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Abstract Micro electrical discharge machining (LEDM) is used for fabricating
microstructures and micro components such as arrays of micro tools, micropillars,
and complex three-dimensional shapes. These micro features are extensively used in
the field of micro-electro-mechanical systems (MEMS), bio-MEMS, environmen-
tal and information technology, and so on. WEDM variants such as micro electrical
discharge drilling (WED-drilling), reverse micro electrical discharge machining (R-
nEDM), drilling with in situ fabricated tool, block micro electrical discharge grinding
(B-WEDG), micro wire electrical discharge grinding (WWEDG), and micro electrical
discharge milling (WED-milling) are equally contributing toward the fabrication of
microscale parts and components. For the last few decades, researchers have mainly
concentrated on the dimensional accuracy and precision measurement while fabricat-
ing microstructures for quantifying the response measures to determine the quality
machining in micro level. Several factors such as machining parameters (electrical
and non-electrical), tool and workpiece fixation, resolution, and repositioning capac-
ity of the machine control dimensional accuracy and precision altogether. In addition,
for machining the micro features, micro tools have been used. So, it is very important
to study the tool wear because it directly affects the accuracy of micro features during
machining. Tool wear cannot be completely avoided, but it can be minimized up to a
significant level. Moreover, it can also be done using tool wear compensation. These
errors are highly responsible for getting the inaccurate dimension of the microstruc-
ture. It is important to analyze the effect of each factor meticulously to achieve a
precise and accurate dimension of micro components.
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1 Introduction

Micromachining has plenty of applications in electronics industries, aerospace engi-
neering, biomedical, etc. [1, 2]. Micro parts and components are one of the inevitable
parts of the human life because of their distinguishing advantages such as they utilize
less energy and material, require low power consumption, and have high sensitiv-
ity. Considering these distinctive advantages of micro features, researchers have got
attracted toward it and contributed a lot toward the development of micro features.
Based on different fabrication method, micro features with various shapes and sizes
have been fabricated till today. The challenging task while fabricating micro features
is ensuring the dimensional accuracy of the final product so that the product is solely
based on the desired measurement.

To meet the increasing demand of micromachining, number of manufacturing
processes such as laser beam machining (LBM), lithography, electroplating, and
molding (LIGA), micro ultrasonic machining (WUSM), micro electrical discharge
machining (LEDM), ion beam machining (IBM), and micro electrochemical machin-
ing (WECM) have been identified [1]. The last two decades saw a tremendous growth
in the application of R EDM in microdomain due to its inherent capability of using
a variety of machining techniques (drilling, milling, grinding, etc.) with ease of use
and lower processing cost. WEDM is one of the assuring micromachining technol-
ogy used for fabricating high aspect ratio profiles in electrically conductive materials
regardless of their hardness [3] as shown in Fig. 1. .EDM, being a contact-free pro-
cess, is free from chatter and vibration problems of the tool and workpiece and their
actuated inaccuracies [4, 5]. Several machining techniques such as drilling, groov-
ing, grinding, milling, and deburring can be performed in microdomain in a single
setup of WEDM. However, the process suffers a setback in the form of tool wear
which is an intrinsic feature of any EDM process [6]. The tool wear affects the shape
and size of the desired microcavity resulting inadequacy in dimensional accuracy
and precision [7]. Tool wear cannot be diminished entirely in wEDM, but measures
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Fig. 1 Photographic view of micro electrical discharge machining (WREDM) (Model: Hyper-15,
Make: Sinergy nano systems, Mumbai, India)
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can be taken to minimize it. The first and foremost necessity is the selection of pro-
cessing parameters of WEDM such that tool wear is minimum without impacting
machining efficiency and surface quality. A trade-off is often required between sur-
face quality and machining efficiency to attain dimensional accuracy and precision.
To remunerate the effect of tool wear, application of tool wear compensation strategy
is necessary. The framing of a compensation technique for W.EDM requires plenty of
pre-examined data on tool wear and its trend on the variation of the process param-
eters of WEDM. The accuracy of a certain applied compensation technique depends
on the correctness of the pre-examined or real-time data. Accordingly, faulty data
will lead to overcompensation or undercompensation of tool wear thus hindering
dimensional accuracy. Estimation of the relative tool wear ratio, i.e., the ratio of tool
wear rate to workpiece wear rate plays the most important role in formulating any
compensation strategy. Compensation techniques can be categorized as off-line and
on-line types. Off-line techniques rely on the extensive pre-examined data to incor-
porate relative tool wear ratio, whereas real-time techniques depend on some sorts
of in situ measurement methods to predict or estimate the wear ratio.

WEDM and their variants are applicable in micromachining, so it is essential to
be aware of the effect of individual processing factors in each of the variants to apply
the proper tool wear compensation techniques. Besides the machining conditions,
for instance, discharge energy, feed rate, tool rotation, etc., the inherent machine
setup parameters such as resolution and repositioning capacity of the machine along
with human partake in tool and workpiece fixation also plays a huge role in accuracy
and precision of micromachined components. Thus, it is essential to consider all the
factors involved with wWEDM to achieve dimensional accuracy and precision in the
micro features.

This chapter comprises process mechanism of WEDM, a detailed overview of
the different variants of WEDM, dimensional accuracy and precision measurement
of various features obtained by different variants of WEDM, and the state of art of
different variants of wWEDM in detail.

2 Process Mechanism of Micro Electrical Discharge
Machining (WLEDM)

The material removal mechanism in WEDM is based on electrothermal energy, which
is utilized in between the tool and the workpiece during the sparking process as
shown in Fig. 2. The electrical energy results in a series of discharges in between
the tool electrode and the workpiece to erode materials from tool and workpiece
simultaneously [8]. The discharged energy is employed in the form of thermal energy
causing melting and vaporization of the materials. The process takes place in the
dielectric medium, which is ionized due to the collision of electrons emitted from
the tool electrode. This phenomenon leads to dissociation of ions from the molecules
of the dielectric fluid, and as a result of this, the concentration of electrons and ions
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becomes high and such high concentration of electrons and ions is characterized as
plasma. The plasma channel provides the path for flowing sparks to remove materials
from the electrodes. The working principle of WEDM is similar to macro EDM, but
the former differs from the latter in certain aspects which can be listed as [9]:

a. Plasma channel diameter: The width of the plasma channel determines the size
of the unit removal of material that will expel out due to discharge. Unlike macro
EDM, where the size of the tool is several times larger than the plasma chan-
nel diameter; in WEDM, due to the smaller diameter of tool electrodes used,
the plasma channel diameter may equal or even exceed the tool diameter. The
pulse duration controls the expansion phenomenon of the plasma channel. It is
very important to limit the pulse duration until the plasma channel exceeds tool
diameter as the wear phenomenon of material in such cases are unpredictable.

b. Electrode heating: Electrode of diameter less than 1 mm is used for WtEDM. Since
the smaller electrode is used, it does not possess sufficient mass to transport the
heat from the discharge site. This property acts as a limiting source to the amount
of energy that can be supplied in the WEDM process and affects the erosion rate
of materials accordingly.

c. Viscous force of dielectric on electrode: The tool electrode is more susceptible
to deflection by the viscous force of dielectric due to its smaller size. This phe-
nomenon limits the volume and velocity of dielectric that can be supplied where
fluid friction possesses the capability to distort the tool electrode. Due to this
reason, in most of the WEDM process, jet flushing is used, which can be adjusted
to exert a minimum force on the tool electrode.

To achieve a micromachined profile with desired accuracy and precision, it is
very important to understand the factors that are acting and their effects in the mate-
rial removal mechanism of tool and workpiece. Besides the machining factors that
directly contribute to the wEDM process, some equipment setup parameters also
play a pivotal role in the quest for accuracy and precision. The factors affecting the
accuracy and precision in kEDM are listed in Fig. 3.
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Fig. 3 Classification of the factors affecting accuracy and precision in LEDM

2.1 Machining Parameters

The machining parameters play the most vital role in achieving dimensional accuracy
and precision as they directly affect the erosion mechanism of tool and workpiece.
Thus, itis essential to correctly select the machining parameters to obtain accurate and
precise micro features. The machining parameters affecting the wear of tool electrode
and the workpiece in WEDM can be grouped into electrical and non-electrical factors.
The electrical and non-electrical factors can be further subdivided into more discrete
elements which are discussed below.

a. Discharge energy: To produce micro features by wEDM, the supply of energy
in the inter-electrode gap has to be so minimal that it is just sufficient for the
required unit removal of material for micromachining. Resistance—capacitance
(RC) type pulse generator has been widely used to supply lower energy in wWEDM
where maximum discharge energy per pulse (Erc) can be written as depicted in
Eq. (1) [10]:

1

2
SCY; (1)

Egrc =
where, capacitance and gap voltage are denoted by C and V', respectively. The
capacitor stores the energy until discharge occurs whereas voltage determines the
breakdown limit for current flow through the dielectric fluid. Imperative param-
eters such as current and pulse duration are taken care by capacitance in RC-type
pulse generator [11]. Capacitor mainly controls the melting and vaporization of
materials during WEDM process whereas voltage controls the pulse initialization
factor. Transistor-type circuit has also been used in many WEDM applications
where discharge energy per pulse is expressed as shown in Eq. (2) [12]:

Ton
ET = Vp Ip m (2)
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where V, I, Ton, and T represent the voltage of a single pulse, current of
a single pulse, pulse duration, and pulse interval, respectively. The discharge
energy per pulse in transistor type is significantly higher and can be compared to
that of conventional macro EDM [13]. Current and voltage directly influence the
discharge energy in proportionality. Higher energy results in a powerful spark
and produces deeper craters on the workpiece surface, deteriorating the surface
quality and dimension [14]. The term “ﬂ‘nTj"T(‘ff” is also known as the duty cycle
which can be defined as the ratio between pulse duration and the total cycle
time (pulse duration + pulse interval). This parameter plays an important role
in the transistor-pulse-type generator of WEDM [15]. Although minimum 7 o
increases efficiency, a suitable combination of T, and T o is required for stable
machining and in most of the cases, the value of T is selected based on Ty,
value. Transistor-type generator increases efficiency but leads to poor surface
quality and imprecise dimension. Elsewhere, RC-type generator renders higher
dimensional accuracy and precision by commanding the voltage and capacitance,
which in turn controls the discharge energy.

b. Polarity: Polarity determines the direction of current flow throughout the circuit.
When tool electrode (linked to spindle) is joined to the cathode (negative polarity),
the polarity is termed as straight, whereas when it is joined to the anode (positive
polarity), the polarity is termed as the reverse. In either of the cases, the workpiece
is joined to the opposite terminal to that of the tool electrode. For the purpose of
micromachining, straight polarity is used, whereas when the desire is to remove
the maximum amount of material from the electrode linked with the spindle, the
reverse polarity is beneficial.

c. Feed rate: Feed rate in WEDM should not be correlated with the feed rate of
conventional machining where it determines the machining rate. The parameter
‘feed rate’ in all the variants of WEDM signifies the speed at which the tool adjusts
itself to maintain sufficient gap for discharge between tool and workpiece. Feed
rate principally performs two functions [16]. Firstly, when the process runs into
short-circuiting, the tool flinches back and accelerates with the action of a servo
control for maintaining stable sparking gap. Secondly, when the gap between
tool and workpiece is more than the spark gap, the tool positions itself with
the closest point of the workpiece surface for sparking to occur. An increase in
feed rate decreases the non-machining or idle time, thus increasing the processing
efficiency. But higher feed rate causes unwanted surface damage due to secondary
sparking caused by the trapped debris particles as they do not get sufficient time
to flush away from the discharge site.

d. Toolrotation speed: Tool rotation imparts a centrifugal force that supports in order
to throw away debris particles from the discharge region [17]. It also produces
an agitation effect and allows proper functioning of dielectric fluid by enabling it
to flow through the inter-electrode gap [18]. Tool rotation becomes imperative in
higher depth micromachining as the jet flushing would constrain up to a certain
limit, and the debris would adhere to the tool and workpiece surface. Vibration-
assisted tool holder or workpiece holder can produce agitation and remove the
trapped debris, but it requires an additional auxiliary setup. Thus, tool rotation at
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certain revolutions per minute (rpm) provides a subtle alternative for enhancing
the molten metal flow and debris flushing from the working zone [19]. The surface
quality also improves as rotation splits the spark and changes the spark position
ensuing in smaller craters on the workpiece surface.

2.2 Machine Setup Parameters

Some miscellaneous factors such as equipment motion capacity and human share in
the handling of tool and workpiece also affect the dimension of the micro features.
These parameters act as a vital source of errors in micromachining, although in
maximum study effect of these sources are neglected. The effects of the machine
setup parameters are discussed below.

a.

Tool electrode and workpiece fixation: Tool and workpiece fixation plays a sig-
nificant role in inhibiting positioning errors. Wang et al. [18] analyzed different
errors of a WEDM system associated with the end surface, shaft, and hole posi-
tioning. The end-surface positioning type is applicable for positioning of mutu-
ally perpendicular surfaces such as rectangular workpiece where an angle exists
between the ideal and actual position of the workpiece. The hole-positioning type
is applicable for micro wire electrical discharge machining (WWEDM) where the
wire electrode has to be inserted into the pre-drilled hole. The challenge lies in
positioning the wire electrode exactly at the center of the pre-drilled hole where
positioning error can be reduced by minimizing the hole and wire diameter. The
positioning of a rod, wheel, and other cylindrical structures can be executed by
a shaft-positioning technique which is similar to the hole-positioning method
except for possessing an electrode. The diameter of the electrode and round-
ness of the cylindrical body affects the positioning error. Apart from positioning
shift, improper tool-workpiece fixation may also lead to tapering and breakage
of tool electrode, thus hindering any form of accuracy and precision [19]. A high-
resolution vision system will allow a platform to visualize the errors inhibited
in clamping and rectification can be carried out by analyzing the images accord-
ingly. To machine complex microstructures, integrated technique (combination of
wWEDM, pnED-milling, etc.) is preferable to increase processing efficiency and
achieving higher accuracy. Reclamping of tool and workpiece should be avoided
as it would inadvertently produce an error in clamping that would transmit to
the machined product, so the processing route should be focussed on minimum
numbers of reclamping of tool and workpiece, preferably in single setting [20].
Resolution and repositioning capacity: Resolution refers to the smallest measur-
able decrement or increment in the position of the machine tool, whereas reposi-
tioning refers to the repeatability with which the machine can revert to a particular
position within the maximum travel of all the axes of the machine tool. Multiple to
and fro movements are often required to machine a complex microcavity. In such
scenario, the precise positioning of work coordinates is required, which depends



Accuracy Improvement and Precision Measurement on Micro-EDM 55

on the repositioning capacity of the machine tool. Pham et al. [21] reported nonat-
tainment of positioning accuracy and repeatability as one of the important roots
of error. In their research, they used laser interferometer for measuring the posi-
tioning repeatability and accuracy. Technically, lower the resolution and position
accuracy value, higher would be the chances of acquiring accurate work coordi-
nates, thereby increasing the probability of precise dimension of machined micro
features.

3 Different Variants of Micro Electrical Discharge
Machining

WEDM can be divided into several variants depending upon the micro features
desired, and thus, the movement of the electrode and workpiece needs to be
maneuvered accordingly. The several variants of WEDM which are in practice for
micromachining can be listed as follows:

3.1 Micro Wire Electrical Discharge Grinding (WWEDG)

WWEDG is used for fabrication of micro-rods whose processing mechanism is similar
to the W WEDM. In this process, a larger diameter rod is rotated and fed vertically
against the wire electrode to reduce the diameter of the rod. Compared to other
WEDM variants, WWEDG produces micro-rods with higher dimensional accuracy
and precision as the effect of tool wear is negligible or minimum in this case. This
is due to the continuous passing of fresh wire during machining. A sketch diagram
and photographic image of the W WEDG process are depicted in Fig. 4.

3.2 Block Micro Electrical Discharge Grinding (B-uEDG)

B-wEDG is used for fabricating micro-rods, where a larger diameter rod is rotated
and fed horizontally into a solid block. The solid block acts as a sacrificial electrode
in this process. A sketch diagram and photographic view of the B-wEDG process
are shown in Fig. 5. The machining efficiency of the B-wEDG process is higher than
WWEDG process as the rotating tool remains in the vicinity of a larger surface of
block compared to the wire in the WWEDG process. But, some tapering prevails in
the micro-rods fabricated due to the trapped debris between the tool and the block
along the axes of the tool. This leads to secondary discharges and a non-uniform gap
between the tool and block electrode.
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Fig. 4 a Schematic diagram of pWEDG. b Pictorial image of the process of WWEDG

3.3 Micro Electrical Discharge Drilling (wWED-Drilling)

In pED-drilling, a tool electrode is vertically fed against the workpiece until a desired
depth of the drilled hole is achieved. Figure 6 represents the schematic diagram
and pictorial image of WED-drilling where the tool electrode is rotated and fed
vertically against the workpiece. Drilling may be attained simply by vertical feeding,
but rotation increases machining efficiency and improves circularity in shape. This
process may be used for drilling blind holes as well as through holes according
to desired applicability. Precise machining of the blind hole is an exhausting task
compared with through holes due to the difficulty in estimation of the hole depth in
a blind hole.
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Fig. 5 a Schematic diagram of B-pEDG. b Pictorial image of the process of B-uEDG

3.4 Reverse Micro Electrical Discharge Machining
(R-uEDM)

Generally, in wEDM operation, the tool electrode is joined to the negative terminal
whereas the workpiece is joined to the positive terminal to impart high material
removal from the workpiece. But R-wEDM works on opposite polarity to that of
conventional LEDM with the motive of imparting more material removal in the
form of debris from the tool electrode connected to the spindle. This phenomenon
is used for fabrication of micro-rods, where larger diameter rods are fed against
pre-drilled holes on a plate with the intention of reducing the diameter of the rod to
that of pre-drilled holes. A schematic diagram of the R-wEDM process along with
its pictorial image is shown in Fig. 7. This process also allows fabrication of an
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Fig. 6 a Schematic diagram of WED-drilling. b Pictorial representation of WED-drilling process

array of micro-rods when the rod is fed against an array of pre-drilled holes. The
spindle cannot be rotated in such cases as rotation would vanish any microstructure
fabricated on the rod on its periphery other than its center.

3.5 Drilling with in Situ Fabricated Tool

This technique is accomplished in two steps. In the first step, —ve polarity is assigned
to the tool electrode to drill micro hole in the plate electrode (Fig. 8a, b). In the second
step, +Vve polarity is assigned to the same tool electrode (rod), which is now treated as
a workpiece for the reduction of its diameter. The same electrode is then withdrawn
and moved slightly in the lateral direction (x-axis or y-axis) to make an eccentricity
with the drilled hole (Fig. 8c). Thereafter, the rotating workpiece (rod) is moved
downward to interact with the side of the drilled hole as shown in Fig. 8d. While
being fed downwards, the workpiece loses material from the surface resulting in a
decrease in its diameter. Thus, a micro rod is fabricated, which can be used as a
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Fig. 7 a Schematic diagram of R-wnEDM. b Pictorial representation of R-wEDM

micro tool. This process is known as drilling with an in situ fabricated tool because
the fabricated micro rod is further used as a tool electrode. The fabricated micro rod
used later as a tool to drill micro holes on the metallic plates is depicted in Fig. 8e, f.

3.6 Micro Electrical Discharge Milling (wED-Milling)

WED-milling is the technique through which tool electrode is continuously fed in
horizontal (x—y) direction with a predetermined depth of cut which is set at the
beginning of machining. It is generally performed as a layer by layer machining
process, where each layer contributes a certain depth of cut. Figure 9a represents
the sketch diagram of a WED-milling process used for fabricating microchannels.
Micro slots fabricated on copper by wED-milling process are shown in Fig. 9b. The
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movement mechanism of wED-milling allows machining of complex microcavities
with the use of simple cylindrical micro tools. Thus, the process eliminates the use
of complex-shaped tools for machining 3D cavities as in the case of die-sinking
wEDM process. But tool wear is a concern to maintain the dimensional accuracy of
the features to be machined on the workpiece. In this case, to get accurate dimension
and precise measurement of the machined cavity, tool wear needs to be compensated
by some form or other.

4 Dimensional Accuracy and Precision Measurement

WEDM is broadly used for fabricating micro features, for example, micro-rods, micro
slots, and micro holes due to their broad applicability in industries. Quantitative eval-
uation of these micro features is essential to achieve accuracy and precise dimension.
The performance measures by which the micro features can be analyzed are described
in this section.
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4.1 Micro-rods

Machining time, surface roughness, standard deviation in diameter, and average
diameter are the response measures needed to be quantified in order to obtain the
micro features with target diameter and length along the surface of the micro rod.

Average diameter: The secondary sparking between the tool and workpiece causes
non-uniform tool wear leading to a tapered micro feature. In case of micro-rods,
taperness can be assessed by calculating the average diameter of the rod along its
entire length, i.e., from tip to root. Figure 10a shows a schematic diagram depicting
the target diameter and obtained diameter of a micro rod. A micro rod fabricated by
WEDM is represented in Fig. 10b. The diameter of the rod is evaluated at different
position along the length of the rod. The tip and middle part of the rod show desired
diameter. However, a signification variation of diameter is observed in the root of
the rod. To clarify the difference in diameter of the micro rod, the deviation of the
micro rod diameter is plotted along its entire length as represented in Fig. 10c. The
straightness of the fabricated micro rod holds good till it reaches 700 pm length.
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Fig. 10 Representation of average diameter

Beyond 700 pwm, i.e., in the root of the micro rod, a high amount of deviation is
observed.

Standard deviation in diameter: It can be used to study the deviation in straightness
along the top surface of the micro rod. Straightness should be constantly maintained
on the entire length of the micro rod. Deviation of straightness along the length of
the micro rod can be assessed by calculating the standard deviation in diameter.
Minimum standard deviation of diameter is desired to achieve accurate and precise
micro rod.

4.2 Micro Holes

Tool wear rate (TWR), material removal rate (MRR), overcut, circularity, taper angle,
edge sharpness, and recast layer are the response parameters which are directly
involved in the evaluation of micro holes in order to characterize them.

Tool wear rate: It is the amount of tool material which erodes slowly from the tool
per unit time during the machining process. TWR is to be controlled to obtain the
error-free micro features with higher dimensional accuracy. The schematic diagram
depicted in Fig. 11 shows the ideal condition and the real condition of the tool after
the machining process.

Material removal rate: Material removal rate (MRR) is the quantity of undesirable
material which comes out from the metal surface per unit time for getting the desired
features. It can be evaluated by measuring the weight before and after the machining
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Fig. 11 Shape of the tool after machining in ideal and in real condition. a In ideal condition.
b Tapered and oval shape along the length and end surface, respectively, in real condition. ¢ Irregular
surface and irregular oval shape along the length and end surface, respectively, in real condition

process as depicted by Eq. (3). Further, MRR can be also determined by calculat-
ing the volume of material removed after an operation or measuring the irregular
geometrical features as depicted by Egs. (4)—(6) and the corresponding schematic
diagrams as shown in Fig. 12a—c, respectively.

Wi — Wi
MRR = ———F«—— (3)
Machining time

where, initial weight (before machining) and final weight (after machining) of the
workpiece are denoted by W; and W, respectively.

o " wr? xh
MRR in ideal condition = ————————— “)
Machining Time

2r 2r(T0p Radius)

(a) |<—>| (b) |<_>|

_+ +_2 r(Bottom Radius)

(¢

Fig. 12 a MRR in ideal condition. b MRR in case taper shape feature. ¢ MRR of irregular shape
feature
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MRR (in case of frustum shape)
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MRR (in case of irregular shape) = Machinine G
achining time

where /1 denotes depth of the hole and r indicates different radii.

Overcut: It occurs due to the spark gap or inter-electrode gap (IEG) existing
between the tool and the workpiece. Overcut can be calculated by Eq. (7) and its
corresponding sketch diagram is represented in Fig. 13. As the IEG is an inevitable
situation in EDM; hence, overcut is an unavoidable phenomenon. Although it brings
some deviation in the size of the drilled hole than the size of the tool concerning
diameter, in turn, it is an advantageous situation for EDM. Overcut helps in main-
taining the IEG between the electrodes. Hence, a healthy machining without short
circuit takes place. Moreover, the overcut provides the clearance between tool and
workpiece which provides the free passage of the debris particles to come out of the
machining zone. It varies with the increase in voltage and capacitance and can be
minimized by proper adjustment of the process parameters.

Hole diameter — Tool diameter
Overcut = 5 @)

Fig. 13 Representation of
overcut and taper angle
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Taper angle: The tapered surface starts from the entry edge of the hole and ends
with exit edge of the hole of the workpiece as shown in Fig. 13. The taper angle
subtended by this surface is mathematically expressed in Eq. (8). Taper angle occurs
due to secondary sparking, which removes more material gradually from the entry
side when the sidewall of the tool interacts with the wall of the already machined
hole while moving downward. Moreover, the inevitable phenomenon of tool wear in
EDM is also responsible for causing taperness in drilled hole.

®)

T le(@) = t _, ( Entry diameter — Exit diameter
aper angle(f) = tan
p g 7

where h represents depth of the hole.

Circularity: It defines the roundness of the circular features of machined parts.
Practically, circularity demands the edge of the features to be round. The deviation
in the circular features, i.e., out of roundness of a micro hole is known as circularity
error. Circularity error of a hole can be measured by a technique using circumscribed
and inscribed circle of the hole as shown in Fig. 14. The difference between the radius
of the circumscribed and inscribed circle is used to measure the circularity error of
the hole as depicted in Eq. (9). Circularity error mainly occurs due to non-uniform
sparking at the edges of the hole.

Circumscribed diameter — Inscribed diameter

Circularity error = >

€))

Edge sharpness: It is defined as the uniformity on the edge of the micro hole through-
out the circumference. The irregularity in edges of a hole known as edge deviation,
occurs due to non-uniform sparking in the form of arc pulses, short circuit pulses,
open-circuit pulses, etc. [22], during the machining process. Edge deviation is the
average gap between the circles circumscribing and inscribing at the edge of a certain
segment in the hole. Itis calculated by measuring the diameter of the curves inscribing
and circumscribing the edge as shown in Eq. (10) corresponding to Fig. 15.

Fig. 14 Circularity error Original profile
of the micro hole

Inscribed Circumscribed
circle circle
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Fig. 15 Edge deviation

oo Maximum diameter — Minimum diameter
Edge deviation = > (10)

Recast layer: During the sparking process, a high temperature is generated in the
working zone which causes the metals to melt and vaporize and flushes away from
the sparking region in the form of debris. But a small portion which does not get
flushed away from sparking region remains deposited on the finished work surface.
The deposited amount on the finished work surface in the form of molten metal, after
solidification, is known as recast layer as shown in Fig. 16. This also has an effect
on the quality of the drilled holes. Hence, it is important to assess the thickness of
the recast layer.

Fig. 16 Recast layer

Recast layer
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4.3 Micro Slots

The effect of tool wear in WED-milling of one layer is represented in Fig. 17. It is
detected that, as the milling progresses along the length, the width and depth of the
slot decrease leading to inaccuracy and imprecision. The dimensional inaccuracies in
pED-milling of one layer are further classified in Fig. 17a, where d| and d, represent
the depth of the slots at start and end; w; and w, represent the width of the slots at
start and end of the top surface; wy,; and wy, represent the width of the slots at start
and end of the bottom surface, respectively. Deviation of the slot along the width and
depth is clearly visible. Figure 17b represents the effect of tool wear on the micro
slots due to single-layer machining by wED-milling process. The width and the depth
of the slot gradually diminish as the length of the milling proceeds. To overcome the
problem of deviation, tool wear compensation techniques need to be used. Many tool
wear compensation techniques have been proposed by several researchers which are
mentioned in details in Sect. 5.6. Traditionally, to and fro scanning method is used
to get similar dimensional features over the two ends of a milling slot as depicted
in Fig. 17c. But for achieving precise and accurate dimensional features, tool wear
compensation techniques need to be employed.

5 State of the Art of kEDM

The dimensional accuracy and precision measurement are few of the important
aspects by which one can judge the progress, improvement, and advancement of pro-
cess capabilities and dimensional errors of the micro features fabricated by wEDM
process. There are different variants of WEDM such as wED-drilling, R-wEDM,
drilling with in situ fabricated tool, s WEDM, wWEDG, B-LEDG, and nED-milling,
and their progress by many researchers are mentioned in the following subsections.

5.1 Micro Wire Electrical Discharge Grinding (W WEDG)

WWEDG utilizes traveling wire as a tool electrode. This process is applicable for
grinding micro-rods to reduce their diameter further. In the year /985, Masuzawa
et al. [23] introduced a method called wWEDG for the machining of small diam-
eter rods. The process provided little accuracy and excellent repeatability with an
error < 1 pwm. Moreover, they also fabricated many thin shape parts and components
such as needle-shaped parts, electron emitters, punches, and electrode for EDM. Sheu
[24] introduced a new hybrid technique combining one pulse discharge (OPD) with
WWEDG to machine multi-micro-spherical probes. Using this method, he found a
better result in the form of instantaneous fabrication of micro-spherical probes of
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approximately 40 wm diameter. Rees et al. [25] combined the w WEDG with a rotat-
ing submergible spindle for carrying out the machining operation. They conducted
an experimental study to find out the statistically significant parametric condition
using optimization technique which influences the surface quality more during the
main cut. W\WEDG and B-pwEDG processes were combined by Oliaei et al. [26] to
machine milling tools in micro size of variant geometries on tungsten carbide (WC)
and polycrystalline diamond (PCD). In their study, they maintained the quality while
fabricating the microfluidics chips, which was actually a prototype, using micro end
mill tool. For improving the processing efficiency and the consistency accuracy of
the WWEDG operation, Tangential feed WEDG (TF-WEDG) technique was taken
by Zhang et al. [27]. They combined TF-WEDG to real-time measurement system
through the charge-coupled device (CCD). Moreover, they joined the self-drilling
holes method with TF-WEDG for further enhancement of the machining efficiency
while fabricating micro-rods. Using the fabricated micro-rods, micro hole drilling
was performed. The results of their study demonstrated repeated machining accuracy
of micro-rods to be around or lower than 2 wm and consistency accuracy of arrayed
micro holes to be around #-1.1 wm [27].

5.2 Block Micro Electrical Discharge Machining (B-uEDG)

B-wEDG involves a multi-pass process in which certain amount of material erodes
from each side of the workpiece to minimize the dimensions of the micro features.
Ravi and Huang [28] have developed the B-pwEDG method for fabricating symmet-
rical sections such as rectangular, tapered, circularly, stepped, and triangular. They
found the process to be feasible for fabricating micro features with various shapes.
Zhao et al. [29] proposed a tangential feeding method of B-wEDG to overcome the
difficulties encountered while fabricating micro-rods of desired dimensions. Exper-
imental results of their research highlighted the present method to be effective in
terms of producing accurate dimensions of the micro-rods. Formation of the taper
angle is one of the major problems in the B-wEDG method, and for solving this
problem, Jahan et al. [30] introduced electrode in the form of a moving block while
fabricating micro-rods.

5.3 Micro Electrical Discharge Drilling (wWED-Drilling)

The WED-drilling process is frequently used for drilling micro holes in a vast scope of
demands, for instance, biomedical, automotive, aerospace, MEMS, and nuclear sec-
tor. In the recent past, a significant contribution has been made by many researchers
toward the enhancement of the accuracy of the edges of the micro features. The
improvement made by different researchers regarding the machining of micro hole
is stated here.
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Pham et al. [31] introduced a simple technique based on geometrical informa-
tion for evaluating the volumetric wear ratios of the tool electrode, i.e., tube and
rod types. They briefly discussed the electrode shape variation during the machining
process consisting of various machining parameters and suggested possibilities of
some wear compensation techniques. Pradhan and Bhattacharyya [32] proposed a
novel technique for improving the accuracy of micro holes concerning straightness.
They introduced a method of changing the polarity in a particular interval of time,
which removes debris particles efficiently from the inter-electrode gap to improve
the accuracy of micro holes. Puranik and Joshi [33] explored the connection among
the achieved depth of the micro hole and their accuracy in wEDM. They observed
that the micro hole with depth 5.0 mm could be easily achieved using 200 pm tool
electrode by controlling the input conditions. Further increase of depth was not possi-
ble due to the occurrence of debris accumulation and secondary sparking. Transistor
and RC-type generators in WEDM have been studied and explored by Jahan et al.
[14] for obtaining quality micro holes. They found that RC-type was more appropri-
ate for obtaining better micro holes in terms of accuracy and surface finish. Aligiri
et al. [34] introduced a technique for improvement of tool wear in WED-drilling,
wherein compensated length was calculated and adjusted until the target volume of
removed material was reached. Result confirmed that the developed technique was
more reliable than the uniform wear method (UWM). Jahan et al. [35] proposed
vibration-assisted wEDM, in which workpiece was vibrated with low frequency for
improving the performance of WEDM deep hole drilling. It was observed that the
current approach improves the internal surface of the deep micro holes in terms of
surface quality and accuracy. Heinz et al. [36] utilized non-magnetic materials in
magnetic-field-assisted WEDM in their novel work. The result showed improvement
in terms of increased volume removal and decreased tool wear, i.e., 28% and 50%
between 0.33T and 0.66T, respectively, during the machining process. Maity and
Singh [37] optimized the controlling parameters of the WEDM operation like capac-
itance, voltage, speed of rotation, and feed of tool, which influenced the response
measures such as machining time, recast layer, and circularity error for drilling
micro holes. Jahan et al. [38] utilized workpiece vibration-assisted W EDM machine
for calculating the effectiveness of the low-frequency vibration for deep hole drilling.
The result showed that 75 Hz vibration frequency and their corresponding ampli-
tude of 1.5 pwm to be appropriate for improving the performance of both machining
characteristics and the accuracy of the micro holes. Ferraris et al. [39] applied an
innovative method for drilling micro holes having an aspect ratio greater than 30.
For doing so, they insulated the sidewall of the tools employing a coating to prevent
the secondary sparks during the drilling process. They successfully drilled a 0.2 mm
diameter micro holes with an aspect ratio of around 120 within a time duration of
1 h. Natarajan and Suresh [40] performed the machinability study of stainless steel
grade 304 during WED-drilling operation. They observed that lower range of current
and pulse on time enhanced the quality of the micro holes in terms of surface, while
the higher range of current and pulse on time deteriorated the quality of the sur-
face. D’Urso and Ravasio [41] investigated the effect of variant process parameters
and the properties of the workpiece, for example, stainless steel, tungsten carbide,
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and aluminium, and electrode materials such as tungsten carbide and brass, respec-
tively, while drilling micro holes. They applied appropriate fitting equation with an
acceptable coefficient of determination to analyze the summarized behaviours.

5.4 Reverse Micro Electrical Discharging Machining
(R-wnEDM)

In general, reverse machining in EDM means polarity conversion from negative to
positive and vice versa. But the term used R-wEDM by many researchers in WEDM
is different from the above. R-wEDM is a normal machining method where instead
of keeping the workpiece on the work table, it is attached to the spindle through
collet, and on the other hand, the tool is held on the work table.

From the last decades, work on reverse WEDM has been in constant progress. In
the year 2006, Kim et al. [42] successfully machined micro rod using different val-
ues of voltages and capacitances. For enhancing the accuracy of the micro features,
they calculated the wear ratio at various values of input conditions and obtained the
optimum input condition. They also fabricated different shapes of micro features on
stainless steel such as channels (slots), grooves, micro hole, and rod arrays. To char-
acterize the R-wEDM process while fabricating micro-rods, Taguchi methodology
was applied by Mujumdar et al. [43], Mastud et al. [22], and Singh et al. [44]. Mujum-
dar et al. [43] used a bulk brass rod as a workpiece having diameter 2 mm and a thick
copper plate of 200 pm with pre-drilled 200 pm circular hole and 400 pwm square
hole as a tool. They observed the gap voltage and capacitance to have more influence
on response parameters such as dimensional accuracy, zero error length, and surface
roughness. Moreover, they noticed that gap voltage was the utmost important factor
accountable for the accuracy of the micro-rods along their length. Mastud et al. [22]
used tungsten carbide 0.8 mm diameter as a workpiece and tungsten copper as a tool
electrode having thickness 300 pm with a pre-drilled micro hole of 100 wm. They
observed the erosion rate to advance with the passage of time during machining.
Moreover, they found that lower thickness of tool electrode was more responsible
for the enhancement of surface roughness of the fabricated micro-rods. Singh et al.
[44] used a copper plate and tungsten rod as tool electrode and workpiece, respec-
tively. The thickness of the tool was 293 wm with a drilled hole of 212 pwm, on the
contrary, the diameter of the workpiece was 0.8 mm. They focused on the accuracy
of micro-rods to detect the deviation in length and the diameter from the target length
and diameter in the form of input feed length and pre-drilled hole, respectively. They
also detected the capacitance and feed rate to have more influence on the deviation
in length of the micro rod. On the contrary, gap voltage, capacitance, and feed rate
were uniformly responsible for the deviation in average diameter. Moreover, voltage
contributed more toward the straightness of micro-rods throughout the length.
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Jahan et al. [45] machined microstructures with lower machining time and showed
improvement in the machining accuracy at optimum condition of machining param-
eters. Nirala and Saha [46] introduced a new method for tool wear compensation
in R-wEDM. They compared the method with uniform wear method [47] and nor-
mal machining (without compensation) and found reduction in errors (i.e., existing
method by 2%, normal machining by 18.2-22.4%, and uniform wear method by 4.0—
8.3%). In the year 2016, a simple analytical model for evaluating the tool wear and
material removal from workpiece was developed by Singh et al. [48]. They achieved
lower tool wear, lower material removal, and less taper along the length of a long
micro rod of 2 mm at lower parametric conditions (100 V, 100 pF) compared with
higher parametric conditions (150 V, 10* pF).

5.5 Dirilling with In Situ Fabricated Tool

In this method, a micro hole is first drilled using a negatively charged rod electrode,
and then the rod electrode is retracted to its original position. After that, the rod
electrode is moved at a certain distance horizontally from its original position (i.e.,
offset), and subsequently, the reverse polarity is applied. Finally, either of the condi-
tion such as with or without rotation is used to feed the tool into the plate electrode
during the machining process and thus a micro rod with lower diameter is obtained.
The benefits of this technique are that no adjustment is required while machining
micro rod. Yamazaki et al. [49] used different values of off-centered, i.e., 60, 75, 78,
80, 85, and 90 pm based on off-centering concept chart. Their research highlighted
an improvement in the accuracy of the micro rod in the form of machining straight
micro rod without taper. Using this method, Yamazaki et al. also machined straight,
stepped, multi micro-rods, and other complicated shape features.

In the subsequent papers of Yamazaki et al. [S0-52], they worked on a process
where they tried to reduce the plate electrode wear while fabricating straight and
long micro-rods. For enhancing the precision of the machining process, they adopted
two-step method, run out measuring method, and dummy hole diameter measuring
method. Utilizing the adopted method, they obtained high accuracy micro rod without
even coinciding the rod with the axis of rotation.

5.6 Micro Electrical Discharge Milling (wED-Milling)

WED-milling is the technique in which the tool electrode advances in the horizontal
x—y direction at a particular depth of cut initiated at the beginning of machining.
It is generally performed as a layer by layer machining process, where each layer
contributes a certain depth of cut. To get an accurate dimension and precise mea-
surement of machined cavity tool wear needs to be compensated by some form or
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other. Compensation can be applied based on the extracted dimensional features in
real-time or can be predetermined based on wear ratios of tool and workpiece.

In the year 1989, Sato et al. [53] fabricated a wide groove of 50 pum on metal
block using WED-milling. Later, Masuzawa and Tonshoff [54] have verified the
result obtained by Sato et al. Electrode deformation is one of the major problems in
WED-milling due to tool wear. For the rectification of tool wear problem, Yu et al.
[6, 47] presented a technique which combined uniform wear method (UWM) with
longitudinal wear compensation. The outcome confirmed the applicability of this
approach for 3D microstructures. Moreover, mathematical relations were derived for
tool wear compensation and applied in machining square cavities with sharp corners
and inclined planes. Bissacco et al. [55] investigated tool wear and material removal
(workpiece) using WED-milling process, in which they selected typical process para-
metric combinations for roughing and finishing operation. Volume measurement and
discharge counting have been made for several energy levels and their effect in terms
of errors on material removal per discharge and electrode wear per discharge was
found to be relatively high. Karthikeyan et al. [15] used design software in order
to evaluate the eroded amount of material from the tool and the workpiece. They
detected that the rotation speed shows a major role in getting the desired material
removal rate (MRR). Moreover, they also observed that the tool rotation affects the
final shape of the features due to debris flushing and partially re-deposition of the
molten metal [11]. In the consequent work [56], they developed a simple empirical
equation with 95 and 99% confidence level for MRR and TWR. The results demon-
strated the contribution of more energy and speed in the case of a single performance
study, whereas feed was a significant contributor in the case of multi-performance
analysis. Material removal from the tool significantly affects the machining efficiency
while fabricating microchannel and it is one of the major problems in wED-milling.
For solving this problem, a new compensation method was introduced by Li et al.
[57], which was based on scanned area (BSA) that removes materials layer by layer.
The BSA method improved the machining efficiency compared to that of UWM and
the combination of both UWM and linear compensation. Jafferson et al. [58] applied
ultrasonic vibration and magnetic field at the same time and at a different time in
their work. The experimental results of their study highlighted an improvement in
the machining efficiency in case of using ultrasonic vibration and magnetic field
separately. On the other hand, they got poor results in case of jointly using ultra-
sonic vibration and magnetic field. Moreover, they [16] also analyzed the effect of
non-electrical parameters, for example, horizontal tool feed rate (HTF), layer thick-
ness (LT), and tool rotational speed (TRS), and found significant results in case of
using speed and horizontal feed rate. The roots of the faults in wED-milling were
examined by Tong et al. [59] and they proposed a layer depth constrained algorithm
(LDCA) and an S-curve accelerating algorithm (SCAA) to decrease the errors. They
found improvement in the results in terms of getting machined microcavities of less
than 800 pm with enhanced machining accuracy and MRR. Zhang et al. [60] used
fixed length compensation method, in which geometrical and mathematical models
were formulated. Later, several trials were used to confirm the model. The devel-
oped model was taken to predict the fabricated work surface and the tool surface
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electrode. Wang et al. [61] established an in situ pulse monitoring system for under-
standing the process dynamic and a combined off-line and in-line adaptive tool wear
compensation. Dimensional accuracy and tool wear rate of stainless steel (S304)
were investigated by Ali et al. [62]. They also analyzed the TWR and width of the
microchannel data and developed a corresponding empirical relation. They obtained
minimum microchannel width and TWR at a voltage of 91 V and feed rate of 10 wm/s
[62].

6 Summary

WEDM is one of the established processes through which micro features, for exam-
ple, micro-rods, micro holes, and micro slots can be fabricated easily on electrically
conductive metals irrespective of their hardness. From the last few decades, many
researchers have contributed a lot of their work on which they show the improve-
ment in the fabrication of microstructures while using WEDM. The progress and
improvement in WEDM for the fabrication of micro features are increasing contin-
uously because of their wide application in the area of electronics, nuclear sectors,
biomedical, MEMS, etc.

The main concern which affects the accuracy and dimensions of the micro features
is the tool wear. It is detected by the researchers that the elimination of tool wear can
resolve almost all the problems that lead to the incorrect dimensional variation of
the micro features in terms of shape and size. For reducing the tool wear, researchers
have developed many compensation methods. Still, researchers are trying to develop
improved methods of compensation. Tool wear can also be reduced significantly by
the proper selection of parametric conditions such as voltage, capacitance, current,
and tool material.

In the current era, researchers are engaged in fabricating error-free micro fea-
tures by the use of suitable compensation techniques. This chapter has provided a
brief explanation about the progress of the machining efficiency of .EDM in terms
of accuracy improvement and precision measurement. The recent advances of the
different variants of WEDM have also been presented in this chapter.
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