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A review on process capabilities of electrochemical micromachining
and its hybrid variants

Abstract

Electrochemical micromachining (micro-ECM) is ancanventional micromachining
technology that has capability to fabricate higheas ratio micro-holes, micro-cavities, micro-
channels and grooves on conductive and difficultttbmaterials. Both academia and industry
have the consensus that it offers promising macbiperformance especially in terms of high
surface finish, no tool wear and absence of thdymadluced defects. Furthermore in order to
machine novel materials with extreme propertiesehbybrid electrochemical micromachining
technologies are under development. With theseithybicro-ECM technologies, capabilities of
micro-ECM can be expanded by combining it with otcesses. To fully exploit the potential
as well as improve micro-ECM technology and relatgbrid processes, a wide spectrum of
multidisciplinary knowledge is needed. The presemtiew systematically discusses process
capabilities and research developments of eleadrmadal micromachining and its hybrid
variants considering knowledge of both basic anglieg research fields. After few introductory
review articles in prior state of the art, thisiesv fills an important gap in research literatuge b
presenting first time an extended literature soustdh a wide coverage of recent research
developments in electrochemical micromachining netbgy and its hybrid variants. This paper
outlines the research and engineering developmentslectrochemical micromachining
technology and its hybrid variants, review of teéated concepts, aspects of tooling, advanced
process capabilities and process energy sourcessdtprovides new sights into technological
understanding of micro-ECM technology which will beelpful in future engineering
developments of this technology.

Keywords: Micro-ECM, Micromachining, pulsed — electrochemiodatromachining, hybrid-
ECM, hybrid micro-ECM,

1. Introduction

The trend of product miniaturization alongwith adivef novel materials with extreme
properties has posed a challenge for machiningstnguyl]. The demand for fabrication of
micrometer scale features on variety of materidath wtringent requirements on tolerances [2],
shape control and metallurgical constraints haaded research on expanding the capabilities of
existing micromachining technologies and developmeh novel hybrid micromachining
technologies. This includes development of miniaed machine tools, exploring advanced
process capabilities, fabrication of high aspetibsaknowledge of process-material interaction,
effects of scaling on material processing, etc. [@je key applications in different sectors
demanding developments in micromachining are cgolwles in gas-micro turbines, fuel
injection nozzles, MEMS, components of wrist wagth®EMS, biochips, opto-electronic
components, nuclear reactor components, inkjet leszprinted circuit boards, microfluidic
channels, surgical micro-tools, micro-dies, impéanetc. In micromachining domain, the
application of mechanical micromachining processesh as micro-milling, micro-turning etc. is
limited by the hardness of workpiece material asgliés such as tool failure, excessive tool



wear, chatter and limited surface quality. Among n4gonventional micromachining
technologies, micro-EDM is a commercialized tecbggl which has capability to machine
micro-dimensional features on conductive mateiraéspective of hardness. It suffers from the
problems with surface integrity owing to the thelignanduced defects. Process repeatability and
capability is very low for features smaller than01dn. Laser beams wins when it comes to
micromachining in non-conductive materials whicle deyond the capability of electrical
micromachining techniques. Also, laser beam micirmang is an electrodeless machining so
no tool design and fabrication is required. The aobereen fiber lasers of ultrashort pulse
durations has made the micromachining process éasynonitor. However, laser beam
machining (LBM) and electron beam machining (EBM@ &ess effective for drilling in thick
workpiece materials due to the limited working rargf lasers. Laser beam micromachining
suffers from heat affected zone, spatter and ndaoking. Use of femtosecond pulse lasers has
shown very less thermally induced defects but Wteisy slow and cost intensive process and not
suitable for mass production. Another commercidlizechnology, laser micro-jet has offered
possibilities in clean processing of materials widduced thermal defects. However, the
technology is limited in aspect ratio and precisienimited by hydraulic jump of water-jet
especially in drilling configuration.

Table 1: Comparison of four commercially establighenicromachining technologies.

Micro-EDM  Micro-ECM  Laser micro-jet Laser ablation
High aspect ratio v v v X
features
Micromachining X X v v
on nonconductive
materials
Micro tool design v v X X
and fabrication
Independent of v v v v
hardness
Thermally v X X v
induced defects
(HAZ, spatter)
Micro residual v X X v
stresses on
workpiece
High surface X v X X
finish (nm)
High MRR v v X X
Mass production X X X X




Table 1 shows comparison of four commercially ald@ micromachining technologies. It is
important to note that micro-ECM offers promisingpebility to fabricate high aspect ratio
features without thermal defects and high surfadstf can be achieved. In micro-ECM process,
localized material removal is achieved by contoimodic dissolution of workpiece. Since, the
material removal occurs at atomic level, high stefdinishes can be obtained. Micro-ECM
technology has been foreseen as a promising temyyah future. Its process capabilities and
material processing window is expected to be exgarxy hybridizing electrochemical process
energy with other process energies. To enabledkieldpment of micro-ECM technology and its
hybrid variants, a wide knowledge spectrum is resgli

In this paper, we fill an important literature gapthe existing state of the art focusing
extensively on updated developments in electroct&nmicromachining technology and its
hybrid variants considering a wide knowledge speotrDevelopment of hybrid process needs
knowledge of parent process and hence this reveewntended to combine knowledge of
electrochemical micromachining as well as micro-ECb&sed hybrid micromachining
technologies in single manuscript. Some of theothictory review articles on electrochemical
micromachining are available in references [4]4{vhich only deal with the early basic
knowledge in this field. References [4], [5] remaltvery early introduction about localized ECM
processes and were several years ago. In the wioRhattacharya et al. [6], basics of
electrochemical micromachining as well as comparibetween ECM and micro-ECM were
presented after reviewing 60 publications. Receavetbpments and several aspects were not
included in the review and since then the technolwas already advanced by leaps and bounds.
Landolt et al. [7] reviewed fundamental chemicgbexds of electrochemical micromachining
including mass transport effects. They also dissdisseveral aspects of oxide film laser
lithography and fabrication of two or multi-levelrigctures. In the work of Sen et al. [8], a
review on ECM drilling was presented focusing maimn the hole quality aspects and
discussion on effect of process parameters ondudéty was presented. Several aspects such as
tooling, importance of interelectrode gap, processrgy sources, selection of electrolytes for
machining specific material, etc. were not covepesnprehensively. A recent conference
review article [9] in related field gave a shalloaverage of ECM technology without detailing
processes and was merely a collection of literatoreEDM and ECM. In the work of Leese et
al. [10], an overview was presented consideringnipdhe process parameters. In our review
article we present an extended review article hysmtering upto-date knowledge of basic and
applied research fields targeting both academia iaddstrial audience. The paper covers
comprehensively and systematically the research eldpments in electrochemical
micromachining technology and its hybrid micromadhg variants. It covers wide knowledge
spectrum including almost all aspects such as fmet¢als of material removal mechanism,
process material interaction, electrochemical nmi@ohining process configurations, electrolyte
and tooling aspects, process energy sources amggzaapabilities. The review also covers
electrochemical micromachining based hybrid proegesBoth assisted and combined processes
are discussed vividly. Figure 1 depicts the scdpihie review paper. Several aspects are cross-
connected and are discussed in detail in each stitnseThe paper also deduces current and
future research trends in this technology.
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Figure 1: Broad layout of the present review paper.

2. Micro-ECM technology

Micro-ECM is an unconventional micromachining teglogy which finds application in
wide range of sectors such as aerospace [11], atitean[12], biomedical [13]-[17], micro-
electronics [18], shaver heads [19] [20], etc. Tgrenciple of material removal is anodic
dissolution of workpiece as in electrochemical niaicly. However, in micro-ECM the goal is to
localize the material removal so as to control shape precisely. Micro-ECM technology has
several advantages over other localized matemabyal processes. Some of them are :

i.  Independent of workpiece hardness.
ii. Complex shapes can be machined.
iii. It has no tool wear and high surface finish asdligen occurs at atomic level.
iv. It can be precisely controlled in micromachiningrdon through use of ultrashort pulsed
power.
v. It is a non-contact machining process so no maagiforces involved and size effects
don’t come into picture.

vi. It can be easily hybridized with other processeditmaden process capabilities and
material processing window.
vii.  Material removal rates can be controlled from eleal parameters (Voltage, Current)

and pulse characteristics (Pulse frequency, on tilmeation, duty cycle).

The experimental studies conducted till date hahews direct and simultaneous
involvement of several process parameters on theeps performance of micro-ECM. These
process parameters can be grouped into six brdadarées and are represented in the form of



fish-bone diagram in Figure 2. For controlled andcse material removal in micro-ECM
process, it is often required to set different niaicly parameters at their optimal levels.
Furthermore, the surface roughness and materiabwvainrate is influenced by pulse duration,
applied voltage, pulse frequency, electrolyte catregion and tool feed rate. The general effect
of different process parameters on the proces®nmeaince characteristics during micro-ECM
process is summarized in Table 2.

Workpiece Electrolyte Tool

Material > Conductive/Non

Size Material/conductivity

Acidic/basic/neutra Temperature

conductive Concentration\ Throwing power =3\ Inner surface roughness
— UL ) —

Type: Passivating/ . B
non-passivating Micro-ECM
> process
Inter-electrode Machine tool Duty ratio Current Current density pe rformance
a precision —_—
& p——) € Pulse on/off time Voltage
Other Pulse Electrical
parameters

parameters

Figure 2: Ishikawa diagram representing the paranees which affect the process performance in
electrochemical micromachining process.

Table 2: Overview of the effect of key process paeters on the process performance in micro-ECM igimg the
slight non-linearities in behavior. (Compiled fromeferenceqd21]-[23])

MRR Surface Shape M achining gap
finish precision

TVoItage T l l T

TPuIse on-time T l l

concentr ation

1
TEIectronte T l l T
TDuty cycle T l l T

T . represents increasing trend ,LZ represents decreasing trend




2.1 Fundamentals of material removal

Electrolyte flow
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Figure 3: Pictorial representation of electrochenatactivity in the inter-electrode gap during eleothemical
machining.

The material removal in ECM is achieved through tagled anodic dissolution of
workpiece. The workpiece is made as anode andoibieetectrode is made as cathode. At the
anode, the metallic workpiece (M) undergoes oxadatihereby releasing the electrons. The
reaction is known as anodic reaction and is repteseas [24]:

M — M™ + né Anodic dissolution) (1

where n represents the number of electrons relehs@uy reaction. Besides anodic dissolution,
oxygen evolution takes place when passivating btés (E.g. ag. NaN§) are used. The
reaction is represented as:

H,O — 2H + % O 1 + 26 Oxygen evolution) (2

In case of non-passivating electrolytes (E.g. a@CINag. NaBr), the evolution of halogen gases
takes place (Eg. 3). The gas evolution at anodecesdthe current efficiency of ECM process as
it consumes major fraction of machining current amtly small fraction of current is utilized
effectively in dissolution.

2Br — Br, 1 + 2¢€ Hal ogen evolution) (©)]

At the cathode, the water from the electrolyte aligstes into hydroxyl ions and hydrogen
evolution takes place (Eqg. 4). These hydroxyl ioFect with the metallic ions produced during
anodic reaction and precipitate as sludge whichcathe stability of ECM process especially in



high aspect ratio machining (Eq. 5). To minimizes thludge precipitation, use of acidic
electrolytes is recommended [25].

2H,O + 26 - 20H + Hy 1 Hydrogen evolution) (4)
M™ + nOH — M(OH), | ¢ludge/precipitate) (5)

The electrochemical activity occurring between taotl the workpiece during electrochemical
machining is represented pictorially in Fig. 3.

The material removal during ECM is governed bya@ay’s Laws of electrolysis (Eq. 6)
with current densities of about 20 to 200 Afdmcase of ECM and 75 to 100 A/érim case of
micro-ECM [6]. The material removal rate dependsttum electrochemical properties of metal,
properties of electrolyte and the electric currgplied (Eg. 6). In case of alloys, the volumetric
MRR (Vurr) depends on the electrochemical equivalents anaeptage of individual
components of an alloy in addition to the currétd.(7).

m IA

VMrr = - Moar (6)
VuRR alloys = Uiﬁ (7)
- Fp Zi:lA_i

where,m: mass of anode dissolvetd time, F: Faraday’s constan#): molecular weight (g/mol)

of workpiece (anode) p: density of metall: current, n: current efficiency,z valence of
workpiece (anode)n: number of alloying elements;: mass fraction (%)z. valency of
individual constituents of alloyThe current density in electrochemical machiningcpss is
affected by mass transport effects [7] which imtaffects surface finish and shape accuracy.
The limited current density considering convectivass transport is given by (Eg. 8) [6]:

_ OFDCgqe
J = ®)

where, D: effective diffusion coefficientCsy: surface concentration amdl diffusion layer
thickness.

In localized ECM configurations, material removal accomplished by application of
pulsed voltage. The material removal during p@setrochemical micromachining with pulse

on-time o) can be written as (Eq. 9) [26] :

Vin—ontime = foronif_:ldt €)

Where, V,, volume of material removed;: the electrochemical constarf; voltage
value acquired by oscilloscopk, electrode area: inter-electrode gap; electrolyte resistivity,
t: time allowed for machining. In pulse electrocheahimicromachining, the effective material
removal occurs only during the time)(of faradic currents. Therefore, the material reatoate
can be determined as [26] :
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Vin—ontime = f*ong_rdt (10)
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Figure 4: (a) Pictorial representation of double ya&r formation during electrochemical micromachiningrocess
[27]. (b) Equivalent circuit model of double layer imier-electrode gap. Redrawn from REf3].

In micro-ECM, the localization of material removalachieved by utilizing the double
layer effect. Figure 4(a) depicts a pictorial reygratation of electrical double layer with thickness
about 11*° m [29] formed in the inter-electrode gap which ssentially accumulation of
oppositely charged ions at the metal-solution fater and it acts as an electrical barrier [27].
Because of the capacitive nature of double layerinter-electrode gap can be modelled as RC
circuit [28]. The capacitance of electric doublgeia EDL) works as an additional control
parameter. The charging constant of electric dolayler depends on the size of inter-electrode
gap. The smaller the distance between tool and pieck electrodes, the smaller will be the
charging time of double layer capacitance [30].vByue of this property, better localization of
material removal is achieved through the adjustnoémqiulse parameters according to charging
constant of double layer. The charging time corisfgrfor the double layer is given by Eq. 11
[30].

T= pCd = RCDL (11)

wherec is the specific capacitance of double layer, pebdid specific electrolyte resistivity)
and gap between electrode and workpiet)eg(ves electrolyte resistanc®)( Thus, charging
time depends on the gap distance between the @lestCp, is the overall capacitance of the
double layer. When potentiald) is applied, the charged potentia)(in the double layer is [30]:

?.(t) =09, (1 — exp (—E)) ~ (250% (12)



From Butler-Volmer equation, during the chemicalateon, current is

i = igexp(af@.) = igexp (af(bo p%) (13)

whereig: exchange current density, transfer coefficientf = F/RT, F: Faraday’s constang:
gas constant and: temperature. It is evident from Eqg. 13 that currdepends on applied
voltage, pulse duration, electrolyte concentrateomd inter-electrode gap. Furthermore, the
material removal rate depends on current and hagnzn be controlled by the parameters in
Eq.13.

2.2 Process-material interaction

As compared to other micromachining techniquesgléttrochemical micromachining
there is no change in properties of workpiece nedter the vicinity of machining zone. This is
solely because of the electrochemical dissolutibenpmenon and absence of any thermal
effects as in case of laser and micro-EDM proces&ssproposed by Klocke et al. [31], in
electrochemical machining the energy source is idensd as a moving voltage source and
major material loadings are electrical field ancroiical potential at all scales [32]. Figure 5
shows the pictorial representation of the majoremal loadings in electrochemical machining
process and their interaction with workpiece sweff#2]. It is the effect of chemical potential
which causes growth of thin passivation layer o& workpiece during ECM with passivating
electrolytes. The uneven distribution of electield in the inter-electrode gap causes non-
uniform dissolution as shown in Fig. 6. The othengess related material modifications are
caused by the electrolyte flow. The flow grooves be visualized on the ECMed surface as
shown in Fig. 6. There are no stress- strain bésatings on ECMed surface as the wall shear
stress of electrolyte boundary is low in magnitude.

Process variables ( Material load ) ﬁﬂarerfafmodlﬁcatr‘od

Moving voltage source Electrical field —/Change of chemical
U (4, h, vy K, €, P, PP E(U) composition
9, material, : ) - Change of hardness
: Chemical potential - Change of residual
microstructure)
stresses
Cathode E> ‘ Eiscadlye E>
| . g f
Anode ‘i“. 8 5
E | aa— | -‘; o =z B
0 E/ (Vi 107 od S
,—/ Al / /J 5 ‘%
U Voltage vy Cathode feed rate £ Portion of gas phase g .c—f“
J Current density & El conductivity P Static pressure w °
h  Working height 9 Temperature p./p, Pressure ratio o

Figure 6: Microscopic images showing material
modifications: flow grooves and local dissolution during
direct current electrochemical machining. Reproduced

Figure 5: Methodology to describe electrochemical
machining process signature by identification of material
loadings and corresponding material modification.
Reproduced from Ref [32]. from Ref [32].



2.3 ECM configurations for micromachining

Micro-ECM drilling/milling

The use of small diameter tubular electrodes [3}[ ultrashort pulsed power
supply[37]-[39], smaller inter-electrode gap [610], [40], high resolution motion stages [41]
and tool-rotation [42][43] enable the use electmulcal machining to fabricate micro-
dimensional features with enhanced precision [##is falls under the domain of micro-ECM as
it requires dedicated machine tool and preciserobmtf process. Figure 7 shows sketch of
micro-ECM setup with major peripherals. High aspatio micro-holes with complex internal
shapes can be fabricated with micro-ECM technold®y. Recently, a micro-ECM setup with
granite base, gantry configuration, three lineagsaand one rotary axis was reported that has
capability to fabricate micro-holes [41]. This waade possible by specialized ultrashort pulsed
power supply with adaptive gap control to achie@VEn micromachining domain.

= Control computer

— Z stage

b
I +Z Current
Sensor
-Z
- Pump
Motion -
Nano/micro
controller .
pulse
Tool electrode power supply
JN

CCD camera

Electrolyte
treatment [
tank 3

Machining cell

Workpiece

Figure 7: Sketch of a micro-ECM prototype with nma@j peripherals.

In micro-ECM drilling, the dedicated tool-electrode fed towards the workpiece and
dissolution is made to occur in presence of higlpfiency short pulsed power supply. Internal
flushing is used as the side gap is very smalekternal flushing. During deep hole drilling, the
flushing becomes difficult and the sparking phenoeomemay occur due to the evolution of gas
bubbles which can affect machining precision andase integrity. To facilitate flushing at



higher depths, tool rotation is employed but thésessitates to minimize the runout as it will
affect the machining precision and frequent shartud. With the provision of advanced
CAD/CAM technology together with multi-axis machgi platforms, micro-ECM can be
realized for milling of micro-channels [46], micgyeoves [47], microcavities [30], [48], [49].
The maintenance of required inter-electrode gaprigial for micro-ECM process stability
during machining. A lot of gap control and monihgy strategies such as adaptive control and
fuzzy logic based gap control [41], short circdétection [50], current monitoring [50]-[52],
force sensing [53], use of ultrasonics [54] and mhae vision [55], intelligent process models
[56], etc. have been proposed in literature. FigBrehows the representative charging and
discharging waveforms during electrochemical mia@ohning. During micro-ECM process,
the current passing through double layer (Figureisdsum of two currents: non-Faradaic
(capacitive current) and Faradaic current. The @éipa current, or the current used in charging
the capacitors of the electric double Layer (EDLl)sinbe overcome before faradic current can
reach effective levels and produced the desirechming effect [57]. This sets an optimal pulse
width in a sense that the pulse width should beylemough to charge the double layer
capacitance and short enough for achieving lochlmaterial removal. Only Faradaic currents
participate in dissolution and are responsible fieachining. It is not straight-forward to
determine the Faradaic currents and requires iviensodelling efforts [58].

-+

M -
T

A 4

_8 CHI 2,00V 200,00 Delay:0.000¢

0.4 0.8 1.2 1.6 2.0 2.4
Pulse time (ps)

Figure 8: Charging and discharging waveforms duringlectrochemical micromachining. Adapted from R&8].
Jet micro-ECM

The jet micro-ECM technology enables fast productid complex surficial geometries
of micro-scale dimensions [59]-[61]. The materiemoval from metals is achieved by
concentrating the DC current in an electrolytewhtch is ejected from a nozzle at about 20
m/s [60]. This nozzle works as a cathode and wedgis made anode. The current density
of the process is about 1000 AtriThe surface roughness of machined surface ishigh
lower current densities and the surface roughneseedses at higher current densities [62].



In order to achieve high current density, high vimgk voltage and high conductivity
electrolytes are employed. Both pulsed and DC posugaply can be used as current is
confined to the area of jet. Figure 9(a) showsstketch of jet micro-ECM set up [60]. The
geometric accuracy depends on the jet diameter.atheracy of jet micro-ECM process is
strongly affected by the shape of the jet but idificult to predict during experimentation
and requires extensive modelling efforts [63]. Tdie assistance is found to improve the
machining precision by removing the electrolytanfisurrounding the nozzle [64]. The
material removal can be controlled by electric eatrand nozzle diameter and position. It
has been reported that jet micro-ECM produces highaterial removal as compared to
pulsed ECM process. With the jet micro-ECM, it Hasen possible to use ECM for
micromachining by restricting the current in the jiet micro-ECM can be used to fabricate
micro-structured surfaces and complex three-dinogr@imicro geometries by changing the
nozzle position and choosing proper current setfgtd. Figure 9(b) shows the localized
point erosions generated by jet micro-ECM techngldgr machining time of 2s. An
important parameter which affects the cavity widdingl depths is nozzle speed. Figure 9(c)
shows the variation of cavity depths with nozzleexp[66]. It can be observed that the cavity
depths are higher at lower nozzle speeds due tedse in specific dissolution volume. The
trend is same for all kinds of steels. However, thaeity depths are also dependent on
composition of steel. Finite element based Multgidbs modelling [63] and energy
distribution modelling [61] have been used for ioyed understanding of the physics of jet
micro-ECM process.

(a)

Nozzle Holder

—e—1.4301
—-—1.4541
—e—1.5920

(!) S —

enerator Materials

DS L +Q Nozzle AA) Pump dfum] e
[

200+

Electrolyte 150
Reservoir

Electrolyte . A . . .
DiSpOSﬂl (c) ¢ 200 400 600 v[pm's] 1000
(b) Cavity depths

Figure 9: (a) Sketch of jet electrochemical micromlaining setup[60]. (b) Point erosions produced by jet

electrochemical micromachining60]. (c) Cavity depths as a function of nozzle speaddifferent grades of steel
[66].



Scanning micro el ectrochemical flow cell based ECM (SMEFC)

SMEFC [67] has been demonstrated as a localized E@btess for surface
micromachining and finishing process (Fig. 10(d))can confine the electrolyte to a small
droplet which thereby permits localization of matkremoval. The SMEFC system consists of
an electrolyte circulation system, a hollow toatattode and a vacuum insert connected to a
Venturi tube via a electrolyte recycling tank. Thechanism of electrolyte circulation is that the
electrolyte is pumped through the hollow electrade then it arises along the electrode outer
wall by the surrounding flowing air induced by t¥ienturi effect, resulting in a droplet between
the electrode and the workpiece, where electroatemeactions occur. This method maintains
the electrolyte of the droplet fresh and confinles &lectrolyte in the region of interest. The
important parameter in micro-ECM with SMEFC is vacugap which affects the droplet shape
and hence the precision of machining. This canidealized from Fig. 10(b) and 10(c). As the
vacuum gap increases, the droplet meniscus becardes and the cavity width increases more
as compared to depth. Because of its specialrelget circulation, there is no need for the
workpiece to be immersed in the electrolyte, emgblSMEFC being an integral and flexible
technique. The fabrication of mesoscale cavitieq,[6hannels [68] and finishing of EDMed
surface [69] has been demonstrated by this teckniqu
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Ball val\{e ( W
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Figure 10: (a) Schematic diagram of scanning micmrdectrochemical flow cell. (b) Microscopic image die
electrolyte droplet under different vacuum gapsdin left to right, VG=18Qum, 280um, 380um, 480um, 580
um, 680um, 780um). (c) Cross section profiles of cavities at difat vacuum gaps (Current: 400 mA, t: 8 s,
IEG: 50 um, electrolyte conc. 250 g/l) . Adapted from ReT].



Wire micro-ECM

Wire electrochemical machining [70] is similar tar&/EDM where a wire is used as a
tool to cut the thick and hard workpiece materidie principle of material removal is anodic
dissolution of workpiece in the presence of eldgteounlike the spark erosion in wire-EDM
process. Figure 11(a) shows the sketch of wire-E€&tup with major peripherals [71]. The
electrode or wire tool is fed towards the workpiecgil the machining gap is suitable to initiate
the required electrochemical dissolution. The abseof thermally induced material removal
makes the wire-ECM process promising as there igewmast layer and heat affected zone.
Furthermore, it doesn’'t compromise with the mectanproperties of high aspect ratio feature
after machining. The wire doesn’t undergo dimensiarhange or wear during wire-ECM and
can be reused. The electrolyte can be convenienipplied to the machining zone without
needing complex electrolyte supply system. The miecandidate materials for wire of wire-
ECM process are tungsten, copper and platinum [FB¢ accuracy in wire-ECM depends
mainly on machining gap which depends on feed o&tsire, pulse voltage and pulse on-time
[71]. Figure 11(b) shows the variation of machingap with wire feed rate. It is evident that
machining gap reduces with an increase in feedamadethis improves machining accuracy. On
the contrary, machining gap increases with an as#ein pulse voltage and pulse on time,
thereby deteriorating process accuracy. Workpidéoeatron and optimum wire- travel speed are
reported to generate improved surface finish dunimgyo wire-ECM process [73].
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Figure 11: (a) Sketch of wire electrochemical madig setup. (b) Variation in machining gap with feerate
(electrode diameter: 1@m, pulse period: lus, electrolyte: 0.1 M HCI) (c) Microstructures falmated by micro
wire electrochemical machining. Adapted from RJéfl].




To increase the productivity, multi-wire electrootieal machining process [70] is also
employed where the axial flushing of electrolyteermployed to fabricate multiple features
simultaneously. A special fixture is used to alibe axes of the wires in same plane. The wires
traverse same trajectory at constant feed-ratenguwutting into the workpiece. Figure 11(c)
shows the microstructures with slit width 2@ fabricated by micro wire electrochemical cutting
at feed rate of 0.12pm/s, 50 ns pulses of 4.2 V [71].

Compilation of applications and process capabilities of micro-ECM

Electrochemical micromachining presents a broatt fef application in aerospace
industry [74]-[77], automotive industry [12], biodieal industry [13]-[17], [78], consumer
products [19][20], machining of dies and tools [[7@Jachining of difficult-to-cut materials [11],
[25], [80]-[86], in process dressing of grinding ehs [87] and other fields [4], [88]-[94] as
compiled in Table 3. Figure 12 gives a pictoriaeonew of potential industrial applications
where electrochemical micromachining is applied fieachining at micro or sub millimeter
scale. Table 3 summarizes the process capabibiiels workpiece materials investigated for
different configurations of electrochemical micrarthaing as compiled from different literature
sources. Table 5 presents compilation of advanaedeps capabilities of electrochemical
micromachining in different configurations. The mamaterials which have been widely
researched for machinability using electrochemioatromachining are Titanium alloys,
superalloys and steels. Tables 6, 7 and 8 preseaties conducted on electrochemical machining
of Titanium alloys, superalloys and steels respebti alongwith the tool-electrolyte
combinations and respective machining conditionss Will be helpful for practicing engineers.

Table 3: Potential application areas of electrochemical machining at micrometer and sub millimeter scale.

Application sector Products/feature

Aerospace industry High aspect ratio straight,ieel and turbulated cooling holes for turbine

blades, functional apertures in aerospace compsnertnufacturing of

aerodynamic seals, gearwheels, turbine blisksytieg for generation of
superhydrophobic surfaces. (Courtesy: INfe®EMTec®)

Automotive industry Micro-holes in fuel injectiomrnzles and apertures for oil inlet in bearings,
gearwheels and cog wheels, turbocharger compo(@atstesy: Indel’,
PEMTec®)

Medical/biomedical industry Micro-needles for cagdnl implants, sharp edged and high finish surdozs,
optical quality finished dies and moulds for suajitols, punches for tablets

Consumer products Shaver heads (finishing and grgpyCourtesy: Philips®), hydrophobic
surfaces, surfaces with high surface finish requést
Chemical industry Micro heat exchangers, microt@acCourtesy: ECM technologies®)
Tooling Cutting tool inserts, dies and punches, @slng tools, coin stamps
General applications Micro-holes, micro-channelgraslots, micro-cavities, complex internal ang

external shapes on difficult to cut materials sashitanium, stainless steel,
superalloys, heavy metals, etc.




Figure 12: Potential industrial applications of etgrochemical micromachining. (a) Cooling and funatnal
apertures in turbine blades for aerospace industfp) Micro-holes and apertures in fuel injection zales (c)
Formation of sharp cutting edges of medical micrargical tools with edge sharpness less thamh. (Picture
courtesy: INDEC™). (d) Coining stamps for mintage industry. (e) M punching dies (Picture courtesy:
PEMTec® (f) Micro-gear with internal teeth for medal application (Picture courtesy: Bosch GmbH) (l)icro-
slots and high surface finish in shaver head (Picacourtesy: Philips DAP) (h) A micro heat-exchangwith
heating channels' dimensions (width x depth): 800p#00um (Picture courtesy: ECM Technologies®.)



Table 4: Research developments in different variants of electrochemical micromachining technology.

ECMM Process capabilities Workpiece materials Research opportunities
variant investigated
Micro-ECM | Groove [47], texturing on | Tungsten [103], copper [104], Development of myltifunctional
flat and curved surfaces SS 304 [96], Single crystal Ni g“aChl'"e t°°|ts' (N .
[90], [95], drilling [8], [96], | superalloy [75], [105], Inconel orocess enorgmurces Y
milling [23], [30], [48], [25][83], gold [106] [107], Research  into  ecofriendly
[49], silicon micro- silicon [94], [97], [108], electrolytes.
structuring [97], complex | molybdenum [109], Ni and Ti Development™y of  advanced
internal holes [98]-[100], alloys [17], [82], [110], stainless process monitoring te_Chn_'queS
Advanced characterization of
nanostructures [101], 3D steel [111] [112], WC-Co [80], dissolution phenomenon
microstructuring [102] SiC[113], WC [114] especially the conditions in inter-
[49], electrode gap.
Improvements in  multiphysics
modelling of electrochemical
micromachining.
Jet micro- | Cavities, pits and point carbides [122], stainless steel Better un_derstanding Of_ _J'et
ECM removals [59] [64], Sharp | SUS 304 [62], Incoloy® [123], shape as it affects machining
. . . . . precision.
edge production [65], Nimonic® 80A [64], titanium Development of in process
grooves [62], surface [86], [124], Y-TiAl intermetallic metrology for jet micro-ECM.
texturing [115], turning [84], Particle reinforced Evaluation of process-product
[116] [117], finishing aluminium matrix composites :ingherplri”t for jet micro-ECM
. echnology.
[118]’. C_Uttmg [119], 3D [125] [126], WC [127] Research into novel applications
machining [120], including  surface texturing,
microchannels [65], fabrication ~ of  microfluidic
production of defined channels.
surface waviness [121]
SMEF Pits and cavities [67], Stavax® mould steel[67] Better understanding of
channels [68], finishing electrolyte droplet shape
! evolution as it affects machining
[69] precision.
Developments of prototypes
that can realize higher
electrolyte flow rates.
Development  of  in-process
monitoring techniques.
Wire micro- | Cutting [71], [73] cobalt [73], nickel [71] Development  of  improved
ECM electrolyte flushing systems to

improve machining accuracy.




Table 5: Advanced process capabilities of electrochemical micromachining technology as compiled from different

literatures.
Process capability Figure Details Reference
Spiral duct Controlled micro-ECM [99]
cooling passage parameters—8V, 150 g/I,

NaNO3 0.2 MPa electrolyte

pressure, 15 m/s electrolyte

velocity, 10 min machining time.
Groove array in Fabricated using single disc [98]
micro-hole electrode in micro-ECM, hole

diameter 130 um, groove depth

and height 30 um and 33 um

respectively.
Reverse tapered Micro-holes with inlet diameter [100]
holes of 178 um and taper angle of

1.05° on 1 mm thick 18CrNi8,

can be machined by varying

voltage, varying duty ratio and

varying feed rate machining.
Bamboo shaped Fabricated using varying feed [100]
hole rate machining mode on 1.0

mm-thick 18CrNi8 workpiece,

internal surface roughness Ra

674 nm.
Pocket Milling mode micro-ECM, [48]
machining fabricated using cylindrical

tools, small step-over distance

generates smooth surfaces.
Spiral trough Depth of 5 mm, workpiece —Ni, [38]

tool — Tungsten, electrolyte -
0.2M HCI, parameters: 3 ns, 2V
pulses, 33 MHz repetition rate.




Micro Workpiece — Au, electrolyte — 1 [107]
Structuring M LICl/DMSO solution,
machining parameters: 4.2V, 20
ns pulses.
Fabrication of Workpiece-stainless steel [60]
micro-reactor 1.4541, fabricated by jet-EC
milling, use of electrolytic free
jet —localized machining.
Surface [90]
texturing Processing parameters: voltage:
5V, pulse on time: 10 us, pulse
off time: 110 ps, electrolyte: 5%
S g NaNOs, IEG: 100 pm.
Stainless steel
Micro-turning ECM turning achieved by [116][117]
rotating the cylindrical
workpiece and moving the jet
along the axial direction. The
profile is generated by changing
current sinusoidally from 0 — 50
F o mA.
28kUV X188 1808pm GOGOAEG
Finishing of pre- Use of ball ended tool-electrode [128]
machined , electrolyte — 15% aq. solution
surface of NaNO;, Voltage - 16V.
After rough milling After ECM finishing
Banana shaped ECM process- final step in [20]

grooves and
finishing

(Picture courtesy: Philips® DAP)

production of shaving head,
fabrication of banana shaped
grooves and required surface
finish accomplished by
electrochemical machining.




Fabrication of
sharp edges

Using jet electrochemical
micromachining, workpiece :
Steel 1.4541, geometry consists
of five coaxial circles with
varying radii from 1 -2.2 mm
and number of crossings vary
from 10 -50, minimal edge
radius 1 um.

[65]

Table 6: Reported works on electrochemical micromachining of Titanium alloys.

Ref Tool material Electrolyte Experimental conditions
[129] Copper-tungsten aq. NaCl, ag. NaNO; U: 10- 24 V; electrolyte flow rate: 20 dm3/min; feed
rate: 1.04 mm/min
[110] Stainless steel aqg. NaCl (10 %) U: 30V, inlet pressure: 0.5 MPa, initial gap: 0.5 mm,
1Cr18Ni9Ti feed rate: 0.5, 1.2 mm/min
[86] nozzle aq. NaCl, NaBr, NaF, I: 0.2 A, stand-off distance: 0.5 mm, electrolyte flow
NaNO; rate: 6mL/s, current density: 408 A/cm?
[130] Pt wire 3M sulphuric acid-50% | U: 10, 30 V; electrolyte temperature: -10, 0 deg C
methanol- 50% ethanol
[70] wire (2.5—-10 %) NaCl + U: 18-22 V, wire feed rate: 0.6 -1.8 mm/min,
NaNO; electrolyte flow rate: 42-87 m/s
[131] Tungsten NacCl, NaBr, HCI, H,SO,, | U: 12 V; pulse frequency: 50 kHz, duty cycle: 20 %,
NaClO4.H,0, EG+NaBr, | tool feed rate: 1 um/s, inter-electrode gap: 15 um
EG+NaBr+NaCl
[17] Metallic nozzle Ag. NaBr U: 150, 200 V; electrolyte pressure: 175-280 kPa;
[132] Platinum NaCl, KBr, NaNO; at Electrolyte pH: NaCl, KBr-pH 7, NaNO3-pH 1, 7, 12
different pH
[133] Nozzle 20 % wt. NaNO3 Nozzle inside diameter: 250, 1000 um; nozzle feed:
1m/s, nozzle stand-off: 500 um, electrolyte flow
rate: 60 ml/min; ultrasonic assistance
[84] Stainless steel 1Cr- | 15% w/v NaCl U: 25-40 V; electrode feed rate: 0.8 — 2 mm/min;

18Ni-9Ti

electrolyte pressure: 0.4-1.0 MPa; electrolyte
temperature: 30-45 deg C

Table 7: Reported works on electrochemical micromachining of superalloys.

Ref Workpiece Tool material | Electrolyte Experimental conditions
[83] Inconel® 718 Copper tube aqg. NaNO3 inlet electrolyte pressure: 0.1 MPa; outlet
with epoxy electrolyte pressure: 0.35MPa; electrolyte flow
insulation rate: 10ml/min; U: 6 — 14 V; tool feed rate: 0.3 —
0.6 mm/min, electrolyte concentration: 6 — 16 wt.
%.
[105] | Nibased Steel aq. NaNO; suitable current densities: 1- 4 A/mmz, electrolyte
single conductivity: 115 mS/cm.
crystalline
superalloy
LEK94®
[11] Ni based Copper tube 12.5wt.% U: 9V; tool feed rate: 0.9 mm/min; bare tip length:




superalloy with Perspex NaCland 2.5 | 0.9 mm,
insulation wt.% HCI
[123] | Incoloy® 800 Borosilicate aq. H,S0, U: 325 V; Pulse on-time: 30 us; pulse off-time:50 pus
glass nozzle
[82] Ni based - aqg. NaNO; U: 17.5 V; electrolyte temperature: 308 K;
superalloys electrolyte concentration: 5- 20%
[85] Inconel® 825 Copper aq. Nacl U: 5-15V; feed rate: 0.2 -0.6 mm/min; electrolyte
concentration: 80, 95, 111.11 g/I
[134] | Inconel® 738 - 20% wt. aq. U: 16V, feed rates: 1.8 — 10 mm/min
HNO;
[25] Inconel® Copper tube 1% HCl+ 10% | U: 17V, feed rate: 1.0 mm/min
with Perspex NaCl
insulation
[75] DD6-Ni® Brass aq. NaNO; U: 80 V; electrolyte pressure: 4 MPa; pulse on-
based single time: 12 ps; pulse off-time: 30 us; peak current: 6
crystal A; salt solution conductivity: 3 mS/cm, Technology:
superalloy ECDM
[79] Inconel® 718 Stainless steel aq. NaNO; U: 30V, initial gap: 0.26 mm, tool feed rate: 0.6
mm/min
[74] Inconel® 718 - aqg. NaNO; U: 10 V; tool feed rate: 7 um/s; electrolyte flow
rate: 10 mL/min
[135] | Hastelloy® B-2 | Tungsten aq. HCI Pulse duration: 25 -200 ns; tool feed rate: 1.8
um/min; U: 1.3V
[136] | Nibased Tungsten 0.2M U: 3.5 -5.5V; pulse on- time: 40 - 150 ns; tool feed
superalloy sulphuric rate: 0.2 um/s
acid
[101] | Nickel Tungsten aq. HCI U: 2V; pulse on-off ratio: 1:10; pulse on time: 2 -
100 ns

Table 8: Reported works on electrochemical micromachining of steels.

Ref Workpiece Tool Electrolyte Experimental conditions
material material
[66] X153CrMoV12, Nozzle 30 % NaNO; U: 56 V; working distance: 100 um; electrolyte
X5CrNi18-10, flow rate: 10 ml/min; nozzle motion speed: 200-
X6CrNiTi18-10, 1000 um/s; number of nozzle crossings: 10
18CrNi8
[67] Stavax® mould WC-Co ag. NaNO; Machining current: 50 — 700 mA; Inter-electrode
steel gap: 20 — 50 um; Technology: SMEF based micro-
ECM
[137] | Stainless steel Nozzle 20 % NaNO; Gap width: 1 mm; pressure: 30 MPa; current: 25
MPa; U: 30-150V
[138] | Stainless steel | Platinum aq. Nacl Enhancement of ECM by 248 nm laser; laser
pulse energy: 200 mJ; U: 0.5 V
[47] 304 Stainless | Tungsten | 0.2 mol/L H,SO, | U: 6-9V; pulse on-time: 75-150 ns; feed velocity:
steel solution XY 2 um/s,Z1um/s
[112] | Stainless steel - 8% NaNO; U: 5-14 V; feed rate: 0-0.5 mm/min; pulse on
1.4301 time: 1-4 ms; pulse frequency: 50 Hz; electrolyte
inlet pressure: 3.1 bar
[111] | Stainless steel | Platinum | 3 M HCI/6 M HF | U:2V; pulse on time: 10-200 ns




1.4301

[139] | 304 Stainless - Composite U: 8 V; pulse on-time: 5 ps; pulse off time: 5 ps;
steel electrolytes: Salt | electrolyte pressure: 0.55 MPa
solutions +

complexing agents

[140] AlSI 304 Steel NaNO; U: 10 V; pulse on time: 2.5 ms; Electrolyte flow
(X5CrNi18-10) rate: 4.7 |/min, electrolyte pH: 7.1
is
[92] 9CrWMn alloy Brass 10 % NaCl U: 14-18 V; cathode feed rate: 16-20 mm/min;
tool steel electrolyte pressure: 1.5-2.5 MPa

2.4 Electrolytes for electrochemical micromachining

In electrochemical micromachining, electrolyte ssrnultiple roles i.e. participating in
electrochemical dissolution, maintaining procesbitity and flushing out reaction by-products
from machining zone [6]. It is crucial to selecbper electrolyte for stable micro-ECM. The
selection of electrolyte depends on several aspgath as composition of material to be
machined, smaller inter-electrode gap, sufficienic concentration, desired material removal
rate and surface quality. Figure 13 gives a broashdew of electrolytes used in electrochemical
micromachining. The most common types of electeslydire aqueous salt solutions and weakly
acidic solutions. Aqueous salt solutions can besigasng and non-passivating [141].
Passivating electrolytes contain oxidizing aniddaNO; NaClG;). Non-passivating electrolytes
contain aggressive ions (NaCl). Non-passivatingctedéytes are recommended when good
surface finish is required. For micromachining gsiBCM, use of passivating electrolytes is
recommended because they form a thin oxide lay&haminimizes dissolution in stray current
region. Therefore, passivating electrolytes areome to give better machining precision in
ECM based micromachining. However in case of dedp drilling, sludge formation restricts
the process stability and achievable aspect rafiosrefore, pH of the electrolyte also plays an
important role. In Shaped tube electrolytic maahgni(STEM) of deep holes, acid based
electrolytes are recommended to minimize the sludgposition [25]. The use of acidic
electrolytes creates an additional challenge fal tmaterial selection, environmental and
operator safety issues. EDTA based complexing agemte been proposed as an alternative to
acidic electrolytes to minimize sludge depositiddZ]. For machining of WC, dissolution is
possible in alkaline electrolytes, however the geifbrmation leads to higher IEGs [141] . For
specific metals such as titanium [131], [143] andlybdenum [109]; use of non-agueous
electrolytes is reported as these electrolytes tdead to formation of passivation layer and
surface quality is higher. For machining alloys amdtered materials; mixed electrolytes are
used [80]. Some groups have also reported useadfieudly electrolytes such as water [144],
[145] and citric acid [146] to address the enviremtal issue associated with safe disposal of
conventional electrolytes. Tables 5-7 presentsdifferent electrolytes used for machining of
titanium alloys, superalloys and steels.



The electrolyte concentration is a major influegcfactor that determines the accuracy
of the process [147]. Figure 14(a) shows the efééatlectrolyte concentration on MRR during
electrochemical micromachining process [148]. Aoréase in the electrolyte concentration
increases the current as well as the dissolutiboiericy and hence it results in an increase in
MRR [148]. However, the material removal also oscur the stray region and deteriorates the
localization of the material removal. This causeerout thereby affecting process accuracy. It
can be observed from Figure 14(b) that besides miachspeed, electrolyte concentration also
affects side gap [23]. The low or moderate elegtiolconcentrations cause a reduction in
machining gap leading to high accuracy [23]. Themef low or moderate -electrolyte
concentration are good for ECM based micromachifondpcalizing the material removal [6]. It
is not advised to use too low concentrations awdy cause depletion of sufficient ions for
electrochemical dissolution and MRR will be muclvés. The throwing power of electrolyte
should also be considered in electrolyte selectiflectrolytes with low throwing power are
preferred for higher accuracy in micromachining dan{149]. During micro-ECM drilling, the
flushing of electrolytes becomes difficult at higldepths and thus the machining by-products
(debris, bubbles, gases) are not effectively remoleading to problems with machining
accuracy. Use of tubular electrodes for internasling at higher depths is recommended [34].
Use of vacuum extraction of electrolyte has beapg@sed to localize the machining process and
minimize overcut during drilling [150]. Multiple hes have also been drilled using vacuum
extraction of electrolyte in ECM [151]. For improwent of heat and mass transfer in the ECM
gap and improving the MRR, pulsating electrolytanlhas been proposed [152]. It has been
reported that a constant electrolyte flow rate imwps the hole profile in ECM drilling [153].
Increase in electrolyte pressure improves fluslohglectrolyte and improves accuracy in ECM
drilling [34]. The use of ultrasonic vibrations @ectrolyte [154] and tool jump motion [155]
has been reported to increase machining depth ammfoved flushing conditions while
fabricating deep holes. To ensure good surfaceHi@nd minimize electrolyte boiling, the
temperature of electrolyte should be controllecoprty [152], [156]-[158]. The temperature of
the electrolyte affects the electrolytic condudgivilepending on the type of electrolyte. Jain et
al. [159] performed in-depth modelling and experita¢ investigations on the variation of
electrolytic conductivity in machining zone duegdas evolution and sludge formation. It was
reported that if the IEG is very small (< 2(0fh), the electrolyte conductivity reduces by more
than 20% at 10 V.
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Figure 13: Overview of electrolytes used in eledhemical micromachining along with primary charadatistics.
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2.5 Interelectrode gap

In micro-ECM process, size of inter-electrode gép,control and monitoring plays an
important role in influencing machining resolutiomachining precision, workpiece surface
quality, tool design and machining efficiency. Tdspect of inter-electrode gap in micro-ECM is
related to several other parameters such as m@vexgsion of cathode, gap voltage, electrode
polarization in the gap, electrolyte parameters mosition, concentration, pressure,
temperature) [53]. In order to achieve faster lmodlized material removal, a lower value (5 —
100 um) of inter-electrode gap is found suitable for mamg accuracy [40], [160]. In micro-
ECM, the inter-electrode gap is modelled as a R€uitias covered earlier in Section 2.1 and
Figure 4(b). In a recent study [161], it was obednthat the double layer capacitance and
charging constant depend highly on the inter-ebeletrgap and by using smaller machining gaps,
sub-micrometer precision can be realized. Figurstdws the improvement in micromachining
accuracy on using lower IEG in micro-ECM [40]. Hoxee, it is not an easy task to achieve
lower inter-electrode gaps. Furthermore, lower Ha@y affect process stability due to change in
electrolyte flow and mass transport conditions @hen the IEG is too low, flushing becomes
difficult and may cause even electrolyte boilindhisl can severely affect the accuracy of
machining. Furthermore, when the feed rate of tha electrode is higher than the frontal
material removal rate, short circuiting takes pladais affects the process adversely. Therefore,
an optimum value of IEG should be maintained. Ttesessitates the understanding of IEG in
micro-ECM and also the maximum current flowing thgh IEG should be controlled. The
parameters which affect the inter-electrode gapulse micro-ECM drilling are voltage, pulse
on time, tool feed rate and duty cycle [162]. Asntiened in the work of Bilgi et al. [162], the
interaction of these parameters affect the fromtaterial removal rate, electrolyte conductivity
and changes in current flow which in turn causeéati@ns in inter-electrode gap during drilling.
Several gap control and monitoring strategies sischdaptive control and fuzzy logic based gap
control [41], short circuit detection [50], curtenonitoring [50]-[52], force sensing [53], use of
ultrasonics [54] and machine vision [55], intelieprocess models [56], etc. have been
proposed in literature. Bubble evolution [163]-[168hd sludge generation are the major
phenomenon which makes it difficult to use smalllg&s in micro-ECM. In case of stationary
electrolyte and gap sizes of 30 and 10, the gap is filed with bubbles within 8 ms andmi$
respectively [163]. This reduces the machiningenirwith time. Flushing of electrolyte is found
to be beneficial as it flushes out the bubble ketbey coalesce. Figure 16 shows the gas bubble
evolution and bubble clustering on cathode duriniggxd micro-ECM for gap voltage of greater
than 1 V [164]. By using a conical tool and dedechéxperimental arrangement, it was observed
that gap voltage is the major influencing parametkich governs bubble propagation speed,
bubble size and bubble coalesce [165].



ACCEPTED MANUSCRIPT

Figure 15: Effect of IEG on dimensional accuracy keeping other factors same. A micromachined
cavity at (a) IEG 50 um (b) IEG 15 um (c) IEG 5 um. Adapted from Ref [40].
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Figure 16: Gas bubble evolution in the inter-electrode gap and clustering of bubbles on cathode during pulsed
electrochemical micromachining for gap voltage ~1.9 V. Adapted from Ref [164].

2.6 Process energy source

The conventional ECM with direct current as a psscenergy source suffers from the
aggressive and stray material removal, formationxafie layer, passive film and cavitation. In



order to minimize these problems, pulse electroct@nmachining (PECM) was introduced [5]
[167]. Figure 17 gives a broad classification obgass energy sources for electrochemical
micromachining [168]. In PECM, the current is sueglin the form of pulses. The power switch
unit is the main element which is used to createpilise. The parameters pulse on-time and duty
factor can be used to control the process. It le@n lmbserved that pulse parameters affect the
machining gap, machining time, accuracy and surfacaghness significantly during
electrochemical machining [6], [23], [44]. Furtherra, during pulse off time the tool retracts
back thereby providing good electrolyte flow. Alstyring pulse off time tool repositioning and
gap monitoring can also be done. Although somealitees report fabrication of micro-
dimensional features and shapes using pulsed EGM m$ andus pulses but the machining
accuracy is rather low due to higher machining gbp.achieve high accuracy and highly
localized material removal, the phenomenon of deldyer reloading is utilized which requires
nano-second pulses [38] [169]. Figure 18 showsoakbtiagram of major elements of a nano-
second pulsed power supply [170]. The ns pulsedepswpply consist mainly of PIC single chip
computer, MAX038 pulse generator, complementaryppko circuit, DC voltage-stabilizing
circuit, sampling circuit and fast protection citcurhe complementary chopper circuit avoids
waveform distortion and facilitates in achievinggler pulse frequency. The short circuit
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protection helps in avoiding damage to electrigahponents in case of short circuit between
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Figure 17: Classification of process energy sourdes electrochemical machining. Redrawn from REf68]

The major limitations on development of nanosecpualded power sources for micro-
ECM are due to the technological limitation on nmaxm switching frequency (1 MHz) of
conventional MOSFETSs [171] and the effect of streductance and capacitance[168]. The stray
capacitance delays the rise time of current pudsesalso causes a significant overshoot at the
end of pulse which is not desirable in ideal miEBX©M process. Furthermore, the parasitic
inductance of connecting cables increases thdainseof current pulses especially for ultrashort
pulses. The delayed attainment of peak currentceiproductivity [168]. Figure 19 shows the
effect of parasitic inductance on the current pulseng micro-ECM. It is worthwhile to note
that pulse rise time increases with an increageanasitic inductance value. For inductance of



50nH, the pulse rise time is shortest. To mininttze effect of parasitic cable inductance, the
cable length should be minimized and the processggnsource should be located close to the
machining head [57], [171], [172].
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Figure 18: Block diagram of a pulsed power supplgrfelectrochemical micromachining. Redrawn from Ref
[170].
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Figure 19: Effect of parasitic inductance on the aent pulse in electrochemical micromachining. Adtga from
ref [168].

The high frequency pulsed power sources for mid@dAEare still in research and
development stage. Table 9 compiles the publishedksvon development of ultrashort pulsed
power supplies along with their main characterssti@mong the notable works, Spieser et al.
[171] designed and developed a power supply unitrigro-ECM that had the capability to drill
deep holes. The power supply unit has capabilitypodviding pulses with a frequency ranging
from 2 kHz to 8 MHz. It was also able to reversdsp polarity and add a positive/negative
biases during pulse off-time. The pulse power syppiit was also equipped with an ultra-fast



(50-ns time delay) short-circuit protection. Zhaetgal. [170] developed a nanosecond pulse
power supply for micro-ECM with minimum pulse omg& of 50 ns. They also employed a
chopper circuit to prevent waveform distortion. EXments on micro-ECM drilling were
performed and it was observed that high frequesbpst pulse width power supply helps to
achieve better surface quality and higher machiag@uracy. It has also been proposed that low
level voltage based pulse current supply improvest®chemical machining accuracy and
reduces tool wear [173]. In the work of Schulzalef172], two variants of pulse power units for
pulse-ECM and pulse micro-ECM were developed fablst micro-ECM process parameter
settings and accurate capturing of gap currenthwisieessential in micro-ECM process. Above
all from the literatures on process energy soufgesnicro-ECM, it can be inferred that in the
design of process energy sources, the primary hould be to minimize the losses due to stray
capacitances, inductances and even resistandes gutrent path so as to obtain less power loss,
less voltage drop and steep rise of current pulses.

Table 9: Reported works on development of power sources for electrochemical micromachining and their main
characteristics.

Reference Main characteristics

[171] e Overcurrent protection incorporated.

e Quick communication protocol between power supply and motion controller.

e Current max 10A, Frequency: 2kHz-8MHz, Voltage max 15 V, Smallest pulse
duration: 50 ns.

[173] * Low level voltage improves machining accuracy.
e Optimal low level voltage conditions depend on pulse duty ratio.
[170] ¢ Nanosecond pulse power supply with minimum pulse duration 50 ns.

e Complementary chopper circuit to prevent waveform distortion.
e Fast short circuit protection — response time < 5ps.

[57] e Use of Gallium nitride based transistors as a novel switching technology

e Modulated frequency of up to 45MHz with a minimum pulse on time of 14ns.

¢ A novel multi-probe IEG connection concept- can transmit pulses to IEG with
inductance of 50nH and 50 ns pulses.

[172] e Use of bipolar pulse unit for loading and unloading the double layer
capacitances.

¢ Highlighted the problems with inductances in gap circuit.

e Provision for gap current sensing.

[174] e Use of ultrashort current pulses ~ 100 ns for accuracy improvement.
e Accurate measurement of average voltage gap and short circuit detection.




¢ Convenient tuning of pulse duration, frequency and peak current.

2.7 Tooling aspects

It is well known that in electrochemical machinipgcess, the tool shape is copied into
workpiece surface [4], [9], [149]. The copying amy and efficiency of micro-ECM processes
also depends on the tooling aspects. Whetherntigso drilling or micro milling or free form
machining, the tooling aspect plays a major ratehke past few years, researchers have come up
with several standard and customized tool designanfiproving the process performance of
micro-ECM. Table 10 gives a compilation of differéool designs proposed for improvement in
process performance along with necessary detadigser8l aspects are cross connected and
common with macro-ECM and features on tools casda¢ed down to make them applicable in
micro-ECM also. The subsequent subsections dedl wdling aspects of micro-ECM in brief.

A discussion is also presented on side insulatioaticgs on the tools in high aspect ratio
machining using micro-ECM for preventing lateradsblution.

Table 10: Difference types of tool-electrode configurations investigated in electrochemical micromachining
technology as compiled from different references..

Electrode Electrode Electrode Purpose solved
configuration material used in
reference
Multi-hole Brass To prevent
electrodes _ formation of residual
[175] cylinder in blind hole
drilling




Grooved
electrodes
[176]

wlox

For improved
flushing of debris
and machining
byproducts for deep
hole drilling

Disc electrode

To fabricate micro-

[98] holes with internal
grooves.
Dual Pole Tool Outer bushisan | To prevent stray
[177] auxiliary anode | machining and
Flectrolyte flow made of | improve machining
Ausiliary anode __Y.._ § Fdre insoluble metal | accuracy.
and inner one is
pipe like
Insulation material cathode tool
Cathade Workpiece with epoxy resin
layer between
them.
Transparent SiC single crystal | Observation of ECM
electrode semiconductor | 8ap phenomenon
[163]
Balance Platinum For the compensation

electrode [96]

- ‘

alance
lectrodg

Controller

of the difference of
voltage drops between
electrolyte and two
electrodes. Prevent
passive layer
formation.




Wedge shape Toolfeed dirction Metal To drill inclined holes
electrode with large inclination
[178] angles.

Capillary Glass capillary | Glass capillary can

electrode [8]

Eloctrolyte

with Pt wire as

bend for angular

J' l =4 cathode adjustments. Drilling
Hans
Capillary holes in production
e vl P components with
e . positioning and
{ / diametric tolerances of
AR 2N O - o G0.05 mm.

Spherical Tungsten To achieve micro-
electrode [33], holes/cavities with less
[179] degree of taper.
Insoluble Platinum To improve
auxiliary Feod iedio dimensional accuracy

Electrolyte
electrode 1 7—"»1l on the exit side of hole

Cathode: PPy

[180] N[ i

l ©

iy

Insoluble auxiliary electrode )

Retracted tip Tungsten  with | To confine the electric

tool [181]

Silica coating

field distribution to the
electrode region and
improve machining
accuracy.




Tool with Non- conductive | To control the internal
controlled @—‘ rod wrapped shape of micro-holes.
conductivity : with conductive
[182] : wire
]
1
]
[}
]
1
]
I
I
1
1
i
Tool material

For micro-ECM, a tool material should possess Hilgittrical and thermal conductivity,
stiff enough to withstand high pressure electroel good corrosion resistance [35]. The
suitable candidate materials for ECM tool electrade platinum [130][132], brass [92][75],
titanium [77], tungsten[131][135][136][101], sta@ss steel [84][110][79], molybdenum and
copper [25][83][11][72]. The conductive plastic &lpl83] and glass capillaries (with Pt
wire)[184][8] have also been tested as a canditadé material. The selection of tool
material mainly depends on the electrochemical gntggs required for material removal and
are specific to the workpiece to be drilled. Tab#e6 report the tool materials used for
machining specific material.

Tool shape and structure

A good tool design for micro-ECM drilling should ammmodate space for electrolyte
flow [178]. Ahn et al. [96] conducted research asing electrodes with different bottom
shape in electrochemical micro drilling. It was rened that the bottom shape of the tool
electrode affect the machinability and quality atra hole. When a flat bottomed electrode
is employed (Fig. 20(a)), the electrolyte supplyat sufficient and the workpiece beneath
the central part of the tool is not well machinéh the other hand, a spherical bottomed
electrode (Fig. 20(b)) exhibits better machinapitiuie to improved electrolyte supply. This
electrode design is more useful when micro-drillaidlind holes is required. In the work of
Liu et al. [185], spherical , conical and flat tglectrodes were fabricated and used for
electrochemical micromachining. It was concludeat ttonical tip electrode produces better
results during drilling of micro holes, flat shapeléctrode is recommended for fabrication of
complex plane structures layer by layer and sphkended electrodes produce micro-holes
with less degree of taper. In order to reduce tegg@rerical ended electrodes were fabricated
and increase in dimensional accuracy was obser88H For deep hole drilling, tubular
electrodes are preferred which can provide effectiushing at higher pressures at higher
depths. However, internal flushing through a tubwdectrode requires complex spindle
design with isolation from corrosion (due to aciéiectrolytes) and high current (required
for micro-ECM drilling).



Figure 20: (a) Machined surface when using flat-bottom electrode. (b)
Machined surface with spherical-bottom electrode. [96]

Tool size

The diameter of the tool is determined accordinght dimension of the feature to be
machined. Furthermore, the limitation on minimureesis imposed by the requirement of
sufficient strength of tool electrode to withstagléctrolyte pressure and the lateral forces.
For standard dimensions, the commercial tool edees are now already available in the
market. For non-standard diameters or for cust@utelde requirements, on machine wire
dress units/block grinding [186] and electrochemétahing/machining [41], [49], [187] can
be used to fabricate the electrodes. However,gpeatability of producing constant diameter
electrodes using these methods is limited. To enptocess repeatability, on machine laser
based measurement as well as touch method basesuirmeent of electrode diameter is
used.

The current density in micro-ECM process dependshendiameter of the tool and the
level and shape of current pulse depends on teotrede length. Park et al. [35] studied the
effects of tool electrode length and diameter oaraaECM process characteristics as shown
in Fig. 21 (a) and (b) respectively. It can beeasled from Fig. 21(a) that the current level
and rising time increase with an increase in tealgth. This is due to the decrease in cell
impedance because of the decrease in resistande@adse in capacitance. Furthermore, it
is the effect of increase in inductance with insee@ tool length which affects the rising
time of current. Figure 21(b) shows that as thengizr of tool electrode increases, there is a
decrease in cell impedance and this results innarease in rising time of double layer
potential. Therefore, there is no sufficient risgpdtential within the short pulse duration. As
a result, machining rate decreases with an increagel diameter for same pulse on time
[35]. However, the tool diameter selection is baseeinly on the dimension of
hole/feature/microstructure to be machined anddtiieng strategy to be used (planetary or
linear feed). Optimum machining conditions can bhieved by proper process parameter
settings for a fixed tool diameter.
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Side insulation coatings for micro-ECM tools

During high aspect ratio machining using micro-ECtlere is usually an overcut and
tapered profile of hole. This is due to the stragsdlution in the lateral gap. To prevent the
material removal on the lateral sides of the tthad, tool electrodes are coated with insulation
coatings on the sideways. Selection of tool coatimgerial is crucial for the stability of
micro drilling process. The coating material shogdssess high temperature stability,
durability, strong adhesion to tool material, apitio be coated with uniform thickness and
resistance to chemical corrosion. Researchersinhsestigated Parylene [188] [189], double
layer of epoxy resin [190], SICN-SIiC [189], diamolikk carbon [191], double insulation
layer of TiG, and organic film [192], silica layer [36], nickgl93][194] for coating the sides
of tool and have reported less taper, enhancedndimeal accuracy of the machined holes.
Table 11 shows the major reported works on usensidlated tools. The coatings on tool
suffer from delamination during drilling processherl control of insulation thickness is a
major issue. The insulation thickness should be ld®mn the size of machining gap.
Furthermore, delamination of coatings and depasitibdrops during coating process is also
observed which can deteriorate process accura®y.[18

Table 11: Reported works on use of side insulatmatings on micro-ECM tools for improved dimensidna
accuracy and reduction in hole taper.

Tool Coating Coating method Main findings Reference
material




Tungsten Parylene Vapor deposition | Reduction in hole taper [188]
polymerization in | was observed.
vacuum
Nickel WSR-618 Spin coating Good electrical insulation, [190]
epoxy resin good adhesive strength,
Operating life of 6 hours
under simulated micro-
ECM conditions.
- 704 Silica | Spin coating Reduction in stray [36]
film corrosion, cavities with
vertical sidewalls can be
effectively machined.
316 Stainless | Diamond like - The durability of coating [191]
Steel carbon, depends on the adhesion
epoxy resin strength between coating
and Teflon and cathode. Diamond like
carbon coatings are most
durable in micro-ECM.

Tungsten Nickel Electrodeposition | Ni coated tungsten micro [193]
tool has higher
electrochemical stability,
higher durability and good
corrosion resistance.

Titanium Double Combination of Double insulating layers [192]

insulating micro arc have good insulation
layer of TiO, | oxidation (MAO) | strength and good
ceramic and durability. Precise holes
coating and | electrophoresis can be machined.
organic film

3. ECM based hybrid micromachining technologies

The advent of novel materials together with trerfd pooduct miniaturization has
necessitated research into hybrid micromachinicrtelogies. As per the definition proposed
by CIRP committee, “The hybrid machining processes based on the simultaneous and
controlled interaction of machining mechanisms andhergy sources/tools having a significant
effect on the process performance” [195], [196].heTword ‘simultaneous and controlled
interaction’ means that the two or more processgee® should interact in the same processing
zones and at the same time. Based on this definiti® hybrid machining processes have been
classified into assisted and combined processemeidre in this review paper, same basis have
been used to classify the electrochemical micromauly based hybrid processes into assisted
and combined electrochemical micromachining praessBigure 22 gives a broad classification
of electrochemical micromachining based hybrid psses. In ECMM based assisted processes
(Figure 22), the primary process participating iatenial removal is micro-ECM and the other



processes assist the micro-ECM process in sevgpalts such as removal of passivating layer,
effective electrolyte flushing, localization of reaial removal, machining of novel materials, etc.
However, in ECMM based combined processes (Fig@ée 2oth micro-ECM and the other
process participate in material removal. The ra@sylsynergetic effect is a 1+1 = 3 effect [195]
which implies that the combined effect of micro-EGlth other process energy is more than
double the benefits of individual process energdiéss is because the two process energies react
with the workpiece and also react with each other.

The major objectives of hybridizing electrochemigatromachining with other process energies
are listed below:

» Broaden the material processing window of existilgctrochemical micromachining
process. For e.g. machining of novel materials sashshape memory alloys, additively
manufactured alloys, non-conductive materials [+2Q3].

* Improve the localization of material removal of@techemical micromachining to achieve
high dimensional accuracy and satisfy tight dimenai tolerances [78], [204], [205].

* Improving the electrolyte flushing in machining soto facilitate evacuation of machining
by-products [154], [186], [206], [207].

* Removal of passivating layer of electrochemicalromeachining [78], [133], [208][209].

» Combine two contrary machining objectives: high M®REh high surface finish [78], [204],
[205].

* Machining of complex shapes at micrometer scale.

* Reducing the heat induced defects of other micrbimaty technologies based on thermal
principle of material removal such as micro-EDMsda micromachining, etc. [203], [204],
[210]-[214]

For successful hybridization of micro-ECM with otheprocess energies and realize it in
machining, several technological requirements tiawee met and are listed below:

* Development of Universal machine tool capable ofmlbiming electrochemical
micromachining with two or more processes [20508R [215].

* Synchronization of micro-ECM process energy witheotprocess energies such as laser,
micro-milling, micro-EDM by parametric optimization

» Better understanding of material removal mechanignter the simultaneous action of two
Or more process energies.

» Development of effective monitoring techniques tltain monitor micro-ECM process
together with other process energies.

Table 12 gives a technological overview of différgypes of electrochemical micromachining
based hybrid processes. Different types of eleb&ogcal machining based hybrid process are
discussed in detail in subsequent sections.
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Figure 22: Broad classification of electrochemical micromachining based hybrid processes.

3.1 Assisted electrochemical micromachining processes

This section gives an overview of assisted elebeoucal micromachining process. Figure 23
depicts the sketch of different types of assistedtechemical micromachining processes.
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Figure 23: Overview of electrochemical micromachining based assisted processes.

(a) Laser assisted electrochemical micromachining (LAECM)

In Laser Assisted Jet-Electrochemical Machining JEEM) (Figure 23), a focused laser
beam is used coaxially with electrolyte jet fortbetmachining precision by localization of
material removal [216]. The low power laser beawe(age power 375 mW) causes the thermal
activation of the outer layer of workpiece surfaged the electrolytic jet causes anodic
dissolution leading to faster material removal (fFeg24(a)[217]). Furthermore, the localized
heat generated from laser beam accelerates th&oeleemical reactions thereby achieving
higher material removal rates. Mathematically, difeerent process energies can be represented
as [218]:

The electrolyte jet energyE;) is the main process energy responsible for dissoluof
workpiece and can be written as:



1=, 9(®) 19
Where, U: voltage, « : conductivity, A: specific machining areay: inter-electrode gapt:

machining timez,: end-time of machining.

The laser beam is basically a source of heat eneitlpyGaussian distributio(E,) and can be
written as:

E, = fOT" P;fexp(—kr?)tdt (15)

Where,P; : impulse laser powef, laser pulse frequency; time,k : concentration factor,:
laser spot radiugy, : end-time of machining.

The heat generated by laser increases the tempemftuvorkpiece surface and reduces the
activation energy (Eg. 16). This increases theerurdensity and accelerates the electrochemical
reactions.

J = k,4.Crexp (—g—;) (16)

where,J: current densityk,: anode process consta@t; reducing concentration constahiy;
activation energy.

It has been observed that the temperature in e lacalized zone was 1.75-3.25 times
higher than the temperature outside the laserimzhlarea and the temperature increase varies
inversely with the thermal conductivity of the nradé (Figure 24(b)[217]). The combination of
laser beam with electrolytic jet causes higher nalteemoval in axial direction as compared to
lateral direction and thus high aspect ratios antedsional precision is achieved. Pulsed lasers
of ultra-short duration are found to reduce proldeof electrolyte boiling. For hybrid laser-
electrochemical micromachining technologies, grisers (532 nm) are preferred because of
their very low absorption coefficient (0.045%mfor water as compared to infrared lasers. The
laser beam also facilitates removal of passivdtiggr from the workpiece and thus it is suitable
for machining titanium alloys, steels [218] and exglloys. The laser assisted ECM has the
potential for fabrication of micro-dimensional fesgs as it depends on size of jet. According to
the results of Pajak et al. [216], laser assisteelpctrochemical machining improves volumetric
material rate of 20, 25, 33 and 54 % for Hastellpgi@nium alloy, stainless steel and aluminum
respectively. Stephen et al. [197] proposed lassisted chemical etching where a low power
laser beam (2, 16 W) was used to accelerate chkestang process usingsHO, as etchant.
The laser beam supports mainly the kinetics ofaflis®n without any melting effects. The
technology has been demonstrated to fabricate dedaces on nitinol, electron beam apertures
and round rotary swaging tools.
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Figure 24: (a) Laser localized machining are in laser assisted electrochemical machining. (b) Plot showing
temperature in the laser localized zone relative to temperature of spent electrolyte with machining time (U: 140
V, Initial IEG: 2mm, Cp: 10%, v: 5.8 m/s, Temperature in non-localized area 25-30 deg C). Adapted from ref [217].

(b) Ultrasonic assisted electrochemical micromachining (UAECM)

The objective of using ultrasonic assistance ictedehemical micromachining is multi-
fold. The ultrasonic vibrations facilitate remowdlreaction byproducts and heat from machining
zone, favors diffusion, minimizes passivation, t@eaoptimal hydrodynamic conditions,
improves aspect ratios and influences electrolygiactions through sonochemical reactions
[207][186][206]. Literatures report imparting w@sonic vibrations to tool electrode [207],
workpiece [206][133] and even electrolyte [154] lwiimilar objectives. Figure 23 shows the
sketch of ultrasonic assisted micro-ECM drillingugewhere the tool electrode is subjected to
ultrasonic vibrations [207]. Literatures reportrasonic frequencies of 28kHz [206], 40kHz
[186], 20kHz [207] and 1.7 MHz [154] depending & tprocess configuration and method of
actuation.

One of the important phenomenon in UAECM is tramsigavitation and microbubble
generation. The ultrasonic vibration leads to taetation micro-bubbles near the surface of the
tool and workpiece electrodes and the gap conditifavor their growth. The collapse of
microbubbles in a very short time generates highperature and pressures which are favorable
for mass and charge diffusion in the machining gdpus, the electrolyte flow and
electrochemical reactions are benefited [207]. Yahgl. [186] studied the effect of ultrasonic



vibrations on micro-ECM process using a fluid micell. The ultrasonic wave travelling in Z
direction can be represented as a longitudinal veavie Eq. 17[186].

P =pg(h+ z) + wAcpcosw (t — S) + P, (17)
where, P: pressure variation witla, Py: pressure acting on the boundary surface betwleen t
electrolyte and airp: density of the electrolyteg: acceleration due to gravityy: ultrasonic
frequency,c: speed of wavet. time, A: wave amplitudeh: height of electrode immersed in
electrolyte. The maximum or minimum pressure caoltained by partial differentiation of Eq.

17 with respect to frequency.

2_:) = Acp {cosw (t — g) —w (t — E) sinw (t - g)} (18)

From Eg. 18, applying the condition of maxima-miajnit can be deduced that maximum and
minimum pressure occurs at points which satisfyI=q.

ano(e=3) = o2}

From Eqg. 18 and 19, it can be inferred that theimas pressure at a given poij (ncreases
with the ultrasonic frequency. Hence, ultrasonlwraiions are responsible for frequent and larger
pressure increases in the machining gap and thdsléo enhanced electrolyte diffusion and
elimination of bubble. Figure 25 shows the commarisf machining time of electrochemical
machining with and without ultrasonic assistanceaahe feed rate of Oum/s [186]. It can be
observed that machining time reduces by 87% bygusittasonic assistance in micro-ECM due
to improvement in electrolyte diffusion in the gapesides the process parameters (current
density, voltage, pulse parameters and electralgtecentration) involved in electrochemical
micromachining, the amplitude of ultrasonic vilwatplays an important role. Low amplitudes
don’t give additional benefits. Too high amplituddgect machining precision especially while
machining micro-dimensional features. There exats optimal amplitude which favors
electrolyte diffusion and removal of byproductsnfronachining zone without compromising on
machining precision [206]. The optimal amplitudepeeds on several factors i.e. machine
configuration, method of actuation and technologspecifications of transducer, dimensions of

feature to be machined, required aspect ratios, etc

Figure 25: Plot of drilling process with and without iD 150
ultrasonic vibrations in micro-ECM. Adapted from ref z
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(c) Abrasive assisted electrochemical micromachining (AAECM)

In abrasive assisted electrochemical micromachjnalgasives are used to facilitate
material removal by electrochemical micromachini@ne such example is electrochemical
slurry jet machining (sketch in Figure 23). Theaswe (ALOs) slurry in the electrolyte (NaCl)
facilitates removal of passivating layer by impaction on the workpiece [219]. This process is
particularly suitable for machining of WC which w@rdoes excessive corrosion and passivation
under jet —-ECM. The working voltages range from1@0- V. The material removal rate and
aspect ratios are affected by total abrasive lkinetiergy, voltage and concentration of
electrolyte [219]. In another configuration, abvasiassistance with wire-ECM improves the
surface quality and material removal rate duringrgg of silicon for photovoltaic applications
[201]. The mechanical action facilitates removal paEssivating layer on silicon alongwith
reduced kerf loss.

3.2 Combined electrochemical micromachining processes

This section gives an overview of combined eledtemsical micromachining processes
as depicted in Figure 26. Figure 26 depicts thetchkeof different types of combined
electrochemical micromachining processes where patlbess energies participate in material
removal in the same machining zone.
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Figure 26: Overview of electrochemical micromachining based combined processes.

(a) Laser-electrochemical micromachining (LECM)

In laser-electrochemical machining, the laser basu participates in material removal
in addition to electrochemical process energy. Tthese are two process energies participating
in material removal i.e. energy of photons (laser) energy of ions (electrochemical). This is
different from the laser assisted electrochemidalemachining in section 3.1, where laser only
increases the temperature to enhance kineticseofrethemical reactions. Figure 26 shows the
sketch of laser-electrochemical micromachining. Pphecess makes use of high power pulsed
lasers aligned coaxially with electrolyte jet [2020] or guided into electrolyte jet [210]. The
selection of laser power and pulse energies depertte ablation thresholds of the materials to



be machined. In this configuration, laser atterumatby electrolyte is a major concern.
Researchers [204] have observed that green laser532 nm) is transparent for water based
electrolytes and it doesn’t goes absorption battedwation in water. However, green laser faces
attenuation by virtue of scattering from salt pdes and it can be controlled by the
concentration of electrolyte. This can be visuaiZeom Figure 27(a) where the green laser
beam becomes brighter with an increase in (NgN@lt concentration in electrolyte [220]. It can
be observed from Figure 27(b) that the attenuatimefficient for green laser increase almost
linearly with an increase in salt concentrationR@ he attenuation coefficients for scattering is
higher for aq. NaN®@ electrolyte as compared to aq. NaCl electrolyte. the other hand,
infrared lasers undergo attenuation through abmorph water and are not recommended to
complement material removal of micro-ECM. The pssc@roduces very clean surfaces with
reduced or no heat affected zone, recast layespaiter[210].
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Figure 27: (a) Light path of green laser in sodium nitrate electrolyte. The scattering (brightness) of laser beam
increases with an increase in electrolytic concentration. (b) Attenuation coefficient for green laser vs
concentration for electrolyte. Adapted from ref [204].

(b) Mechano-electrochemical milling (MECM)

The mechano-electrochemical milling (MECM) is undevelopment with an objective
to machine difficult to cut materials such as Titem with improved productivity and better
surface quality. Figure 26 shows a sketch of hylr@thano-electrochemical setup. The critical
aspect in this hybrid technology is the design tda which is compatible with both milling and
electrochemical machining. This is accomplishedibing a cutting edge in the ECM tool [221].
Since, the cutting edge is always in contact witbrkpiece surface, it should be made of a
material with very low electrical conductivity ss do avoid short-circuits which are not
favorable for ECM process. As shown in Figure 28fagher MRR values are reported with
MECM as compared to ECM at all levels of currerite Bther parameters were: electrolyte flow
rate: 501/h, tool feed rate: 25 mm/min, tool ratati 1000 RPM, electrolyte: 200g/l aq. NaiNO
However, it can be seen that at 10 A the MRR irgwda by 60% which is higher than at 20 A
(48 %). Figure 28(b) shows the characteristics itdrifum surface machined by MECM. The



two zones can be distinguished clearly. Zone lesponds to mechanical cutting action by
cutting edge whereas Zone 2 represents ECMed suff&tl]. The cutting edge is primarily
responsible for removal of passivating layer duetgctrochemical machining of Titanium.

0,15 2 ECM
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Average MRR [g/min]
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Figure 28: (a) Comparison of average material removal for electrochemical and mechano-electrochemical milling
processes. (b) SEM image of a surface located centrally in a slot machined by mechano-electrochemical milling.
Adapted from ref [221].
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(c) Electrochemical discharge micromachining (ECDM)

In electrochemical discharge machining (ECDM) pescéhe capabilities of micro-ECM and
micro-EDM processes are combined with each othexpmand the processing window to non-
conducting materials as well as to fabricate degpayholes, micro-channels, etc. [203], [205],
[222]-[225]. It satisfies definition of both asgdtand combined hybrid machining process. The
setup consists of two electrodes, tool as cathadk am auxiliary electrode (anode) and the
workpiece is kept below the tool electrode. A pdI€2C current is supplied between cathode
(tool) and anode. An optimum gap is maintained @ledtrolyte is passed through the gap. The
ECDM process involves two major phenomenon: elégi® leading to generation of gas
bubbles and arc discharge due to breakdown ofiasFigure 29(a) shows the representative
current and voltage waveforms of the ECDM proce®?5]. It can be observed from the
waveforms that ECM precedes EDM. The ignition ded&§DM is utilized in electrochemical
dissolution of workpiece. The important aspect GICE/ process is the gas film generated from
ECM process as this gas film behaves as a dialeftri subsequent EDM process and its
thickness is critical for process [226]. This pheemon can be visualized from Figure 29(b)
which was demonstrated with a dedicated setup [ZPH4¢ hybrid ECDM process offers dual
advantage of higher removal rates of micro-EDM gubd surface finish of micro-ECM,



thereby improving the machining performance. Zhangl. [205] used tubular electrode concept
for ECDM process and achieved both high MRR (~1&0/s) and good finish in a low
conductivity salt solution (0.1 — 10 mS/cm). It daam observed from Figure 29(c) that the speed
of material removal of ECDM process is way higheart standalone ECM process and thus it is
a promising hybrid process to speed up materiabvahof electrochemical machining [205].

The wettability of tool electrode affects micro-rhagng resolution [175], [227]. It has been
observed that applied voltage is the influentialapaseter which influences MRR, ROC, HAZ
thickness as compared to electrolyte concentratomh jmmersion depth and inter- electrode gap
in micro-ECDM drilling [228] [200]. Combination abtational and axial movement of tool has
also been tested to improve ECDM based micro ngillperformance [229]. To remove the
passive layer formation during ECDM, use of spraitachment in the tool has also been
proposed [230]. The ECDM micromachining has beemahstrated on variety of non-
conducting materials such as glass [231][232], yw@fer [233][234], alumina [235], quartz
[236] and in trueing and dressing of metal bondemmdnd grinding tools [225]. The major
challenge in ECDM is design of an effective toolsgion control and process monitoring
system. The development of ECDM micromachiningptetogy depends on the development of
suitable process energy sources [237] which satiséy requirements of ECM, EDM and
transition from ECM to EDM. In literatures, this oaning technique is hailed through several
names such as Electrochemical spark machining (BCSHlectrochemical arc machining
(ECAM) and even Spark assisted chemical engravi®B][239]. Readers are directed to
references [222], [224] for detailed overview of[B@ based processes.
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Figure 29: (a) Current and voltage waveforms for electrochemical discharge machining [225]. (b) Demonstration
of phenomenon of electrochemical discharge [224]. (c) Comparison of MRR in electrochemical discharge drilling
with other competitive technologies [205].

(d) Combined electrochemical grinding for micromachining (CECG)

In Combined electrochemical grinding (CEC@B], [202], [240], the material removal is
achieved by combined action of abrasive and elelsmical process energy. The rotating
grinding wheel works as a cathodic tool [5]. Theasbve particles of the grinding wheel make a
contact with the workpiece and the gap betweemwtheel and workpiece makes passage for
electrolyte circulation. The gap voltages rangenfid5 to 14 V [78], [202], [240]. At the start of
machining process, the material removal is achidyethe action of electrochemical process and
this is followed by development of passivating laga the workpiece surface. The abrasive
grains participate in removal of passivating lay®r cutting action and stabilize further
dissolution by further exposing fresh workpieceace [78]. In micromachining using combined
abrasive and electrochemical action, the major gueage of material removal is due to
electrochemical dissolution only. It has been reggbthat the pulse CECG exhibits offers better
control of drilling process in comparison to conttenal process which uses direct current. By
using pulse power, the balance between electrodatiennd mechanical removal can be adjusted
by setting optimum pulse on-time and duty cyclee Tbol rotation is an important parameter
which governs the accuracy and surface qualityB@€G based micromachining of micro-holes.
Figure 30(a) shows the effect of tool RPM on theetaangle and surface roughness (Ra) [78]. It
can be observed that too low and too high RPMsiargood for the hybrid process. The reason
is that at too low speeds, electrolyte flushingnag sufficient whereas too high speeds are not
good for grinding due to increase in centrifugatcés. Figure 30(b) shows a micro-hole
machined by CECG process at gap voltage of 4.5dMeed rate of Gum/s.
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electrochemical removal and grinding (U: 4.5 V, feed rate: 6 um/s) . Adapted from ref [78].

Table 12: Technological overview of different types of electrochemical machining based hybrid processes.

ECMM based Process Main process Advantages Technological
hybrid process energies parameters maturity
involved
Laser assisted Laser, Laser average power, laseimproved reaction Concept and

electrochemical
micromachining
[216], [218],
[241], [242]

electrochemical

pulse energy, repetition
rate, micro-ECM
parameters

kinetics, localized
material removal

Prototype
development

Ultrasonic
assisted
electrochemical
micromachining
[133], [186],
[206], [207],
[243]

Ultrasonic
vibration
(mechanical)
and
electrochemical

Ultrasonic frequency and
amplitude, tool design,
micro-ECM parameters

Improved electrolytic
diffusion, improved
mass and charge
transport, reduced
passivation

Prototype
development,
Series
production test

Abrasive assisted
electrochemical
micromachining
[201], [219]

Abrasive impact
(mechanical)
and
electrochemical

Concentration of slurry,
abrasive particle size,
speed, stand-off distance,
micro-ECM parameters

Removal of passivating
layer, stabilization of
electrochemical
dissolution

) Prototype
development

Laser-
electrochemical
micromachining
[204], [210],

Laser,
electrochemical

Laser average power, lasé
wavelength, laser pulse
energy, repetition rate,
micro-ECM parameters

erHigh MRR with good

surface finish, reduced
thermal defects of lase
i.e. spatter, recast laye

Concept and
Prototype

r development
r1

[220] HAZ

ECDM/SACE Electrochemical | Gap voltage, gas film Machining of non- Series
[223]-[225], and arc thickness, pulse duration,| conductive materials, | production test
[231] discharge electrolyte type, high MRR and good

concentration,

surface finish




conductivity and flow rate,
tool material

Combined Electrochemical| Grinding wheel type (grit | Removal of passivating Series
electrochemical- | abrasive cutting| size, bond type), wheel layer, stabilization of | production test
grinding (mechanical) RPM, micro-ECM electrochemical

[78], [202], [240], parameters dissolution, improved

[244] MRR

Mechano- Electrochemical | Cutting edge radius, RPM|, Removal of passivating Fundamental
electrochemical | and mechanical| tool feed rate, micro-ECM| layer, high MRR research,
machining [221] | (cutting edge) parameters concept

development

"Micro-ECM parameters represents gap voltage, current density, pulse duration, duty cycle, tool feed rate,
electrolyte type, pressure and concentration.

Future research directions

Apart from conventional sinking ECM and STEM prsses, the research on micro-ECM
focuses primarily on achieving localized and cdfgm material removal so as to improve
dimensional accuracy, shape accuracy and simpgldicaf tooling. Most of the literatures on
micro-ECM report on fundamental understanding etebchemical dissolution at micron scale
and solutions to localize material removal, machiiitg evaluation of different materials,
evaluation of process capabilities, effect of pescparameters, development of improved tools,
electrolyte selection and development of ultrashpalsed power supplies. From the
technological point of view, very few have addresdevelopment of machine tools for practical
application of micro-ECM technology. Even there earely commercial ECM machines which
satisfy the technological requirements for microME@\ lot of research is needed in developing
compact, cost effective and reliable ultrashortspdl power supplies. Furthermore, very few
literatures correlate micro-ECM pulses with maamgnperformance which is necessary for in-
process monitoring. To avoid submerging of workpiaa electrolyte, several electrolyte
confinement techniques need to be developed. \@wliferatures have investigated possibility
of using ecofriendly electrolytes which is needed Wwide commercial acceptance of this
technology. Due to the corrosive nature of procéssprocess metrology using sensors is
difficult to apply. Innovative solutions are neededthis area. Although some literatures have
visualized machining gap through dedicated setilyese is still lack of complete understanding
of phenomenon occurring in inter-electrode gap murimicro-ECM. This requires
multidisciplinary knowledge and specialized demmatst setups. Process modelling of micro-
ECM is still under development and requires extangfforts from manufacturing engineers,
chemical engineers, physicists and chemists owantstinterdisciplinary nature. Machinability
of novel materials like shape memory alloys, cesnetdditively manufactured materials,
sandwich materials, semiconductors, etc. usingoyiCM is still not studied comprehensively.
Dissolution mechanisms of tool materials such as®#Cwith different Co percentage and SiC
based ceramics need further research investigatiotis different electrolyte and parameter
combinations. To broaden the material processimglow of existing micro-ECM process and
to improve machining performance both in terms rfdpctivity and quality, extensive research



is needed into development of hybrid micro-ECM teslbgies. This requires development of
multifunctional machine tools that are compatibléhwiwo different process energies. Most of
the hybrid micro-ECM processes are in concept agreent and prototype development stage
and further research is needed to bring them inttustrial applications. Material removal
mechanisms under combined action of two or morege® energies in same machining zone are
not fully understood for different classes of metist This is because when two process energies
are hybridized, additional effects due to inte@ttcome into picture. Another aspect which
needs in-depth research is the synchronizatiowofdifferent types of process energies so as to
achieve dimensional and shape precision and ach@wenercial acceptance.

Conclusions

The review paper has presented updated stateeodrthand research developments in
micro-ECM technology and its hybrid variants witbgard to process fundamentals, process
configurations, process-material interaction, toglaspects, electrolyte, process energy sources
as well as research developments of micro-ECM bésbdid micromachining technologies.
Development of a novel process and improvementxadting process requires several cross-
innovations and knowledge of processes with simdats. Therefore, this review paper fills the
gap of a single extended literature source covenitg spectrum of knowledge of micro-ECM
process and related hybrid process variants, thetatgeting both academic and industrial
audience. Specifically, following points are coruzd:

* Micro-ECM is considered to be a promising technglégr micromachining. Some of the
advantages are: (a) Absence of thermal defects ssclHAZ, recast layer, spatter as
compared to other competitive technologies suclaser micromachining and micro-EDM
(b) Capability to fabricate complex micro-shapesngsdedicated micro-tools (c) High
surface finish can be obtained as dissolution acatratomic level (d) The precision of
material removal can be controlled by using ultaesipulsed power sources and suitable
electrolytes (e) No process forces and tool wewolwed (f) possibility to machine novel
materials like shape memory alloys, additively nfantured materials (g) Micro-ECM can
be conveniently hybridized with other processesxtend process capabilities and broaden
material processing window.

* Most of the studies are based on fundamental asp@etchinability evaluation of different
materials, evaluation of process capability, demelent of pulsed power supplies and
parametric studies to evaluate process performaBoeme aspects are still not fully
established and require further research: (i) Dmrekent of dedicated machine tools (ii)
Correlation of micro-ECM pulses with material rerabv(iii) Characterization of
interelectrode phenomenon through dedicated sefuys Multidisciplinary modelling
considering mass and charge transport, bubble pimeman together with basic model of
micro-ECM process (v) Evaluation of process anddpobd fingerprint for micro-ECM
process (vi) Alternatives for acidic electrolytesdadevelopment of ecofriendly electrolytes
(vii) Development of electrolyte confinement teafunes.



Another important observation from the review isatthmicro-ECM based hybrid
micromachining technologies offer promising capébg such as: (i) Broadening of existing
material processing window to novel materials andn-oonductive materials (ii)
Combination of two contrary objectives such as hMRR and high surface finish (iii)
Assisting the existing micro-ECM process. The wHECM based hybrid processes are in
concept and prototype development stage and hasteresearch space to be investigated.
Some of the key aspects which are not yet fullyeced in literatures are: (i) Design and
development of multifunctional or Universal machinels which have capability to be used
with multiple process energies (ii) Understanding neaterial removal mechanisms on
different materials when two or more process emsrgct simultaneously in same machining
zone (iii) Synchronization of two process energi@ssame machining axis so as to control
precision of material removal and shape contrdl lfiwproved understanding of interaction
of two process energies with each other when theya same machining axis.
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Highlights

» The studiesrelated to el ectrochemica micromachining and its hybrid variants have been

reviewed.

» Both fundamental and applied research developments have been presented.

« Futureresearch potential of micro-ECM and its hybrid variants is pointed.



