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Abstract
In this era, advanced non-conducting materials are gaining importance due to their superior properties. However, it is difficult to
micro-machine these materials inefficiency and also economically still persists with currently used advanced non-traditional
machining processes. Non-traditional machining processes are typically unfeasible for quartz material owing to its properties
such as high strength, high melting point, high temperature-resistance, chemical stability and brittleness. Traveling wire electro-
chemical discharge machining (TW-ECDM) process is newly developed non-traditional machining process and has great
potential for machining of quartz ceramics. Coated wire has been used to reduce the wire breakage and improves the efficiency.
The input important input parameters have been selected for this process as applied voltage, electrolyte concentration and wire
speed. Taguchi robust design was perform to identify the optimal parametric conditions using L9 orthogonal array. Signal to noise
(S/N) ratio and ANOVAwere used to find the optimal parametric conditions and relative contribution of the input parameters
respectively. Also, the surface finish was analyzed by scanning electron microscope (SEM). First time, coated wire with diameter
of 0.15mm has been used during TW-ECDMprocess. These obtained results present in this article will provide new guidelines to
the micro-manufacturers, engineers and researchers.
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1 Introduction

In recent era, the development of advanced engineering non-
conducting materials like glass, ceramics, polymers, compos-
ites, fiber-reinforced plastic (FRP) etc. have tremendous ap-
plications in glass, foundry, optical, polymers, electronics
components, aerospace and defese industries, micro electro

mechanical system (MEMS) and bio-medical parts which
are highly sophisticated [1].

Different non-traditional machining processes like water
and abrasive jet machining, laser beam machining (LBM),
ultrasonic machining (USM), ion beam machining (IBM)
and electron-beam machining (EBM) are used to machine
the non-conducting material. These processes are contactless
and removal of the materials from the work-piece is done
directly. Numerous kinds of physical and chemical energies
are utilized to attain required shape, size, and precision. LBM
has some material restrictions and chances of metal burning.
USM has low material removal rate, high heat affected zone,
high tool wear and larger grain size which causes defects. IBM
and EBM need vacuum environment and also have low ma-
terial removal rate for the machining. The equipment and ma-
chining cost of these processes are higher as compared to the
suggested process. Additionally, these processes consume
high power [2].

As far as the material removal rate, accuracy, and machin-
ing capabilities are concerned, two most popular non-
traditional machining processes viz. electrochemical

* Ankit D. Oza
ankit.ophd15@sot.pdpu.ac.in

Abhishek Kumar
Abhishek.K@sot.pdpu.ac.in

Vishvesh Badheka
Vishvesh.Badheka@spt.pdpu.ac.in

Amit Arora
amitarora@iitgn.ac.in

1 Pandit Deendayal Petroleum University, Gandhinagar 382007, India
2 Indian Institute of Technology, Gandhinagar 382424, India

Silicon (2019) 11:2873–2884
https://doi.org/10.1007/s12633-019-0070-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s12633-019-0070-y&domain=pdf
mailto:ankit.ophd15@sot.pdpu.ac.in


machining (ECM) and wire-electro discharge machining (W-
EDM) have the maximum potential. But these processes have
key limitations, i.e. these machines can work only on electri-
cally conductingmaterials. To overcome the above-stated lim-
itations, it is required to develop a machining process which
can do micromachining of a variety of non-conducting mate-
rials, irrespective of strength, conductivity, brittleness, thick-
ness, and hardness. Combination of above stated non-
traditional machining processes can adequately use the bene-
fits of each machining method and attain improved results
than a sole method. If equipment can be constructed for all
of these machining methods, it can act as multi-utility equip-
ment and can be used appropriately with low cost and smaller
working space constraints. Thus, it can be used efficiently for
research combing effects for various kinds of energy and
methods.

The electrochemical discharge was firstly developed by
Kurafuji and Sudakin in 1968 and was termed as electrical
discharge drilling. [3]. The electrochemical dischargemachine
(ECDM) is a mixture of two different non-traditional machin-
ing processes which is electrochemical machining (ECM) and
electric discharge machining (EDM) [4]. The ECDM process
is set up to be incredibly useful for the machining of advanced
non-conducting materials having higher hardness and brittle-
ness which are found to be difficult in machining.
Electrochemical discharge machining (ECDM) is an upcom-
ing micromachining technique with immense potential of fab-
ricating micro-holes and micro-channels in different non-
conductive hard and brittle materials.

However, ECDM itself has some limitations like low as-
pect ratio, limiting depth and low accuracy [5]. To conquer
such limitations, Tsuchiya et al. [6] introduced the process
named electrochemical discharge machining and reported that
it can be used for cutting of various non-conducting materials
like ceramics and glass. Further studies by Jain et al. [7]
coined the term as electrochemical spark machine. The first
time, in year 1997 Ghosh et al. [8] established a relation be-
tween the machining process and the electrochemical dis-
charge phenomenon. The first literature on the process was
published in 2005 [9] and a remarkable number of studies on
this process emerged thereafter.

TW-ECDM is a newly developed hybrid machining pro-
cess which combines the characteristics of electrochemical
machining (ECM) and wire-electro discharge machining (W-
EDM). Micro-Machining/Slicing a variety of non-conducting
materials can be possible without removing a large amount of
material by this process. Set-up and maintenance costs are
very low as compared to other non-conventional processes
[10].

The schematic diagram of the TW-ECDM process is
shown in Fig. 1. This process is also known as traveling
wire- electrochemical spark machining (TW-ECSM).
Literature reveals that the material removal rate of TW-

ECDM process can be 5 to 50 times higher than that of
EDM and ECM and also decreases the electrode tool wear
[10]. Moreover, this machining process is more stable than
wire-electric discharge machining (W-EDM) and a better sur-
face finish is obtained by electrochemical machining (ECM)
[7, 9, 11].

The material removal mechanism is a high-temperature
etching process. The material removal takes place by electro
spark erosion (ESE) which helps machine of the workpiece
and electrochemical dissolution (ESD) effect followed by the
production of smooth surfaces [3–9, 12]. In TW-ECDM pro-
cess there are two electrodes used and both are submerged in
conducting electrolyte (alkaline or acidic). One of the elec-
trodes is tool electrode i.e. cathode (circulating wire), which
is used in slicing work-piece and the other is passive or a
counter electrode, also known as an auxiliary electrode made
of an anode. The continuously circulating wire electrode
(cathode) is always touching with the workpiece. The auxilia-
ry electrode (anode) is kept partially dipped in the electrolyte.
To maintain current density at cathode, the auxiliary electrode
is kept away from the tool-electrode about 20–50 mm. An
electrolyte tank contains a suitable electrolyte. Additionally,
appropriate fittings are provided to hold the work-piece.
Direct current (DC) supply or Pulse (DC) supply is applied
between the electrodes.

As the applied voltage increases the formation of gas bub-
bles increases followed by the increase in their mean radius.
These gas bubbles are responsible for producing sparking ef-
fect, which turns into minute gas bubbles. Beyond the critical
voltage, the bubbles collapse and form a gas layer around the
tool electrode (wire). This gas layer acts as the barrier in be-
tween these two electrodes (anode and cathode). This facili-
tates the ionization of this layer and if the potential difference
is sufficient for a given pair of the tool (wire) and electrolyte
system, sparking is observed between electrode and electro-
lyte. This spark causes a streamlined stream of electrons to
move with a very high velocity and acceleration from the wire
towards the work-piece. This creates compressive shock
waves on the workpiece surfaces which helps in removing
material from these work-piece (non-conducting) in the form
of melting, vaporization and thermal erosion as it happens in
EDM [4, 5, 7–10, 13, 14].

From the literature review, it is found that researchers al-
ready worked on electrochemical discharge machining
(ECDM) and traveling wire electrochemical discharge ma-
chining (TW-ECDM) processes. Some of the published re-
search works are explained here in brief. Gautam and Jain
investigated on ECDM by using different tool kinematics to
improve the process performance [15]. Kulkani et al. [16]
observed the discharge mechanism by different experimental
conditions and projected the basic material removal mecha-
nism. Panda and yadava estimate and studied the temperature
field and material removal rate (MRR) by developed a 3-D
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finite element transient thermal model [17]. Parametric analy-
sis was done by manna and kundal of the TW-ECSM setup on
material removal and spark gap width [18]. Back steeping
analysis was done by suqin he et al. [19] to find out the com-
bined effect of physical removal and chemical removal of
ZrO2 ceramics. A considerable increment in the MRR can
be possible by adding inductance observed by the Basak and
Ghosh [20]. Yung et al. [21] shows that by adding SiC abra-
sive particle into the over cut quality, roughness and MRR in
TW-ECDM process. Also study the effect of different param-
eters on process performance. Reduction of machining timing
and the dreg discharge can be possible by the use of magnetic
assistance in electro-chemical micro-machining and also im-
proves the surface of the workpiece [22]. Magneto hydrody-
namic approach improves the electrolyte movement in the
machining gap. Also found that the MRR is increasing from
9.09 to 200% during process [23, 24].

It has also been observed that in W-EDM the use of coated
wires gives better cooling ability and flushability compared to
conventional wires. Also improves the good sparking ability,
conductivity, productivity, strength without sacrificing frac-
ture toughness [25]. Summary of already wire used in TW-
ECDM process as shown in Table 1.

Above presented literature study reveals that the attempts
made improve the process performance and various ap-
proaches has been used to reduce the wire breakage which
include adding surfactant in electrolyte, electrode rotation,
magnetic field and ultrasonic vibrated electrolyte. In the pres-
ent research work, first time a zinc coated brass wire having
diameter 0.15 mm is used to study the effect of different pro-
cess parameters on TW-ECDM process. Zinc coated brass
wire have a good cutting speed over the plain brass wire.
And also improves the surface finish of the machined work-
piece. Table 1 shows the different tool wire was used during
TW-ECDM process.

In this study, a wire traveling wire electrochemical dis-
charge machining (TW-ECDM) system has been developed

and utilized to conduct experimental investigation of non-
conductive quartz material. Innovations in the computers,
consumer electronics, and communications (3C) industry,
and electronics circuits as high quality tuned circuits or reso-
nators, and the growing popularity of smart phones with touch
screen functions have led to an increase in the demand for
glass that is resistant against abrasion and scratch. Quartz
seems to be an ideal candidate for such application. While
quartz possesses good piezoelectric characteristics and has
been widely applied in 3C products, there are machining chal-
lenges to overcome before quartz can be employed to fabricate
touch screen. Being hard and brittle, quartz is difficult to ma-
chine. Traditional quartz machining which involves drilling,
cutting, edging, polishing, thinning, laser engraving, and coat-
ing processes, produces machining stress, thus resulting in
microcracks. Material properties of quartz are shown in
Table 2.

2 Experimental Setup

Different micro-slicing tests were performed. This setup con-
sists of main wire driving unit, electric supply unit, machining
chamber, job holding unit, electrolyte tank, auxiliary elec-
trode. Figure 2 shows the real in-house self developed TW-
ECDM process.

1) Machining chamber unit:

Machining chamber is made of glass material due to its
chemical resistivity, corrosion resistance and transparent prop-
erties. Size of chamber is 450 mm (L) × 150 mm (W) ×
100 mm (H). This chamber contains the electrolyte. The aux-
iliary graphite electrode of round shape 20 mm diameter and
80 mm length is attached near to sparking zone. Perspex pul-
leys made of Teflon material are used to give smooth

Fig. 1 Traveling wire
electrochemical discharge
machining (TW-ECDM) process
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movement of wire and could maintained proper tension. The
workpiece holding assembly is attached to centre and the up-
per body of the machining chamber.

2) Wire feeding control unit

A wire feeding control unit mainly consist of feed spool,
donor and accepter pulleys and a steeper motor. Movement of
the pulleys are controlled by the steeper motor. The input
current and torque capacity of steeper motor is 2.8 A and 18
Kgcm respectively. The wire continuously travels at a con-
stant speed (set by motor) towards the workpiece. The auxil-
iary electrode made of graphite is connected to the power
supply and its distance from the workpiece is 20–60 mm.

3) Electrolyte tank

A rectangular shape glass chamber of the size 250 mm×
80 mm × 85 mm is fabricated to contain electrolyte during
experiment. Depth gauge micrometer is used to measure the
electrolyte level in the tank.

4) Power supply unit
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Table 2 Material properties of quartz

Parameters Description

Size 75(L)*25(W)*2(T) mm

Density 2.2 × 103 kg/m3

Hardness 5.5–6.5 Mohs’ Scale (N/mm2)

Young’s Modulus: 7.2 × 1010 Pa

Tensile Strength 50 × 107 Pa (N/m2)

Coefficient of Thermal
Expansion (20 °C–320 °C)

5.11 × 10−7 cm/cm °C

Thermal Conductivity (at 20 °C) 1.4 W/m °C

DONOR 
PULLEY

W/P 
HOLDING 
FIXTURE

CHAMBER

ACCEPTER
PULLEY

ELECTROLYTE
TANK

GUIDING  
PULLEYS

WIRE

TE-ECDM SETUP

Fig. 2 In-House developed TW-ECDM setup
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The pulse DC power supply is used in the existing TW-
ECDM setup. The selected range of applied voltage and current
is 0-100 V and 6 A respectively. A positive terminal of power
supply is given to the pulleys. And the negative terminal of
power supply is connected with the auxiliary electrode (graphite
rod).

3 Planning for Experiment

In the present study, two qualities such as material removal
rate and kerf width have been optimized simultaneously dur-
ing machining of quartz with hybrid approach of taguchi
method and analysis of variance (ANOVA), F-test, and S/N
ratio used. The analysis of parameters was done by the
MINITAB software. The chosen influencing factors are input
voltage (V), concentration of electrolyte (%) and the wire
speed. To study the effect of different input process parameters
viz. applied voltage, % of concentration and wire speed on
material removal rate (MRR) and kerf width (Kw), taguchi
robust L9 (33) orthogonal array design were been used.
Different factors and their levels are shown in Table 3. From
the previous studies it has been observed that the traditional
experimental design procedures are too complicated and not
so easy to handle. A large number of experimental works have
to be carried out when the number of process parameters are
increased. To overcome this drawback, the Taguchi method
was introduced which uses a special design of orthogonal
arrays to study the entire parameter space with comparatively
smaller number of experiments.

Taguchi methods have been widely utilized in engineering
analysis and consist of a plan of experiments with the objec-
tive of acquiring data in a controlled way, in order to obtain
information about the behaviour of a given process. The ad-
vantages of this method are saving of efforts in conducting
experiments, saving experimental time, reducing the cost, and
discovering significant factors quickly. Taguchi’s robust de-
sign method is a powerful tool for the design of a high-quality
system. In addition to the S/N ratio, a statistical analysis of
variance (ANOVA) can be employed to indicate the impact of
process parameters on response parameters.

The present analysis includes Taguchi method based para-
metric optimization technique to quantitatively determine the
effects of various machining parameters on the quality char-
acteristics of TW-ECDM process.

Applied voltage, electrolyte concentration and wire speed
are the three input factors and each factor has three levels
considered for the experiment. In the present study, the inter-
action between the input machining parameters are neglected.
Based on the value of DOF = 8, it is concluded that at least 8
experiments are to be conducted to estimate the effects of each
machining parameters. For the standard orthogonal array, at
least three numbers of columns at three levels is selected. This
array has total eight DOFs and it can handle four three-level
input machining parameters. For orthogonal array matrix ex-
periment, each machining parameter can be assigned to a col-
umn and nine-machining parameters combinations in L9.
Hence, only nine numbers of experiments are required to be
conducted as per L9, Since the L9, orthogonal array has four
columns, one column of the array is left empty for the error of
experiments, and the orthogonality is not lost by letting one
column of the array remain empty.

The selection of the range for input parameters were done
on the basis of initial trial experiments and related literature.
An initial trial was performed having different ranges as fol-
lows: Applied voltage (V) – 20 to 60 (V), Electrolyte
Concentration (%) – 20 to 50 (%), wire speed – 0 to 15
(m/min). Based on initial trials, it was observed that the feasi-
ble ranges of Voltage (V) is – 30 to 40 (V), Electrolyte
Concentration (%) is – 25 to 35 (%) and wire speed is – 0 to
15 (m/min). In the present research work, three levels of each
machining parameters were selected as shown in Table 3.

In the present study, nine experiments were conducted hav-
ing different parameters. For this Taguchi L9 orthogonal array
was used, which has nine rows corresponding to the number of
tests, with three columns at three levels. L9 orthogonal arrays
(OA) have eight DOF, in which 6 were assigned to three factors
(each one 2 DOF) and 2 DOF were assigned to the errors.

Parametric design of experiment is performed based on the
selection of an appropriate standard orthogonal array. Signal-
to-noise (S/N) ratio and ANOVAwere carried out to study the
relative importance of the machining parameters on both ma-
terial removal rate (MRR) and Kerf Width (Kw) of TW-
ECDM process for machining of quartz. Based on S/N ratio
and ANOVA analysis, the optimal setting of the machining
parameters for MRR and Kw were obtained.

The total degrees-of-freedom (DOFs) for experiments is
calculated first to select an appropriate orthogonal array for
the experiment. The applied voltage, electrolyte concentration
and wire speed are the three factors and each factor has three
levels considered for the experiment.

In Taguchi methodology, S/N ratio is used to measure the
quality characteristics deviating from the desired value. The
term signal represents the desirable mean value of the output

Table 3 Table factors with levels

Factors Levels

1 2 3

Voltage (V) (A) 30 35 40

Electrolyte Concentration (%) (B) 25 30 35

WIRE SPEED (m/min) (C) 3 8 13

Silicon (2019) 11:2873–2884 2877



characteristics and the term noise represents the undesirable
value (i.e., standard deviation) for the output characteristics.
The S/N ratio (signal to noise) of each output characteristic
has been studied. And finally, the analysis of variance
(ANOVA) was used to find most significant parameter for
the multiple responses. Analysis of variance (ANOVA) was
performed to determine which machining parameter signifi-
cantly affects the quality characteristics of the process and also
to find the relative contribution of machining parameters in
controlling the responses of the process.

The total sum of squared deviations SST from the total
mean S/N ratio nm can be calculated as as shown in Eq. 1.

SST ¼ ∑
n

j¼1
n j−nm
� �2 ð1Þ

Where n is the number of experiments in the orthogonal array
and ηi is the mean S/N ratio for the ith experiment.

Degree of freedom (D.O.F.) has been calculated without
considering the interaction effect among different control fac-
tors. D.O.F. due to grand total sum of squares = no. Of exper-
iments = 9. Therefore D.O.F. due to total sum of squares = (9–
1) = 8. But the D.O.F. for each factor = (3–1) = 2. Therefore
D.O.F. for error = 8 - (2*3) = 2.

Percentage contribution of the process parameters onMRR
and Kerf Width calculated as shown in equation no 2.

%Contribution ¼ SSd
SST

� �
ð2Þ

Where, SSd is the sum of the squared deviations.
F-ratio is a ratio of the mean square error to the residual

error, and is traditionally used to Input determine the signifi-
cance of a factor. It is calculated as shown in equation no 3.

%Contribution ¼ SSd
SSE

� �
ð3Þ

Where, SSE is the sum of the square of error.
The material removal rate (MRR) was determined by using

equation no 4.
�
Wb−W

a

�

t
ð4Þ

Wb weight of workpiece before experiment (mg/min)
Wa weight of workpiece after experiment (mg/min)
t machining time (min)

Weight of the workpiece was measure by METTLER
TOLEDO digital balance with accuracy 10 μg.

Kerf width (Kw) was determined by finding average of the
difference between two corresponding points at three different

places along the machined cut. Kerf width was measured by
the scanning electron microscope (TESCAN – VEGA 3).

4 Results and Discussion

Taguchi robust design is used to determine the effect of each
input parameters viz. voltage, electrolyte concentration and
wire speed on MRR and Kerf width.

S=N ¼ −10� log MSDð Þ ð5Þ
Where, MSD is the mean square deviation.

In this present work, the values of S/N ratio were calculated
for material removal rate (MRR) based on larger is better and
for kerf width based on smaller is better. Equation 5 shows the
calculation of S/N ration. The S/N ratios are given in Table 4
for MRR and Kw.

The analysis of variance (ANOVA) table for material re-
moval rate (MRR) and kerf width (Kw) are shown in Tables 4
and 5 respectively.

4.1 Effects of Parameters on Material Removal Rate
(MRR)

Figures 3 and 4 shows the variation of MRR vs Input Voltage
(V). MRR increases as the input voltageincreases from 30 to
40 V, as presented in Figs. 3 and 4. TheMRR is lowest at 30 V
and highest at 40 V. As the applied voltage increases, the
current density near machining zone also increases which fur-
ther results in increasing the hydrogen gas bubbles. These
bubbles generate a gas film insulation and thus the spark gen-
eration rate is also increased. Thereby, enhancing material
removal rate. From Table 5, it can be observed that ANOVA
of MRR, applied voltage is the most contributing (65.79%)
process parameter of the process. ANOVATable 5 also shows
that the F-value of applied voltage is higher than the %

Table 4 Signal to noise (S/N) ratio

Experiment Nos. Factor levels Signal to noise ratio (S/N)

A B C MRR Kw

1 1 1 1 −13.535 −47.0779
2 1 2 2 −12.1496 −47.8970
3 1 3 3 −11.4243 −47.6288
4 2 1 2 −11.842 −47.1849
5 2 2 3 −9.50689 −47.5611
6 2 3 1 −8.94177 −47.6917
7 3 1 3 −10.1225 −48.0201
8 3 2 1 −7.97619 −47.5092
9 3 3 2 −7.29435 −47.5920
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concentration of electrolyte and wire speed. From the S/N
ratio given by Fig. 4, it is observed that the optimal parametric
combination for higher material removal rate (MRR) is
A3B3C1. Figure 5 shows the surface plot of two most contrib-
uting factors for MRR: voltage and % of Concentration.

Figures 3 and 4 shows the variation of % concentration of
electrolyte vs MRR. MRR increases from 250 to 350 (g/L)
with increase in % concentration of electrolyte (g/L). It was
observed that MRR is lowest at 25% and highest at 35% of
concentration. The increase in % concentration means con-
ductivity of electrolyte is higher and form more chemical re-
actions. Hence the dissolution rate of ions also increases and
high current density is observed at the tool electrode. With
increase in the conductivity of electrolyte, the circuit current
also increases which accelerate the electrolysis process and
more hydrogen bubbles are produced at the machining zone.
It increases the spark generation rate which results into a wide
cut along the length of the workpiece. From the Table 5
ANOVA table of MRR, % concentration is second most con-
tributing (31.48%) factor of the process.

Figure 3 shows the variation of wire speed vs MRR. MRR
decreases with increase (3–13 (m/min)) in wire speed. Also, it
is observed that the MRR is lowest at 13 m/min speed of wire.

Wire speed plays vital role on material removal rate due to
continuous and quick traveling of new wire across the ma-
chining zone which increases the crater formation rate and
forms more spark per unit time. Hence the higher material
removal rate is observed up to certain level of wire speed.
However, at high traveling speed, spark does take place only
at the bottom of the wire and thus lesser number of sparks
were observed which reduces the material removal rate.
From the ANOVA Table 5 of MRR, wire speed is lesser
(third) contributing (1.0429%) factor of the process.

4.2 Effects of Parameters on Kerf Width (Kw)

Figures 6 and 7 shows the variation of wire speed vs Kw. Kw

decreases with increase in wire speed from 3 to 13 (m/min).
Also, its observed that the Kw is lowest at 3 m/min speed of
wire. From the ANOVA Table 6 of Kw, wire speed is most
contributing (20.17429%) factor of the process. Itstates that
the effect of wire speed is highest on Kw. Wire speed has
major effect on the Kerf width. As the wire speed increases,
the electrolyte dissolution also increases. It is due to the fresh
wire electrode coming quickly across the work piece and the
sparking zone producing higher number of sparks per unit

Table 5 ANOVA for material
removal rate (MRR) Factor Degrees of freedom

(DOF)
Sum of square
(SS)

Mean square
(MS)

F-
Value

% age of
contribution

1 (V) 2 0.029021 0.014511 39.20 65.79830409

2 (% Cons) 2 0.013885 0.006942 18.76 31.48097764

3 (Wire
Speed)

2 0.000460 0.00230 0.62 1.042942003

Error 2 0.000740 0.000370 1.67777627

Total 8 0.044106 100.0000

Fig. 3 Mean Effect plot for MRR
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time. Hence higher material removal rate is observed. Also,
the interaction time with workpiece is reduced resulting in
lesser kerf width. From the S/N plot of Fig. 7, the optimal
parametric combination for lower Kw is A2B1C1.

Figures 6 and 7 shows the variation of % concentration of
electrolyte vs Kw. Kwincreases with an upsurge % concentra-
tion of electrolyte (g/L) from 250 to 350 (g/L). The Kw is the
lowest at 25% and highest at 35% of concentration. Increase in
electrolyte concretion (250–350 (g/L)) leads to an increase in
circuit current followed by the sparking rate. As a result,
higher amount of heat is generated which is responsible for

higher material removal rate and higher Kerf width. Thus, the
nature of the width of the cut is uneven. This drawbackmay be
overcome by providing proper circulation of electrolyte and
proper flashing of electrolyte. From the ANOVA Table 6 of
Kw, % concentration is second most contributing (12.25%)
factor of the process.

Figure 6 shows the variation of kerf width (Kw) vs
Input voltage (V). Kw increases with input voltage from
30 to 40 V, as presented in Fig. 6. The Kw is lowest at
30 V and highest at 40 V. As the applied voltage in-
creases, the rate of hydrogen gas bubbles also increases,
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Fig. 4 S/N ratio plot for MRR

Fig. 5 Surface plot for MRR

2880 Silicon (2019) 11:2873–2884



resulting in large amount of sparking which can be ob-
served at the machining zone. Thus, a higher amount of
energy is responsible to melt the workpiece material.
Also, some micro-cracks are observed due to high heat
generation which results in high production of Kerf width.
From the ANOVA Table 6 of Kw, applied voltage is the

less contributing (11.80%) process parameter of the pro-
cess. ANOVA Table no 6 also shows that the F-value of
wire speed is lower than the % concentration of electro-
lyte and applied voltage. Figure 8 shows the surface plot
of two most contributing factors for Kerf width (Kw):
Wire speed and % of Concentration.

Fig. 6 S/N plot for Kw

Table 6 ANOVA for Kerf width
(Kw) Factor Degrees of freedom

(DOF)
Sum of square
(SS)

Mean square
(MS)

F-
Value

% age of
contribution

1 (V) 2 64.15 32.08 0.21 11.80726
2 (% Cons) 2 66.58 33.29 0.22 12.25451
3 (Wire

Speed)
2 109.61 54.8 0.36 20.17449

Error 2 302.96 151.48 55.761903
Total 8 543.31 99.999918

Fig. 7 S/N plot for Kw
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5 Scanning Electron Microscope (SEM) Image
Analysis

Figures 9 and 10 shows the SEM image of micro slice of
quartz workpiece. Figure 9 shows the SEM image the results
of continuous 10 min machining of quartz with 0.15 mm
(diameter) zinc coated brass wire, input voltage 30 V, wire
speed 3 m/min, 50 mm gap between wire and auxiliary elec-
trode and 25% of concentration (250 g/L). And Fig. 10 shows
the SEM image the results of continuous 10 min machining of
quartz with 0.15 mm (diameter) zinc coated brass wire, input
voltage 40 V, wire speed 13 m/min, 50 mm gap between wire
and auxiliary electrode and 35% of concentration (350 g/L). In
Fig. 9 some irregularities are observed as compared to Fig. 10
at the starting of the cutting side because of uneven flow of

ions and less chemically dissolution strength of electrolyte.
Also length of cut (LOC) is increases with increases applied
voltage and concentration.

6 Conclusion

In the present work, hard and brittle and non-conducting
quartz material has been machined using self-developed
TW-ECDM setup. For the first time successfully used coated
wire during the experiments. An experimental study has been
carried out to analyze the effect of input process parameters

Fig. 8 Surface plot for Kw

Fig. 9 SEM image Fig. 10 SEM image
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i.e. applied voltage (V), wire speed and (%) concentration on
output parameters material removal rate (MRR) and Kerf
width (Kw). Based on experiment following conclusions are
summarized:

1) The self-house developed TW-ECDM setup can be suc-
cessfully used for mico-machining/slicing of quartz
material.

2) With the use of coated wire, significant hike in cutting
speed is obtained. Over and above this, it affects the ma-
terial removal rate in positive manner.

3) Coated wire gives better performance in terms of surface
finishing and reduces the wire breakage phenomenon.

4) The performance characteristics in TW-ECDM process
are mainly governed by the effects of voltage and % of
concentration.

5) For higher material removal rate (MRR), high voltage and
high % of concentration are recommended based on S/N
ratio analysis. An ANOVA result also reveals that highest
contributing (65.79%) of voltage in influencing the mate-
rial removal rate. And second most contributing factor is
% of electrolyte concentration (31.48%)

6) For lower Kerf width (Kw), Wire speed and % of electro-
lyte concentration are most recommended and significant
parameters. An ANOVA results reveals that highest con-
tributing factor is wire speed (20.17%) and secondmost is
% of concentration 12.25%.

7) From the SEM Images, It was observed that the high
surface roughness is mainly due to presence of craters.
This could be possible due to the no flushing facility is
provided during machining operation

8) From this experimental result, it is possible to micro-
slicing of quartz material. The higher material removal
rate, lower kerf width and surface finish can be achieved
by proper selection of input parameters
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