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Abstract

Electrochemical and electro-discharge machining processes are the two major electro-machining processes with unique capabilities.
Electrical Discharge Machining (EDM) and Electrochemical Machining (ECM) offer a better alternative or sometimes the only
alternative in generating accurate 3-D complex shaped macro, micro and nano features and components of difficult-to-machine
materials. Technological advances reported in electrochemical and electro discharge machining processes, which reflect the state of
the art in academic and industrial research and applications, are briefly reviewed in this paper.
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1. Introduction

The demand for macro- and micro- products and
components of difficult-to-machine materials such as
tool steel, carbides, super alloys and titanium alloys has
been rapidly increasing in automotive, aerospace,
electronics, optics, medical devices and communications
industries. In spite of their exceptional properties many
of these difficult-to-machine materials seem to have
limited applications. These materials pose many
challenges to conventional machining processes (such as
turning and milling). For example titanium alloys are
susceptible to work hardening and its low thermal
conductivity and higher chemical reactivity result in
high cutting temperature and strong adhesion between
the tool and work material leading to tool wear.
Electrical ~ Discharge = Machining (EDM)  and
Electrochemical Machining (ECM) offer a better
alternative or sometimes the only alternative in
generating accurate 3-D complex shaped features and
components of these difficult —to- machine materials.
This paper presents a brief review of the state-of-the art
research and developments in modeling, surface
integrity, monitoring and control, tool material and tool

wear and hybrid processes. Recent reports on emerging
nano-scale electro machining are also reviewed. The
second section describes the research activities in ECM.
EDM research efforts are presented in third section.
Nano electro machining (nano-EM) is briefly discussed
in section four. The last sections provide summary and
acknowledgements.

2. Electrochemical machining

Electrochemical machining (ECM) is a non-
traditional machining process in which material is
removed by the mechanism of anodic dissolution during
an electrolysis process [1, 2]. A D.C. voltage (10-25
volts) is applied across the inter-electrode gap between
pre-shaped cathode tool and an anode workpiece. The
electrolyte (e.g. NaCl aqueous solution) flows at high
speed (10-60 m/s) through the inter-electrode gap (0.1-
0.6 mm). The current density is usually 20 to 200
Amperes per cm square. The anodic dissolution rate,
which is governed by Faraday’s laws of electrolysis,
depends on the electrochemical properties of the metal,
electrolyte properties and electric current/voltage
supplied. ECM generates an approximate mirror image
of the tool on the workpiece. Advantages of ECM over
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other traditional machining processes (e.g. turning and
milling) include its applicability regardless of material
hardness, no tool wear, comparable high material
removal rate, smooth and bright surface, and the
production of components of complex geometry with
stress-free and crack-free surfaces [3]. Therefore, ECM
has been applied in many industrial applications
including turbine blades, engine castings, bearing cages,
gears, dies and molds and surgical implants. A recently
conducted study of technological and economical
comparison of roughing operation of titanium and nickel
based blisks by milling, EDM and ECM shows
depending on the geometry, ECM is comparable in
machining titanium alloy. EDM has been found to be a
better alternative for smaller batch sizes whereas ECM is
more suitable for large scale production [4]. The
research and technological development activities in
ECM process, its variants and related hybrid processes
are continuing to address its emerging applications.
Pulse electrochemical machining (PECM) is a variation
of ECM where a pulsed power is used instead of DC
current. PECM leads to higher machining accuracy,
better process stability and suitability for control. These
advantages are due to the improved electrolyte flow
conditions in the inter-electrode gap, enhanced
localization of anodic dissolution, and small and stable

gaps found in PECM [5,6]. When applied for
micromachining PECM is referred as pulse
electrochemical micromachining (PECMM). ECM

process mechanism has been used in developing a
pulse/pulse reverse approach to electro-polishing and
thorough-mask electro-etching with applications to
automotive planetary gears, fluid control valves, medical
stents and superconducting radio-frequency cavities [7].
As mentioned earlier ECM applications include
aerospace [8, 9], biomedical [10, 11], deburring [12],
energy [13-17], deep hole machining for automotive
applications [18-20], and tribology [21].

2.1. ECM Process modeling, simulation and Tool
Design

In ECM and its variant processes, it is essential to
estimate the anode material removal thickness at a given
time increment. The material removal thickness is a
function of current density distribution at the gap
including the varying electrical conductivity of the
electrolyte. The electrolyte properties depend on the
temperature and gas bubble formation, which in turn
depend on the velocity and pressure fields besides
current density. Therefore ECM modeling involves a set
of mass, heat electric charge transfer equations [22]. The
non-contact nature of ECM has resulted in the need for
the modeling of the ECM process for the prediction of

anodic profile. A review of the mass transfer issues in
ECM with the problems associated with ECM processes
is given in [23].  Numerical modeling of the ECM
process considering the hydrodynamics involved in the
process was studied in [24]. The end anode shape
resulting after ECM using a triangular shaped cathode
was modeled in this study. A similar model for curved
cathode considering electrolyte condition over curved
surfaces was modeled in [25]. Cathode design in die
sinking ECM with shaped electrodes is important as the
inverse shape of the cathode is obtained on the
workpiece (anode). A convergence analysis on the
performance of Finite Element Method (FEM) as a tool
for cathode design modeling is given in [26]. For the
Electrochemical finishing process the variation of gap,
taking into account the pulse current was modeled in
[27]. The model was for a rotating anode (workpiece)
and stationary cathode. Apart from predicting the gap,
the model predicts the surface roughness values after the
finishing process is completed [27]. Simulation of the
heat generated during the ECM process and its effective
dissipation using electrolytic flow was studied in [28]. It
was found that a hollow cathode and pulse voltages help
in the effective control of the heat generated. Numerical
simulation of the ECM process taking into account the
temperature effects was studied in [29,30] and the
temperature distribution was found to have an influence
on the shape of the anode with regions of higher
temperature showing higher machining rates. For better
accuracy and simplification of tool design, a smaller gap
size and a stable gap state (by reducing the non-
uniformity of electrolyte conductivity) are required.
Recently, it is shown that the dimensional accuracy and
productivity of electrochemical shaping of airfoils can
be enhanced by applying ECM followed by PECM [31].

2.2. Process control and monitoring

The inter-electrode gap is a critical parameter that
needs to be controlled during the machining process in
ECM and its variant processes. Setting and maintaining
a small yet stable gap size in ECM is very important to
achieve better dimensional accuracy and control. A trial
and error approach was used in [32] to improve the
machining accuracy of ECM process by adjusting the
process parameters. Current and voltage signals are the
basis for the gap monitoring in several of the control
techniques used for ECM gap monitoring [33-36]. In one
study the forces induced on the tool electrode due to the
electrolyte was used as a measure of the inter-electrode
gap [37]. Machine vision based gap monitoring was
developed in [38] with gap control up to 200 um. As
ECM parameters and control are still largely dependent
on the human operators’ experience, expert systems
automating the process are needed [22]. Some examples



K.P. Rajurkar et al. / Procedia CIRP 6 (2013) 13 — 26

of expert systems currently implemented include
artificial neural networks [39-41] and fuzzy logic
controls [42, 43].

Micro ECM monitoring is based on voltage and current
feedback signals from oscilloscopes [44] or current
sensors [44-47]. The waveform observed during the
process of ECM can be used to predict the MRR, hole
accuracy and machining time [44]. Short circuit
detection and prevention enabling better process stability
and precise machining are further advantages from using
in process control during micro ECM. Short circuits and
sparks depend on the process parameters like machining
voltage, pulse parameters and electrolyte concentration.
Parametric optimization of these parameters can be used
to machine with no spark affected zone (figure 1) [46].

Fig. 1. Waveforms of (Top) Spark affected hole; (Bottom) No spark
affect hole [46]

2.3. Process capabilities

ECM is capable of machining on a wide variety of
conductive, hard to machine, engineering materials like
metals [15, 48-50], semiconductors [51-53] and
composites [46, 54-56]. Features as small as 0.5 um can
be machined using ECM (figure 2). The theoretical limit
for the minimum gap width (precision) during ECM
based on the charging time constant, and pulse
limitations is estimated to be 20 nm [59]. Surface finish
values as low as 100 nm can be achieved using
electrochemical finishing techniques. [60]. A study of
ECM generated surface characteristics of titanium
revealed that higher rates of electrolyte flow resulted in
improved material removal rate and better surface finish
[9]. High aspect ratio microstructures with dimensions as
small as 1 pm were fabricated on silicon for MEMS
application using photo assisted ECM with HF
electrolyte. The 4 step process uses photolithography,
chemical etching and anisotropic electrochemical
machining to machine highly dopes n-type silicon
[51,58]. Other ECM process capable of machining

silicon are wire ECM [61], laser assisted ECM [62],
abrasive assisted ECM [63] and pulsed ECM [52]. When
compared with milling and EDM, ECM is the most cost
effective method for machining of Ti alloys [4].

Several studies have been conducted on the
fabrication of microelectrodes using ECM [33, 54, 64-
67]. Tool handling issues are minimized with the in
process manufacturing of tools used in ECM. Ultra high
aspect ratio micro tools (>450) were produced using
pulsed ECM using reverse currents [50]. These tools can
be used to machine high aspect ratio micro holes using
ECM or EDM. These electrodes also find biomedical
application as neural implants (figure 3) [10]. Surface
finish achieved through this process was 0.3 um. The
surface roughness of micro tools was also improved with
the use of ECM combined with a honing process to get
very fine finish (Ra 0.02 um). Wedge shaped tools with
tip radius 0.6 um were machined using the PECM
process in [68]. These tools were then coated with
diamond like layer for mechanical machining

applications. Vibration assisted ECM of micro tools was
studied in [69]. Micro tools with varying cone angles
and reverse conical shapes were obtained with changes
in vibration parameters of the process.

Fig. 2. (Left) Micro ECM on Au workpiece [57]; (Right) High aspect

ratio microstructures on Silicon using ECM [58]

Fig. 3. High aspect ratio microelectrode [10]

Holes with complex internal structures and undercuts
can be machined using ECM that are otherwise almost
impossible to be machined using any other process
(figure 4, 5) [13, 14, 70]. The non-contact nature of
machining enables the drilling holes having an
inclination of 40° using wedged shape electrodes [71].
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Tools with spherical ends manufactured by a single
discharge EDM process were found to produce holes
with no taper [72].

Fig. 5. Tabulator cooling hole with spiral duct [13]

2.4. Electrolytes

The electrolytes used in ECM depend on the type of
material to be machined. Acidic, basic and neutral
aqueous solutions have been used as electrolyte in ECM
[73]. Dilute acidic solutions are preferred method for
ECM of steel due to the solubility of the metal debris in
to the electrolyte. Tungsten carbide composites are
machined using alkaline and neutral solutions due to the
formation of passive oxide layer in acidic solutions [46].
The choice of electrolyte is also known to influence the
surface characteristics of the material being machined
[73]. A non-aqueous electrolyte (NH,NO;/NH;) was
used in the ECM of Molybdenum as in aqueous
electrolytes Mo forms complexes with OH ions [74].
The environmental concerns arising from the use of
toxic electrolytes are one of the limiting factors in the
widespread implementation of ECM in the industry.
Environmentally friendly ECM using nontoxic
electrolytes like water [8, 75] and citric acid [76] have
been recently reported to establish ecofriendly micro
ECM capabilities.

2.5. Tools

The tools used in ECM are of two types shaped and
unshaped tools. The first variation is ECM sinking in
steady state process. In this process the tool profile is a
3-D negative image of the required surface profile. The
tool is allowed to sink in to the work piece at a constant
feed rate until the required shape is obtained on the work
piece. Another variation is the ECM shaping process. In
this process a universal simple shaped tool (e.g.
cylindrical or spherical) is moved along a specified path
to obtain the required shape of the work piece. The

major requirements for a material to be used as a tool in
ECM are high electrical and thermal conductivity,
corrosion resistance and rigidity to withstand the
electrolytic flow. Common tool materials include
platinum, titanium, tungsten, tungsten carbide and
copper [77]. Tool design forms a major part of the
modeling efforts of ECM process for the shaped tool
ECM process [78]. Modeling of tool design based on a
given workpiece geometry using FEM was reported in
[79].

One of the major advantages of ECM is the
scalability of the process with the use of multiple
electrodes on the same machining setup. ECM using
multiple electrodes machined to machine arrays of micro
holes was studied in [80-82] (figure 6) resulting in
increased productivity. Taper induced on the workpiece
during ECM drilling is a major concern. Some of the
tool designs for the reduction of taper include dual pole
tools [83], insulated tools [84], and tools with shaped
ends [72]. A simple procedure for the tool insulation
with a 3 pm thick layer is given in [85]. Tungsten micro
tools coated with nickel were shown to be more
corrosion resistant and improve the machining rates
during ECM [77]. In the shaped tube electrochemical
machining (STEM) process acidic electrolyte is
delivered through the tool electrode. This process is used
in the drilling of cooling holes in turbines [20]. ECM
using electrolyte flow generated through extraction
(reverse of STEM) is reported in [86, 87] resulting in
improved process stability and accuracy. Low frequency
tool vibrations were found to improve machining rate
and accuracy due to the enhancement in the electrolyte
flow conditions [88]. A detailed analysis of the effects of
tool geometry, electrolyte immersion depth, size and
length on the machining rate, accuracy and gap size is
given in [89].

Fig. 6. Micro hole array fabricated using multiple electrodes [80]

Jet electrochemical machining (JECM) is a variation
of ECM where the electrolyte is pumped through a
nozzle to form a jet. DC power is supplied between the
nozzle and the workpiece with the current being
transferred by the jet electrolyte. Complicated shapes
were machined with the motion to the nozzle [90, 91]. A
flat electrolyte jet was used in [92] to produce micro
milled surfaces and electrochemical turning applications
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(figure 7). The use of DC power was attributes to the
higher machining rates when compared with pulsed
ECM. Accuracy of + 5 um and structures with aspect
ratios of 3 have been machined using JECM [93].

Fig. 7. JECM : (Left) Micro turning [92]; (Right) Micro reactor [93]

Electrochemical machining using wire electrodes
(WECM), comparable to the wire EDM process, have
been developed to machine high aspect ratio micro
structures [94-99]. With the optimization of wire travel
speed, feed rate, vibration and electrolyte flow rate high
precision microstructures with aspect ratio 30 were
produced as shown in figure 8 [95]. The wire electrode
used in WECM can also be produced in situ using ECM.
Wires with diameters as small as 6 um were produced in
situ in [98]. The wire used in WECM needs to be rigid
enough to withstand the forces due to generated bubbles
and inadvertent physical contact between tool and
workpiece [94].

g W

Fig. 8. WECM : (Left) Square helix [84]; (Riht) microjgear [94]
2.6. Hybrid ECM

ECM has been combined with several other
machining processes to enable improved machining
characteristics. A hybrid machining center consisting of
electro discharge machining (EDM), electrochemical
machining (ECM) and mechanical milling was
developed in [100]. The hybrid process integrated the
advantages of each of the machining process to produce
micro structures on difficult to cut carbides with lower
residual stress, high efficiency and low surface
roughness (<100 nm). Ultrasonic assisted
electrochemical finishing process was studied and found
to improve the surface finish when compared to regular
electrochemical finishing [101].

The combination of EDM and ECM processes on the
same setup is capable of generating highly complex and
precise 3 dimensional structures [102]. Low resistivity
deionized water which has the properties of a dielectric

as well as a conductive fluid to some extent has been
used to develop a process which involves simultaneous
EDM and ECM. The process reduces the surface
roughness giving a better surface finish (figure 9) [103,
104].

In Laser assisted ECM a laser beam is focused on an
area exposed to the electrolyte jet, which dissolves a
specific region improving precision and surface
roughness. This process also reports a higher material
removal rate due to temperature increase in the region
targeted by the laser beam [105].

Fig. 9. Micro milling using a combination of ECM and EDM [104]

The machining precision decreases with increasing
depth but can be improved by increasing the speed of the
electrolyte jet [106]. It has been reported that the local
temperature rise does not cause any thermal damage and
so the machined surface is free of stress [107]. This
process has the capability to generate complex 3
dimensional patterns like micro-stents [108].

In abrasive ECM, abrasives like silicon carbide are
suspended freely in the electrolyte in the vicinity of the
work piece. These abrasives along with a wire cathode
are responsible for slicing silicon wafers with better
production rate, less cost and good surface integrity [63].
Abrasive electrochemical grinding using resin-bonded
wheels have been reported, however, the deficiencies of
the process like wheel wear still remain a challenge
[109]. Electrochemical grinding has been used to
machine small holes with sharp edges. The process
involves coating the tool electrode with abrasives and
rotating it at high speed. Initially material is removed
through the action of ECM and then the holes are ground
for better finish through contact machining [110].

Ultrasonic  electrochemical machining involves
vibrating the tool electrode to agitate the abrasives
suspended in the electrolyte for a good surface finish. A
study of the geometry and type of the electrode which
gives a well-polished surface is reported and the effect
of ultrasonic energy is acknowledged [101]. This energy
is also responsible for the removal of debris from the
machining zone and creation of optimal hydrodynamic
conditions affecting the surface layer [111]. The use of
magnetic as well as ultrasonic energy has been reported
to remove sludge out of the electrode gap. The process
gives a very good surface finish in smaller time [112].
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An extensive review of hybrid machining technologies
with ECM as either a primary or one of the constituent
processes has been reported in [113] with a special
emphasis on interactions among the participating
processes. A theoretical model and experimental
verification for optimizing the performance of
electrochemical discharge machining process and
comparison of resulting surface quality with EDM
milling are presented in [114]. Recently, precision
machining of small holes of diameters 0.6 mm with
sharp edges and without burrs been demonstrated in
[115]. A hybrid process involving micro-milling and
electrochemical turning using a flat electrolyte jet has
shown to generate accurate, complex micro patterns in
metallic sheets and rods in [116].

3. Electro discharge machining

Electro Discharge Machining (EDM) is a non-contact
electro-thermal machining process. Precise machining
can be done on electrically conductive and semi-
conductive  materials using this unconventional
machining process. EDM can be used to drill circular
and non-circular holes, generate profiles and make
complex shaped dies of both macro and micro sizes.
Both the micro EDM and the micro EDM have great
potential and research work is going on in this field to
improve the machining process and equipment. Recently
a related process, electro machining at the nano scale has
been reported.

3.1. Process mechanism

EDM is a thermo-electric machining process in which
the material removed or eroded from the work piece due
to the energy from a series of electric discharges
generated between the tool electrode and the work piece
electrode immersed in a dielectric medium. The electric
discharges or sparks produced at the gap remove the
work as well as tool material by melting and
evaporation. The dielectric medium acts as a deionizing
medium between the electrode and the work piece, thus
providing the optimal conditions for spark generation
and also flushes the debris formed in the spark gap
[117,118]. The erosion mechanism in EDM is a very
complex phenomenon and involves many physical
processes. Therefore, the exact physical phenomenon
taking place in the spark gap (gap between the electrode
and work piece) continues to be a topic of research
[117,118]. Molecular dynamics simulation of the process
shown in figure 10 reveals that the material removal
mechanism can be explained by two ways; one by
vaporization and the other by the bubble explosion of
superheated metal. It was also observed that the material

removal efficiency is between 0.2 and 0.5 owing to the
resolidification of the melted material pool [119].

=i . ; *
& Ii. / L]
Fig. 10. Material removal process of electrode [119]

3.2. Power supply

With improved response characteristics power
transistor circuit having large current handling capacity
replaced the relaxation type power supply initially used
in EDM. However, the relaxation type pulse generators
are still used for finishing process because short pulse
duration with constant pulse energy is difficult to obtain
in transistor type pulse generator [118]. A transistor
controlled RC type fine finish power supply using anti
electrolysis CPLD based pulse control circuit is reported
in [120]. This equipment can achieve a fine surface
finish of 0.22 um Ra. Experimental comparison between
RC type pulse generator and transistor type pulse
generator on tungsten carbide has been provided in
[121]. In a twin electrode machining system, transistor
type pulse generator and RC pulse generator have been
used for rough machining and finishing respectively
(figure 11).

Finish
machining surface

RC pulse generator Tr pulse generator

Fig.11. View of micro electrode tool machining by the twin-wire EDM
system [122].
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3.3. Gap monitoring and control

The gap between the electrode and the work material
(spark gap) should be monitored to avoid short circuit,
open circuit or arcing. The presence of left over debris
due to either short pulse off-time and/or insufficient
flushing can change the electrical conductivity at the gap
and may result in non-uniform and unstable discharge
process. These developments lead to arcing and unstable
machining which results in damage to work piece and
tool and adversely affects the process performance.
Therefore, extensive research and developments efforts
have been reported in the field of monitoring and control
of EDM process over last few decades. The prediction of
on-set of arcing based on the collection and, modeling
and analysis of gap voltage and/or current signal and
follow-up corrective actions based on the control
modeling and hardware has been the main objective of
these efforts [123-127]. The conventional control system
monitors the gap voltage and retracts the electrode along
the direction of the command trajectory. Recently,
wavelet transform method has been applied to monitor
EDM gap discharge status [128]. A pulse discriminator
for linear motors equipped EDM and control strategy for
high efficiency deep-hole drilling is proposed in [129].
A quick retract method of control is reported to have
30% increase in the material removal rate without
affecting the efficiency and surface roughness [130].

3.4. Electrode

High conductivity, heat resistance and high melting
point are the main desired properties for an EDM tool.
The most common materials used in EDM tooling are
copper, graphite, tungsten and tungsten carbide.
Research is being done on many new materials including
composites for EDM tooling. A ZrB,-Cu tool was
developed and tested. This composite showed higher
material removal rate (MRR) and lesser tool wear rate
(TWR) as compared to copper but had some
shortcomings in average surface roughness and over-cut.
[131]. To avoid damage on the electrode of micro EDM
and also to handle the tool with ease a ‘peeling’ tool is
proposed. Zinc is electroplated on a tungsten core. With
a single discharge the zinc coating ‘peels’ off, exposing
the tungsten. Another advantage of using a peeling
electrode is that when the core becomes worn out and
short the removal of the coating can be repeated by
another discharge to expose fresh electrode. [132]. To
improve the uniformity and stability, a collection very
small tubes called “bunched electrode” can provide
higher MRR and also better flushing. A bunched
electrode is formed by bunching a number of hollow
celled electrodes with an end contour as required in the
die (in case of die sinking EDM). With bunched

electrodes it is possible to apply a higher peak current
and hence higher MMR can be achieved [133,134].

3.5. Dielectric medium and flushing

A suitable dielectric for EDM should be able to
provide suitable conditions for initiation and
maintenance of good effective electric discharges, cool
the electrodes and to carry away the debris from the
spark gap (flushing). The most common dielectric
mediums used are hydrocarbon oils such as Kerosene. In
wire-EDM deionized water is used. Distilled water has
also been used for some special applications. In air
assisted water EDM air and water act as the dielectric
medium. There are two nozzles, one for tap water and
the other for compressed air near the spark gap. When
machining is done the gas-water mixture acts as the
dielectric medium. [135]. This process has the potential
to significantly reduce environmental pollution. Powder
mixed dielectric has been shown to improve surface
finish for large area dies. Recently powder mixed near
dry EDM uses (PMND-EDM) uses powder, gas and
liquid as a 3-phase dielectric and this process is found to
give a higher MMR owing to the larger energy density in
discharge channel [136]. Dry EDM process is used to
machine carbon nano fibres (CNF) for improving the
uniformity of the field emission (figure 12). Dielectric
medium is not used in this process to avoid
contamination. Instead a high speed jet of gas is used as
the dielectric medium [137].

Fig. 12. Emission Images at a low electric field range: (a), (b) before
and (c), (d) after the EDM treatment [137].

3.6. Surface integrity

Surface integrity is one of the most important issues
with  EDM. Discharge pulse energy is one of the
important factors that affect surface integrity. The
surface roughness of the material increases with the
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increase in current and voltage. The crater size varies
with pulse energy though it also depends on the material
properties. The thermal action in EDM may cause micro
cracks, induces residual stresses, and changes the micro
hardness of the sub-surface and surface layers, results in
carbon and hydrogen diffusion. Extensive studies have
been reported on EDM surface integrity in last 2 or 3
decades [138-141]. In a recently reported study on the
feasibility of using Wire-EDM for potential applications
in aerospace, it was found that employing ultra high
frequency/short duration pulses result in extremely low
level of workpiece damage [142]. The recast layer
formed can be removed by using gentle or finish
machining condition or electrochemical process or
precision grinding. In the study of surface integrity
properties of Al,O; composite machined by EDM, it was
concluded that surface roughness increases with
discharge current and pulse-on time. But by carefully
selecting the EDM parameters materials can be
machined without any significant loss to surface
integrity [143]. Recent study of a comprehensive
comparison on surface integrity (surface finish,
microstructure, micro hardness and residual stress) using
CH- and water-based dielectrics in Wire EDM reveals
that surface roughness of close to 0.1 micron and very
thin rim zone of less than 0.3 micron can be obtained
[144]. Zn-coated wire electrode along with an optimized
machining technology adequate surface integrity can be
obtained in machining titanium alloys [145]. A
comparative study of fatigue strength and other surface
integrity aspects generated by grinding and Wire EDM
of titanium alloy 9 Ti-6Al-4V was recently reported in
[146] with a conclusion that a standard Wire-EDM
process with instabilities has a better fatigue life than a
standard grinding process adjusted for a good looking
surface.

3.7Micro-EDM

Extensive research and development efforts have
been reported in the EDM literature for the last 2
decades.  Comprehensive reviews of physical and
chemical machining processes including Micro-EDM
and Micro-ECM have been presented in [147-148].
Besides process mechanism, surface integrity and
sensing and control, tooling and tool wear in micro-
EDM continue to be an important topic of research.
Tungsten having a high melting point and tensile
strength is the predominant material in micro-EDM
[149,150]. Tungsten carbide and copper have also been
used as tool material in micro-EDM [151-152].

Tool wear in micro-EDM is significantly affected by
polarity and thermal properties of electrode material
[118]. The boiling point in addition to the melting point
of the electrode material plays an important role in

micro-EDM tool wear process [153]. The suggested
EDM micro EDM tool wear compensation techniques
include the linear compensation and uniform wear
method [154-157].

3.8 Hybrid EDM and Extended process capabilities

An application of vibration including vibrations at
ultrasonic frequency to maintain uniformity and stability
at the gap by providing an extra motion to dielectric and
generated debris has been an important topic of research.
A combination of ultrasonic vibrations and planetary
tool movement generates micro holes with aspect ratio
as high as 29 (figure 13) [158].

(a) Hole entrance () Hobe exit

Fig. 13. Micro-hole (a) Entrance (b) Exit [1158]

Micro milling by EDM has been used to fabricate
micro components with complex shapes shown in figure
14 [159]. A micro array with an aspect ratio of 33 shown
in figure 15 has been machined by reverse-EDM [160].

A micro-compressor on a @ 1
mm cylinder
Fig. 14.: Micro components made by EDM-milling [159]

Turbine impeller

Fig. 15 SEM micrograph of a micro array made by reverse-EDM

process [160]



K.P. Rajurkar et al. / Procedia CIRP 6 (2013) 13 — 26

EDM has also been used to produce medical devices.
EDM was successfully used to machine a magnesium
alloy WE43, a bio-compatible material [161]. A micro
ball joint made by EDM is shown in figure 16. The
diameter of the rod and the ball are 100 um and 290 um
respectively and they are made by WEDM. The socket is
fabricated by electroforming method [162].

Fig. 16. A micro ball joint[162].
4. Nano Electro Machining (nano-EM)

In a recently introduced machining technique at the
nano scale called nano Electro machining (nano-EM),
an atomically sharp electrode tool immersed in an
organic oil medium is used to generate sub-15 nm
scale features on hydrogen flame annealed atomically
flat gold film (Figure 17).

Figure 17 :
morphology and measure diameter of holes

STM analysis of nano-holes to analyze the

A scanning tunneling microscope (STM) is used to
carry out the process [163]. It was found that upon
machining the tool tip end radius was sharper and the
tool surface was modified to a nanocrystalline matrix of
tungsten oxide and tungsten carbide which are expected
to extend the tool life (Figure 18) [164]. Modifications
occur as a result of only the electric field.

Figure 18 : Nano-EM tool gets covered with a protective and
conducting layer of nanocrystalline WO3;, C, W and WC.

Nano-EM has also been carried out in atmospheric
air using STM as the platform and an in-situ process
of evaluating the tool quality before and after
machining has been used by monitoring current-
displacement (I-Z) spectroscopy curves. The related
experimental results show that this dry nano-EM is
capable of generating consistent nano-features with
good repeatability [165]. A feasibility study of
fabricating nano-holes on graphene conducted
recently has shown that nano-EM is capable of
fabricating 3-4 nm size features with visible atomic
arrangement of carbon in graphene [166]. A pulse
generator reported in [167] for nano-EDM uses a
coupling method in which the pulse generator is
coupled to the tool electrode by a capacitor. This
coupling leads to energy minimization to accomplish
nano-EDM.

5. Summary

Recent advancements in various aspects of
electrochemical and electro-discharge machining that
reflect the state of the art in these processes are
presented in this paper. ECM and EDM technologies
have been successfully adapted to produce macro, micro
components with complex features and high aspect
ratios for biomedical and other applications. These
processes are also being attempted at the nano-scale.

6. Acknowledgements

The authors would like thank Professors F. Klocke, J.
Kozak, Dr. A. Klink, Drs. K. Virwani and M. Jahan for
their contributions. Ms. F. Nourbakhsh and Mr. A. B.

21



22

K.P. Rajurkar et al. / Procedia CIRP 6 (2013) 13 — 26

Kamaraj are acknowledged for their assistance in
preapring the mauscript. Partial financial support from
the National Science Foundation under Grant Nos.
CMMI-1137968 and CMMI-1137981 and CMMI-
0928873 is acknowledged. Author (APM) acknowledges
partial support from the Nano Materials Science and
Engineering Institute, University of Arkansas as well as
National Science Foundation.

7. References

Rajurkar, K.P., et al., New Developments in Electro-Chemical
Machining. CIRP Annals - Manufacturing Technology, 1999.
48(2): p. 567-579.

McGeough, J.A., Principles of electrochemical machining. 1974:
Chapman and Hall.

Sundaram, M.M. and K. Rajurkar,
Electrochemical — Processes, in Intelligent
Manufacturing. 2010, CRC Press. p. 173-212.
Klocke, F.,Zeis, M., Klink, A., Veselovac, D., Technological and
Economical Comaprision of Roughing Startegies via Milling,
EDM and ECM for Tiatnium- and Niclel-based Blisks,
Proceedings of the 1% CIRP Global Web Conference on
Interdisciplinary Research in Production Engineering, 2012, Vol.
2, p.98-101.

Rajurkar, K.P., et al., Study of Pulse Electrochemical Machining

Electrical — and
Energy Field

Characteristics. CIRP Annals - Manufacturing Technology, 1993.

42(1): p. 231-234.
Schuster, R., et al., Electrochemical Micromachining. Science,
2000. 289(5476): p. 98-101.

Taylor, E. J., McCrabb, H., Garich, H.Hall, T., Inman, M., A
Pulse/Pulse Reverse Electrolytic Approcah to Electropolishing
and  Through-Mask  Electroetchining, Products Finishing
Magzine, September 2011.

Huaigian, B., X. Jiawen, and L. Ying, Aviation-oriented
Micromachining Technology—Micro-ECM in  Pure Water.
Chinese Journal of Aeronautics, 2008. 21(5): p. 455-461.

Pavlinich, S., et al., Electrochemical shaping of aerodynamic seal

elements. Russian Aeronautics (Iz VUZ), 2008. 51(3): p. 330-338.

Kamaraj, A.B., M.M. Sundaram, and R. Mathew, Ultra high
aspect ratio penetrating metal microelectrodes for biomedical
applications. Microsystem Technologies, 2012.

Dhobe, S.D., B. Doloi, and B. Bhattacharyya, Analysis of surface
characteristics of titanium during ECM. International Journal of
Machining and Machinability of Materials, 2011. 10(4): p. 293-
309.

Aurich, J.C., et al., Burrs—Analysis, control and removal. CIRP
Annals - Manufacturing Technology, 2009. 58(2): p. 519-542.
Wang, M., et al., Electrochemical machining of the spiral
internal  turbulator. International Journal of Advanced
Manufacturing Technology, 2010. 49(9-12): p. 969-973.
Pattavanitch, J. and S. Hinduja, Machining of turbulated cooling
channel holes in turbine blades. CIRP Annals - Manufacturing
Technology, 2012. 61(1): p. 199-202.

Krauss, W., N. Holstein, and J. Konys, Advanced electro-
chemical processing of tungsten components for He-cooled
divertor application. Fusion Engineering and Design, 2010.
85(10-12): p. 2257-2262.

Norajitra, P., et al., Development of a helium-cooled divertor:
Material choice and technological studies. Journal of Nuclear
Materials, 2007. 367-370, Part B(0): p. 1416-1421.

Holstein, N., W. Krauss, and J. Konys, Development of novel
tungsten processing technologies for electro-chemical machining
(ECM) of plasma facing components. Fusion Engineering and
Design, 2011. 86(9—11): p. 1611-1615.

Zabel, A. and M. Heilmann, Deep hole drilling using tools with
small diameters—Process analysis and process design. CIRP
Annals - Manufacturing Technology, 2012. 61(1): p. 111-114.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fan, Z.-W. and L.-W. Hourng, Electrochemical micro-drilling of
deep holes by rotational cathode tools. The International Journal
of Advanced Manufacturing Technology, 2010. 52(5-8): p. 555-
563.

Ali, S., et al., Shaped tube electrochemical drilling of good
quality holes. CIRP Annals - Manufacturing Technology, 2009.
58(1): p. 185-188.

Parreira, J.G., C.A. Gallo, and H.L. Costa, New Advances on
Maskless  Electrochemical Surface Texturing (MECT) for
Tribological Purposes. Surface and Coatings Technology, 2012.
Kozak, J., Computer Simulation of Electrochemical Machining,
TAENG Transcations on Emerging Technologies, H.K. Kim, S.-I.
Ao, and B.B. Rieger, Editors. 2013, Springer Netherlands. p. 95-
107.2011.

Volgin, V. and A. Davydov, Mass-transfer problems in the
electrochemical systems. Russian Journal of Electrochemistry,
2012. 48(6): p. 565-569.

Minazetdinov, N.M., A hydrodynamic interpretation of a
problem in the theory of the dimensional electrochemical
machining of metals. Journal of Applied Mathematics and
Mechanics, 2009. 73(1): p. 41-47.

Minazetdinov, N.M., A scheme for the electrochemical
machining of metals by a cathode tool with a curvilinear part of
the boundary. Journal of Applied Mathematics and Mechanics,
2009. 73(5): p. 592-8.

Zhiyong, L. and N. Zongwei, Convergence Analysis of the
Numerical Solution for Cathode Design of Aero-engine Blades in
Electrochemical Machining. Chinese Journal of Aeronautics,
2007. 20(6): p. 570-576.

Ma, N., et al., Pulse electrochemical finishing: Modeling and
experiment. Journal of Materials Processing Technology, 2010.
210(6-7): p. 852-857.

Wu, J., et al., Study of a novel cathode tool structure for
improving heat removal in electrochemical micro-machining.
Electrochimica Acta, 2012. 75: p. 94-100.

Deconinck, D., S. Van Damme, and J. Deconinck, A temperature
dependent multi-ion model for time accurate numerical
simulation of the electrochemical machining process. Part I:
Theoretical basis. Electrochimica Acta, 2012. 60(0): p. 321-328.
Deconinck, D., S.V. Damme, and J. Deconinck, A temperature
dependent multi-ion model for time accurate numerical
simulation of the electrochemical machining process. Part II:
Numerical simulation. Electrochimica Acta, 2012. 69(0): p. 120-
127.

Kozak, J., Zybura-Skrabalak, M., Dzieddzic, J., Czekaj, J.,
Electrochemical Shaping ofairfoils using seuquences of ECM-
PECM treatments, Proceedings of the International Symposium
on Electrochemical Machining Technology INSECT, 2012.
Brusilovski, Z., Adjustment and readjustment of electrochemical
machines and control of the process parameters in machining
shaped surfaces. Journal of Materials Processing Technology,
2008. 196(1-3): p. 311-320.

Bhattacharyya, B., J. Munda, and M. Malapati, Advancement in
electrochemical micro-machining. International Journal of
Machine Tools and Manufacture, 2004. 44(15): p. 1577-1589.
Neto, S. and J. Cirilo. Development of a Prototype of
Electrochemical Machining. in 17th CIRP Conference on
Modelling of Machining Operations, May 12, 2011 - May 13,
2011.2011. Sintra, Portugal: Trans Tech Publications.

Ozkeskin, F.M., et al. Feedback controlled high frequency
electrochemical ~ micromachining. in  54th  International
Instrumentation Symposium, May 5, 2008 - May 8, 2008. 2008.
Pensacola Beach, FL, United states: ISA - Instrumentation,
Systems, and Automation Society.

Wang, X., D. Zhao, and N. Yun, Research on intelligent
measurement and control method of interelectrode gap of
electrochemical — machining (ECM). China  Mechanical
Engineering, 2007. 18(23): p. 2860-4.

Lu, Y., K. Liu, and D. Zhao, Experimental investigation on
monitoring interelectrode gap of ECM with six-axis force sensor.
The International Journal of Advanced Manufacturing
Technology, 2011. 55(5): p. 565-572.



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

K.P. Rajurkar et al. / Procedia CIRP 6 (2013) 13 — 26

Min, K., L. Houshang, and F. Xiuqing, Measurement of
Electrochemical Machining Initial Gap Based on Machine Vision.
Advanced Materials Research, 2011. 230-232: p. 1190-4.
Asokan, P., et al., Development of multi-objective optimization
models for electrochemical machining process. International
Journal of Advanced Manufacturing Technology, 2008. 39(1-2):
p. 55-63.

Li, Z. and H. Ji. Machining accuracy prediction and experiment
research of blade in electrochemical machining based on BP
Neural Network. in 2009 Joint International Conference on
Modelling and Simulation, May 21, 2009 - May 22, 2009. 2009.
Manchester, United kingdom: World Academic Union.

Zhiyong, L. and J. Hua. Machining Accuracy Prediction of Aero-
engine Blade in Electrochemical Machining Based on BP Neural
Network. in 2009 International Workshop on Information
Security and Application (IWISA 2009), 21-22 Nov. 2009. 2009.
Oulu, Finland: Academy Publisher.

Lu, Y., et al., Fuzzy controlling interelectrode gap method of
electrochemical machining (ECM) based on 6-D forces and
machining current. Nanjing Hangkong Hangtian Daxue
Xuebao/Journal of Nanjing University of Aeronautics and
Astronautics, 2009. 41(1): p. 97-101.

Labib, AW., et al., Towards next generation electrochemical
machining controllers: A fuzzy logic control approach to ECM.
Expert Systems with Applications, 2011. 38(6): p. 7486-7493.
Mithu, M.A.H., G. Fantoni, and J. Ciampi, A step towards the in-
process monitoring for electrochemical microdrilling. The
International Journal of Advanced Manufacturing Technology,
2011. 57(9-12): p. 969-982.

Balsamy Kamaraj, A., R. Dyer, and M.M. Sundaram. Pulse
Electrochemical Micromachining of Tungsten Carbide. in ASME
2012 International Manufacturing Science and Engineering
Conference (MSEC2012) 2012. University of Notre Dame, Notre
Dame, IN, USA.

Munda, J., M. Malapati, and B. Bhattacharyya, Control of micro-
spark and stray-current effect during EMM process. Journal of
Materials Processing Technology, 2007. 194(1-3): p. 151-158.
Wollenberg ,G., et al., Controlled current rise for pulsed
electrochemical machining, Proceeedings of the 15" ISEM, 2007,
p. 335-338.

Liua, Z., et al. Electrochemical micro drilling of stainless steel
with tool electrode jump motion. in [3th International
Manufacturing Conference in China, IMCC2009, September 21,
2009 - September 23, 2009. 2009. Dalian, China: Trans Tech
Publications Ltd.

Kim, B.H,, et al., Micro Electrochemical Machining of 3D Micro
Structure  Using Dilute  Sulfuric Acid. CIRP Annals -
Manufacturing Technology, 2005. 54(1): p. 191-194.

Mathew, R. and M.M. Sundaram, Modeling and fabrication of
micro tools by pulsed electrochemical machining. Journal of
Materials Processing Technology, 2012. 212(7): p. 1567-1572.
Bassu, M., et al., Electrochemical micromachining as an
enabling technology for advanced silicon microstructuring.
Advanced Functional Materials, 2012. 22(6): p. 1222-1228.
Allongue, P., et al., Electrochemical Micromachining of p-Type
Silicont. The Journal of Physical Chemistry B, 2004. 108(38): p.
14434-14439.

Pa, P.S., Yield enhancement for the surface of solar-cell silicon
wafers with electromechanical micromachining. Electrochimica
Acta, 2010. 55(10): p. 3504-3510.

Choi, S., et al., Fabrication of WC micro-shaft by using
electrochemical etching. The International Journal of Advanced
Manufacturing Technology, 2007. 31(7): p. 682-687.
Senthilkumar, C., et al., Modelling and analysis of
electrochemical machining of cast Al/20%SiCp composites.
Materials Science and Technology, 2010. 26(3): p. 289-296.
Walther, B., et al., Electrochemical dissolution of hard metal
alloys. Electrochimica Acta, 2007. 52(27): p. 7732-7737.

Ma, X. and R. Schuster, Locally enhanced cathodoluminescence
of electrochemically fabricated gold nanostructures. Journal of
Electroanalytical Chemistry, 2011. 662(1): p. 12-16.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Bassu, M., L.M. Strambini, and G. Barillaro, Advances in
Electrochemical Micromachining of Silicon: Towards MEMS
Fabrication. Procedia Engineering, 2011. 25(0): p. 1653-1656.
Schuster, R., Electrochemical Microstructuring with Short
Voltage Pulses. ChemPhysChem, 2007. 8(1): p. 34-39.
Mahdavinejad, R. and M. Hatami, On the application of
electrochemical machining for inner surface polishing of gun
barrel chamber. Journal of Materials Processing Technology,
2008. 202(1-3): p. 307-315.

Lee, C.-L., et al., Electrochemical Grooving of Si Wafers Using
Catalytic Wire Electrodes in HF Solution. Journal of The
Electrochemical Society, 2009. 156(2): p. H134-H137.

Long, Y., T. Shi, and L. Xiong, Excimer laser electrochemical
etching n-Si in the KOH solution. Optics and Lasers in
Engineering, 2010. 48(5): p. 570-574.

Wang, W, et al., Abrasive electrochemical multi-wire slicing of
solar silicon ingots into wafers. CIRP Annals - Manufacturing
Technology, 2011. 60(1): p. 255-258.

Zhang, Z., et al., Theoretical and experimental investigation on
electrochemical micromachining. Microsystem Technologies,
2007. 13(7): p. 607-612.

Staemmler, L., K. Hofmann, and H. Kiick, Hybrid tooling by a
combination of high speed cutting and electrochemical milling
with ultrashort voltage pulses. Microsystem Technologies, 2008.
14(2): p. 249-254.

Jain, V.K,, et al., Fabrication of micro-features and micro-tools
using electrochemical micromachining. The International Journal
of Advanced Manufacturing Technology, 2012: p. 1-9.

Fan, Z.-W., L.-W. Hourng, and C.-Y. Wang, Fabrication of
tungsten  microelectrodes  using  pulsed  electrochemical
machining. Precision Engineering, 2010. 34(3): p. 489-496.
Wang, J.JJ., et al., Fabrication of wedge-shape tool via
electrochemical micromachining with diamond-like carbon
coating. Journal of Materials Processing Technology, 2007. 187-
188: p. 264-269.

Ghoshal, B. and B. Bhattacharyya, Influence of vibration on
micro-tool  fabrication by  electrochemical — machining.
International Journal of Machine Tools and Manufacture, 2013.
64(0): p. 49-59.

Jo, C.H.,, B.H. Kim, and C.N. Chu, Micro electrochemical
machining for complex internal micro features. CIRP Annals -
Manufacturing Technology, 2009. 58(1): p. 181-184.

Wang, W., et al., Electrochemical drilling inclined holes using
wedged electrodes. The International Journal of Advanced
Manufacturing Technology, 2010. 47(9-12): p. 1129-1136.

Liu, Y., et al, Development of microelectrodes for
electrochemical micromachining. The International Journal of
Advanced Manufacturing Technology, 2010. 55(1-4): p. 195-203.
Neergat, M. and K.R. Weisbrod, Electrodissolution of 304
stainless steel in neutral electrolytes for surface decontamination
applications. Corrosion Science, 2011. 53(12): p. 3983-3990.
Abbas, Q. and L. Binder, The electrochemical dissolution of
molybdenum in non-aqueous media. International Journal of
Refractory Metals and Hard Materials, 2011. 29(4): p. 542-546.
Yang, Y., W. Natsu, and W. Zhao, Realization of eco-friendly
electrochemical micromachining using mineral water as an
electrolyte. Precision Engineering, 2011. 35(2): p. 204-213.

Ryu, S.H., Micro fabrication by electrochemical process in citric
acid electrolyte. Journal of Materials Processing Technology,
2009. 209(6): p. 2831-2837.

Swain, A.K., M.M. Sundaram, and K.P. Rajurkar, Use of coated
microtools in advanced manufacturing: An exploratory study in
electrochemical ~machining (ECM) context. Journal of
Manufacturing Processes, 2012. 14(2): p. 150-159.

Westley, J.A., J. Atkinson, and A. Duffield, Generic aspects of
tool design for electrochemical machining. Journal of Materials
Processing Technology, 2004. 149(1-3): p. 384-392.

Sun, C., et al., Application of FEM to tool design for
electrochemical machining freeform surface. Finite Elements in
Analysis and Design, 2006. 43(2): p. 168-172.

Bo Hyun, K., P. Byung Jin, and C. Chong Nam, Fabrication of
multiple electrodes by reverse EDM and their application in

23



24

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

K.P. Rajurkar et al. / Procedia CIRP 6 (2013) 13 — 26

micro ECM. Journal of Micromechanics and Microengineering,
2006. 16(4): p. 843.

Wang, M. and D. Zhu, Fabrication of multiple electrodes and
their application for micro-holes array in ECM. The
International Journal of Advanced Manufacturing Technology,
2009. 41(1): p. 42-47.

Min Soo, P. and C. Chong Nam, Micro-electrochemical
machining using multiple tool electrodes. Journal of
Micromechanics and Microengineering, 2007. 17(8): p. 1451-7.
Zhu, D. and H.Y. Xu, Improvement of electrochemical machining
accuracy by using dual pole tool. Journal of Materials Processing
Technology, 2002. 129(1-3): p. 15-18.

Liu, G.H., et al., Research on Side-Insulation of Tool Electrode
for Micro Electrochemical Machining. Advanced Materials
Research, 2009. 60-61: p. 380-387.

Park, B.J., B.H. Kim, and C.N. Chu, The Effects of Tool
Electrode Size on Characteristics of Micro Electrochemical
Machining. CIRP Annals - Manufacturing Technology, 2006.
55(1): p. 197-200.

Wang, W., et al., Electrochemical drilling with vacuum
extraction of electrolyte. Journal of Materials Processing
Technology, 2010. 210(2): p. 238-244.

Zhu, D., et al., Electrochemical drilling of multiple holes with
electrolyte-extraction. CIRP Annals - Manufacturing Technology,
2010. 59(1): p. 239-242.

Bhattacharyya, B., et al., Influence of tool vibration on machining
performance in electrochemical micro-machining of copper.
International Journal of Machine Tools and Manufacture, 2007.
47(2): p. 335-342.

Mithu, M.A.H., et al., On how tool geometry, applied frequency
and  machining  parameters  influence  electrochemical
microdrilling. CIRP Journal of Manufacturing Science and
Technology, 2012. 5(3): p. 202-213.

Natsu, W., T. Ikeda, and M. Kunieda, Generating complicated
surface with electrolyte jet machining. Precision Engineering,
2007. 31(1): p. 33-39.

Natsu, W., S. Ooshiro, and M. Kunieda, Research on generation
of three-dimensional surface with micro-electrolyte jet machining.
CIRP Journal of Manufacturing Science and Technology, 2008.
1(1): p. 27-34.

Kunieda, M., et al., Electrochemical micromachining using flat
electrolyte jet. CIRP Annals - Manufacturing Technology, 2011.
60(1): p. 251-254.

Hackert-Oschitzchen, M., et al, Micro machining with
continuous electrolytic free jet. Precision Engineering, 2012.
36(4): p. 612-619.

Hong Shik, S., K. Bo Hyun, and C. Chong Nam, Analysis of the
side gap resulting from micro electrochemical machining with a
tungsten wire and ultrashort voltage pulses. Journal of
Micromechanics and Microengineering, 2008. 18(7): p. 075009.
Zeng, Y.-B., et al., Enhancement of mass transport in micro wire
electrochemical machining. CIRP Annals - Manufacturing
Technology, 2012. 61(1): p. 195-198.

Wang, K. and Z. Zhang. Gap status identification and control of
wire electrochemical micromachining. in 2011 2nd International
Conference on Mechanic Automation and Control Engineering,
MACE 2011, July 15, 2011 - July 17, 2011. 2011. Inner
Mongolia, China: IEEE Computer Society.

Wang, S., et al., Investigation on wire electrochemical cutting
with micro-tool vibration. Jixie Gongcheng Xuebao/Journal of
Mechanical Engineering, 2010. 46(13): p. 172-178.

Zhu, D., K. Wang, and N.S. Qu, Micro Wire Electrochemical
Cutting by Using In Situ Fabricated Wire Electrode. CIRP
Annals - Manufacturing Technology, 2007. 56(1): p. 241-244.
Wang, S., et al., Micro wire electrochemical machining with an
axial electrolyte flow. 2011: p. 1-8.

Kurita, T., et al., Mechanical/electrochemical complex machining
method for efficient, accurate, and environmentally benign
process. International Journal of Machine Tools and Manufacture,
2008. 48(15): p. 1599-1604.

Pa, P.S., Electrode form design of large holes of die material in
ultrasonic  electrochemical finishing. Journal of Materials
Processing Technology, 2007. 192-193(0): p. 470-477.

102. Zeng, Z., et al., A study of micro-EDM and micro-ECM combined
milling for 3D metallic micro-structures. Precision Engineering,
2012. 36(3): p. 500-509.

103. Nguyen, M.D., M. Rahman, and Y.S. Wong, Simultaneous
micro-EDM and micro-ECM in low-resistivity deionized water.
International Journal of Machine Tools and Manufacture, 2012.
54-55(0): p. 55-65.

104. Nguyen, M.D., M. Rahman, and Y.S. Wong, Enhanced surface
integrity and dimensional accuracy by simultaneous micro-
ED/EC milling. CIRP Annals - Manufacturing Technology, 2012.
61(1): p. 191-194.

105. Pajak, P.T., et al., Precision and efficiency of laser assisted jet
electrochemical machining. Precision Engineering, 2006. 30(3):
p. 288-298.

106. Stephen, A. and F. Vollertsen, Mechanisms and processing limits
in laser thermochemical machining. CIRP  Annals -
Manufacturing Technology, 2010. 59(1): p. 251-254.

107. De Silva, A KM., et al., Thermal effects in laser assisted jet
electrochemical machining. CIRP Annals - Manufacturing
Technology, 2011. 60(1): p. 243-246.

108. Kasashima, N. and T. Kurita, Laser and electrochemical complex
machining of micro-stent with on-machine three-dimensional
measurement. Optics and Lasers in Engineering, 2012. 50(3): p.
354-358.

109. Curtis, D.T., et al., Electrochemical superabrasive machining of
a nickel-based aeroengine alloy using mounted grinding points.
CIRP Annals - Manufacturing Technology, 2009. 58(1): p. 173-
176.

110. Zhu, D., et al., Precision machining of small holes by the hybrid
process of electrochemical removal and grinding. CIRP Annals -
Manufacturing Technology, 2011. 60(1): p. 247-250.

111. Skoczypiec, S., Research on  ultrasonically  assisted
electrochemical machining process. The International Journal of
Advanced Manufacturing Technology, 2011. 52(5): p. 565-574.

112. Pa, P.S., Super finishing with ultrasonic and magnetic assistance
in electrochemical micro-machining. Electrochimica Acta, 2009.
54(25): p. 6022-6027.

113. Kozak, J. m, Hybrid Manufacturing Technology using
Electrochemical Machining processes,  Proceedings of the
International ~ Symposium on  Electrochemical ~Machining
Technology, INSECT, 2012.

114. Skrabalak, G., Zybura, M., and Kozak, J., Optimization of
Electrochemical Discharge Machining Process. Proceedings of
ISEM XVI, Shanghai, China, 2010. p: 491-496.

115. Zhu, D., Zeng, Y. B., Xu, Z. Y., Zhang, X. Y., Precision
Machining of Small Holes by the Hybrid Process of
Electrochemical Removal and Grinding. CIRP  Annals,
Manufacturing Technology, 2011. 60(1): p. 247-250.

116. Kunieda, M., Mizugai, K., Watanabe, S., Shibuya, N., Iwamoto,
N., Electrochemical Micromachining Usinf Flat Electrolyte Jet.
CIRP Annals, Manufacturing Technology, 2011. 60(1): p. 251-
254.

117. Schumacher, B.M., After 60 years of EDM the discharge process
remains  still disputed. Journal of Materials Processing
Technology, 2004. 149(1-3): p. 376-381.

118. Kunieda, M., et al., Advancing EDM through Fundamental
Insight into the Process. CIRP Annals - Manufacturing
Technology, 2005. 54(2): p. 64-87.

119. Yang, X., et al., Molecular dynamics simulation of the material
removal mechanism in micro-EDM. Precision Engineering, 2011.
35(1): p. 51-57.

120. Yan, M.-T. and Y.-P. Lai, Surface quality improvement of wire-
EDM using a fine-finish power supply. International Journal of
Machine Tools and Manufacture, 2007. 47(11): p. 1686-1694.

121. Jahan, M.P., Y.S. Wong, and M. Rahman, A study on the quality
micro-hole machining of tungsten carbide by micro-EDM
process using transistor and RC-type pulse generator. Journal of
Materials Processing Technology, 2009. 209(4): p. 1706-1716.

122. Sheu, D.Y., High-speed micro electrode tool fabrication by a
twin-wire  EDM  system. Journal of Micromechanics and
Microengineering, 2008. 18: p. 105014.



K.P. Rajurkar et al. / Procedia CIRP 6 (2013) 13 — 26

123. Snoeys, R., Dauw, D., and Kruth, J. P., Improved Adaptive
Control System for EDM. Annals of the CIRP, 1980. 29(1): p. 97-
101.

124. Snoeys, R., Staelens, F., and Dauw, D., Adaptive Control
Optimization as Basis for Inteligent EDM Die Sinking Machines.
Advances in Non-Traditional Machining , ASME PED, 1986. 22:
p. 63-78.

125. Rajurkar, K. P., Wang, W. M., A New Model Reference Adaptive
Control of EDM. Annals of the CIRP, 1989. 38(1): p. 183-186.

126. Rajurkar, K. P., Wang, W. M., Real Time Stochastic Model and
Control of EDM. Annals of the CIRP, 1990. 39(1): p. 183-186.

127. Kinoshita, N., Fukui, M., Gamo, G., Control of Wire-EDM
Preventing Electrode from Breaking. Annals of the CIRP, 1982.
31(1): p. 111-114.

128. Jiang, Y , et al., Monitoring of EDM gap discharge status with
wavelet transorm method, Proceedingss of the 16™ ISEM, 2010, p.
211-216.

129. Hsue, A. W., & Chung, C. H., Effective Pulses Discriminator and
Direct-Drive Jump Control for High Efficiency Electrical
Discharge Machining (EDM) Processes. In Proceedings of the
16th International Symposium on Electro machining. 2010, p. 175-
182.

130. Fujiki, M., et al., Gap control for near-dry EDM milling with lead
angle. International Journal of Machine Tools and Manufacture,
2011. 51(1): p. 77-83.

131. Khanra, A., L. Pathak, and M. Godkhindi, Application of new tool
material for electrical discharge machining (EDM). Bulletin of
Materials Science, 2009. 32(4): p. 401-405.

132. Tanabe, R., et al., Development of peeling tool for micro-EDM.
CIRP Annals - Manufacturing Technology, 2011. 60(1): p. 227-
230.

133. Gu, L. Le. L., Zhao, W., and Rajurkar, K. P., Electrical Discharge
Machining of Ti6Al4V with Bundled Electrode. International
Journal of Machine Tools and Manufacturing, 2012. 53: p. 100-
106.

134. Jianhong Zhao, M.K., Guilin Yang and Xue-Ming Yuan,
Performance of Bunched-Electrode in EDM. Key Engineering
Materials (Volumes 447 - 448), 2010. Advances in Precision
Engineering: p. 282-286.

135. Xianghua Liu, Z.J.a.J.H., Experimental Investigation on Air-
Aided Water EDM. Advanced Materials Research (Volumes 148
- 149), 2010. Manufacturing Processes and Systems: p. 471-474.

136. Chuanzhen Huang, H.Z., Jun Wang and Xiaoping Li, Powder
Mixed near Dry Electrical Discharge Machining. Advanced
Materials Research (Volume 500), 2012. Advances in Materials
Processing X.

137. Kim, B.H., et al., Electrical Discharge Machining of Carbon
Nanofiber for Uniform Field Emission. CIRP Annals -
Manufacturing Technology, 2007. 56(1): p. 233-236.

138. Kruth, J. P, Stevens, L., Froyen, L., Lauwers, B., Study of the
White Layer of a Surface Machined by Die-Sinking Electro-
Discharge Machining. Annals of the CIRP, 1995. 44(1): p. 169-
172.

139. Liao, Y. S., Huang, J. T., Chen, Y. H., A Study to Achieve a Fine
Surface Finish in Wire-EDM. Journal of Materials Processing
Technology, 2004. 149(13): p.165-171.

140. Yu, Z. Y., Rajurkar, K. P., Narasiham, J., Effect of Machining
Parameters on Micro EDM and Surface Integrity. Proceeding of
the 18" Annual Meeting of American Society for Precision
Engineering, Portland, Oregan, 2003.

141. Lee, H-T., Rehbach, W. P., Tai, T-Y., Hsu, F,-C., Surface
Integrity in Micro-Hole Drilling Using Micro-Electro Discharge
Machining. Materials Transaction, 2003. 44(12): p. 2718-2722.

142. Aspiwall, D. K., Soo, S. L., Berrisford, A. E., Walder, G.,
Workpiece Surface Roughness and Integrity after WEDM of Ti-
6Al-4V and Inconel 718 Using Minimum Damage Generator
Technology. CIRP Annals - Manufacturing Technology, 2008.
57(1): p. 187-190.

143. Patel, K.M., P.M. Pandey, and P. Venkateswara Rao, Surface
integrity and material removal mechanisms associated with the
EDM of Al203 ceramic composite. International Journal of
Refractory Metals and Hard Materials, 2009. 27(5): p. 892-899.

144. Klink, A., Guo, Y. B., Klocke, F., Surface Integrity Evaluation of
Powder Metallurgical Tool Steel by Main Cut and Finishing
Trim Cuts in Wire-EDM. 1* CIRP Conference on Surface
Intigrity, 2011. Procedia Engineering 19: p.178-183.

145. Klocke, F., Welling, D., Dieckmann, J., Klink, A., Titanium Parts
for Medical Sector Made by Wire-EDM. Proceedings of the 1%
International Conference on Design and Processes, 2012.

146. Klocke, F., Welling, D., Dieckmann, J., Comparison of grinding
and Wire EDM Concerning Fatigue Strength and Surface
Integrity of Machined Ti6Al4V Components. 1* CIRP Conference
on Surface Intigrity, 2011. Procedia Engineering 19: p. 184-189.

147. Masuzawa, T., State of the Art of Micromachining. Annals of the
CIRP, 2000. 49(2): p. 473-488.

148. Rajurkar, K. P., Levy, G., Malshe, A., Sundaram, M. M.,
McGeough, J., Hu, X., Resnick, R., DeSilva, A., Micro and nano
machining by electro-physical and chemical processes. CIRP
Annals-Manufacturing Technology, 2006. 55(2): p. 643-666.

149. Song, X., Reynaerts, D., Meeusen, W., Van Brussel, H.,
Investigation of Micro-EDM  for  Silicon ~Microstructure
Fabrication. Proceeding of SPIE the International Society for
Optical Engineering, 1999. 3680(II): p. 792-799.

150. Yu, Z., Rajurkar, K. P., Shen, H., Drilling of Circular Blind
Micro Holes by Micro EDM. Transactions of the NAMRI/SME,
2002. 30: p. 263-270.

151. Yu, Z. Y., Masuzawa, T., Fujino, M., 3D Micro-EDM with Simple
Shape Electrode Partl. International Journal of Electrical
Machining, 1998. 3: p. 7-12.

152. Sharma, A., Iwai, M., Kawanaka, K., Suzuki, K., Uematsu, T.,
Attempt at EDM of Electrically Conductive Diamond and its
Application to Miniature Model Processing. 7" International
Symposium on Advances in Abrasive Technology, Bursa, Turkey,
2004. P. 565-568.

153. Tsai, Y.-Y., Masuzawa, T., An Index to Evaluate the Wear
Resistance of Electrode in Micro-EDM. Journal of Materials
Processing Technology, 2004. 149(1-3): p.304-309.

154. Yu, Z. Y., Masuzawa, T., Fujino, M., Micro-EDM for Three-
Dimensional Cavities — Development of Uniform Wear Method.
Annals of the CIRP, 1998. 47(1): p. 169-172.

155. Yuzawa, T., Magara, T., Imai, Y., Sato, T., Micro Electrice
Discharge Scanning Using a Mini-Size Cylindrical Electrode.
Kata Gijutsu, 1997. 12(8): p. 104-105.

156. Bleys, P., Kruth, J. —-P., Lauwers, B., Zryd, A., Delpretti, R.,
Tricarico, C., Real-Time Tool Wear Compensation in Milling
EDM. Annals of the CIRP, 2002. 51(1): p. 157-160.

157. Narasimhan, J., Yu, Z., Rajurkar, K. P., Tool Wear Compensation
and Path Generation in Micro and Macro EDM . Transaction of
NAMRI/SME, 2004. 32: p. 151-158.

158. Yu, Z.Y., et al., High aspect ratio micro-hole drilling aided with
ultrasonic vibration and planetary movement of electrode by
micro-EDM. CIRP Annals - Manufacturing Technology, 2009.
58(1): p. 213-216.

159. Liao, Y.S., et al., Fabrication of high aspect ratio microstructure
arrays by micro reverse wire-EDM. Journal of Micromechanics
and Microengineering, 2005. 15: p. 1547.

160. Liu, K., B. Lauwers, and D. Reynaerts, Process capabilities of
Micro-EDM and its applications. The International Journal of
Advanced Manufacturing Technology, 2010. 47(1): p. 11-19.

161. Klocke, F., et al., EDM Machining Capabilities of Magnesium
(Mg) Alloy WE43 for Medical Applications. Procedia
Engineering, 2011. 19(0): p. 190-195.

162. Lin, C.-S., et al., Fabrication of micro ball joint by using micro-
EDM and electroforming. Microelectronic Engineering, 2010.
87(5-8): p. 1475-1478.

163. Malshe, A., et al., Investigation of nano-scale electro machining
(nano-EM) in Dielectric Oil, CIRP Annals-Manufacturing
Technology, 54, 2005, p. 175-178.

164. Virwani, K. R., et al., Understanding Dielectric Breakdown and
Related Tool Wear Characteristics in Nanoscale Electro-
Machining, CIRP Annals-Manufacturing Technology, 56, 2007, p.
217-220.

165. Jahan, M., et al., Experimental Investigation and Characterization
of Nano-scale Dry Electro-machining, Proceedings of
NAMRI/SME, 40, 2012 . p.



26 K.P. Rajurkar et al. / Procedia CIRP 6 (2013) 13 — 26

166. Jahan M., Malshe A., Rajurkar K., Experimental Investigation and
Characterization of Nano-scale Dry Electro-machining, Journal of
Manufacturing Processes, Vol. 14 (2012) pgs. 443-451.

167. Kunieda, M., Study of Nano EDM Using Capacity Coupled Pulse
Generator, CIRP Annals-Manufacturing Technology, 56, 2007, p.
213-216.



	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	2013

	Review of Electrochemical and Electrodischarge Machining
	Kamlakar P. Rajurkar
	M. M. Sundaram
	A. P. Malshe

	Review of Electrochemical and Electrodischarge Machining

