proposed a hybrid dry EDM process for awipg
process performance, process was implemented in a pulsatingtivdggie

(Fig. 6).

Fig. 6. Schematic of pulsating electromagnetidfigbplication, based on [33]

In this work, the pulsating magnetic field was applied tanget the
electric field for increasing the movement of electrons #mel stage of
ionization in the plasm. It was found that the application efrttagnetic-field
induces a higher transfer of thermal energy to the workpieence melting and
material removal rate in dry EDM is improved considerabblu$ns proved
that by application of magnetic field metal removal rate imed by 130% and
almost zero tool wear when compared to the dry EDM process witheu
magnetic domain. The scanning electron microscopy (SEM) wasedpiali
illustrate improvements in surface quality.

3.5.5. Using two generator modes

Liguing et al.[43] employ the ISO-frequency mode and the ISGsgul
mode to investigate the machining operations oftlDM. Results indicate
that the metal removal rate and surface roughness value usii@tieequency
mode or higher than that of the 1SO-pulse mode in dry EDM. Undeisthe
pulse mode, MRR and SR present an approximately linear iecreitls an
increase with the pulse width. It was discovered that a hghuéncy and
narrow pulse generator with a high opening voltage might babdeifor dry
EDM under a certain circumstance.
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3.5.6. Approach for gap control and prevent leakage
of dielectric mist from the electrode

Fujiki et al. [44]suggested a hew gap control approach for five-axis milling
using near-dry EDM. This new gap controller enables the elitio retract it
in the way of its orientation and causes a more efficient garaent of the
discharge gap leading to faster recovery of average gapgeolWhen the
electrode retracted in its axial direction, EDM performance wgsroved.
Although on that, point was no improvement in the tool electrode raéa and
surface roughness, but material removal rates increased by 3herH-ujiki
et al. [45] proposed another scheme to prevent leakage le€tdie mist from
the tubular electrode it was dissimilar from the conventiendlmilling process
due to the difference in material removal mechanism. Theyegkrelations for
tool positions and orientations to engage the electrode into thiepiece,
machining of workpiece edge, minimum lead angle to machine adsuwface,
and minimum and maximum path interval in order to prevent thelezkage
from the tubular electrode. This written report also discotherts due to the tool
wear and crowning of an electrode tips; it is difficult tewately define the
minimum path interval which will cause the mist leakage.

3.5.7. Using cryogenically cooled wor kpieces

Liquing et al. [46] proposed two new dry EDM techniques, namely axyge
mixed dry EDM and dry EDM with cryogenically cooled workpieoggh the
aim of increasing MRR and surface integrity. The resultcatdian increment
in the MRR for both the oxygen-mixed EDM and the cryogenically ezbol
workpiece technique. It was found that surface roughness valusmaker in
case of a cryogenically cooled electrode (Fig. 7). However, emygixed air
achieved a high MRR, and that MRR increases with oxygen cdntartivo-gas
mixing.

Fig. 7. Surface topography comparison of uncooteti@oled workpieces:
a) uncooled, b) cooled, based on [46]
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Dry EDM with cryogenically cooled workpiece was also reedrdo
ameliorate both the MRR and SR at the chosen experimental ioosditThe
MRR was improved nearly 30-50%, and SR approximately 1 to 10% wdadr
could be achieved with uncooled pieces. An enhanced ejection o$ delbinis
approach was suspected to be the main reason for the improveovents
uncooled EDM experiments.

3.5.8. Nanoscale electro-machining (EM)

Malshe et al. [47] give an experimental investigation anthelation of a
novel technique of nanoscale electro-machining (EM) in theogheric air,
named dry nano-EM, by using scanning tunneling microscopy (STM) as the
platform for nanomachining. Established on the reflections, thesaled that
field-induced evaporation due to intense heat generated at theidthpismhe
primary mechanism of material removal in dry nano-EM. The exjeerial
results prove that dry nano-EM is capable of fabricating stersi nano-features
with good repeatability, and the mass of material removag¢ases significantly
almost linearly with increasing number of features machined aachining
time, indicating the consistency in the proportions of the nanarf=atFurther,
Malshe et al. [48] introduced a comparative work between thendedry nano-
EM processes based on process mechanism, machining performance,
consistency and dimensional repeatability of these two procedregas
reported that the material removal mechanism of wet n&dhavEs associated
with field emission-assisted avalanche in nano-confined liqdilectric,
whereas, the material removal mechanism in dry nano-EM ss&xiated with
field-induced evaporation of material. The differences alsoe wlscovered
during the machining operation, proportions of the machined feaamds
repeatability of the nanoscale machined features. The self-tipestiag process
with the continuation of machining had added several advantagé#rty hano-
EM over wet nano-EM in terms of dimensions of the nanoscaleirésa
repeatability and machining performance. Zhang et al. [49] proposedepow
mixed nano-dry EDM (PMND-EDM) method to improve MRR effectiv@ne
Outcomes indicate that in PMND-EDM, MRR was influenced by meakent,
pulse on time, pulse of time, flow rate, powder concentration, rtational
speed, and air pressure. Further orthogonal experiment revagfsetk current,
pulse on time, and flow rate caused an important influence on MRR.

4. Use of water based dielectric for EDM

Comprehensive explorations of the published research paper orietla# ro
water-based dielectrics for the concluding 30 years areedsur the next
departments:
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4.1. Effect of water based dielectric on productivity

The metal removal rate and electrode wear is lower in chseater as
a dielectric as compared to hydrocarbon oil as a dielectuieirsinking EDM
[50]. Use of deionized water or even tap water may resutigher levels of
material removal rate in some special cases like when éliegsode at negative
polarity is used. Erden and Temel [51] showed that machining @l ste
workpieces with a negative brass electrode in deionised weselting a higher
material removal rate and lower electrode wear, when compgheedsame
operation in hydrocarbon oil. Jaswani [52] investigated the peafaces of
kerosene, distilled water, and found that when high pulse energyuseas
machining in distilled water resulted in a lower tool wear aridgher material
removal rate than in kerosene oil. It was, likewise, notetwtih distilled water
surface, finish was better, although the machining accuracyweas Jilani and
Pandey [53] reported that with the tap water superlativehmiag rates may
obtaine, an almost zero TWR may be achieved when copperithahegative
polarities is used while machining in water. For surface rougimaeging from
40 to 60um, the public presentation of tap water was better than édktilter
and hydrocarbon olil, for pulse durations less thanus00

To raise the effectiveness of deionised water some aushgested to
mixed organic compounds such as ethylene glycol, glycerin, polyethylm gl
200, polyethylene glycol 400, polyethylene glycol 600, dextrose and suorose
deionised water. Koenig and Joerres [54] found that when formitig lang
pulse durations, high pulse duty factors and discharge -currentsly hig
concentrated aqueous glycerin solution has an advantage as edntpar
hydrocarbon dielectrics. Highly concentrated aqueous glycerin solutitn w
graphite electrodes when compared with hydrocarbon oil resulted Ierhig
material removal (40%) and lower tool wear (90%). Konigle{55] reported
that working mediums had a considerable significance for thal manoval
process. Under critical conditions, the erosion process in which isaised as
a dielectric possesses higher thermal stability and mudtehjgpwer allowing
much larger gains in the MRR.

Konig et al. [56] most recently reported that for roughing angHing
machining operation water-based dielectrics with a glycerireinaglation
ranging from 50 to 60% are suitable for machining of large areaisasuforging
dies and an enhancement in the metal removal rate, approxirh@@8ty can be
accomplished. Masuzawa et al. [57, 58] reported that for ar bethterial
removal rate, dielectric containing an organic compound having larger molecula
weights was preferred. Results suggest the possibility d¥areced
uninflammable for dielectric for EDM by introducing an orgasmlution in
water. Machining characteristics of polyethylene glycolsthwivater is
competitive with conventional EDM oil.

Liu et al [59] used an oxygen-mixed water-in-oil emulsion as takedtic
in die-sinking electrical discharge machining. Results shotlvatl by mixing
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oxygen into the water-in-oil emulsion the material removaé raproved
highly, and the relative electrode wear ratio reduced significalt was,
likewise, reported that with this oxygen-assisted machinin@padetrecast layer
was much flimsier. Further, Liu at al. [60] proposed water lirmiulsion as the
operating fluid. Statistical analysis to the results shdwas discharges current
and water content of the emulsion significantly influenced rtechining
performance of sinkingEDM. It was noted that both MRR and EWR decrease
with increasing temperature of the emulsion. Results sughtsiewater in oil
emulsion can be used as the working fluid of sinking EDM areViatied the
environmental impact on the operation. Medellin et al. [61] peddrran
experiment using different types of water (tap water, deionizatkryvand
mixtures of tap and deionized water) to evaluate the EDM peaforenof D2
tool steel. The results showed that with a mixture of 75 get tap water, and
25 percent deionized water as the dielectric, the maximunrialaemoval rate
(MRR) and the minimum tool wear rate (TWR), is achieved wliie inferior
out- comes are recited when deionized water is used as the dielectric.

For economic and ecological prospective commercial water-bésets
like Elbolub, Vitol QL and lonorex 500 plus are used in the production of
moulds and dies. Dunnebacke [62] reported that in roughing operationsaimateri
removal rate achieved with Elbolub has been 2-three timesrhilgae that
achieved with hydrocarbon oil. It was also reported that fqulgta electrodes,
using Elbolub as the dielectric material removal rate gh, but had higher
wear than that seen when machining with oil. Dewes e63].ifivestigated the
operation of different dielectrics on the EDM of Inconel 718 mpbrted that
deionize water had a lowest material removal rate. lonorexB&1B0 had a
similar removal rate, but BP180 had a higher value of relatecrede wear.
Karasawa and Kunieda [64] have compared the effect of useefjet, and
submerging the workpiece and the electrode into the dielectric tany,water-
based dielectric Sodick VITOL-QL. The result showed that tuebetter
flushing conditions; the material removal rate obtained with thegstideas 20%
higher than that of the submerged method.

4.2. Effects of water based dielectrics on surfaceintegrity

Appearance and surface roughness of the machined workpiece wath wa
based dielectrics and hydrocarbon oil are rather dissimilar. Reiomater
usually has oxides on the machined surfaces and lower values fatesur
roughness while hydrocarbon oil has a contaminated appearance iitim ca
atoms inside the craters [51, 54, and 58].

Pillans et al. [65] reported that metallurgical altenasi and alterations in
the mechanical properties of the workpiece occurred. Since Epatks
temperatures range from 9000 to 30 000 K during the machine gratith¢hey
depend upon the type of dielectric used, i.e., 20 850 K for wattd@d 175 K
for hydrocarbon oil. There are two distinct layers: the wbiteecast layer and
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the heat-affected zone at the surface of workpiece machinE®Dbly[66]. The
formation of the two layers and the related mechanical propeatépend upon
the type of the dielectric used. Since chemical compositions tiagminal
conductivities of water-based dielectrics and hydrocarbon avis different.
Kruth et al. [67] reported that the white layers of C 35Idtad a carbon about
four times more than the base material when machined in a hyobocail
while; carbon content decreases nearly 50% of the base rhateeia machined
in deionised water. Ogata and Mukoyama [68] carburization occuardfei
white layer of the workpiece when it was machined with hydtmradielectric
and decarburization of the white layer happened when workpiecenaasned
with deionised water. The regions of carburization were stspedue to
thermal decay of the carbon of hydrocarbon oil, resulting in a higher
concentration of carbon along the airfoil of the white layer. ablmarization
happened when the carbon content of the white layer decreaseaethanism
of decarburization is associated with binding of carbon from wedepwith
hydrogen and oxygen of deionised water. Kruth et al. [67] disdlosg
numbers of gaps in the white layer of pieces of steel workprexsined with
water are less than the steel workpiece machined with dille\MChen et al.
[69] proved that when the workpiece of Ti—6Al-4V machined wigiodized
water, it was observed a bigger number of gaps along the blagk Egpdings
suggest that, presence of micro-cracks in the white layeealses the fatigue
strength of the machined components. Kranz et al. [70] performedragpéal
investigations with commercial water-based dielectric, Eibol and a
hydrocarbon oil as dielectrics and different tool steels asr&piece to study
the relation between the microstructure of the surface ,laged the
corresponding toughness of workpiece machined. Results suggesrthighf
strength steels when machined with water-based dielectmespstructure
combined with cracks, causes a loss of toughness, while machinowes
strength steels there were no significant changes in toughness.

Referable to the thermal decay of the dielectric the EDMga®generates
gases and exhaust. It was observed that deionized water probdecesvést
measure of harmful substances, although benzopyrene and benzene a
considered as carcinogenic [12]. Still, some researchers [71ugg@ésted that
concentrations of both chemicals are more down for the maxiailowable
value which is much less hazardous to the operator and to the environment.

Conclusions and future Scope

Later a comprehensive exploration of the published researatr, pdye
conclusions drawn are:

* Most of the published work focuses on material removal raté viear
rate, and surface finish. Further study should concentrate modevahoping
dry EDM as a precision machining operation. For which supplemenniiting
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material removal rate, tool wear rate and surface hjn@her performance
variables such as over-cut, process repeatability is also needed.

* In most of the dry-EDM process, either air or oxygen is use@ as
dielectric. Further work may explore the purpose of nitrogerirsatt gases as a
dielectric. Nitrogen might be helpful if surface treatmesush as nitriding are
required as post-machining. However, helium has a relatively kigh-heat
capacity and may provide better performance in terms of precision of the cut

* Not a lot study has been taken out in terms of applications dECN
process in micromachining, apart from drilling deep holes agjwic of DEDM
in macro-scales is much restricted. Further research \sarkcessitated at the
micro-level to make dry electric discharge micro machining feasibl

* Hybrid micromachining has a capability to incorporate the mylita
posture and the weakness of different operations; a newer hybrid
micromachining technology is pivotal to rectify various drawkatkced in
conventional as well as gas based EDM process.

» The development of dry and near-dry EDM technique focused much on to
increase the MRR since the MRR is lower compared to conventiDi
machining. Very few studies reported surface integrity othimed parts. In
summation, an analysis and quantification of other features on Dije#
surface such as porosities, dimples and river lines andti@ahinodeling of the
phenomenon of crack formation on dry EDMed surfaces all needes takén
as a fruitful future work.

 Current literature is deficient relative to theoreticadeling and process
simulation, such as finite-element analysis in dry EDM. In otdeanalyze the
effect of the gaseous dielectric existing oil EDM theory antukition models
may be modified. From literature review, it was observed thi@ltthe date, no
work reported on modeling and optimization using a hybrid approach irotase
dry EDM machining. In order to understand the fluid dynamics of thleatric
gas flow through the inter-electrode gap and its effect opeaince of process
further work are much required.

* Very few works reported dry EDM, milling process. So Dry NED
milling characteristics may be investigated by implementXgr table
movement. Complex two or two and a half dimensional parts mayabkined
using the dry EDM milling process. Future research intmfdio MRR, the
stability, surface integrity and accuracy of the millingggass all need to be
reconsidered. Prosepective research should be focused througle tbe o
discharge energy in case of near-dry EDM to generate fine surfeste fini

* Most of the literatures reported uses of alloy steel as thkprece, while
less studies were carried out on SIiC andOAlreinforced metal matrix
composites. Limited work has been reported on electro-condumnamic and
other MMCs types, the use of pure water or water emulsiordadegtric fluid
for machining metal matrix composite (MMC).



Review on recent development... 33

* Individual work is reported on the utilization of powder mixed negr dr
EDM, powders like manganese, chromium, molybdenum, and vanadium may be
examined in case of near dry EDM process.

* Most research work centered on a non-electrical parametertdidé
rotation and flushing pressure, whereas limited works had been reported on work
piece rotation and oscillation. Few subjects have found aitesan mechanical
properties of dry and near dry-EDM work component. Cryogenicaibfed
work pieces, also witnessed one-study. Future investigations cmasider
cryogenically cooled tool, machining parameters, and optimal enjog
temperature, among others, as far as EDM machining performance is seen.

» The scanning tunneling microscope platform and pulse generator can
collaborate for successful nano-EDM of harder materialv@n @ metal matrix
composite.

* Under specific machining conditions, a mixture of gases andniorga
deionize water may make a higher material removal hate hydrocarbon oil.

This particular approach needs further investigations efore initiating
commercial use.
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