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Preface

With emerging trends toward miniaturization and developments in the areas of
micro- and nanotechnologies, it has become more important to machine micro- and
nanoscale features in functional and difficult-to-cut materials. Micro-electrical dis-
charge machining (micro-EDM) is an important and cost-effective manufacturing
process for machining electrically conductive materials irrespective of their hard-
ness. The applications of micro-EDM not are just limited to the machining of hard
materials, but also cover the production of difficult-to-make microstructures for
micromolds, fuel injection nozzles, spinneret holes for synthetic fibers, electronic
and optical devices, micromechatronic actuator parts and microtools for producing
these devices, etc. The application of micro-EDM has been extended to various
industries including automotive, aerospace, biomedical, and semiconductor.
Although the working principle of micro-EDM is fundamentally the same as the
conventional macro-scale EDM process, many distinctive features have made
micro-EDM an independent micromachining process. The micro-EDM process
differs from the conventional macro-EDM process in terms of the size of the tool
used, in situ fabrication methods of microsized tools, design and development of
pulse generators for supplying controlled discharge energy, movement resolution of
machine tools’ axes, sparking and gap control phenomena, and type of dielectric
flushing techniques. The micro-EDM process can be considered as a flexible man-
ufacturing process, allowing a variation in the process mechanism and tooling based
on the application needs. The most common varieties of micro-EDM are found to be
die-sinking micro-EDM, micro-wire EDM (micro-WEDM), micro-EDM drilling,
micro-EDM milling, block micro-EDM, micro-electrical-discharge grinding
(micro-EDG), and so on. In addition, there has been a significant amount of research
on the development of sequential and hybrid micromachining processes based on
micro-EDM for improving the capability of micro-EDM.

This book provides a comprehensive reference for the micro-EDM process, its
varieties, technologies, and applications. This book aims to include extensive
state-of-the-art research on micro-EDM in a comprehensive collection, which is
currently available in journal articles, conference proceedings, and in the form of
chapters. The goal is to provide a complete reference to the undergraduate and
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graduate students, as well as researchers, educators, and industry personnel working
on the micro-EDM area. This book can be used as a reference material for MS and
Ph.D. students. In addition, this book can serve as an important reference for
students, researchers, engineers, educators, and industry professionals carrying out
research on micro-EDM- and micro-EDM-based sequential and hybrid machining
process. Altogether, this book contains 13 chapters considering all the major
aspects of micro-EDM to make it a more valuable source of knowledge to all.

Chapter 1 of the book provides a concise overview of the most common variety
of the micro-EDM process, named micro-EDM drilling. The chapter discusses the
working principle of the micro-EDM drilling process, provides an overview of the
operating and performance parameters, and discusses important applications of the
micro-EDM drilling in various difficult-to-cut materials such as nickel alloys,
titanium alloys, and hardened steels. Chapter 2 focuses on another variety of the
micro-EDM process, named micro-EDM milling. The chapter discusses the
working principle of the micro-EDM milling process, techniques of tool fabrication
for using in micro-EDM milling, analysis of tool wear and wear compensation in
micro-EDM milling, and the applications of micro-EDM milling. Chapter 3
introduces a novel variation of micro-EDM, named micro-electrical-discharge
slotting (MEDS). In the chapter, a new microelectrode fabrication technique named
foil as a tool electrode has been discussed in addition to the effect of various
machining parameters on the MEDS process. Chapter 4 discusses one of the most
common micro-EDM processes, named micro-WEDM. The chapter provides an
overview of the micro-WEDM process including process mechanism, system
components, parameters, variants, and applications of the micro-WEDM process.
Chapter 5 discusses the reverse micro-EDM process, which is mainly used to
fabricate high-aspect-ratio micro-electrodes for machining arrays of microholes
using micro-EDM drilling. The chapter also discusses the effect of applying
vibration to the tool electrode on the accuracy of the fabricated micro-electrodes
and process stability during the reverse micro-EDM. Chapter 6 presents the effect of
various dielectric fluids on the micro-EDM performance. The chapter discusses the
state-of-the-art research works on the application of various dielectric fluids in
micro-EDM, including liquid-based dielectrics such as hydrocarbon oil and
deionized water and gaseous dielectrics such as oxygen, air, helium, and argon.
Chapter 7 discusses a micro-EDM-based hybrid machining process, named
powder-mixed micro-EDM. The chapter discusses the effect of powder-suspended
dielectric on the surface roughness, material removal rate, and tool wear. Chapter 8
discusses another hybrid process, named vibration-assisted micro-EDM. The
chapter includes a discussion on how the assistance of workpiece and/or tool
vibration can improve the machining stability and, hence, micro-EDM perfor-
mance, by effective debris removal. Chapter 9 focuses on tool wear during
machining, which is one of the most important issues in micro-EDM. The chapter
discusses various tool wear compensation methods developed by researchers to
minimize the negative effect of tool wear by compensating the wear during
machining. Chapter 10 presents a concise overview of various sequential micro-EDM
processes reported in the literature along with the application of each process.

vi Preface



The chapter also discusses how the sequential micro-EDM can resolve the issues
faced in a single process. Chapter 11 presents the application of micro-EDM and
micro-WEDM in near-net-shape machining, showing the capability of micro-EDM
for fabrication of complex 3D microstructures in functional materials. Chapter 12
presents an overview of another micro-EDM-based hybrid micromachining process,
named micro-electrical-chemical discharge machining (micro-ECDM). The chapter
discusses the process mechanism, system components, configurations, parameters,
and process capabilities of the micro-ECDM process. Finally, Chap. 13 presents
the state-of-the-art review on the multi-response optimization techniques used for
optimizing the machining parameters for improved micro-EDM performance.

The editors acknowledge Springer Nature for this opportunity and for their
professional support. The editors would also like to sincerely thank all the authors
of chapters for their valuable contributions to this book.

Kolkata, India Golam Kibria
Oxford, USA Muhammad P. Jahan
Kolkata, India B. Bhattacharyya
July 2018
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Chapter 1
Micro-EDM Drilling

S. N. B. Oliaei, Muhammad P. Jahan and Asma Perveen

Abstract Micro-EDMdrilling becomes an important fabrication process for several
different industrial applications. Micro-EDM drilling provides comparative advan-
tages over conventional mechanical micro-drilling process owing to its capability
of machining difficult-to-cut materials. This chapter provides a concise overview of
micro-EDMdrilling process. It presentsworking principle of themicro-EDMdrilling
as well as both operating and performance parameters along with some important
applications. This chapter also covers micro-EDM drilling for difficult-to-cut mate-
rials such as steel alloys, Ti alloys and Ni alloys.

Keywords Micro-EDM · Holes · Nozzle · High aspect ratio · Taper · Debris

1.1 Introduction

During past few decades, several important industries such as aerospace, automotive
and biomedical have adapted newmaterials increasingly. Most of these alloys having
higher toughness, less heat sensitivity, more resistance to corrosion are also difficult-
to-machine materials, and conventional machining has failed to remain a feasible
process for thesematerials. However, due to the excellent properties of these difficult-
to-machine alloys, and their possible usage in different industries, machining of
these alloys can open up new doors of opportunities too [1]. This gives a push to
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2 S. N. B. Oliaei et al.

the development of new non-conventional process or improvising the existing one.
Electro-discharge machining (EDM) is considered one of such extensive processes
which has been improvised into so many different types over the last few decades.
EDM process is basically an electro-thermal process where spark generated between
workpiece and tool removes materials by melting and vaporizing as the temperature
goes as high as 12,000 °C. As the spark comes with high temperature, it not only
removes material from workpiece but also from tool. Being electro-thermal process,
it has the advantage of not sensitive towards the hardness, strength and toughness of
the workpiece materials. This makes EDM an excellent process to machine materials
with enhanced mechanical properties [2, 3].

As with the increased demand of miniature devices and micro-features, dimen-
sion of drilled holes also becomes smaller which is in the range of few microns of
diameter. Different hole drilling processes such as mechanical and thermal satisfy
the requirements of applications so far. Nevertheless, mechanical micro-drilling of
few micron size hole using micro-drills becomes infeasible due to the rigidity issue
of smaller tools and hard-to-machine materials. In contrast, EDM extends its capa-
bility to machine micro-scale with the help of micro-EDM process where discharge
energy produced during machining, tool size as well as axis resolution are scaled
down. Micro-EDM becomes successful with the development of new CNC system
and advanced spark generator controller. Although tool rigidity is compromised due
to downscaling of tool size, it does not impact the process much since EDM is
a non-contact process. This process is free from cutting force, mechanical strains
and vibration; however, materials with certain value of conductivity are required for
micro-EDMprocess. Other advantages are low overhead cost and setting time for this
EDM. Nevertheless, this process is not free of drawbacks, for instance long machine
time meaning lower material removal rate but with higher tool wear.

Micro-EDM technology itself is subdivided into micro-wire EDM, die-sinking
micro-EDM, micro-EDM drilling and micro-EDM milling [4]. This chapter will
focus on micro-EDM drilling aspect which is mostly used for making hole in hard-
to-machine materials. Researches associated with different performance parameters
such as materials removal rate, tool wear and dimensional accuracy are addressed
along with future direction of EDM-micro-drilling.

1.2 Necessity for Micro-EDM Drilling

Due to theminiaturization of product,micro-scale features likemicro-holes ormicro-
structures have been found to have huge demand. Recently, micro-scale holes appear
to be in use for several different applications such as injection nozzles, pressure
sensor, probes (neural, surface), spinneret holes, gear trains, micro-droplet gener-
ators, miniature robots, inertial sensors analysers, imagers and biomedical filters
[5]. Micro-holes can be either through holes or blind holes, or depending on the
application it may require vertical sidewall or slant sidewall. These micro-holes not
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necessarily are round, but could be other shapes too. Since the aspect ratio for the
drilled hole increases, it presents much more challenges for the fabrication process.

Although micro-EDM drilling of difficult-to-cut material carries paramount
importance considering their application areas, it is limited due to debris accu-
mulation in the hole arising from insufficient flushing as well as unstable machin-
ing. Micro-EDM drilling can be widely used to make holes of different sorts for
consumer products, aerospace, automotive, fluidics, chemical industries, electro-
communication, biomedicine as well as mould machining industries [5].

1.3 Working Principle

Material removal inmicro-EDMprocess is based on the eroding effect of consecutive
electrical discharges due to melting and evaporation of the workpiece material. In
this process, when the voltage difference between cathode and anode at their closest
position reaches to the ignition voltage, a strong electric field develops in the gap.
The movement of electrons towards the workpiece starts under the influence of this
strong electric field, which results in breakdown initiation. Accelerated electrons
collide to the natural species in the dielectric fluid causing the creation of an electron
avalanche [6]. The distortion in the electric field and streamers development towards
both electrodes results in established discharges, which are known as arc discharges
based on discharge duration and current density. According to Lee [7], the emission
of electron from the cathode tool is mainly because of secondary, thermionic and
field emissions. Under the conditions of EDM discharges, where there exists strong
temperature and electrical field, according to Thomas–Fermi theory the emission
process is greatly reliant on both fields [8]. In addition to the electron emission phe-
nomenon, since there are always somemicroscopic contaminants (debris) suspended
in the dielectric fluid with diameter of order similar as gap size and surface irreg-
ularity of the workpiece, these suspended contaminants will also be persuaded by
the electric field and will concentrate at the strongest point of the field. As a result,
a high-conductive bridge known as plasma channel forms across the gap. At the
initial stage, the plasma channel has a uniform growth followed by a faster growth
phenomenon. As a result, much energy will be deposited in the brightly lit plasma
column connecting electrode and workpiece. In this phase, not only temperature but
also pressure rapidly increasing in the plasma channel generates a spark. At the point
of spark contact, insignificant amount of material melts and evaporates from the elec-
trode and the workpiece. A bubble composed of gaseous by-products of vaporization
rapidly expands outwards from the spark channel.When the pressure of the expanded
bubble drops lower than the atmospheric pressure, the bubble collapse occurs and
liquid jets infiltrate into the bubble. This liquid jet strikes into the generated molten
crater and ejects molten material [9]. At the end of pulse duration, dielectric recovers
its strength because of the recombination of ions and electrons [8] and flushes away
molten and ejected materials from both electrode and workpiece.
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Fig. 1.1 Micro-EDM drilling set-up [10]

The working principle (Fig. 1.1) discussed above is also valid for conventional
EDM processes. However, since micro-EDM is based on small discharge energies,
short pulses and has a quite small gap, it is expected to observe some phenomena
different than conventional EDM processes. Qian et al. [11] have conducted some
experiments using RC-type generators to understand the fundamental characteris-
tics of micro-EDM process. They reported that after normal discharges, resonance
with large amplitude and frequency occurs, in the tank circuit which composed of
parasitic inductance of the cable, charging capacitance, parasitic capacitor of the dis-
charge gap and discharge cable and gap voltage. Due to high-frequency nature of the
sparks, developed plasma channel does not have enough time to be fully neutralized.
Consequently, due to high negative voltage and debris accumulation, gap breakdown
may occur under reverse polarity and may lead to alternating current flow. On the
other hand, the hypothesis of open plasma channel after regular discharges reveals
the existence of flow of alternating current in micro-EDM, which causes multiple
sparking and increasedmaterial removal rates with respect to the dischargingwithout
negative current flow.

In another study, to better understand the characteristics of micro-EDM, Wong
et al. [12] have come up with the idea of a single spark generator to investigate
the differences in material removal mechanism of conventional EDM and micro-
EDM. Their findings revealed that for sufficiently low energy discharges (<50 µJ),
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the specific material removal energy (defines as the energy essential to eradicate
unit volume of material) is smaller than that of high energy discharges. Also, their
observations showed that at small energies, more consistent and uniform craters are
generated. Variation of material removal mechanism due to various pulse durations
has been analysed by Singh and Ghosh [13]. Based on their study, removal mech-
anism differs for different EDM regimes based on pulse duration. At very short
pulse duration (<5µs), which is considered dominant pulse duration in micro-EDM,
melting cannot be considered as the dominant material removal mechanism. This
is due to the fact that material has barely adequate time to be sufficiently heated
to its melting/evaporation point. However, due to the presence of large electrostatic
forces acting on the surface of the material yielding can cause the removal of the
material from the workpiece. Therefore, based on the recent findings regarding the
mechanism involved in material removal during micro-EDM process, it can be seen
that micro-EDM relies on a very complex material removal mechanism when com-
pared to conventional EDM processes. This implies that when modelling material
removal in micro-EDM thermal models may be insufficient, other material removal
mechanisms should also be included to accurately predict the process outputs.

1.4 Process Parameters and Performance Criteria

The main idea behind using the micro-EDM drilling is the production of high-
precision deep micro-holes in difficult-to-machine materials, which is challenging
or impossible to be manufactured using other machining methods. However, there
are several factors which may result in uncertainty in the measurement of micro-hole
diameters, including poor surface quality and imperfections in the micro-hole geom-
etry [14]. These characteristics are functions of micro-EDM process variables such
as discharge energy, electrode material and polarity, pulse duration and electrode
rotational speed. Therefore, attempt should be made to select proper micro-EDM
drilling process parameters in order to have a cost-effective, precise and efficient
micro-drilling operation. Additionally, the production of high-precision microelec-
trodes can also be considered as an important requirement for successful EDM hole
drilling. To produce high-precision microelectrodes, either wire electro-discharge
grinding (WEDG) [15] or centerless grinding [16] can be used, for example center-
less grinding has been used by Her and Weng [17] to obtain high-precision micro-
electrodes. A foremost methodological challenge for micro-EDM drilling is the pro-
duction of holes with high aspect ratio and diameters smaller than 100 µm.

In order to improve the micro-hole quality, it is necessary to use low discharge
energies. One efficient way of reducing discharge energy is to decrease the stray
capacitance between workpiece and electrode [18]. However, the most significant
of all the aforementioned controlling parameters are micro-drilling process param-
eters which are selected during process planning for micro-EDM hole drilling. The
awareness about the function and influence of each parameter could be of paramount
importance to conduct a successful micro-EDM hole drilling task. Therefore, several
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studies in the literature are devoted to explore the effect of process input parameters
on the performance measures of micro-EDM hole drilling such as material removal
rate (MRR), electrode wear ratio (EWR), taperness, micro-hole enlargement, surface
quality, achievable aspect ratio and circularity.

In a study conducted by Her and Weng [17], the effect of electrode polarity
on the process outputs of micro-EDM hole drilling of copper plates using tungsten
carbide and copper electrodes has been investigated. The reason for selecting tungsten
carbide as electrode material is reported as its high wear resistance, high temperature
resistance and its high stiffness which makes it conceivable to produce high aspect
ratio (L/D) micro-holes. Their results revealed that positive polarity can result in
smaller tool wear and micro-hole enlargement, while MRR is low. Alternatively,
when using negative polarity machining speed can be increased which also results in
larger tool wear. Their results also showed that the use of rotating electrode is helpful
in debris evacuation and increasing material removal rate; however, it results in an
increased surface roughness and electrode wear. Based on their results, electrode
made of copper materials could deliver superior surface quality and lesser electrode
wear with lower material removal rate compared to tungsten carbide electrode.

Micro-hole drilling of carbide using copper electrodes has been reported by
Yan et al. [18]. In their study, attempts have been made to minimize hole enlarge-
ment and tool wear by selecting optimum tool rotational speed, electrode polarity and
electrode shape (diameter and notch size). Their results revealed that by increasing
diameter of the electrode, hole enlargement increases. This increment is attributed
to the increased possibility of secondary sparks due to an increased debris concen-
tration in the gap. Change in the tangential velocities as a result of change in the
diameter of the electrode has also been reported as another factor affecting hole
enlargement because of its effect on the fluid flow and turbulence in the gap along
with its effect on debris evacuation. It has been observed that hole enlargement can
be reduced by increased tool rotational speed. Creation of a notch is reported to affect
hole enlargement, since it would help debris evacuation and reduce the chance of
secondary discharges. However, the notch size should be optimized in a way that to
minimize hole enlargement without increasing electrode wear.

Debris evacuation is quite problematic in micro-EDM hole drilling operation.
Although horizontal set-up can be used to reduce the effect of gravity [19], it may also
result in micro-holes with elliptical shapes due to concentrated debris at the bottom
of the discharge gap as illustrated in Fig. 1.2 [18]. Debris can also be deposited on
the electrode which results in a larger effective electrode diameter and consequently
hole enlargement.

Yu et al. [19] studied the effectiveness of using planetary motion of the electrode
for deep hole micro-drilling operations where aspect ratios up to 18 were achieved
on stainless steel. Their results revealed that using planetary motion of the electrode
can provide enough space for debris evacuation and reduce their concentration in the
gap. Therefore, accuracy and material removal can be increased and electrode wear
can be significantly reduced.
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Fig. 1.2 a Model of debris distribution in horizontal micro-EDM. b Elliptical micro-hole due to
debris accumulation [18]

High electrode wear ratio, considerably lowmaterial removal rate and difficulty in
machining holeswith aspect ratios larger than 20 have been reported as the drawbacks
of micro-EDM hole drilling process [20].

It has been reported byFu et al. [20] that the type of dielectric fluid affects electrode
wear. They used two different materials (tungsten and tungsten carbide) as tool
material, and their results revealed that irrespective of tool materials, deionized water
presents lesser electrode wear compared to dielectric oil. This has been reported as
the reason to prefer deionizedwater inmost practical applications. Their observations
also revealed that the tungsten electrode wear is lesser compared to tungsten carbide
regardless of the type of dielectric fluid used.

In order to select a suitable electrode material, the erosion resistance index can be
used [21]. This index can be used as an indication of electro-discharge machinability
of different materials and can be calculated as follows:

Cm � λcT 2
m

where λ is the thermal conductivity, c is the specific heat and Tm is the melting point.
Ay et al. [22] have studied on Inconel 718 alloy using grey rational analysis. Hole

taperness and overcut are considered as process performance parameters for micro-
EDM drilling while discharge current and pulse duration are considered as process
input variables at a constant rotational speed of 300 RPM. In their study, copper—
tungsten electrodes (Cu–75wt%W)of 500µmdiameter are used.As per the research
investigation, pulse current seems to have greater effect on multi-performance char-
acteristics of micro-EDM drilling process compared to pulse duration. In addition,
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Fig. 1.3 Ultra-high aspect micro-holes abstained by Parylene C-insulated electrodes [24]

shortening pulse duration and decreasing discharge current have shown to be helpful
in reducing crack and damages on the machined surfaces.

It is understood that for deep micro-hole drilling, the most important limiting
factor is the accumulation of meltedmaterials at the bottom of the electrode. It results
in an unstable drilling process due to the creation of abnormal discharges such as
arcing and short circuiting along with reduced accuracy and increased taperness due
to excessive electrode wear [23].

By integrating an ultrasonic unit into EDM process, debris concentration in the
gap can become more uniform and material removal can be improved as a result
of variation of the hydrostatic pressure of the dielectric fluid [23]. The ultrasonic-
induced vibrations are used because they mainly increase the wetting capability of
the dielectric fluid, meaning that they provide the opportunity to drive the dielectric
fluid even within a narrow gap [24]. These methods are shown to be promising for
producing deep micro-holes, but are shown to be still insufficient for the production
of micro-holes with ultra-high aspect ratio (AR>30).

Insulation of the sidewall of the electrode by applying a lowelectrically conductive
coating has been reported by Ferraris et al. [24] as an efficient method to achieve
micro-holes with ultra-high aspect ratio. The idea was to reduce the possibility of the
generation of secondary sparks between the flank face of the electrode andworkpiece.
Their results revealed that when using Parylene C as a coating material, holes with
aspect ratios up to 126 can be achieved. Figure 1.3 shows a cross section of the drilled
micro-holes having ultra-high aspect ratio using Parylene C-coated tools.

1.5 Micro-EDM Drilling of Hard-to-Cut Materials

Micro-drilling can be realized using various manufacturing techniques such as
laser beam machining (LBM), electron beam machining (EBM), electro-discharge
machining (EDM), mechanical micro-drilling and micro-punching. Among these
techniques, LBM, EBM and micro-punching methods are well suited for micro-
holes with small aspect ratios. While mechanical micro-drilling can be used to drill
micro-holes with high aspect ratio, workpiece hardness and machinability are the
major problems in this process [25]. Therefore, workpiece with higher hardness
requires mostly non-conventional machining such as micro-EDM drilling.
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Fig. 1.4 a Improved experimental design for fabricating reversed micro-holes and b tapered hole
(35 µm/mm) using improved techniques [27]

1.5.1 Stainless Steel

Since micro-EDM requires nomechanical contact between electrode and workpiece,
it can be successfully used for deep holemicro-drilling of hard-to-machinematerials.
Several researchers have reported the successful employment of micro-EDM hole
drilling for deep hole micro-drilling of hard-to-cut materials. Masuzawa et al. [25]
have reported micro-EDM drilling of holes with aspect ratios of 10 using brass
electrodes in hardened and tempered high carbon steel SK5. The results of their
experiments revealed that when using an electrode having diameter of 80 µm, the
process is quite fast at the first 500 µm of drilling; however, the process slows down
as the depth of hole increases.

Deep hole micro-drilling of austenitic stainless steel (SUS 304) and cemented
tungsten carbide (WC–Co) have been investigated by Jahan et al. [26] using an
RC-type pulse generator at different discharge energies with electrodes having dif-
ferent electro-thermal properties. In their study, the quality and accuracy of micro-
holes (hole enlargement, taperness and circularity), machining stability, MRR and
EWR are considered as micro-drilling process performance characteristics.

Diver et al. [27] proposed new experimental design to fabricate reversed micro-
holes where taperness of holes can be controlled on case-hardened steel plate as can
be seen in Fig. 1.4. With the aid of this new fixture, tapered holes with larger exit
diameter (160-µm-diameter exit, 100-µm-diameter entry) is possible tomanufacture.
This technique appears to be repeatable, stable and eliminates the necking effect that
usually appears on the exit.

On another research by D’Urso et al. [28], effect of electrode materials and
shape as well as electrical parameters were investigated on brass, magnesium,
stainless steel and titanium (grade 2). Considering TWR, tungsten carbide electrode
outperforms copper and brass electrodes, whereas brass experiences severe TWR
(Fig. 1.5). Nevertheless, electrode material has no significant effect on the geometry
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Fig. 1.5 a TWR versus tool materials and b diametrical overcut versus tool materials [28]

of the micro-holes fabricated. Cylindrical electrode shows low TWR for steel and
brass sample, whereas tubular electrode shows low value of TWR for titanium as
well as magnesium. D’Urso et al. [29] also investigated on steel materials using
ANOVA technique where effect of tubular tungsten carbide and brass tool as well
as process parameters was evaluated. Their result revealed better MRR by brass
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Fig. 1.6 Batch production of arrays of micro-holes [31]

electrode despite of high TWR due to higher electrical conductivity of brass. Both
the electrodes show higher MRR with the increase of discharge energy.

Apart from usual EDM drilling, dry EDM drilling on SS304 material was studied
by Joshi et al. [30] where L27 orthogonal design array was used for three levels of
six input parameters. As per statistical analysis, MRR is affected considerably by
process current, gap voltage as well as tool rotational speed. Almost zero tool wear
and deposition of work materials on the tool were observed. They also reported on
larger crater size and higher MRR for dry EDM drilling compared to the one with
liquid dielectric.

Manufacturing of bulk amount of micro-holes using a 10×10 microstructure
array of width of 21 µm, height of 700 µm and spacing of 21 µm on stainless steel
has been also investigated by Chen [31] as depicted in Fig. 1.6. It has been shown
that the geometry of the tip of each micro-pillar-shaped electrode directly affects the
quality and size of the machined micro-holes, where when using circular pyramid
tip electrode, better edge qualities and smaller holes can be achieved compared to
the square flat end electrodes. The batch micro-hole proposed by Chen [31] showed
a threefold decrease in micro-hole production time compared to single-electrode
micro-EDM hole drilling.

Batch production of micro-holes on SUS304 using upward batch reverse micro-
EDM drilling was successfully demonstrated by Chen [32]. Applications of batch
micro-holes are found in the biomedical components, inkjet nozzles and micro-
droplet spraying parts. In order to fabricate the batch micro-holes, electrode with
micro-arrays was fabricated using wire EDM technique and then this array of elec-
trodes was moving upward towards the 30µm thickness SUS304 plate to drill arrays
of holes (Fig. 1.7a). This technique facilitates efficient debris removal and reduces
the abnormal discharges generation with the help of gravity and pumping effect.
Eventually, improved machining time as well as burr-free holes can be achieved.
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Fig. 1.7 a Schematic of upwardmicro-EDM for batch production, b array of micro-holes: entrance
side and c exit side [32]

Chern et al. [33] also investigated on vibration-assisted micro-EDM to fabri-
cate circular and non-circular electrodes of below 200 µm diameter with better sur-
face finish. These electrodes were used to punch micro-holes successfully on brass
and SUS304 stainless steel using vibration-aided micro-EDM drilling. However, in
order to improve the corner geometry of non-circular micro-hole, finish micro-EDM
drilling is also conducted right after the roughmachining (Fig. 1.8). Yu et al. [23] also
demonstrated micro-holes of 29 aspect ratio with the application of ultrasonic vibra-
tion and planetary movement due to the reduction of viscous resistance of dielectric.

1.5.2 Ni Alloys

The feasibility of using micro-EDM hole drilling to produce micro-holes on hard-
to-machine materials like nickel alloy (Ni-79 wt%, Mo-4 wt%) has been studied by
Liu et al. [34], since it is extremely challenging to drill micro-holes in this alloy by
conventional machining techniques because of its high toughness and hardness. The
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Fig. 1.8 Corner in square micro-holes after, a rough EDM and b finish EDM [33]

reason for studying high nickel alloy was because of its excellent magnetic shielding
properties which makes it a suitable material for micro-electro-mechanical system
(MEMS) applications. Liu et al. used a two-stage electrode having stepped diameter
(Fig. 1.9a) to achieve a better circularity of micro-holes. This method also helps to
enhance the surface condition of the micro-holes due to subsequent lapping action
as seen in Fig. 1.9b.

Ay et al. [22] investigated on Inconel 718 superalloy in order to correlate the
effect of pulse duration as well as pulse current with taperness and hole overcut
using grey rational analysis and reported the significance of pulse current compared
to pulse duration. Figure 1.10 shows the effect of both input variables on the exit and
entrance of micro-hole. Pulse duration and pulse current both contribute to discharge
energy. Increase of energy density and duration can affect the hole roundness as well
as increased heat-affected zone as seen in Fig. 1.10. Figure 1.11 also shows the
incremental hole dilation for increased discharge current as well as pulse duration.

Imran et al. [35] have compared the micro-holes fabricated by micro-EDM
drilling, laser drilling and mechanical micro-drilling on Inconel 718. As per their
observation, both EDM and laser are capable of producing high aspect ratio holes but
it comes with taperness effect, micro-cracks as well as larger hardness on machined
area. On the other hand, mechanical micro-drilling offers better surface roughness
and circularity, comes with no recast layer but with high tool wear.

Hung et al. [36] effectively demonstrated micro-EDM drilling of Ni alloy with
better surface roughness using on-machine fabricated stepped diameter electrode.
Micro-tool is fabricated using sequential WEDG and electrodeposition of Ni–SiC
is exploited to micro-EDM drilling on Ni Alloy. Additional step of micro-grinding
on micro-holes using the larger diameter of electrode can reduce surface roughness
from 1.47 to 0.462 µm.

While investigating onmicro-EDMdrilling ofNiXAlloy, Perveen et al. [37]mod-
elled the crater size generated on blind holes. Their study used Box–Behnken design
and response surface method in order to find the combined effect of input parameters
(voltage, capacitance, tool rotation) on the crater size which also indicates the surface



14 S. N. B. Oliaei et al.

Fig. 1.9 a Schematic of stepped micro-electrode used by Liu et al. [34], b scanning electron
microscopy image of micro-hole before and after lapping machining process (current�500 mA)

roughness on blind micro-holes. On another study, Perveen et al. [38] also conducted
comparative micro-EDM drilling study on Ni X alloy, using uncoated and diamond-
coated tungsten carbide tool. Their observation suggested reduced machining time
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Fig. 1.10 Entrance (a) and exit (b) photograph of micro-holes for various values of current and
pulse duration using 500-µm electrode [22]

Fig. 1.11 Variation of hole dilation due to discharge current as well as pulse duration [22]

for increased discharge energy, and the trends remain same for both tools. Neverthe-
less, amount of overcut generated is less for coated tool compared to uncoated tool.
Bhosle et al. [39] also investigated on Inconel 600 alloy using grey rational analysis
and optimized input variables such as capacitance, voltage, feed rate for maximizing
MRR and minimizing taper, diameter variation as well as overcut. Their research
also revealed capacitance as most influential input parameter.
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1.5.3 Ti Alloys

Titanium alloys which have found widespread applications in different industries
including aerospace and biomedical are another important class of difficult-to-cut
materials due to their relatively lower thermal conductivity, large elastic recovery as
well as strong chemical reactivity for other materials. Their tendency for built-up
edge (BUE) formation could be quite problematic because of changing cutting-
edge geometry, which may result in an accelerated tool wear or premature tool
failure during cutting and drilling operations. Therefore, the use of non-traditional
machining processes for drilling these materials is gaining a significant importance
as the demand for using these materials in different industries increases rapidly.

In a study conducted by Meena and Azad [40], micro-EDM drilling of Ti6Al4V
alloy has been studied using grey relational analysis to examine the effect of pro-
cess variables on the performance measures of the process such as MRR, EWR and
overcut. Their results showed that voltage is the most contributing input parameter
followed by current, pulse width and frequency. Li et al. [41] have also investigated
on the feasibility of using micro-EDM hole drilling for micro-drilling of Ti6Al4V.
They used a tungsten carbide electrode of 250 µm as electrode material. The low
thermal conductivity of titanium alloy has been reported to have a detrimental effect
on surface quality and stability of the micro-EDM drilling process. They also com-
pared the micro-EDM drillability of Ti6Al4V with SUS 316 stainless steel. Their
results showed that SUS 316 has better drillability characteristics in terms of either
achievable surface quality or deep hole drillability. It has also been reported that
for same micro-EDM drilling parameters, the micro-holes in titanium alloy produce
larger heat-affected zone.

In order to address inefficient debris removal during deep hole micro-drilling,
Plaza et al. [42] recommended a novel approach of using helical tool for micro-EDM
drilling of Ti6Al4V. As per their observation, 37% of machining time is achieved
while using 45° helix angle as well as 50 µm of flute depth (Fig. 1.12). As a result,
their approach can reach aspect ratio up to 10:1 effectively.

Kibria et al. [43] also investigated on Ti alloy using pure kerosene, kerosene
and deionized water mixed with boron carbide. As per their observation, deionized
water enhances both MRR and TWR compared to kerosene. In addition, presence of
boron carbide particles in dielectric such as deionized water aids in increased MRR;
however, kerosene aids in reduced TWR [43].

Another study done by Jahan et al. [44], on tungsten workpiece, demonstrated
that better surface roughness can be obtained by compromising high MRR, relative
wear ratio, whereas surface roughness and electrodewear will be compromisedwhen
opted for higher MRR. Wangsheng et al. [45] demonstrated micro-EDM drilling of
hole with more than 15 aspect ratio successfully with the aid of ultrasonic vibration.
Their research suggested improved liquid flow in the gap and avoidance of debris
due to vibration-assistedmicro-EDMdrilling, thus enhancing themachining efficacy
and stability.
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Fig. 1.12 a Effect of helix angle on hole depth for 800-µm-diameter electrode, b effect of flute
depth on hole depth using 800-µm-diameter electrode [42]

Perveen et al. [46] also applied full factorial design to investigate themachinability
of Ti–6Al–4V alloy with the help of solid end mill made of carbide and proposed
statisticalmodel for each output parameter. In their study,main effect plot, interaction
plot as well as Pareto chart were used for better comprehension of the individual and
combined effect of machining parameters on the time taken for machining, electrode
wear and hole dilation. Similar studywas conducted byTiwary et al. [47] for through-
hole micro-EDM drilling where central composite experimental design was used for
running the experiment. Multi-objective optimization using response surfacemethod
for performance parameters such asMRR, TWR, OC and taper was conducted, and it
was suggested that performance parameterswere influenced by input parameters such
as discharge current, pulse on time, spark gap as well as flushing pressure. Jahan et al.
[48] also conducted similar study using full factorial design on Ti–6Al–4V alloys. In
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addition, Krishnaraj et al. [49] used Taguchi design for optimization of parameters
and recommended peak current as well as pulse current as most significant input
parameters to influence the output parameters.

1.6 Challenges and Future Trends of Micro-EDM Drilling

Although micro-EDM drilling seems to be an amazing and promising technology
due to its flexibility to cater the needs coming from the miniaturization trends, it is
somehow experiencing some challenges as reported by the researchers.

• LowMRR, i.e. slowmachining process, is an inherent issue associatedwithmicro-
EDM drilling process. This makes it more difficult to act as a mass production
process for industrial usage.

• Another important drawback arises due to debris removal during deep hole drilling,
which eventually limits not only the effectiveness of the process but also the aspect
ratio of the drilled holes. Deep holes also come with tapered wall and significant
overcut issue. It was reported to achieve aspect ratio of 10 while micro-EDM
drilling of nickel alloy. Nevertheless, vibration-assisted micro-EDM drilling can
enhance the aspect ratio slightly.

• In addition, tool wear causes serious issue during micro-EDM drilling process, as
it can affect the dimensional accuracy significantly. Also fabrication of small scale
holes needs the fabrication of small micro-tools, which in turn requires smaller
discharge energy meaning smaller capacitance and smaller voltage settings [50].

Future research direction and development in the area of micro-EDM drilling
will be aiming on the underpinning principle of the process apart from widening this
process application to other industries. Few points of future research directions are
mentioned categorically as follows.

• Hybrid process combining two or more than two processes will be explored in
future, where each process will complement the weakness of others, thus facilitat-
ing reduced drawbacks arise from single manufacturing process. Hybrid process
combining micro-EDM drilling plus laser is already in the research phase and
demonstrates paramount potential not only in terms of material removal rate but
also dimensional accuracy.

• Future research also may focus on the micro-EDM drilling of semi-
conductive/non-conductive ceramics along with assisted electrode micro-EDM
drilling, or conductive coating as well as carbon nanofibres mixed dielectric [2].

• Another important aspect of future research might be the automation of micro-
EDM drilling process for larger batch manufacturing. While considering this
automation technique, on-machine fabrication of tool, dimensional measurement
and correction during the process should also be incorporated.

• Another important research trend will be to develop multi-purpose machine tool
which will facilitate the hybrid machining as well as sequential machining pro-
cesses in a single set-up.



1 Micro-EDM Drilling 19

• Further size reduction in hole diameter will necessitate the pulse generator to
produce nano-joule discharge energy, which will accelerate the potential nano-
EDM drilling process [50].

1.7 Summary

This chapter has presented one of the most imperative non-conventional techniques,
micro-EDM drilling process and its application to difficult-to-cut materials. Detailed
description of machining as well as performance variables for micro-EDM Drilling
process was narrated. Recent development in the micro-EDM drilling process has
demonstrated its competency to manufacture large aspect ratio micro-holes. Because
of its several unique process characteristics, micro-EDM drilling continues to find
its application in several important industries from aerospace to microelectronics.
Recent research trends show that micro-EDM drilling experiences some inherent
process limitations such as longer machining time, inferior surface finish as well as
taperness issue; therefore, combining this process with other mechanical or thermal
processes appears to be effective where one process can complement other process.
Since the most important aspect of micro-EDM drilling is the power generator,
continued development of micro-EDM power generator can enable it to achieve
further breakthroughs in the future.
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Chapter 2
Micro-electrical Discharge Milling
Operation

Mahavir Singh, Vijay Kumar Jain and Janakarajan Ramkumar

Abstract This chapter introduces a novel variant of electric discharge
machining (EDM) process entitled to electrical dischargemilling (ED-Milling) oper-
ation. Although the mechanism of material removal is essentially identical to that
of conventional EDM process, the intricacies arise predominantly pertaining to the
multiple zones involved simultaneously during the sparking phenomenon. Unlike the
Ram/die-sinking EDM or ED-Drilling operations comprising merely unidirectional
control of the tool electrode, the ED-Milling operation is characterized by the syn-
chronized movement of the tool in multiple axes (generally x-, y-, and z-axis) besides
the high-speed rotation about its axis. This controlled motion of the tool electrode
governed by the programmed instructions similar to the computerized numerical
control (CNC) of conventional milling operation makes it a prospective contender
especially for fabrication of 3Dmicro/macro-profiles. Incorporating a comparatively
simpler cylindrical or in exceptional instances rectangular/square cross-sectional tool
electrode to generate a complex three-dimensional feature is the distinctive capabil-
ity of this operation. The chapter comprises the basic introduction to EDMprocess in
conjunction with ED-Milling operation, different techniques of micro-tool produc-
tion as well as micro-fabrication, suitability of ED-Milling operation for a variety of
sophisticated areas, analysis of tool wear and the possible applications areas of the
process.
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Keywords Micro-channels · Tool wear · Computer numerical control
Taper angle · Micro-tools · Debris

Nomenclature

C Capacitance of the capacitor (μF)
V d Discharge voltage (V)
I Machining current (A)
t Pulse on time (μs or ns)
�x Average machining depth of a single layer (μm or mm)
�d Compensated depth of the tool considering the longitudinal wear (μm or

mm)
Ae Cross-sectional area of the tool in the x-y plane (μm2 or mm2)
Aw Cross-sectional area of the workpiece in the x-y plane (μm2 or mm2)
α Wear ratio (ratio of the volume of tool material removed to the volume of

workpiece removed)
le Compensation accuracy (μm or mm)
L Machining length (μm or mm)
nJ Nano-Joule
3D Three-dimensional
AMPs Advanced machining processes
IEG Inter-electrode gap
EDG Electric discharge grinding
AJM Abrasive jet machining
WJM Water jet machining
AWJM Abrasive water jet machining
LIGA Lithographie, Galvanoformung, Abformung
HAZ Heat-affected zone
μ Micro

2.1 Introduction

Conventional milling operation incorporating a multipoint tool generally termed as
“milling cutter” is a technique of removing surplus materials in the form of tiny
chips to generate different three-dimensional features. Material removal occurs due
to shear deformation induced in primary shear deformation zone through direct con-
tact of the harder tool with the workpiece. Depending upon the shape of the intended
geometry, the milling cutter is given the corresponding shape such as form milling
cutter, slot milling cutter to machine various 3D profiles, namely channels, pock-
ets, slots, keyways. Among the two prevalently recognized orientation of the axis
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of milling cutter with respect to the job, viz. horizontal and vertical milling oper-
ations, in vertical milling operation mainly a cylindrical shape tool having cutting
edges/inserts at the end face of the tool as well as on the side surface of the tool
is used. Unlike in the horizontal milling cutter, the end mill or face mill is char-
acterized by the discrete cutting points provided on the periphery as well as on
the end cross-section of the tool. The trajectory of the tool is controlled precisely
exploiting the capabilities of computerized numerical control (CNC) of the machine
tool. Therefore, a comparatively simpler tool (end mill/face mill) can create different
three-dimensional profiles dominated by the numeric control of the different axes of
the machine tool. Though the conventional end milling is an extremely resourceful
technique, the extent of miniaturization limits the minimum size of end milling cut-
ter that can be fabricated successfully. Apart from the fabrication of end mill cutter,
the dynamic forces involved into the operation put limitations on the stability and
operational life of micro-sized milling tool owing to the nature of contact during the
operation and large strain rate which material undergoes. Conventional milling oper-
ation poses some troubles while machining of fragile components and processing in
inaccessible areas. Several superfluous phenomena prevalent in conventional micro-
milling such as tool breakage, burr formation, and chatter are highly unpredictable
and depend mostly on the cutting process [1].

Keeping in view the aforementioned inadequacies associated with conventional
milling operation, it has become imperative to strive for the development of machin-
ing processes which can overcome these limitations up to a great extent if not elim-
inated completely. Non-traditional or unconventional or advanced machining pro-
cesses are the group of material subtractive processes, machining characteristics of
which are independent of the hardness, ductility, delicacy, complexity, and minia-
turization of the components. This group of machining techniques has the potential
to address some of the issues of the conventional micro-milling operation. The pro-
cesses fulfilling the principle of being categorized as advanced machining processes
(AMPs) are jet machining (AJM, WJM, and AWJM), ultrasonic machining (USM),
electric discharge machining (EDM), laser beam machining (LBM), electrochemi-
cal machining (ECM), chemical machining (ChM), etc. [2]. Various energies in its
direct form such as mechanical energy in the form of kinetic energy of jet, thermal
energy, and light beam energy directly applied to the infinitesimally small area, elec-
trical energy to assist anodic dissolution and chemical etching by suitable etchant are
utilized to facilitate the material removal phenomenon in non-traditional machining
processes [3].

Electrical discharge machining (EDM) is an electrothermal process which derives
thermal energy essential for melting and even evaporation of the electrically conduc-
tive material through the conversion of input electrical power [4]. Since the inception
of the process, it has gone through the numerous advancements to demonstrate its
suitability for different micro-machining purposes. Initially, the EDM process used
to be operated in the die-sinkingmode only, wherein a profiled tool is plunged into the
workpiece to replicate the negative contour on it. Fabrication of dies, molds for injec-
tion molding parts, and micro-castings are some of the typical applications areas of
ED-Die sinking to name a few.Drilling of closely spacedmicro-holes for filters, high-
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aspect-ratio cooling passes for turbine blades, inkjet printers, diesel engine fuel spray
nozzle, etc., canbe successfully drilled by electrical dischargedrillingoperationusing
a cylindrical tool rotating at high speed [5]. It is worth mentioning here with regard
to ED-Die sinking, and ED-Drilling operations that only unidirectional positioning
of the tool is essential for functioning of the respective operations. Moreover, ED-
Die sinking and ED-Drilling operations are restricted to two-dimensional geometries
only. Rapid growth in the automatic functioning of machinery and machine tool had
necessitated the control of different axes of the machine tool through computerized
numeric control. The integration of computer-aided design (CAD) and computer-
aided-manufacturing (CAM) tools has eradicated the labor-intensive operations, the
error induced as a part of the human fault, complex tool fabrication, etc. Numerical
control of different machine elements necessitates the information to be arranged in
the form of alphabets, numbers, etc. Exploring the highly precise motion control,
accuracy and ultra-fine resolution achieved with the numerically controlled machine
tool, the EDM process witnessed a revolution in transforming the machining strat-
egy from the primitive two-dimensional features to the complex three-dimensional
features.Milling operation employing a simple cylindrical shape tool for themachin-
ing of micro-channels, micro-pockets, micro-stepped structures, and so on using the
thermal erosion phenomenon of EDM process is considered to be one of the most
appropriate techniques. CNC-controlled ED-Milling can be accessed with an exten-
sive range of technical specifications, including changeable degree of stage preci-
sion, tool rotation speeds, and computerization. Therefore, the ED-Milling operation
can be conceived as an adaptation of conventional EDM technique, which entails a
simple cylindrical tool to achieve the intended shape according to the instructions
programmed analogously to the conventional milling operation [6]. The advantages
of the ED-Milling operation over the conventional milling process comprise the use
of a simple tool regardless of the shape of the final geometry being generated in
difficult-to-machine materials. Machining in inaccessible areas that are either dif-
ficult or impossible to process through conventional machining techniques can be
carried out by exploiting the contactless nature of the ED-Milling operation.

Figure 2.1 depicts the schematic illustration of ED-Milling operation using a
cylindrical tool. From the schematic diagram, it can be perceived that the cylindrical
tool follows a straight-line path to create straight profile channels having rectangular
or square cross-sections. At the end of each milling path, the tool wears out from
the circumferential surface as well as at the bottom face of the tool. The detrimental
consequence of the tool wear can be found in the channel taper and the reduction in
channel depth at the exit cross-section as compared to the inlet cross-section. Not
only straight channels can be precisely machined through ED-Milling operation but
also semi-circular-, circular-, zigzag-, freeform-shaped micro-features are possible
by the integration of CAD tool with CAM system to generate the required tool path
plan. Tool path strategy, required number of passes, and tool-wear compensation are
some of the critical issues that determine the topography and surface integrity of the
produced features.

Figure 2.2a shows a typical micro-channel machined by micro-ED-Milling tech-
nique. The experiments are performed using a tungsten carbide tool of 500 μm
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Fig. 2.1 Schematic diagram representing ED-Milling operation

diameter on the copper workpiece. An effort has also been made to process porous
copper material with 1-mm tungsten carbide tool (Fig. 2.2b). Micro-slots as small
as 10 μm width separated by a thin wall of 2.5 μm on stainless steel workpiece
show the capabilities of the process Fig. 2.3a [7]. The letters “NUS” machined by
micro-ED-Milling operation are shown in Fig. 2.3b [8].

2.2 Approaches to Generate Depth in Micro-ED-Milling
Operation

To machine the stipulated depth of the features (channel, slot, pocket, keyhole, etc.),
ED-Milling operation faces some challenges, unlike conventional milling operation
where tool wear is not so prevalent. Whereas, milling operation incorporating EDM
operation accounts for severe toolwear that changes the depth andwidth of the feature
from the theoretically predicted feature in superlative circumstances. Therefore, the
prerequisite depth of the micro-features can be accomplished by dividing the depth
into several layerswith specified thickness, or it can be achieved bymachining the full
depth in one pass. These two approaches are explained in the following subsections.

2.2.1 Layer-by-Layer Machining Approach

This approach is generally considered to be the converse to the additive manufac-
turing process where the subsequent addition of current layers on the posterior layer
generates a complete 3D product. The layer-by-layer approach of machining in ED-
Milling operation machines the full depth of features in multiple passes. In a single
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(a)

(b)

Fig. 2.2 a Straight micro-channel fabricated on Cu workpiece, b machining of porous copper
material using the μED-Milling operation (At Micro-Manufacturing Laboratory, Department of
Mechanical Engineering, IIT Kanpur)

pass of machining, the tool is plunged by the single layer thickness and then moved
in the x-y plane according to NC code. Past every layer of machining, the tool is
provided vertical motion into the workpiece equal to the single layer thickness fol-
lowed by the movement in the x-y plane to machine the next layer. This procedure
is repeated until the full depth is machined. The cumulative depth of different layers
machined confirms the predestined depth of the feature. The thermal energy of dis-
charge in ED-Milling operation would reduce the length of the tool caused by the
longitudinal wear. The longitudinal wear of the tool is generally compensated by
applying uniform wear method (UWM). Therefore, in UWM method it is assumed
that the tool tip remains flat after each layer of machining. Total machining time is the
summation of the time required for each layer of machining. Therefore, large depth
of feature and small single layer thickness would machine the feature in very high
time. Figure 2.4a shows the schematic representation of layer-by-layer machining
approach.
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(a)

(b)

Fig. 2.3 μED-Milling operation, a micro-slots of 10 μm width with ultra-thin wall of thickness
2.5 μm, b acronym NUS machined on stainless steel workpiece [7, 8]

2.2.2 Bulk Machining Approach

This method is considered to be a single-pass machining, wherein the complete
depth of the channel or pocket is machined in one go. The tool is first given the pre-
determined depth and then follows straight, inclined, or curved path depending upon
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(a)

(b)

Fig. 2.4 Schematic illustration of a layer-by-layermachining approach,bbulkmachining approach
in ED-Milling operation

the shape of the profile required. The main advantage of bulk machining approach
includes low machining time compared to layer-by-layer approach. However, the
bulk machining approach experiences longitudinal as well as circumferential wear
of the micro-tool as both the surfaces are exposed to discharges. Therefore, the
machined profile would be inclined from the channel inlet to its exit (front view) and
tapered (top view) as shown in Fig. 2.4b.
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2.3 Micro- Versus Macro-ED-Milling Operation: Possible
Modifications

μED-Milling operation is generally specified as a micro-fabrication method for the
features ranging from 1 to 999 μm [9]. This range of dimensions categorized as
micro-features is incessantly changing with the speedy evolution in miniaturization
of the products. Nowadays, the micro-channels are being commonly used in various
MEMS applications, and these are usually below 300 μm and they can approach
as small as 30 μm [10]. The transformation of the machine tool as well as process
physics for adaptation in micro-domain is not merely the reduced size of the tool and
feature creation, but also it entails consistency in the scaling down laws applied to
the process variables in micro-domain. The possible modification in the mechanical
system, as well as the process physics, can be summarized as follows.

2.3.1 Discharge Energy Per Pulse

Knowing the fact that the dimensions of the features are getting smaller and smaller
to comply the requirements of different industries, the discharge energy applied to the
inter-electrode gap (IEG) in ED-Milling process must be lowered down significantly
as it determines the minimum machinable dimension, volume of material removal
(tool and workpiece both) and induced surface roughness [11]. The reduction in
discharge energy per pulse generates a crater with smaller radius and depth. There-
fore, the resultant feature dimensions, surface integrity, dimensional accuracy will
accomplish the requirement of micron or sub-micron size machining. The extent of
miniaturization in themachined feature is directly affected by the crater size which in
turn depends upon the energy supplied per pulse. Resistance–capacitance (RC) cir-
cuits find their popularity largely for small discharge energy and nanosecond pulses.
The capacitance of the capacitor can be reduced down to picofarad capacity, thus
allowing the energy of single pulse to be very small. Hence, RC-based pulsed gen-
erator always has upper hand to the transistor-based pulsed generator, especially for
μED-Milling operation. Discharge energy as low as 3 nJ has been reported using
RC-based pulse generator exploiting only the stray capacitance and extremely low
open-circuit voltage [12]. Though the discharge energy is comparatively small in
micro-EDM, the power density is found to be higher (30%) in micro-EDM owing to
the fact that the small pulsed duration (ns) restricts the expansion of plasma channel
allowing the energy to be concentrated on a minute area [13].
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2.3.2 Tool Electrode

EDM is the process of producing reverse replica of the tool on the workpiece
that necessitates the superior tool fabrication techniques and its stability during the
machining. A slight deformation and change in the shape and size of the micro-tool
produce an inferior quality product. μED-Milling operation demands tool to be fab-
ricated complying the size to be smaller than the dimensions of the intended feature.
The width of the channel or slot generated through single-pass μED-Milling opera-
tion is inevitably equal to the diameter of the tool plus two times the side spark gap.
The side spark gap is prevalently known as overcut in EDM process which is unde-
sirable but bound to happen. The overcut produced is unwanted since it introduces
the dimensional inaccuracies in the micro-features. However, a minimum side spark
gap is always desirable for the effective flushing of fresh dielectric to the machining
zone and expulsion of debris particle out of the small discharge gap. Therefore, to
achieve the requisite dimensional accuracy the tool size must be designed using a
scientific approach something similar to the “Correction Factor Method” used for
designing the tools for EC-Drilling operations [14]. This approach develops a math-
ematical model for the overcut and then accounts for it while designing the tool using
different machining parameters.

2.3.3 Inter-Electrode Gap

Inter-electrode gap (IEG) or discharge gap is the bare minimum distance between
the electrodes (tool and workpiece) indispensable to avoid short circuit and prevents
the direct contact of tool and workpiece. Contrary to macro-ED-Milling in μED-
Milling operation, the IEG is generally kept very small (5–25 μm) to allow the
breakdown of dielectric fluid at smaller discharge voltage. Higher the IEG higher
will be the ignition delay time and larger will be the required discharge voltage.
Consequently, the circulation/flushing of fresh dielectric in the small discharge gap
becomes imperative. An optimum setting of IEG is always a critical task in EDM
operation as the flushing efficiency is dependent on the gap size. If a generalized
predictive model can be developed for the IEG for different combinations of tool and
workpiece materials, dielectric and machining parameters, it will be a big help in the
development of a “Correction Factor Method” for designing a tool for macro- and
micro-EDM process.

2.3.4 Resolution of the Machine Tool Axes

High-dimensional stability, vibration isolation, high stiffness and fine resolution of
machine tool axes are of paramount importance when it comes toμED-Milling oper-
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ation. A slight variation in these parameters might result in high relative inaccuracies
and short circuit causing poor productivity. Generally, the EDM machine tool used
in micro-machining has a resolution as fine as 100 nm and dimensional accuracy
of ±1 μm for 100-μm-axis travel. The spindle run-out error must always be below
1 μm [15].

2.3.5 Short-Circuit Detection

Servo system should have high sensitivity to detect the variation in average gap
voltage with respect to reference servo voltage to prevent any short circuit during
machining. Short circuits occur whenever the tool touches the workpiece or in some
instances, the debris bridges the gap causing direct metallic contact. The threshold
value determines the maximum duration of the short circuit above which the servo
systemwould retract the tool and then in-feed it as soon as the gap enlarges. Therefore,
the lower threshold value is recommended for μED-Milling operation.

2.4 Process Variables and Responses Pertaining
to the μED-Milling Operation

The process parameters also identified as controllable variables are the factors which
affect the output or responses of a certain operation. Similar to conventional ED-
Die-sinking process, here the process parameters can be classified into electrical
and non-electrical parameters. Electrical parameters govern the amount of discharge
energy available per pulse, servomechanism functioning, control of pulse duration
and interval, etc.Depending upon the use of particular pulse generator, there is a slight
variation in these parameters. For a typical RC-based pulsed generator commonly
employed in micro-EDM, the major electrical parameters include open-circuit volt-
age, the capacitance of the capacitor, gap resistance, threshold value, and short-circuit
detection time, whereas in case of transistor-based pulsed generator, the number of
input variables is quite high. In the transistor-based circuit, users have the flexibil-
ity of providing different parameters, viz. open voltage or gap voltage, peak current,
discharge duration, discharge interval, duty factor. The discharge current, pulse inter-
val, and discharge duration in the RC equipped circuit are solely governed by the
capacitance of the capacitor used. Generally, higher the capacitance higher will be
the discharging time and greater will be the current as a higher capacitor can hold
high charge, and conversely, it will acquire more time for discharging. Polarity can
be straight (a tool as a cathode) or reverse (a tool as an anode) depending upon the
tool and workpiece material combination, pulse duration and type of dielectric fluid
being used. Talking about non-electrical process parameters, the most commonly
used parameters consist of spindle/tool rotational speed, tool feed speed, the aspect
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Fig. 2.5 Fishbone/cause-and-effect diagramdisplayingmajor process variables related to theμED-
Milling operation

ratio of the micro-features, type of dielectric fluid used, tool material, tool diameter,
cross-section, etc. It has also been analyzed that larger the tool diameter, greater is
the relative electrode wear ratio due to skin effect and increased area of spark [16].
The electrical and non-electrical process parameters associated with ED-Milling
operation are presented in the form of a fishbone diagram as shown in Fig. 2.5.

The performance characteristics and productivity associated with any machining
process are largely analyzed by means of various responses which are the direct
function of input parameters. The responses of interest in μED-Milling operation
include material removal rate (volumetric or mass removal rate), tool wear rate,
depth of the micro-features at inlet and outlet, taper produced in the micro-features,
surface characteristics (surface roughness value, the thickness of recast layer, heat-
affected zone, and residual stresses). Among the various output parameters briefly
explained, reduction in channel depth at exit and taper in micro-channel are the
prominent factors as these are the consequence of tool wear during the operation.

2.5 Various Micro-fabrication Techniques

In this section, the endeavor is to present the different techniques being commonly
employed for micro-fabrication along with their unique capabilities, advantages over
other techniques and some inherent limitations of each process. These processes con-
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Table 2.1 Some micro-fabrication techniques and their comparisons [17–19]
S.
No.

Micro-
fabrication
techniques

Mechanism of
material removal

M.R.R. Advantages Limitations Materials
suitability

1 Micro-milling Mechanical
fracture
(shearing)

Highest among
micro-fabrication
techniques

High MRR,
possibility of 3D
microstructures
using a 5-axis
machine

Tool material
must be harder
than workpiece
material
It requires tool
nose radius in
nanometers

All grades of
steel, Al, Ti, Br,
Cu, polymers,
ceramics, etc.

2 Micro-turning Mechanical shear
(sub-grain level
of uncut chip
thickness)

High (high
surface finish is
the primary
purpose)

Ultra-precision
machining

High degree of
rigidity, and
accuracy of
machine tool
required.

Steel, Cu, Al, Br
etc.

3 Micro-EDM Melting and
Vaporization

Low Machinability
independent of
workpiece
hardness, high
relative accuracy

Low machining
rate, high tool
wear rate

Only electrically
conductive
materials

4 Laser
micro-machining

Vaporization High High resolution Low energy
efficiency, high
cost, large HAZ

All kind of
materials except
those having high
thermal
conductivity and
high reflectivity,
e.g., Cu and Al

5 Electrochemical
milling

Electrolysis Moderate No HAZ, No
residual stresses,
independent of
workpiece
hardness

Corrosion,
intricate tool
design

All electrically
conductive
materials

6 Focused ion
beam

Striking of ions Very low Suitable for
nano-fabrication

Low machin-
ing/deposition
rate

All materials

7 Electroforming Electrodeposition Low High accuracy
and precision,
complex
geometry can be
generated

Long time of
deposition,
non-uniform
thickness of
deposition,
internal stresses

Ni, Cu, Ag, Fe,
Au, and few
alloys

sist of conventional micro-turning, micro-milling, micro-electric discharge machin-
ing, laser beam micro-machining, electrochemical micro-machining, focused ion
beam machining, and electroforming. The various conventional as well as advanced
techniques frequently used formicro-fabrication are briefly summarized in Table 2.1.

The comparative analysis of the various micro-fabrication techniques shows that
all the processes are equally competitive. The endeavors to enhance the performance
characteristics, productivity, and environmental sustainability have led to the appre-
ciable development of the techniques. Conventional micro-fabrication techniques
(micro-turning and micro-milling) have their distinctive limitations as discussed
in the introduction section. Among the advanced techniques focused ion beam
machining is more suitable for nano-fabrication. Also, the extremely low deposi-
tion/machining rate puts the limitations on its applicability to mass production. The
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potential of machining complicated μ-features with sub-micron-level dimensional
accuracy in difficult-to-machine materials have made the μED-Milling operation
fairly accepted AMP. However, it can be concluded with regard to the ED-Milling
operation that the machining timemust be reduced in order to appreciate its competi-
tiveness with other techniques. Therefore, for the economic viability of EDMprocess
in micro-machining, low volumetric material removal rate and high tool wear rate
problems must be resolved.

2.6 Tool Fabrication Techniques for Micro-ED-Milling
Operation

The successful implementation of EDM process for any micro-machining purpose
principally governs by the fabrication techniques of micro-tools as it determines the
uniformity, dimensional stability, deformation, and requisite surface integrity of the
tool electrode. The dimension of the required toolmust always be smaller than the size
of the feature to be machined. For instance, the machining of the straight channel of
10μmwidth essentially needs a tool of diameter less than 10μm taking into account
the diametric overcut produced in the process. Appropriate handling, mounting, and
disassembling of delicatemicro-tools are a strenuous challenge.However, fabrication
of the tools on-site (in situ fabrication) can overcome these challenges in a convenient
way. EDM process itself has the desired capabilities for the fabrication of micro-
tools with high-dimensional accuracy, surface finish, and uniformity over the desired
length. Switching the polarity from straight to reverse (a tool as an anode) and
adjusting the necessary feed and rotation of the tool with respect to the sacrificial
electrode can reduce the diameter of the tool. In reverse polarity commonly employed
for tool fabrication, the tool acts as an anode,whereas the sacrificial electrode behaves
as a cathode. Therefore, thematerial removal rate is higher and it reduces its diameter
at higher rate as compared to the straight polarity. The variants of EDM process
applicable for micro-tool fabrication are also-called as Block Electric Discharge
Grinding (block-EDG) and wire Electric Discharge Grinding (wire-EDG).

Block EDG has two versions including stationary sacrificial block EDG in which
a stationary block is used as a tool electrode (cathode) and the tool whose diameter is
to be reduced acts as a workpiece electrode (anode). The series of sparking between
the rotating tool and sacrificial block would remove material from the tool as well
as from the block. Continuous feed is provided to the tool either horizontally or
vertically to ensure the uniform material removal from its entire periphery. Another
variant of block-EDG replaces the sacrificial block with a thin rotating disk for
better dimensional accuracy. The principle of material removal remains the same
as block EDG, except the uniform wear of the disk due to rotation imparted to
it. A continuously rotating thin wire guided over the pulley is employed in wire-
EDG process. The rotation of wire ensures wear-free wire electrode and vibration-
free operation contrary to block and disk EDG processes. Electrodes as small as
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Fig. 2.6 Different micro-tool fabrication techniques using the spark erosion phenomenon [20]

1 μm have been successfully fabricated in situ through the wire-EDG process [11].
The decisive advantages of the process embrace damage free micro-tool handling
as the tools are fabricated on the machining site itself where it can be used for
μED-Milling or ED-Drilling operations merely by reversing the electrode polarity.
Figure 2.6 schematically illustrates the variant of theEDMprocess suitable formicro-
tool fabrication and these micro-tools are usually employed for μED-Milling, μED-
Drilling operations, etc.

Besides the variants of EDM process, several other techniques have equal com-
petitiveness when it comes to the production of precise tool electrode. Conventional
micro-machining operation, such as micro-turning, micro-grinding, has the requisite
capabilities to excel in micro-fabrication with high-dimensional accuracy and good
surface characteristics. However, the micro-cutting tool used for the processing of
extremely precise components suffer from the problems such as low rigidity, loss
of cutting tool sharpness, and unavailability of the tremendously small cutting tool
itself.

2.7 Physical Behavior of the Micro-ED-Milling Operation

The microscopic investigations of the micro-channels fabricated utilizing μED-
Milling operation revealed a distinct physical phenomenon. The flowofmolten liquid
pool, its deposition on the machined surface (recast layer) as well as on the parent
material and removal of debris caused by the movement of the tool electrode and
its high-speed rotation make the process more complicated than a hole drilling or
ED-sinking operations.

Spherical debris particles are formed due to sudden cooling of molten material
known as globules. The spherical shape is governed by the low spheriodization time
as compared to solidification time [21]. These globules are non-crystalline andmostly
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hollow from the core. The size of the globules goes on increasing with increase in
discharge energy (For RC Circuit � 1

2 × C × V 2
d and for transistor circuit�V d× I

× t). Due to viscous force, the globules attain an angular motion around the rotating
tool, whereas the centrifugal force tries to separate the globules from the tool and
dissipate it toward the workpiece surface [22].

Rotation of tool electrode contributes to the flow of molten material which in
turn deposits the material non-uniformly about the channel axis. The direction of
tool rotation can explain the phenomenon. The molten material is pulled into the
machining zone on one part and consequently pushed outside on another side. This
results in the unsymmetrical redeposition on either side of the channel surface. The
non-uniform taper of the channels is one of the consequences of this phenomena.
Milling marks are also observed on the channel bottom surface due to the rotation of
molten material [23]. The milling marks vanish partly due to next subsequent sparks.
The discharge energy level also determines the extent of milling marks left on the
newly developed surface.

2.8 Micro-ED-Milling Operation with Different Variants

2.8.1 Insulating Ceramics

Direct machining of electrically non-conductive ceramics through the conventional
technique ofEDMis not possible since aminimumelectrical conductivity of both tool
as well as workpiece material is essential for the creation, conduction, and transfer
of charges (electrons, positive ions, etc.). However, with certain modification in the
conventional EDM technique insulating (electrically non-conducting) ceramics have
been machined by EDM process successfully. In order to complete the electrical
circuit for the initiation of spark, a conductive path is required. This conductive
path is generally provided by means of an assisted/dummy electrode, wherein a
thin coating of some electrically conductive material is applied over the insulating
ceramics [24]. The mechanism of material removal in this assisted electrode method
can be understood in the following manner.

The electrically conductive coating on the insulating ceramics facilitates the gen-
eration of sparks between the tool electrode and the dummy electrode in the manner
similar to any EDM technique. The sparks remove the material from this conductive
layer, and at the same time, the dissociation of hydrocarbon oil (dielectric fluid) gen-
erates the carbon particle which reacts with the parent insulating ceramic material
to form a layer of carbon substance [24]. This formed layer of carbon remains on
the newly generated surface and assists in the formation of sparks between the tool
and this carbon layer. The heat generated in the spark in the proximity of the work-
piece is transferred to the workpiece, and it is enough to melt and, in some cases,
even to vaporize the workpiece material. Subsequently, the material is removed from
the insulating ceramics, and the desired feature is created. This dummy electrode
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method has been successfully used for the μED-Milling operation of ZrO2 ceramics
using copper layer (60 μm). EDX spectroscopy of micro-channels surface shows
the abundance of carbon particles [25]. Silver foil (45% Ag) is also attempted as a
starting conductive layer for ED-Milling operation of ZrO2. The surface roughness
obtained on ZrO2 is two to three times higher than that obtained on metals with the
same machining conditions [26]. Formation of ZrC is probably the reason for the
subsequent sparks as the compound is electrically conductive, though the correct
composition needs to be investigated. The threshold value of electrical resistivity of
the ceramics for the machining through EDM process is likely to be 100 �cm [27].
However, exploiting reverse polarity (a tool as an anode and dummy workpiece as a
cathode) for the machining of silicon carbide ceramics with high electrical resistiv-
ity (500 �cm) showed high MRR, low TWR, and improved surface finish than that
achieved with straight polarity [28]. Therefore, the machining of insulating ceramics
employing EDM technique relies primarily on the thickness of the assisting layer
and the type of dielectric fluid used.

2.8.2 Modifications in the Dielectric Fluid

The dielectric fluid is one of the essential elements of EDM process as it facilitates
the formation of the plasma channel, generates the spark, and confines the plasma
channel. Owing to its viscosity and inertia, the bubble growth pressure increases
and hence increases the volume of material removed per pulse [29]. Therefore, the
properties of the dielectric fluid play an important role in determining the ionization,
confinement of plasma channel, spark gap, etc. Liquid dielectrics aremost commonly
used in EDM process. However, dry, near dry (mist), spray-based dielectric, and
powder-mixed dielectric systems are also finding their popularity due to several
reasons. These modified dielectric fluids are equally appropriate to all variants of
EDM process, viz. ED-Die sinking, ED-Drilling, ED-Milling, wire-EDM, EDG.
The disposal of huge quantity of liquid dielectrics and the generation of fumes due
to dissociation of the dielectric liquid are some of the concerns with liquid-based
dielectrics [30]. Dry EDM, in which high-pressure air or gas is supplied to the spark
gap, is an alternative to the liquid-based dielectrics [31]. Extensively, highmachining
rate is achieved predominantlywhen oxygen is used as a gas dielectric possibly due to
oxidation of the surface [32]. Dry EDM, particularly with non-oxidizing dielectrics,
has certain shortcomings such as low MRR, thick recast layer, and high thermal
damage to the machined components [33]. The low cooling capacity of gases and
inability to remove the debris are the possible reasons for the high thermal damage
and presence of thick recast layer. In order to overcome the limitations associatedwith
dry EDM, a mixture of liquid and gas (mist) in near dry-EDM process and atomized
droplet supplied to themachining zone to form a thin layer of liquid dielectric has also
been applied effectively.Among thesemodifieddielectrics, the atomized-based/spray
dielectrics are found to be more suitable for high MRR, an acceptable level of tool
wear and less accumulation of debris near the sparking zone [34].
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Powder particles such as Graphite, Si, Al, Si, SiC, Ti, Cu, Cr, B4C, Mn, TiC, W
are added in the liquid dielectric to evaluate the consequence of the powder-mixed
dielectric on responses such as MRR, TWR, Ra [35]. The electrically conductive
powder-mixed dielectric modifies the machining variables and thus creates more
favorable conditions for sparks to form. Addition of fine conductive powder in liquid
dielectric reduces the dielectric strength of the medium. Since the minimum spark
gap is inversely proportional to dielectric strength, higher spark gap can be used in
powder-mixed dielectric. Therefore, discharge can occur at the higher inter-electrode
gap (IEG) keeping the discharge voltage to be constant. Higher IEG removes the
debris particles more easily and reduces the occurrence of short circuit. The powder
particles align themselves in the regions of strongest electric field (less IEG) and
bridge the gap. The dielectric strength of the liquid dielectric would be such that
discharge happens immediately at this location. In the absence of these particles,
the discharge would have occurred at comparatively small IEG due to high dielectric
strength of the fluid. Therefore, the reduced dielectric strength results in the formation
of larger discharge gap and diminishes the accumulation of the debris in the IEG.

2.9 Allied EDM Processes for 3D Fabrication

μED-Milling operation is predominantly used for the fabrication of 3Dmicro/macro-
features of various shapes. Use of a comparatively simpler tool, independent of
the shape of the intended geometry, is one of the key advantages of the process.
However, for the machining of micro-features having a high aspect ratio, ED-Milling
operation suffers from some of the drawbacks such as accumulation of debris in the
machining zone, severe tool wear, deflection of tool having thin cross-section and
high machining time required. Alternatively, researchers have attempted a few allied
processes of EDM for 3Dmicro/macro-fabrication. Thin foil/sheet as a tool electrode
has been used in EDM process [36]. The experimental investigations confirm a
substantial improvement in the machining rate as well as the achieved aspect ratio
(ratio of channel depth to the width). The probable reasons for the higher machining
rate can be attributed to the enlarged spark area. The higher aspect ratio of the
features is associated with the debris evacuation since the accumulation of the debris
would result in short circuit resulting in unstable machining. Gravity assistedμEDM
(GAME) is a novel technique proposed for the sedimentation of the debris as the
orientation of the tool and workpiece (workpiece at the top and tool below that) is
reversed to that of the conventional EDM process [37]. Further, a series of holes and
pockets are also drilled in the plate electrode and this resulted in a much improved
performance as the removal of debris is accelerated with the passes provided on the
tool [38]. The position and geometry of these holes and pockets are also found to
be critical though the accurate explanation of the physical phenomenon prevailing is
still required.
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2.10 Tool Wear Analysis in ED-Milling Operation

The intense heat generated due to the discharge energy diffusion fromplasma channel
to the tool electrode andworkpiece electrode results in severe temperature generation
during discharge on period. However, the fraction of heat conducted to the tool (cath-
ode) and workpiece (anode) in straight polarity is determined by the contributions of
positive ions and electrons, respectively. Generally, at low pulse duration, the fraction
of heat available at the anode is always higher than the cathode. However, a reverse
trend has been reported by different researchers as the pulse duration becomes high
[39]. This can be attributed to the time available for the acceleration of positive ions;
at low pulse duration, they have inadequate time to accelerate; hence, small fraction
of heat goes to the cathode [28]. But at high pulse duration, the positive ions get
sufficient time to attain the kinetic energy and therefore higher fraction of energy
transferred to the cathode. Based on this analysis, it can be concluded that the elec-
trode polarity must be decided judiciously on the basis of discharge duration. The
fraction of discharge energy supplied to the tool is undesirable as it melts and even
vaporizes the tool material leading to unavoidable wear of tool electrode. Tool wear
is both inevitable and unpredictable owing to the stochastic nature of the EDM pro-
cess [40]. Tool wear in EDM process cannot be eliminated completely though it can
be reduced to some extent by the appropriate selection of tool-workpiece materials’
combination, polarity, dielectric, flushing condition, etc.

The detrimental effects of tool wear in ED-Drilling operation cause a reduction in
hole depth and taper along the depth of the hole. Though the reduction in hole depth
can be compensated by accurately analyzing the longitudinal wear of the tool and
providing higher programmed depth of the hole by the amount equal to the end wear
of the tool, the hole taper cannot be eliminated as the side wear is problematic to
circumvent. The wear of form tool in ED-Die sinking results in deficient dimensional
accuracy and inferior replication of the profile. Analysis and compensation of tool
wear inμED-Milling operation are complicated due to themultiple zones that eroded
simultaneously as a tool has to trace the path in three-dimensional space. However,
as mentioned earlier, an attempt can be made to minimize the taper by developing a
“Correction FactorMethod” for EDMoperation in general and ED-Milling operation
in particular.

2.10.1 Tool Wear Compensation Techniques
in Layer-by-Layer Machining

2.10.1.1 Uniform Wear Method (UWM)

Asdiscussed earlier in Sect. 2.2.1, the layer-by-layermethod ofED-Milling operation
assumes tool end face to be uniform aftermachining [41]. The reduction in tool length
is compensated by plunging the tool into the workpiece by the amount equal to the
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length of tool reduced in addition to the theoretical layer thickness. Therefore, the
cross-section of the machined cavity will be free from inclined surface.

Taking into consideration the small thickness of individual layer/pass, the side
wear of the tool is negligible and it is not considered in layer-by-layer machining.
However, after the machining of the cavity of a certain length, the tool wears out in
the longitudinal direction and the depth of cavity measured at the exit will be less
than the theoretical depth expected without any wear of the tool. Therefore, �x is
assumed to be the average thickness of an individual layer machined, as the thickness
reduces continuously from the entrance to the exit of the channel.

For the next reverse pass, the tool must be fed into the workpiece taking into
account the length of the tool reduced. Therefore, �d is the depth of the tool feed
considering the longitudinal wear such that after ‘n’ layers of machining, the total
depth of cavity would be d �n ×�d, where d is the proposed depth of the cavity.

Hence, the volume of tool removed after n layer of machining is given by:

(n × �d − n × �x) × Ae � α × n × Aw × �x (1)

�d � �x
(
1 + α × Aw

Ae

)
� �x + �Zt (2)

where α represents the ratio of the volume of material removed from the tool to the
volume of material removed from the workpiece termed as wear ratio. Ae and Aw are
the cross-sectional area of tool electrode and workpiece in the x-y plane. �Zt is the
compensation length added prior to the commencement of next layer of machining.

Equation 2 depicts the compensated depth of cut envisaged by the UWMwhich is
always higher than �x since α is essentially positive. The applicability of the UWM
of longitudinal tool wear compensation is verified by machining various complex
cavities.

2.10.1.2 Linear Compensation Method

Uniformwearmethod (UWM) considers that tool is fed downward posterior the com-
pletion of a single layer of machining of certain length. In doing this, the machined
feature achieved is inclined as the length of the tool has been shortened. To further
eliminate the adverse effect of tool wear in terms of the non-uniform inclined cross-
section, linear compensation method (LCM) was developed. LCM of tool wear in
ED-Milling operation compensates the longitudinal wear by feeding the tool toward
the workpiece after a small length of tool travel in the x-y direction. Let travel length
of the tool during ED-Milling operation is L and �L is the distance traveled by
the tool after which the compensation is given. Assuming the compensated length
of the tool is �y, then according to LCM method, the ratio of �y to �L remains
constant. The compensation depth is merely dependent on the empirical data, which
necessitates enormous experiments. This method found appropriateness in overcom-
ing the unfavorable effects of the longitudinal axis of tool wear in the machining of
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Fig. 2.7 Schematic diagram of linear compensation method (LCM)

the square cavity with a flatness within 2 μm [42]. However, this technique is still
inadequate for the machining of complex 3D cavities.

Figure 2.7 depicts a schematic illustration of LCM, wherein the triangular cross-
section is shown after machining a length of �L due to a reduction in tool length.
The total travel length of the tool in the x-y plane is divided into a number of small
length segments, and after each small length segments, the tool is fed downward by
the amount �y.

2.10.1.3 Combination of UWM and LCM: Development of CLU
Method

Though the linear compensation method proves to be quite accurate, versatile, and
reliable in obtaining a flat surface, extensive experiments are required to determine
the travel length (�L) and compensation depth (�y). No theoretical model is avail-
able to establish the relationship between travel distance and compensation length.
Amalgamations of the proposed tool wear compensation methods, viz. UWM and
LCM, resulted in the more consistent method, wherein the compensation depth is
determined according to uniform wear method and the travel length �L remains as
per the LCM method. This combined technique is termed as CLU method [43].

The algorithm of CLU method is as follows:
Similar to linear compensation method, the total compensation depth of the tool

�Zt is uniformly divided into small several small length �Z .
The number of compensation times for single layer of machining is determined

as follows:
N � 1Zt

�Z � �d−�x
�Z [From Eq. (2)]
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Let the total lengthof the layer beL. Therefore, the distance travel canbe calculated
as follows:

1L � L
N

This represents that the distance tool must travel before the application of the tool
compensation depth �Zt.

According to CLU method, higher the number of compensation times per layer
of machining, greater will be the uniformity of the resultant surface.

2.10.1.4 Fixed-Length Compensation Method

This approach ismuch similar to linear compensationmethod.However, the electrode
endwear can be calculated based on themachining length. According to this method,
the electrode is compensated whenever the electrode wear exceeds a certain value
(le). This value (le) is termed as compensation accuracy. The machining length (L) is
termed as compensation length. As the compensation is provided after the machining
of a fixed length, this technique is called as fixed-length compensation method.
The increase in layer thickness would result in a conical profile of tool electrode.
Therefore, cross-section of the workpiece after machining resembles a series of
triangles [44].Based on this conical electrode, awearmodel is formulated to precisely
evaluate the machining length (L) [45].

Furthermore, an improved fixed-length compensation method was proposed and
validated experimentally by replacing a cylindrical tool with a tubular-shaped tool
[46]. The tubular tool transforms into a truncated cone-shaped after milling opera-
tion. Since the end cross-section of the tool remains flat due to tubular shape, the
resultant machined surface becomes smooth and free from triangular impressions. A
theoretical model is developed relating the compensation length (L) in terms of final
milling depth, volumetric wear ratio, discharge gap, tool inner and outer diameter,
and compensation accuracy. Applying this compensation technique, the longitudinal
wear of tool can be successfully implemented if the target depth is known.

2.10.2 Tool Wear in Bulk Machining Approach

Layer-by-layer machining has distinctive advantages such as less effect of elec-
trode wear as the compensation methods are fairly reliable and pragmatic. How-
ever, the proposed wear compensation methods in layer-by-layer approach are sub-
jected to comparatively simpler geometries and found difficulties when complex 3D
micro-features are to be machined. Also, successful implementation of the algorithm
demands extensive experimental data. The total machining time required for the fab-
rication of a cavity depends on the thickness of the single layer and the depth of the
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cavity. The low productivity associated with the layer-by-layer machining approach
can be circumvented by machining the full depth of the cavity in a single pass. This
approach is termed as bulk machining approach or peripheral machining approach
as machining takes place by the periphery of the tool in addition to the end face.

The general rules of bulk machining approach related to μED-Milling can be
summarized as follows:

(i) The tool electrode is first sunk into the workpiece up to the required depth of
the feature.

(ii) Generation and execution of NC codes to dictate the tool path in the x-y plane,
i.e., in the plane perpendicular to the depth of cut.

(iii) Movement of the tool in the x-y plane. This movement can follow any desired
path depending upon the shape of the cavity intended. For the fabrication of
semi-circular cavity, the tool will follow circular interpolation in the x-y plane
after it has plunged into the prerequisite depth.

(iv) Retracting the tool out of the workpiece by following the motion just opposite
to that in (i).

Contrary to layer-by-layer machining approach wherein merely the
axial/longitudinal wear of the tool occurs due to the small depth of the layer,
the bulk machining approach of μED-Milling operation suffers from circumferen-
tial as well as longitudinal wear of the tool electrode. Therefore, the compensation
algorithms are not so easy to develop owing to the complex tool wear phenomenon.
Longitudinal wear of tool generates a cavity with inclined cross-section; i.e., the
depth of cavity at the outlet will be lower than that at the entrance. Assuming the full
depth to be a single layer and conducting experiments at fixed process parameters,
the approximate reduction in cavity depth can be evaluated. Therefore, the final
coordinate of the tool in the z-direction can be determined and preset considering
the average reduction in the depth.

The portion (length) of the tool electrode plunged into the workpiece (equal to
the depth of feature) erodes enormously due to the secondary discharges occurring
between the tool and workpiece. This enlarges the feature dimension in the direction
perpendicular to the axis of the tool also. Therefore, the side wear of tool in bulk
machining approach is inevitable since the side surface also forms discharge gap
and develops the craters. Eventually, the final shape of the tool after machining by
this approach resembles a step-turned shaft having reduced diameter in the portion
engaged in the machining and original diameter in the remaining shank portion.
Figure 2.8 shows schematically different zones in the tool electrode which wear out
during machining especially using single depth of cut.

Unlike machining by layer-by-layer approach in ED-Milling operation, in bulk
machining approach hardly there is any compensation algorithm proposed by the
researchers. This can be easily understood by the intricate wear phenomenon arising
due to simultaneous machining from the end, side, and corner surface of the tool
electrode.

Toward the compensation of tool electrode wear and abolish the detrimental effect
of it on the geometrical accuracy of the resultant micro-features, machining employ-
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Fig. 2.8 Schematic diagram showing tool wear in bulk machining approach

ing multiple pass approach has been proposed [47]. The taper in the micro-feature
machined can be reduced and with appropriate investigations can be eliminated by
redressing the tool electrode after the machining of a single pass. Redressing the
tool by merely reversing the polarity (generally by the wire-EDG process) would
remove the material from the tool as it acts as an anode. Therefore, the portion of
the tool having reduced diameter can be removed, and apparently, a wear-free tool
is available for the next reverse pass. This approach of multiple pass ED-Milling
operation is still at its preliminary phase and demands a lot of experimental data in
order to determine the number of passes required. Total machining time to produce
a feature includes the productive time (time in which EDM operation is performed)
and nonproductive time (the time devoted to the redressing of the tool). Henceforth,
a judicious decision must be taken while selecting the particular machining approach
(layer-by-layer or bulk machining approach) in ED-Milling operation.

However, the correction factor method used in EC-Drilling operation can be
adopted in ED-Milling operation. The method formulates a simple model for the
tool design in EC-Drilling operation. This model computes the error between the
desired and predicted shape and evaluates the resultant error. Based on this error,
a factor called correction factor is calculated and applied to modify the tool shape.
Repetition of the procedure brings the shape much closer to the desired one.
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2.11 Potential Applications

Micro-EDM process in general and μED-Milling operation, in particular, owing to
its impeccable capabilities for the machining of ultra-hard and exotic materials has
gained popularity over the last few decades. The advantages of μED-Milling oper-
ation for the making of 3D micro-features include superior dimensional accuracies,
exploitation of ultra-thin tool, machining of complex micro-features and machining
in unapproachable zones. Micro-electromechanical system (MEMS) demands the
precise micro-channels for the analysis of fluid flow, mixing of different fluids in
micro-domain [48]. Micro-fluidics is the study of fluid flow through micro-devices,
namely micro-heat-exchanger, miniaturized actuator, micro-combustor, micro-fuel
cell. Micro-channels are the most important part of micro-fluidics devices, wherein
the behavior of different fluids and their mixing are achieved through precisely fab-
ricated channels. The flow of fluid in the channels below 1 mm is considered to be
microscopic flow, whereas the flow in the channels with dimensions above 1 mm and
below 1μm is macroscopic and nanoscopic, respectively. The high rate of heat trans-
fer is facilitated by the enhanced surface to volume ratio in micro-heat exchanger
devices. Though various fabrication techniques are available for the processing of
silicon-based materials predominantly used in MEMS devices, these methods are
more suitable for merely two-dimensional features. These techniques include lithog-
raphy, etching, LIGA, etc. Application of these processes is limited to some specific
materials only. Apart from silicon-based materials, metals are also gaining its accep-
tance in MEMS industries because of the varying range of physical and mechanical
properties. Therefore, the μED-Milling operation for the fabrication of complex
micro-channels, micro-mixers, micro-printed circuit board, etc., is equally compet-
itive and constructive.

Machining of a finished turbine impeller and micro-compressor has proved the
potential of micro-ED-Milling operation as far as complex 3D cutting is concerned
[49]. Micro-texturing of surfaces for inducing hydrophobicity is one of the emerging
areas, wherein the micro/nano-patterns are developed in the form of pillars, dimples,
diamond patterns, etc. [50]. μED-Milling operation is considered to be a very com-
petent technique for large area texturing employing a simple cylindrical-, square-,
or rectangular-shaped micro-tool. The depth of micro-feature achieved by EDM
process is significantly high as compared to commonly used machining technique
for micro-texturing of surfaces. Fabrication of micro-swiss-roll combustor used in
various electronic components for the re-circulation of heat is one of the potential
applications [51].High-aspect-ratiomicro-flowchannels on themetallic bipolar plate
have shown greater performance than the other techniques such as electroforming
and electrochemical machining [52]. Manufacturing of a master mold throughμED-
Milling operation is a promising application area. This master mold is generally used
in the embossing of polymer parts. Through cut macro-features relying on conven-
tional EDM technique consumes higher power and machining time as the complete
material of the cavity is required to be removed. Exploiting the numerical control
of the EDM process, a primitive micro-cylindrical tool can be actuated on the outer
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periphery of the macro-cavity, thus machining the outer layer of the cavity only.
Therefore, different through shapes such as square, circular, elliptical, or freeform
having dimensions comparatively larger than the tool size is machined in trepan-
ning mode by just controlling the trajectory of the tool much similar to ED-Milling
operation.

2.12 Advantages

(1) This technique does not necessitate the fabrication of complex tool irrespective
of the shape of the anticipated features.

(2) Execution of NC codes makes it pretty easy to manipulate the motion of the
tool in different axes simultaneously.

(3) Any desirable shape can be produced provided the tool path is generated accu-
rately. Micro-channels with different shapes such as straight, circular/semi-
circular, freeform, serpentine, T-shaped are possible to create through theμED-
Milling operation.

(4) Using layer-by-layer approach, a 3D cavity with inclined surfaces is possible to
machine by applying suitable tool wear compensation.

(5) High-speed rotation of a cylindrical tool distributes the wear of tool uniformly
about the axis of the tool. Therefore, channel taper can be predicted accurately.

(6) Superior dimensional accuracy and relative tolerances of the machined features
are the foremost benefits of this technique.

2.13 Disadvantages

(1) Tool wear and its pessimistic impacts on the dimensional accuracy of the micro-
features restrict the full applications of the process.

(2) Comparatively low machining rate puts a restriction.
(3) Fabrication ofmicro-tool itself is a tedious process, though the in situ fabrication

of micro-tool overcomes these limitations up to a great extent.
(4) Formation of recast layer particularly due to poor flushing conditions requires

secondary operations for removal of this hard layer as micro-cracks propagate
into the parent material through this layer.

2.14 Summary

Electric dischargemilling operation as an effectivemeans ofmicro-fabrication is still
an emerging area. The incessant development in the numerical control of machine
tool hasmade it possible to avail the capability ofEDMprocess. The current prospects
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in μED-Milling operation include fabrication of micro-channels, slots, grooves, and
optimization of machining process parameters, analysis of tool wear and its compen-
sation, application of various dielectric fluids including powder-mixed dielectric, etc.
Majority of the research available in ED-Milling operation is centered on the pro-
duction of micro-features on flat surfaces. Fabrication of micro-channels, grooves,
micro-textures on non-flat surfaces (circular, curved), and freeform surfaces using a
five-axis control of EDMmachine tool can be the next level of research in ED-Milling
operation. Theoretical analysis ofμED-Milling operation to predict the profile of the
final geometry and inescapable taper in terms of machining parameters and physical
quantities of the feature can make the process more predictable. Insulating ceramics
due to its superior mechanical and physical properties are attracting the researchers
to discover the apposite machining techniques. ED-Milling technique has by now
shown the feasibility to process these materials through dummy electrode method.
However, detailed investigations are still required to precisely determine the thickness
of the initial conducting layer, type of dielectric fluid, and the chemical compound
being formed. Tool wear compensation technique to account for circumferential as
well as longitudinal wear in bulk machining approach is one of the areas that demand
a lot of theoretical as well as numerical investigations.
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Chapter 3
Micro-EDM with Translational Tool
Motion: The Concept
of Micro-Electro-Discharge-Slotting

Vishal John Mathai and Harshit K. Dave

Abstract Application of micro-fabrications is immense in today’s life as many
products have micro-features on it as a part of aesthetics or functionality. In this
chapter, novel technique called Micro-Electro-Discharge-Slotting (MEDS) has been
discussed in detail. The process can be used as an alternative in case of issues difficul-
ties in carrying out commonly used micro-EDM process variant like micro-electro-
discharge milling. Micro-Electro-Discharge-Slotting, due to its specialty in its tool
actuation strategy, can reduce inaccuracies that may incur in the machined feature
due to deformation of the micro-tool electrode. Further, a novel micro-electrode
fabrication technique, namely foil as tool electrode (FAST) EDM, has also been dis-
cussed for cutting and dressing of micro-electrodes. The technique can be used in
the absence of sophisticated micro-machining facilities to fabricate micro-electrodes
with relative low mechanical distortion. To understand the parameter effects, a case
study has also been discussed for both the processes.

Keywords Micro-EDM · Tool kinematics ·Micro-fabrication ·Micro-slot

3.1 Feature Generation Using Micro-EDM with Tool
Actuation: A Comparative Assessment

Product downscaling is one of the areas that has been identified as the need of the
day as the same has immense applications in the various fields like health care and
aerospace. Such concepts in reality are implemented by carrying out different types
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of micro- or nano-level manufacturing techniques. These can either be a material
removal or material addition-based techniques, with each having its own unique
advantages and limitations. Other than these techniques, surface modification tech-
niques like isostatic pressing and hot isostatic pressing have also been reported to
creating such features.

If we observe various types of products around us, one of themost commonly seen
category micro-feature is slots or channels of different shapes and size. Such features
havewide range of applications in biomedical andmicro-electro-mechanical systems
(MEMS), etc. [1, 2]. Different types of micro-manufacturing techniques have been
reported for fabrication of such features. This has been either traditional or advanced
micro-manufacturing techniques. Even though relatively cost-effective, one of the
major limitations of traditional as well as mechanical-based micro-manufacturing
techniques is the effect of mechanical properties of the substrate material. Thermal
and chemical energy-based advancedmicro-manufacturing techniques and three pro-
cess variants are used in this context, and micro-electro-discharge machining is a
process that has been widely used in this regard.

Micro-electro-discharge machining (MEDM) process is capable of generating
simple to complex geometries of micron size on electrically conductive material
using a micro-tool electrode moved in a predefined fashion. The material is removed
in the form of micro-craters with the help of precisely controlled and repetitive
sparks [3]. However, to reduce the limitations associated with the machining method
in terms of tool wear, surface quality, etc., the concept of hybridization has also been
reported. However, choice of the mode of hybridization depends on the geometry of
the target micro-feature.

In case of fabrication of micro-slots or channels, two modes of application of
MEDM are possible; (i) to use a tool electrode having the size and shape of the target
slot and carry out conventional die sinking [4] and (ii) to use a tool electrode having
the size similar to or smaller than the size of the target slot and carry out machining
with additional tool kinematics [5, 6]. Despite a simple strategy, some of the issues
that are involved in the first method are the effort needed to fabricate micro-electrode
having the shape of the micro-slot, lack of flushing at the inter-electrode gap due to
minimum tool motion, etc. These technical difficulties may be countered to a certain
extent by second method in which a simple tool is used to fabricate a complex-
shaped slot by making it move along a predefined path with or without a rotational
or vibrational motion.

One of the most commonly employed MEDM process variant for fabrication of
micro-slots or channels is micro-electro-discharge milling (MEDM). Application
of this method is not restricted to fabrication of slots but also for generating 3D
micro-features with high aspect ratios [7, 8]. Since the technique employs a rotat-
ing micro-tool electrode translated along a predefined path, the issues pertaining
debris accumulation in the inter-electrode gap also can be avoided. Many research
works have been reported on the effect of process parameters on response charac-
teristics like tool wear and surface roughness [9, 10]. The intense wear that usu-
ally occurs on the tool electrode during EDM-based processes has been reported
to be a critical issue in this process variant as well. However, many end-wear
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Fig. 3.1 Concept of Micro-Electro-Discharge-Slotting process for fabrication of linear slots

compensation techniques as well as wear reduction techniques have also been pro-
posed by many researchers [11–13].

Even though the process is widely accepted for micro-manufacturing, the quality
of the target features also depends on the quality of micro-tool electrode used for
machining. The electrode that will be used for machiningmicro-featuresmust be free
from any sort of distortions and deformations. However, for a researcher, who have
relatively low experience or if the machine tool does not have sophisticated micro-
fabrication facilities, such issues are bound to happen. If an electrode of poor quality
is employed for machining, it will result into generation of low-quality feature. The
inaccuracy will further be aggravated if the tool is subjected to additional motion,
like rotation in the case of MED milling. Hence, it is important to devise a strategy
with which a micro-tool can be fabricated with limited facilities as well as use them
with effectiveness closer to that can be achieved through MED milling.

3.2 Concept of Micro-Electro-Discharge-Slotting

Micro-Electro-Discharge-Slotting (MEDS) is a variant of MEDM, a tool electrode
without rotational motion is made to scan over the workpiece surface. The micron-
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(a) (b)

Fig. 3.2 a Micro-electrode with crack and b micro-electrode with pinch effect (magnification:
75×)

sized tool electrode is made to move along a trajectory as defined by the operator.
The choice of the type of path depends on the shape of the micro-slot. During tool
actuation, the axis of the tool electrodewill be perpendicular to theworkpiece surface.
The translational motion is accompanied by feed in the Z direction as well. Figure 3.1
shows the mode of tool actuation in the case of machining of a linear slot. A similar
strategy shall be followed to generate any shape of slots by programming the tool
path according to the micro slot shape and making the micro tool scan along the
same.

Since the tool is not rotating, any distortion in terms of bending will not affect the
dimensional and geometrical accuracy of the feature to a bigger extent. Simultane-
ously, the translational motion of the tool electrode will facilitate the proper ejection
of debris from the machining zone, thereby providing the level of process stability
as in the case of MED milling.

3.3 Micro-electrode Fabrication: Concept of FAST

Influence of mechanical forces on the micro-tool electrode must be minimized to
avoid any type of deformation on the same. If mechanical methods are employed for
fabricatingmicro-electrodes from commercially available electrode rawmaterial, the
possibility of getting the electrode bend is very high. Even if extreme care is taken
to avoid such deformation, the micro-rod tip may tend to get cracked or pinched as
shown in Fig. 3.2.

Hence, a force-free machining technique is always preferable for fabrication of
micro-electrodes, and MEDM itself is a good option for the same. Foil as tool elec-
trode (FAST) EDM technique, a process variant of commonly used MEDM process,
can be used alongside with micro-wire electro-discharge grinding (MWEDG) for
deformation-free micro-electrodes.

In FAST EDM technique, a foil electrode is used to cut small pieces of micro-
electrode from the commercially available long micro-rod. The foil electrode is
die-sunk on the micro-rod which is held by magnetic pins as shown in Fig. 3.3a, b.
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(a) (b)

(d)(c)

(e) (f)

Fig. 3.3 a–cConcept FASTEDMand d–f post-processing ofmicro-electrodes fabricated by FAST
EDM using MWEDG

Once the foil completely crosses the micro-rod, it can be ensured that the micro-rod
is cut and the foil electrode can be lifted to its home position.

Figure 3.3c shows the original set-up that has been employed for demonstrating
FAST EDM technique. The commercially available micro-rod is sliced into small
pieces by performing a die-sinking operation using a foil electrode having a thickness
of 60 µm. It can be inferred from Fig. 3.3d that the end of micro-electrode cut using
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(a) (b)

Fig. 3.4 Wear observed on the foil electrode in FEDM under a straight polarity and b reverse
polarity (magnification: 100×)

Fig. 3.5 Effect of variation
of capacitance and pulse ON
time on cutting time in
FEDM
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FAST technique is not perfectly flat. Hence to make it flat, the electrode must be
subjected to MWEDG. For this, the cut electrodes are mounted on to the spindle
using a collet system. The micro-electrode with rotational motion is fed against the
moving micro-wire (as shown in Fig. 3.3e) to get the micro-electrode tip ground and
hence flat as can be seen in Fig. 3.3f.

Prior to implementation of FEDM for electrode cutting, a set of experiments
have been carried out to identify the preferable set of process parameters. Effects
of electrode polarity, pulse ON time and capacitance on electrode wear and cutting
time have been investigated. Figure 3.4a, b shows the intensity of wear observed on
the foil electrode under straight and reverse polarities. Figure 3.5 shows the variation
in cutting time with change in capacitance and pulse ON time. In straight polarity
condition (foil electrode: negative; tungsten rod: positive), intense wear has been
observed on the foil electrode. But on reversing the polarity, the electrode has been
cut with lower extent of material loss from the foil electrode. The difference in wear
observed on the foil may be attributed to the difference in carbon deposition on the
electrodes [14, 15]. Hence, it can be inferred that reverse polarity is preferable for
FEDM technique.

Figure 3.5 shows the effect of variation of capacitance and pulse ON time on
electrode cutting time using FEDM carried out under reverse polarity condition. It
can be inferred from the graph that cutting time is low when electrodes are processed
under high capacitance levels. It is also worth noting that even though the effect
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(a) (b)

Fig. 3.6 a Experimental set-up, b workpiece and slot configuration and c workpiece with slots
along the split line

Table 3.1 Parameter levels and values

Parameters Units L1 L2 L3

Current A 0.3 1.5 –

Voltage V 30 40 50

Pulse ON time µs 31 46 61

Pulse OFF time µs 30 46 60

Scanning speed mm/s 0.07 0.09 0.13

Aspect ratio – 1 1.5 2

is not that significant at lower levels of capacitance, it can be seen that the cutting
time is relatively higher when high pulse ON time condition is employed with high
capacitance condition.

3.4 Case Study: Generation of Linear Micro-slots
with Conventional EDM Tool

To assess the feasibility of the process,Micro-Electro-Discharge-Slotting process has
been carried out by using conventional EDM tool. Linear slots have length of 4 mm
are made on aluminium blocks in split piece configuration as shown in Fig. 3.6. The
micro-slots are made along the split line so that the slots can be opened and studied.
Tungsten micro-rods having diameter of 300 µm and length 8 mm are fabricated
using FAST EDM technique. The machining has been carried out with drip flushing
at the machining zone.

The study has been carried out by varying six parameters, viz. current, voltage,
pulse ON time, pulse OFF time, scanning speed and aspect ratio of the feature. The
experiments are designed using Taguchi’s L18 orthogonal array. The parameter levels
employed formachining are shown in Table 3.1. Current has been varied at two levels
and rest of the parameters at three levels.
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Fig. 3.7 a Effect of process
parameters on overcut, b
percentage contribution of
process parameters on
overcut
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All the parameter values except that for aspect ratio are preset on the machine
tool. Aspect ratio has been defined as the ratio of slot depth to tool diameter used, and
the same is varied by changing the depth of the slot keeping the electrode diameter
constant. The response values have been converted into signal-to-noise ratio.

3.4.1 Effect of Process Parameters on Overcut and Slot
Quality

Figure 3.7a, b, respectively, shows the effect of various process parameters on overcut
in micro-slots generated by micro-ED slotting process and the percentage contribu-
tion result obtained through analysis of variance. Figure 3.8 shows the cross-sectional
view of the slots obtained under different machining conditions.

It can be inferred from the graphs that current has a significant effect on overcut of
micro-slots machined. The result is in line with inference that can be deduced from
the ANOVA as well. This may be mainly due to the tendency to lose more material at
high discharge or due to the effect of secondary discharges caused by debris particles
moving out of the machining zone. Hence, a lower current value is preferable for
reducing overcut. Similar inferences can be deduced in the case of variation of pulse
ON time.
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Fig. 3.8 Micro-slots machined under different conditions

In the case of gap voltage, the overcut tends to increase initially; however, for
higher values the response tends to reduce again. Like in the case of variation of
current, an increase in voltage will result in increase in discharge energy and hence
amount of material removed per spark. However, being a parameter that is propor-
tional to inter-electrode gap, an increase in the parameter may result in reduction in
energy intensity of the sparks, leading to lower amount of material removal. It is also
worth noting that the parameter does not have a significant effect on overcut.
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It can also be seen that a higher pulse OFF time and scanning speed of the tool
electrode are preferable as it resulted in features with relatively lower overcut. Such
an inference may be due to the effect of both these parameters on inter-electrode gap
flushing.

Further, it can also be inferred from the graphs that aspect ratio of the target feature
also contributes to the extent of overcut in it. It can be seen that the overcut increases
with increase in aspect ratio. This may be due to the ineffective flushing that tends
to happen with increase in depth of the target feature. In the absence of pressurized
external flushing, which cannot be employed in the case of MEDM, the situation
may further get aggravated, thereby leading to increase in overcut.

With reference to Fig. 3.8, it can be understood that high current values are prefer-
able formachining featureswith high aspect ratio. Further, tomachinemicro-features
with better bottom surfaces, higher values of pulse ON time and scanning must be
chosen.

3.4.2 Effect of Process Parameters on Tool Wear Conditions

Wear on the tool electrode has been studied in terms of tool wear rate. Figure 3.9
shows the signal-to-noise ratios obtained for the response characteristic. Further,
images of micro-electrodes used under different machining conditions are shown in
Fig. 3.10.

From Fig. 3.9a, it can be observed that the wear on the micro-tool electrodes used
under 1.5 A condition is lesser than that observed on a tool electrode used at 0.3 A,
which contradictory against the reported results. Further, it is also observed that the
tip of the electrodes used at 1.5 A condition, which is shown in Fig. 3.10, has a
‘bulged tip’ condition. This reason for such an observation may either be due to the
possibilities of residues getting deposited or due to the influence of anodic polarity
of the electrode [14, 16]. The reduction in wear with increase in gap voltage, which
can be seen from the graph, may be attributed to the reduction in energy intensity
with increase in spark gap. Similar inference can be drawn in the case of variation of
pulse ON time. In the case of variation of pulse OFF time, the trend has been found
to be contradictory. The tool wear rate has been found to be least when the value of
pulse OFF time is smallest.

In the case of variation of non-electrical parameters, viz. scanning speed and
aspect ratio of the feature, two distinct trends can be seen. It can be understood that
the toolwear rate decreases initially and then increaseswith higher values of scanning
speed. This implies that an intermediate level of scanning speed is preferable. As
too motion provides turbulence in the machining zone, the debris removal becomes
effective, making the process stable. But when higher scanning speeds are employed,
the tool electrode will not get ample time to remove the material from the workpiece
surface effectively, thereby resulting in higher process completion time. This will
lead to prolonged exposure of the tool electrode to machining condition and hence
unanticipated material loss from the same.
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Fig. 3.9 a Effect of process parameters on tool wear rate, b percentage contribution of process
parameters on tool wear rate
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Fig. 3.10 Tip of micro-electrodes used under different parameter combinations

In the case of variation of aspect ratio, it can be seen that as the parameter increases,
the tool wear rate increases initially. But on further increase, the tool wear rate is
observed to decrease. This decrease in tool wear rate at higher values of aspect ratio
may be due to the improper removal of debris from the machining zone under such
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Fig. 3.11 Examples of nonlinear slots that can be generated using MEDS process

conditions, thereby leading to deposition of material on the micro-electrode. This
can be clearly seen in the images shown in Fig. 3.10.

The critical inference that can be drawn fromANOVA,which is shown inFig. 3.9b,
is that parameters that influence the flushing conditions, viz. scanning speed of the
tool electrode and aspect ratio of the micro-feature, influence the tool wear rate most
significantly.

3.5 Application of Micro-ED Slotting in Micro-feature
Generation

The concept of MEDS can be extended to generations to other complex-shaped fea-
tures. Figure 3.11 shows some of the features that have been machined usingMEDS.
It can be understood that the process can very well be employed for generating fea-
tures in a single or sequential steps. The process can be of good use in fabricating
complex channel systems like in biomedical or lab-on-a-chip set-ups in which inter-
secting slots and curved slots are mostly involved. Further, the process can also be
used to create dies and moulds for creating micro-features.

The process can be extended to any type of feature generation in which micro-ED
milling is employed. Another highlighting advantage is that unlike in the case of
micro-ED milling, sharp-cornered slots can also machined with the help of MEDS
technique with the use of a prismatic tool electrode.
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3.6 Summary

Micro-Electro-Discharge-Slotting is a micro-machining technique that can be used
for machining micro-slots or channels on any material that is electrically conduc-
tive. The concept of tool actuation in the process negates the effect of any physical
distortion of the micro-electrode on feature quality. Unlike in the case of micro-
electro-discharge milling, sharp-cornered features can also be generated. Further,
the concept of foil as tool electrode EDM has been discussed for micro-electrode
cutting. Being a method that is totally free from application of mechanical forces, the
process can very well be used to fabricate distortion-free electrodes. Such electrodes
can be used for both micro-ED-based slotting and milling operations.
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Chapter 4
Micro-Wire-EDM

Taylor Daniel, Chong Liu, Junyu Mou and Muhammad P. Jahan

Abstract Micro-wire-electro-discharge machining (micro-WEDM) is a widely
used non-conventional micromachining process to fabricate three-dimensional (3D)
complex micro-features in difficult-to-machine materials. This chapter offers a con-
cise overview on the micro-WEDM process. A brief overview on the process mech-
anism, system components, parameters and variants of micro-WEDM has been pro-
vided in the chapter. In addition, some of the innovative applications and advanced
research studies on the micro-WEDM have been discussed in brief. Finally, current
challenges that limit the wide application of micro-WEDM in industries, as well as
opportunities for future research, have been discussed at the end of the chapter.

Keywords Micro-wire-EDM · System components · Process mechanism
Applications · Advanced research · Recommendation for future research

4.1 Introduction

The electrical discharge machining (EDM) process removes electrically conduc-
tive materials from the part to create features using thermoelectric energy generated
between the electrode and the workpiece submerged in the dielectric fluid. The gap
between the workpiece and electrode, called ‘spark gap’, provides a space allow-
ing the pulse discharges to remove material from the workpiece by melting and
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evaporation. Micro-EDM process has become one of the widely used methods for
making high-aspect-ratio micro-features due to achievable small process forces and
repeatability. There are, currently, four types of micro-EDM technology used in
manufacturing to machine complex micro-features [1].

• The micro-wire-EDM process uses wires with 50–250 µm diameters to cut a
workpiece made of electrically conductive material.

• The die-sinking micro-EDM process makes mirror image in the part by the elec-
trode with same micro-features on it.

• The micro-EDM drilling process is used to make micro-holes on the workpiece
with microelectrodes of diameter as small as 5–10 µm.

• The micro-EDM milling process is used to make 3D micro-cavities by milling
with microelectrodes of diameter as small as 5–10 µm.

Although there are many research papers published to announce the improvement
of these processes, they are still not very popular in modern manufacturing indus-
tries. This is due to the fact that, the availability of the tools to satisfy the micro-
EDM machining and the reliability of the product characteristics after the process
are still not enough currently [2]. The demand for micromachining has increased
rapidly in many sectors, such as microelectronics, optics and biotechnology. Prod-
ucts with micro-features need component dimensions with hundreds of micrometres.
Researchers fromworldwide academia and industry are trying to improve the existing
technologies and find the innovation methods to meet this need. Lithography-based
micro-fabrication processes are currently being used extensively to produce features
with micrometre or sub-micrometre dimensions for micro-electromechanical sys-
tems (MEMS). But the lithography-based processes have limitation, for example, it
has limit choice ofmaterials, it has limitation on the geometry of the part, and it needs
huge amount of investment. The tool-basedmicro-parts production technologiesmay
replace lithography-based technologies to produce parts made of different materials
to meet the growing demands of MEMS. Micro-EDM is one such process, as it is
one of the most widely used and advanced tool-based micromachining processes,
currently reported in academia and industries. Figure 4.1 shows the classification of
micro-manufacturing processes along with their capabilities and research issues [3].

Electro-physical and chemical micromachining processes, such as micro-EDM
and micro-ECM, have significant advantages over conventional mechanical micro-
machining processes, as the cutting tools do not contact the workpiece surface
directly, thus avoiding frequent tool breakage and elastic deformation. They are flex-
ible when machining small quantities of parts. Micro-EDM has further advantages
over micro-ECM process in terms of process capability, machining speed and part
complexity, as it is capable of fabricating micro-features ranging from simple micro-
holes to complex micro-moulds. For minimizing the material removal in each step,
the energy for discharge is reduced from 10−6 to 10−7 J. Table 4.1 shows dimensions
that can be achieved by each type of micro-EDM [3]. Although the basic principle of
material removal mechanism is same for each variant of micro-EDM, there are dif-
ferences in the process geometry, system components and applications. This chapter
aims to provide a comprehensive overview on the micro-wire-EDM (WEDM).
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Fig. 4.1 Classification of
micro-manufacturing
processes [3]

Table 4.1 Micro-EDM capabilities [3]

Micro-EDM
variant

Geometric
complexity

Minimum feature
size

Maximum aspect
ratio

Surface quality
Ra (µm)

Drilling 2D 5 µm ~25 0.05–0.3

Die-sinking 3D ~20 µm ~15 0.05–0.3

Milling 3D ~20 µm ~10 0.5–1

WEDM 2 ½ D ~30 µm ~100 0.1–0.2

WEDG Axi-sym. 3 µm 30 0.8

4.2 Process Mechanism of Macro- and Micro-WEDM

The difference between the macro- and micro-WEDM is basically the difference in
the part size that is machined. However, the advanced research indicates differences
in the size of the tool used, fabrication method, discharge energy used, movement
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resolution of the axis, gap control mechanism and flushing mechanism [4]. Usually,
when a macro-part (dimensions higher than 1 mm) is manufactured by the WEDM
machine, it is named macro-WEDM. On the contrary, it is named micro-WEDM
when a part with dimensions less than 1 mm (0–999 µm) is made in a wire-EDM
machine.

In micro-WEDM, a continuous wire electrode (50–250 µm) is kept driving
through the part by wire running system and without making any contact with the
part. Compared to the traditional mechanical micromachining processes, the part is
not cut by direct contact between the electrode andworkpiece. Instead, it is machined
by the pulse (electrical discharge), that is generated between the electrode and part.
While the wire electrode is driving through the part, a series of rapid, repetitive and
discrete spark discharges are created inside the dielectric fluid between the wire elec-
trode and part by the power system [5]. The spark discharges were also called pulses.
And the power system is a DC power supply. When the power system is switched
on, the part and wire electrode are connected to positive and negative terminal cor-
respondingly and an increasing voltage is created between the electrode and part. In
a very short amount of time, the voltage reaches a certain point (breakdown voltage)
where an electric discharge (pulse) happened. For micro-WEDM, the pulse size is
usually 10−7 to 10−6 J. Due to the intense heat created during the pulse discharges,
a small amount of materials from both wire electrode and part are vaporized and
tiny craters are left both on wire electrode and part. By selecting the polarity of the
workpiece and electrode, the material removal from wire electrode and workpiece
can be controlled. Due to the facts that both the part and wire electrode are eroded
during the cutting and the wire diameter is much smaller compared to the cutting
surface, the wire electrode needs to be replaced at a certain speed by the wire running
system and controlled under an optimal tension. Figure 4.2 shows the basic schematic
representation of the micro-WEDM [6].

Additionally, micro-WEDM has a better surface finish due to the fact that all
parameters are significantly smaller than the traditional WEDM, and the amplitude
of wire vibration and wire lag is minimized. In order to prevent stray capacitance

Fig. 4.2 Basic set-up for
micro-WEDM [6]
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or leakage of charges from the gap, the machine tool configuration is redesigned
in micro-WEDM. The arc or other abnormal discharges are avoided by a pulse
discrimination system, and the process accuracies are also increased to themaximum
by minimizing the wire vibration and wire lag amplitude [7].

4.3 Micro-wire-EDM System Components

Micro-WEDM is the application ofwire-EDMatmicro-scale, and hence, the systems
components of a micro-WEDM are similar to that of conventional wire-EDM with
extending capabilities to generate much smaller scales of discharge energy. In a
micro-WEDM machine, the components include

• Wire running system;
• Computerized numerical control system (CNC system);
• Power system;
• Dielectric flushing system.

In Fig. 4.3, a micro-WEDM machine with all the necessary systems is displayed
[5]. A wire running system contains a wire electrode, a feeding spool, a tension
clutch, a wire break switch, an upper wire guide, a lower wire guide and a wire
cutting and collection pail. A CNC system that controls the U, V , X and Y system
works based on the original point that is set on the part. A power system has a positive
terminal and negative terminal, as described in the process mechanism section, the
positive terminal is connected to the part and the negative terminal is connected to
the wire electrode. During the cutting process, any point between the upper flushing
valve and lower flushing valve is immersed in the dielectric fluid.

4.3.1 Wire Running System

Due to the fact that in micro-WEDM process, the part and wire electrode were both
eroded up, and the wire running system is a crucial system. For micro-WEDM, the
electrode wire has much smaller diameter than the macro-scale wire-EDM, so the
electrode is much easier to break due to the erosion. For the desired wire running
system, the new wire should continuously be delivered to the part to be machined
under a constant tension. Once the desired tension was guaranteed, the problems
such as machining streaks, taper, vibration marks and wire breaks could be reduced
to the minimum level or even prevented. However, the optimal wire tension depends
on and also changes with the input discharge energy [8].

A basic wire running system contains a wire electrode supply device, an electro-
magnetic brake, a wire breakage sensor, two idle rollers, wire electrode, an upper
guide, a lower guide a couple of DC motor and a waste bin [9]. The wire electrode
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Fig. 4.3 Basic structure of a WEDM machine [5]

goes from wire electrode supply device all the way to the waste bin. The electric dis-
charge pulses occur between the upper guide and the lower guide. The wire breakage
sensor will detect the tension of the wire electrode and make sure new wire elec-
trode is always prepared to use. The upper guide and lower guide make sure the wire
electrode is in the correct place. The relative motion between the upper guide and
the lower guide enable the cutting of the variation of the part possible. The overall
driving force of the wire electrode is provided by the DC motor down at the bottom.
And all the waste wire electrodes are collected at the waste bin.

4.3.2 Computerized Numerical Control System (CNC System)

In order to acquire a desired shape and high accuracy, thewiremovement is controlled
by a series of computer numerical control (CNC) codes that are typed by the operator.
The micro-WEDM machine is designed to have the ability of reading and operating
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based on the CNC code. By reading the CNC code, the micro-WEDM machine is
able to move the U-, V -, X- and Y -axis motor. The U- and V -axis motor controls the
motion of upper wire guide. The X- and Y -axis motor controls the motion of part.
By combining the motion of U-, V -, X- and Y -axis, the micro-WEDM machine is
able to produce a variety of complicated 3D shapes at micro-scale. Additionally, with
the application of the servo control system, the machining accuracy and the surface
roughness of the part can be greatly improved, by making it possible to fabricate
micro-scale parts with a higher precision [10].

Figure 4.4 demonstrates the basic logic of a micro-WEDM control system [10].
An IBM compatible computer is used to relay the information to driven card. After
the driven card received the information, the information is amplified and transferred
to piezoelectric ceramics motions, which made the motion in X- and Y -axis possible.
Combining the motion in X- and Y -axis and the electric discharge, the workpiece
is able to be cut in any desired shape. Additionally, the system also contains the
discharge detector, which is able to convert the real-life discharge difference infor-
mation into digital signal. Once the digital signal passed through the discharge states
statistics analysis, the IBM compatible computer will be able to readjust the motion
of X- and Y -axis based on the detected discharges.

4.3.3 Power System

Currently, there are two types of power systems available: transistor type and resis-
tor–capacitor (RC) type. The transistor type has advantage of fewer adjustments
required and easy to operate. And the RC type is better for generating comparatively
lower discharge energy and hence found to bemore suitable formicro-EDM[4]. Both
systems generate electric discharges and pulses, between the part and wire electrode.
During the actual operation, the positive terminal of the power system is connected
to the workpiece and the negative terminal of the power system is connected to the
wire electrode. Due to the different electrical property between the wire electrode
and the workpiece, the material removal from workpiece and electrode also differs.

Figure 4.5 shows the basic circuits for RC and transistor-type pulse generator for
micro-WEDM [6]. In a basic RC circuit, the capacitor is parallel with the power

Fig. 4.4 Control system of micro-WEDM [10]
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source. The resistor is in series with the power source. And the pulse generated by
a basic RC-type power system could be classified as four types: normal discharge,
effective arc discharge, transient short circuit and complex pulse. In a basic transistor-
type pulse generator, the resistors and transistors are connected in parallel. The
discharge current depends on the sum of transistors remaining ON simultaneously,
allowing for comparatively higher discharge current during machining. For micro-
WEDM, the pulse frequency should be set high in order to achieve the smallest
crater sizes that provide the smoothest finished surface. In addition, a higher current-
limiting resistance and a higher pulse-control frequency both contribute to a better
surface finish during micro-WEDM [11].

4.3.4 Dielectric Flushing System

During the actual operation, the part to be machined and the wire electrode is
immersed in the dielectric fluid. In order to make a micro-WEDMmachine working
properly, a dielectric flushing system needs to meet three crucial requirements. The
dielectric fluid needs to block the circuit, cools the part as well as flush away the
removed debris which means the dielectric fluid needs a high electric resistance that
prevents the electric flow between the workpiece and wire electrode until the break-
down voltage is achieved. In order to make sure the workpiece is able to cool down
in a short period of time, the dielectric fluid also needs a high thermal conductivity
which allows the heat flux between the workpiece and wire electrode remain high.
Additionally, in order to remove the debris from the workpiece in a fast manner,
the dielectric fluid needs to have a low viscosity. Based on the requirements, the
dielectric fluid could be deionized water or oil under the room temperature condi-
tion. In the drymicro-WEDM, the deionized water or oil is replaced by air or gaseous
medium. Due to the fluid property of gas, the removed material is flushed away by
the high-pressure gas flow or sucked by the vacuum debris removal tube [12].

Fig. 4.5 a RC or relaxation-type pulse generator and b transistor-type pulse generator for micro-
WEDM system [6]
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4.3.5 Filtering Systems and Deionizing Subsystem

Inmicro-WEDM, the debris from theworkpiece arewashed away from themachined
zone and flowed with the dielectric fluid. When the content of the debris in the
dielectric fluid reaches a certain level, the resistance of dielectric fluid decreases
and turns out to conduct the electric flow. In order to meet the goal of recycling the
dielectric fluid, the dust, the debris of machined parts and the dissolved ions need to
be filtered from the dielectric circuit.

In filtering system, the collected deionized water first goes through disposable
paper filters and then goes through a mixed-bed deionizer cartridge, which is used
for correcting the water resistivity. After those two steps, special additives or extra
polishing operation is added to the water to avoid the rust formation or remove the
existed oxides [13].

In case of reducing the conductivity of thewater, thewater is stored in a clean tank.
Once the control system monitors an undesired conductivity of the water, the water
is forced into a deionizing resin by a pump. After going through the deionizing resin,
all the contaminants fromwater are removed and the cleaned water with desired level
of deionization goes back to the clean tank [13].

4.4 Micro-WEDM Parameters and Wire Materials

4.4.1 Electrical Parameters

The major electrical parameters for transistor-type pulse generator are gap voltage,
peak current, pulse duration, pulse interval and duty ratio. For RC type, the major
parameters are voltage and capacitance. In addition to these major parameters, dis-
charge energy, pulse frequency, electrode polarity are also considered as electrical
parameters for micro-WEDM. The discharge energy (DE) is a parameter that indi-
cates the combined effect of all the parameters. The DE for transistor and RC type
are calculated by the equations listed below [4]:

For transistor-type pulse generator, the discharge energy per single pulse q is
expressed as,

q � ue × ie × te (1)

where ue is discharge voltage, ie discharge current and te is pulse duration.
For RC-type pulse generator, the discharge energy per single pulse q is expressed

as,

q � (1/2)CV 2 (2)

where C is the capacitance used for machining, V is the discharging voltage.
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The gap voltage, expressed inV , is the voltage between theworkpiece and thewire
electrode applied during micro-WEDM. The peak current, expressed in Amp, is the
amount of current flowing through the wire electrode and the workpiece during the
discharging process. The pulse duration, commonly expressed inµs, is the duration of
a single pulse generated from the pulse generator. The pulse interval, also expressed
inµs, is the time interval between two consecutive pulses. The duty ratio, commonly
expressed in%, is the fraction of pulse duration over total cycle time (pulse duration+
pulse interval). Pulse frequency, expressed in Hz, is the number of cycles produced
in a single second. The discharge energy, commonly expressed in µJ/pulse, is the
energy supplied by a single pulse discharge. The electrode polarity in the micro-
WEDM is important to consider, as the amount of material removal is controlled by
the selection of electrode polarity. In micro-WEDM, comparatively higher material
removal rate from the workpiece is obtained, when the workpiece is anode and wire
electrode is used as cathode (negative polarity). The material removal rate (MRR) in
micro-WEDM increases with increase of gap voltage, peak current, pulse duration,
discharge energy, pulse frequency and duty ratio and decrease of pulse interval.
The surface finish improves with the reduction of voltage, current, pulse duration
and discharge energy and increase of pulse interval. The tool wear ratio generally
increases with increase of discharge energy, voltage, current and pulse duration.
However, too low discharge energy and gap voltage also increase the tool wear due
to unstable machining conditions.

4.4.2 Non-electrical Parameters

Wire tension and wire feed rate are the two important non-electrical parameters in
micro-WEDM. Control over the tension in the wire in micro-WEDM is essential
to efficient and accurate machining. Machining using a wire with too low tension
causes a degraded surface finish and a less accurate part. This is due to the wire being
allowed to bend as well as the larger vibrations will be induced on the wire due to the
low tension. Conversely, too much tension in the wire can cause the wire to break.
The parameters must be adjusted to comply with the capabilities of the wire. For
example, for fast cutting one must use high energy and low tension. Conversely, for
precision cutting, low energy and a high tension are ideal [14].

Wire feed rate is the speed at which the wire travels through the spark gap during
machining. Wire feed rate should be optimized. At slow wire feed rate, frequent wire
breakage occurs due to wire wear, and at high wire feed rate, the material removal
rate decreases slightly due to inadequate spark concentrations.

Micro-wire-EDM can be done with various wire diameters, ranging from around
50 to 250 µm. The desired wire diameter depends on the minimum cut/slit width
in the design of the part to be machined. Larger diameter wires can handle a larger
discharge current by increasing the rate of material removal. If a design that has both
slits and other inner cuts, smaller diameter wire can provide better accuracy [14].
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The kerf is the width of the cut made by the wire. This includes the diameter of
the wire as well as the spark gap on either side of the wire. This is arguably the most
important characteristic in micro-wire-EDM, as it determines the accuracy of the
part as well as the machining time. The kerf is greatly affected by the wire tension
and feed rate of the wire electrode. The pressure of the dielectric also affects the kerf.
In dry micro-WEDM, the pressure of the dielectric gas affects the kerf. As seen in
Fig. 4.6, a higher pressure increases the kerf, but also makes its surface finish more
uniform [15]. It is also known that kerf is more variable when cutting a thicker part.
The kerf increases as workpiece thickness decreases.

4.4.3 Wire Materials

Common wire materials used in micro-WEDM include but are not limited to cop-
per, brass, aluminium brass, tungsten–copper, molybdenum and tungsten. The good
electro-thermal properties and potential machinability of these materials make them
good candidates for micro-WEDM.

Copper wires are not typically used anymore for micro-WEDMbecause they have
a low melting point and low tensile strength. This makes the copper wire less usable
because it is more likely to fail under stress or be altered by the heat of machining
[13].

Brass wires are considered the general use wire for micro-WEDM machining.
Brass is a combination of copper and zinc (approximately 35%). The addition of
zinc to the wire increases its tensile strength. The zinc in the wire can vaporize
during machining, which adds another degree of coolant other than what is provided
by the dielectric fluid [13].

Molybdenum could be a good wire choice if the wire is required to have a much
higher tensile strength than that is needed for general machining. Molybdenum also
has a higher melting point than brass, which allows it to withstand more temperature

Fig. 4.6 Slots cut in dry
micro-WEDM at a constant
air pressure of a 0.1 MPA
and b 0.2 MPa [15]
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without depreciating the characteristics of the wire. However, molybdenum is very
expensive and not effective with thick workpiece [13].

Tungsten is a good alternative to molybdenum because it can withstand a high
degree of fatigue before failing, making it a good wire choice due to the higher
currents it is able to transmit. Tungsten has a higher fatigue strength than brass and
a higher melting point. These traits allow tungsten wires to transmit more energy,
effectively increasing the cutting speed and decreasing the production time [14].

Brass wires have a low fatigue strength, but are still widely used in micro-WEDM
because the brass wire is capable of highMRR. To increase the durability of the brass
wire, it is actually cored with steel and only the outer coating of the wire is brass. This
preserves the electrical properties of the brass with the added strength of the steel
[14]. The wire for micro-WEDM can be coated with another material. For example,
electrically conductive boron-doped CVD diamond (B-CBD) and polycrystalline
diamond (PCD) are two coatings used to improve the machinability of the wire. This
coating improves the wire’s ability to maintain its properties under high stress and
high temperature. This results in improved surface finish as well as the ability for
the wire to withstand higher stresses due to increased machining speed or increased
depth of cut without failure of the wire. The improved surface finish comes from
a decreased crater diameter caused by the applied wire electrode. A smaller crater
diameter results in a better surface finish. B-CBD produces smaller craters than
tungsten–copper and PCD-coated wires under the same conditions [16].

4.5 Variants of Micro-wire-EDM

4.5.1 Cylindrical Micro-WEDM

Some parts, such as micro-rotating structures, cannot be easily machined by micro-
wire-EDM due to their geometry. A variation of micro-wire-EDM has been analysed
which uses a rotating wire as the tool to machine the intricate cylindrical parts,
known as cylindrical wire-EDM, as shown in Fig. 4.7 [17]. This process is similar
to traditional micro-wire-EDM, except that the workpiece is rotating as the wire
cuts. This allows for machining cylindrical dimensions that were not available on
the traditional micro-wire-EDM machine.

As seen in Fig. 4.7, W is the kerf width, Mg is the machining gap, and D is
the diameter of the wire. These dimensions are related by the equation. The rotating
groove width (W ) is being the sum of the diameter of the wire (D) and twomachining
gaps (Mg), because there is a gap on either side of the wire. Including the machining
gap in dimensions and diameter choice of wire is critical, especially when machining
parts on the micro-level [17].

The ideal wire tension is approximately 1.2 N. This ensures enough tension in the
wire to keep tight tolerances, constant voltage transmission and good surface finish
without too high of a danger of the wire breaking catastrophically. An 80 V open
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Fig. 4.7 a 3D diagram of rotating workpiece being machined and b 2D diagram from aerial view,
as if looking down the wire [17]

voltage, 60 V reference voltage, 1.5 k� discharge resistance and 470 pF discharge
capacitance were found to be the ideal electrical parameters for the cylindrical micro-
WEDM process. The wire moving into the workpiece at 25 µm/min is the optimal
speed formachining. The optimal revolving speedworkpiece is 5000 rpm. These val-
ues can change depending on the electrical properties of the material to be machined
as well as the choice of wire material.

4.5.2 Micro-WEDG

Another variation of the micro-WEDM is the micro-WEDG for microelectrode fab-
rication. The micro-WEDG allows in situ fabrication of high-aspect-ratio microelec-
trodes with diameter down to sub-10 µm, as can be seen in Fig. 4.8. A study was
reported in recent years with a tungsten workpiece and a copper wire for the elec-
trode. The tungsten wire was rotated and moved towards the electrode, effectively
grinding it downwithout the use of a grindingwheel. This is useful tomake parts with
a high aspect ratio that must be precisely dimensioned, such as tools to be used for
micro-EDM die-sinking or drilling. The surface roughness of the workpiece wors-
ened as the workpiece rotations is increased, because this removes more material.
Removing more materials faster causes larger, more sporadic craters to be left in the
workpiece. Similarly, a high discharge energy removes more material at a time as
well, leaving large craters. Larger craters on the surface result in a rougher surface.
TheWEDG process may be better understood by the diagram shown in Fig. 4.8 [18].
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Fig. 4.8 Micro-WEDG to fabricate micro-tool [18]

4.5.3 Rotary Disc Micro-EDG and Micro-EDM

The rotary disc micro-electrical discharge grinding (micro-EDG) can be considered
as a variation of micro-WEDM, where a continuously travelling wire electrode is
replacedwith a rotary disc and used for fabricating high-aspect-ratiomicroelectrodes
by the same way micro-WEDG works. In a rotary disc micro-EDG, an electrically
conductive disc with thickness of 500 µm or less is used instead of continuously
travelling wire electrode. As the rotary disc rotates, the workpiece to be machined is
brought close to the disc and feed into the discwith a small depth of cut each time. The
polarity of the workpiece and disc electrode can be straight or reverse based on the
material removal rate and depth of cut provided. Figure 4.9 explains the differences
in the working principle of rotary disc micro-EDG with micro-WEDG [19].

The rotary disc electrode (RDE-micro-EDM) is another variant process of micro-
WEDM process where discharges occur between a rotary tool called disc and the
workpiece with the presence of dielectric fluid. The disc is commonly made of
conductive hard materials like tool steel or carbide and the thickness ranging from
several microns to few millimetres. The process is used for cutting of billets and bars
with smaller kerf and burr-free surface. Figure 4.10 displays the representation of
the working principle of RDE-micro-EDM process [20].
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Fig. 4.9 Schematic diagram explainingworking principle of a rotary discmicro-EDGand bmicro-
WEDG [19]

Fig. 4.10 Schematic diagrams showing the working principle of rotary disc electrode micro-
electro-discharge machining (RDE-micro-EDM) [20]

4.6 Applications of Micro-wire-EDM

4.6.1 In Situ Microelectrode Fabrication for Micro-EDM

In situ fabrication ofmicroelectrode is essential tomachinemicro-holes accurately or
in dense or preset arrays of micro-holes. In many cases, micro-WEDG is used first to
machine high-aspect-ratio microelectrodes as shown in Fig. 4.11a. The continuously
travelling wire allows machining down the diameter of the micro-holes to as small
as 5–10 µm, which are not obtainable with other processes. The micro-WEDG also
minimizes the inaccuracy due to handling of small electrodes as well as position
inaccuracy. Then, the micro-holes are machined in a workpiece using the micro-
EDM drilling process, as can be seen by Fig. 4.11b.
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Fig. 4.11 a High-aspect-ratio microelectrodes fabricated by micro-WEDG [6], bmicro-holes fab-
ricated by the on-machine fabricated microelectrodes [21]

4.6.2 Microelectrode Fabrication for MEMS Application

Micro-WEDM is being researched in the application of healthcare andMEMS indus-
tries. Neuroscientists need extremely thin and precise needles/probes to analyse and
perform surgery on the brain. Ideally, they will disrupt as little extraneous tissue as
they can in doing this.Micro-WEDMwas used in a study to fabricate electrodes from
a highly conductive silicon. The needle shape of the probes (necessary for precision
and smooth insertion) was achieved by chemical washing a glass coating-off of the
silicon at varying rates, but the base of the needle ismachinedwithmicro-wire-EDM.
Figure 4.12 shows images of the needles during themachining process [22]. Note that
each column will be one needle when the process is complete. Using micro-WEDM
enables extremely high aspect ratio (1:60) in the silicon needles. This low diameter
to high height ratio enables long, extremely thin needles to be produced. This could
allow neuroscientists to be able to affect less tissue in the brain while penetrating
deeper than previous tools have allowed.

4.6.3 Micro-gear Fabrication

Micro-wire-EDM is able to fabricate gears that are close to the target dimensions and
have good surface finish [23]. At the microscopic level, even a very small machining
error can compromise the gear because of its small size. Micro-wire-EDM can be
used tomachinemicro-gearswith dimensions less than 100µm.Micro-fabrication by
other methods such as focused ion beam, LIGA is expensive and takes a long time to
produce parts. Micro-gears had better surface finish when machined at low discharge
energies and high pulse on times, even though this greatly increased the machining
time. This in turnmaximizes the cost ofmachining. Still, the process ismore econom-
ical than other micro-fabrication processes. Figure 4.13 shows the fabricated micro-
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Fig. 4.12 SEM images of a 5-mm-long straight columns, b 5-mm-long tapered columns, c 9-mm-
long tapered columns and d a column tip before chemical finishing processes [22]

gear by micro-WEDM [23]. They reported the analysis of optimization of the micro-
WEDM process for improving the accuracy and surface finish of the fabricated gear.

4.6.4 Fabrication of PCD Planarization Tool for Polishing
Silicon for Semiconductor Industries

Silicon is a semiconductor that is useful if it can bemachined accurately. It is difficult
tomachine on the surface of siliconwithmicro-WEDMbecause it is difficult to orient
the silicon precisely to the fixturing station. Silicon must be pre-machined before the
precisionmachining takes place. This is due to the inaccuracies that arise fromfixture
of the workpiece. Micro-WEDM is used to machine the PCD that is then used to
polish the silicon. It is useful to use micro-wire-EDM to machine the PCD because
of the high accuracy, which will ultimately allow the PCD to machine a more precise
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Fig. 4.13 SEM image of a micro-scale spur gear machined by the micro-WEDM, a and b shows
the images of same gear at 40× and 80× magnifications [23]

silicon part. A tungsten wire was used at low discharge energies to machine PCD
tool using micro-WEDM. A surface roughness of 0.6 µm was realized in a PCD of
2 µm grain size. As it can be seen in Fig. 4.14 [24], the PCD rod was machined my
micro-WEDM to form a cross-hatched pattern on one end of the rod. That end of the
rod was then used in conjunction with a chemical to polish the silicon plates. The
precision of machining of the PCD rod is essential so that the rod can leave a glassy
finish on the silicon plates. Figure 4.15 shows that themicro-WEDM-fabricated PCD
tool can be used for obtaining very smooth surface finish in ductile machining of
silicon [24].

Fig. 4.14 a Fabrication of PCD planarization tool for micromachining of silicon using micro-
WEDM, b surface and profile of a fine patterned planarization tool fabricated by micro-WEDM
[24]
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Fig. 4.15 Ductile, ductile-to-brittle transition and brittle mode machining of silicon wafer using
micro-WEDM-fabricated PCD tool [24]

4.6.5 Microstructuring of Complex 3D Parts

There is an increasing need for micro- and meso-scale complex 3D parts produced in
hard-to-machine materials, such as high strength steels, nickel and titanium alloys,
tungsten carbide or even ceramics. Titanium and nickel alloys are extremely hard to
machine accurately through traditional practices, but it is necessary to have a strong
and light material in the aerospace industry. Micro-WEDM provides the capability
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and flexibility of making complex 3D structures in hard materials with high accuracy
and repeatability. Figure 4.16 shows the examples of microstructures machined by
micro-WEDM process [25–28].

4.7 Advanced Research on Micro-wire-EDM

4.7.1 Applications of Micro-WEDM in Hybrid
Micromachining

One of the areas where micro-WEDM has found its extend capabilities are applying
the variants of micro-WEDM and integrate micro-WEDM with other micromachin-
ing processes to create sequential and hybrid micromachining processes. In most of
the cases, micro-WEDMormicro-WEDG is used as the first process to be applied for
fabrication of microelectrodes or parts before applying another process sequentially.
Some of the examples are

• Micro-WEDG and micro-EDM-drilling: micro-WEDG is used to fabricate in situ
microelectrode with high aspect ratio and small diameter and then uses the fabri-
cated microelectrode to drill micro-holes in the difficult-to-machine material.

• Micro-WEDM and micro-EDM drilling: micro-WEDM is used to fabricate arrays
ofmicroelectrodes and then applies the arrays ofmicroelectrodes tomachine arrays
of micro-holes in a single shot. This process is found to be very useful in mass
fabrication of arrays of micro-holes for MEMS applications.

• Micro-WEDM and micro-grinding: micro-WEDM process is used to fabricate
PCD tool for planarization and grinding/polishing of silicon and other brittle mate-
rials. The fabricated planarization PCD tool is able tomachine the silicon substrate
in ductile mode.

• Micro-WEDG and micro-milling/micro-grinding: in this process, the micro-
WEDG is used to fabricate the cutting tool and then uses the fabricated cutting tool
for machining micro-slots in micro-milling and/or micro-grinding applications.

Fig. 4.16 Examples of 3Dmicrostructuresmachined bymicro-WEDM; amicro-ball joint made by
micro-WEDM [25], b steel gear made bymicro-WEDM [26], c pagodamachined bymicro-WEDM
[27], d chair machined by Si3N4 in insulating ceramics by micro-WEDM [28]
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4.7.2 Modelling of the Spark Erosion and Process
Mechanism

There have been few research studies onmodelling the stochastic nature of the spark-
ing and discharging phenomena in micro-wire-EDM process. Advanced research in
this category includes the fundamental study of the process mechanism, and control
and sensing of the discharging phenomena to further improve the performance and
capabilities of micro-WEDM.

A recent study on predicting the erosion rate in micro-wire-EDM process found
that the plasma current and the plasma radius increased with duration of discharge
energy [29]. During a spark, the plasma temperature increases slowly with time and
it has no relation between the velocity of the wire electrode. The diameter of the wire
has direct effect on the temperature around the wire surface. Additionally, the erosion
rate of the workpiece is proportionate to the plasma temperature and is independent
on the wire feed rate.

A PC-based real-time control system has been found to be effective for monitor-
ing the instability during machining and to improve the accuracy in micro-WEDM
[30]. The control system minimizes the unstable discharge ratio, thus enhancing the
machining efficiency and performance. In finish micro-WEDM, the roughness of
surface was reduced by 10% without decreasing the machining efficiency using the
proposed control system. In addition, the application of an active wire feed appa-
ratus and multilayer damped vibration absorber (MDVA) to minimize wire tension
vibration can reduce geometric error and kerf width and improve surface finish [31].

It has also been reported that by applying the relaxation circuit with three RC
combinations, the micro-WEDM machine was able to produce a high-density, peak
and short-pulse-time current train which ended up with finer surface finish. Addi-
tionally, the feed rate of micro-WEDMwas increased by 1.6 times by applying the 3
RC relaxation circuits compared to the original design in machining both aluminium
and copper alloys [32].

4.7.3 Enhancing the Performance of Micro-WEDM
by Assistance of Vibration

It has been reported by several researchers that application of low frequency or ultra-
sonic vibration to theworkpiece duringmachining can help improve the performance
of micro-WEDM [12, 33]. When a vibration is applied to either the workpiece or
the wire electrode, the machining efficiency is both higher than the machining effi-
ciency of the conventional WEDM. Additionally, the material removal rate increases
with vibration applied to wire electrode [12]. Applying vibration to the wire elec-
trode may induce inaccuracy to certain profiles to be machined by micro-WEDM
[12]. Furthermore, the thicker the workpiece, the greater the influence of vibration on
improvingmachining efficiency. The research also reported that nomatter which part
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the vibration was applied on the surface roughness was significantly improved. The
application of vibration was found to be effective in dry micro-WEDM as well [34].
It was found that the machining time was significantly reduced and the machining
efficiency was improved, when vibration was introduced in the dry micro-WEDM
[33, 34].

4.7.4 Enhancing the Performance of Micro-WEDM
of Silicon Using Conductive Coating

Micro-WEDM has been found to be comparatively less efficient in machining semi-
conductive silicon (Si) compared to metals with higher electrical conductivity. In
order to solve the challenges imposed by machining of silicon, a recent study pro-
posedproviding electrically conductive coatingon the siliconwafer beforemachining
it with micro-WEDM [35, 36]. A conducting material, such as gold, is coated on the
silicon wafer and then is removed after machining. The proposed method increases
MRR significantly and found to be very stable. In addition, the process creates com-
paratively smoother surface finish compared to uncoated silicon wafer. The proposed
method of conductive coating may extend the application of micro-WEDM in sili-
con machining for sensors and MEMS applications. As shown in Fig. 4.17, both the
heat-affected zone (HAZ) and surface finish at the rim got improved in the slots in
gold-coated silicon compared to the slots in uncoated part [36].

Fig. 4.17 SEM image of the
machined slots by
micro-WEDM process, a for
uncoated Si, b Si coated for
5 min and c Si coated for
10 min [36]
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4.7.5 Development of Dry Micro-WEDM

Recently, dry micro-WEDM is found to be an effective alternative of micro-WEDM
due to its capability of providing smooth surface finish in addition to being a greener
process [15]. In dry micro-WEDM, the machining is performed in air or gaseous
medium, instead of, in liquid dielectrics traditionally used in micro-WEDM. The
removed craters are flushed way by the high-pressure gas supplied into the gap. The
kerf width and surface roughness depend on the pressure at which gaseous dielectric
is injected into the spark gap. In addition, the feed rate and electrical parameters
affect the machining performance of dry micro-WEDM.

4.8 Challenges in Micro-WEDM and Future Research
Opportunities

Micro-WEDMcould be a reliable and effectivemanufacturing process in industry for
providing 3D complex parts with high precision and fine surface finish. However,
there are still some challenges until micro-WEDM can become a repeatable and
reliable process and be fully used by micro-manufacturing field of industry. There
are still some research issues need to be explored about micro-WEDM.

The first challenge is the difficulty and inconvenience in handling of small wire
electrodes. The main reason is that the trend used to reduce the wire diameter has
problems with handling electrodes and machined parts. Existing micro-wire-EDM
machines need long time formachine preparation to takewireswith smaller diameters
(about 0.03 mm). The wire installation is inconvenient and unreliable with long
distance between spool position and threading nozzle, because it was so hard for
thin wire to take the dynamic forces. As a result, the wire always breaks, and it
requires manual installation. The handling of the micro-parts while manufacturing
on the wire-EDMmachine is also a problem. Sometimes, a single part needs another
process after a separation cut, because there is a possibility for the part to be lost in
the tank.

The second issue relates to small holes used for threading the wire through the
part. The holes on the part could have tiny diameters with high aspect ratio. For
common sense, those tiny holes can be machined by micro-drilling. The positions of
holes should be accurate with the measuring point. Threading through those kinds of
holes is difficult. Producing electrodes with unachievable geometry would cost lots
of money and wasted time. There should be extra devices to prepare the electrode,
in order to decrease the operating difficulty and error.

The third challenge is about the micro-WEDM process itself. Because the micro-
WEDMis based on very small scale of dimensions, themanufacturing process should
be planned carefully, and the features on the part and the tolerances on the surface on
the part are really small aswell. The result of errormight be significant, if the operator
does not design the process very well. There are two possible reasons that can cause
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the errors: the imperfection of the wire electrode and the stochastic nature of the
sparking process. Future research should focus on the modelling and simulations
of the sparking phenomena, the sources of inaccuracies and how to minimize the
inaccuracies by controlling the sparking and discharge process.

The last but not least problem is about the measurement. It is difficult to mea-
sure dimensions of features and surface quality for micro-parts fabricated by micro-
WEDM. Surface roughness is an important characteristic for micro-WEDMprocess;
however, for now, these is no standard method to measure it on the machine. The
recast layer and heat-affected zone can be analysed using metallography after taking
out the parts from themachine. However, there should be some standard equipment to
measure those without damaging the parts. On-machine measurement of dimensions
is already available in the micro-WEDMmachines. Future research should focus on
performing more in situ measurement of surface quality and providing instantaneous
feedback to the machining process while performing the micro-WEDM.

The above-mentioned challenges limit the performance and application of micro-
WEDM. Based on the problems discussed above, the future research on micro-
WEDM could be planned. When planning the micro-WEDM process, all aspects
of dimensional accuracy and tolerance should be taken into consideration, from
microelectrode fabrication to its application. Those activities can cause accumulation
of errors. The optimization of parameters needs to be taken into consideration, and
the empirical methods or simulations should be considered before carefully carrying
out the experiments on the machine. The well-developed algorithms and strategies
are required for obtaining competitive micro-WEDM technology.
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Chapter 5
Reverse Micro-EDM

Sachin Adinath Mastud

Abstract Micro-EDM is an extensively used micromachining process to fabri-
cate microcavities on metallic surfaces. Material erosion in micro-EDM is realized
by imparting controlled sparks between electrodes submerged under the dielectric
fluid. Recently, micromanufacturing is in demand and resulted in miniaturization of
switches, screws, gears, shafts, and other mechanical components. High aspect ratio
arrayed features are used as electrodes in micro-EDM and micro ECM processes,
elements of MEMS, interface elements in biomedical devices for capturing neural
signals, a source of plasma, etc. Existing micromanufacturing processes have lim-
itations in machining of high aspect ratio arrayed features of different sections on
metallic surfaces. Similarly, functional surfaceswhich can control friction, corrosion,
wettability, and hemocompatibility are difficult to fabricate by existingmicromachin-
ing processes. Reverse micro-EDM (R-MEDM) process has been originated from
micro-EDM process. It reverse replicates the microcavities from electrode on work-
piece. Intricate machining of features with high aspect ratio can be easily realized via
R-MEDM process. Use of electrode vibration enables textured surface fabrication
in R-MEDM. Electrode vibration provides pulsating movements to dielectric fluid
and increases debris velocity which enhances process stability.

Keywords Reverse micro-EDM · Textured surfaces · High aspect ratio structures
Vibration-assisted R-MEDM

5.1 Introduction

Micro-EDM is one of the versatile micromanufacturing processes capable of fabri-
cating 3D components on metals. The basic working principle of micro-EDM can
be separated as ignition phase, heating phase, and removal phase. Ignition phase
establishes a transfer of electrons between electrodes, heating phase involves plasma
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formation, and heating of electrodes. During the material removal phase, voltage
and current are switched off, and due to imploding action of the plasma, the molten
metal is ejected from the anode surface. The material erosion forms a crater on
the workpiece. The eroded metal solidifies in the presence of dielectric and small
particles known as debris are formed. The presence of debris particles drastically
reduces breakdown strength of dielectric. Accumulation of debris particles leads to
formation of arcing and short-circuiting which reduces machining efficiency. Thus,
proper debris flushing is extremely important in controlling the stability of micro-
EDM and R-MEDM processes. There are numerous applications of micro-EDM to
fabricate cavities, slots, and 3Dmicroparts. Applicability of micro-EDMprocess can
be enhanced to fabricate textured functional surfaces and high aspect ratio arrayed
features. Reverse micro-EDM which is developed as a variant of micro-EDM can
realize fabrication of high aspect ratio arrayed microrods and textured surfaces. Fol-
lowing sections of the chapter summarize applications and manufacturing processes
for fabrication of arrayed microrods and textured surfaces.

5.2 High Aspect Ratio Arrayed Features: Manufacturing
Processes and Applications

The desired function of the microparts drives the cross section and the aspect ratio
of microfeatures, e.g., very thin features (high surface-to-volume ratio) are required
for heat transfer and cooling applications while triangular-sectioned arrayed features
are required for micropunching applications. High aspect ratio arrayed microfea-
tures of typically 50–100 μm diameter and 800–1000 μm interelectrode spacing are
required in applications like electrodes in micromachining techniques, components
of MEMS, interface elements in biomedical devices for capturing neural signals, and
a source of plasma [1–3]. There are some micromachining processes exist for fab-
rication of stand-alone/arrayed microfeatures. Sacrificial block and wire electrical
discharge grinding, micro-wire EDM, mechanical micromachining, and microdis-
charge deposition are commonly practiced processes.

Manufacturing capabilities and limitations of these processes are highlighted
in Table 5.1. Stand-alone features are machined by block EDG, micro-wire EDG,
micro-EDM self-drilling process, andmicro-EDMdeposition.Micro-wire EDM and
micromilling can produce arrayed features, but the cross-sectional geometries of fea-
tures and low repeatability are the limitations of these processes. Being a conventional
process, it is also associated with a tool breakage and wear issues. Hence, there is a
need of developing an alternate micromachining process which can fabricate arrayed
microrods of high aspect ratio.
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Table 5.1 Micromachining processes to fabricate single and/or arrayed microfeatures

Operation Schematic Typical feature
size

Process drawback Reference

Block electrical discharge grinding (block EDG)

Material erosion
between fixed
block electrode
and revolving
workpiece

Microrods of
about 3 μm in
diameter with
aspect ratio of 10,
0.6–0.8 μm Ra
surface roughness

Stand-alone
single cylindrical
features can be
fabricated,
spindle rotational
errors affects
accuracy of
machined feature

[4, 5]

Micro WEDG process

Material erosion
between moving
wire and
revolving
workpiece

Microrod of
about 5 μm
diameter with
50 μm length
0.8–1 μm Ra
surface finish

Stand-alone
single cylindrical
features can be
fabricated,
spindle rotational
errors affects
dimensional
accuracy

[6, 7]

Micro-EDM self drilling

Micro-EDM for
initial fabrication
of holes and with
change in polarity
machining of
arrayed features

Microelectrode
with 5 μm
diameter and
aspect ratio of 25
has been
machined
successfully

Stand-alone
single cylindrical
features can be
fabricated, low
machining
accuracy due to
tool wear

[6, 7]

Micro-EDM deposition

Material melting
by sparking and
layer-by-layer
deposition

Microrods of
190 μm in
diameter and
7350 μm height
have been
fabricated

Difference in
density of
deposited
material at core.
Low surface
finish and surface
damage

[8]

Micro-wire EDM

Material erosion
by sparking. Wire
feed in cross
directions

10 × 10 array of
21 × 21 μm
cross section,
700 μm height,
100 aspect ratio

Difficult
to fabricate
cylindrical
cross-sectioned
features,
limitation of
spacing between
features

[9]

(continued)
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Table 5.1 (continued)

Operation Schematic Typical feature
size

Process drawback Reference

Micromilling

Mechanical
material removal
using high-speed
micromilling
process

Micro tower,
height 1 μm,
25 × 25 μm
square base and a
triangular roof of
14°

Not suitable if
number of
features are
larger, machining
of hard material
is difficult

[10]

5.3 Textured Surfaces: Manufacturing Processes
and Applications

Textured surface is used in applications where the surface geometry plays a criti-
cal role in the functional behavior of part. A summary of applications of textured
surfaces in fields of self-cleaning surfaces, optics, and manufacturing fluid flow and
biomedical is highlighted in Table 5.2. These textured surfaces are broadly called as
positive and negative textured surfaces. Positive textured surfaces have micropillars
on surfaces whereas negative textured surfaces have microdimples. A host of con-
ventional and unconventional machining techniques can be used to create a texture
on metallic as well as nonmetallic surfaces. A summary of typical texture surfaces
created, advantages, and limitations of these processes is presented in Table 5.3. It
appears that most of the processes are suitable for texturing on macroscale surfaces,
and they fail to create a repeatable pattern of features on metallic microparts. Laser
beam machining is being used widely to textured surfaces, but this process can cre-
ate only negative textured surfaces, and there is a thermal damage of workpiece.
Since machining forces are absent in micro-EDM process, fabrication of high aspect
ratio microfeatures of less than 40 μm is feasible with modifications in process.
R-MEDM is a capable process of fabricating high aspect ratio features and textured
surfaces of varying cross section. R-MEDM process is not limited to machining of
easy-to-erode metals, but it is equally applicable over difficult-to-erode metals such
as titanium and tungsten alloys. The working of R-MEDM process is illustrated in
the following sections.

5.4 Basics of Reverse Micro-Electrical Discharge
Machining (R-MEDM)

R-MEDM is derived from micro-EDM process. Fundamentally, no difference
exists between the principle of material erosion between micro-EDM and R-MEDM
process. Refer Fig. 5.1 for differences in electrode geometries and machined features
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Table 5.2 Application areas of textured surfaces

Application area Application

Energy/heat transfer [11]
Increased heat transfer and boiling rate by
higher contact area between different phases

• Fuel economy: surface texture and
geometrical modification can reduce
hydrophilic nature of surface used in fuel
storage and transportation

• Triangular grooves for computer cooling
systems, laser-diode arrays, metal
quenching, and medical treatments

• Textured surface enhances the boiling
mechanism

Self-cleaning surfaces [12]
For easy-to-clean, dirt-free surfaces

• Dirt-free surfaces for improved stone statue
cleaning, solar cells, windows, etc.

Optics
Creation of self-cleaning effects,
transparent/highly reflective hydrophobic
surfaces

• Self-cleaning effect: enhanced efficiency of
heat extraction by self-cleaning nature of
panels, lenses, and mirrors

Manufacturing [13]
To increase tool life and reduce cutting forces
in machining

• Machining: Textured tools for reduced chip
friction enhanced tool life for difficult to cut
superalloys

• Reduction in heat generation in grinding and
polishing processes

• Texture on microend effectors improves
gripping of micro-objects

Fluid flow and micro-fluidics [14]
Textured surfaces for enhanced fluid flow with
reduced turbulence and drag. Key application
ranges from biology to energy

• Drag reduction: less energy for pumping fuel
through pipes, increase in maneuverability
and acceleration of ships and submarines

• Anti-ice surfaces for high voltage lines and
aircrafts

• Self-moving droplet and liquids by purely
using electrostatic effects

in these processes. Electrodes of varying cross sections are used to machine repli-
cate microcavities in micro-EDM. In contrast, microcavities are used to fabricate
microrods in R-MEDM process. Microcavity pattern is initially machined on a thin
metallic foil using micromilling, microdrilling, laser ablation, or any of the other
suitable micromachining processes. This thin plate electrode acts as a cathode (tool).
The workpiece surface is matched over microcavities on cathode. Sparking takes
place wherever there is interface between electrodes. Thus, pattern of microrods
fabricated on workpiece is exactly a replica of pattern of microcavities. Microrod
is generated from each of the microcavity premachined on a cathode, refer Fig. 5.2,
wherein two microrods being fabricated from two microholes present on electrode.
The cross section of a fabricated microrod is exactly replica of a cross section of
microcavity. The aspect ratio of microrod is controlled by the total feed given to
moving electrode. R-MEDM process has shown the advantages over other micro-
manufacturing processes used for the fabrication of microrods. These processes



98 S. A. Mastud

Table 5.3 Manufacturing processes to create textured surfaces

Reference Work done Advantages and limitations

Grinding

Stepien [15] Surface texturing on HSS
single helical grinding wheel

Advantages: simple,
productive and inexpensive
method, machining over large
surface area
Limitations: low aspect ratio
features, infeasible to
free-form texture on

Stepien [16] Use of grooved grinding
wheels for surface texturing,
developed model to predict the
grinding force during surface
texturing

Laser machining

Soveja et al. [17] Texturing of TiA6V alloy
using Nd:YAG laser. Surface
roughness (3D) of 4–15 μm is
obtained during process

Advantages: contactless
process, high precision and
accuracy, machining of
complex forms over larger
surfaces is feasible, can
machine metals as well as
nonmetals with good
effectiveness
Limitations: resolidified
materials, difficult to achieve
biocompatible surface textures

Baldacchini et al. [18] Surface texturing of silicon
surface using Femto-second
laser contact angle higher than
160° is feasible

Kannan et al. [19] Surface pattern of parallel
groves is formed on Ti6Al4V
using laser. Surface shows a
hydrophobicity even for drop
impact test

Rolling

Franzen et al. [20] Formation of macroscopic
texture on tool surfaces
required for deep drawing.
Longitudinal, transverse, and
zigzag pattern of textures were
formed on the surface have
6.5 μm depth and 0.9 mm
width.

Advantages: faster process
than laser machining, extruded
features is not feasible
Limitations: unsuitable for
non planer surface texturing,
texturing on thin foils of
metals and microparts is not
feasible

Abrasive jet machining

Wakuda et al. [21] Microcavities of about
100 μm dimension, 5–20%
space density. Reduction in
coefficient of friction upto
0.10.

Advantages: most
economical, hard and brittle
materials can be textured
Limitations: poor
dimensional control, surface
damage, pillared textures are
not realizable

(continued)
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Table 5.3 (continued)

Reference Work done Advantages and limitations

Electrical discharge machining

Koshy et al. [22] Surface texture obtained by
discharges over a tool surface
and also by machining parallel
groves (100 μm width and
depth) on HSS inserts

Advantages: functional
machining of surface with
roughness varying 1.0–10 μm,
machining on superalloys and
hardened metals is feasible,
texturing over large surface is
achievable, dimpled structures
Limitations: white layer
formation on surface, repeated
pattern on surface is not
machinable

Simao et al. [23] EDM process is used to form a
surface used to form a random
pattern of crater on surface. Ra
value of surface varies
between 0.6 μRa to 6.5 μRa
depending on the process
parameters used

Electrochemical machining

Costa et al. [24] Texturing on low carbon steel,
depth of 50 μm has been
machined using maskless
electrochemical process

Advantages: high density;
positive and negative texture
can be achieved
Limitations: poor geometrical
and dimensional accuracy of
texture

Fig. 5.1 Working of a micro-EDM and b R-MEDM

are listed in Table 5.1. Comparatively, R-MEDM process is precise, accurate and
imparts lesser surface damage. Also, added advantage of R-MEDM process is the
ability to fabricate positive texture on metallic surfaces. Main limitation of the
process is difficulties in preparation of microcavities on plate electrode (cathode).

Processing parameters in R-MEDM can be broadly categorized as electrical and
nonelectrical parameters. Important processing parameters and their significance are
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Fig. 5.2 Electrode (cathode)-workpiece (anode) arrangement in reverse micro-EDM [25]

listed in Table 5.4. Electrical parameters for the resistance–capacitance (RC) circuits
typically used in micromachining centers are: voltage, capacitance, and threshold.
Voltage primarily controls the discharge energywhich controls the plasma properties,
erosion rate, and molten metal escapement from workpiece. In case of R-MEDM,
erosion rate, dimensional accuracy, and surface roughness of fabricated features are
controlled by voltage. The spark energy is directly proportional to the capacitance
in RC-pulsed circuits. The effect of capacitance is identical to the effect of voltage,
however, capacitance has less impact on process. Threshold is a parameter specified
in terms of percentage of applied of voltage. If the set threshold is small, R-MEDM
process will be more sensitive to a drop in voltages due to dynamic changes in inter-
electrode gaps. In case of R-MEDM, threshold mainly affects the material removal
rate and roughness of machined microrods.

In R-MEDM, nonelectrical parameters include type of dielectric (e.g., kerosene or
deionized water), flushing conditions, electrode thickness, and electrode positions.
The chemical composition of the dielectric greatly varies the breakdown strength and
other physical properties. The type of dielectric fluid used also affects the process
responses, such as material removal rate, chemical variation at the surface, and a
surface roughness on the machined features. Flushing conditions include the type of
jet and dielectric flow rate, the process stability improves with a moving jet flushing
at high dielectric velocities. Plate electrode (cathode) thickness mainly affects the
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Table 5.4 Important processing parameters in reverse micro-EDM [26]

Parameter Definition/Description Effects on process

Voltage (V) Open voltage applied between
cathode–anode. Typical range of
voltage is 80–150 V.

Voltage mainly influences imploding
and exploding nature of plasma,
erosion rate, machining accuracy,
and a surface roughness of machined
features

Capacitance (F) Capacitance controls the maximum
energy stored by capacitor before
discharge. Capacitance ranges from
10 pF to 1 μF capacitance

Number of pulses per unit time and
energy of sparking are controlled by
capacitance. R-MEDM process is
unstable at very low (nF) and very
high capacitance levels (μF)

Threshold (% V) It is specified in terms of % voltage.
This parameter controls the
sensitivity of a process toward
arcing. Threshold values ranges from
(20 to 80% V)

Material removal rate and surface
roughness of machined feature are
affected by threshold. Smaller values
of threshold (% V) lead to higher
machining time but good surface
finish of fabricated features

Dielectric Fluids with specific breakdown
strength. Hydrocarbons with high
splash points and varying breakdown
strengths

Affects white layer formation on
machined surface, material removal
rate, and surface roughness

Plate thickness Thin foils of 100–600 μm thickness
used as electrodes. Microfeatures are
initially machined on plate thickness

Smaller plate thickness is preferred
in R-MEDM. Interface areas between
plate machined featured and cavity
surface on plate electrode is higher
for thicker plates. Tool wear and
machining accuracy are controlled by
plate thickness

Feature size The cross-sectional area of machined
feature. Features of about 40 μm can
be machined

For smaller feature sizes, debris
particles get entrapped in
interelectrode gap and lead to
short-circuiting. Relatively, it is
easier to machine larger features in
R-MEDM

overlapping area between electrodes. It is difficult to micromachine through holes
on thicker plates as well as to flush debris through interelectrode gaps.

Reverse micro-EDM process requires technological improvements in various
areas before this process can be used to fabricate accurate and precise features.
As shown in Fig. 5.3, process improvements are required in better erosion resis-
tance of electrode material and better process stability and dimensional accuracy of
machined features. Short-circuiting and arcing due to debris entrapment limit the
workpiece area over which features can be generated in R-MEDM. Arcing during
R-MEDM changes heat distribution pattern and leads to higher tool wear rates. Elec-
trode rotation is commonly used inmicro-EDM to enhance debris flushing. However,
such electrode rotation is not feasible in R-MEDMwhilemachining arrayed features.
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Fig. 5.3 Improvements required in R-MEDM process

This limits the R-MEDM erosion rate. Also, tool wear during R-MEDM process
elongates initially machined microcavity which naturally leads to corresponding
dimensional inaccuracies on machined features.

5.5 Machining of High Aspect Ratio Features Via
R-MEDM

As mentioned earlier, high aspect ratio arrayed microrods find applications varying
from tool electrode to the components of biomedical devices. It may be noted that
R-MEDM, unlike most of the existing micromachining processes, is capable of fab-
ricating arrayed features of any desired shape and center-to-center distances. Based
on a melting point, electrical conductivity, and thermal conductivity, the workpiece
materials may be classified as ‘easy-to-erode’ and ‘difficult-to-erode’ materials, e.g.,
brass is an ‘easy-to-erode’ material while tungsten carbide is a ‘difficult-to-erode’
material. In R-MEDM, cathode electrode needs to be pre-machined to crate required
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Fig. 5.4 Dimensional accuracies of brass microrods of a 400 μm square and b 200 μm cylindrical
cross section [26]

microcavities, and it is desirable to use a thinmetallic plate of 200–300μm thickness.
Use of thicker plate electrodes imposes difficulties while machining microcavities.

5.5.1 Reverse Micro-EDM of Easy-to-Erode (Brass) Material

Copper is being awidely used electrodematerial due to its high thermal and electrical
conductivities which leads to less tool wear rate. A high material removal rates and
low surface roughness values are feasible to be obtained in reverse micro-EDM of
brass by use of copper as electrode. Typical response parameters measured during
experimental works on R-MEDM process are material erosion rate, dimensional
accuracy, surface roughness, and surface morphology in the fabricated features.

Accuracy of microrods of 400 μm square and a 200 μm cylindrical cross section
machined up to 1mm length on 2-mm-diameter brass rod is shown in Fig. 5.4a, b. It is
expected that R-MEDM should produce micorods of uniform cross section through-
out its length. However, it is a taper is observed on the fabricated microrods. Highest
inaccuracies in dimension are observed at the tip (0% L) which decreases toward
root of fabricated microrods (100% L). Very high-dimensional inaccuracies (60%)
are observed at low voltages. At low gap voltage values (e.g., 80V), the interelectrode
gap is minimal at the time of discharge. This small gap obstructs debris dispels from
interelectrode gap. Also, at low voltages, discharge energy is not sufficient to provide
a plasma explosion/dielectric implosion impact on debris to drive out the debris.
Accumulation of debris in interelectrode gap results short-circuiting. Sensing the
short-circuiting machine retracts spindle head to relive short-circuit conditions. The
tip of machined microrod experiences multiple sparking and subsequently results in
higher-dimensional inaccuracies. Under the influence of potential, debris may form
a chain and temporary weld to either of the electrode. Chemical analysis of micro-
rods fabricated in R-MEDM has shown significant amount of electrode material
deposition on fabricated microrods. Increase in oxygen and carbon percentage with
reduction in percentage of base material on workpiece surface indicates oxidation
and confined burning. Therefore, systematic improvements and post-processing are
essential in R-MEDM process to control the surface damage.
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Fig. 5.5 a % error in dimension at the tip (0% L) and root (100% L) at varying (a) voltage and b
capacitance levels [25]

Identical effects of capacitance are observed in R-MEDM. As shown in Fig. 5.5b,
increase in capacitance increases discharge energy and leads to better process stability
compared to lowdischarge energies at lowcapacitance levels.Also, chemical analysis
of microrods indicates a higher content of oxygen and carbon at the tip compared to
root. SEM image at the tip and root of a microrod fabricated in R-MEDM process
is shown in Fig. 5.6. It shows significant difference in the surface morphology along
the length of microrod. Surface closer to tip shows larger craters while the surface at
the root is comparatively smooth.

5.5.2 Reverse Micro-EDM of Difficult-to-Erode (Tungsten
Carbide) Material

As discussed in the previous section, the fabricated arrayed microrods in R-MEDM
have poor dimensional accuracies if process parameters are not controlled at optimum
level. Tungsten carbide is categorized as one of the difficult-to-erode material due to
high melting point and electrical resistivity. The high tool wear rate offers additional
challenges in controlling the dimensional inaccuracies of fabricated features in R-
MEDM process. Since, thin electrode plates are required in R-MEDM process for
the ease of drilling/milling microholes, even a small amount of tool wear would
completely damage the electrode plates made of conventional tool materials like
copper and graphite. Tungstan Copper (70% tungsten, 30% copper) is a superior
electrode material due to combined benefits of tungsten (high melting point) and
copper (good electrical conductivity). Therefore, WCu is the suggested electrode
material for R-MEDM of WC which is difficult-to-erode material (Fig. 5.7).

A taper of 1.2°–1.5° is observed on the fabricated microrods mainly due to (1)
side wear of microhole used as a tool and (2) higher erosion rate along the tip region
due to frequent arcing and short-bridge conditions. Although, fabrication of high
aspect ratio microrods on WC is more challenging than machining of features on
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Fig. 5.6 Morphology of fabricated microrods in R-MEDM [25]

(a) (b)

ф 200 µm rod

ф 80 µm rod

Bulk rod

500 µm 

ф 200 µm hole

ф 80 µm hole

WCu

200 µm 

Fig. 5.7 a Fabricated tungsten carbide microrods using b microholes on WCu plate [27]

brass, the dimensional accuracy achieved on WC is much higher than that obtained
on brass microrods, refer Fig. 5.8a, b. This is primarily due to the usage of WCu
plate electrode which has very less wear rate. Voltage and capacitance control the
dimensional accuracy, erosion rate, and tool wear rate. Also, plate thickness controls
the dimensional accuracy and a surface roughness of microrods [27, 28]. To reveal
the capability of R-MEDM process for generating microfeatures over larger surface
area on WC, a 10 × 10 array (100 microrods) with diameter of individual microrod
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Fig. 5.9 a WCu electrode having 10 × 10 microhole array used as electrode to R-MEDM b 10 ×
10 array on WC [27]

less than 100 μm and length of 500 μm was machined using reverse micro-EDM,
see Fig. 5.9. Electrode consists of a 10× 10microhole array microdrilled on 300μm
tungsten copper plate. Machining time required for fabrication of such structures is
exceptionally high (more than 20 h). Hence, this process needs to be further improved
in terms of erosion rate for economical machining of arrayed microrods on larger
surface areas.

5.6 Process Mechanics Comparison of R-MEDM
and Micro-EDM

During electrical erosion process, molten workpiece material is escaped during
plasma implosion stage. This molten metal disintegrated in the presence of dielectric
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Fig. 5.10 Setup to capture voltage–current signals in a R-MEDM (fabrication of microrod) and b
micro-EDM (machining of microcavity) [28]

and solidifies as a debris particle. In presence of debris particles, breakdown strength
of dielectric reduces drastically. Thus, flushing of debris is very critical in R-MEDM
for enhancing erosion rate. In case of reversemicro-EDM, simultaneousmachining of
features alters its process response. The V–I (voltage/current) signals are commonly
analyzed to characterize the process stability. Hence, process mechanics comparison
in terms of voltage–current signals between R-MEDM and micro-EDM processes
provides in-depth understanding of process behavior.

Although principle of material removal is identical in micro-EDM and R-MEDM
processes, differences in the geometries of tool and machined feature vary the
machining response of these processes. At identical processing parameters, surface
roughness values on the microcavity machined in micro-EDM and microrod in R-
MEDM are different. The debris sticking and resolidification on microrod fabricated
in R-MEDM point to a different debris flow pattern in these processes. SEM images
shows debris sticking on the microrods fabricated via R-MEDM process [27]. With
a progress of machining time, impact of debris on process alters. The setup which
is used to capture V–I signals during micro-EDM and reverse micro-EDM is shown
in Fig. 5.10. The V–I signals obtained during the machining cycle points to vary-
ing machining conditions. Although all processing parameters will have a different
impact on micro-EDM and R-MEDM process, but voltage, capacitance, and the
threshold are prime parameters that affect the behavior of process in both micro-
EDM and R-MEDM processes.

Signature of V–I signals varies during the progress of machining in micro-EDM
and R-MEDM. Cavities are generated in micro-EDM process whereas microrod is
fabricated in R-MEDM. With the increasing aspect ratio of microholes in micro-
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(a) Voltage signal for Micro EDM (c) Voltage signal for R-MEDM 

(b) Current signal for micro EDM (d) Current signal for R-MEDM 

Fig. 5.11 Comparison of voltage and current signals for (a–b) micro-EDM and (c–d) R-MEDM
[28]

EDM, flushing of debris becomes more challenging. In converse, debris accumula-
tion is not a severe issue case of R-MEDM while fabricating single microrod. The
debris flushing in R-MEDM is more difficult while fabricating microrods over larger
workpiece areas, i.e., while creating a textured surface.

Figure 5.11 shows typical profile of the V–I signals captured during micro-EDM
and the R-MEDM process after 5 min from the start of process. Typical V–I sig-
nals show different regions based on the voltage and current values at specific time
instances. These specific regions are:

(1) Open-circuit (OC) region: At the start of cycle, there is large interelectrode
gap and spindle head start to approach the other electrode. Open-circuit region is
characterized by high voltage–no current region (regionAB shown in Fig. 5.11a,
b). Breakdown strength of dielectric is maintained. Accumulation of debris par-
ticles from previous discharges will reduce the open-circuit time. TOC indicates
an open-circuit time in Fig. 5.11a.

(2) Normal discharge time (NDT) region: At, the optimum interelectrode gap
there is transfer of electrons from cathode to anode through dielectric. Collision
of electrons with ions increases gap temperature which further leads to dis-
charges (sparking). This is a most important region since actual material erosion
happens during this period. Most favorable conditions of process for material
erosion are registered in this region. Continuous spiking is seen in this region
which indicates the passing of discharge current. Region BC shown in Fig. 5.11a
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denotes the normal discharge region. NDT is shown as TND in Fig. 5.11a. Higher
NDT indicates higher material removal and stable processing.

(3) Short-circuiting (SC) region: After, the sparking and debris are generated in
the interelectrode gap. The presence of debris drastically reduces the breakdown
strength of dielectric and leads to the formation of short-circuiting. Debris par-
ticles temporarily get welded to either of the electrode. This condition is called
as short-circuiting. Short-circuit duration indicates debris accumulation-related
problems. Short-circuiting is characterized by the passage of high current at
very low voltages, see Fig. 5.11a–d. Region CD shown in Fig. 5.11 indicates
the short-circuiting duration. Shorter short-circuit durations are better to attain
higher material erosion rate. Electrode vibrations and magnetic force assistance
are used to quickly relieve short-circuit conditions.

Normal-discharge time(NDT)% � TND
TND + TSC + TOC

Short-circuit time(SCT)% � TSC
TND + TSC + TOC

where,

TND Normal-discharge duration
TSC Short-circuit duration
TOC Open-circuit duration

Normal discharge and short-circuit times can be estimated for signal captured
duringmachining using equations Eqs. 5.1 and 5.2, respectively [29]. TheV–I signals
are captured at the Start (at 5min after beginning of process) and at the End (at 90min
after beginning of process). In micro-EDM and R-MEDM processes, percentage of
normal discharge time increases with an increase in voltage at the Start as well as
End of process, refer Fig. 5.12a, b. Discharge energy has a square relation with a
voltage. At higher voltage level, there is an increase in discharge energy; higher
discharge energies increase material removal rate as well as enhance debris flushing
efficiency by better implosion/explosion action of plasma. Enhanced debris flushing
and effective material removal are probable reasons for higher percentage of NDT at
higher voltage levels such as 120 V. As shown in Fig. 5.12, for any voltage setting,
R-MEDM process has higher NDT% than micro-EDM. This difference in %NDT
is more pronounced at 120 V in R-MEDM, whereas in case of micro-EDM, there is
no significant difference in percentage of NDT. This clearly shows that R-MEDM
process can be operated effectively even at high voltage levels.
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Fig. 5.12 Variation in % of normal discharge time for a micro-EDM and b R-MEDM at the Start
(5 min after beginning of process) and at the End (90 min after beginning of process)

Fig. 5.13 Variation in % of short-circuit time for a micro-EDM and b R-MEDM at the Start (5 min
after beginning of process) and at the End (90 min after beginning of process)

Debris entrapment in interelectrode gap is indicated by a short-circuit time (SCT).
Larger SCT indicates debris deposition and sticking during the process. Percentage
of SCT decreases with an increase in voltage. As discussed earlier, debris flushing
and material erosion mechanism improve with increase in voltage. This fact is again
validated in Fig. 5.13a, b. As the aspect ratio of microhole and microrod fabricated
in micro-EDM and R-MEDM process increases, probability of debris entrapment
rises. Reverse micro-EDM process seems to have higher SCT% than micro-EDM
mainly at low voltage (80 V). Similar trend of high process instability at low voltage
(80 V) is reported in literature [2].

Since NDT% is higher in R-MEDM process compared to micro-EDM, corre-
spondingly, thematerial erosion ratemust also be higher inR-MEDM.The difference
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Fig. 5.14 Percentage difference observed in the a material erosion rates and b surface roughness
between micro-EDM and R-MEDM [29]

in erosion rates between R-MEDM and micro-EDM during different experimental
conditions indicates that R-MEDMhas higher erosion rate thanmicro-EDMprocess,
see Fig. 5.14a. With the increase in depth of microcavity formed in micro-EDM,
debris flushing is challenging. This limits the aspect ratio which can be obtained in
micro-EDM process. However, for R-MEDM process, the fabricated microrod does
not pose major obstructions for debris flushing provided fabrication of single micro-
rod is undertaken.At identical processing conditions, surface roughness on fabricated
microrod in R-MEDM is higher than surface roughness of microcavity generated in
micro-EDM. This trend in surface roughness is possibly due to debris movement and
sticking on fabricated microrods. Comparatively, fabrication of smaller microrod in
R-MEDM and higher erosion rates mitigate the debris escapement. Ultimately, there
are high probabilities that short-bridge conditions will be occurred due to debris
entrapment in R-MEDM. Refer Fig. 5.14b for a trend in surface roughness.

Although, R-MEDMprocess can be used for fabricating high aspect ratio features,
the inherent process instability due to debris entrapment in the interelectrode gap
limits its applicability for machining arrayed features over relatively larger areas.
Note that if the R-MEDM process can be extended to larger areas, it can be used
to create engineered/textured surfaces. To accomplish this end, vibration-assisted R-
MEDM process needs to be used for the creation of textured surfaces by machining
micropillars over a larger surface area.

5.7 Vibration-Assisted Reverse Micro-EDM for Texturing
Applications

It has been observed that the primary challenges in the R-MEDM process are low
erosion rate and instabilities induced due to debris entrapment, specifically, while
machining relatively large areas. Consequently, textured surfaces cannot be cre-
ated on ‘difficult-to-erode’ material using the R-MEDM process unless the above-
mentioned issues are addressed. There are several examples in nature which exhibit
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unique functional responses due to the presence of specific texture on their surfaces,
e.g., super-hydrophobicity of lotus leaf, frogs which can easily climb wet/dry sur-
face, and aquatic animals like sharks which can accelerate fast through water. Lotus
leaf shows super-hydrophobicity due to the presence of hierarchical microfeatures
of 15–25 μm covered with natural wax. To extend the application of reverse micro-
EDMprocess for fabrication of textured surfaces, it is required to improve the process
via external means to increase the normal discharge duration in the process by dis-
pelling debris effectively. The surface texture is the creation of repeated pattern of
microfeatures on a surface. The size, shape, and surface density of features can be
controlled to achieve specific functional response of surface.

Numerousmethods are available for creating a negative textured surface. Negative
textured surface consists of dimples on surface, whereas positive texture consists of
pillared microfeatures. Numerous mesoscale manufacturing techniques can be used
to create dimpled textures. Laser beam machining, chemical machining, etching,
abrasive jet machining, etc. are commonly used processes to create textured surfaces.
Majority of these processes fail to create a positive texture without surface damage,
and they are probabilistic in controlling feature locations (exceptions being laser
machining and chemicalmachining). R-MEDMprocess can be used to create positive
textured surfaces.

Initial attempts to create texture on larger Ti6Al4V surfaces have failed due the
debris entrapment and tool failures.Due to highmelting point of this alloy, it is catego-
rized as ‘Difficult-to-Erode’material. Also, fabrication of textured surfaces over very
large surface areas poses additional challenges of debris escapement in R-MEDM.
With the electrode vibration assistance, it is possible to fabricate textured surfaces
in R-MEDM. A positive surface texture consisting of 40–50 μm in diameter pillars
located at center-to-center distance of 100 μm on a face of Ti6Al4V rod of 4 mm
in diameter is created. Along with electrical parameters, frequency and amplitude
of electrode vibrations have been identified as processing parameters in R-MEDM.
Fabrication of such a textured surface is infeasible for R-MEDM unless vibration-
assisted electrode is used. As shown in Fig. 5.15, typical setup of vibration-assisted
R-MEDM consists of small tray mounted on piezoelectric transducer. Transducer
provides a required sinusoidal vibration to plate electrode.

To fabricate a textured surface in R-MEDM process, it is required to prepare
a tool electrode. Thin foils of 75 μm thickness can be used as the cathode, see
Fig. 5.16. A copper plate is laser ablated to produce microholes of about 40 μm
diameter. The plate electrode was vibrated along the spindle movement direction
using a piezoelectric transducer having capability to vibrate tray without damping
effects. Although, frequencies as high as 40 kHzwere used inmicro-EDM, it is found
that comparatively low frequencies of 3–6 kHz at 1–2 μm amplitude are sufficient
to realize a texture over larger surfaces in R-MEDM.

Other than the voltage and capacitance of circuit, other main operating parameters
for vibration-assisted reverse micro-EDM are amplitude and frequency of electrode
vibrations. Amount of change in interelectrode gap is controlled by amplitude. At
higher amplitude, there would be larger compression of the dielectric which would
effectively dispel the debris out of interelectrode gap. The frequency of electrode
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Fig. 5.15 a Setup of vibration-assisted R-MEDM and b workpiece-tool interaction in R-MEDM
[30]

Fig. 5.16 a SEM images of laser ablated plate electrode,bmagnified image of individualmicrohole
on plate electrode [30]

vibrations governs occurrence of change in interelectrode gap. Thus, frequency pri-
marily controls the cycles per time, variation in dielectric pressure at the sparking
zone. SEM images of the fabricated texture at different magnifications generated by
R-MEDM process are shown in Fig. 5.17.

The electrode vibration in R-MEDM primarily improves the process due to cyclic
pressure variation in the particle-laden dielectric in the sparking zone. Dielectric
fluid is squeezed out of the interelectrode gap when the vibrating electrode moves
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Fig. 5.17 a–d Images of positive surface texture generated using vibration-assisted R-MEDM [30]

toward other electrode. On the other hand, the dielectric fluid is drawn back into the
gap when vibrating electrode moves away from the workpiece. This cyclic pressure
variation and flow field reversal in the dielectric fluid impede the localized debris
agglomeration, thereby improving the process stability. Due to small electrode gaps
(about 10 μm), even small electrode vibrations of 1–3 μm amplitude are capable of
imparting notable improvements in R-MEDM. During R-MEDM for surface textur-
ing, about 30% reduction in time is observed with variation in amplitude from 0.5 to
2.0 μm (refer Fig. 5.18). Impact of frequency is also notable in R-MEDM. Increase
in frequency aids in microstreaming and cavitation effects. As shown in Fig. 5.19,
29% reduction in machining time is noticed for variation of frequency from 3 to
6 kHz. Point that with no electrode vibration, it is not possible to create a texture on
Ti6Al4V.
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Fig. 5.18 Main effect plot of a amplitude and b frequency on machining time

Fig. 5.19 V–I signals for a normal R-MEDM and b vibration-assisted R-MEDM (at 100 V, 1 nF,
2.0 μm amplitude and 6 kHz frequency)

Voltage–current (V–I) signals captured during machining of textured surfaces
with normal R-MEDM and R-MEDM assisted with electrode vibration are shown in
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Fig. 5.20 a Hierarchical texture machined on Ti6Al4V and b arrayed pillars machined on single
pillar

Figs. 5.19a–d.Note the differences in normal discharge, open-circuit and short-circuit
regions in R-MEDM and vibration-assisted R-MEDM processes. Clearly, electrode
vibrations (2.0μmamplitude and 6 kHz frequency) have totally eliminated the open-
circuit and short-circuit conditions in vibration-assisted R-MEDM. This is the reason
why vibration assistance is essential to create texture in R-MEDM process.

A hierarchical pillared texture contains smaller pillars fabricated on a larger base
pillar. Electrode vibration assistance is used in R-MEDM to create hierarchical tex-
ture. The base pillars are 200 μm in diameter and 400 μm height. Base pillars
were machined using a copper foil which contains 200 μm holes microdrilled. After
machining of base pillars, the copper foil is replaced by other copper foil which
has laser ablated 40 μmmicroholes. The fabricated structures contain 40 μm pillars
located randomly over base pillars, see Figs. 5.20a–b.

To test the texture fabricated by R-MEDM process, contact angle of few samples
of varying pillar height is tested using Gonimeter instrument. The higher the contact
angle, better is a hydrophobicity of surface. For lotus leafwhich is super-hydrophobic
in nature, contact angle will be more than 150°. Figure 5.21a shows a single drop
rested on a textured surface having 40 μm diameter pillars of 200 μm height. Note
that the textured surface of varying heights (80–120 μm) shows contact angle above
112°, whereas untextured (plain) surface has very small contact angle 53°.

It is found that vibration-assisted R-MEDM can create textured surface, which
is otherwise infeasible with normal R-MEDM. Electrode vibrations have altered
process mechanics of R-MEDM and debris accumulation issues can be countered.
The debris flow modeling explained in the next section quantifies the effects of
electrode vibrations on the dielectric and debris movement.
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Fig. 5.21 a Singlewater drop rested on textured surface and b contact anglemeasured in untextured
and textured surfaces

5.8 Debris Modeling in Vibration-Assisted Reverse
Micro-EDM

Under the influence of potential, debris particles form chains and affect the discharge
transitivity. In high aspect ratio micro-EDM, debris accumulation and uneven short-
circuit result a barreling of holes. It is challenging but essential task to flush the debris
out of interelectrode gaps of few microns. Electrode vibrations improve the material
erosion rate and the stability of R-MEDM process, thereby making surface texturing
feasible.Another phenomenonwhich is governed bydebris is short-bridge formation.
The passing of current through debris causes it to weld with either of the electrode.
Short-bridge condition takes more time to relieve than short-circuiting. Preventing
accumulation of debris particles is thus very important in controlling the stability
of micro-EDM and its variant processes. Various enhanced dielectric flushing tech-
niques such as rotating electrodes, magnetic force assistance, grooved electrodes,
and electrode vibration are used in micro-EDM. However, electrode vibration is the
most effective technique of all. Electrode vibration impacts are improved process sta-
bility, enhanced process capability, and generation features over larger surface areas.
Possibly pulsating flow may be induced in dielectric with an electrode vibration.

Typical setup used for electrode vibration-assisted R-MEDM is shown in
Fig. 5.22a, b; the cathode can be vibrated using piezoelectric transducer suitable
capacity. Note the changes in the front interelectrode gap with the different electrode
positions. Position A is the lower position of electrode vibration. At this position,
interelectrode gap is highest, whereas position C is upper position of vibrating elec-
trode. Interelectrode gap is smallest at upper position of vibrating electrode. Position
B is a mean position where plate has highest velocity. This variation in electrode
gaps is a main cause for forced debris flushing.

There is no exhaustive study which has quantified and related the processing
parameters with the size, shape, and number of debris generated. Debris simula-
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Fig. 5.22 a Vibration-assisted R-MEDMand b top, middle, and bottom positions of vibrating plate

tion studies in micro-EDM and wire EDM also have assumed very few number of
debris located initially [31, 32]. As noted earlier, there is no fundamental difference
between micro-EDM and R-MEDM in principle of material erosion. Therefore, a
mathematical model is established to envisage the number of debris generated in
R-MEDM. Further, simulation study is conducted by injecting of debris particles in
the interelectrode gap and effects of electrode vibrations on pattern of debris and
dielectric movement. A relation is established between number of debris particles
and the crater size based on the debris size distribution obtained by Laser Particle
Size Analyzer (LPSA). It is assumed that electrode is vibrating at 1, 3, and 6 kHz
frequencies and 0.5 and 1 μm amplitude. Effects of frequency and amplitude on the
debris flow are analyzed on the basis of time taken to flush the debris out of electrode
gap, average debris velocity, and the dielectric velocity profile. Under the influence
of electrode vibrations, debris particles, and dielectric fluid gain momentum.

Theoretical number of debris entering in the sparking region per discharge is quan-
tified on the basis of crater size generated per discharge and a debris size distribution.
Detailed discussion on the model can be found in one of the published study [29].
It is found that approximately 36,000 debris particles of different sizes are produced
per discharge, see Fig. 5.23 for the estimated number of debris particles of different
diameters generated per discharge.

The ejection velocity of debris can be represented by Eq. 3. This equation is
obtained based on the energy balance of single discharge, details of which are also
presented in earlier work [30]. p is discharge energy, r′ is radius of debris particle,
ET is discharge energy, ρ is density of work material, K and a are constants, and
γ is surface tension. It is estimated that debris has ejection velocity close to sonic
velocity (328 m/s).
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Fig. 5.23 Number of debris
particles of varying sizes per
discharge [30]

Fig. 5.24 Domain and
boundary conditions [30]

V �
√

4
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2
3πρK Ea

T r
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Reverse micro-EDM case of fabrication of single microrod fabrication is shown
in Fig. 5.24. Axi-symmetric problem is considered with a selected domain is inter-
electrode gap. Anode (workpiece) is fixed while cathode (plate electrode) vibrates
at sinusoidal frequencies of different frequencies and amplitude. ‘Wall-Tool-1’ and
‘Wall-Tool-2’ boundaries are vibrated vertically at 1, 3, and 6 kHz frequencies and
0.5 and 1 μm amplitude using user-defined function (UDF) in Ansys simulation
software.

The domain dimensions are represented in Fig. 5.25. It is assumed that 8 μm is
interelectrode distance at the time of discharge. The length of channel is 500μm, and
the channel is divided into different zones. It is thought that there is single discharge



120 S. A. Mastud

Fig. 5.25 Dimensions of the simulation domain [30]

Fig. 5.26 a Influence of electrode plate position on variation in debris and dielectric velocity and
b position of the debris front position at different positions of the plate electrode [30]

in Zone 2 and thus 360,000 particles are injected in Zone 2 at the 330 m/s injection
velocity. The dielectric inlet is from right side of channel with 0.4 m/s inlet velocity.
Boundary vibration alters the volume of horizontal section of the channel. The trend
of result obtained in simulation studies are benchmarked with earlier studies on
vibration-assisted micro-EDM [33, 34]. In these studies, it is pointed that reversal
in dielectric velocity vectors is expected with the forward–backward movement of
vibrating electrode.

Flow velocity of dielectric fluid and average velocity of debris particles vary
with the vibrating plate position, refer Fig. 5.26a. For stationary electrode condition
(normal R-MEDM), maximum velocity of dielectric in the channel is 0.59 m/s while
debris has a constant velocity of 0.4 m/s. For the forward movement of plate from
bottom to middle position, dielectric velocity increases to 3.8 m/s. This increased
velocity of dielectric reduces to 0.64 m/s at the top position of electrode. For further
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Fig. 5.27 Variation in the average velocity of debris particles with a frequency and b amplitude of
vibration [30]

movement of plate electrode from top to bottom position, there is reversal in the
dielectric velocity vector. It indicates that for forward movement of plate electrode,
dielectric is flushed out of interelectrode gap, whereas during return stroke, dielectric
is pulled inside interelectrode gap. This momentum of dielectric is transferred to
debris particles. Velocity vectors of debris particles also get reversed with change in
direction of motion of plate electrode, refer Fig. 5.26a. The effect of plate vibrations
on debris particle stream is shown in Fig. 5.26b. Note that from the initial position
to top position of plate electrode, debris particle stream is pushed forward by the
dielectric. However, during return motion of plate electrode from top to bottom
position, debris stream is pulled inside the channel. Although, there is pulsating
motion to dielectric, there is net forward movement of debris toward channel outlet.
Due to this pulsating motion of debris particles, there will be less probability of
debris accumulation which causes short-circuit. Net result of electrode vibrations is
high process stability. Oscillatory motion of debris along the channel length is totally
absent in case of normal R-MEDM (no electrode vibrations). Debris particles also
take more time to completely flush out of interelectrode gap.

In case of flow through channel, there is zero velocity of fluid at the boundaries and
it is maximum at the center of channel. Therefore, it is expected that debris particles
will also have a maximum velocity at the center of channel. Figure 5.27a–b show the
velocity of debris particles under the influence of varying amplitude and frequencies.
Top represents the upper boundary of channel, while bottom plate represents the
vibrating plate. Middle represents the center of a channel. It is found that with for the
greater values of electrode frequencies, average velocity of debris particles increases.
At no electrode vibration condition,maximumvelocity of debris particles is 0.58m/s.
This velocity increases to 0.8, 1.5, and 2.1m/s with increase in frequency of vibration
to 1, 3, and 6 kHz, respectively. Pulsating nature of dielectric motion intensifies with
increase in frequency of vibrations. Similarly, amplitude of vibration also imparts
larger momentum and increases average velocity of debris particles, refer Fig. 5.27b.
For normal R-MEDM (without electrode vibrations), maximum velocity of debris



122 S. A. Mastud

particles is 0.58 m/s. Maximum velocity of debris particles increases from 0.58 to
1.5 and 2.1 m/s as the amplitude is increased to 0.5 and 1 μm, respectively, from
no vibration condition. It points that electrode vibrations have a positive impact on
R-MEDM process, and it is essential to provide electrode vibrations during creation
of textured surfaces.

5.9 Summary

Reverse micro-EDM (R-MEDM) has originated for micro-EDM process. R-MEDM
process has shown a potential for accurate fabrication of high aspect ratio features
as well as textured surfaces. It is important to set optimum electrical parameters on
R-MEDM process. At optimum parametric levels, R-MEDM is stable and produces
dimensionally accurate features. Process seems to be mainly affected by the capac-
itance and voltage. The physical properties of plate electrode are very critical in
R-MEDM, since thin foils of these materials are used as electrodes. WCu is found
to be a suitable material for fabrication of difficult-to-erode material like tungsten
carbide. The process mechanics studies indicates that impact of debris on process
behaviour is substantially different inmicro-EDMandR-MEDM.Material erosion in
R-MEDM is higher than micro-EDM at identical parameters. Electrode vibration in
R-MEDM process has improved the applicability for surface texturing applications.
The debris flow simulations in R-MEDM indicate the pulsating motions of dielectric
and debris. Electrode vibrations of higher amplitudes and frequencies impart greater
velocities to dielectric and debris particles. Debris accumulation in electrode channel
is prevented by pulsating motion of dielectric which drastically enhances R-MEDM
process stability.
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Chapter 6
Micro-EDM Performance Using
Different Dielectrics

Ved Prakash, Alok Kumar Das and Somnath Chattopadhyay

Abstract EDM process became industrially viable after the discovery of the influ-
ence of different dielectric onmachining performance. Dielectric fluid used by differ-
entmicro-electrical dischargemachining operation has huge impact on themachining
performance like MRR and surface finish. Earlier only hydrocarbon oil was used as
dielectric that affects health safety and environment. Through this paper, authors
present a literature review on the application of dielectrics which are better substi-
tute to hydrocarbon oil and how hydrocarbon oil can also be used more efficiently.
Some of the work depicts that water-based dielectrics can also be used in die sink
EDM instead of hydrocarbon oil. Apart from liquid dielectric, micro-EDM is also
possible in gaseous media such as oxygen, air, helium, and argon. But gas-assisted
micro-EDM needs further more research to make it industrially viable.

Keywords Micro-EDM · Dielectrics fluids · Powder additives · Deionized water
Dry EDM

6.1 Introduction

Micro-EDM is an established modern method of manufacturing which has been
widely used for the production of dies and molds. It is also a versatile technique
for drilling micro-holes and micro-milling of 3D contours. In micro-EDM, material
is removed by melting and vaporization through a series electrical sparks nearest
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to tool and workpiece. The electrical spark erodes material from workpiece, and
small amount of material is also removed from tool. The basis of EDM was first
observed by Sir Robert Boyle in 1694, when he reported the occurrence of electrical
discharge in a gap. Although, EDM became an established manufacturing process
in 1940 by Boris and Natalie I. Lazarenko when they unearthed the deciding role of
the dielectric, after which EDM has gained a pronounced growth [1].

Classification of EDM can also be done on the basis of different dielectrics for
particular operation to be performed. Hydrocarbon oil is generally used for die sink
EDM, while deionized water is suitable for wire-EDM, micro-EDM, and deep hole
drilling of high aspect ratio. Hydrocarbon oil like kerosene has an adverse effect on
health, and environment, which allowed researchers to use water based dielectric and
gases in micro-EDM process.

6.2 Role of Dielectric

For a long period of time, the dielectric was thought to be necessary for EDM. The
role of dielectric is defined to squeeze the generated bubble at discharge zone, cool
the debris, and flush out the debris from the inter-electrode gap. It was traditionally
rendered that the majority of the material is removed by the end of spark phenomena
as during the course of discharge, the bubble pressure would prevent the expansion of
the bubble by the inertia and viscosity of the surrounding dielectric liquid. However,
recent research showed that material removal occurs during the discharge process
instead of at the end of discharge [2]. This is validated by Hayakawa et al. [3] where a
high-speed camera was used to investigate the single discharge for material removal.
Yoshida and Kunieda et al. (1998) [4] found no difference in the formation and
distribution of debris in liquids and air medium having pulse on time more than
90 µs. As the arc column in liquid and air becomes equivalent to each other with
increase in diameter of the bubble, which is proportional to the duration of discharge
when pulse on time is greater than 90 µs. Hence, it can be concluded that material
removal can take place without liquid dielectric. Moreover, the liquid dielectric aid
to cool and flush the debris particle rather than for material removal.

6.3 Water-Based Dielectric

In die sink EDM, the MRR is lower when plain water is applied as dielectric as
compared to hydrocarbon oil. However, tool wear is lower when plain water is used.
In some specific process parameters such as brass electrode as tool with negative
polarity and deionized water or tap water as dielectric, the MRR is higher [5]. The
material removal phenomena in water-based dielectric have higher thermal stability,
and high power input can also be obtained in some special conditions for higher
MRR. The major difference between hydrocarbon-based micro-EDM and water-
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based dielectric micro-EDM is attributed to eight times high specific boiling energy
of water-based dielectric, and also the boiling occurs at lower temperature [6]. Some
researchers also reported that the pulse duration has also a major contribution on
surface roughness with different dielectric. Jilani et al. [7] observed that with pulse
duration less than 500µs, the tapwater produced better surface finish ranging from40
to 60 µm as compared to distilled water and hydrocarbon liquid. They also reported
that for pulse duration larger than 500µs, there is large cumulating of gases near tool
and workpiece interface which affects the breakdown of dielectric during discharge
that causes reduction inMRR. Formachining of Ti-6Al-4V in die sink EDM, distilled
water is superior to hydrocarbon oil. TiC is formed on workpiece surface when
hydrocarbon oil is used. Since, TiC has higher melting point, than Ti alloy which is
tomachined by electrical discharge process, the instinct force generated by sparkwith
TiC is unstable in discharge zone that results in lower MRR. On the contrary, TiO2

is formed in case of distilled water having melting point lesser than TiC; hence, the
instinct pressure of spark is found to be more stable than with TiC, and the material
removal rate increases. Kibria et al. [8] also found the same result of machining Ti-
6Al-4Vwith deionizedwater; they also used B4Cwith deionizedwater and kerosene,
where B4Cwith deionizedwater shown an excellent increase inmaterial removal rate
because B4C-mixed deionized water leads to uniform discharge over the workpiece
which ultimately increases the efficiency of machining.

In case of micro-EDM, microelectrode as tool is used, and the electrode wear
ratio when kerosene is used as dielectric is higher which decreases the machining
accuracy. Hence, the use of deionized water can reduce the tool wear. In micro-EDM
with kerosene as dielectric, the machining gap is smaller at lower voltage and also
produces large amount of carbon which results in unstable machining. Same gap can
be maintained by deionized water with high resistivity. Since deionized water does
not produce carbon, discharge is stable and machining becomes faster. Kim et al.
performed micro-EDM of stainless steel (304 SS) withWC electrode using kerosene
and deionized water as dielectric fluid. The maximum tool feed rate using kerosene
was 10 µm/s without electrical short circuit between tool electrode and workpiece,
whereas in case of deionized water, the maximum tool feed rate can go up to three
times more than using kerosene as dielectric. The tool wear ratio is also reduced
by 96% as compared to hydrocarbon oil. The reason for higher tool feed rate and
lower tool wear was attributed to no carbon generation with deionized water and
electrochemical dissolution. Figure 6.1 shows the comparison of surface generation
by kerosene and deionized water as dielectric at different voltage and feed rate [9].

6.4 Micro-EDM with Water-Based Organic Compounds

Performance of deionized water can be further improved by the addition of organic
compounds of larger molecular weight. Compounds such as ethylene glycol 400,
polyethylene glycol 600, dextrose raise the viscosity of working fluid. These com-
pounds are decomposed by spark, which produces gases and generates higher pres-
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Fig. 6.1 Comparison of surface generation by kerosene and deionized water [9]

sure than those of produced by disintegration of pure water. Generation of higher
pressure by decomposition of organic compounds increases the dislodging of molten
metal and debris from craters which subsequently increases the MRR. Based on this
concept, Komij et al. used 87% glycerin as dielectric and machined 56 NiCrMoV 7
with graphite electrode which increased the MRR up to 40% and reduces the tool
wear by 90%when compared with hydrocarbon oil. An increase in the concentration
of glycerin up to 100% can be further used for machining larger parts like forging
dies [10].

6.5 Powder-Mixed Micro-EDM

Powder-mixed micro-EDM is quite different from conventional micro-EDM. In this
process, the dielectric is mixed with powder at nano–micro scale. At suitable voltage
with powder particle, the inter-electrode gap is increased and the powder mixed
in liquid dielectric energizes and arranges themselves in zigzag manner, as shown
in Fig. 6.2. The powder particles get charged in the presence of electric field and
accelerated by electric field. The powder particles are arranged under discharge zone
and gather in clusters. This zigzag formation of powder particles helps in bridge
formation between tool and workpiece which leads to the early explosion. Faster
sparking and increased gap cause higher MRR and easy removal of debris from gap
between tool and workpiece. Powder-mixed micro-EDM also reduces the tool wear
ratio [11].
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Fig. 6.2 Principle of
powder-mixed EDM [11]

Researchers around the world are using different conductive, semi-conductive,
and non-conductive powders to examine the performance of micro-EDM on MRR,
surface finish, and tool wear. Mohri et al. [12] observed finishing operation with
dielectric containing silicon powder which provided highly reflective surface over
500 cm2 area.Rozenek et al. [13] in Japan foundpositive result of conductive andnon-
conductive powder-mixed micro-EDM. The wider dispersion of discharge zone and
increased gap distance tool and electrode enhance the MRR and flushing of debris.
They found the gap distances increases up to three times as that of conventional
micro-EDM process. Also at larger gap, the stray capacitance is reduced which
affect the surface quality. Chow et al. [14] performed powder-mixed micro-EDM
(PMMEDM) with SiC and Al powder using Ti-6Al-4V as workpiece and copper as
tool. They reported that Al and SiC powder increased the MRR. Both Al and SiC
extended the inter-electrode gap. The added powder disperses the discharge energy
to obtain better surface finish. Chow and Yang et al. (2008) [15] proposed that the
use of powder like SiC helps in bridging the gap which creates two separate spark
pulse from a single pulse duration that also disseminates discharge energy in many
folds. Micro-craters are then formed by spark, and also micro–nano size debris are
generated, the small size debris are flushed out efficiently and ultimately increases
the MRR. The flushing of debris from tool and workpiece gap reduces the adhesion
of debris which improves surface roughness. Since in conventional micro-EDM at
low peak current and narrow gap, abnormal discharges like arcing and short circuit
occur. Additionally, the short distance between tool and workpiece creates stray
capacitance which increases the tool and workpiece area and disturbs the discharge
phenomena. The capacitive effect results in more deeper and irregular craters that
make the appearance of EDMed surface dull. Figures 6.3 and 6.4 shows the influence
of SiC powder added over pure water on material removal rate and tool wear.

To obtain mirror-like finish over larger area, Pecas et al. [16] used silicon in
dielectric for areas below 32 cm2, but for area up to 64 cm2, a high reflective surface
was also generated. The use of silicon reduces the crater diameter and also reduced
the depth of crater. Figure 6.5 shows surface texture obtainedwith andwithout silicon
powder. The mirror finish surface obtained by powder addition in dielectric is also
validated by Yeo et al. [17] where electrical discharge machining was conducted
with powder-mixed dielectric and without powder-mixed dielectric at low discharge
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Fig. 6.3 Effect of water and water-added SiC powder on MRR [15]

Fig. 6.4 Influence of water and water-added SiC powder on tool wear [15]

energies of 2.5, 5, and 25 µJ. Craters with smaller diameters and more consistent
circular shapes were produced. The presence of powders in dielectrics also lowers
the quantity of charge flowing between tool and workpiece and slows down the rate
at which these charge flow.

As it is clear from these works that added powder in dielectric increases MRR
and improves surface finish. Ultrasonic vibration along with the use of powder in
dielectric increases MRR. The ultrasonic vibration provides proper dispersion of
powder to the workpiece and prevents the additive from being sedimented at the
bottom. Also the ultrasonic vibration of the dielectric minimizes adherence caused
by debris that gets attached to the workpiece.
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Fig. 6.5 Microstructures of workpiece area of 32 cm2 a with liquid dielectric, b with liquid
dielectric-mixed silicon powder, and for a workpiece area of 64 cm2, c with liquid dielectric, d
with liquid dielectric-mixed silicon powder [16]

Effect of powder and surfactant-added dielectric in micro-EDM is also reported
by some researchers, as the electrostatic force among fine conductive powders leads
to agglomerate the powders. A surfactant can separate the powders in dielectric and
mix it homogeneously. As a result, surface finish obtained can be better than without
the surfactant. Wu et al. [18] employed Al powder in Polyoxythylene-20-sorbitan
monooleate surfactant. Figure 6.6 showsAl powder with andwithout surfactant. Sur-
factant molecules serve as steric barriers, which separate the agglomerated powder
and disseminate them homogeneously in dielectric which improves surface finish.

6.6 Gas-Assisted Micro-EDM

The use of gas as dielectric in micro-EDM is unquestioned, as it is known that
dielectric performs restriction of discharge to obtain larger energy density for higher
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Fig. 6.6 Effect of different
dielectric on surface
roughness [18]

MRR and improved surface finish. A paper published byNASA in 1985 reported that
EDM process is also possible in dry medium of argon or helium gas. Other gases that
can perform dry EDM include air and oxygen. In fact, Kunieda et al. (1997) proposed
that performance of EDM with air and oxygen is better than hydrocarbon oil and
water-based dielectric in some special conditions. They found that higher material
removal rate can be obtained using tubular electrode with straight polarity which has
very thin wall, i.e., wall thickness less than 0.3mm. Themajor benefit of micro-EDM
using gases is very low tool electrode wear (almost zero). The flow of gas at high
velocity results in higher MRR due to oxidation [19]. In conventional micro-EDM,
kerosene oil causes carbon deposition over the machined surface decomposed from
hydrocarbon dielectric.Whereas in case dielectrics which are water based, formation
of micro-cracks occurs, also there is electrolysis due to conductivity of water and
rusting of tool and workpiece. Dry micro-EDM technique has several advantages
over liquid dielectric-based micro-EDM such as formation of very thin recast layer.
The low dielectric strength of gases leads to easy formation of plasma. Due to less
viscosity of gases and lower heat concentration debris are removed from tool and
workpiece gapmore efficiently [20]. In order to increase theMRR in drymicro-EDM,
many steps are being taken; Kammute et al. applied piezoelectric actuators in dry
EDM that increases MRR with spindle servo frequency. Joshi et al. used pulsating
magnetic field instead of permanent magnetic field in dry EDM which increased the
MRR by 130% [21]. Application of ultrasonic vibrations in gas-assisted micro-EDM
also increases the MRR than in air. It was first experimented by Zhang et al. The
investigation reported that higher the value of open voltage, pulse on time, amplitude
of vibration, the MRR will be more. They also advocated oxygen for higher MRR
than atmospheric air [22].

Specially designed electrodes can also improve the performance of micro-EDM
in gas medium. Certain modification in geometry of tool would enhance the per-
formance by helping in easy escape of debris that ultimately increases the MRR.
Puthumana et al. [23] carried out dry EDM with electrodes which were slotted at
the peripheral and found that application of electrode with slotted peripheral helps
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Fig. 6.7 Dry EDM
experimental setup using
slotted tool [23]

in flushing the debris even much efficiently than without slotting. They used the
tool with four peripheral slots which apart from increasing MRR also increased the
depth of crater and reduced TWR. This effect is attributed to efficient flushing of
debris. They also found that increasing the slots by more than four causes spatter-
ing of plasma channel by gas. Figure 6.7 shows dry EDM experimental setup with
peripheral slotted tool.

There are also some findings on near-dry EDM where at low discharge energy,
the machining stability is quite good and also the surface generated by micro-EDM
is better than liquid dielectric micro-EDM at low discharge energy. For better surface
finish, near-dry EDM is found to be very beneficial at same energy level than dry
EDM and liquid dielectric-based EDM. The hypothesis behind better surface finish
is that liquid particles get dispersed in the gas medium in same manner as powder
particles in PMDEDM. In this case, the stray capacitance between tool and electrode
is also reduced. Tao et al. [24, 25] compared dry EDM and near-dry EDM, where
EDMwith oxygen gave higher MRR and exothermal oxidation of workpiece. In dry
EDM, high discharge current and lower pulse interval were found most significant
for higher MRR. In case near-dry EDM fine surface finish was obtained, since the
liquid phase in near-dry EDM tends to increase the electric field which ultimately
increases the discharge gap and makes the spark stable at low discharge energy. It
was demonstrated that electrolysis can be prevented by nitrogen and helium gas and
better surface finish is achieved in near-dry EDM. They concluded that by decreasing
discharge current, pulse-on time and increasing pulse interval were the key factor for
better surface finish.
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6.7 Micro-EDM with Less Viscous Dielectric Oils

Low viscosity oils which are specially formulated can also be used to improve the
performance of micro-EDM. Using high-pressure flushing equipment, the fluid is
allowed toflow, and time required tofill the dielectric tank is calculated. The dielectric
possessing high viscosity takes more time than dielectric having less viscosity to fill
the dielectric tank. This way, the selection of low viscosity dielectric improvesmicro-
EDM efficiency. The electrodes of smaller cross-sectional area require a dielectric
of lower kinematic viscosity. Less viscous dielectric provides efficient flushing of
debris and also cools the spark area of the electrode. Higher material removal rate
can be achieved with low viscosity dielectrics when tools are smaller, fragile, and
highly vulnerable hydraulic damage of tools. As the pins used in die sink EDM
experience dynamic effect of liquids by vertical-orbital or simply vertical movement
in die sinkEDM.The toolmust displace a considerable amount of dielectric during its
movement toward workpiece and should also withstand vacuum pressure during its
movement away from workpiece. The less viscous dielectric decreases the hydraulic
forces; hence, it applies less outside pressure and effect on the tool features [26].

6.8 Summary

It is evident that hydrocarbon liquid dielectrics are better than deionized/distilled
in die sink EDM, but application of water-based dielectrics also results in higher
MRR in some special situation. Addition of organic compounds to deionized water
also gives better results in roughing and finishing operation. It is found that some of
the commercial water-based dielectrics provide similar or higher than that of hydro-
carbon dielectrics. The use of powder-mixed dielectrics is an another evolution in
micro-EDM; powder-mixed dielectric instead of pure dielectric such as hydrocarbon
oil and deionizedwater gives higherMRRand good surface finish. Some results show
that pure dielectric can be replaced by powder-mixed dielectric for enhanced perfor-
mance of micro-EDM. The performance of micro-EDM improves with less viscous
dielectrics. The machining cycle time is affected much by less viscous dielectrics
than hydrocarbon oils having greater viscosity. Higher material removal rate can also
be achieved by gas-assisted micro-EDM in specific machining condition; however, a
lot of work is needed to be done tomake gas-assistedmicro-EDM industrially viable.
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Chapter 7
Powder-Mixed Microelectric Discharge
Machining

Basil Kuriachen

Abstract Microelectric discharge machining (µEDM) is introduced to the
manufacturing industry to produce microfeatures and microholes on difficult to
machining materials such as titanium- and nickel-based alloys and other heat-
resistant electrically conductive metals and alloys. Even though µEDM can be used
to machine any electrically conductive materials, there are many problems to be
addressed in order to make it as an accurate and reliable process. Some of the prob-
lems associated are lowmaterial removal rate, tool wear rate, high surface roughness,
and poor dimensional accuracy. This chapter presents powder-mixed microelectric
discharge machining as one of the viable alternatives to overcome some of the inher-
ent difficulties associated with microelectric discharge machining process. Suspen-
sion of electrically conductive and semiconductive powders in the dielectric can
strongly influence the process in a desirable manner. Moreover, the added powder
particle gets re-solidified along with the tool material on the machined surface and
opens a new possibility to modify the machined surface by selecting the appropriate
alloying elements in the required proposition. This approach needs to be thoroughly
addressed to explore as ‘µEDM alloying’.

Keywords Powder-mixed µEDM · µEDM alloying · Material removal rate
Surface modification · Surface roughness · Inter-electrode gap · Tool wear rate

7.1 Introduction

In the last few decades, materials with unique mechanical and metallurgical prop-
erties like titanium, nickel, cobalt, and other heat-resistant superalloys as well as
MMCs were developed to meet the extreme applications in aerospace and various
other industries. In addition, miniaturization is no more a fashion; rather, it is the
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need of the hour due to less material and space requirements. Micromachining is a
value-adding element for many capacities where size reduction harvests economic
and technical aids. In order to keep alongside with sophisticated microparts design
on difficult to machine materials, microelectric discharge machining (µEDM) is
proved to be an effective and viable alternative to produce complex three-dimensional
components. However, the performance of µEDM in terms of machining speed,
MRR, and surface finish needs to be improved to meet the productivity challenges.
Therefore, researchers have suggested that suspension of micro-/nanoparticles in the
dielectric medium during microelectric discharge machining has several advanta-
geous in improving the process capabilities and to produce sound machined surface.
This chapter presents the working principle, mechanism of material removal, impor-
tant electrical and non-electrical parameters, effect of powder on various machining
responses as well as on machined surfaces.

7.2 Working Principle

Thematerial removalmechanismof electric dischargemachining (EDM) andµEDM
is similar except in the discharge energy and the size of the features produced. Gen-
erally, EDM machining of microfeatures of size in the range of 1–1000 µm and dis-
charge energy less than 1000 µJ is considered as microelectric discharge machining
(µEDM). The basic scheme of microelectric discharge machining can be illustrated
as shown in Fig. 7.1. The electrodes are connected to a suitable DC electric power
and separated by an inter-electrode gap (IEG) based on servo voltage and main-
tained throughout the machining. The workpiece and the tool are either submerged
in dielectric or a forced circulation of dielectric using an external pumping mecha-
nism is used. Generally, deionized water, kerosene, or paraffin oils are used as the
dielectric fluid. The continuous circulation of dielectric helps to improve the flush-
ing efficiency of the dielectric fluid. Hence, it is preferred. Once, a suitable electric
supply is established, the dielectric breakdown takes place and sparks are generated.

Fig. 7.1 Basic scheme of
electric discharge machining
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The heat energy produced as a result of electric sparks liquefy and evaporate a minor
percentage of electrodes (both tool and workpiece). Hence, the working principle of
µEDM/EDM can be named as localized melting and vaporization.

Explanation of a typical microelectric spark is a difficult task as it exists only for
fraction of micro- or nanoseconds as well as size reduction. Moreover, application of
hydrodynamics, thermodynamics, and other several theories of science and engineer-
ingmade the process becomemore versatile. Hence, it is not an easy task to enlighten
the mechanism of electric spark in µEDM. Many theories have been proposed by
researchers and available in the literature and divided into electrothermal and elec-
tromechanical models. In the first theory, the removal of material takes place due to
the localizedmelting and vaporization as results of heat transfer from the superheated
plasma channel established between the tool and workpiece, whereas, in the second
model, it is considered yielding as the main mechanism of erosion. It is explained
that the workpiece is subjected to an electrostatic force which instigates stress, and
localized area higher than the yield strength is dislodged. From the two theories,
electrothermal theory is broadly accepted due to the fact that it can explain many
of the practical phenomena associated with the EDM/µEDM/PMµEDM material
removal. Hence, electrothermal theory for material removal is explained in detail. In
a typical EDM spark as shown in Fig. 7.2, electrons are ejected from the cathode and
gain momentum towards anode under the influence of electric potential. These elec-
trons get bombarded with dielectric molecules, neutral atoms and split the molecules
into positively charged ions and negatively charged electrons; thereby, an avalanche
of electrons and ions is formed. All the electrons formed in the inter-electrode gap
(IEG) get accelerated towards the anode (workpiece), and ions get accelerated to the
cathode (tool electrode); thereby, a plasma channel is established between the tool
and workpiece. This results in the breakdown of IEG. As a result of the high temper-
ature and pressure developed on the plasma channel, gas bubbles are produced. The
pressure within these bubbles is reported as 6–14 bar. It accelerates the superheating.
The difference in pressure inside and outside of the bubbles results in cavitation dur-
ing the breakdown, and molten metal gets expelled. Also, the dielectric surges back
into the plasma. Sudden elimination of the plasma and some molten metal remain as
re-solidified layer on the workpiece.

The application of powder particle into the dielectric medium is one of the devel-
opments to improve the processes capabilities of µEDM. Even though the working
principle is similar to µEDM, it has a different mechanism of sparking phenomena.
Once the powder particle mixed with the dielectric, the IEG pollution with powder
particle in the dielectric takes place. The conductive or semiconductive particle in
IEG gets energized during the application of electric potential as shown in Fig. 7.3.
It acts as a conductive column between the tool and electrode and workpiece. This
improves the dielectric strength of the dielectric fluid. This formation of conductive
column of powder promotes the discharge of capacitor before attaining the full charge
and the required voltage. This enhances the early discharge and reduces the discharge
energy per sparks. Moreover, the energy gets distributed among the workpiece, tool,
and dielectric more effectively, thereby produces small diameter crater with more
consistency throughout themachined surface. This is not only improving the flushing
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Fig. 7.2 Schematic diagram of EDM spark

Fig. 7.3 Principle of
PMµEDM [1]

efficiency but also surface finish [1–4]. In addition, the micro-/nanopowder particles
in the IEG also get melted along with the tool and workpiece as well as get solid-
ify on the machined surface along with the electrode material. The melting and
re-solidification also depend on the discharge energy which mainly depends on the
pulse generation used in the circuit.

7.3 Pulse Generator

RC circuit as shown in Fig. 7.4 was used in EDM equipment in the early stages of
its invention. This was replaced by power transistors as shown in Fig. 7.5 which
is generally used in conventional EDM machines due to its capabilities to generate
high pulse duration [5]. Even though RC pulse generators are used in µEDM due to
the possibilities to obtain significantly short pulse duration with consistent discharge
energies [5], Jahan et al. [6] have studied and compared the effects of relaxation-
type and transistor-type pulse generators in micro-EDmachining of tungsten carbide
and concluded that relaxation type is more suitable for micromachining applications
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Fig. 7.4 Relaxation-type pulse generator [5]

Fig. 7.5 Transistor-type pulse generator [5]

Fig. 7.6 Variation of capacitor voltage with time in RC circuit [7]

because of its capability to reduce the pulse energy per sparks. In RC type at low
resistance, a primary release of energy will follow, but if it is large, the capacitor
will accomplish an upper charge before the discharge occurs [7]. Figure 7.6 shows
the variation of instantaneous voltage in the inter-electrode gap with time in RC
circuit. As observed from Fig. 7.4, the capacitor gets charged from the DC source
(V ) through the resistance (R). The instantaneous voltage across the IEG follows the
relation

Vi � V
(
1 − e− t

RC

)
(7.1)
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where ‘t’ is the time at the instant ‘V ’ is applied. R and C are the resistance and
capacitance value of the discharge circuit. As shown in Fig. 7.6, the ‘Vi’ tries to
approaches to ‘V ’ if allowed. However, the inter-electrode gap (through servo control
mechanism), tool electrode, and dielectric medium, etc., are adjusted in such a way
to discharge the capacitor, while the ‘Vi’ reaches the discharge voltage ‘Vc’ At this
instance, the complete discharge of the capacitor takes place and the energy released
into the inter-electrode gap which is equal to

Ed � 1

2
CV 2

d (7.2)

The major portion of the machining time is used to charge the capacitor after
each discharge, whereas the discharge time ‘td’ is approximately (10%) of the charg-
ing time ‘tc’. Hence, the heat flux incident on the surface of the workpiece can be
calculated as follows

Qi � Ed

td
(7.3)

where td is the discharge time in which the actual spark takes place. The total dis-
charged heat is scattered between the workpiece, tool, and dielectric. Majority of the
heat energy is carried away by the dielectric fluid. Hence, only a small portion of
heat is available on the workpiece for the removal of material. This is represented
by ‘η’. Therefore, the available heat flux for removal of material can be calculated
as follows

Qa � ηQ (7.4)

whereQa is the heat flux incident on the anode. The heat flux density can be calculated
as

q � Qa

πr2s
(7.5)

where rs is the spark radius. The heat flux distribution for the removal of material
fromµEDM can be written by adopting Gaussian distribution of heat flux as follows

qr � 3.157qe
−3

(
r
rs

)2

(7.6)

The influence of suspended particle in the dielectric can be incorporated in Eq. 7.6
by introducing a new parameter ‘Kn’.

qr � Kn3.157
ηQ

πr2s
e
−3

(
r
rs

)2

(7.7)
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where ‘Kn’ depends on the size, type, and% of particles in the dielectric. For graphite
powder of 30 µm average diameter, frequency constant ‘Kn’ is considered as 2.4.
Moreover, the electric discharge mechanism in powder-mixed µEDM depends on
various process parameters, and it can be broadly classified into electrical and non-
electrical parameters.

7.4 PMµEDM Process Parameters

The independent variables of PMµEDM can be classified into two, i.e. electrical and
non-electrical parameters as depicted in Fig. 7.7.

7.4.1 Electrical Parameters

Important variables under this category are voltage, capacitance, current, pulse off
time, pulse on time, polarity, and pulse waveform. Discharge voltage is depended
on spark gap and breakdown strength of the working fluid. The open gap voltage
increases until the discharge (ionization path between electrodes) occurs through the
dielectric. Once the current starts to flow through the inter-electrode gap (discharge
starts), voltage drops and stabilizes at the working gap. This voltage regulates the
IEG between the leading edges of the electrode and workpiece. Therefore, an upper
voltage setting increases the inter-electrode gap, which in turn progresses the flush-
ing settings as well as supports to become stable the machining [8, 9]. Increase in
open-circuit voltage increases the MRR, electrode wear ratio (RWR) and SR due
to the increase in electric field strength. Jahan et al. [10] have been experimentally

Fig. 7.7 µEDM parameters
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Fig. 7.8 Variation of a MRR, b RWR with respect to voltage [11]

Fig. 7.9 Variation of current on amaterial removal rate, bRWR duringµEDM of tungsten carbide
[11]

investigated the influence of gap voltage during the micro-ED drilling of cemented
carbides using tungsten electrodes, and effect of voltage onEWRandMRRat various
resistance is shown in Fig. 7.8.

Another significant electrical parameter is current in microelectrical discharge
machining. It is the quantity of current used during machining and measured in
amperage. For each pulse, it surges until it reaches the required level, which is
expressed as the peak current. The all-out amount of the current is decided by the
surface area of the cut. During roughing operation, upper value of current is used
which gives better MRR. The setting of peak current in EDM is important because
the machined cavity is exact replica of the tool. Graphite and other improved tool
materials can work on higher peak current without much damage [12]. The variation
of material removal rate and RWR is depicted in Fig. 7.9.

Pulse duration is also known as pulse on time. It is the time in which the energy is
applied and measured in microseconds. The duration of the pulse and the frequency
of pulse are important as the actual work is done during the pulse on time. With
longer pulse, the energy applied is high; the amount of material gets melted also will
be increased. The size of the crater formed is broader and deeper in the short pulse
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Fig. 7.10 Variation of amaterial removal rate,bRWRof tungsten carbidewith respect to discharge
time [11]

on time. This in turn increases the surface roughness, and prolonged sparking time
allows more energy to absorb into the electrodes, thereby results in increased recast
and HAZ zone [7, 10]. Figure 7.10 illustrates the variation of sparking time with
respect to MRR and RWR.

In RC circuit, the pulse energy is mainly depending on the discharge voltage and
capacitance. The maximum energy per pulse is obtained by Eq. 7.2. The effect of
voltage is discussed in the previous sections. In RC circuit, the capacitance decides
the pulse on time and its frequency of discharging [6]. Jahan et al. [6] investigated the
effect of capacitance on the performance of µEDM and found that with an increase
in capacitance, the MRR increased due to the increase in the discharge energy. As
the capacitance increase, the discharge current also increases which results in deep
crater.

Polarity of the workpiece can be fixed as either positive or negative. The plasma
channel created between the workpiece and electrode is composed of both electrons
and ions. The momentum of electrons is higher than ions due to light in weight
compared to ions. The electrons possess quicker action in the plasma channel and
convert the kinetic energy on the anode, and maximum material removal took place,
whereas ions move relatively slower than electrons and converts less energy in the
cathode; thereby, less material removal takes place in cathode. However, while run-
ning longer discharges, the early electron process predominance charges to positron
process, resulting in cathode wear. So, polarity of the electrodes is generally deter-
mined by experiments and is a matter of tool material, work material, current density,
and pulse length combinations [7]. The wrong selection of polarity can have signif-
icant implications on speed, wear, and stability of machining [13, 14]. Some of the
general polarity guide lines are listed in Table 7.1. Due to the faster-accelerating
electron in the plasma channel, the material removal volume in single discharge is
higher at the anode compared to the volume at the cathode. This effect is known as
polarity effect [14]. Figure 7.11 shows the comparison of electrode wear in boron-
dopedCVD-diamond (B-CVD) as electrode at positive and negative polarity. B-CVD
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Table 7.1 General polarity guidelines [13]

Tool Workpiece Remarks

Graphite (+) Steel (−) General purpose

Graphite (−) Steel (+) High speed and 20% wear

Graphite (−) Copper (+) General purpose

Copper tungsten (+) Steel (−) General purpose

Copper tungsten (+) Carbide (−) General purpose

leads to fifty times higher wear with positive polarity than with negative polarity. The
machining time also increased simultaneously by more than 200%.

Pulse interval is also known as the pulse off time. It is the time, in which the
machining (or sparks) does not occur. It affects themachining speed, stability, and the
machined surface. The melted workpiece (debris) during the pulse on time is ejected
and flushed away with the dielectric fluid during pulse off time. The machining
operation is faster at shorter interval as shown in Fig. 7.12. But, if the off time is
too short, the debris will not have flushed away effectively and increase the chance
to occur secondary sparking as well as prolonged machining time and reduce the
material removal rate.

The pulse waveform is generally rectangular; however, pulse with various other
forms is also used for electric discharges. Generators with trapezoidal pulses can
reduce the comparative wear of cathode (generally tool) to small values. The actual
profile of a single EDM pulse is as shown in Fig. 7.13.

Fig. 7.11 Comparison of
tool polarity and electrode
relative wear [14]
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Fig. 7.12 Variation of pulse on and off time on aMRR, b spark gap during micro-EDM ofWC-Co
[11]

Fig. 7.13 Actual pulse of a single EDM pulse [15]

7.4.2 Non-electrical Parameters

Non-electrical parameters have also significant effect on machining and optimizing
performancemeasures like electrical parameters. Themain non-electrical parameters
include flushing and electrode rotation along with powder concentration.

Dielectric flushing is important in electrical discharge machining. The dielectric
fluid should have the basic characteristics such as high dielectric strength and swift
recapture after breakdown and flushing capability. MRR, TWR, and recast layer
are exaggerated by the dielectric fluid and technique used for flushing [7, 16]. The
flushing flow rate plays important role in crack density in the machined surface
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which can be minimized by optimum flushing rate [16]. Kerosene, deionized water,
and hydrocarbon oils are used as dielectric fluid. Among them, hydrocarbon oils and
kerosene decompose during machining and deposit carbon on the machined surface.
Deionized water is used where the carbon-free surfaces need to be produced.

Electrode rotation helps to generate favourable centrifugal forces in the fluid and
flush away the debris from the inter-electrode gap effectively. Electrode rotation
causes two things on the dielectric fluid. Firstly, it creates a centrifugal force on
the dielectric fluid and pulls out the unwanted materials. Secondly, it creates some
turbulence in the fluid which allows the fresh fluid to enter in the gap and wash
away the particles [17]. Hence, improvements in the machining responses have been
reported due to effective flushing and electrode rotation [10].

7.5 Effect of Powder on IEG

The suspension of powder in the dielectric fluid enlarges the inter-electrode gap.
As discussed earlier, the inter-electrode gap is influenced by voltage, flushing meth-
ods, dielectric, etc. The studies showed that increase in the powder concentration
increases the inter-electrode gap [18]. Figure 7.14 shows the enlargement of hole
diameter against the increase in the powder concentration in the dielectric fluid as
well as comparison of dielectric fluid mixed with dielectric fluid mixed with silicon,
aluminium, and pure dielectric fluid. As evident from Fig. 7.15, the increase in the
powder concentration increases the additional gap pollution which leads to the high
probability to occur the primary discharge between the tool and powder particles
instead of tool and workpiece. This is due to the fact that the conductive or semi-
conductive powder particles get energized and reduce the effective discharge gap
(distance between the tool and powder particles), thereby reduces the breakdown
voltage under the influence of electric field in the IEG. Hence, the early discharge
of capacitance (before full charging) takes place, and secondary sparks may exist
between the powder particles and workpiece; thereby, the inter-electrode gap gets
increases compared to pure dielectric. The magnitude of increase in IEG depends on
the variation of material and electrical properties of the powder particles suspended
in the dielectric. In case of pure dielectric fluid, there is no additional gap pollution
(other than with debris) between the tool and workpiece and the discharge takes
place between the tool and workpiece. Hence, the inter-electrode gap is compara-
tively larger in PMµEDM compared to µEDM.

7.6 Effect of Powder on MRR

The variation of machining responses is widely depending on the type and material
properties of the powder particles. Kuriachen andMathew [1] have conducted a study
on the effect of powder (SiC) suspension in the dielectric on material removal rate
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Fig. 7.14 Variation of IEG with powder concentration during PMµEDM [18]

Fig. 7.15 Comparison of sparking phenomena in µEDM and PMµEDM [19, 20]

(MRR). From the results reported, the material removal rate found to increase when
the semiconductive particle concentration (SiC) varied from5 to 25 g/L.However, the
variation with respect to capacitance and voltage showed a different trend. Initially,
i.e. variation of 5–15 g/L of powder concentration increased MRR; thereafter, it
found to be decreasing. This is due to the fact that increase in powder concentration
increases the IEG pollution with SiC which improves the bridging of the discharge
gap between the electrodes. Due to this bridging effect, the insulating strength of the
dielectric decreases. Hence, the chance of easy short circuit takes place. It results
in early explosion of discharges [9]. Hence, early discharge of the partially charged
capacitor takes place; i.e. the capacitor may not get charged fully. It results in the
reduction of discharge energy release into the IEG. Therefore, the amount of material
removed also reduces proportionally. Secondly, once the short circuit happens, the
tool moves backward and searches for new optimum gap to start with new sparks.
This results in the increase in machining time to complete the required machining
cavity. This in turn reduces the MRR.

On the contrary, Prihandana et al. [21] reported that suspension of micro-MoS2
powder in the dielectric increases the material removal rate as shown in Fig. 7.16.
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Fig. 7.16 Variation of MRR with respect to powder concentration [21]

It can be clearly understood that high concentration of powder (5%-micro-MoS2)
particles increases the material removal rate compared to 2 and 0% powder in the
dielectric. It is due to the semiconductor property of the powder particles; thereby, the
dielectric strength of the fluid is reduced and increased the inter-electrode gap. The
increase in IEG along with high powder concentration in IEG reduces the adhesion
of the particles to the tool and workpiece, thereby reduces the chances of bridging of
IEG. This results in the reduction of short circuiting and reduces the machining time
and increases the MRR [21, 22]. Therefore, it can be concluded that the effect of
powder on the MRR not only depends on the powder concentration in the dielectric
but also depends on the type, material, and electric properties of the tool.

7.7 Effect of Powder on Tool Wear Rate

Effect of powder concentration in dielectric on the tool wear shown that increase in
powder concentration increases the tool wear. Due to the presence of less powder
particle in the IEG at low level of powder concentration (5 g/L), the proportion of
energy available at the cathode for removal is less in contrast to anode. Therefore,
small amount of material gets removed at low level of powder concentration. At
higher level of powder concentration (25 g/L), the existence of redundant amount of
powder leads to unstable electric discharge [10]. At the interaction of voltage and
powder concentration at higher levels, the maximum amount of material found to be
removed from the tool electrode [1, 23].
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7.8 Effect of Powder on Machining Time

As discussed in the Sect. 7.6, the pure dielectric fluid with relatively low flow rate
in the narrow IEG increases the chances of adhesion of debris in the IEG whereby
the bridging and short-circuiting take place. Once short circuiting is detected by the
servo control mechanism, the tool retracts in the reverse direction and searches for a
new optimum IEG as depicted in Fig. 7.17. This results in increased machining time
and reduces machining efficiency. Studies reported by Prihandana et al. [19] with the
suspension of graphite particles in the dielectric as shown in Fig. 7.18, with increase
in powder concentration (graphite) 0–10%, the machining time reduced by 14–20
times faster. This is interpreted as the 10 g/l of graphite powder in the dielectric
effectively bridge the IEG thereby frequency of quality discharge increases thus the
machining time [19].

Fig. 7.17 Effect of adhesion on machining stability [19]

Fig. 7.18 Variation of machining time with respect to graphite powder concentration [19]
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7.9 Effect of Powder on Surface Roughness

Unlike material removal rate, the increase in powder concentration in the dielectric
reduces the surface roughness and improves the surface finish as shown in Fig. 7.19.
Beyond the scope of the type andmaterial properties of powders, all the conductive or
semiconductive powder in dielectric decreases the surface roughness and improves
the surface finish. Researcher’s explained this trend is due to the fact that increase
in powder concentration increases the number of powder particles in the IEG. These
particles get energized as discussed earlier and produce the spark between the tool and

Fig. 7.19 Variation of surface roughness with powder concentration [19]

Fig. 7.20 SEM image of the graphite PMµED machined surface [19]
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powder particle as well as with the powder and workpiece (secondary sparks). This
reduces the intensity of sparks, thereby produces low intensive and more uniform
craters on the machined surface instead of high intensive shallow craters for the same
discharge energy as shown in Fig. 7.20. This phenomenon results in the reduction of
Ra and Rmax (surface roughness) of the produced surface.

7.10 Effect of Powder on Machined Surface

Researchers have established and proved that some of the melted material get re-
solidify on the machined surface due to the cooling effect of dielectric fluid. This
is more relevant in the case of powder PMµEDM due to the enhancement of the
thermal conductivity of the fluid. Kuriachen [23] have investigated the possibility

(a) EDS composition analysis of μPAMEDM processed Ti-6Al-4V surface

(b) EDS composition analysis of unprocessed Ti-6Al-4V surface

Fig. 7.21 EDS composition analysis [1]
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Fig. 7.22 SEM images of the microslot at a capacitance of 0.1 µF, voltage of 115 V, and powder
concentration of 15 g/L [1]

of developing microelectric discharge alloying by suspending SiC powder in the
dielectric. Analysis of themachined surface (Fig. 7.22) of titanium alloy confirms the
existence of a thin re-solidified layer. It was also found that microcracks, small pits,
residues of recast, etc., are identified towards the end of the microchannel machined.
However, only a few microcracks are observed at the centre of the channel. This is
reported as the fact that tool remainsmore time towards the ends of themicrochannel.
Hence, more thermal residual stress is experienced. Further analysis through EDX
revealed (Fig. 7.21) that silicon material gets migrated on to the machined surface,
whereas it was not present on the unprocessed surface. In addition to silicon, the
residuals of the tool material are also detected on the machined surface. Hence, the
material from tool and dielectric is present in the plasma, and a small portion gets
solidify on the machined surface. Moreover, the surface properties also get altered
due to the frequent heating and cooling cycles. The microhardness of the machined
surface gets increased. It was reported that 100% improvement in the micro hardness
of the powder EDMed surface [24].

Prihandana et al. [21] studied the effect of MoS2 micropowder in the dielectric
along with ultrasonic vibration on the mechanical surface. The comparison of pure
dielectric mixed with micro-MoS2 particle revealed that a significant difference in
quality of the surface is produced. The machined surface with pure dielectric shown
a significant deposition of carbon particles at the centre of the blind microhole pro-
duced as shown in Fig. 7.23, whereas only a small amount of carbon deposition is
detected during the machining with micro-MoS2 particle-mixed dielectric. This is
due to the decomposition of kerosene and attach to the machined surface. However,
suspending MoS2 maintains the high degree of dry lubricity since it is a dry lubri-
cant. In addition, due to the increase in IEG, the MoS2-mixed dielectric reduces the
chance of arcing and short circuiting and increases the flushing efficiency; this in turn
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Fig. 7.23 a Pure dielectric, b dielectric with 2 g/l MoS2, c dielectric with 5 g/l MoS2 [21]. Study
of workpiece vibration

reduces the carbon deposition and surface microcracks. Moreover, the high electrical
conductivity of MoS2-suspended fluid facilitates the increase in the IEG.

7.11 Research on PMµEDM

Tan and Yeo [25] have developed a numerical model to predict the surface charac-
teristics of PMµEDM and estimated the plasma channel enlargement feature caused
by the existence of powder particle in dielectric as 1.07 at 0.02 g/l of powder con-
centration. The comparison of results shown that PMµEDM model is sound. MoS2
nanopowder (50 nm)-suspended dielectric was used to improve the fine finish of
micro-EDM of Inconel 718 surface by Prihandana et al. [26]. The results showed
that 5 g/l of powder concentration can achieve the better microholes and maximum
material removal rate. Wang et al. [27] established that plasma channel in aluminium
powder-mixed kerosene is more stable than pure kerosene and also found that sta-
bility increased with increase in current. Tiwary et al. [28] have compared the influ-
ence of various dielectrics, namely DEF-92, deionized water, and Cu powder-mixed
deionized water during µEDM and shown that Cu powder in dielectric can signifi-
cantly improve the performance µEDM in terms of MRR, TWR and OC.

Liew et al. [29] studied the effect of carbon nanofibre-suspended dielectric in
µEDM on silicon carbide. Two types of EDM test (time controlling method and
depth controlling method) were executed with various fibre concentrations. The
electrosparking behaviour, MRR, EWR, electrode geometry, IEG, surface topog-
raphy, and surface destruction were changed with the addition of carbon nanofibre
in both tests. Suspension of carbon nanofibre improved the electrosparking rate of
recurrence, MRR, and spark gap. Moreover, the form accuracy of microcavity and
surface finish improved, and crater size reduced. Carbon nanofibre was moderately
stick to the workpiece and prevented the material relocation among the electrode and
workpiece.

Feasibility of improving the surface appearances in the PMµEDMof tungsten car-
bide with graphite nanopowder-suspended dielectric was investigated by Jahan et al.
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[30]. Study on the enactment of powder-mixed µEDM was carried out, and surface
characteristics were analysed in positions of surface features, crater characteristic,
surface roughness (Ra), and peak to valley roughness (Rmax). Spark gap, electrode
wear and MRR were affected by graphite powder concentration. The surface finish
andMRRwere improved by the occurrence of graphite nanopowder in the dielectric,
and EWR is reduced. For PMµEDM, the surface is uneven and imperfection-free
related with sinking µEDM. But the material removal rate is maximum during the
powder suspended sinking µEDM because of large area visible to machining. The
average surface roughness and maximum peak to valley distance reduce as the pow-
der concentration to certain limit thereafter increases as a result of powder settling
as well as bridging of the IEG. For an optimum concentration of 2 g/L and voltage
of 60 V, the lowest value of Ra and Rmax was obtained for milling micro-EDM. The
EWR also reduces with increase in powder concentration up to certain level and then
increases.

Prihandana et al. [20] suspended nanographite particle in the dielectric with the
application of ultrasonic vibration to overcome the powder settling issues and under-
stood that it is an alternative to enhance the surface properties and to achieve faster
machining. A technique by calculating the discharge pulse number has overcome
the imprecision issues in nanographite PMD micro-EDM process. The suspension
of nanopowder in dielectric fluid has abridged machining time by 35%. The upsurge
in spark IEG and the increased powder percentage of nanographite in dielectric fluid
affected the discharge to be further stable and decrease the requirement of retracting
the tool electrode which results in reduced machining time. Moreover, nanopowder
improved the machined surface integrity by reducing the chances of microcracks in
the machined surface due to the uniform discharge distribution.

Jahan et al. [31] investigated the possibility of enlightening the Ra value of
PMµEDMed tungsten carbide while graphite, aluminium, and alumina as the
nanopowders. The effects of different powder characteristics were investigated ana-
lytically and experimentally and identified the existence of conductive or semicon-
ductive powder lowered the dielectric strength of the dielectric, thereby larger IEG.
Thus, the surface finish, MRR, EWR were found to be improved. The discharging
process becomes more uniform, and thus, the craters become shallow. Semicon-
ductive graphite powder can result in fault-free surface with better surface finish.
Conductive aluminium powder gives higher spark gap andMRR. But nonconductive
alumina powder did not show any significant effect on process performance.

In another study, Tan et al. [32] evaluated the recast layer thickness and identified
the possibility for applying PMD on recast layer decrease and surface alteration. The
process responses under various independent variables like particle concentration,
nanosized particles, and sub-microsecond pulse on time duration were studied. SiC
powder of powder granularity in the nanometre range and powder concentration of
5 g/L were used for the studies. The pulse on time of 606 ns provides longer inter-
action time and wider expansion of plasma channel. The electrode rotation speed
of 1000 rpm generates thicker recast layer than 3000 rpm. The absorption of dis-
charge energy by powder particle generates narrower melt pool, while the ease of
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plasma channel expansion reduces plasma over pressure and facilitates molten mate-
rial retention and overlapping recast layer formation.

The influence of SiC powder concentration in the dielectric and electric discharge
energy in micro-EDM of Ti–6Al–4V with WC electrode is presented by Ali et al.
[33]. Input variables were identified as SiC concentration, electric discharge energy.
Addition of SiCpowder reduces surface roughness up to a concentration of 20 g/l. The
ANOVA shows that most influential factor on roughness is powder concentration,
whereas electric discharge energy influences mostly on MRR and EWR. Cyril et al.
[34] experimentally analysed the effect of powder concentration along with voltage,
capacitance, feed, and rpmonvariousmachining responseswith aluminium, graphite,
and silicon carbide-mixed dielectric fluid and found that a significant reduction in
MRR and tool wear.

Yeo et al. [35] carried out single RC discharge experiments at different low dis-
charge energies to study the effect of powder additives suspended in dielectric on
crater characteristics for micro-EDM. Discharge energies of 2.5, 5, and 25 µJ were
used. The crater formed is with small diameter and depth and has more consistent
circular shape due to the presence of additives.

By studying the process using different dielectric fluids such as kerosene, kerosene
with aluminium powder, and kerosenewith SiC powder, Chow et al. [36] investigated
the machinability of titanium alloy on micro-EDM. Addition of both powders to
kerosene improves thematerial removal depth, discharge gap, and surface roughness.
However, it is identified that material removal depth is found to be more for SiC
powder while the significant improvement on surface roughness is for Al powder
addition.Due to the largest gapobtainedbetween electrode andworkpiece,Al powder
addition produces largest slit expansion. The EWR is increased due to the addition
of powders which disturbs the adherence of carbon nuclides attached to the surface
of electrode.

In another study, Chow et al. [37] investigated the microslit EDM process per-
formance for Ti alloy using SiC powder in pure water as working fluid with small
discharge energy. Conductivity of pure water increases with the addition of SiC
powder, and thus, the discharge gap is increased. Due to the dispersion of discharge
energy, surface roughness and MRR improved. Meanwhile, the addition of SiC to
pure water increases the slit expansion and electrode wear than pure water.

7.12 Summary

Powder-mixedmicroelectric discharge machining is a growing day by day especially
in the advancedmicromachining of superalloys. Tomeet the requirement ofminiatur-
ization on the advancedmaterials and to overcome the processes inabilities ofµEDM,
PMµEDM is established as a viable and simple alternative. The improvements on
the process capabilities mainly depend on the powder material properties, size, and
its concentration in the dielectric. Generally, researchers have used conductive and
semiconductive material powders. The presence of these external powders increases
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the IEG and can produce better surface finish. This chapter mainly discussed the
effect of powder particles in the dielectric on the working principle and its effect on
various process responses. The effect of powders on the machined surface opens a
new scope for exploring the possible µED alloying for the biomedical implants as
a cheaper alternative where the conventional micromachining is not adequate. The
research on various bio-inspired powder particles and its effect on the surface of
bio-implants need to be addressed. In addition, a thorough research and develop-
ment are also required to get the uniform recast layer on the surface to achieve the
PMµEDM as a possible alloying technique. Hopefully, a few guidelines to achieve
this transition were provided.
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Chapter 8
Vibration-Assisted Micro-EDM Process

K. Mishra, B. R. Sarkar and B. Bhattacharyya

Abstract In the current trend of modern technology, demand for accurate
miniaturized machined parts made of newly developed extremely hard and brit-
tle materials is increasing continuously and conventional machining and advanced
machining processes are becoming obsolete tomeet these requirements.Micro-EDM
is capable to fabricate micro-tools and miniaturized machined components, but still
the machining speed is pretty low. In the µ-EDM process, it is very difficult to
remove small debris particles from the vicinity of the narrow machining gap which
results in unwanted short circuits and arcing. Especially, due to very small energy
of discharge, very low open voltage, and the stray capacitor in the RC type circuits,
the machining becomes almost impossible. Thus, to overcome these problems in
micro-EDM, vibration can be effectively applied to the tool, workpiece as well as to
the machining fluid in order to obtain higher machining speed with high accuracy
without significantly increasing the electrode wear.

Keywords Micro-EDM · Vibration-assisted · Frequency · Inclined feeding
Self-adaptive control · Performance improvement

8.1 Introduction

Miniaturization is a keyword in the current fashion of technology and research. In the
last few decades, micro-EDM has been established itself as an essential technique
for industrial application. Due to the regular increasing demand of miniaturization,
further improvement of the process is required particularly concerning its capability
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to precisely manufacture complex structures with a smaller dimension. Micro-EDM
products are used for several purposes inmicro-fluidic andmicro-machining applica-
tion, e.g., micro-nozzles for inkjet printer, micro-channels for turbine blades cooling
system, injection nozzles for fuel systems, and different drug delivery orifices. Also,
it is a common feature in different micro-products used in aerospace, automotive,
medical, biomedical, nuclear sector, etc., where materials have to resist wear and
bear high temperature and pressure. Micro-EDM is a thermal process that directly
employs electrical sparks for the erosion of any non-insulating material; it is basi-
cally a non-contact-type machining technique as there is no such physical contact
between the tool and the workpiece [1].

In micro-EDM, job electrode and the tool electrode are apart from each other
by a narrow gap known as spark gap and also filled with a liquid called dielectric.
With the application of high-voltage pulsed power in between workpiece and tool
electrode, discharge starts due to the breakdown of the dielectric in the small spark
gap. Electrical discharges produce intense heat in the sparking zone which results in
melting and evaporation of materials from both the electrodes. As this phenomenon
occurs in a dielectric medium, after cooling and resolidification of molten materials
are then turn into some tiny spherical debris which are retained in that tiny spark
gap. In micro-EDM, spark gap is very less which is in the order of a few microns
and removal of debris from that small gap is a great challenge. This debris should be
removed from the sparking zone; otherwise, it leads to abnormal discharges as well
as unstable machining. During micro-EDM, because of inefficient washout of the
tiny particles, regular adhesion in between two electrodes terminates the machining
operation. During micro-EDM, to overcome these burdens, vibrations can be intro-
duced to the tool, workpiece as well as to the dielectric. During micro-EDM, with the
application of vibration, the stability of the machining performance can be improved
by eliminating arcing and short circuit by flushing out of the debris particles from
the narrow tool electrode and workpiece gap.

8.2 Challenges in Micro-EDM

Beside various advantages, micro-EDM has to face various challenges which limit
its applicability to the related industry. Normally, in micro-EDM, spark gap is kept
in the order of a few microns and removal of gaseous bubbles and debris from that
small gap is a great challenge. However, debris which is produced during machining
should be removed from the sparking zone instantly; otherwise, for the time being,
the debris concentration will be higher and that leads to abnormal discharges as
well as unstable machining. In micro-EDM, because of ineffective washout of the
tiny particles, continuous adhesion between two electrodes terminates the machining
operation. Thus, even when the machining is possible, an extensive time is required
for machining.
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8.3 Improvement of Machining Performances of µ-EDM
with Aid of Vibration

During µ-EDM, the above-mentioned challenges can be overcome by applying two
most easy and effective ways: One is by giving high-pressure flushing and another
is by applying rotation to the tool. But due to the vulnerability and size restrictions,
conventional high flushing techniques such as jet flushing and tool rotation cannot
be applied in micro-EDM. Therefore, in micro-EDM, it is essential to utilize other
alternating techniques to assist the flushing. Thus, the application of vibrations during
micro-EDM can be a compatible technological approach to meet these challenges.
Vibrations can be useful when it applies to the EDM tool, workpiece, or dielectric
[2]. In micro-EDM system, assistance of vibration not only increases the material
removal rate but also reduces the chances of arcing and short circuit by flushing out of
tiny particles from the narrow space in between two electrodes. Micro-EDM system
with aid of vibration using piezoelectric also improves the capability of machining
with higher aspect ratio cavities and process stability [3].With the range of frequency,
vibration can be classified into two categories: One is high frequency, and another
is low frequency. If the frequency range is above 20 kHz, then it stated as ultrasonic
frequency. Two types of vibration can be used to assist micro-EDM performances
depending on their different applications. Generally, high-frequency vibration can
be useful when it applies to any of the electrodes as well as to the dielectric, whereas
low-frequency vibration ismostly effective when it applies to theworkpiece position.
In the next subsequent sections, the influence of vibration on various positions as
well as performance characteristics of micro-EDM has been discussed.

8.3.1 Effects of High-Frequency Vibration

8.3.1.1 Vibration to the Tool

Vibrations can be useful when it applies to the EDM tool, workpiece, or dielectric. In
this section, the influence of vibration when it applies to the tool on various responses
of µ-EDM has been considered. Tool vibration-assisted micro-EDM setup has two
main subunits: One is a high-frequency vibration originator system, and another is
a fixture of tool electrode holding arrangement which is compatible with vibration
assistance. Generally, the ultrasonic generator is attached to themicro-EDMmachine
head using a holding fixture and to fit the size of the horn a collar is used. The function
of the collar is to support a spring-supported arrangement to transmit the ultrasonic
vibrations to the electrode tip. Again, with the help of springs, this total arrangement
is attached to the pulse producer unit through a transducer. To prevent electrical
hazard, insulation needs to be provided between the end of concentrator and shank
of container. The upper portion of the part is prepared to fix the accessory to the
collet of the electrode and to maintain the proper conductivity; the attachment of the
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Fig. 8.1 Representation of
vibration assembly for tool
vibration-assisted
micro-EDM

electrode should be made of high conductive material. Figure 8.1 shows a schematic
diagram of the vibration assembly with all the subassembly parts [4]. The pulse
originator is able to generate high-frequency waves in which maximum power at the
output, the frequency, and the amplitude is in the range of 1000–1200W, 20–40 kHz,
and 10–25 µm, respectively.

(i) Improvement of machining stability with aid of vibration in micro-EDM

As already stated that in micro-EDM, inappropriate removal of the small debris
particles from the tiny spark gap leads to regular contact between two electrodes
which results in longer machining time. Machining time is also increased with the
increment of workpiece length. The word ‘adhesion’ means making a bridge in
between the workpiece and the tool electrode because of melted debris as shown in
Fig. 8.2. This adhesion makes a connection in between workpiece and tool electrode
which causes an electrical short circuit and leads to unstable machining condition.
To prevent these phenomena, an insulation recovery arrangement is included with
the µ-EDM machine. Normally, a µ-EDM machining system utilizes a steady-state
feed control mechanism that intends to a feeding system. When this kind of contact
occurs, usually the system tries to control to shift the worktable to the opposite
direction to maintain the preferred spark distance between two electrodes. Longer
workpiece length exhibits a smaller amount of inflexibility when the workpiece
length is constant. Again, stiffness of the workpiece decreases with the enlargement
of the workpiece due to amplifying of the mandrel. This signifies a larger deflection
of the workpiece and require adequate force to rectify this contact. So, after the short
circuit, large feeding-back action occurs which results in the increment of machining
time and this incident has a straight influence on the stability of discharges. In the
next paragraph, it has been elaborated that how this problem can be overcome with
the help of vibration.

With aid of vibration, not only debris remaining in the tiny distance between
two electrodes can be efficiently removed but also it helps to diminish the chances of
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Fig. 8.2 Influence of adhesion on the stability of machining

short circuits by reducing the frequent adhesion with the workpiece electrode. Again,
giving vibration to the tool, increment of the discharge pulse frequency is possible
which directly reduces the table feeding-back action. This leads to the decrement of
the time of machining and improves the stabilization of the spark discharge current.

High-frequency vibration with the constant amplitude of vibration leads to lesser
machining time, this implies the flow of small debris particles, and the recovery
from the contact is more proficient in the high-speed extension and reduction of
the piezoelectric. However, amplitude of the vibration has less influence on the
hindrance of contact of two electrodes as well as on the short circuit. As an example,
at frequencies of 100 Hz and 1 kHz with 1 µm of amplitude, the machining time is
shorter for 1 kHz than 100 Hz. Further decrement of the time taken for machining
can be possible with the increment of amplitude of the vibration, i.e., at 1 kHz
of frequency and the amplitude of 1.5 µm. Again, with the comparison with the
perpendicular and parallel vibration, perpendicular vibration is more responsible for
lower machining time than the other [5].

(ii) Influence of vibration on the efficiency of machining, electrode wear, and
MRR

As the blending phenomena at the vicinity of sparking zone is improved with the
higher amplitude which is responsible for good removal of the flushing of small
debris particles as well as enhancement of the efficiency of machining. The proficient
flushing also helps to decrease irregular sparks, thus reducing the tool wear. Hence,
higher amplitude of vibration leads to elevated machining rate with lesser tool wear.
Further increase may cause a collision between the electrode and the workpiece,
which terminates the machining. At larger amplitude of vibration in the horizontal
direction also affect the dimensional accuracy of the machined profiles.

For the vibratory tool, improvement of removal of debris from the spark gap can
be possible due to the pressure change at the narrow gap, as a result continuous supply
of fresh dielectric into the narrow spark gap. The amount of recast layer deposited on
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the machined surface also reduces with the aid of vibration. As a result, a significant
amount of enhancement of MRR is possible in case of micro-EDM process with aid
of vibrationwith compare to normalµ-EDMprocess. Again, inmicro-EDMprocess,
due to the initial lower discharge energy, resolidification of the molten metal on the
workpiece occurs, which is the root cause to decrease in MRR. Vibration to the tool
increases the discharge energy within a single discharge which accomplished into
the small machining gap and causes the MRR to increase.

8.3.1.2 Vibration to the Workpiece

At the time of µ-EDM, vibration is useful when it applies to the tool electrode as
well as to the job electrode and in both the cases there is a chance for improving
the machining condition. The adhesion of solidified molten debris in the tiny spark
gap causes arcing which frequently occurs as well. Increment of material removal
rate, fabrication of high aspect ratio machine cavities, enhancement of immovability
of the process, lessening of short circuit and arcing and influence of frequency and
amplitude of the vibration, etc., can be possible with the assistance of vibration
when it applies to the workpiece. Improvement of flushing conditions and the better
removal of particles from the tiny spark gap are the root cause of those possibilities
of improvements. Enhancement of flushing ability of resolidified molten metal from
the vicinity of the machining zone and simultaneously changing the pressure in the
narrow spark gap lead to more number of effective sparks which results in increment
of material removal rate [2].

Figure 8.3 exhibits the control mechanism for µ-EDM with aid of workpiece
vibration. A sine wave is generated by the signal generator with the specified ampli-
tude and frequency to the piezoelectric power supply which impels the piezoelectric
actuator as per the requirement of workpiece vibration. With the help of monitoring
module, the online feedback control system for the spark gap is achieved. In servo
mechanism of the tool, the feedback signal of the tool is sent into the power unit
for the comparison of this with the value of predefined position. The motion of the
X-Y bench is recognized by the CNC programming in the CAD/CAM software by
interpolation, simulation and planning of pre-identified tool path. To reduce error in
machining due to the wear from the sidewall of the tool and the error in positioning
of the X-Y bench and the predefined paths are planned with forward and backward
motion. Hence, tool electrode and the X-Y worktable can be controlled separately.
Predefined milling layer depth depends on the speed at which the tool moves, energy
state of the spark as well as state of the spark discharges.

(i) Effect of workpiece vibration on MRR, TWR, and taper angle

The influence of ultrasonic power with various gap current values on rate of material
removal, tool wear rate, and taperness has been studied by the researchers, and
corresponding effect of with and without vibration is noted as shown in Fig. 8.4 [6].
From Fig. 8.4a, it can be seen that rate of material removal decreases a little when gap
current is higher with the application of vibration and followed by it increases. It has
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Fig. 8.3 Details of a control mechanism for µ-EDM with aid of workpiece vibration

been increased gradually at 1 A of gap current. At 1 A gap current, it has been also
seen from the figure that from 0 to 40W, 40 to 80W, and 80 to 120W rate of material
removal increases by 8.88, 24.53, and 9.11%, respectively. In the beginning, from
0 to 40 W of ultrasonic power, rate of material removal decreases by 5.31% with
gap current of 3 A, followed by it enhances by 13.54% when the ultrasonic power
changes from 40 to 80 W and again from 80 to 120 W, and it enhances considerably
by 31.43% because of good removal of flushing of debris from the narrow spark gap
with the application of high-frequency vibration. From the figure, it can also be seen
that up to 40W of ultrasonic power with large value of gap current, material removal
rate is decreased a little and then it increases. The reason behind that at high current,
inactive pulses as well as short-circuits increases significantly and flushing with very
low amount of ultrasonic power is not sufficient to remove the tiny particles from
the narrow spark gap during micro-EDM.

From Fig. 8.4b, it can be observed that a higher value of gap current is responsible
for reducing tool wear rate when ultrasonic power increases. At 3 A of gap current,
from 0 to 40 W and from 40 to 80 W of ultrasonic power, tool wear rate decreases
by 16.92 and 18.27%, respectively, and beyond 80 W of ultrasonic power, a little
decrement of tool wear rate has been observed. With the increment of ultrasonic
power, amplitude of vibration also increases, which leads to improvement of the
dielectric flushing by pumping action to the job and dielectric results in reducing
short-circuiting, arcing as well as secondary discharges; thus, tool wear rate con-
denses at a higher value of gap current. Again, due to low discharge energy at lower
value of gap current, short-circuiting and arcing are significantly reduced; thus, tool
wear rate is gradually amplified. However, a higher value of ultrasonic power leads
to good removal of flushing which results in continuous increment of rate of tool
wear.

From Fig. 8.4c, it can also be seen that hole taper reduces with ultrasonic power.
It can be seen that from 0 to 40 W of ultrasonic power, the hole taper drastically
reduced by 13.39%; however, it decreases by 11.25% with 40–80 W. The amplitude
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Fig. 8.4 Influence of ultrasonic power on amaterial removal rate, b tool wear rate, and c taperness
for different values of gap current at Ton �6 µs and Toff �20 µs [6]

of vibration increases with the increment of ultrasonic power leading to improvement
of flushing at the vicinity of the narrowmachining zone as well as spark gap, and that
is the reason behind the decrement in taperness of the micro-hole. However, at gap
current of 1 A, taperness of the micro-hole has been increased due to the combined
effect of low discharge energy and superior flushing condition with the ultrasonic
vibration [6].

8.3.1.3 Vibration to the Dielectric

Generally, vibration to the dielectric is given when powder-mixed electrolyte is used
during micro-EDM. During µ-EDM processes, giving ultrasonic vibration to the
dielectric fluid can be a best alternative option instead of using stirrer [7]. Stirrer is
used effectively to the dielectric tank to spread the powder throughout the dielectric
fluid, and it restricts the deposition of the powder in the underneath of the dielectric
tank. However, stirrer has its own limitation that it cannot prevent the powder from
agglomeration. It is not suggested to introduce straight or indirect flushing due to
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Fig. 8.5 Schematic of
ultrasonic vibration at
dielectric fluid

the use of fragile micro-tool and flushing flow; hence, stirrer can also be capable
to retain the dimensional accuracy during µ-EDM process. The main purpose for
introducing high-frequency vibration to the dielectric fluid is not only to overcome
the accumulation of micro-powder particles at the underneath of the dielectric tank
but also to enhance the kinetic energy of tiny debris particles. For this reason, better
removal of debris from the narrow spark gap is possible which results in a least
amount of short circuits taking place during spark discharge. Again, another aspect
of giving vibration to the dielectric is it is cost-effective than giving vibration at
the tool electrode or to the job electrode. The main reason for using ultrasonic bath
is to avoid accumulation and deposition of the powder in the underneath of the
tank however; principally, any kind of commercial high-frequency bath can also be
utilized to vibrate the dielectric fluid as shown in Fig. 8.5. Normally, in ultrasonic
bath, frequency range of vibration is kept in the order of 40–45 kHz for increasing
the kinetic energy of debris particles and the value of frequency cannot be unaltered
during machining.

(i) Effect of dielectric vibration on MRR, TWR, and average tool feed rate

Ultrasonic vibration at the dielectric fluid is a major aspect for enhancing the removal
rate of the workpiece material. In µ-EDM, to prevent the deposition of the powder
at the underneath of the dielectric reservoir and for better circulation of powder, it
is required to give high-frequency vibration to the dielectric fluid. Generally, high-
frequency vibration is introduced to the base of the ultrasonic bath and due to this
reason powder does not reconcile at the base of the ultrasonic bath and homoge-
neously mixed throughout the dielectric. As the flow of powder between the tool and
the job supports the debris removal process, it improves the rate of removal of the
material. Again, the chance for enhancement of material removal rate is increased
as the ultrasonic vibration is giving to the dielectric fluid and decreases the chances
of adhesion due to the debris which otherwise sticks to the job. It has been seen by
the researchers that, in the same machining condition when assisting high-frequency
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vibration to the dielectric fluid, rate of removal of material increases compared to
machining without ultrasonic vibration [7].

In case of µ-EDM, tool wear is higher than conventional EDM process in addi-
tion to other non-conventional processes. In any µ-machining processes, tool wear
should be taken into account as far as machining accuracy and cost are concerned. In
micro-EDM,machining speed is pretty low comparing with other thermal machining
processes due to the unwanted short circuit and arcing [2]. These short circuits and
abnormal discharges mainly occur due to the difficulty of debris removal from the
vicinity of the narrow spark gap. So far, in order to overcome this problem in EDM
process, several techniques have been proposed. Researchers have already reported
that the influence of ultrasonic vibration to the machining performances when it
applies to the tool electrode [3, 4], to the workpiece [5, 8]. or to the dielectric fluid
[7]. With the assistance of vibration, it not only helps to circulate the dielectric fluid
but also helps to get rid of the tiny debris particles from the narrow spark gap width
by reducing abnormal discharges, short circuits, and arcing. So, for achieving higher
machining speed with high accuracy, high-frequency vibration to the dielectric fluid
in µ-EDM can be successfully applied [9].

In addition, vibration to the dielectric fluid produces stirring effect of the dielectric
and leads to homogeneous distribution of debris particles in the narrow spark gap
which results in lessening the chances of short circuits and irregular spark discharges;
therefore, machining speed increases. It has been reported by the researchers that the
90% of machining time is reduced by applying vibration to the dielectric fluid [9].

8.3.2 Effects of Low-Frequency Vibration

Generally, low-frequency vibration should be in the range of 1–999 Hz or it is less
than 1 kHz. Researchers have proved that sometime low-frequency vibration is more
helpful than the high-frequency vibration because its low level of discharge energy
makes itmore appropriate for improvingboth the process characteristics and accuracy
of the micro-hole in micro-EDM. Normally, low-frequency vibration is given to the
workpiece instead of given to the tool or dielectric because of its effectiveness and
process simplicity.

A simple vibration device with very simple mechanism can be able to create
low-frequency vibration in the workpiece. A schematic representation of the whole
vibratory system is shown in Fig. 8.6. Here, some rotary vibrators are used as actuator
and vibration is produced due to its unbalanced mass. The working principle of the
system is plain but efficient and cost-effective. The job holding device is fixed to
the vibratory system, and when the power switch is set on, the job holding device
vibrates with the same amplitude and frequency of themotors in the vertical direction
[10].



8 Vibration-Assisted Micro-EDM Process 171

Fig. 8.6 Schematic of the whole vibratory system [10]

Fig. 8.7 Representation of circuit used in the vibratory unit to regulate output voltage and vibra-
tional characteristics [10]

Those vibrating motors run with 4–6 V DC, so it is best suitable to run with
4 V DC battery. But, during running condition, battery discharges continuously with
time and for this reason vibrational amplitude and frequency also diminish with the
time. So, in order to fix this issue, an electrical circuit as depicted in Fig. 8.7 should
be incorporated into the vibratory system to regulate output voltage and vibrational
characteristics as desired. With this circuit, a 220 V AC (input) is converted to 4 V
DC (output), and with the variation of output voltage, vibrational amplitude as well
as frequency also varies. Here, in this vibratory system, the nature of vibration is
sinusoidal. A photographic view of in-house developed micro-EDM setup with aid
of low-frequency vibration is depicted into Fig. 8.8 [10].

Another very simple and effective way to induce vibration to the workpiece
is when an electromagnet is used as an actuator. With the aid of a power tran-
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Fig. 8.8 Photographic view of micro-EDM system with aid of low-frequency vibration. Courtesy
Non Traditional Machining Lab-II of Production Engg. Dept., Jadavpur University, Kolkata

sistor switch, the electric power is supplied to the electromagnet periodically.
By a frequency controllable pulse generator, the ON–OFF sequence of the power
transistor is controlled. After turning ON the switch, the electromagnet is energized
due to receiving power from the circuit which generates a dragging stroke at the
vibration pad. The beams which are connected to just beneath the vibration pad
are bend at that moment. When the electromagnet is de-energized, flexure beams
release and press on the vibration pad to the upward position. With this technique,
low-frequency oscillation is induced on the job electrode that is fixed on the top of
the vibration unit [11].

(i) Modeling in micro-EDM with vibrating workpiece

In this section, the modeling in micro-EDM with workpiece vibration has been
discussed. From this section, it can be stated that low-frequency vibration is more
suitable for removal of debris particles rather than ultrasonic vibration. It can also
be understood that the actual reason behind the improved flushing of small debris
particles from the narrow spark gap with the assistance of vibration. Improvement
of the flushing of dielectrics during micro-EDM, and amplitude and frequency of
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Fig. 8.9 Correlation in
between time and
displacement of a vibrating
workpiece

the vibration and phase angle are the main contributing factors [11]. To postulate the
theoretical model, the following are some basic assumptions:

(i) Vibration always follows a simple and pure harmonic path.
(ii) The job electrode is kept absolutely in the horizontal position.
(iii) Direction of the vibration is totally vertical to the job electrode.
(iv) Debris elements also vibrate with the same amplitude and frequency, velocity

and acceleration of the vibration.
(v) There is no electrical field and sparking force act in the vicinity of themachining

zone.

(a) Mathematical representation of the system

The correlation in between time and displacement of a vibrating workpiece is shown
in Fig. 8.9. The displacement of vibrating workpiece, x at any instantaneous position
of the workpiece, is as follows:

x � a sinωt + ∅ (8.1)

where, a is the amplitude of vibration in µm, ω is the angular frequency in rad/s, and
is equal to 2π f. f is the frequency of vibration in Hz, t is the time in second, and ∅

is the phase angle in rad. Then, the velocity and the acceleration of the workpiece at
particular point are as follows:

ẋ � aω cos(ωt + ∅) (8.2)

ẍ � −aω2 sin(ωt + ∅) (8.3)

Let us consider the utmost acceleration positions of the job electrode are at O′
and O′′ positions, and then, utmost acceleration can be written as:

ẍmax � ±aω2

As O′ and O′′ the utmost acceleration positions of the job electrode, thus, at that
positions, sin(ωt + ∅) is equal to 1 and therefore the equation can be expressed as
follows:

ẍ � ±aω2 sin(ωt + ∅) (8.4)
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Fig. 8.10 Vibration-assisted micro-EDM process

Fig. 8.11 Gap distance and fluid pressure within the gap in micro-EDM with aid of vibration

(b) Gap distance and gap fluid pressure in µ-EDM with aid of vibration

Arepresentation of theworkpiece vibration duringµ-EDMprocess has been depicted
in Fig. 8.10. Figure 8.10 shows the deviation of location of the job electrode, distance,
and pressure of fluid in the gap at the time of µ-EDM process. Then, the equivalent,
highest, and lowest gap distance can be written as follows:

�gap � z ± a (8.5)

�gapmax � (z + a) at O ′′ (8.6)

And,

�gapmin � (z−a) at O ′ (8.7)

In Fig. 8.11, it can be seen that at the time of upward movement of the workpiece,
i.e., at O′′ position, the equivalent gap distance shortens. Due to this, pressure of
dielectric fluid increases in the gap, and for this reason, fluid ejects from the sidewall
of the tool which directly influences for flushing out the debris particles from the
vicinity of the narrow machined zone [11].
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Fig. 8.12 Pressures exerted
on the micro-fluid cell

(c) Modeling of the change in pressure in the gap at the time of vibration

During µ-EDM, micro-fluid cell in the dielectric feels some amount of stress due to
the decrement of gap distance as shown in Fig. 8.12. Then, the pressure exerted by
the micro-fluidic cell in the vicinity of the narrow gap distance can be expressed as
follows:

P · S + �G − (P + �P)S � F (8.8)

Here, �A and �Z are the cross-sectional area and the height of the micro-fluidic
cell. S is the total cross-sectional area, �P is the change in pressure, �G is the
change of force for gravity g, and F is the resultant force exerted on micro-fluid cell.
If, �G=(�m)g, �m=ρ · S · �z and F=(�m)ẍ

then, Eq. (8.8) becomes as follows:

P.S + (�m)g − P.S − �P.S � (�m)ẍ (8.9)

And difference in fluid pressure �P can be expressed as

�P � ρ.�z(g − ẍ) (8.10)

As the micro-fluidic particle vibrates at the similar frequency and amplitude of
the workpiece, thus the acceleration can be expressed from Eq. (8.4) as follows:

ẍ � ±aω2 sin(ωt + ∅)

Therefore, combining Eqs. (8.4) and (8.10), �P can be written as:

�P � ρ.�z[g ± aω2sin(ωt + ∅)] (8.11)

If c � aω2 sin(ωt + ∅), then Eq. (8.11) becomes
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�P � ρ.�Z (g ± c) � ρ.�z.g(1 ± c/g) (8.12)

From Eq. (8.12), it can be stated that the value of �P is always positive when the
c/g value is less than 1; thus, the pressure does not alter from time to time and there is
no effect of vibration achieved during machining. On the contrary, if the value of c/g
is greater than 1, then the value of �P is altered with the movement from the mean
position of the workpiece. So, for improvement of the flushing process by periodical
suction and discharge in the vicinity of the narrow working gap, the value of c/g
should be always kept more than unity.

(ii) Effects of low-frequency vibration on various responses of µ-EDM

In micro-EDM, material is removed not only from the workpiece but also from the
tool and size and shape of micro-hole is just a replica of that micro-tool. Therefore, in
this section, sixµ-EDMperformance characteristics, i.e., metal removal rate (MRR),
tool wear rate (TWR), over cut (OC), taperness, roundness, andmachining gap (MG),
have been considered. The method of calculating and the effects of low-frequency
vibration on these performance criteria are described as follows:

(a) Influence of vibration on MRR and TWR

Rate of metal removal in µ-EDM is defined as the amount of metal removed from
the workpiece per unit time and usually expressed as given below in µg/min. It has
been calculated by the weight loss of the workpiece per unit time.

MRR � Wbw − Waw

t
(mg/min). (8.13)

where

Wbw is weight of the workpiece before machining (mg),
W aw is weight of the workpiece after machining (mg), and
t time taken for machining

Tool wear rate in µ-EDM is defined as the amount of metal eroded from the tool
per unit time, and it is usually expressed as given below in mg/min.

TWR � Wbt − Wat

t
(mg/min). (8.14)

where

Wbt is mass of the tool before machining (mg),
W at is mass of the tool after machining (mg), and
t time taken for the operation

A comparative study has been shown in Fig. 8.13, and the experiment conducted
at the multi-objective optimized machining condition is deduced from gray Taguchi
analysis, i.e., with −ve polarity, 2 A current, vertical direction of flushing, and 3 µs
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Fig. 8.13 Effect of vibration on MRR and TWR at ‘−ve’/2A/V/3 µs

of pulse on time. FromFig. 8.13, it can be observed that with the aid of low-frequency
vibration to theworkpiece, there is a significant improvement ofmaterial removal rate
compared to tool wear rate. It may be stated that after applying vibration, machining
stability can be enhanced by the reduction in abnormal discharges, short circuits,
and arcing. Whereas a higher value of amplitude of vibration leads to more frequent
contact in between two electrodes, thus short circuiting and arcing increase. It has
been seen that for machining micro-holes, the normal spark discharges enhance with
the aid of workpiece vibration during µ-EDM and this phenomenon plays a crucial
role for increasing metal removal rate by reducing machining time and also reduces
tool wear rate. Again, it has been seen that discharge ratio also improves due to the
application of vibration for the enhancement of flushing process which again plays
a vital role for increasing MRR.

(b) Influence of vibration on OC and MG

Overcut is the additional amount of material removed by the tool during micro-
EDM drilling operation. It is the diametrical deviation in between the micro-EDM
machined hole and the tool. The overcut is calculated as follows:

OC �
∑

D

N
− dT (8.15)

where

Di micro-hole diameter at ith section (µm),
dT tool diameter (µm), and
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Fig. 8.14 Effect of vibration
on OC and MG at
‘−ve’/2A/V/3 µs

N number of measurements

In µ-EDM drilling, the machining gap is the differences in space from the wall
of micro-hole to the surface of tool. This space distance is mainly comprised of
critical space distance and the discharge space distance. Critical space distance is
the distance from the dielectric fluid at which dielectric starts to break down and
sparks begin. Discharge space distance is nothing but the machining depth of the
drilled micro-hole. Hence, machining gap (MG) has been calculated by the equation
as follows:

MG � 1

2

[
D + d

2
− dT

]

(8.16)

where

D is the diameter of micro-hole at entry (µm),
D is the diameter of micro-hole at exit (µm), and
dT is the diameter of the tool (µm)

From Fig. 8.14, it has been observed that there is a slight increment of OC and
MG with the effects of vibration. So, vibration has a slightly negative impact on
overcut and machining gap. It is due to the combined effect of vertical flushing and
longitudinal vibration. Debris particles are not get removed from the micro holes
which creates a secondary sparking (arcing) and that arcing increases the hole size
of drilled micro-holes.

(c) Influence of vibration on taperness and roundness

Generally, for drilled micro-holes, taper angle has been calculated by Eq. (8.17) and
Fig. 8.15.



8 Vibration-Assisted Micro-EDM Process 179

Fig. 8.15 Schematic view of micro-drilled hole: a top view of drilled micro-hole and b cross-
sectional view of drilled micro-hole

Taperness � (D − d)

2h
× 180

Π
(Degree) (8.17)

where

D is micro-hole diameter at entry side (µm),
d is average micro-hole diameter at exit side (µm), and
h is the width of the plate

In the µ-EDM drilling for entrance and exit hole, roundness is defined by the
maximum inscribed circle diameter to the minimum circumscribed circle diameter.
The value of roundness should be always in between 0 and 1. The value of roundness
closer to one indicates that the hole is also closer to a true circle. For an exact
circular hole, the roundness value should be always one. So, the value of roundness
is calculated by the ratio of maximum inscribed circle of the hole at entry/exit side
to minimum circumscribed circle diameter of the hole at entry/exit side as depicted
in Fig. 8.15.

From Fig. 8.16 it is seen that taperness has been slightly deteriorated but the
roundness has been improved significantly for the effects of vibration. The reason
behind this is the surface achieved by µ-EDM with aid of vibration at the said
parameters combination is comparatively finer and free of burrs.

8.3.3 Effects of Inclined Feeding with Low-Frequency
Vibration

In micro-EDM drilling with inclined feeding and low-frequency vibration, both the
tool and job are kept inclined with some definite angle. Machining can be possible
by giving feed to the electrode by keeping either inclined downstairs or else inclined
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Fig. 8.16 Effect of vibration on taperness and roundness at ‘−ve’/2A/V/3 µs

Fig. 8.17 Schematic of inclined feeding mechanism a upward and b downward

upstairs as shown in Fig. 8.17. Generally, while feed is giving to the downward
inclined position, it assists stream of the dielectric fluid into the spark area, but it
cannot help for removal of debris. However, it is anticipated that the debris should
be ejected from the machined zone without any difficulty. In case of downward
inclined feeding, debris can be ejected from the machining gap with the help of
bubbles evacuation and due to the buoyancy force. Due to the pressure difference in
upward inclined feeding, the spark gap can be void which leads to flow of dielectric
into the machining gap. Due to the accumulation of bubbles at the underneath of
the machined zone, the movement of the debris and dielectric can be delayed and
sometimes can be more complex. For simplicity of understanding, the angle for
upward inclined feeding is indicated as positive and the angle for downward inclined
feeding is indicated as negative as shown in Fig. 8.17a, b, respectively.
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When vibration is useful at same parameter settings, the inefficient pulses
decreased considerably in addition to it surface become very fine with compara-
tively lesser craters produced.

A traditional three-axisµ-EDMmachine is tailored in order to intend the inclined
feeding in the micro-EDM drilling system. On the Z-axis of the stage, the drilling
head with a preferred inclined angle is attached. The job electrode should also be
kept inclined with the same angle so that the surface of the job electrode is vertical to
the tool electrode axis. The inclined feeding motion can be achieved by appropriate
controlling of the relative motions in between X- and Z-axis stages. A PZT actuator
is attached at the end of the spindle head for putting together vibration to the tool
electrode. A function generator is allied with the actuator through the controller, thus,
the system can supply axial vibration with any waveform with the higher frequency
and amplitude [12].

8.3.4 Self-adaptive Control in Micro-EDM

Although µ-EDM is originated form traditional EDM, there are several similarities
and dissimilarities. Alike to conventional EDM, micro-EDM has no cut force and for
this reason, the apparatus is uncomplicated and its control mechanism is also very
easy. In the machining method of EDM, spark between electrode and workpiece is
responsible for removing materials from the workpiece in the form of tiny particles.
However, in micro-EDM, burdens like very low operating voltage, small discharge
gap and the very narrow pulse width still exist. EDM process is not so stable due
to the difficulty to eliminate tiny particles from the narrow spark gap which leads
to arc discharging as well as short circuit at the time of micro-EDM operation. So,
to resolve these burdens, vibration can be incorporated into the workpiece, tool as
well as dielectric during EDM operation. With the assistance of vibration, electrical
erosion in the form of tiny particles can easily be removed; however, it may also lead
to frequent arcing and short circuit which results in difficulty for controlling ofmicro-
EDM process. Thus, quality of the machined profile as well as machining efficiency
cannot be ensured. So, to resolve these issues, a new type of micro-EDM technique
is introduced [13]. This new system is unlike to the conventional µ-EDM where,
sensing the discharge conditions, it can recognize the self-regulation. Accordingly,
the stability of spark discharges, electrodewear ratio, and the effectiveness ofµ-EDM
machining is improved to a large extent compared to the conventional µ-EDM. An
equivalent circuit for self-adaptiveµ-EDM is depicted in Fig. 8.18a. As in this circuit,
actuator cannot allow a high current so, a series of resistance are incorporated. These
act as a shield and protects from damage due to large current and thus this actuator
acting an crucial role in the circuit by acting as a capacitance. In Fig. 8.18b, an
improved circuit is shown and the capacity of this actuator is fixed.

The self-adaptive control in µ-EDM system comprises of several subsystems,
e.g., servo control system, spindle, two electrodes, working table, piezoelectric, the
base of the machine, data acquisition system, and a mainframe computer. The servo
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Fig. 8.18 Equivalent circuit

Fig. 8.19 Control system
for the self-adaptive µ-EDM

system is based on PI-based nano-position system with C863 microcontroller which
not only controls the movement of the three axes but also senses the velocity and
position of the axis followed by sending them to the mainframe computer. The
control system for self-adaptive micro-EDM is shown in Fig. 8.19. During micro-
EDM, the servo system impels the working table and tool to the accurate place. If
any inconveniences occur, it sends back the error signal to computer. To sense the
voltage in between the tool and the job and also to realize the insight into themachine,
a simple analog-to-digital circuit is used. The function of the microcontroller is to
examine that analog-to-digital circuit, and it sends a signal to stop the axis when the
voltage tends to zero. The data acquisition card is used to detect the discharge status
during micro-EDM. The advantages of incorporation of self-adaptive control in the
micro-EDM system are as follows:

(i) Reduce short circuit by the system

In self-adaptive control in µ-EDM, the piezoelectric is normally kept paralleled
with the tool electrode and the job electrode. At the time of short circuits, the voltage
between the tool and the job electrodes is reduced and gradually reduces to zerowhich
is also the consequent voltage of piezoelectric. As the voltage of the piezoelectric
actuator is reduced to zero, it shrinks and make the workpiece down by increasing
the distance between the job and the tool electrode and it continues until the short
circuit is terminated.

(ii) Improvement of stability of the process

With the self-adaptive control in µ-EDM, processing stability can be improved.
With the help of self-adaptive principle by piezoelectric, constant sparks with no or
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a few short circuits can be attained. A continuous waveform, uniform sparks, and
the large distinction between two spark waveforms are achieved by the application
of piezoelectric for self-adaptive control in µ-EDM.

(iii) Improving process efficiency

In traditional µ-EDM, the servo feed control mechanism simply impels the tool in
the feed direction when there is no spark and retracts the tool backward at the time
of short circuit or arcing. With the help of self-adaptive control in µ-EDM, feedback
time can be reduced by sending commands to the system; thus, machining can be
done even at a very low voltage. So, with the help of self-adaptive control, adjusting
the discharge gap and eliminating the short circuit can also be possible by the system
itself.

(iv) Reducing the tool wear

An unavoidable circumstance in µ-EDM is tool electrode wear, and the most influ-
encing factors are electrode material, different process parameters, the dielectrics,
etc. In EDM, abnormal tool wear rate increases at the short circuit or arcing condi-
tion. In self-adaptive micro-EDM, when the piezoelectric actuator contracts, the gap
in between the tool and the job electrodes turns into larger which can accelerate the
flow of working dielectric. Acceleration of the flow of dielectric leads to reduce the
abnormal discharges and thus short circuit can be avoided as well as the decrement
of abnormal electrode wear is possible.

8.4 Summary

Vibration-assisted micro-EDM is established to be efficient in modern machining
practices not only for enhancing the stability of the process and merit of the products
but also for increasing machining stability by reducing machining time. The inflex-
ibility of the job electrode influences the machining time, and it has been already
revealed that the inflexibility of the job electrode should be concerned in favor of
micro-EDM for deep-hole drilling. Micro-EDM process with aid of vibration is also
useful to all the high precision machining procedures, and it can achieve machining
of any complex shapes at the high speed, which is not easily obtained in conventional
machining. In micro-EDM process with aid of vibration, increment of the discharge
pulse frequency as well as reduction of feeding-back action of the table is possi-
ble. Low-frequency vibration also can be taken into account for improvement of
various responses of micro-EDM. With the help of adaptive control in micro-EDM
technique, not only short circuit but also processing stability can be eliminated by
itself, and processing efficiency is improved. Moreover, a significant reduction in
electrode wear could be observed. Proper mechanism of machining process employ-
ing vibration for the up-gradation of machining needs to be developed and further
augmentation of the processes are yet to be studied in depth.
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Chapter 9
Tool Wear Compensation in Micro-EDM

Rahul Nadda, Chandrakant Kumar Nirala and Probir Saha

Abstract This chapter accentuates the inherently persistent tool wear issue and
its consequences in variants of micro-electro-discharge machining (µ-EDM). The
consequences can be seen in the terms of deterioration of precision of themicro-holes
and productivity. Although, the tool wear is well explored in µ-EDM and its variant
processes, but a very limited efforts have been made to resolve this issue other side.
A pulse discrimination system based-real-time tool wear compensation strategy in
µ-EDM is anticipated to be a possible technique to get rid of the tool wear issue in
µ-EDM drilling. In this regard, an approach which is basically a modification in the
existing approach has been discovered and implemented to achieve the desired depth
of the micro-hole(s). The proposed approach has been applied to two different work-
toolmaterial combinations and input parameters. The potentiality of the approach has
been proven results by comparing it with that other trusted techniques like ‘uniform
wear method’ (UWM).

Keywords µ-EDM drilling · Micro-holes · Pulse discrimination system
Real-time · Uniform wear method
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9.1 Introduction

Micro-electro-discharge machining (µ-EDM) is widely used non-conventional fab-
rication technology specifically when removal of vibration, mechanical stresses, and
chatter is required [1]. The study ofµ-EDM has fetched a lot of advancements due to
capability of fabrication in micron level with very high accuracy irrespective of the
workpiece hardness. µ-EDM has been extensively adopted for fabrication of micro-
mechanical parts, optical devices, injection nozzles, andmicro-tools [2–4]. The tech-
nology has demonstrated its ability of machining a wide array of microstructures like
60µm diameter micro-rods [5] and three-dimensionalµ-holes [6]. Such features are
fabricated by adopting variant types of µ-EDM alternatives which are principally
distinguished based upon the electrode movement (i.e., µ-EDM milling, µ-EDM
drilling) and electrode or workpiece polarity. However, in manufacturing tool design
is a very complicated and time-consuming method due to the complex geometry,
rough machining, electrode wear, and discharge gap [7]. The micro-machining is
well defined as the ability to fabricate features with the dimensional arrays from 1
to 999 µm. The rapid recurring spark discharge from the pulse generator is used
to remove electrically conductive material among the workpiece or tool electrode
in the existence of liquid dielectric. Some of the variants methods such as µ-EDM
drilling, µ-EDM milling, and reverse µ-EDM (Rµ-EDM) which are used for the
fabrication of micro-features are discussed separately. Associated tool wear issues
are also discussed in the respective sections.

9.1.1 µ-EDM Drilling

Theµ-EDMdrilling employs a continuously rotating solid or hollow tool. The hollow
tool is advantageous over the solid one as it facilitates propelling and sucking the
dielectric liquid through an inner conduit in the tool [8]. In 1986, Kurafuji and
Masuzawa [9] first performed a study on EDM in micron level and proposed about
the structural errors in the fabricated parts because of the tool wear. After that Mohri
et al. [10] examined the tool wear during EDM process and they found that the layer
of carbon which accumulated on anode and cathode has highest impact on the TWR
(tool wear ratio) and MRR. To demonstrate profiles of the tool and drilled cavities,
Jeong and Min [11] performed a numerical simulation for µ-EDM drilling process
with round tool. They found that the profile determination outcomes are similar to
experimental one with an inaccuracy of 13%. The real scanned electron microscopic
viewof electrode and fabricated electrode-workpiecewith drilled distance is depicted
in Fig. 9.1.
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Fig. 9.1 Real scanned electronmicroscopic view of fabricated electrode andworkpiecewith drilled
distance 580 µm [11]

9.1.1.1 Tool Wear in µ-EDM Drilling

In µ-EDM drilling with a suitable electrode, the thermal resistance across the pivot
of electrode is high. The electrode is, therefore, eroded rapidly as the temperature
of electrode preserved at a higher array. Since a micro tool of cylindrical shaped
is employed for drilling, the profile of the tip of the tool quickely deteriorate while
machining. The toolwear arises at both the tip and the side surface of tool. Thewear of
tip is responsible for the errors in tool span approximation. The side surface erosion of
tool influences the profile of holes formed during fabrication and may not be avoided
in maximum circumstances. Figure 9.2 shows the tool wear which took place during
µ-EDM drilling of brass specimen with copper electrode of 200 µm [12]. µ-EDM
drilling has not attained extensive recognition in micro-manufacturing productions
due to the tool wear which tends to dimensional error in fabricated products as
seen. µ-EDM drilling is capable to drill elevated aspect ratios of micro- and macro-
cavities in different aerospace alloys which are above the abilities of traditional
twist drilling method [13]. In such situations, error in depth even in some proportion
affected by electrode wear may eliminate the component. With the optimization of
progression factors in µ-EDM drilling, this inaccuracy can be reduced, but it needs
implementation of huge test runs and additionally, this optimized setting is effective
only for a fixed work electrode material combination [14]. The tool wear in µ-EDM
drillingnot only affects accuracyofµ-holes but also reduces themachining efficiency.
If the span of µ-holes is smaller than 5 µm, the dimensional error produced by the
tool wear in µ-holes cannot be abandoned [3].
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Fig. 9.2 A cross section of
µ-EDM drilled hole
representing the longitudinal
tool wear [12]

9.1.2 µ-EDM Milling

µ-EDM milling utilizes simple profile tool in the three-dimensional displacement
to manufacture complex shapes. µ-EDM milling accumulates the cost and time
on fabricating the complex tools. In such arrangement, material is separated layer
by layer with a layer width range up to 0.1 µm. The schematic diagram of flat
milling process by employing tubular tools is depicted in Fig. 9.3. However, the
volumetric TWR in µ-EDM milling is greater as compared to die-sinking µ-EDM.
The wear in tool during machining makes it smaller. Especially, in micro-ranges
sometimes, it is incredible to machine the workpiece with tool for die-sinking µ-
EDM. So µ-EDM milling is attaining abundant attention in micro-machining. The
major issue in µ-EDM milling is the huge TWR which is effect of a regular error
and reduction in precision [15]. To overcome this problem, a modern process has
been established to compensate TWRand sustain the fabrication precision [16, 17]. A
well-known uniformwearmethod (UWM) associates the longitudinal electrodewear
compensation and a superior tool path algorithm, which significantly enhance the
µ-EDM milling accuracy [18]. UWM adopts the counter machining with extremely
low tool feed for every layer, and only the base of tool is employed for fabrication.
The bottom of the tool is constantly smooth after the fabrication of each layer due to
the to and fro scanning path of tool. Pie et al. [19] used a tubular tool and proposed a
flat milling process which depends upon the constant length compensation process.
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Fig. 9.3 Schematic diagram
of plane milling process by
using tubular electrodes [19]

9.1.2.1 Tool Wear in µ-EDMMilling

In µ-EDM milling during the fabrication with a cylindrical tool, the constant down-
ward traverse of tool causes the quick stabilization of tool profile and coupled with
arising electrode wear. This study overcomes the drawbacks of previously stud-
ied constant tool length compensation processes. The determination of tool wear is
depending upon the volume of specimen extracted for that part and providing the
approximation of comparative volumetric wear. After the fabrication of every layer,
the electrode span is checked by using reference probe.

9.1.3 Reverse µ-EDM Method

AdevelopingRµ-EDMmethodhas alreadydepicted its optimal ability for fabrication
of micro-electrodes on metallic surface irrespective of their toughness [20–22]. This
micro-electrode range may again be employed to fabricate variety of µ–holes by µ-
EDM drilling and therefore minimizing the machining time. In Rµ-EDM, an array
of µ-holes on a metallic surface is used as an cathode whereas a huge dimension
of specimen which acts as an anode is adjusted over the cathode. A cylindrical rod
(anode) of comparatively large diameter which is placed above the holes is traversed
at a measured feed. The removal of material from the surface of cylindrical rod
occurs where a material to material boundary exists. This causes the replication of
shape of holes from tool surface to cylindrical rod surface. The cross-sectional area
of machined features on cylindrical rod appears like the cross-sectional area of holes
already fabricated on tool. The Rµ-EDM process is performed in two stages. In the
first stage, holes are manufactured on the plate tool with the assistance of micro-
machining method. In second stage, plate tool is supported on the µ-EDM machine
to generate a reverse copy of those holes on the specimen. Figure 9.4 depicts the
Rµ-EDM method obtained through reversing the polarity of µ-EDM drilling.
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Fig. 9.4 Schematic ofRµ-EDMprocess andpictorial visionof tool plate before and aftermachining
[21]

9.1.3.1 Tool Wear in Reverse µ-EDM Method

The tool wear is determined to investigate the duration for which different electrodes
can be fabricated by a workpiece electrode of specified thickness. As the longitudinal
wear is more effective in comparison with lateral wear in Rµ-EDM, the TWR is
calculated from the longitudinal wear. This method is steady and no short circuit is
recorded except the duration in which the cylindrical rod penetrates the tool plate.
Figure 9.5 depicts the range of µ-holes before the machining which is employed
during fabrication. The diameter of all theµ-holes was 45µm before the machining.
Figure depicts the range of µ-holes after fabrication. The dimension of µ-holes was
changed from 45 to 55 µm during fabrication due to the rapid spark discharge. The
thermal properties of tool plate changes at high temperature and tool wear will occur
which causes the manufacturing error in electrode [22]. Nirala et al. [21] adopted the
actual volume removal in real-time (VRT) method and productively applied to Rµ-
EDM approach to form the necessary summit of micro-rods. They used an equivalent
type of method which is applied in µ-EDM drilling for manufacturing accurate µ-
holes. Hence, further some attempts are required to enhance structural precision of
micro-rods fabricated via µ-EDM milling method. The compensation of electrode
wear is, therefore, essential to attain significant correctness of the manufactured
products.
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Fig. 9.5 Tool platewith array ofmicro-holes a beforemachining b aftermachining and c fabricated
array micro-rods [22]

9.2 Tool Wear Compensation Methodologies

Since 1980s, compensation of electrode wear is mostly obtained through the deter-
mination of electrode length regularly during fabrication. In view of this, several
tool wear measuring methods like machine vision, laser array sensors, and electri-
cal circuit were established [23]. However, these methods are still being employed
for variant functions in fabrication but have not demonstrated to be innovative in
electrode wear compensation. Therefore, Bleys et al. [24] proposed electrode wear
compensation method for µ-EDM milling in real time by counting the type and
amount of normal discharge. The compensation of tool wear in real-time method
can disable the limitation of offline tool wear compensation method and tends to the
entire removal of dimensional error caused because of the electrode wear.
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9.2.1 Offline Tool Wear Compensation

The offline tool wear compensation process determined the electrode wear mainly
in the form of tool wear or calculated at a regular interval of time during the machin-
ing. These methodologies are employed for variant features in fabrication but till
now these methodologies are not established as a trendsetter in tool wear compen-
sation. The reason behind this is the periodical analysis disruption of fabrication
which results in larger machining duration. The electrode wear problem in µ-EDM
was primarily attempted using offline compensation and one compensation method
generally known as UWM is discussed in the next section as below.

9.2.1.1 Uniform Wear Method

In UWM, the whole machining procedure is performed by milling several thin lay-
ers one by one. To maintain the machining depth, the electrode is compensated for
a length every time before the equivalent layer is machined. In 1998, Yu et al. [18]
introduced the UWMwhich is very familiar machining approach to compensate lon-
gitudinal electrode wear in µ-EDM milling. This approach is capable to recover the
electrode profile to its actual shape after machining one layer. Moreover, the UWM
is already incorporated with CAD/CAM to fabricate random three-dimensional µ-
holes [25]. Kruth et al. [26] introduced a predictable wear compensation approach
where the electrode wear for each section of the electrode is measured by offline
prediction. This compensation process is further depending upon the offline deter-
mination of volumetric relative wear and does not influence much the online wear
compensation. The tool wear was used widely in various offline electrode wear
compensation approaches; however, several problems exist in measuring tool wear.
Initially, the tool wear is highly affected by both the materials and methods which
must be modified by experiments for an appropriate geometry and need a high setup
time [15]. Secondly as the dimension of electrode is extremely small and removal
of material from electrode is considerably less as compared to the specimen, the
determination of TWR is influenced by high inaccuracy [27]. These issues in offline
tool wear compensation motivated researchers to think for some online techniques
which can compensate the tool wear in real time.

9.2.2 Online Tool Wear Compensation

Thismethod principally depends upon the volume removal per discharge (VRD) from
the tool or the specimen. The compensation of tool wear was obtained mostly by
counting the discharge pulses andmultiplying it by a constant value ofVRD to get the
volume removal from the tool or specimen in real time (VRT). Counting the discharge
pulses literally assumes the pulses have an identical thermal energy which later
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Fig. 9.6 Schematic diagram of improved VRD method [12]

proved to be not isoenergetic [12].Additionally, assumptions like the constantVRD is
also proved to bewrong as theVRDvarieswithmachining depth, especially in case of
µ-EDM drilling. Hence, assuming the discharge pulses as isoenergetic and the VRD
as constant will definitely result in the under or over estimation of VRT which will
consequently tend to an inaccuracy in monitoring of tool wear. Therefore, groups of
researchersworked to improve the existingVRDapproach of toolwear compensation
and termed the new approach as modified or improved VRDmethods. The improved
VRDmethod which is basically an attempt to address the non-isoenergetic nature of
discharge pulses and varying VRD with machining progress is discussed separately.

9.2.2.1 Improved VRD Method

The improved VRD method involves two features, one is the variation of VRD with
the depth of machining and the other is role of non-isoenergetic pulses in mate-
rial removal. The above-mentioned features approximate the VRD more precisely.
VRD is determined at several depths of fabrication by recognizing genuine amount
of contributing pulses (NP) and finally a significant relation among VRD and NP

is achieved. To determine this NP, a pulse discrimination system which has poten-
tial to discriminating among the contributing, less contributing and non-contributing
pulses is needed to determine the actual contributing pulses in the next section.
Figure 9.6 shows schematic of investigational flowchart for evolving pulse discrimi-
nation approach for improvedVRDmethod.Theflowchart of toolwear compensation
based upon the improved wear method used for the compensation of electrode wear
during fabrication is depicted in Fig. 9.7.
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Fig. 9.7 Flowchart for tool wear compensation [21]

9.2.2.2 Development of Pulse Discriminating Method

In the beginning stage, spark discharge situations are recognized with the help of the
signals received through the current and voltage probe. The pulses are classified into
four different sets, i.e., normal pulse, effective pulse, arcing pulse, and short circuit
pulse depending upon the following conditions. In terms of normal pulse, rapid drop
in voltage takes place fromUo to 72% ofUo. These pulses are generally responsible
for the removal of material. The µ-EDM mainly consists of resistor-capacitor type
pulse generator where the discharge occurs when capacitor is completely electrically
charged to Uo. However, some discharges may occur as the capacitor is not fully
charged to Uo. The effective spark erosion pulse is described as a pulse where the
discharge voltage ranges between 65 and 72% of Uo. These effective pulses are like
that of normal pulses with variation in the magnitude of charging and discharging
voltage. Arcing is recognized during the process when charging voltage does not
come back to 65% of Uo and significant discharge takes place. This shows that due
to the incomplete deionization of the dielectric liquid the repetitive discharges take
place. Short circuit pulses have no contribution in the removal of material. These
pulses are defined as a pulse having charging velocity less than 55% ofUo or appear
as smooth line on a respectable level. The flowchart of pulse discriminating system
and the distinctive current and voltage pulses development in µ-EDM drilling at the
starting point of machining process are depicted in Figs. 9.8 and 9.9, respectively.

It is well recognized that the high range of pulse in a resistance-capacitor circuit
integrated with µ-EDMmachine is based upon its voltage and capacitance. This can
be provided by an expression as shown in Eq. (9.1):

Ep � 1

2
× C × (Uo)

2 (9.1)
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Fig. 9.8 Flowchart of pulse discrimination method [28]

Fig. 9.9 Schematic of different types of pulses in µ-EDM [21]

Here,

Ep is the maximum provided energy of a pulse.
Uo is the operator defined voltage which is termed here as open circuit voltage

between electrode and specimen.
C is the capacitance

However, only half of the overall effective pulses (ηeff) have been recognized in
real time to produce an influence similar to the normal pulses. By using this relation,
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NP, which is number of actual contributing pulses, can be provided as follow in
Eq. (9.2):

NP � 1

2
ηeff + nn (9.2)

It is already observed that due to the increase of machining depth, the frequency,
shape and size of pulses are altered evenwithout any change in parametric conditions.
In other words, as shown in Fig. 9.10 the enhanced pulse frequency at deeper depth
tends to the partially charging of the capacitor which causes the fluctuation of energy
in each pulse. Though, it becomes necessary to check the influence of such alteration
in the nature of different pulses on average energy, as the average energy provides
a better signal for process stability. The greater the average energy deviation the
smaller will be the process stability. This could be referred to the circumstances that
the captured current and voltage signals are normally overlaid with a huge amount of
beeps in the machine. When processing such beeps, a number of real signals fraction
is also rejected which tends to smoothening and successively reduction of pulse
size. The number of contributing pulses on starting, middle and near to the finish of
µ-EDM drilling method was employed to understand the influence of alteration in
energy content for contributing pulses on average energy.

9.2.2.3 Development of Relationship Between VRD and NP

Empirical analysis of VRD

This section represents the research done by Nirala et al. to establish an improved
VRD method of tool wear compensation in µ-EDM [12]. For the empirical anal-
ysis of VRD, the µ-EDM experiments have been performed using hybrid µ-EDM
machine tool (make: MIKROTOOL; model: DT-110) as depicted in Fig. 9.11. The
determination of VRD needs information on the removal of volume from the spec-
imen and time taken in particular machining operation. Cross sections of drilled
µ-holes are calibrated by employing a method termed here as ‘information from
picture’. The 3D microscope generally known as ‘synchronous transport module’ is
employed to take sectional pictorial view step by step as presented in Fig. 9.12. The
leftward and rightward regions of specimen are examined for equivalence and after
the examination a minor error of 0.025% has been obtained.

The VRD is calculated by dividing measured actual volume removed (Vactual)
with NP. For finding the VRD, an array of µ-EDM drilling experiments have been
performed by selecting two electrodes andworkmaterial combinations and two input
parametric criteria which provide two different discharge energies for fabrication.
The experimental condition including the material and parameter combination is
detailed in Table 9.1. In the tool wear compensation, the µ-EDM drilling testing
has been performed at different depths which resembles the variant NP as shown in
Fig. 9.13. Functional relationship between the VRD with respect to the NP can be
seen in the research paper originally published by Nirala et al. [12] Sample images
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Fig. 9.10 Different voltage and current pulses at a starting, bmiddle, c near to the finish ofµ-EDM
drilling method [28]
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Fig. 9.10 (continued)

Fig. 9.11 Photographic view of experimental setup [28]
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Fig. 9.12 Stages of volume determination a µ-EDM drilled hole b the boundary and data points
of hole, c µ-hole CAD design [12]

of the µ-holes drilled according to the machining condition given in Table 9.1 are
shown in Fig. 9.13a, b.

9.2.2.4 Estimating VRT and HRT Using Developed Pulse
Discrimination System

The amount of VRT is measured by using the following relation given in Eq. (9.3):

VRT � VRD × NP (9.3)

Once VRT ismeasured, it is employed to determine the height ofmachinedµ-holes
(HRT) in real time by integrating roundness and taper of µ-holes. The roundness at
edge or taper at side of µ-holes surface depicted above in Fig. 9.14 are combined by
presenting a parameter known as roundness factor (FR). The measurement of HRT

from VRT requires equivalent data on length of µ-holes. For this determination inlet
span of µ-holes are measured.

Overcut estimation

The gap for discharge inµ-EDM drilling process tends to a higher span as compared
to span of electrode and such increase in span is known as overcut. The µ-holes
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Table 9.1 Experimental condition for establishment of functional relation of VRD [12]

1st material combination Workpiece (anode) Tool (cathode)

1.5 mm thick Brass plate Copper electrode of diameter
200 µm

2nd material combination Workpiece (anode) Tool (cathode)

1.5 mm thick Brass plate Brass electrode of diameter
300 µm

Spindle speed 2000 RPM (fixed for all experiments)

Feed rate 0.2 mm/min (fixed for all experiments)

No. of experiments Total 64 experiments from the two parametric settings (8 at
each setting and at each material combinations repeated twice)

1st material combination Parametric Criteria 1 Parametric Criteria 2

Capacitance: 10 nF
Voltage: 90 V

Capacitance: 40 nF
Voltage: 90 V

2nd material combination Parametric Criteria 1 Parametric Criteria 2

Capacitance: 10 nF
Voltage: 90 V

Capacitance: 40 nF
Voltage: 90 V

Fig. 9.13 µ-EDM machined holes for 1st material arrangement at a criterion setting 1 and b
criterion setting 2 [12]

with overcut are depicted in Fig. 9.14a. Here ‘D’ is the diameter at arrival. D1 which
is equivalent to electrode diameter shows a simulated diameter of µ-holes having
no overcut. At different alternatives setting a complex overcut is achieved for the
arrangement of variant materials. This is because of the enhancement in capacitance
which tends to higher average spark energy.
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Fig. 9.14 a Typically formed µ-hole, b determination of roundness factor [12]

Roundness factor (FR) determination

The roundness of edge of the µ-hole is an intrinsic drawback of EDM method.
A distinctive illustration of such roundness which is named as BC is depicted in
Fig. 9.14b. To integrate this taper and roundness in the measurement of HRT of
the µ-holes FR has been presented. The FR is termed as a ratio of predicted to
actual amount of volume removal. The predicted volume removal will be consistently
higher as compared to the actual volume removal due to the development of taper
and roundness. To analyze such volumes, depth (H) of µ-holes was formed to be
accessible. The FR has been determined by employing Eq. (9.4) as shown below:

FR � Predicted volume removal

Actual volume removal
(9.4)

An experimental design has been developed to calculate its variation with NP.
From these calculations, it has been obtained that FR begins with a data which is
larger than 1 and after that progressively reaches at unity. Generally, on fabrication of
µ-holes the roundness rises incredibly, and this influences the FR up to a large extent.
Once a semi-spherical profile is obtained on the electrode tip, and it is noticed that tool
electrode roundness does not alter more. Therefore, the expected removal value and
actual removal value enhanced about the equivalent amount with the enhancement
of the depth. However, Pham et al. [25] proposed that strength of electric field exists
greater at corner of electrode tip and forming a normal erosion of corner. This normal
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Fig. 9.15 LABVIEW front panel for tool wear compensation method [21]

tool erosion remains continue till the tool electrode tip converts to circular shape or
the corner vanishes. The FR is formed while combining with the established PD
method and HRT.

9.2.2.5 Determination of Real-Time Depth of the µ-Hole (HRT)

When VRT is determined, it relates to FR in order to determine the HRT. The relation
for HRT is presented in Eq. (9.5):

HRT � VRT × FR[
π
4 D

2
] (9.5)

After the determination of HRT, the fabrication is continued until HRT relates
with required compensation across the tool wear. The front panel for established
electrode wear compensation is depicted in Fig. 9.15 due to which the significant
HRT is formed.

9.3 Authentication of Proposed Method

9.3.1 Proposed Process

The designed method to compensate the tool wear is employed for small or large
machine aspect ratio µ-holes. The significance of designed method is analyzed adja-
cent to the manufacturing of both shorter and deep µ-holes. The target depth for
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small and deeper µ-holes of first electrode and workpiece combinations are selected
as 500 and 1000 µm, respectively. Similarly, the equivalent target depth for second
material combination has been selected as 400 and 700µm. The fabrication has been
sustained until the target height matches with HRT and the variation becomes zero.
These tool wear compensated results are then evaluated using uniform wear method
(UWM), a widely used and well accepted offline tool wear compensation method,
and regular process with no tool wear compensation.

9.3.2 Uniform Wear Method

The UWM is much-admired method to compensate electrode wear. This approach
improves assumptions of already calculated tool wear. The UWM is thus used for
calculating the tool wear experimentally. The essential tool wear has been calculated
by accepting the variation between the deepness of µ-holes to be machined and
programmed Z-axis. The volume of eroded electrode can be determined by using
Eq. (9.6) as follow:

Volumetric removed tool � (Z − H) × π

4
D2

1 (9.6)

where D1 is equal to the diameter of the electrode. Considering that the diameter
of machined µ-hole is equivalent to diameter of electrode, the worn-out size of the
specimen is then determined by employing D1 and depth of theµ-holes. The relation
for determining the worn-out volume from the workpiece is depicted in Eq. (9.7)

Volumeworn out from theworkpiece � H × π

4
D2

1 (9.7)

After merging Eqs. (9.6) and (9.7), the relation obtained for the tool wear is
provided by using the formulation as follow:

TWR � (Z − H)

H
� Volumetric erosion of electrode

volumeworn out fromworkpiece
(9.8)

Z-axis compensation as mentioned above is similar to electrode wear in µ-EDM
drilling and is provided by using the expression as mentioned in Eq. (9.9)

Z � H + TWR × H � H × (1 + TWR) (9.9)

After the calculation as mentioned above, a virtual study of proposed tool wear
compensationmethod among normal andUWMmethod is reported. The comparison
has been performed by using variant target heights (500, 1000µm and 400, 700µm)
with different material combinations. Such a broad array of target height would
ascertain to effectiveness of proposed approach for the production of deep and small
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Fig. 9.16 Evaluation of the proposed process with actual process for V � 90V and C � 10 nF
and 1st material combination [12]

µ-holes. The virtual responses of such suggested approach with UWM and without
compensation method has been depicted in Figs. 9.16 and 9.17, respectively.

9.4 Results and Discussion

The response depicts stability of the proposed technique of tool wear compensation
above different alternative techniques in terms of manufacturing the variant µ-holes
more precisely. By using first material combination, the proposed method recovers
the error by 18.2 and 21.8% beside the target depth of 500 and 1000 µm corre-
spondingly as compared to normal method. Similarly, by using the second material
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Fig. 9.17 Evaluation of the proposed process with actual process for V � 90V and C � 40 nF
and 1st material combination [12]

combination, the 20 and 20.9% enhancement has been obtained for equivalent tar-
get distances. When evaluating with UWM, the suggested technique provides depth
error improvement up to 3.0 and 6.4% at 1st alternative setting and 4.6 and 7.3%
at 2nd alternative setting, respectively. The results obtained for both the material
combination are depicted in Figs. 9.18 and 9.19. The above responses show that
the suggested technique is capable to employ for manufacturing deeper as well as
shallow µ-holes with depth error of nearly 4% even for an electrode material which
removes quickly. The 0% error in compensation of electrode wear is not possible
due to the human and model errors.



206 R. Nadda et al.

Fig. 9.18 Evaluation of the proposed process with actual process for V � 90V and C � 10 nF
and 2nd material combination [12]

Fig. 9.19 Evaluation of the proposed process with actual process for V � 90V and C � 40 nF
and 2nd material combination [12]
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9.5 Summary

The following conclusions can be drawn:

1. A real-time tool wear compensation for µ-EDM drilling process is proposed
based on in-house developed pulse discriminating system.

2. The discovered method utilizes the proposed ‘improved volume removal per
discharge (VRD) approach’ to compensate the tool against the electrode wear in
the process.

3. The method follows the sequence of estimation ‘real-time material removal vol-
ume’ (VRT) from the workpiece and then finally the ‘real-time depth’ (HRT) of
the micro-hole(s).

4. For the correct estimation of HRT, the roundness at the tool time is taken care by
introducing ‘roundness factor’ (FR). The overcut has also been taken care in real
time to estimate a precise VRT.

5. The potentiality of the discovered method is verified by successful fabrication of
micro-holes of the required target depth at two different parametric settings and
material combinations with a nominal error of less than 4%.

6. The method is also compared with the other existing techniques at the end and
found having a significant improvement.
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Chapter 10
Sequential Micro-EDM

MD. Rashef Mahbub, Asma Perveen and Muhammad P. Jahan

Abstract In this chapter, different sequential conventional and non-conventional
micromachining processes with micro-EDM have been discussed elaborately with
their applications in modern-day research and industrial fields. The necessity and
advantages of sequential micromachining processes and their difference from hybrid
micromachining have been carefully identified. Micro-EDM combined with micro-
grinding, micro-milling, micro-turning, micro-ECM, micro-drilling, laser microma-
chining, LIGA have been discussed with their advantages over respective single
processes. The common issues that generally stand in the way of pulling out sequen-
tial processes successfully or hamper their accuracy have also been addressed. The
chapter also suggests some initiatives to solve those issues. While wrapping up,
the chapter emphasizes on the fact that how sequential micromachining, if properly
implied, can solve a lot of problems that currently available single processes are deal-
ing with and widen the vast possibility of micromachining of 3D complex structure
with high level of accuracy.
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10.1 Introduction

With the advancement of technology in each of the scientific and research area, tools
and devices are getting small to smaller and complex to evenmore complex every day
[1]. Now in manufacturing field, it is possible to deliver micro-, or even nano-level
accuracy, surface roughness, and desired microstructure which were unimaginable
even couple of decades earlier. These newly introducedmicromachining technologies
and newly fabricated micro-components have very wide application in biomedical
fields, information science, aerospace engineering, optical industries and so on.

In biomedical fields, especially while designing implants for hip, knee, and dental
purposes, the level of precision and accuracy have to be pinpoint as any small defect
in designing and manufacturing might lead to very severe consequences for the per-
son who is carrying it. You have to look into account every detail of the materials you
are working on, do research on the medium and bone micro-morphology and then
you have to design and deliver the desired product with infinitesimal accuracy [2].
In optical fields, devices like optical waveguides, fiber-optic connectors, micro-lens
arrays also need micro-level accuracy and precision [1]. Different kind of surface
micromachining and smoothing technologies have advanced the research inmicroflu-
idics section and increased their application in Bio-MEMS area [3]. The invention of
micro- and nano-materials and their massive usage in information science are also
touching a new horizon every day. All these applications that are mentioned and the
vast majority that cannot be mentioned on the small scope of this chapter imply how
important micromachining and micro-components are in today’s scientific research
and industrial application.

Quite a few numbers of fabrication procedures have been invented and are being
used on a daily basis for machining micro-components. Micro-electric discharge
machining (micro-EDM), micro-electrochemical machining, laser micromachining,
micro-grinding,micro-turning,micro-milling,micro-drilling, andLithographie,Gal-
vanoformung, Abformung, i.e., Lithography, Electroplating, and Molding (LIGA)
are some of the most popular methods to produce micro-level manufacturing prod-
ucts. Some of these machining techniques are conventional, and some are non-
conventional. Each of them has certain advantages and disadvantages, and none
of them are suitable for all kind of materials and design procedures. Some tech-
niques are speedy than others, some are better in surface finishing, some consume
less machining time, some require less power supply, some methods are less costly
than others and so on and so forth. So choosing a single definite method for creating
a specific micro-accurate product is very difficult sometimes.

That is where comes the necessity and application of sequential micromachining
techniques. As said earlier, each of these processes has their own pros and cons,
so combining themselves with a proper technique sometimes come really handy; in
that way, we can use advantages of a certain machining process, and where it is not
perfect or become clumsy, we can use another machining process there. There are
a lot of examples and applications of such kind of micromachining processes. The
scope of this book chapter mainly deals with sequential micromachining with micro-
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EDM process. Micro-EDM has been combined with micro-ECM, micro-grinding,
micro-turning, micro-milling, LIGA, micro-drilling, laser micromachining and so
on. Sometimes micro-EDM has been used for shaping the metal, sometimes for
finishing, sometimes formaking electrode, or some othermicro-component for using
it on some other machining process later on. In this book chapter, all these sequential
and combined micromachining process have been discussed elaborately with their
experimental setup, parameters optimization, and applications.

Before jumping into that, things to keep in mind that there are certain differences
between hybrid micromachining and sequential micromachining. In hybrid micro-
machining, two or more processes are involved at the same time to remove material
or do the machining task. While in sequential machining, the machining processes
are one after another, that means, sequentially. The machining processes might be
carried out on the same experimental setup that does not necessarily make it hybrid
as long as they are both not employed to do the machining simultaneously. This
book chapter completely deals with sequential micro-EDM, so hybrid micro-EDM
processes like vibration-assisted micro-EDM, laser-assisted micro-EDM, magnetic-
assisted micro-EDM, powder-mixed micro-EDM are not in the scope of this book
chapter.

10.2 Advantages and Properties of Sequential Micro-EDM

Sequentially combining conventional and non-conventional micromachining pro-
cesses has certain advantages as mentioned earlier. Some of them are listed below:

• There exists a lot of processeswhich are not perfect formachining certainmaterials
that can be machined by micro-EDM, but they are better at finishing. Combining
those processes can deliver better outcome than using micro-EDM or that process
alone.

• Tool wear of the electrode is one of the main concerns while using micro-EDM
which can be eliminated by sequential machining.

• In so many cases, combining another micromachining process with micro-EDM
speeds up the whole process and results in higher productivity.

• Micro-EDMoftenmakesmachine components for othermachining processes, like
electrode or other machine parts for drilling, milling, grinding.

• The cumulative process force can be minimized by sequential micromachining.
• Some complex shape of machined part cannot be achieved by a certain machining
technique. Micro-EDM combined with other micromachining can solve this issue.
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10.3 Prerequisites of Sequential Micromachining

Sequential micromachining has a lot of advantages as discussed above, but the task
of pulling out such a combined micromachining process is not a very easy one.
The machine tools demand certain requirement for this kind of sequential system.
Accurate measurement of machine tool is also necessary which is often not provided.
Also, the preciseness required in this kind of combined machining process is really
tough to deliver, which conventional CNCmachine often fails to do. In conventional
machining processes, thermal deformation, mechanical failure, tool wear, chatter,
and vibration are very common phenomena that obstructs machining super precise,
micro-components, and machine parts. Making this kind of ultra-precise machine
parts also requires extraordinary and complex setup which is very expensive and
mostly avoided if not pre-planned. So, the primary requirements of developing such
kind of sequential, integrated, and combined machining system are to create multi-
purpose machine tools and setup from the very beginning keeping in mind that it can
be integrated sometimes for specific application.

10.4 Sequential Micro-EDM and Its Applications

10.4.1 Sequential Micro-EDM and Micro-grinding

Micro-EDM has been very popular in manufacturing industries and research fields
because of its low setup cost, better precision and accuracy, and wide design freedom
[4].Mechanical stress, chatter, and vibration problems are not an issue here because it
is a no-contact process and no cutting force is applied during machining. There have
been a lot of research to study sequential and hybridmachining based onmicro-EDM.
It has been integrated with micro-ECM, laser micromachining, electropolishing,
micro-milling, micro-grinding and so many other similar processes [5]. Most of this
sequential and hybrid machining approaches are applied because of the fact that
micro-EDM, with its numerous advantages, has some disadvantages too. It delivers
poor surface quality because of the recast layer formed on the machine surface.
That region machined by micro-EDM is generally populated with discharged craters
and micro-cracks [6]. This issue deteriorates the diametrical and geometrical shape
accuracy of machine holes. On the other hand, conventional grinding often finds it
difficult to extend its preciseness and accuracy level in micro-level.Micro-EDMwith
high-frequency dither grinding (HFDG) combined has been studied to overcome the
problem stated above.

A pulse generator, a power amplifier, and a dither mechanism consist of a basic
HFDG system. The workpiece kept fixed at the center of dither mechanism. The
frequency matching with the resonance frequency of the carrier creates dither reso-
nance. The core and the workpiece both are driven in radial back and forth gyrate
motionwhile operating. Thismotion couplingwith themicro-EDM spindle performs
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Fig. 10.1 SEM images ofmicro-holes throughout the process, a aftermicro-EDM, before grinding,
b after grinding with circular tool, and c after grinding with stepped circular tool [7]

Table 10.1 Machining
parameters for HFDG [7]

Machining parameters of HFDG

Diameter of tool 100 µm

Dither voltage 50 V

Dither frequency 3 kHz

Grinding duration 15 min

the polishing operation of micro-hole. This relative motion between the workpiece
and tool electrode performs the grinding by alumina particles and helps in improving
the surface roughness of micro-hole [6].

A high nickel alloy was used in this study as machiningmaterial. Themicro-EDM
study tries to optimize electrode gap voltage in terms of different peak current as this
gap voltage has an impact on material removal rate, diameter variation in entrance
and exits, electrode wear rate, and expansion of micro-holes. Same parameter sets
were then used for HFDG machining.

Circular and stepped circular electrodes were used for performing grinding, and
the SEM images of cross sections of micro-holes illustrate the results. It is obvious
that both the electrodes improve the surface roughness but the stepped circular one
performs better, as can be seen from Fig. 10.1. The machining parameters for HGDG
process is listed in Table 10.1.

In another study, a combination ofmicro-EDMand grindingmethod has been tried
sequentially where a polycrystalline diamond (PCD) tool was trued by micro-EDM
and then it was used in grinding. High-precision microstructures like V-grooves can
be processed in this combined method [1].

The particle size of the PCD tool that was shaped by micro-EDM was 0.5 µm.

Both processes, micro-EDM and grinding, used the same bearing system to ensure
the tool rotation accuracy. A three-axis machine platform was used to conduct the
grinding experimentwhere changing electric discharge energy conditions can control
surface roughness of the tool. A DC motor of 3000 rpm was used to drive the tool
[1]. The electric discharge condition for shaping the tools and the resulting surface
roughness are presented in Table 10.2. The SEM image in Fig. 10.2 shows a grinding
PCD tool sharpened by micro-EDM process.
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Table 10.2 Electric discharge condition and resulting surface roughness [1]

Tool no. 1 2

Discharge conditions Capacitance of
capacitor

10 pF 3300 pF

Processing voltage 70 V 110 V

Tool’s surface roughness (Ra) 0.20 µm 0.78 µm

Fig. 10.2 Micro-EDM sharpened tool [1]

10.4.2 Sequential Micro-EDM and Micro-milling

Fabrication of complex three-dimensional microstructure has been an urgent call in
modern-day manufacturing industries. While doing so with hard molds, generally
grinding is chosen where they use micro-diamond wheels. But the newly emerged
glass products are too sophisticated to be machined by grinding wheels. They are
also axis asymmetric. These complex 3D shapes can be processedwithmicro-milling
technology, which is one of the most important features in mechanical micromachin-
ing processes [8–10]. For micromachining hard and brittle material, it is required to
achieve the micromachining in ductile phase, and the geometrical configuration and
accuracy of micro-end mills promote these requirements [11].

Often times polycrystalline diamond (PCD) and cubic boron nitride (CBN) are
used as micro- and nano-level milling cutter material as they are super hard which
ensures longer tool life. Traditional grinding wheels have specific limitations for
size and deliver comparatively less material removal rate. Wire electric discharge
machining (WEDM) is very popular to fabricate this type of micromachining tools
as most of the metals are either conductive or the binders used in these materials
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Fig. 10.3 PCL ball end mill manufacture by WEDM to later use in micro-milling [12]

make them conductive [11]. So, fabricating the milling tools in micro-EDM and then
using it sequentially in micro-milling have been quite a common feature.

A precise small-scale wine-glass gyroscope has been manufactured by micro-
milling process, and productivity, quality and geometrical accuracy have been inves-
tigated all through the process. The main aim was fabricating the silicon cavity to
use it later as a mold for thin wall diamond hemisphere as this is the primary part of
the wine-glass gyroscope.

The advantage of using mechanical micro-milling is that it does not need any
post-processing. The PCD ball end mill, which has a 0.3 mm four-flute, was made
using a six-axis WEDM. Figure 10.3 shows the PCD ball end mill manufactured
by WEDM. The negative rake angle confirms the ductile mold machining [12]. As
the shape of the machined feature was quite complicated and tough to comprehend,
Fig. 10.4 is provided to get a better understanding of tool geometry.

The experiment was conducted with seven trials, on each of which spindle speed
and feed rate were kept constant. The approach type and depth of cut were varied
mainly to investigate maximum possible material removal rate that can be achieved
without producing crack. In Table 10.3, parameters and subsequent results for top
and bottom edge are listed, and cycle times are also mentioned. A green color in
the table denotes almost flawless result, and yellow indicates poor while the red one
signifies occurrence of chipping from moderate to severe level [12].

It was found from this experiment that this sequential process of making the PCD
tool with EDM and then micro-milling with that can deliver excellent geometrical
accuracy in the expense of productivity. WEDM has been also used on analyzing
accuracy of fabrication of micro-milling tools. The process was modelled taking two
typical micro-ball end mills. It was found that fabrication accuracy is proportional
to designed micro tool geometry [11].
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Fig. 10.4 Schematic of tool shape, tool path, and target feature [12]

Table 10.3 Parameters and results of micro-milling experiment [12]

10.4.3 Sequential Micro-EDM and Micro-ECM

As said earlier, being a non-contact and almost no cutting force process, micro-
electro-dischargemachining is one of themost popular methods of machiningminia-
ture parts and 3D microstructures. It can machine material of a wide range and is
also capable of producing complex 3D objects. Width and depth of electric discharge
erosion pits determine the surface quality, electrode wear, and tool servo stability,
which replicates the machining accuracy in micro-EDM. But being a thermal pro-
cess, micro-EDM sometimes generates recast layer and micro-crack which harms
the machined surface. Also, it requires the use of multiple electrodes because of
electrode wear, which also lowers the efficiency. Whereas micro-ECM does not
have these issues of electrode wear and preparing multiple electrodes. It also does
not generate heat damaged layer or micro-crack on the machine surface, so surface
roughness is improved by this method. Having all these advantages, micro-ECM is
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Fig. 10.5 Combined machine setup of micro-EDM and micro-ECM [13]

not suitable for parts machining of metallic materials because of the stray corrosion
during the process that results in hampering shape accuracy. That is why the study
has been progressed combining this two methods, where shaping has been done by
micro-EDM and the finishing has been conducted by micro-ECM.

Same machine tool and tungsten electrode were used for both process, but oil was
used in EDM and electrolyte was used in ECM. The power system was independent
in both cases. The machine system had three axes where X- and Y -axes were driven
by AC servo motor and a linear motor drove the Z axis. The rotational speed of the
electrode could be varied between 0 and 4000 rpm. Figure 10.5 shows the combined
micro-EDM and micro-ECMmachine tool [13]. The electrode that was used in both
process was fabricated in situ by an anti-copying block. The workpiece and EDM oil
bath kept fixed on the workbench while the ECM electrolysis bath was added after
the micro-EDM process to avoid clamping error of electrode and workpiece.

To investigate this sequential machining process, various machining conditions
have been tried. The tungsten electrode had a diameter of 0.1 mm, and a 304 stainless
steel with a thickness of 0.4 mm was used as a workpiece. The parameters that were
varied were machining voltage, tool feed rate, and initial machining gap.

This process has three main steps as shown in Fig. 10.6. Using Block Electro
Discharge Grinding (Block EDG) method, a tungsten rod of 0.5 mm was grinded
into 0.1 mm for using in micro-EDM and micro-ECM process. The electrode was
fed about 1.5 mm in Z-direction. The bottom of the electrode always stays under
the hole exit [14]. On later two parts with that fabricated electrode, first micro-EDM
shaping and then micro-ECM finishing were done.

The system delivers its optimum performance at machine voltage 10 V, ini-
tial machining gap 10 µm, and tool feed rate 10 mm/s. The ECM finishing was
able to lower down the micro-EDM-machined surface roughness from 0.707 to
0.143 µm Ra. It was also able to improve the surface quality by eliminating burrs,
micropores, recast layer, and craters completely. It was found that faster electrode
feed rate smoothens the surface and improves workpiece shape as well. This com-
bined method overall has proven to be very useful in machining complex 3Dmetallic
microstructure [13].
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(a) Electrode
fabrication

(b) EDM
shaping

(c) ECM
 Finishing.

Fig. 10.6 Sequential machining process of EDM and ECM [14]

Micro-EDM also has been sequentially used with electrochemical etching pro-
cess. A combination of micro-EDM and electrochemical etching has been used to
produce an array of microelectrodes. Using wire EDM, rectangular columns of size
0.2 mm × 0.2 mm were machined and then to turn them into cylindrical columns,
electrochemical etching was used. A wide dimensional range of micrometers can be
processed in this sequential method [15].

For the microelectrode material, tungsten was used. The workpiece was mounted
in the EDM tank perpendicular to the EDM wire, and the initial cut was performed
through one tungsten plane. Once the square microelectrodes are done producing,
they kept immersing on electrolyte while current flows between anode and cathode.
The electrolysis happens over there to turn the square microelectrode to cylindrical
shape. The square electrodes machined by WEDM are presented in Fig. 10.7. The
dimension of the fabricated electrodes was 1.5× 0.2× 0.2 mm each, and there was
800 µm spacing between each neighboring electrode.

The recessed holder that carries array of microelectrodes is immerged in KOH
solution of 2 M/L at about 1.5 mm depth. As cathode, two stainless steel plates were
used. It is kept parallel to the array electrode and DC power is applied. The side
view of the cylindrical electrodes that were used later on for producing micro-holes
is presented in Fig. 10.8. Those electrodes have diameter between 39.340.6 µm and
the tolerance kept controlled within 3.25% [15].
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Fig. 10.7 SEM image of micro-EDM-fabricated square electrode [15]

Fig. 10.8 Cylindrical microelectrode processed by electrochemical etching [15]

10.4.4 Sequential Micro-EDM and Laser Micromachining

Combining two of the most popular methods of micromachining, micro-EDM and
laser micromachining, is gaining more popularity, and it has a wide range of appli-
cation, especially in fuel injection nozzles and assembling micro-parts. Often times,
these two processes are sequentially applied after mechanical micro-drilling, which
makes it a combination of three sequential micromachining processes.
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For reducing the pollutant emission to the environment and achieving a higher
energy efficiency, it is a prerequisite in diesel fuel injection nozzle to have hole
size less than 145 µm. Micro-EDM drilling is one of the most popular methods
available there for this purpose, but it faces challenges as constantly decreasing hole
size demands higher tooling cost because of frequent breakage of electrode [16].
Material removal rate is also less in this process [16, 17]. Researchers have been
trying using nanosecond pulse laser beam for this purpose, but it cannot deliver
industrial standard hole quality because of producing larger recast and heat-affected
zone [18]. Peco-second and femtosecond lasers have the potential to deliver better
quality micro-hole [19], but the drilling time is generally too long.

First in 1-mm-flat plates of nickel-chromium alloy, laser holes were drilled to
evaluate the optimum parameters of hole drilling for a fuel injection nozzle. Then
real holes with those parameters were drilled from 10 to 120 µm, in steps of 10 µm.
The final target was to achieve 140 µm hole size. Different types of holes, namely
positive, negative, blind, parallel, were drilled to investigate which one delivers the
most perfect EDM cycle time. Zeiss optical microscopy was used to measure the
laser holes, and HAZ at entry and exit diameter was also taken in considerations to
evaluate [20].

For the accurate alignment of EDM electrode and laser-drilled holes, accurate
fixturingwas used. Deionizedwater and solid tungsten carbide electrodewere used in
the EDM process of drilling micro-holes. A new on-line cutting method was applied
for dressing the EDM electrode in the gap of each hole drilling. This saves more time
compared to standard EDM electrode dressing. For electrode wear investigation,
electrode shape was investigated after each drill, and image analysis was done to
avoid misalignment. Morphology and microstructure of drilled holes were evaluated
through SEM images [20].

The main target of this study was to drill a 140 µm hole with a 110-µm-electrode
in the shortest time. It was found that for fastest EDM cycle time, the optimum one
was an 80µmparallel laser hole. Considering dressing time, the production timewas
reduced by 70% using micro-EDM application. Hole quality was also much more
improved while doing sequential laser and micro-EDM drilling. Figure 10.9 shows
the comparison of the surface quality with laser micromachining and combined laser
and micro-EDM process. The first one implies SEM image of an 80 µm diameter
laser hole where processing time was around 1 s. The later one is the cross section
of a laser-EDM hole of 140 µm diameter where processing time was 9 s [20].

Another major application of sequential laser with micro-EDM is in assembling
process. Producing 3D complexmicrostructures and thenmicro-assembling are quite
complicated processes to deal with. There are a number of things to consider and
worry about while doing so. Positional uncertainty is an important factor to con-
sider in any kind of assembly equipment. It can occur from a number of reasons
like manufacturing errors, thermal effects, control errors. Cumulative tolerance is
also another thing to take into consideration. The tolerance gets accumulated while
assembling two small parts that reduces the assembled accuracy. Also, when we are
talking about micro-components, we are dealing with very small dimensions, and
the part may fail or behave in an uncontrolled manner because of the force acting
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Fig. 10.9 Cross-sectional image of a a laser and b laser-EDM hole after EDM drilling [20]

Fig. 10.10 Sequential micro-EDM and laser setup [21]

on the surface. This problem is not very rare while handling small component and
joining surfaces at assembly [21].

To overcome those problems stated above, the study has been progressed using
a laser welding system integrated with a micro-EDM process. In this integration
system, the micro-EDM handles the job of fabricating micro-components that have
to be assembled, and later on the laser does the micro-joining for the assembly.
This combined system is capable of eliminating or at least reducing the positional
and dimensional inaccuracy that we talked about earlier. Figure 10.10 shows the
machining setup for this combined system.
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Fig. 10.11 a Multi-pin-plate mold with square patterned top b pin-plate microstructure with a
hollow construction [21]

While assembling micro-pins, further machining can be done according to neces-
sity with micro-EDM process. CAD/CAM can also be used for making a more
diversifying pattern on top [21]. Figures 10.11a–b show an example of such a mul-
tiple plate mold where the top has been further machined to give it a square pattern
and a pin-plate microstructure where on top a hollow construction was made later
on.

10.4.5 Sequential Micro-EDM and LIGA

Micro-components have become very essential part of modern-day manufactur-
ing industries. The fabrication technology which can fabricate high-aspect ratio
microstructures in a wide range of materials are of prime interests to the new
researchers. The LIGA process can be applied for mass producing high-aspect ratio
microstructures. It can deliver very fine pattern and smooth sidewall surfaces [22].
But one of the main disadvantages is practically it is limited to a very few metals.
Whereasmicro-EDM is capable of producing three-dimensionalmicrostructure [23],
and with the help of electrochemical etching, fine surfaces on the structure can also
be achieved [24]. Generally, the electrode that is used for producing pattern is made
by wire electro-discharge grinding (WEDG), and it takes a long time to produce one.
The electrode needs regular replacing due to wear, and shaping and changing the tool
are also time-consuming. These things affect EDM’s shape accuracy. To solve these
issues, a newmethod of combining LIGA and micro-EDM has been proposed which
can process different kinds of bulk materials to deliver microstructure of high aspect
ratio with ultra-fine pattern. These microstructures can be used as micro-components
in MEMS device as well as micro-tools in different machining processes [25].



10 Sequential Micro-EDM 223

Fig. 10.12 Sequential LIGA and micro-EDM process flow [25]

Fig. 10.13 LIGA fabricated negative-type nickel electrode array [25]

Figure 10.12 shows the flow of combined LIGA and micro-EDM process. In this
flow, steps 1–5 consists of LIGA process used to fabricate electroplated electrodes
for the micro-EDM process, and steps 6 and 7 were the application of fabricated
electrodes inmicro-EDMprocess. Electrodeswith negative-typemicrostructures and
ultra-fine patterns are fabricated using this sequential process. Accurate control of the
electrode location in the metal plate was ensured by photolithographic technique of
electrode fabrication. Figure 10.13 shows an array of negative-type nickel electrodes
produced by the LIGA method.

This combined micromachining of LIGA and micro-EDM has other uses too, for
example, in nozzle plates fabrication. Usually electroplating or laser machining are
used for manufacturing nozzle plates of ink jet printer heads, but with electroplating,
it is really tough to achieve a nozzle diameter less than 50 µm. The disadvantage
of laser machining is that the equipment is very expensive. Combining LIGA and
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Fig. 10.14 Process setup for core pins by LIGA and micro-hole by micro-EDM [26]

Fig. 10.15 a Micro-core pins produced by LIGA, b micro-holes generated by micro-EDM [26]

micro-EDM technology, a new microinjection molding method was introduced for
manufacturing nozzle plates. This new technique can ensure improved positioning
and alignment accuracy of the nozzles [26]. Each nozzle plates were 7 mm× 4 mm
with a thickness of 0.05 mm. Each nozzle diameter was 0.1 mm, and the plate had
60 micro-through holes [26].

LIGA is popular for positional accuracy and accurate pitch distance. So, LIGA
was used to fabricate 60 micro-core pins. The fabricated micro-core pins were later
used as electrode for machining micro-holes. This method improves the assembly
accuracy of two cavities. Micro-EDMwas used for manufacturing 60 micro-holes in
thismethod [26]. The process setup for fabricating core pins by LIGA andmicro-hole
by micro-EDM is shown in Fig. 10.14. The microscopic image of 60 micro-core pins
by LIGA method and 60 micro-holes by micro-EDM are illustrated in Fig. 10.15.
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10.4.6 Sequential Micro-EDM and Micro-turning

Todeliver high-precision and dimensional accuracywhile fabricatingmicrostructure,
it has been pretty common to sequentially use two or even more manufacturing
processes. Most of the time, this combination combines traditional (micro-grinding,
turning, milling, etc.) and non-traditional methods, among which micro-EDM is the
most common one.

As we all know, micro-EDM is a non-contact process that uses very little to no
force as it uses the electric discharge between electrode and workpiece to machine
any conductive ductile, brittle, or super hardened materials. For this reason, micro-
EDM is a very popular method in micromachining of materials, but it has certain
disadvantages as well, primarily to be mentioned high electrode wear ratio and low
material removal rate. Changing electrode once in a while can be a getaway card
from electrode wear, but it harms the accuracy because of changing the setup or
re-clamping of the microelectrode [1]. Another approach might be to create a long
enough electrode at the very beginning and to fabricate the electrode in situ for further
machining.

There have been a number of approaches for fabricating tool electrode by using
sacrificial electrodes. Block Electro Discharge Grinding, wire electro-discharge
grinding, etc., are some of them. But all these sacrificial electrodes using methods
have some disadvantages in common. These processes are error prone and difficult
for automation. It needs regular operation checking and needs manual compensation
of the error while demanding quite a few hours of machining time as well [27].
So, preparing the microelectrode with micro-turning process and then using it for
micro-EDM has been tried and become quite successful.

Deflection of the shaft duringmachiningmight be a crucial issue while fabricating
thin electrode by turning. The workpiece deflects both in normal and tangential
directions and also in the top surface of the cutting tool. It is extremely difficult
achieving a straight shaft, and the tool either breaks or starts wobbling because of
excessive radial cutting force [27].

PCD inserts conventionally have 100 µm tool nose radius which divide the
shaft cutting force into two components of Fx and Fy . As shown in Fig. 10.16, Fx

component contributes to the deflection of the shaft and Fy component does the
actual cutting. So, this Fx component needs to be reduced to get a straight shaft with
small diameter, and the commercial PCD needs to be modified for this purpose.
Therefore, the PCD tool is modified by minimizing/eliminating the Fy component
using block micro-EDG process. Micro-electric discharge grinding (micro-EDG)
was performed with the help of a sacrificial electrode to achieve a tool with very
sharp edge. The micro-shafts that were produced were 2 mm long with a diameter
less than 20 µm Less than 10 min was required to perform this fabrication process.
Figure 10.17a shows amicro-shaft machined by conventional micro-turning process.
Despite brass having large wear, the electrode produced was capable of machining
around 40 holes on a SUS plate whose thickness is 50 µm. Figure 10.17b shows
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Fig. 10.16 Motion and force component shown for a commercial tool [27]

Fig. 10.17 a The 22-µm-electrode fabricated by micro-turning process after machining ten micro-
holes on 100 µm thick stainless steel plate, showing some wear, b different diameter holes with
very high aspect ratio on a 50-µm-plate of stainless steel [27]

SEM image of different diameter holes with very high aspect ratio on a 50-µm-plate
of stainless steel machined by fabricated microelectrode.

10.4.7 Sequential Micro-EDM, Micro-drilling
and Electropolishing

Electropolishing method was first invented in 1935 and is quite popular in manufac-
turing industries to improve the surface quality ofmachinedmaterials. In this process,
a passive film is developed by anode surface through selective dissolution. As thin
film has lower elective resistivity it impels the anode current to be concentrated more
at peak. This results in brightened and passivated workpiece surface which promotes
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better corrosion resistance as well [28]. Because of craters, micro-cracks and recast
layer formation, micro-EDM, with all its advantages yet deliver poor surface quality.
To eliminate those detrimental effects of micro-EDM, some studies have been pro-
gressed by using electropolishing as a post-processing mechanism for better surface
finish [29, 30].

Sequential micro-EDM with electropolishing has been tried to improve the sur-
face quality of machined micro-holes. This process is actually a combination of
three sequential machining processes. First, micro-WEDG was used to fabricate
the microelectrode for machining micro-holes. Then these electrodes were used for
drilling micro-holes by micro-EDM drilling, and later on electropolishing was used
for the improvement of surface roughness ofmachinedmicro-holes. Nickel alloywas
used as workpiece material because of its excellent inherent properties which shield
against magnetic disturbance. To avoid insoluble reaction products, acid solution
was used for electrochemical machining [31].

Different electrolytic voltages (1, 2, 3, and 5 V) have been applied in the elec-
tropolishing to investigate various performance characteristics of micro-holes. Also,
parameters as machining time and electrode rotational speed have also been varied to
see their effects on different performance phenomena. It is obvious that electropol-
ishing can improve the surface quality of micro-EDM drilled micro-holes by quite a
big margin and delivers a smother and burr-free surface. Even this method is capable
of finishing the burrs on the hole entrance of very complex shapedmicro-holes. Stag-
nancy electrolyte with a concentration ratio of 1:10 and motionless electrode were
found to deliver best performance for this study. In terms of voltage and machining
time, electrolytic voltage of 2 V and electrolysis time of 5 min promoted best result
in this case.

10.5 Summary

At present, a significant number of hard alloys, ceramics, and composites are
used in research and industrial field of manufacturing, which are very difficult to
machine using commonly available conventional machining processes. Even non-
conventional machining processes, i.e., EDM, ECM, Laser, are also not capable
enough to process everything as modern-day manufacturing demands machining
of 3D complex intricate shapes with ultra-precision accuracy and amazing surface
finish. These emerging set of demands are too much to handle by a single machin-
ing process, hence there rises the necessity of sequential micromachining process.
Micro-EDM sequentially with other micromachining processes can solve a lot of
those issues that were unsolvable before.

In this book chapter, different micromachining processes used sequentially with
micro-EDMhasbeendiscussed elaborately. The chapter discusses advantages of such
kind of machining process over a single process and also distinguishes its differences
from hybrid micromachining. Hybrid micromachining processes such as vibration-
assistedmicro-EDM, laser-assistedmicro-EDM,magnetic-assistedmicro-EDM, and
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powder-mixed micro-EDM were outside of the scope of this chapter. Rather this
chapter focuses on sequential micro-grinding, micro-turning, micro-drilling, micro-
EDM, micro-ECM, laser micromachining with micro-EDM.

The applications of these sequential processes have been discussed thoroughly.
The chapter also tries to address the common issues that stand in the way of applying
this kind of sequential micromachining processes and suggests possible initiatives
to solve those problems. Illustrating all about sequential micro-EDM processes, the
chapter wraps it up with a hope that proper application of sequential micro-EDM
will widen the possibility of modern-day micromachining of 3D complex shapes
with ultra-precision accuracy and high-quality surface finish.
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Chapter 11
Near Net Shape Machining
by Micro-EDM and Micro-WEDM

Tanveer Saleh and Rubina Bahar

Abstract Near net shape is a concept that is widely used in the recent years to
address the issues of sustainability and resource optimization in the manufacturing
sector. Near net shape (NNS) processes are the processes that require least or no
post-processing to manufacture a product. Electro-discharge machining (EDM) is a
non-conventional machining process that uses spark erosion principle for machining
conductivematerial. If the tool in the EDM is a flexiblemetallic wire, then the process
is termed as wire EDM. Further to this, when the discharge energy, tool and wire
diameter, and the machined features are in micron domain, the machining technique
is termed µEDM or µWEDM. In µEDM/µWEDM, the resultant structure does
not require any post-processing to attain the final dimensional accuracy and surface
finish; therefore, these processes can be considered asNNS processes. In this chapter,
different applications of µEDM and µWEDM have been discussed as NNS process.

Keywords Micro-EDM · Micro-WEDM · Near net shape processing

11.1 Introduction

The manufacturing industry has continuously gone through the evolution process
to meet various market and social demands. Previously, for many years lower man-
ufacturing cost and higher production rate were the main goals for the manufac-
turing researchers. However, the increasing demand for lowering the adverse effect
on the environment and society has also been influencing manufacturing research
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Fig. 11.1 a A typical µEDM setup [3]. b A typical µWEDM setup [4]

recently to achieve a sustainable and more environmentally friendly solution [1]. As
a result, manufacturing researches have been evolved to propose new processes that
can achieve the final shape of the product by eliminating if not minimizing the finish-
ing steps. The standard term used for such manufacturing processes is called near net
shape (NNS) process which aims to minimize finishing operations (e.g., grinding,
polishing). As a result, reduction of the wastage of rawmaterial (e.g., swarf, flashing)
and energy can be easily achieved by these NNS methods [2]. µElectro-discharge
machining (µEDM) is considered as an NNS process for fabricating components
in meso- and micro-scale. EDM is a non-conventional machining process where
mechanical interaction between the tool and the workpiece is not present. In the
EDM process, the material is removed by the action of electrical discharge between
the tool and the workpiece. The basic principle of the machining is a process when
the material of the workpiece is removed through high-frequency sparks between
the tool (electrode) and the workpiece immersed into the dielectric fluid like oil,
deionized water. As the discharge energy (in µ-joule range) becomes very low to
create these sparks, the process is then referred asµEDM. ThisµEDM is a promising
machining technology to produce features in micron domain for different engineer-
ing applications. The main difference between conventional EDM and µEDM lies
in the level of discharge energy and the size of the tool used during the operation.
In µEDM, very low discharge energy with high frequency is used (~µ-joule). Fur-
ther, typical tool and feature size in µEDM are in order of less than or equal to
100 µm. µ-Wire electro-discharge machining (µWEDM) is a variant µEDM where
the flexible metallic wire is used as a tool instead of a rigid micro-shaft. Figure 11.1
describes the working principle ofµEDM andµWEDMoperation. In both the cases,
an RC or a transistor-based pulse generator is used to create continuous electrical
discharges between the tool and the workpiece. This operation is usually carried
out on three-to-five-degree-of-freedom machines to fabricate miniature parts with
notable complex shapes and features. In the next sections, we will discuss how these
two micro-fabrication technologies (µEDM and µWEDM) contribute in the field of
near net shape (NNS) manufacturing.
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11.2 µEDM as a Near Net Shape (NNS) Process

µEDM has been evolved significantly to achieve high precision and low surface
roughness on the finished product. These are the two major requirements for the
manufacturing process to be considered as an NNS process. This is why µEDM has
been drawing considerable attention from the researchers and engineers as potential
near net shape machining process. µEDM can be performed mostly in two ways.
In the first method, the tool moves toward the workpiece in one direction which is
called die-sinking µEDM. This method is applicable mostly to produce fine micro-
holes for various applications such as nozzles for automobiles, aerospace jet cooling
holes. However, in order to fabricate 3D parts, the tool of the µEDM is programmed
to move in three dimensions in the second method. This method is known to be
scanning/milling µEDM. In the next few sections, various aspects of µEDM and
µEDM milling will be discussed.

11.2.1 µEDM for Fabricating Micro-holes and Micro-hole
Array

Themost common application ofµEDMas anNNSprocess is to drilling amicro-hole
and micro-hole array. Yan et al. [5] studied micro-hole machining on difficult-to-cut
material such as carbide. The tool material was copper. They studied different aspects
in their research such as polarity of the machining, the rotational speed of the tool,
and electrode shape in order to identify the effect of each parameter on the tool wear
rate and accuracy of the machined holes. Figure 11.2a, b shows the two types of
electrode used in their research [5].

Figure 11.3a shows the effect of tool diameter on the wear ratio (WR) and
the expansion of the hole (due to debris accumulation and secondary discharges).
Figure 11.3b on the other hand demonstrates howWR and the expansion of the hole
are affected by the notch width. It can be inferred from Fig. 11.3a that the increase
in the diameter of the tool decreases the WR, and at higher diameter, the expansion
of the holes’ diameter is independent of the tool diameter. However, interestingly it
was observed that higher notch radius decreases the expansion of the hole diameter
significantly primarily because of the better debris flushing. However, the wear ratio
also increases as the notch width increases.

Fig. 11.2 a Conventional circular electrode [5]. b An electrode with a notch [5]
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Fig. 11.3 a Wear ratio and hole’s expansion varied with electrode diameter for conventional elec-
trode [5]. b Wear ratio and hole’s expansion varied with electrode diameter for an electrode with
notch [5]

Fig. 11.4 Planetary
movement of the electrode
for effective debris removal
[6]

The authors also found that reverse polarity is beneficial for EDMing of carbide
with the copper tool instead of the normal polarity. Higher rotational speed was also
found to be advantageous for proper debris flushing which led to the lower spark
gap.

Yu et al. [6] proposed a technique that used the planetary movement of the elec-
trode during the EDM drilling process. Therefore, better flushing of the debris can be
achieved. The method resulted in high-aspect ratio blind hole machining with com-
plex electrode shape. Figure 11.4 [6] describes the concept of the µEDM drilling
with planetary movement. The planetary motion provided to the tool helps to flush
the debris more effectively. By using this method, an aspect ratio (of the machined
hole) of 18 was achievable which is 1.8× higher when the planetary movement of
the electrode was not used.

The researchers also observed that use of deionizedwater as the dielectricmedium
significantly improves the EDM performance regarding machining rate as compared
to conventional mineral oil-based dielectric. Figure 11.5 [6] shows the graph of the
machining time for the two cases. By using the µEDM with planetary movement,
the authors [6] successfully machined complex shaped, high-aspect ratio blind holes
as shown in Fig. 11.6 [6].

Jahan et al. [7] studied the effects of different tool materials on the fine finish-
ing of tungsten carbide by µEDM operation. The experimented three different tool
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Fig. 11.5 Effect of the dielectric medium on the machining time during the µEDM operation [6]

Fig. 11.6 Complex shaped blind hole machined by µEDM [6] a triangular b square c pentagon

Fig. 11.7 Effect of electrode material on the machined surface’s roughness at various discharge
parameters a variation of the voltage; b variation of the capacitance [7]

materials, namely tungsten (W), copper tungsten (CuW), and silver tungsten (AgW).
It was observed that AgW provides better surface roughness in most of the discharge
condition as compared to the other two tool materials. Figure 11.7 shows the aver-
age surface roughness of the machined hole using three different tool materials at
different discharge voltages and capacitances. It can be seen AgW helps to generate
smoother machined surface at different discharge voltages and capacitances.

In terms of material removal rate (MRR), AgW was also found to perform better
than other electrode material, i.e., MRR was higher for AgW electrode. However,
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Fig. 11.8 Effect of electrode material on the material removal rate (MRR) at various discharge
parameters a variation of the voltage; b variation of the capacitance [7]

Fig. 11.9 Effect of the EDM power supply type on the spark gap; a transistor-based power supply
b RC circuit-based power supply [8]

the electrode wear was found to be high for AgW electrode. Figure 11.8 shows the
MRR variation for different discharge parameters for three different electrodes.

Jahan et al. [8] also studied and compared the effect of RC-based and transistor-
based EDM power supply for the micro-machining of tungsten carbide. The main
objective of their study was to achieve quality micro-holes with less dimensional
distortion, better surface finish, and less spark gap. In order to achieve low discharge
energy into the gap between the electrode and the workpiece, RC generator was
observed to perform better as compared to the transistor-based power supply. As
a result, the spark gap was found to be smaller for the RC-based power supply.
Figure 11.9 shows the study of the spark gap at various discharge energy levels.
Further to this, dimensional distortion was observed to be less for the case of the
RC-based power supply.

Figure 11.10 shows the effect of the two power supplies on the taper angle of the
machined holes. It is clear from Fig. 11.10 that RC-based pulse generator helps to
create micro-holes by µEDM with better dimensional accuracy (i.e., less tapered).
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Fig. 11.10 Effect of the EDM power supply type on the taper angle of the machined holes; a
transistor-based power supply b RC circuit-based power supply [8]

Finally, the morphological study confirmed that micro-holes machined using the
RC-based µEDM power supply were free from burr and resolidified molten metal.

The authors concluded from their study that forµEDMoperation RC pulse gener-
ator performs better than the transistor-based pulse generator in terms of the quality
of the final machined product.

Song et al. [9] investigated the use of deionized water as the dielectric on drilling
tungsten carbide by µEDM. They observed that the ionization of the dielectric cor-
roded the machined surface when deionized water was used. In order to tackle this
problem, researchers [9] proposed to use the bipolar power supply and triangular-
shaped tool electrode. A bipolar pulse power source alternates the polarity of the
workpiece and the tool periodically. Hence, the time of the workpiece being posi-
tively chargedwas reducedwhich helped tominimize the corrosion of theworkpiece.
Further, since the electrolytic corrosion reaction occurs between the side of the elec-
trode and the surface of the workpiece, the small side area of the triangular electrode
also helped to reduce these reactions as compared to the conventional cylindrical
electrodes. Finally, the authors succeeded to achieve a corrosion-free machined hole
using a triangular electrode and a bipolar EDM power supply. Figure 11.11 confirms
this result.

Jahan et al. [10–12] later investigated the use of low-frequency vibration device for
removing the debris effectively to achieve high-aspect ratio micro-holes by µEDM.
Hence by doing that improving theµEDMdrilling to achieve high-aspect ratiomicro-
holes. Figure 11.12 shows the experimental setup for the vibration-assisted µEDM
process. As shown in the Fig. 11.12 [10–12], the workpiece was mounted on a fixture
(ferromagnetic) that was arranged like a simply supported beam. An electromagnet
was placed underneath the beam and was actuated by a pulsed power supply that
caused electromagnet to be magnetized and demagnetized periodically. Thus, the
fixture together with the workpiece was vibrating vertically with a low amplitude
and subsonic frequency. This low-frequency vibration helped to remove the debris
more effectively from the machining zone and helped to achieve a deeper hole as
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Fig. 11.11 Quality of the micro-hole machined by µEDM [9]; a corroded hole when machined by
cylindrical electrode and conventional EDM power supply with deionized water as the dielectric
medium b corrosion-free hole when machined by triangular electrode and bipolar EDM power
supply with deionized water as the dielectric medium

Fig. 11.12 Low-frequency vibration-assisted µEDM setup used by [10–12]

compared to the conventional µEDM (without vibration). Figure 11.13 [11] shows
that machining time was reduced significantly as the vibration-assisted µEDM was
conducted.

Another profound observation that can be derived from Fig. 11.13 [11] is that
vibration plays a more dominant role in reducing the machining time at lower dis-
charge energy, which suggests vibration will be helpful more for fine finishing oper-
ation using the µEDM process.
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Fig. 11.13 Effect of low-frequency vibration on the machining time [11]

Fig. 11.14 Principle of powder-assisted µEDM [13]

Kibria [13] investigated the effect of powder-mixed dielectric over conventional
dielectric during the µEDM machining of the titanium alloy. In the µEDM, the
machining zone fills with pure dielectric fluid. However, as the additive particles
(conductive) aremixedwith theworkingfluid, it helps to reduce the dielectric strength
of the fluid by forming conductive chain-like structure as described in Fig. 11.14 [13].
As the dielectric strength of the fluid gets weaker, the electric discharge between the
electrode and the workpiece occurs easily. Figure 11.15a–c [13] confirms that in
the major aspects (machining time, tool wear, and taperness) powder-mixed µEDM
performs better in contrast to conventional µEDM. However, as the powder reduces
the dielectric strength of the fluid, spark created during the machining was large
which resulted in larger overcut as shown in Fig. 11.15d. Although, this problem can
be overcome by reducing the discharge energy level during the µEDM process.

Hourmand et al. [14] described various methods of achieving high-aspect ratio
micro-holes using different types of electrodes. Figure 11.16 [14] describes amethod
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Fig. 11.15 Effect of powder-mixed dielectric on the µEDM performance; amachining time b tool
wear rate; c taperness; d overcut [13]

of high-throughput fabrication of arrays of electrodes and micro-holes. At the first
step, a wire electrode cuts several micro-slits on a rigid micro-shaft as described in
Fig. 11.16a.

Once finished, the shaft is rotated 90° and the same operation is repeated as shown
in Fig. 11.16b. The completion of the two operations described in Fig. 11.16a, b
creates multiple electrode arrays. This electrode array is then used to drill micro-
holes in batch mode as shown in Fig. 11.16c. Figure 11.16d shows the expected
product after the completion of the step shown in Fig. 11.16c. Figure 11.17 [14]
shows micro-hole array fabricated using the process demonstrated in Fig. 11.16
[14].

11.2.2 Batch Mode Fabrication by µEDM

Takahata et al. [15, 16] discovered a new method of producing electrode array using
the LIGA method and then used that electrode array to carry out µEDM in batch
mode. Figure 11.18 [15] describes the complete process from electrode fabrication
to the µEDM operation. In the first step, the Si substrate was covered with the elec-
troplating base. Next, a 300-µm PMMA sheet was attached to the substrate. After
exposing the PMMA through a mask electroplating of the copper (Cu) was carried
out, and finally, remaining PMMA was removed. The electroplated Cu was used as
the electrode to conduct the electro-discharge machining. Figure 11.19 [15] shows
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Fig. 11.16 Steps of an array ofmicro-hole fabrication; a, b tool fabrication c, dmicro-holemachin-
ing [14]

the scanning electron microscopic (SEM) image of the fabricated gear like Cu elec-
trode array. The mask machined (by µEDM) using these electrode has another very
interesting application to fabricate very high-aspect ratio microstructure as explained
in Fig. 11.20 [15]. In Fig. 11.20, the base mask can be created using the electrodes
manufactured by the process explained by Takahata et al. [15]. A solid rod was
taken as the workpiece, and the mask was used as the tool to carry out the µEDM
operation. As there will be some electrode erosion because of the µEDM operation,
single mask cannot be used to fabricate high-aspect ratio structure. Therefore, the
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Fig. 11.17 Machined square hole by the process described in [14]; right-hand side figure demon-
strates high magnification image [14]

Fig. 11.18 LIGA process to fabricate µEDM electrode array for batch mode operation [15]

researchers used sequentially different unused masks to fabricate the final shape.
Figure 11.21 [15, 16] shows one such fabricated structure with high aspect ratio.

Recently, Sarwar et al. [17] used the similar technique of LIGA-µEDM-based
hybrid method for the batch mode patterning of carbon nanotube (CNT) forest.
The experimental setup is described in Fig. 11.22 [17]. The array of the electrodes
was fabricated using the LIGA process. Once the electrodes were fabricated, it was
mounted on the Z-axis of the EDM setup and connected to the EDM power supply
through a conductive tape. Figure 11.23 [17] shows the fabricated Cu electrode array
and machined CNT forest. Sarwar et al. [17] observed that when multiple electrode
arrays was used to pattern the CNT forest, the discharge energy could go to as
low as 8 nJ. The average surface roughness of the patterned forest was found to be
~230 nm without any contamination from the electrode material (confirmed by the
EDX analysis).

Takahata et al. [18–20] further improved the multi-electrode array system for
carrying out the batch mode µEDM operation by implementing partitioned elec-
trode arrays with lithographically patterned interconnect. The concept is described in
Fig. 11.24a [20], and the corresponding electrical connection is shown in Fig. 11.24b
[20]. It is clear fromFig. 11.24 [20] that each electrodewas connected separatelywith
the discharge circuit. The separate connection of the individual electrode with the
circuit helps to improve the machining rate significantly as shown in Fig. 11.25 [20].
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Fig. 11.19 µEDM electrode array fabricated by the LIGA process [15]

Fig. 11.20 Methodofmanufacturing high-aspect ratiomicro-components using theµEDMprocess
[15]

The experiment was conducted with eight Cu electrodes with 100 µm×100 µm
square cross section, and individual leads were connected to varying numbers of
RC circuits for different groups. It is clear that the machining time was lengthened
linearly with electrode area per circuit. As eight RC pairs were used, the machining
rate was found to be >2× higher than a single RC pair.
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Fig. 11.21 High-aspect ratio micro-structure fabricated by a process described by [15, 16]

11.2.3 3D Fabrication by Scanning/Milling µEDM

In the case of scanning or milling µEDM, the tool electrode has the freedom to
move not only in the vertical (die-sinking) direction (Z) but also in the horizontal
X/Y plane. In 1997, Yu et al. [21] conducted early research on 3D µEDM using
square-shaped electrode. In order to maintain a uniform electrode wear to achieve
precisionmachining, a zigzag-patterned tool motionwas proposed by the researchers
as described in [21]. Researchers successfully machined different types of the cavity
such as square, rectangular, and inclined using square electrode and zigzag tool path
as explained in [21].

Later, Reynaerts et al. [22] proposed micro-structuring silicon (Si) by using
µEDM technology to complement conventional etching, depositions, and other pho-
tolithographic techniques. They [22] successfully managed to fabricate Si-based
micro-gear, resonant beam structure, and micro-die.

Mohri et al. [23] proposed a method of scanning µEDM to produce high-aspect
ratio micro-pin for precession engineering application. Figure 11.26a, b [23] shows
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Fig. 11.22 LIGA-µEDM-based hybrid process to machine (batch mode) CNT forest [17]

Fig. 11.23 a Fabricated electrode array and b machined CNT forest as described in [17]

the process and the fabricated tool, respectively. In this method, a predesigned slit is
used as the negative electrode, and the positive tool passes thru it. The diameter of the
tool is reduced because of the controlled pulses occurred between the V-shaped die
and the cylindrical tool. The authors successfully produced a micro-tool of diameter
20 µm.

Figure 11.27 [23] demonstrates the transformation of the micro-tool with the
progress of the machining time. The fabrication time is reasonable as it took 20 min
of machining to form the tool from its original diameter of 500 µm to the final
diameter of 20 µm.
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Fig. 11.24 a Concept of partitioned electrode array b corresponding electrical connection arrange-
ment [20]

Fig. 11.25 Improvement of
the machining time when
partitioned electrode arrays
are used [20]

Electrode wear is a serious problem for scanning/milling µEDM as this hinders
the product accuracy if not compensated accordingly. There are many approaches
to confront this issue. Hao et al. [24] studied a vibration-assisted scanning µEDM
system to compensate the tool wear in real time. The tool wear was compensated
by monitoring the discharge condition in real time and vibration of the tool aided
the system further. Researchers [24] also described the concept of vibration-assisted
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Fig. 11.26 aMethodmicro-tool fabrication using scanningµEDM. b SEM image of the fabricated
micro-tool of 20 µm of diameter [23]

Fig. 11.27 Transformation
of the tool with the
machining time fabricated by
scanning µEDM [23]

scanning µEDM. As stated earlier, the servo control of the tool was carried out
by monitoring the discharge condition. Researchers [24] also demonstrated that the
vibration frequency plays a dominant role in achieving higher machining depth.
Researchers successfullymachined various 3D structures using themethod described
in [24].

Bissacco et al. [25] investigated the electrode wear and the material removal rate
in relation to single discharge thoroughly. They found that the workpiece (steel)
material removal was as low as 1 µm3 per unit discharge at low pulse energy. They
also observed thatmaterial removal per discharge pulse is fairly consistent at constant
discharge energy. However, this is not the case for electrode material removal for the
single discharge. Therefore, they concluded that electrode wear measurement might
not be an effective solution for tool wear compensation during milling µEDM.

Richard et al. [26] investigated the possibility of µEDM as a potential micro-
machining technique for fabricating micro-components. Researchers [26] were able
to achieve successfully the high-aspect ratio complicated microstructure to prove
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Fig. 11.28 High-aspect ratio microstructures machined by µEDM [26]

the feasibility of µEDM. Figure 11.28 shows some of the machined structures by
µEDM milling.

Li [27] implemented a new tool wear compensation method which was based on
a scanned area (BSA) for the 3D µEDM milling operation. The proposed method
was integrated with the CAD/CAM system and was implemented for each layer of
machining. Micro-machining experiments were conducted using the BSA method,
and the results confirmed that BSA method performs better in terms of material
removal rate and tool wear ratio as compared to that of other tool compensation
methods such as uniform wear method (UWM) and a combination of linear com-
pensation with UWM. The reason for the lower tool wear ratio as noted by the
researchers was a reduced number of abnormal discharges due to even distribution
tool wear along the whole surface of the machined layer.

Chiou et al. [28] investigated the effect of coating of the tool material on the per-
formance of the µEDM milling of high-speed steel alloy (SKH59). They used three
different electrodes in their study, namely tungsten carbide (WC), silver-coated tung-
sten carbide (WC-coated Ag), and copper-coated tungsten carbide (WC-coated Cu).
It was observed different electrode materials influence different performance param-
eters ofµEDM. In regard to machined surface roughness,WC-coated Ag yielded the
lowest surface roughness as compared to the other two electrodes. Similarly, WC-
coated Cu electrode enhanced the material removal rate, and pure WC demonstrated
the highest wear resistance. The authors [28] concluded from the research findings
that coating technique improved the µEDM milling process in various ways.

Nguyen et al. [29] proposed a new tool wear compensation method combining
uniform wear method (UWM) and a number of normal discharge (NoN) count. The
authors used NNU as the acronym of the proposed method. The proposed algorithm
can be understood from Fig. 11.29 [29]. In this method, the useful discharges were
counted for machining a certain standard geometry. In the next step, the tool wear (in
the length direction) was calculated to find the tool wear/unit discharge (�N /�T e).
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Fig. 11.29 Proposed NNU-based tool wear compensation method [29]

Fig. 11.30 Machined slot
by µEDM milling; a without
tool wear compensation and
b with tool wear
compensation using the
NNU method [29]

During actual machining for every �N count in real time, �T e was compensated in
the Z-direction as shown in Fig. 11.29 [29]. The implementation of the algorithm
significantly improves the accuracy of the machined slot. Figure 11.30 [29] shows
two slots machined on nickel—a slot on the left-hand side was machined without the
tool wear compensation, whereas the slot on the right-hand side was machined using
the newly proposed NNU compensation algorithm. It is obvious from Fig. 11.30 [29]
that the slot machined after implementing the NNU algorithm shows no dimensional
deviation (inwidth) throughout the length of the slot as compared to the slotmachined
by the conventional millingµEDM. From the research, authors concluded that NNU
method is very suitable for machining slots, whereas for 3D structure machining,
some marginal dimensional deviation was evident in the range of ~0.2 to ~0.3%.

Tong et al. [30] extended his research of servo scanning 3D (SS-3D) µEDM [24]
by introducing a rough and fine machining strategy. In SS-3D µEDMing operation,
the tooltip that is used for the machining is significantly small which retards the
processing efficiency. Therefore, the introduction of the rough machining helped
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to overcome the problem of low processing efficiency. In the rough machining,
the author used a larger tool area and high discharge energy with faster scanning
speed to remove bulk material from the cavity at a shorter time. However, during
the finishing process, total material removal was much smaller, and that is why
researchers were able to use smaller tooltip with finer discharge settings to achieve
higher dimensional accuracy, smoother surface roughness, and sharper edge and
corner. The implementation of the rough-finish machining strategy helped to achieve
2.4× faster machining rate with a high dimensional accuracy of <5 µm and low
surface roughness of Sa�0.38 µm.

Tong et al. [31] recently introduced batch mode machining of 3D micro-cavity
array using servo scanning 3D (SS-3D) µEDM method. In this research [31], the
authors used an array of nine electrodes with a diameter of 80 µm and a length of
600 µm of each of them. After proper optimization of the machining parameters,
the authors successfully machined an array of nine hexagonal cavities, with a depth
of 112 or 120 µm. It is to note that authors [31] fabricated the array of the electrode
on the machine to avoid errors occurred for off-machine produced electrodes during
mounting.

µEDM milling has also been used for fabricating micro-channels for various
engineering applications such as micro-heat exchanger, micro-fluidic applications.
Ali [32] investigated µEDMmilling on beryllium copper (BeCu) to fabricate micro-
channels for micro-fluidic applications. Sabur et al. [33] also investigated machining
micro-channels on non-conductive ceramic ZrO2. To initiate the sparking process,
researchers attached a thin conductive tape on top of the ZrO2. As the machin-
ing progressed, the conductive tape eroded completely. However, the spark erosion
continued because of the presence of the pyrolytic carbon at the machining zone
(produced as the by-product of the initial sparks). Authors [33] were successful in
achieving effective machining of non-conductive ceramic ZrO2 by µEDM milling.
They achieved an MRR of 1.29×10−5 mm3/s, whereas the average surface rough-
ness of the channel was found to be 0.25 mm at a discharge setting of 80 V and
0.1 nF. Figure 11.31 [33] shows the SEM image of the machined slot on ZrO2. In
another work, Mohite et al. [34] developed a leaf-like micro-channel heat sink on
aluminum as demonstrated in Fig. 11.32 [34]. However, in this research, they [34]
used die-sinking EDM instead of EDM milling.

11.3 µWEDM as a Near Net Shape (NNS) Process

Wire electro-discharge machining (wire EDM or WEDM) is another technique that
surfaced up in the late 60s to cut metals at a relatively slower rate. Similar to EDM,
it also employs sparks (either discrete or continuous) to remove materials. Over the
time, the process hasmade significant progress and cutting timehas been shortenedby
20 times compared to the early machines. Modern wire EDM machines incorporate
CNC controls and sensors, and it has been reported that some machines can cut up
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Fig. 11.31 Machined slot on
ZrO2 by mEDM milling [33]

Fig. 11.32 Micro-channel
heat sink on aluminum [34]

to the accuracies ±0 .0001′′ (0.0025 mm), producing surface finishes to 12 rms [35].
This capability makes the process a viable one for near net shape machining.

Wire EDM can be defined as a type of EDMwhere the spark is generated between
the wire electrode and workpiece in the presence of a dielectric medium, mostly
deionized water. The water’s cleanliness and correct conductivity are one of the
controlling factors in getting the desired output.

As described earlier, in the wire EDM process, the generated spark supplies
enough thermal energy to erode the workpiece caused by the electric discharges.
Wire diameters can start from as low as 0.076 and can go up to 0.30 mm or higher,
depending on the required kerf width. During the material removing process, the
wire is supplied from a supply spool and wound up to a take-up spool. This process
ensures a constant diameter fresh electrode always in action and a consistent kerf
width. Brass, copper, tungsten, and molybdenum are mainly used as the material
for the wire [36]. As there is a need for spark generation, the workpiece usually is
electrically conductive, but the toughness or hardness does not influence the process
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to a greater extent because it is all about the spark strength that is considered as the
primary energy source of machining [37].

Wire EDM process can be understood through Fig. 11.1b. A moving wire elec-
trode travels across the workpiece during wire EDM process. The wire motion is
controlled by a CNC system. The cutting or material removal process in wire EDM
takes place by means of spark erosion rather than direct contact between the tool
and workpiece material. Therefore, it is a requirement for the work material to be
conductive. However, it has been reported to use wire EDM process on machining
semiconductors [38] or cemented carbides [39] as well.

The rapid DC pulses between the wire electrode and the workpiece are the reason
behind the creation of the spark. A dielectric is applied as a shield between the wire
and the workpiece. Most of the cases, deionized water is used for this purpose. The
dielectric fluid can be applied within a certain conductivity range, and therefore,
using regular tap water is not recommended since they contain different categories
of minerals. The water conductivity is controlled by passing through a resin tank to
eliminate most of its conductive elements. As during machining, the conductivity
rises, an in-process control is maintained throughout the process to maintain the
water conductivity.

With all these process parameters, when sufficient voltage is applied, the fluid
ionizes, and a precisely controlled spark is generated to erode a small section of
the workpiece. The erosion takes place by melting and then vaporization of the
workpiece. The electrical pulses can have a very high frequency, up to thousands of
times per second.

The near net shape machining aligns mainly toward the finishing processes with
high surface quality. Wire EDM can cut very small pieces, and therefore, it is often a
better choice for the production of micro- and highly detailed items that would nor-
mally be too delicate for other machining options. Apart from the micro-machining
of various shapes, wire EDM has been widely used in machining different types of
metal matrix composites (MMC), semiconductors, and also 3D printed metal com-
posites. We will examine and present the state-of-the-art research works conducted
to apply and improve the wire EDM process to obtain near net shape machining.

11.3.1 Wire EDM Parameters and Their Effect on Surface
Roughness

It is very common for awire EDMed surface to have carters created by electric sparks.
The surface quality is adversely affected by the electrical discharge. The parameter
controlling to obtain a better surface has been in practice for decades, and the relevant
research revealed that the roughness of WEDMed surfaces increased with increased
discharge energy [40] as a result of the formation of larger craters [41]. Besides
the discharge energy, other researchers have tried optimization of other machining
parameters like the quality of the machined surface depends on the types of material
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Fig. 11.33 Wire EDM process parameters influencing the surface finish and machining speed [42]

Fig. 11.34 SEM images for short and long pulse duration during wire EDM of alloy steel (Cr12)
by a brass wire of 0.2 mm diameter [43]

used for the wire and workpiece, pulse on/off time, dielectric, wire diameter. The
summary of parameters affecting the surface quality ofwire EDMcan be summarized
in Fig. 11.33 as found in the review done by [42].

Han et al. [43] conducted an experimental study to understand the effect ofmachin-
ing parameters on the quality of the surface in terms of surface roughness. The major
two parameters that had a strong influence on the quality of machined surface were
(i) pulse duration and (ii) discharge current. Surface quality in terms of surface
roughness got better with decreasing the value of these two parameters. The surface
roughness is seen in Fig. 11.34, showing the SEM image for two types of pulse
durations—short and long.

In this comprehensive study, the suggested dielectric conductivity was ranged
between 10 and 20 µs/cm. The surface roughness was affected by workpiece mate-
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rials’ rigidity as well. Aluminum was found to have the lowest surface quality with
a surface roughness value nearly 1 µm, while cemented carbide alloy had the lowest
surface roughness of 0.4 µm. Liao et al. [44] tried with the power circuit control
to maintain the finishing process capable of producing high-quality surface. They
upgraded a wire EDM machine capable of producing minimum surface roughness
of 0.7 µm by modifying the existing power circuit to have an ignition induced by
lower power. With the application of Taguchi design, ANOVA and F test combined
with properly tuned voltage, resistance, capacitance, and type of pulse-generating
circuit, the machine was able to produce a surface roughness of 0.22 µm.

An optimization problemwithmultiple objectiveswas formed and solved to select
the best possible control settings for a wire EDM setup by Scott et al. [45] in 1991,
while [46] tried the optimization through a feedforward neural network to construct
the wire EDM process model and found that the neural network could come up with
developing a relationship between the cutting parameters and cutting performance.
The effect of pulse on/off time, current, and capacitor settings were observed for two
output variables: surface roughness and machining speed. Their results revealed that
the use of the approach can systematically search the cutting parameters for obtaining
an optimum production rate in wire EDM. Besides neural network, [47] performed
the optimization through Taguchi method. Over the last three decades, numerous
research studies have been accomplished to establish the relationship between the
parameters and the performance ofwire EDM in terms of surface quality andmaterial
removal rate (MRR).

The research on process parameters started to move more toward specific wire
EDM processes conducted on specific materials with the progress of the process.
Nowadays, wire EDM is a process capable of machining hard metals with intricate
shape required. In the next section, we will move deeper into the application of wire
EDM for machining different types of materials and the impact on surface quality
for near net shape machining.

11.3.2 Application of Wire EDM for Different Metal
Composites for Near Net Shape Machining

The beauty of wire EDM lies in its capability to machine different types of materials
including alloy steels, metal–matrix composites, ceramics with conductive proper-
ties. Even aerospace parts can be machined by wire EDM although those are hard
to machine otherwise due to their high hardness and toughness [44]. It has been
observed that for finish machining, ignition at low power and machining at high
power is not a good combination. In the recent times, researchers are coming up with
ideas to improve the surface for the specific materials. For example, [48] applied
wire EDM for machining high-carbon high-chromium steel (wt% 2.01 C and wt%
11.25 of Cr). The wire used was made of brass with 0.25 mm diameter, and their
final analysis with Taguchi single response optimization technique showed that wire
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Fig. 11.35 Effect of different machining parameters on the average recast layer thickness [50]

tension was one of the significant controlling parameters to obtain minimum surface
roughness along with pulse on/off time and peak current.

Wire EDM was practiced for machining hybrid metal materials produced by
indirect selective laser sintering (ISLS) process [49]. This additive manufactured
hybrid metal was capable of near net machining by wire EDM process using 0.25-
mm brass wire. An iron/copper/tin (FeCuSn) hybrid alloy was prepared by ISLS, and
a 5-mm thick piece was machined using the brass wire. Newton et al. [50] conducted
a study on recast layer formation after wire EDM of nickel-based superalloy Inconel
718 which is equally strong across both high and low temperatures. Wire EDM is
one of the most suitable processes to machine this material. However, it is necessary
to investigate the impact of the recast layer. A recast layer is created as a result
of rapid solidification of the molten metal on the surface, thus covering the heat-
affected zone (HAZ). Although wire EDM provides thinner recast layer compared
to die-sink EDM, a proper investigation is necessary to find the effect of different
parameters in wire EDM on recast layer. It was seen from the study that energy
per spark along with peak discharge current and current pulse duration contributed
in increased recast layer thickness. Although the recast layer was maintained to be
between a thickness of 5 and 9µm on an average, it was observed that the nature was
variable. The experimental study involved two different diameter electrodes made
of hard brass, with 100 µm and 250 µm, and the dielectric used was deionized
water. The annealed Inconel 718 sheet has a thickness of 3.962 mm. Besides wire
diameter, other parameters considered were table feed rate, spark cycle, and spark
energy. Figure 11.35 shows the overall finding. It is seen from the figure that the
surface roughness increased the most with increased energy per spark. Increased
wire diameter also affected the surface roughness adversely; the larger diameter wire
demonstrated a higher roughness overall.
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This work has been supported by a more recent investigation by Sharma et al. [51]
where the effect of wire diameter on WEDM performance characteristics includ-
ing the cutting speed, surface quality, and topography, recast layer, micro-hardness,
microstructural and metallurgical changes have been observed for Inconel 718. It
was found that machining with smaller diameter wire significantly contributed to
improving the overall productivity and also the quality of the machined surface with
the same settings of machining variables. Thinner recast layer was observed with
smaller diameter with minimum alteration in hardness and quicker manufacturing
time.

Al6061 hybrid nanocompositeswerewire cut, and the experimental investigations
are presented by [52]. The effect of wire EDM parameters for machining on this
hybrid composite (with 0.5% SiC and 0.5% B4C composition) was investigated,
and it was attempted to achieve a better surface roughness (Ra) by adjusting these
parameters. The cutting wire was a 0.25-mm-diameter wire made of brass coated
with zinc. Wire EDM parameters considered for the study can be categorized into
two divisions. The first category was the time parameters that include on (T on) time
and the off (T off) time. The second category was the discharge parameters [i.e.,
voltage (SV) and the peak current (Ip)]. All these parameters were tested in four
stages. These parameters were considered as inputs to explore their influence on the
surface roughness (Ra) using Taguchi’s DOE. It was found that the surface roughness
Ra value increased with pulse on time, T on value. Ra was found to be minimum for
lower settings of T on and T off. TheRa value increased with the rise in T on, particularly
at higher Ip. T on and Ip both had a combined effect of increased spark energy that was
responsible for making deeper craters. The composite’s temperature dropped when
longer pulse off time was applied; as a result, smaller carter sizes were achieved. The
surface roughness varied within the range of 2.43–3.48 µm. No significant deviation
of Ra with respect to the voltage difference was observed. It could be summarized
that T on had a direct relationship, while T off was negatively affecting the Ra for the
conducted experiments.

A model of slicing of the thin silicon wafer by wire EDM was developed by [53]
earlier in 2014, and later in 2017, wire EDMwas used to slice ultra-thin silicon wafer
by [54]. The wafer had a size of 140.5 µm, and the slicing rate was 0.96 mm/min.
SEM images of the wafers fabricated showed a crack-free surface resulted from a
complex material removal phenomena.

Themajor parameters controlling the process of wire EDMon siliconwafers were
found from some preliminary experiments. Two different diameters wires were used,
which are 250µmand 100µmfor the experiments. The dielectric usedwas deionized
water. The anode or workpiece used was a P-type polycrystalline Si ingot with a
resistivity of 0.5 �-cm. The workpiece was maintained at a complete submerged
condition under the dielectric, and the wire (a cathode for slicing) for the wire EDM
was made of brass and had a diameter of 100 µm. The experimental result revealed
that it was possible to obtain a minimum wafer thickness of 140.5 µmwith kerf loss
of 130 µm when the slicing rate was 0.96 mm/min. With the application of a higher
slicing rate (1.05 mm/min), it was possible to obtain a wafer thickness of 150 µm,
which was within a reasonable range. The minimum kerf loss was 121 µm for this
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Fig. 11.36 SEM image of the cut surface of the machined slots byµ-WEDMprocess with machin-
ing condition of 95 V and 1 nF for uncoated Si, Si(with 160-nm coating), and Si(with 320-nm
coating) [55]

case. The SEM of wafer surfaces revealed that the wafers were crack-free. However,
other features like dents, drops, and holes were still present which indicated the
existence of complex material removal phenomena.

Aous et al. [55] studied to improve the µ-wire electro-discharge machining and
µ-electro-discharge machining of silicon by applying a temporary conductive coat
(in this case gold). In the case of µ-WEDM, the gold coating acted as a shunt con-
ductor and improved the ease of machining. However, for theµ-EDM operation gold
coating helped to reduce the contact resistance and improved the overall machining
performance. In their research, Aous et al. [55] used polished Si sample which was
P-type with a resistivity of 1–50 � cm and a thickness of 650 µm. Three types
of samples were arranged with the first set of samples to be silicon (Si) without
any temporary conductive layer; the second and third batches were Si layered with
gold for 5 min (Si(1)) and 10 min (Si(2)) correspondingly. Si(1) samples had an
approximate gold layer thickness of 160 nm, and Si(2) samples’ gold layer thickness
was 320 nm. Samples were coated using an ion sputtering machine. The method
actually aimed for application in rapid prototyping of silicon-based MEMS devices
by replacing expensive and complex lithography-based process, which are intended
principally for mass fabrication. The silicon wafer was coated with gold as a highly
conductive metal to produce electrically conductive Au–Si–Au composite. By using
this method, the machined surface quality significantly improved compared to the
non-coated surface. Figure 11.36 shows the results below.

In another recent study on wire EDM of silicon coated with gold [56], a novel
type of micro-WEDM process has been applied for machining of Si. A combination
of gold-coated Si with nanopowder-mixed dielectric has been applied, and the per-
formance has been studied. A temporary coating of gold layer was applied on the
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silicon surface, and then, the dielectric mixed with nanopowder was applied during
the machining.

Thematerial removal rate and spark gapwere studied under the effect of gold coat-
ing and different concentrations of nanopowdermixed in the dielectric fluid. Thewire
usedwas zinc-coated brass wire with a diameter of 70µm. Themicro-wire EDMwas
performed with dielectric EDM oil only, and three other concentrations of graphite
nanopowder added to it. The preliminary experimental investigation revealed that
MRR increased with different carbon concentrations, up to 33% as compared to the
bare dielectric medium. The spark gap also increased up to 159% compared to the
bare dielectric.

11.3.3 Wire EDM for Special Geometry Design in Near Net
Shape Machining

In this section, mostly special micro-shapes generated by wire EDM will be dis-
cussed.Wire EDM has the advantage over other micro-machining processes in terms
of machining time for creating special microstructures.

In the recent timeswith the rapid development of biomedical applications, fabrica-
tion of micro-electrodes has drawn significant attention in the micro-manufacturing
industry.

Wire EDM has been tried to fabricate micro-electrodes by several researchers;
although most of the micro-electrode fabrication is carried out by micro-EDM, some
works have been reported using micro-wire EDM as well. Back in 2008, [57] com-
bined two exactly similar or twin electro-wires together with two discharge circuits
that caused rapid fabrication of micro-electrode tools. The wire electro-discharge
grinding (WEDG) technology, which is most commonly used to fabricate micro-
electrodes, a twin-wire EDM system saves up more time because it allowed both
roughing and finishing together under one process and resulted in efficient fabrication
of micro-electrodes. Reference [58] applied micro-WEDM to fabricate ultra-high-
aspect ratio silicon-based micro-electrode array, and [59] later carried out further
improvement with arrays including 144 electrodes that had 400 µm pitch. The elec-
trodes were machined on 6- and 10-mm-thick silicon wafers (P-type) with a length
of 5 and 9mm, respectively. In this study, attainment of the uniform electrode, as well
as the maximum machining rate, was simultaneously attempted by varying the volt-
age and capacitance for different wire types. Electrode shapes with reduced lateral
rigidity were investigated using finite element analysis. To obtain such shapes, the
machining was done by micro-wire EDM followed by a two-stage chemical etching
that helped to remove the recast layer and reduce the electrode’s cross section.

Several meso- and micro-scale gear fabrications have been reported using wire
EDM as well. [60] reported the fabrication of high-quality meso-gears made of brass
by the wire electric discharge machining (WEDM) process as seen in Fig. 11.37.
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Fig. 11.37 High-quality meso-gears produced by wire EDM with different magnifications [60]

It has been found that with the controlled process parameters, WEDM can produce
high-quality surface with burr-free uniform teeth profile.

A comparative study for producing micro-gears by hobbing and wire EDM has
been presented by [61]. It has been reported that in terms of standard and surface
integrity, wire EDM is more capable of producing micro-gears compared to hob-
bing. Ali et al. [62] fabricated a 17-tooth micro-spur gear by conventional wire EDM
and micro-wire EDM process. Micro-sized beryllium copper spur gears with 3.5 and
1.2 mm outside diameter were fabricated by conventional and micro-wire EDM. The
surface quality and dimensional accuracy were looked into as a measure of perfor-
mance. An average surface roughness of 50 nm was achieved with a dimensional
accuracy of 0.1–1 µmwhen micro-wire EDMwas used for fabrication, while for the
conventional wire EDM process, the surface roughness achieved was 1.8 µm with
a dimensional accuracy of 2–3 µm. Figure 11.38a, b shows the gear fabricated by
conventional wire EDM and by micro-wire EDM, respectively.

When fabricating micro-gears using conventional wire EDM, it can be seen that it
is possible to produce suchmicro-components; however, there are some compromises
in terms of surface quality (surface finish), accuracy, and overall dimensions. A
micro-gear mold was attempted by Chen et al. [63]. They presented a hybrid process
combining micro-reciprocated wire EDM. A 50-µm wire electrode was used in this
case; combined with the precision forging, it was possible to fabricate a 10-tooth
micro-gear mold with a module of 0.1 mm. This method resulted in a highly efficient
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(a)

(b)

Fig. 11.38 a Miniature spur gear produced by conventional wire EDM [62] and b miniature spur
gear produced by micro-wire EDM [62]

product that is economical and sustainable. The average tip diameter was 1169.7µm,
and the root diameter was 719.8 µm. The fabrication of micro-gear was conducted
in two steps. First, the micro-gear mold was produced from SKD11 using micro-
reciprocated wire EDM. Afterward, the precision forging of micro-gears was carried
out by the produced micro-gear mold on highly pure copper with ultra-fine grains. It
was possible to achieve 3.7 times higher production compared with that of a single
process.

A micro-gear was fabricated by pulse control technology applied for wire EDM
[64]. The power supply was controlled by a transistor with a low energy discharge
circuit. In addition, an iso-frequency pulse control circuit was prepared to maintain
high-frequency and lower-energy pulse control. This circuit was used for fabrication
of amicro-gear from tool steel SKD11. Twowire diameterswere used tomanufacture
these gears. Each gear had 12 teeth as shown in Fig. 11.39. They also tried the
developed power supply process for producing micro-racks as and slots.
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Fig. 11.39 Micro-gears machined with 70 and 50-µm wires [64]

11.4 Summary

This chapter focuses on various aspects of µEDM and µWEDM about their appli-
cation as one of the potentials near net shape machining processes. The demand
for µEDM and µWEDM is growing as the demand for product miniaturization
increases. Both these processes have the full capability to meet these new market
requirements. Some of the salient points that can be concluded from this chapter are
that µEDM can be used in die-sinking mode or scanning mode. Die-sinking µEDM
is mostly used for micro-hole fabrication, whereas milling/scanning µEDM is used
to fabricate three-dimensional parts. In µEDM, RC pulse generator performs better
as compared to the transistor-based power supply. Finally, µWEDM is used to cut
micro-components with complicated geometry. Both the processes are well capa-
ble of achieving high dimensional accuracy with very low surface roughness on the
finished product.
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Chapter 12
Micro-electrochemical Discharge
Machining

Ravindra Nath Yadav and Ajay Suryavanshi

Abstract Micro-Electrochemical Discharge Machining (µ-ECDM) is non-contact
type hybrid/combined machining process which comprises two dissimilar ener-
gies as thermal and electrochemical. In simple, it is developed by comprising of
two non-contact based Unconventional Machining Processes (UMPs) as Electro-
Discharge Machining (EDM) and Electrochemical Machining (ECM) positively. It
is broadly accepted process that applied in different areas of micro-machining and
micro-fabrication related to ceramics especially glass, quartz, and Pyrex. However,
it shows potential in shaping of difficult-to-shape electrically conductive materials
(heat-treated alloys, titanium alloys, superalloys, Inconel, and composites) also. It
is utilized for manufacturing of micro-profiles like through/blind µ-holes, µ-chutes,
µ-channels, µ-slots, µ-grooves, and complex 3D µ-profiles. The basic functions of
the µ-ECDM process are as to eradicate the drawback of EDM and ECM to need
of electrical conductivity for machining and also to create micro-/nano-profiles on
surface of ceramics. Here, the material can be removed by chemical etching, melting,
and vaporization. The present chapter covers various factors related to the µ-ECDM
as machining mechanism, machining system, configurations, parameters (control
and performance), and process capabilities that make easier to understand the basic
concept of µ-ECDM process.
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12.1 Introduction

The tremendous demand of miniatures in form of micro/nano components/features
becomes a fundamental necessity for advanced industries especially in field of auto-
mobiles, robotics, aerospace, electronics, computers, and medicals due to suitability
to perform different functions within limited space. The shaping of such components
becomes difficult for existing traditional and non-traditional manufacturing systems
economically. It becomes highly challenging, if miniatures need to be made from
ceramics as well as difficult-to-machine materials like heat-treated alloy, tool steel,
die steel, titanium alloys, superalloys, and composites. Such materials create many
difficulties when Conventional Machining Processes (CMPs) like turning, drilling,
milling, shaper, planner are employed due to limitation of tool hardness (tool hard-
ness ≥1.35–1.5 of workpiece hardness) [1, 2]. Instead of this, higher tool wears,
larger cutting forces, poor surface quality (SQ), higher specific energy, and high
vibrations limit the wide applicabilities of such advanced materials. Despite this, the
advanced industries are looking toward UMPs as a substitute of CMPs for shaping
of such difficult-to-machine materials at micro/nano levels. Generally, the UMPs are
utilized at various forms of energies (mechanical, chemical, electrochemical, and
thermal) for shaping of such materials. The main advantage of the UMPs is no need
of tool harder than workpiece. On the other hand, the process capabilities of UMPs
are unaffected by workpiece hardness. In general, almost all known materials as
hard, brittle, or fragile can be shaped easily with selection of suitable UMP based
shaping process.

In various UMPs, the thermal and electrochemical energies based EDM and ECM
processes are found more suitable in micro-manufacturing for difficult-to-machine
materials, but these processes are limited to conductive (electrically) materials only
[1, 3]. Instead of this, EDM suffers with low productivity and recast layers forma-
tion while ECM is hazardous process and requires higher specific energy. Therefore,
researchers focus on developing a unique shaping process with combination of EDM
and ECM that is capable of creating micro/nano profiles on broad ranges of materi-
als either conductive (electrically) or not in nature. Hence, a novel process of shap-
ing comes into the existence which is referred as Micro-Electrochemical Discharge
Machining (µ-ECDM).

12.2 Micro-electrochemical Discharge Machining

Micro-Electrochemical Discharge Machining (µ-ECDM) is a combined/hybrid
machining process that comprises two most acceptable machining methods (EDM
and ECM) as shown in the Fig. 12.1. It utilizes two varieties of energies as thermal
and electrochemical for generating µ-profiles. In general, it is developed to elimi-
nate the needs of electrical conductivity properties of constituent processes and to
enhance the productivity for creation of µ-profiles and µ-components on surface of
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Fig. 12.1 Combination of EDM and ECM as µ-ECDM process

ceramics. In term of performances, it performs much better than constituent pro-
cesses and gives higher amount (about 5 times and 50 times) of material removal
rate (MRR) than the ECM and EDM, respectively [4]. Firstly, it was proposed for
drilling of µ-holes into glass by Kurafuji and Suda [5]. They were named as Electro-
chemical Discharge Drilling (ECDD) for glass. Several others names were coated by
researchers as Electrochemical Arc Machining (ECAM), Electro-Erosion Dissolu-
tion Machining (EEDM), Spark-Assisted Etching (SAE), Spark-Assisted Chemical
Engraving (SACE), etc., which are summarized by Yadav [6].

Generally, it is developed to make µ-contours on surface of ceramics, especially
alumina (Al2O3) glass, quartz, and ceramics. The reasons for this are wide applicabil-
ity of these materials in various fields as electrical, thermal, and chemical industries
for making insulating items likeµ-pumps,µ-actuators, andµ-devices for drug deliv-
ery systems. However, no any shaping process is found appropriate for machining of
these materials effectively at low cost. As results, the wide applicabilities of such
materials are limited. The birth ofµ-ECDMprocess makes machining of these mate-
rials easier in economical ways at micro/nano level. Instead of this, it is effectively
utilized in shaping of conductive materials like heat-treated materials, superalloys,
dies and tools alloys, titanium, carbides, and metal matrix composites (MMCs) also.
In other way, it shows their potential for micro/nano manufacturing of difficult-to-
machine objects with complex profiles and with a high geometrical accuracy.

12.3 Machining System and Equipments for µ-ECDM

However, theµ-ECDMprocess covers a long journey in the field ofmicro-machining
for shaping of non-conductive materials but the industrial applications are not in
actual practice for micro-machining. Despite this, huge research publications are
published and easily available on such process. The majority of research works were
carried on the indigenous setup fabricated by particular researchers. Such developed
setup has been equipped with the following main components (Fig. 12.2).

• Machining chamber;
• Power supply system;
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Fig. 12.2 Machining system for µ-ECDM process

• Electrolyte feeding system;
• Gap control unit;
• Vision (monitoring) system;
• Exhaust system.

12.3.1 Machining Chamber

Machining chamber is described as a domain where µ-ECDM phenomenon occurs.
Generally, the µ-ECDM phenomenon occurs in the existence of electrolyte, which
is a corrosive and chemically reactive material. Therefore, machining chamber is
fabricated with chemically non-reactive materials, especially glass and looks like
a hollow rectangular box with a provision of X, Y , and Z movements. The major
components of machining chamber are as given.

• Transparent box;
• Electrolyte;
• Electrodes (anode and cathode);
• Workpiece holding device;
• Workpiece.

Generally, transparent box refers as machining chamber and looks like a box
structure. It is made of transparent glass and full of electrolyte at desired level
to continue the electrochemical reactions resulting formation of gaseous zone and
spark discharges. Electrolyte is expressed as fluid (electrically conductive) that con-
sists of ions and decomposed by electrolysis process. Generally, the electrolytes are
either acidic or alkaline based solutions such as HCl, H2SO4, NaOH, KOH, or NaCl.
In majority of cases, the researchers preferred NaOH, KOH, or NaCl solutions as
electrolyte fluid as they are comparatively less hazardous and easily available than



12 Micro-electrochemical Discharge Machining 269

acid based electrolyte solutions. In machining chamber, the two electrodes (larger
and smaller in size) are kept in such a way that distance of 25–30 mm (approx) is
maintained between them [6]. The bigger electrode is prepared from graphite and
referred as anode while smaller electrode is known as cathode which is made of
conductive materials like copper, brass, nickel, stainless steel, or tungsten. The tool
is made as needle-shaped (pointed shape) and kept in a specific manner that it is
only dipped 2–3 mm within the electrolyte fluid. The workpiece is kept below the
tool in a well specified way that µ-gap is maintained between them and also with a
provision of workpiece surface just underneath 2–3 mm (approximately) from top
surface of electrolyte [6–9]. The workpiece holding device is employed to hold the
object at appropriate place and fabricated with chemically non-reactivematerials like
Perspex, glass, or plastics.

12.3.2 Power Supply System

Power supply system is important component of machining system for theµ-ECDM
process. Generally, the DC power (pulse/continuous) with various ratings (voltage�
20–30V and current�1A) is utilized in theµ-ECDMprocess [8]. The power supply
system consists of the following main parts/components.

• Transformer (step down);
• Rectifier (silicon controlled);
• Pulse generator;
• Control devices and control panels.

Mainly, the AC current of 220 A can be converted into low voltage DC cur-
rent through step down transformer and rectifier unit (silicon controlled). A pulse
generator mechanism is utilized to generate a pulse current due to better machin-
ing responses (higher MRR and better SQ) than the continuous DC current. It also
increases the flushing tendency of electrolyte which decreases in recast layers along
with stable spark discharge phenomenon. The electrical panels/devices are employed
to connect and supply electricity to the different components of machining unit.

12.3.3 Electrolyte Feeding System

Electrolyte feeding system is a device that used for continuous feeding and subtrac-
tion of the electrolyte from machining chamber. Furthermore, it is utilized to sustain
the constant height of electrolyte within machining chamber. The main components
of electrolyte feeding system are listed below.

• Electrical pump;
• Electrolyte (settling) tank;
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• Pressure gauge;
• Control valves;
• Filter and networks of pipes;
• Flushing device.

Generally, low velocity electrical pump (centrifugal) is utilized to supply the
electrolyte inside themachining chamber because higher velocity of electrolyte leads
to unstable discharges resulting responses are declined. The pressure gauge is hereby
attached to know the flow pressure of electrolyte while control valves control the
amount of flow of electrolyte inside the machining chamber. The extra/undesired
electrolyte send back to settling tank through pipes fittings and filtered to eliminate
the unwanted or contaminated items through appropriate filter. Furthermore, the
cleaned/fresh electrolyte is uniformly fed within machining chamber to sustain a
constant level of electrolyte through the electrical pump (centrifugal type), control
devices, and pipe networks.

Generally, the flushing device is employed for feeding of electrolyte near the spark
zone or tool tip and referred as flushing. The purposes of flushing are to eliminate
the by-product from Inter Electrode Gap (IEG) between tool and workpiece, result-
ing enhancement in the MRR and SQ. The nozzle/jet flushing is mostly beneficial
for sinking µ-ECDM process. In drilling or any other rotating µ-ECDM process,
the nozzle/jet flushing is not beneficial because peripheral speed of tool enhances
the flushing capability of electrolyte fluid. The various flushing methods related to
µ-ECDM process are shown in the Fig. 12.3. The jet flushing is more common
method for flushing while periodic cycling becomes a good method for flushing dur-
ing sinking and drillingµ-ECDMprocesses for deep holes machining. The other two
methods of flushing device as perpendicular to wire and coaxial to wire are found
better for the TW µ-ECDM process [4].

12.3.4 Gap Control Unit

Gap control unit is employed for sustaining a constant gap among workpiece and
tool in range of fewmicrometers. Inµ-ECDM process, if feed is given to tool toward
the workpiece then sparks/discharges are generated initially but no spark condition
is achieved after sometimes because the workpiece surface deepened more than
2–3 mm into the electrolyte from the top surface of electrolyte. In this condition,
electrochemical reactions and dissolution phenomena occur due to flow of current
among cathode and anode in the presence of electrolyte as shown in Fig. 12.4.
Therefore, feed given to workpiece toward tool has been found more favorable to
avoid such situation. In majority of the cases, the feed mechanisms as gravity control
are used by researchers which consist of the following main parts.

• Fixture or workpiece holding device;
• Sliding/vertical column;
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Fig. 12.3 Different methods for flushing

Fig. 12.4 No spark
formation with deeply
immersed tool

• Pulleys and rollers;
• Dead weight.

Generally, the gravity control or deadweight feedmechanism is themost common
workpiece-feeding gadget that used in the µ-ECDM due to easy installation at low
cost. Instead of this, several other gap control devices are reported in literatures. These
feed devices are screw based mechanism, constant speed mechanism, spring based
feed mechanism, and stick-slip actuator as shown in the Fig. 12.5.
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Fig. 12.5 Various feed mechanisms

12.3.5 Vision (Monitoring) System

The vision or monitoring system is crucial part for machining unit of the µ-ECDM
process. The necessities of this are as to precise control, positioning, and monitoring
for tool–workpiece interface zone within machining chamber where spark formation
phenomenon occurs among tool and gaseous layer. Generally, the vision system
consists of a computer device with well-equipped highly sophisticated high speed
camera like Charge Coupled Device (CCD) camera or highly precise optical devices.
In µ-ECDM process, the vision device or camera is kept near to tool–workpiece
interface zone for capturing the images and precise control of gap. The vision devices
are well associated to monitor system (desktop) as shown in Fig. 12.6. The other
vision system as user interface mechanism is found more appropriate to precise on-
line gap control. In this device, electrical motor (DC type) and ball screws (two
numbers) are employed for conversion of rotating motion of electrical motor into
linear motion of tool while linear encoder and servo amplifier (resolution�1 mm)
are employed for precise (micro) control of gap between workpiece and tool.
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Fig. 12.6 Vision/monitoring
system

12.3.6 Exhaust System

The exhaust system is needed to eliminate the fume gases from the workplace which
are produced during machining because of electrical sparks/discharges. Such gases
are hot, toxic, and hazardous in nature. It disturbs the vision system ofmachining unit
and also hazardous for respiratory system of the operator. Therefore, a well planned
exhaust mechanism becomes necessary which is kept near machining unit that easily
exhausts the fume gases from the workplace. Generally, exhaust unit consists of the
following main components.

• Duct or pipe networks;
• Chimney;
• Electrical exhaust fan.

Generally, the suction type exhaust device is found much appropriate for the
µ-ECDM process than the forces type exhaust system due to easy installation at low
cost. The electrical fan of exhaust mechanism is switched “ON” before starting the
actual machining operation and switched “OFF” after sometime later the completion
for complete removal of the fume gases fromworkplace. In several cases, jet exhaust
system shows their potential to release the fume gases from workplace and finds a
better device for µ-ECDM process to exhaust the fume gases from machining areas.

12.4 Electrochemical Discharge Phenomenon

The electrochemical discharge phenomenon of µ-ECDM process is complex inci-
dent which comprises electrochemical reactions, gas formation, and electrical dis-
charges/sparks in the existence of electrolyte and electrical current. The various
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Fig. 12.7 Various phases of µ-ECDM process

phases responsible for discharge phenomena related to µ-ECDM process are shown
in Fig. 12.7 and listed here.

• Electrochemical reactions;
• Coalescence of bubbles;
• Ionization;
• Electrical discharge/spark formation;
• Cavitation.

12.4.1 Electrochemical Reactions

The µ-ECDM process occurs in the existence of electrolyte when suitable discharge
voltage is employed through anode (graphite electrode) and cathode (tool electrode).
In this process, either acidic or alkaline based electrolytes are utilized for electro-
chemical reactions. In µ-ECDM process, the chemical reactions take place when
suitable potential difference (20–40 V) is employed between electrodes and elec-
trodes are immersed into electrolyte fluid. The electrolysis begins where metal sepa-
rates as molecule by molecule from anode surface. Such phenomenon is referred as
anodic dissolution, and electrochemical reactions occur as:

Manodic → MZ+

anodic + Ze−

where Manodic � anode material and Z=number of ions.
The metallic (positive) ions (+ve) are produced due to anodic dissolution which

comprises hydroxide (OH), resulting in formation of metallic hydroxide (MOH).
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Thesemetallic hydroxides are insolublewithin thewater and look as solid precipitates
which have no significant affect in the electrochemical reactions. The electrochemical
reaction for the metallic hydroxide can be followed as:

MZ+

anodic + Z (OH)− → Manodic(OH)z

Generally, acidic or alkaline based electrolyte is utilized in the µ-ECDM pro-
cess. Therefore, the electrochemical reaction occurs at anode–electrolyte interface
surface and generates the oxygen (O2) gas while the electrochemical reaction at
cathode (tool)–electrolyte interface surface produces the hydrogen (H2) gas. The
electrochemical reactions follow as [6]:

Anode–electrolyte interface surface

2H2O → O2 ↑ +4H− + 4e− (acidic based electrolyte)

4(OH)− → 2H2O + O2 ↑ +4e− (alkaline based electrolyte)

Cathode (tool)–electrolyte interface surface

2H+ + 2e− → H2 ↑ (acidic based electrolyte)

2H2O + 2e− → 2(OH)− + H2 ↑ (alkaline based electrolyte)

Due to electrochemical reactions, the O2 and H2 gases are generated at anode and
cathode (tool) surfaces. The H2 gases generated surrounding cathode surfaces are
responsible for spark discharge phenomenon. Initially, the H2 gases generated on
surface of cathode are formed as bubbles which are finally converted into gaseous
layer and lead to electrical discharges. Of course, the key elements of µ-ECDM
process are H2 gas bubbles and gaseous zone. The creation of bubbles depends
upon density of current and discharge voltage. On other hand, the various phases of
electrical discharge can be expressed as characteristics of current–voltage (I–V)when
mean DC voltages gradually increase into electrolyte cell as expressed in Fig. 12.8.

The characteristics of I–V for µ-ECDM can be covered in five different zones
(Fig. 12.8). The various zones are discussed as follows:

1. Thermodynamic region: In this region, current flow is zero or in other hand no
flow of current occurs. Therefore, no electrolysis operation occurs until the volt-
age achieves decomposition (breakdown) voltage (V d). The line OA represents
the thermodynamic region on the I–V graph.

2. Ohmic reason: In Ohmic region (AB), the I–V graph is almost linear (where
V d<V < V l) and the typical voltage range is of 2–10 V. In this reason, the H2

bubbles are formed due to electrolysis of water. It is fact that water particles of
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Fig. 12.8 Current–voltage (I–V) characteristics

electrolyte gain electrons from cathode which are separated as free ions (H2 and
OH), and the electrochemical reaction follows as:

2H2O + 2e− → 2(OH)− + H2 ↑ (at cathode)

3. Limiting current region: In limiting current zone BC, the I–V graph is nonlinear
(where V l<V < V c). In this region, the bubbles are grown and coalescence of
bubbles starts to create gas film surrounding the tool surfacewhile current reaches
the limiting value as limiting/critical current (Ic). The limiting/critical current
depends upon tool geometry and electrolyte fluid.

4. Transition region: Generally, transition region (CD) is referred as instability
zone because such zone may be either similar status of limiting current or spark
reasons. In this region, (whereV c <V < 1.2V c) a gaseous layer forms surrounding
the tool surface. The thickness of gas layer depends upon tool geometry and
electrolyte concentration.

5. Spark region: The spark range (DE) refers to the full presence of gaseous layer
surrounding tool electrode. The gaseous region works as dielectric material and
electrical sparks/discharges occur when critical voltage (V>1.2V c) is applied
through it. Such region has been found appropriate for the machining.

12.4.2 Coalescence of H2 Bubbles

In this phase, the H2 bubbles generated during electrochemical reactions are boned
together and form a gaseous film surrounding the tool. Initially, very small sizes
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(25–55 µm) of bubbles are generated when DC supply voltage (30–60 V) is applied
with much low resistance (<10�) of electrolyte [6]. The mean diameters and density
of bubbles depend upon supply voltage. As increase in voltage means increase in
mean diameter and density of H2 bubbles as which the bubbles are bonded with
each other and finally increases in the mean diameter of bubbles. This phenomenon
continues till formation of gaseous film surrounding tool surface. The thickness
related to gaseous film is as 50–100 µm with cylindrical electrode (dia.�1 mm)
[9]. The gas film works like dielectric and protects the tool with direct effect of
electrolyte. The gaseous film is responsible for spark generation and becomes as
conductive medium when suitable voltage is employed through it.

12.4.3 Ionization

In this phase, the H2 gas is ionized into liberated ions as positive (+ve) and negative
(−ve) ions when high-density current is applied between electrodes. Due to this, a
high electrical field as 106–108 V/m has been build up into gas film [10]. The high-
intensity electrical field leads ionization of H2 gas into the ions (+ve and−ve). These
ions attract toward the dissimilar electrodes (cathode/anode)with a veryhighvelocity.
Due to movement of ions, clouds of ions like a cylindrical channel are formed among
tool and electrolyte surface within the gaseous zone. Such phenomenon is referred as
ionization, and cylindrical column is referred as ionized or plasma column as shown
in Fig. 12.9.

12.4.4 Electrical Discharge/Spark Formation

The electrical discharge or spark formation in the µ-ECDM process is considered as
arc creation into the gas.Generally, spark is generated among tool, gas layer, and elec-
trolyte surface when higher current density than critical value (1 A approx.) has been

Gas flim

Fig. 12.9 Plasma formation and machining mechanism µ-ECDM process
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set up. In this situation, supply voltage is more than critical voltage as 25–30 V. The
basic reasons for spark formation are bombardment of ions on respective surfaces as
shown in Fig. 12.9. In ionized column, the positive (+ve) and negative (−ve) ions are
moving with high velocity toward opposite electrodes. Finally (end of journey), the
ions strike at respective electrode surfaces (cathode/anode) positively. Consequently,
the ions are losing their kinetic energy that are converted into heat energy and seen
as plasma column.

Generally, plasma can be described as collection of high temperature and pres-
sure ionized gases. The range of temperature related to plasma is as 800–20,000 °K
[10–12]. This high temperature is adequate to eliminate anymaterial (conducive/non-
conductive) that is kept near to the plasma. The plasma formation and their tempera-
ture depend upon various parameters such as current intensity, electrolyte materials
and their properties (thermal and conductivity), concentration, and tool geometry.

12.4.5 Cavitation

In µ-ECDM process, high temperature up to 20,000 °K has been generated because
of electrical sparks. At this temperature, any non-conductive material is kept close
to sparking region and maintained a suitable gap between them, then the material
has been melted and vaporized resulting material removal takes place. Generally,
IEG is much small and in range of few micrometers as 20 µm or >25 µm [6, 13]. It
is maintained constant during machining with suitable gap control mechanism. The
various gap control devices are explained in Sect. 12.3.4 and graphically shown in
Fig. 12.5. To maintain gap during machining, a well-equipped and precise vision
system has been in practice.

12.5 Mechanism of Machining

In general, melting and vaporization are basic reasons for removal of material in the
µ-ECDM process and referred as mechanism of machining. However, the thermal
machining and Chemical Machining (ChM) are also responsible for machining. In
thermal machining, localized high temperature is raised due to heating by fraction
of spark energy, resulting in the melting of material in addition to vaporization also.
In other hand, high energy is required for complete vaporization of molten material.
Therefore, additional flushing devices are used throughout machining to flush out
molten material and avoid growth of recast layers. The majority of machining occurs
due to thermal machining but higher energy leads to develop the thermal stresses and
cracks inside the machined parts.

In µ-ECDM process, the ChM or chemical etching also leads to material removal
because of the chemically reactive nature of electrolyte. Generally, the ChM pro-
cess is in dominated phase during machining and also a slow process. However, the
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capabilities of ChM depend upon type of electrolyte and their concentration, cur-
rent intensity and duration, material of workpiece and their chemical properties. If
material is chemically non-reactive, then the etching operation performed between
anode and cathode. However, several researches show that chemical etching plays
important roles in removal of material [14]. Therefore, the overall material removal
is sum of the material removed by the thermal machining and ChM processes during
µ-ECDM process.

12.6 Configurations of µ-ECDM Process

The µ-ECDM process comes into existence for machining of ceramic materials and
to create the features at micro/nano scales. However, it is effectively applied for
shaping of difficult-to-shape conductive (electrically) objects too. Due to influence
of such process, the researchers developed different configurations of the µ-ECDM
process as listed below and graphically shown in the Fig. 12.10.

• Sinking µ-ECDM process;
• Drilling µ-ECDM process;
• Milling µ-ECDM process;
• Traveling wire (TW) µ-ECDM process;
• Grinding µ-ECDM process;
• Turning µ-ECDM process.

Fig. 12.10 Configurations of µ-ECDM process
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12.6.1 Sinking µ-ECDM

Sinking configuration of µ-ECDM is applied to generate micro-holes (through and
blind) with stationary tool while feed is given to workpiece. In general, sinking is
expressed as holes making operation for low aspect ratio (length: diameter <1). It
is a better method to create ultra-precision and micro-holes in the orifices, nozzles,
mold, and dies, especially fabricated with non-conductive (electrically) materials.
It becomes a unique technique for removing the damaged/broken items like drill
bits, taps, or bolts into the highly sophisticated parts. The sinking µ-ECDM process
shows better machining capability than constituent processes as higher MRR while
the SQ is closed to the EDMed parts and slightly inferior to the ECMed objects.
In this process, an appropriate flushing device must be necessary otherwise debris
particles are accumulated into the IEG. Such phenomenon leads to the poor and
unstable sparks formation which leads to declination in the process capabilities as
lower MRR with poor quality of the finished surface.

12.6.2 Drilling µ-ECDM

Drilling configuration of µ-ECDM process is also applied for creation of µ-holes
(through or blind) in non-conductive materials. In this mode, stationary tool of the
sinking µ-ECDM has been replaced with rotating tool. For this, a rotating gadget
with variac (speed control device) is attached with tool-holding mechanism to rotate
the tool. Generally, lower speed (<25 r/min) of tool is preferred as higher speed
disturbs the gas layer, resulting in poor, weak, and unstable spark formations [15].
The basic purposes of such configuration are improvement in productivity and
to achieve better SQ near to polished categories. It is employed for creations of
µ-devices manufactured from fused silica and crack-free surface with larger aspect
ratio as 11:1 [16]. Such type of drilled holes has been shown in Fig. 12.11. In this
process, the circularities of holes are better due to reduction in stray corrosion.
Instead of this, the peripheral speed of rotating tool effectively improves the flushing
capability as which improves the MRR and SQ. Thus, no additional flushing method
is needed in such configuration. It is significantly creating the various profiles
related to micro/nano holes in non-conductive materials as through holes, blind, or
counter holes.

12.6.3 Milling µ-ECDM

Milling configuration of µ-ECDM is powerful method to create three-dimensional
(3D) micro-profiles like µ-channels, µ-slots, µ-chutes, µ-grooves, or µ-cavities.
It proves their capability to produce µ-pillars and µ-pyramids like complicated



12 Micro-electrochemical Discharge Machining 281

Fig. 12.11 High aspect ratio holes (1200 µm thick) drilled by µ-ECDM process [16]. a Hole
diameter at entrance and b hole diameter at exit

structures also. In this method, the tool (stationary) of sinking µ-ECDM is replaced
in a specific manner as tool electrode gains the linear movement. Such linear motion
of tool is adopted as a well defined movement of tool like milling process. The X,
Y , and Z movements of machining chamber facilitate in creation of 3D profiles.
Due to linear motion of tool, the sparks also follow the same path as tool electrode,
resulting in uniform MRR throughout the machining process. The another method
for milling µ-ECDM can be possible with orbital movement of tool which gives
better responses than the linear movement of tool during micro-machining for
sophisticated 3D profiles. In milling µ-ECDM process, the flushing is needed when
tool moves with linear movement but no need of flushing with orbital movement of
tool because the flushing is enhanced by circumferential speed of tool electrode. It is
beneficial to produce the µ-profiles smaller than 100 µm on the surface of ceramic
materials especially glass [17].

12.6.4 TW µ-ECDM

Traveling wire (TW) µ-ECDM is referred as moving wire µ-ECDM process. In this
arrangement, the tool (stationary/rotating) is replaced with traveling wire whose
diameter is in micrometer and lesser than 1 mmwhile moving speed is also very low
as few centimeter/min. In this configuration, sparks are created between traveling
wire and electrolyte in the presence of gaseous layer while feed is given to the work-
piece. The methods of flushing are as parallel to wire direction or perpendicular to
wire travel direction (Fig. 12.3). Generally, the moving wires are made from copper,
brass, or tungsten. The tungsten wire proves their suitability in micro-machining
because copper/brass wires are frequently broken during machining. The process
capability in term of MRR is as 5 times and 50 times higher than EDM and ECM,
respectively [4]. It demonstrates their strength for micro-cutting on the external and
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internal surfaces. It is suitable to generate µ-gears on internal/external surfaces,
µ-cam profiles, µ-channels, and highly complex comb-like profiles on the surface
of ceramic materials like glass, Pyrex, or quartz.

12.6.5 Grinding µ-ECDM

Grinding configuration of µ-ECDM is implementation of conventional grinding for
shaping of micro-profiles as µ-channels, µ-slots, or µ-grooves. In this configura-
tion, a metallic wheel is utilized to produce electrical discharges/sparks in between
wheel and electrolyte surface. The wheel used in the µ-ECDM process is either
metallic (without abrasives) or metallic (with abrasives). In abrasive based wheels,
the abrasives (Al2O3, SiC, CBN, diamond, etc.) are bonded with metallic materials
(copper, brass, bronze, or mild steel). The metallic parts of wheel are responsible
for sparks creations. The abrasive based wheel performs better (higher MRR and
superior SQ) than metallic (without abrasives) wheel. In this approach, the direct
flushing is avoided because it enhances with peripheral speed of wheel. However,
the much higher velocity is always avoided because it damages the H2 bubbles and
sparks formation, resulting in lower MRR and poor SQ.

Grinding µ-ECDM is expanded in various configurations such as face grinding
µ-ECDM, surface grinding µ-ECDM, and cut-off grinding µ-ECDM. Circumfer-
ential surface of wheel is utilized in surface and cut-off grinding configurations for
shaping while face end of wheel has been employed for face grinding µ-ECDM
process. The face grinding configuration is employed for shaping of end/face surface
of bar, shaft, or cylindrical profiles where wheel diameter is always greater than
diameter of workpiece. The cut-off mode is appropriate for shaping of grooves,
slots, or parting-off workpieces. In the other hand, the surface grinding configuration
is suitable for µ-grinding of slots, channels, key ways, or surface machining. In
majority of the cases, the metallic diamond wheel is preferred because of its ability
in cutting of ceramics with low tool wear capabilities.

12.6.6 Turning µ-ECDM

Turning µ-ECDM is employed for shaping of circular rotating objects like shafts
or bars made of ceramics. It is development of turn machining into the µ-ECDM
process. In this method, the workpiece is in rotating nature while feed is given
to the tool in axial direction. Due to rotating of workpiece, the direct flushing is
avoided because rotational velocity of workpiece assists to entry of fresh electrolyte
within gap and also in removal of debris particles. The uninterrupted feeding of fresh
electrolyte becomes beneficial as higher MRR, superior SQ, and declination in the
µ-cracks on the machined surfaces. In turning µ-ECDM process, the heat of sparks
speed up the electrochemical reactions resulting a bit of material has been detached
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from workpiece as which higher MRR. In this mode, the workpiece is always in
horizontal position through machining and tool travels in axial direction. Therefore,
no need of feed mechanism as which the process becomes smoother and economical.
It is implemented in the different µ-turning modes like plane turning, face turning,
step turning, taper turning, and micro-thread cutting.

12.7 Process Variables and Responses

The µ-ECDM is a really complicated process because it comprises the two energy
(thermal and electrochemical) based machining processes and their features. There-
fore, all parameters related to EDM and ECM are affected by the machining capa-
bilities of µ-ECDM process. The process variables with responses are shown in
Fig. 12.12. The process variables/parameters are categorized as electrical param-
eters, tool parameters, electrolyte parameters, and flushing parameters while the
MRR, tool wear rate (TWR), and SQ are mainly acceptable process responses or
performance measures related to µ-ECDM process.

12.7.1 Electrical Parameters

The common electrical parameters those are influencing the machinability of
µ-ECDM are voltage, current intensity, polarity, pulse on-time, and pulse off-time.
Generally, discharge voltage is a key factor that concerns with IEG. The larger
amount of discharge voltage means more gap distance resulting in easy ejection of
debris from IEG but simultaneously leads to higher tool wear. The most desirable
voltage ranges for µ-ECDM are as 30–40 V positively. The other control parameter

Fig. 12.12 Process variables and responses
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as current is not much considerably influencing the responses because very low
intensity of current (1 A) is utilized in the machining. However, either continuous
or pulse type current is applied for machining and results of pulse type current are
much better than the continuous type current.

The polarity is a significant parameter that influences the responses related to
µ-ECDM. It is utilized to signify the connectivity of electrodes with electrical
supply system. In general, two forms of polarities as direct and reverse are utilized to
connect the tool (cathode) and graphite electrode (anode). In direct polarity, the tool
(cathode) is associated to negative (−ve) terminal and graphite electrode (anode)
is connected to positive (+ve) terminal while the reversed connectivity of terminals
with electrodes refers to reverse polarity [18]. Generally, reverse polarity provides
higher MRR and poor SQ than direct polarity. However, direct polarity shows better
potential for creation of micro/nano components by µ-ECDM process.

The pulse duration or pulse on-time and pulse interval or pulse off-time are also
highly influencing parameters. The various spark formation phenomena (ionization,
plasma, melting, and vaporization) depend upon pulse on-time. The longer on-time
means same heat goes within workpiece for longer time as which melting of more
amounts of materials along with their vaporization. However, much longer on-time
leads to creation of recast layers and deep cavity formation which requires further
machining. The pulse off-time involves in removal ofmoltedmaterial during flushing
and longer off-time means more removal of molted material. Such phenomenon is
responsible for higher MRR, better SQ, and declination in recast layers. The longer
off-time is not forever advantageous, and much longer off-time leads to reduction in
the on-time as which declination in machinability.

12.7.2 Tool Parameters

The common tool parameters that extensively influence the responses are tool
materials, their properties, and tool geometry. Generally, materials having several
specific properties such as highly conductive (electrically and thermally), chemically
non-reactive, and non-corrosive in nature are preferred as tool materials. Some
common tool materials are copper, brass, nickel, stainless steel (SS), platinum, and
tungsten [9]. However, carbide-based tool like tungsten carbide shows superior
performances than SS and tungsten tools which shows slightly higher tool wears.
Tool geometry as spherical shape gives better responses than cylindrical shaped
tool. This is because that the spherical shaped tool assists the flushing which means
enhancement in MRR with superior SQ. In other hand, tube tool proves their
strength in higher machinability in term of higher MRR and declination in taper of
holes while their manufacturing is much difficult at micro-level.



12 Micro-electrochemical Discharge Machining 285

12.7.3 Electrolyte Parameters

The electrolyte fluid is a significant valuable material of the µ-ECDM process
because it leads to electrochemical reaction and sparks formation. Therefore, the
electrolyte material, their concentration, working temperature, and conductivity are
common factors that affect the responses. Normally, alkaline based electrolyte flu-
ids such as NaOH, KOH, NaCl, NaNO3 or acidic based electrolytes such as HCl,
H2SO4, and HNO3 are used as electrolyte materials [9]. The functions of electrolyte
fluid are to generate H2 gas during electrochemical reactions and flush out the debris
during ejection from IEG. Therefore, higher concentration leads in production of
huge amount of H2 bubbles. The concentration for electrolyte as 30% at temperature
in between 40 to 50 °C is found better for µ-ECDM process [19].

12.7.4 Flushing Parameters

Flushing of electrolyte into IEG is an efficient technique to eliminate debris from gap.
The effective flushing means higher MRR along with superior SQ due to generation
of strong and stable sparks. The various flushing parameters are flushing pressure,
flushing method, and distance of nozzle tip from spark zone. The higher flushing
pressure leads in higher and rapid expulsion of molted material from workpiece
surface but simultaneously disturbs the spark stability and damages the gas bubbles.
Therefore, moderate flushing pressure is always preferred in the µ-ECDM process.
In same way, the much closer distance of nozzle from spark zone also disturbs the
spark phenomenon. The ways of application for electrolyte in machining zone are
much critical issues. The various techniques used in electrolyte supply in different
processes are shown in Fig. 12.3.

12.7.5 Process Responses

The various responses are utilized to find the capability of various shaping processes
but most common parameters used to find the ability related toµ-ECDM process are
MRR, TWR, and SQ. In general, MRR and TWR are determined as ratio of mass loss
tomachining time and expressed inmm3/min. The other control parameter SQ covers
the wide ranges of parameters and reflects the worth of machined surface. These
parameters are as surface roughness, taper in machined holes, circularity of holes,
radial over cuts (ROCs), thermal stresses, heat-affected regions, and recast layers. The
various research articles show that surface finish ismost common response parameter
that can be measured with help of surface roughness tester. The other responses as
taper, ROCs, and circularity are related to geometry of holes and concentration of
electrolyte. These responses increase during machining of holes to get longer aspect
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ratio and also with electrolyte concentration. The higher concentration of electrolyte
means larger in holes taper, ROCs, and circularity. Thus, low intensity of electrolyte
is preferred during µ-drilling for higher aspect ratio of holes.

12.8 Process Capabilities

The µ-ECDM process is developed to generate micro-profiles at surface of non-
conductive (electrically)materials like ceramics, glass, alumina, andPyrex.However,
it proves their strength for shaping of conductive (electrically) materials in micro and
or nano level also. Therefore, the capabilities of µ-ECDM process are covered in
various sections as merits, demerits, and applications as explained briefly.

12.8.1 Merits

• It is suitable to significantly machine the ceramic and metallic materials.
• It provides higher MRR than constituent (EDM and ECM) processes.
• It effectively creates the micro and/or nano profiles on surface of difficult-to-
machine objects and shows their suitability to machine materials either conductive
(electrically) or not.

• It is an appropriate process to create very small profiles as micro/nano features
on/within the surfaces of tools, molds, dies, or fixtures.

• The performances of process are unaffected by material’s properties like hardness,
conductivity (electrical and thermal) or toughness.

• Hard, brittle, and fragile objects can be smoothly machined by this method.
• It is suitable to create prototype objects related to medical and aircrafts applica-
tions.

• It is highlyflexible because it can be developed in various configurations as sinking,
drilling, milling, grinding, and turning to create specific profiles on the workpiece
surface.

12.8.2 Demerits

• The sparks phenomena depend upon gaseous layer but the formation and control-
ling of the H2 gas bubbles are still not possible.

• Only fraction of spark energy is utilized for machining while most part of heat is
either wasted or gone into electrolyte fluid.

• The stability and dynamics of gaseous layer (H2 gas) formed around tool surface
are much difficult.
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Fig. 12.13 Micro-slits made by TW µ-ECDM process [20]

• Machining/drilling of holes for longer aspect ratio is facing difficulties in the
supply of electrolyte fluid.

• It is chemically hazardous and reactive in nature.

12.8.3 Applications

• It is utilized in fabrication/manufacturing of µ-components such as µ-
accelerometers, µ-reactors, µ-flow sensors, and µ-pumps.

• It is applicable in dies and molds, tools, and fixtures making industries to generate
the µ-patterns or µ-profiles on surface of objects.

• It is applicable to eliminate the broken items like taps, drills, or bolts from the
highly sophisticated equipments.

• It is significantly applicable to machine the artificial items used in the medical
applications and made of ceramics like artificial knees or bones.

• It is employed to create 3D µ-profiles like µ-channels, µ-grooves, µ-chutes, µ-
pillars, µ-pyramids, and µ-gears. Some µ-profiles created by the different con-
figurations of the µ-ECDM process are shown in Figs. 12.13, 12.14, 12.15, 12.16
and 12.17 [17, 20–23].

• The aerospace, nuclear, electronics, electrical, and automobiles are some demand-
ing fields for the µ-ECDM process.



288 R. N. Yadav and A. Suryavanshi

Fig. 12.14 Micro-holes made by drilling µ-ECDM process [21]

Fig. 12.15 Micro-channel and columns/pillars made by grinding µ-ECDM process [22]

12.9 Micro-ECDM at a Glance

In this section, the various characteristics of the µ-ECDM process are summarized
that makes easier to understand the different aspects related to it and beneficial for
quick review of various characteristics of µ-ECDM process. The characteristics of
µ-ECDM process are as follows:

• µ-ECDM Hybrid machining process
• Constituent processes EDM and ECM
• Mechanism of machining Melting and vaporization
• IEG In few µm as 20 µm or <25 µm or slightly more
• Size of gas bubbles 25–55 µm
• Thickness of gas layer 50–100 µm
• Discharge voltage 30–60 V
• Electrolyte resistance <10 �

• Critical voltage 25–30 V
• Critical current 1 A
• Electrical field 106–108 V/m
• Plasma temperature 800–20,000 °K
• Electrolytes NaOH, KOH, NaCl, NaNO3, HCl, H2SO4, and HNO3
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Fig. 12.16 Matrix of µ-chutes/grooves, µ-wall, and µ-pyramids made by µ-ECDM [17]

Fig. 12.17 3D complex profiles made by milling µ-ECDM process [23]

• Electrolyte temperature 40–50 °C
• Configurations Sinking, drilling, milling, traveling wire, grinding, and

turning configurations
• Applicabilities Machining of ceramics and metallic materials, creation

of micro/nano profiles
• Advantages Higher MRR than EDM and ECM, suitable for ceram-

ics, metallic (ferrous and non-ferrous) materials, suit-
able for micro/nano manufacturing, hard, brittle, and
fragile objects can be shaped/machined
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• Disadvantages Chemically hazardous, uncontrolling of gas bubbles
and their formations, drilling of holes of high aspect
ratio are difficult in machining

• Applications Micro-manufacturing as dies, molds, tools, fixtures,
accelerometers, reactors, flow sensors, and pumps.
Removal of damaged drill bits, taps, or bolts from
highly complicated items. Shaping of the artificial
bones or knees. It is also used to create 3D µ-profiles
as channels, grooves, pillars, pyramids and µ-gears

• Limitations Uncontrolled and undefined generation of bubbles and
plasma temperature. Only fraction of temperature uti-
lized in machining. Hazardous in nature

• Demanding industries Aerospace, nuclear, electronics, automobiles, ceram-
ics, tools, mold and dies industries

12.10 Summary

The µ-ECDM is hybrid/combined shaping method that consists of characteristics
of EDM and ECM processes. It shows better capabilities than constituent (EDM
and ECM) processes. It is found as a suitable method for shaping of non-conductive
objects to create micro-features. Instead of this, it is also appropriate to shape con-
ductive (electrically) materials at micro/nano scales. In the present chapter, different
features such as machining systems, mechanism of machining, configurations, con-
trol and response variables with process capabilities related to the µ-ECDM process
are discussed and highlighted. At end of the chapter, the characteristics of process
are illustrated in a specific section as µ-ECDM at a glance becomes beneficial for
readers to recognize the various aspects of process and a quick review of process.
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Chapter 13
Multi-response Optimization
of Micro-EDM Processes:
A State-of-the-Art Review

Soumava Boral, Sarabjeet Singh Sidhu, Prasenjit Chatterjee,
Shankar Chakraborty and Agam Gugaliya

Abstract The demand of micro-machining with a diameter ranging from microns
to some hundred is rising gradually in the field of aerospace, biomaterials, electron-
ics, and automobiles, due to its noteworthy applications and benefits in miniaturized
merchandises and gadgets. µ-EDM is the well-known non-traditional method used
for making micro-metallic holes with assorted benefits like its distinguishing non-
contact feature and thermoelectric energy between the workpiece to bemachined and
the electrode to be used. µ-EDM is a modification of the traditional EDM, render-
ing an imperative function in the generation of micro-features on hard-to-machine
materials. In recent years, both processes, i.e., EDM and µ-EDM, are used exten-
sively for production of dies, mold making, cavities, and complex 3D structures. The
micro-components are typically finished by hard-to-machinematerials and holdmul-
tifaceted shaped micro-structures that required accuracy in the level of sub-micron
machining. This chapter provides an overview and the theoretical study of the latest
10-year researches from 2009 to 2018 that used decision-making and nature-inspired
techniques in optimizingmachining parameters ofµ-EDMandµ-WEDMprocesses.
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13.1 Introduction

In modern manufacturing era, the demand of micro-components has been increasing
very rapidly in a variety of domains including electronics, biomedical, optical, energy,
and aerospace industries. Materials having unique metallurgical properties, i.e., such
as composites of tungsten carbide, nickel alloys, stainless steels, titanium alloys
along with many other types of superalloys, are generally machined usingµ-EDM to
fulfill the demands of extreme applications which require high precision tolerances
and good surface integrity. µ-EDM is a significant process for the production of
such features when compared to conventional EDM machining. So far, components
with several micrometers length can be machined using µ-EDM. However, with the
budding requirements of miniature components and machining at micro-levels are
ever more entailed in diverse industrial applications, whereas such hard- and tough-
to-machine materials are less sensitive to heat, more fatigue and corrosion resistant,
and are even more intricate to machine [1–3]. Although due to their very useful
mechanical properties, machining of such materials raises an imperative concern
in the meadow of manufacturing. EDM is a well-known and cost-efficient non-
traditional machining technique for extremely brittle materials [4, 5]. EDM removes
materials by the result of fast recurring spark discharges from an electrical pulse
generator with the dielectric flowing between the electrode and workpiece material.
During the process, no mechanical cutting forces subsist between the workpiece
and electrode. µ-EDM is the application of electric discharge machine in micro-
field.µ-EDM has comparable attributes as of EDM except for that discharge energy,
axis movement resolutions, and tool size used in micron level, and whenever using
EDM process in µ-field, the low range of energy is fetching imperative [6, 7]. As
the forces between the electrode tool and the workpiece used are insignificant, the
inaccuracy caused by the deformation of tool is nearly nil [8]. Therefore, µ-EDM is
an extensively used system in the present industry for elevated precision machining
in almost all conductive materials.

The current µ-EDM technology used for machining micro-holes can be grouped
into the following types:

• µ-wire electrical discharge machining (WEDM), where cutting is done through
the conductive material using a wire diameter of around 0.02 mm.

• Die-sinker µ-EDM, where mirror image is produced on the workpiece using an
electrode with micro-features.

• µ-drilling EDM, where micro-electrodes having diameter range of 5–10 µm are
employed to drill micro-holes in the workpiece.

• µ-milling EDM, where micro-electrodes having diameter 5–10 µm are utilized to
generate 3D cavity by implementing a movement approach analogous to that in
traditional milling.
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With the introduction of newer materials and ever-increasing requirement of better
quality products with superior features along with precision, surface finish and ele-
vated dimensional accuracy have uncovered the use of different µ-EDM processes.
Each of these µ-EDM processes has numerous parameters (controllable), which
principally control the outputs. Selection of the suitable input parameters and their
values with levels to get the desired output or responses can be achieved if the deci-
sion maker (DM) has enough technical familiarity about these parameters and their
potential impact upon the performance of the underlying process. As a consequence,
assessment of the best possible combination of such parameters for anyµ-EDM pro-
cess is an imperative job for achieving shorter machining time. However, the task of
selecting the optimal parameter combination turns into complicated attributable to
the existence of some complex thermal and chemical observations in the machining
region.

For a specified work material and shape feature arrangement, the aspired set-
ting of the parameters may not be always straightforwardly obtained from the user
manual or manufacturers’ handbook. Also, very frequently, these process parame-
ters are very restricted in nature and remote from the most favorable values, which
ultimately hold back the complete exploitation of the process competencies. Thus,
it is unquestionably a confront to make certain that the chosen process parameters
upshot in most favorable or in the vicinity of best possible machining performance
eventually lead to the application of a range of optimization models in this territory.
Thus, the objective of this chapter is to summarize the significant contributions of
different techniques used for parametric optimization of µ-EDM processes with the
intention of comprehending the performance of each process parameter and strength,
weakness, and future prospects of the optimization techniques.

13.2 Overview of µ-EDM Process

13.2.1 Principle of µ-EDM

µ-EDM process is relatively analogous with the working principle of the conven-
tional EDM which is basically used to eliminate metal by means of applying a
short duration electrical discharge and high current density between the tool and
workpiece. In this process, with the increase in potential difference across the elec-
trodes, the non-conductive dielectric fluid splints down and turns into conductive.
Throughout this period, thermal energy is released due to the spark generated and
material removal occurs by melting and evaporation. Using µ-EDM, it is promising
to machine precise micro-features like micro-holes, micro-slot by controlling the
amount of energy released [9, 10]. As the tool and the workpiece never come into
direct contact which results in a smaller amount of generated force and adjustment
in the electrical parameters like current, voltage, duty cycle, frequency, it is feasible
to manage the spark energy in µ-EDM application. The important feature for which
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µ-EDM is considered as an absolute essential in the micro-machining domain is its
superior machining capability on several types of conductive and semi-conductive
materials with high surface finish irrespective of their hardness. In µ-EDM, usually,
a cylindrical electrode or workpiece rotates using a spindle system. A constant flow
of debris along with dielectric medium assists the immovability of the machining
process. An array of metal alloys including copper [11], titanium alloy Ti-6Al-4V
[12–15], high carbon tool steel [16–18], grade 304 stainless steel [19, 20], high
nickel alloys [21–23], tungsten carbide (TiC) [24, 25], ceramics [26, 27] can be
easily machined using µ-EDM setup.

13.2.2 A Short Review of Experimental Investigation
on µ-EDM Process

Majority of the precedent investigators have mainly spotlighted on the applications,
working technology, workable materials, material removal rate (MRR), machining
parameters and their impact of machining performance and component quality, tool
electrode wear, and so on. Benefits and limitations of the process have also been
reported in many instances [28]. Figure 13.1 presents the various thrust areas of
µ-EDM research.

Masuzawa [29] introducedwire electrical discharge grinding (WEDG) inµ-EDM
to fabricate miniature electrodes and micro-components. Wang et al. [30] combined
µ-EDM and µ-ultrasonic vibration lapping (MUVL) and proposed a technique to
produce high precision micro-holes with high aspect ratios. The scanning electron
microscope (SEM) photographs revealed that the surface roughness (SR) visibly
improved, and themicro-hole cross-section became cylindrical when theMUVLwas
employed along with µ-EDM. Carrying forward, vibration-assisted worktable was
designedbyChern et al. [31] in order to punchmicro-holes ongrade304 stainless steel
and brass strip of diameter 200 µm. Higher feed and improved surface finish can be
attained using ultrasonic vibrations.With the purpose to eradicate the debris from the
tool electrode–workpiece interface, Endo et al. [32] pioneered a vibration-assisted
machining process to µ-EDM using piezoelectric and found improved machining
stability along with the reduction in machining time.

Furthermore, Prihandana et al. [33] investigated a novel approach using ultrasonic
vibration-assisted µ-EDM with micro-molybdenum disulfide (MoS2) powder sus-
pended in the dielectric fluid for providing a flat surface, set freed from black carbon
spots during machining, and found noteworthy improvement in MRR and surface
quality. Another researcher, Liew et al. [34], also applied ultrasonic vibrations to
the dielectric medium using the probe-type vibrator to assist µ-EDM of deep micro-
holes in ceramic materials to examine the geometry of the hole, surface integrity, and
steadiness of machining. Results showed that ultrasonic vibrations were more help-
ful along with nanocarbon fibers in eliminating debris and avoiding the deposition
of tool material on machined surface. Yeo et al. [35] studied the crater characteristic
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Fig. 13.1 Classification of research areas in µ-EDM

with low discharge energies using silicon carbide particles suspended in dielectric
by µ-EDM process. They found crater development with small diameter and depth
having regular circular form than those constructed in the dielectric with no additive
particles.

An area of sub-micron and nanoscale machining was opened when Egashira et al.
[36] reported micro-hole of diameter 0.5 µm with silicon electrode using micro-
electrical discharge machining with ultrasonic vibrations. Similarly, Han et al. [37]
also attempted sub-micrometer-order size machining when they achieved minimum
diameter about 2.8 µm using µ-EDM and found that reversed polarity possesses
smoother surface as contrasted to straight polarity. Abbas et al. [38] explored the
influence of frequency by increased discharge current in µ-EDM using electrostatic
induction feeding as the pulse generator and found better MRR at higher discharge
energy. Zou et al. [39] examined that there was high tool wear during machining in
the liquid dielectric medium, while µ-EDM in gas dielectric exposes nearly no tool
wear. Abnormal discharge was there due to low dynamic viscosity, small discharge
energy, and low debris concentration of µ-EDM in gas generates narrow discharge
gap. To overcome this issue and increase the discharge gap, nitrogen plasma jet (NPJ)
was used as dielectric duringµ-EDM in gas. They observed significant improvement
in machining performance with an increase in MRR and surface quality using NPJ.

To check the effects of µ-EDM on holes’ properties of ink jet nozzles for the
printer, thin foils of diverse grades of stainless steel were used by the researchers
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Allen and Lecheheb [40]. From the results, they concluded that low input energy
and grades of stainless steel having low carbon which does not have porous oxide
layers were obligatory for better quality nozzle fabrication. Son et al. [41] studied
the impact of pulse condition on µ-EDM properties. The investigational outcomes
showed that the voltage and pulse current impact resolutely on the machining and
short EDM pulse is competent to make parts with higher accuracy and superiorMRR
value. Wang et al. [42] performed experimentation for achieving precise fabrication
of intact tool profile in micro-gear by using µ-WEDM. The behavior of aluminum
oxide- and zirconium dioxide-based electrically conductive ceramic composites was
investigated by Ferraris et al. [43] by varying the speed from a spacious range.
Another work was performed by Huang and Yan [44] for investigating the changes
of micro-structures in the workpiece material by using the hybrid tool of sintered
polycrystalline diamond (PCD). This hybrid process bestows with a technique to
produce three-dimensional micro-features along with advanced surface superiority
and proficient elimination of crystallization layers verified by the surfacemorphology
as a result of using grinding after µ-EDM. Liu et al. [45] presented a novel process
using µ-EDM mingled with high-frequency dither grinding (HFDG) to enhance SR
of the micro-holes in high nickel alloy. From SEM, they observed reduced SR with
eliminated micro-cracks. Yeo et al. [46] employed various tool materials and input
energies to observe the consequences of machining conditions on tool wear, SR,
and burr width during machining of zirconium-based bulk metallic glass. It was
perceived that lower input energy reduced the SR by approximately 51% and burr
width by 63%. Tube electrodes were further encouraging over the rod electrodes in
terms of electrode wear ratio. Jahan et al. [47] investigated the surface finish usingµ-
EDM of WC with tungsten (W), copper tungsten (CuW), and silver tungsten (AgW)
electrodes. It was established that AgW electrode produces downy and imperfection-
free nanosurface with the lowest SR values among the considered electrodes. CuW
electrodes achieved the maximum MRR. Silver tungsten appeared best suited for
producing smooth, shiny, andhigh surfacefinishwith a negligible amount of defect on
the surface during the µ-EDM of tungsten carbide. Similarly, to advance the surface
excellence of micro-holes machined on beryllium copper (BeCu) alloys used for
micro-liquid-floated gyroscope, Dong et al. [48] investigated different dielectrics and
electrodes of multi-diameter. The results illustrated that there was an improvement
in the surface topology due to the synchronized application of the multi-diameter
electrode and deionized water as well as kerosene as the dielectric medium.

Bamberg and Heamawatanachai [49] presented a novel machining method for µ-
EDM that triggers the EDM tool on an orbital trajectory. Hole diameter was propor-
tionally increased to the orbital radius with the orbital motion of the tool, promoting
increased flushing due to the construction of a larger gap amid the tool electrode and
the workpiece. They also investigated that the increased flushing greatly reduced tool
wear, significantly improved themachining rate, and yields high surface finish for the
holes produced with large depth to diameter ratio (greater than three times). Again in
this area, a technique of complex rotary structures machining using µ-WEDM was
presented byYukui et al. [50]with the installation of a self-designed high-speed rotat-
ing spindle to µ-WEDM with two axes to facilitate the processing of multifaceted
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rotary structures. Its viability was investigated by producing micro-ball-ended probe
of diameters 97.6 and 0.7 µm in Ra.

Similarly, a deposited layer on the tool electrode was investigated byMurray et al.
[51] and found that it offered a protective effect against wear, potentially increasing
the life span of the electrode. From the results of SEM and EDS, a rich layer of
the workpiece element was observed on the electrode toward its non-operational
region. Piezoelectric self-adaptive µ-electrical discharge machining was proposed
by Fu et al. [52] which can apprehend self-regulation based on various discharge
conditions. Improved discharge stability was then compared to traditional µ-EDM,
along with higher machining performance and effective machining efficiency for
micro-structural parts andmicro-holes. Trych [53] presented carbonfiber’s electrodes
in µ-EDM and investigated the tool wear behavior under EDM condition.

Additionally, Plaza et al. [54] initiated a novel method of using helically shaped
electrode with the helix angle of 45° to overcome insufficient removal of the debris
when making a deep hole on Ti-6Al-4V and found 37% decrease in machining time
for hole diameter 800µm.They used graphite andCuWelectrodes formachining and
concluded that CuW electrodes are best suited for making holes of high aspect ratio.
Another work was reported byMaradia et al. [55] bymachining graphite electrode of
micro-scalewith small projection area using the implementation of die-sinkingEDM.
Results showed low electrode wear when increasing pulse duration at low current.
Koyano et al. [56] looked into the effects of electrodeswith elevated electric resistance
on stainless steel to decrease the MRR during µ-EDM because it determines the
minimum size of the machinable micro-hole. From the experimental results, they
finished off with the conclusion that with augmented value of electrode resistance,
the peak value of discharge current decreased and pulse duration increased. With
the increase in the resistivity of silicon electrode, the diameter micro-hole produced
using µ-EDM decreased. A brief study of using tungsten electrode on the aluminum
was presented byMlynarczyk et al. [57] for micro-electro-discharge alloying (EDA).
Surface layer subjected to the deposition process contained chemical components of
the electrode with recast layer thickness about 20µm. Resistance–capacitance (RC)-
type generator with an alternating current flow in µ-EDM through electrical circuit
simulation was used byQian et al. [58] to investigate the output results. Experimental
results revealed that using negative electrode polarity with low energy had efficiently
supplemented to the MRR. Pellicer et al. [59] observed the influence of inputs and
electrode geometry on the accuracy of micro-hole in a tool steel material. Different-
shaped copper electrodes were used to investigate H13 hot work tool steel by varying
the current, gap voltage (V g), pulse on time (T on), and pulse off time (T off) during
machining.



300 S. Boral et al.

13.3 Applications of Multi-Criteria Decision-Making
(MCDM) Methods for Multi-Response Optimization
of µ-EDM Processes

From the general literature survey, it has been well explicit that in most µ-EDM
case studies, experimentations are conducted using experimental design which suc-
cessfully identifies the optimal process parameters for a single response character-
istic. This single set of process parameter is perhaps most favorable for one quality
characteristic, but it may also offer sub-favorable results for other quality traits. The
suggested optimal setting has its own characteristic, application, advantages, and lim-
itations. Hence, it is necessary to go for global/multiple optimizations of responses
such that a single set of parameters that are most favorable for all the quality traits
might be apprehended. The decision for optimization often exhibits the presence of
several contradictory criteria for assessing the alternatives. Thus, there is a require-
ment for making compromise or substitutions concerning the alternative outcomes.
MCDM is rapidly evolving for the analysis of such type ofmultifarious problems due
to its inherent competence of evaluating alternatives on the basis of several criteria.
MCDM problems can be generally classified as “selection problem” or “mathemat-
ical programming problems.” The focus of multi-criteria selection problems is on
choosing the most favored alternative(s) from a predetermined set of alternatives. On
the other hand, multi-criteria mathematical programming methods intend to select
the optimal solution from an unlimited number of realistic alternatives by developing
an objective function subjected to some constraints and assumptions.

In this section, the authors address the applications ofMCDMmethods in the field
of the µ-EDM process. Natarajan and Arunachalam [60] explored the performance
of different responses in a µ-EDMed surface using Taguchi’s and grey relational
analysis (GRA). Ay et al. [61] applied GRA on µ-EDM drilling operation of Inconel
superalloy. Tiwary et al. [62] applied technique for the order of preference by similar-
ity to ideal solution (TOPSIS) method to identify the optimal parameters forµ-EDM
machining of Ti-6Al-4 V alloy. Manivannan and Kumar [63] also applied TOPSIS
method to identify the overall performance of the micro-machining of AISI 304
stainless steel. Bhosle and Sharma [64] applied GRA method to find an exclusive
parameter setting in machining of Inconel 600 alloy and considered different power-
ful process parameters like voltage, capacitance (C), EDM feed rate (FR), T on, and
T off in a TiC tool.

Manivannan and Kumar [65] also presented a TOPSIS-based approach for cryo-
genically cooled µ-EDM drilling process on AISI 304 stainless steel and considered
many factors including current (Ip), T on, T off, and V g as the input parameters to
optimize geometrical characterizations including taper angle (TA), OC, circularity
at the entry and exit (Cent and Cexit), while MRR, tool wear rate (TWR), and aver-
age roughness (Ra) were among the considered performance quantifiers. Sapkal and
Jagtap [66] used desirability function approach for locating most desired operating
conditions in micro-drilling of titanium alloy with the rotary electrode.
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13.4 Methods for Optimization of Performance
Characteristic of µ-EDM Processes

Recent trends in the optimization of performance characteristics of machining pro-
cess involve the applications of various nature-inspired or evolutionary or meta-
heuristic techniques. Following this trend, Pradhan and Bhattacharyya [67] pro-
posed the applicability of response surface methodology (RSM) coupled with
backpropagation-based artificial neural network (ANN) for the optimization of
machining characteristics of µ-EDM. Somashekhar et al. [68] presented a work
where they tried to find the best combination of the parameters of µ-WEDM process
by taking into consideration the concurrent effects ofV g,C, and FR. Authors planned
the experiments by design of experiment (DoE). Subsequently, ANOVAwas applied
to find out the effect of each input parameter on the output variable. Machining oper-
ation was performed on aluminum workpiece. For optimization purpose, genetic
algorithm (GA) was proposed to find the best possible inputs. Zhang et al. [69] eluci-
dated the idea to combine support vector machine and non-dominated sorting GA for
establishing a process model of µ-EDM and optimize the process parameter values
for desired outputs. Somashekhar et al. [70] conducted an experiment on µ-WEDM
setup to estimate the most favorable value of input parameters for preferred output
characteristics. They considered GV,C, and FR as the input variable, whereas output
responses were SR and OC. They optimized the value of input variables by using
GA. Somashekhar et al. [71] developed an approach by combining the principle of
GRAwith Taguchi method for optimizingµ-WEDM process parameters. In the said
experiment, MRR, OC, and SR were considered as the output variables by vary-
ing the values of input parameters, namely V g, C, and FR. ANOVA was utilized
to determine the inference of different parameters on grey relational grade (GRG).
The obtained GRG values were then utilized to parametric optimization. The pro-
posed method was validated by comparing the results with real-time experiment.
Somashekhar et al. [72] studied the effects of V g, FR, and C on the output variables
like MRR, OC, and SR. They subsequently showed the applicability of simulated
annealing (SA) approach for finding the best combinations of output variables. It
is obvious that for the said process, MRR would be maximized, whereas OC and
SR were minimized for the desired input variables. Nirala et al. [73] recommended
a Taguchi-based approach for optimizing the values of input process parameters in
a µ-EDM process. In this method, workpiece material was copper, whereas TiC
was utilized as tool electrode. Orthogonal array (OA) and signal-to-noise (S/N) ratio
concepts were in use for the optimization. Sivaprakasam et al. [74] tried to opti-
mize µ-WEDM machining of aluminum matrix composite by RSM. Zinc-coated
copper wear was considered as the tool material for the said experimentation. In
the said experimentation, various inputs and outputs such as V g, C, FR, MRR, Kerf
width (KW), and SRwere considered. The second-order mathematical modeling and
ANOVA were performed for the optimization. Jithin et al. [75] optimized the input
variables during the machining of Ti-6Al-4V by µ-ED milling using the principle
of GA. Considered input variables were V g, C, electrode rotational speed, and FR,
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whereas output responses wereMRR and TWR. The input parameters were designed
through RSM. The developed GA was aimed to minimize the TWR and maximize
the MRR. Suganthi et al. [76] presented a hybrid experimentation, where µ-WEDM
and µ-EDM were combined to minimize inaccuracies. The adaptive neuro-fuzzy
inference system (ANFIS) and backpropagation neural network were developed for
predicting the multi-quality responses generated in µ-EDM process. The considered
input variables were FR, C, and V g, whereas MRR, SR, and TWR were the outputs.
The predicted responses from the developed model were found suitable with practi-
cal experimentation. Maity and Mishra [77] carried out experimentation on Inconel
718 superalloy using µ-EDM process. ANNmodel was applied to predict the MRR,
OC, and recast layer thickness values. Furthermore, optimization of input parameters
was carried out by different heuristics techniques, such as elitist teaching–learning-
based optimization (ETLBO), multi-objective differential evolution (MODE), and
artificial bee colony (ABC) algorithms. A comparative study was also performed to
improve the accuracy of the proposed model based on Pareto-front solutions. Meena
et al. [78] employed Taguchi-based GRA model for optimizing input parameters of
µ-EDM process. In the experimentation, pure titanium was machined. The input
variables were current, frequency, and pulse width, whereas output parameters were
MRR, electrodeWR, andOC of the drilled hole. Through the experimentation, it was
found out that currentwas themost influential parameter formachining pure titanium.
Upadhyay et al. [79] employed ANN for predicting the MRR of a µ-EDM process.
Different input variables, such as voltage, C, and additives, were considered during
the design of the experiment. It was also highlighted that minimal error was present
between the real-time experimentation value of MRR and predicted value of ANN.
Abidi et al. [80] highlighted the applicability of multi-objective GA-II (MOGA-II)
for optimizing µ-EDM machining of nickel–titanium-based shape memory alloy.
The input variables considered were C, discharge voltage, and electrode material,
whereas output variables were MRR and SR. In their optimization problem, MRR
was tried to be maximized while SR was minimized. Other output responses were
also highlighted in the work, such as OC, TA, and circularity of the machined hole.
Effects of each input variable and their combinationswere highlightedwith respect to
output responses. Tables 13.1 and 13.2 present the summary of different techniques
as applied in optimizing machining process parameters, respectively, for µ-EDM
and µ-WEDM processes.

13.5 Summary and Future Scopes

µ-EDM is a well-known machining system having wide applications in various
areas such as biomedical, aerospace, manufacturing industry for drilling micro-
holes, micro-features, etc. In this chapter, authors have reviewed research papers
from 2009 to 2018 on process optimization of µ-EDM using MCDM and nature-
inspired algorithms and recognized that great research possibilities exist in this area
of micro-machining using µ-EDM. From the extensive review as presented above, it
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Table 13.1 Tabular review of models used in optimization of process parameters for µ-EDM

Reference Methods
applied

Input
parameters

Output
parameters

Workpiece material
(WPM) and tool material
(TM) used

Pradhan and
Bhattacharyya
[67]

– RSM
– ANN

– Ip
– Ton
– Flushing
pressure

– MRR
– TWR
– OC

– WPM: Ti-6Al-4V
– TM: Tungsten

Zhang et al.
[69]

– SVM
– Non-sorted
GA

– Discharge
peak current

– Ton
– Toff
– C (µF)
– Electrode
rotating
speed

– Servo
reference
speed

– Processing
time,
electrode
wear

– WPM: Aluminum
– TM: Brass

Somashekhar
et al. [70]

– ANN
– GA

– GV
– C
– FR (µm/s)
– Speed (S)

– MRR – WPM: aluminum
– TM: Tungsten carbide

Nirala et al.
[73]

– Taguchi-
ANOVA

– GV
– C
– FR
– S

– MRR
– OC
– TWR
– Error in
depth of hole

– WPM: Copper
– TM: Tungsten carbide

Jithin et al. [75] – RSM
– GA

– GV
– C
– Electrode
rotational
speed

– FR

– MRR
– TWR

– WPM: Ti-6Al-4V
– TM: Tungsten carbide

Maity and
Mishra [77]

– ANN
– ETLBO
– MODE
– ABC

– V
– Ip
– Ton

– Toff

– MRR
– OC
– Recast layer
thickness

– WPM—Inconel 718
superalloy

Meena et al.
[78]

– Taguchi-
based
GRA

– Current
– Frequency
– Ton

–
MRR, electrode
wear
– OC

– WPM: Pure titanium
– TM: Tungsten carbide

(continued)
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Table 13.1 (continued)

Reference Methods
applied

Input
parameters

Output
parameters

Workpiece material
(WPM) and tool material
(TM) used

Upadhyay et al.
[79]

– ANN – V
– C
– Additive
(either Al
powder or
SiC powder)

– MRR – WPM: Brass
– TM: Brass

Abidi et al. [80] – MOGA-II – V
– C

– SR
– TWR
– MRR
– OC
– Taper angle,
circularity

– WPM:
Nickel–titanium-
based shape memory
alloy

– TM: Brass and
tungsten

has been examined that TOPSIS,GRA,ANN, andGAmodels arewidely used in both
µ-EDM and µ-WEDM processes as depicted in Figs. 13.2 and 13.3 and presented
in Tables 13.1 and 13.2, respectively. TOPSIS method is founded on the perception
that the most preferred alternative is supposed to have minimum distance from the
positive ideal solution (PIS) and maximum distance from the negative ideal solution
(NIS). PIS is an imaginary solution for which all the criteria values correspond to
the best values, while the NIS is also an imaginary solution for which all the crite-
ria values correspond to the worst values. On the other hand, GRA which is a part
of grey system theory is appropriate to deal problems with uncertain information.
In this method, experimental data is first made dimensionless using normalization
technique to determine grey relational coefficient which represents the relationship
between the desired and real data. Then, overall grey relational grade is determined
which indicates the overall performance quality of the various responses. Among
the vastly used bio-inspired algorithms, ANN, also known as connectionist network,
basically mimics the concept of human brain and its mechanism. It is based on a
group of coupled nodes called artificial neurons that slackly model the neurons in a
biological brain. Every connection, such as synapses in a biological brain, is able to
transfer a signal from one neuron to another. It is used to predict the output value,
which in turn is dependent on a set of input variables. For efficient prediction of
the output variables, at first the ANN is trained with a set of input cases. As the
number of training cases increases, the efficiency of the ANN is also increased. But
over-training or under-training of the ANN is a major drawback which needs to be
properly addressed, whereas in many cases, real-world optimization problems can
be constraint as well as unconstrained in nature. To solve such problems, GA is one
of the simplest and effective random-based evolutionary algorithms. It is based on
natural selection process and modifies an individual solution repeatedly, until the
solution is achieved. The term random is used here to describe the random changes
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Table 13.2 Tabular review of optimization of µ-WEDM process parameters using different
methods

References Methods applied Input parameters Output
parameters

WPM and TM

Somashekhar
et al. [68]

– GA – GV
– C
– FR

– SR
– OC

– WPM:
Aluminum

– TM:
Zinc-coated
brass wire

Somashekhar
et al. [71]

– GRA
– ANOVA

– GV
– C
– FR

– MRR
– OC
– SR

– WPM:
Aluminum

– TM:
Zinc-coated
brass wire

Somashekhar
et al. [72]

Simulated
annealing (SA)

– GV
– C
– FR

– MRR
– OC
– SR

– WPM:
Aluminum

– TM:
Zinc-coated
brass wire

Sivaprakasam
et al. [74]

RSM – V
– C
– FR

– MRR
– KW
– SR

– WPM:
Aluminum
metal matrix
composite
(A413–9%
B4C)

– TM:
Zinc-coated
copper wire

Suganthi et al.
[76]

ANFIS – FR
– C
– Vg

– MRR
– SR
– TWR

– WPM:
Tungsten

– TM: Brass

applied to solutions of the current problem to generate another one. GA has become
common in usewherever there is the requirement to achieve optimization of the prob-
lem. The basic requirement to start with formulating a problem in GA is a genetic
representation and fitness function. The result of this review also puts forward future
research aspects in various areas such as the development of hybridµ-EDMmachin-
ing process; manufactured micro-components for further examination; development
of modeling and simulation approaches and exploration of novel techniques for
process optimization using evidential reasoning, rule-based reasoning, case-based
reasoning, development of expert system, and other new MCDM methods.
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Fig. 13.2 Numbers of research articles in optimization ofµ-EDMprocess parameters using various
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Fig. 13.3 Numbers of research articles in optimization of µ-WEDM process parameters using
various techniques (2009–2018)
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