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Abstract. In recent years, the Electrochemical Discharge Machining (ECDM)
process emerged as superseding machining process owing to its capability to
processing of conductive and non-conductive materials. The micro-machining of
Carbon Fibre Reinforced Polymer (CFRP) composite is successfully attempted in
this work by drilling of micro-holes. The experiments were planned using L9

orthogonal array Taguchi’s methodology with applied voltage, electrolyte con-
centration and inter-electrode gap as process parameters. The Material Removal
Rate (MRR) and overcut rate were observed as output characteristics. Moreover,
the multi-objective process optimization of ECDM process is carried out by Grey
Relational Analysis (GRA) method. The conformation experiment with optimum
conditions of GRA method such as applied voltage of 70 V, electrolyte con-
centration of 40% and inter-electrode gap of 50 mm signifies improvement in
MRR and overcut rate of drilled hole.
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1 Introduction

The Carbon Fibre Reinforced Polymer (CFRP) composite are widely applicable in
aerospace, structural and automotive applications due to their superior mechanical
properties [1]. The superior properties of these materials make them difficult to pro-
cessing by conventional manufacturing processes. The growing need of micro-holes on
CFRP composite and other fibrous materials in electronics, MEMS and aerospace
applications motivates research society for its better processing. In the recent years, the
Electrochemical Discharge Machining (ECDM) process has gained reputation in
machining of fibrous materials. However, this process is effectively used for machining
of glass, ceramics and super-alloys. The ECDM process is combined the process
features of Electrochemical Machining (ECM) and Electrical Discharge Machining
(EDM).

The ECDM setup includes small tool electrode i.e. known as cathode and large
plate of auxiliary electrode appears as anode. The machining material in ECDM pro-
cess is placed to be underneath of tool electrode and immersed in electrolyte as shown
in Fig. 1. The initiation of voltage supply across electrodes, the electrochemical
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reactions starts i.e. electrolysis to form hydrogen bubbles around tool electrode surface.
The high current density at tool electrode accelerates the generation rate of hydrogen
bubbles. The high density of hydrogen bubbles around tool electrode merges to form a
casing or envelope of gas film act as blanket. This layer behave as dielectric between
cathode and liquid solution i.e. electrolyte in machining zone. As the applied potential
over electrodes crosses the dielectric strength of gas film, the spark is induced on
periphery of tool electrode [2]. Therefore, the material in underneath of tool electrode
gets softening due to spark energy, thermally erosion and chemical etching [3].

In machining domain of ECDM, this process is initially attempted in machining of
glass. Later on, it extends its application to steel, super-alloys and composite materials.
However, in the machining of fibrous materials very limited studies have been reported.
Liu et al. [4] attempted machining of Metal Matrix Composite (MMC) using grinding
aided ECDM process. The observed improvement in surface properties of machined
surface owing to additional grinding action in ECDM process. Manna and Narang [5]
reported micro-machining of E-glass fibre composite using ECDM process. The sur-
face features of machined E-glass fibre composite become poor owing to unfinished
cutting of fibres. Antil et al. [6] studied micro-drilling of SiC reinforced composite by
ECDM process. They observed limited quality of machined holes caused by heat
affected zones and cracks. Singh et. al. [7] attempted micro-machining of carbon fibre
epoxy composite using ECDM process. They machined micro-slots and blind holes on
carbon epoxy composite with inferior surface characteristics. Apart from these studies,
there is hardly any article on machining of CFRP by ECDM process.

The multi-objective process optimization of machining methods includes Grey
Relational Analysis (GRA), Genetic Algorithm (GA) and Analytical Hierarchy Process
(AHP) method etc. In multi criteria decision making techniques, the GRA is an
operative method for optimization problems in different areas [8]. The GRA method is
successfully implemented by Antil et al. [6] in machining of SiC reinforced composite

Fig. 1. Basic schematic of ECDM process
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using ECDM process. Likewise, the GRA becomes popular in optimum parameter
selection of selection of welding [9], drilling [10] etc. Apart from these studies, there is
enormous scope for micro-drilling of CFRP composite by ECDM process and multi-
response optimization by GRA method. The main aim of this work is to drill micro-
holes on CFRP composite by varying process parameters and multi-response opti-
mization by GRA method.

2 Methodology and Experimentation

The basic schematic of ECDM setup is shown in Fig. 1. The experiments were con-
ducted on developed ECDM setup includes tungsten carbide drill bit of 0.2 mm
diameter as cathode, copper plate as anode and NaOH as electrolyte. The work piece
material used for experimentation is CFRP composite of 2 mm thickness and procured
from Indigenous Ltd., Dehradun, India. The CFRP composite contains 50% weight
distribution of warp and weft respectively with an orientation of 0/900. The experi-
ments were planned using Taguchi’s L9 Orthogonal array with three process parameters
at three levels as shown in Table 1. The process parameters include applied voltage of
50–70 V, electrolyte concentration 20–40% (mass percentage) and inter-electrode
distance of 40–60 mm. The output characteristics of ECDM process involve Material
Removal Rate (MRR) and overcuts of drilled hole. The output characteristics of
conducted experiments with Taguchi’s L9 Orthogonal array are presented in Table 2.
The MRR is calculated by weighing machined sample with reference to machining
time. The overcut rate is calculated by average of three readings i.e. deviation between
tool electrode diameter and drilled hole.

3 Results and Discussion

3.1 Behaviour of Machining Rate with Process Parameters

The MRR increases linearly with upsurge in applied voltage of ECDM process. This is
because of highly dense hydrogen bubbles around periphery of tool electrode. The
coalescence of denser hydrogen bubbles growths the sparking phenomenon of ECDM
process. The raw data and S/N ratio plot for MRR are shown in Fig. 2. Likewise, the
rise of electrolyte concentration boosts the MRR linearly in ECDM process. The high
electrolyte concentration in ECDM process strengthens the kinetics of electrochemical
reactions. Therefore, accelerated electrochemical reaction promotes coalescence of
hydrogen bubbles rate and produce high discharge energy in machining zone. The high

Table 1. Process parameters and their levels

Symbols Process parameters Level 1 Level 2 Level 3

A Voltage 50 60 70
B Electrolyte concentration 20 30 40
C Inter-electrode gap 40 50 60
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discharge causes melting, vaporization and eroding of work piece material. On the
other hand, the high inter-electrode distance firstly increases MRR and then slows
down machining rate. This is because of increased inter-electrode resistance which
steps down the kinetics of electrochemical reactions and decreases sparking phe-
nomenon. These findings are justified by previous research work in machining of
composite by ECDM process [6, 11]. The optimum parametric conditions based on S/N
ratio for MRR are A3B3C2 i.e. 70 V, 40% and 50 mm respectively.

3.2 Behaviour of Overcut with Process Parameters

The overcut rate increases sharply with rise in applied voltage of ECDM process. The
increase in applied voltage of ECDM process increases thickness of gas film envelope

Table 2. Experimental results by Taguchi’s L9 Orthogonal array

Trail.
no.

Voltage Electrolyte
concentration

Inter
electrode
gap

MRR (mg/min) Overcut (mm)
Mean S/N

ratio
Mean S/N

ratio

1 50 20 40 1.1150 0.94550 0.05 26.0206
2 50 30 50 1.1770 1.41553 0.07 23.0980
3 50 40 60 1.1885 1.49998 0.06 24.4370
4 60 20 50 1.2223 1.74356 0.09 20.9151
5 60 30 60 1.2300 1.79810 0.08 21.9382
6 60 40 40 1.2440 1.89641 0.12 18.4164
7 70 20 60 1.2234 1.75137 0.10 20.0000
8 70 30 40 1.2560 1.97979 0.16 15.9176
9 70 40 50 1.2889 2.20438 0.14 17.0774

Fig. 2. Raw data and S/N ratio plot for MRR
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around tool electrode due to denser hydrogen bubbles. Therefore, the side sparking
around tool electrode promotes overcut rate in ECDM process. Likewise, the rise of
electrolyte concentration increases overcut rate due to stray sparking over periphery of
tool electrode. The raw data and S/N ratio plot for overcut of machined hole are
presented in Fig. 3. On the contrary, the overcut rate decreases with rise in inter-
electrode distance of ECDM of process. This is because of low inter-electrode resis-
tance which steps down the stray sparking phenomenon around tool electrode in
machining zone [12]. The optimum parametric values based on S/N ratio for overcut
are A3B3C1 i.e. 70 V, 40% and 40 mm respectively. The behavior of overcut rate with
process parameters is quiet similar to as described by Antil et al. [6] in micro-drilling of
SiC reinforced polymer composite.

4 Multi-response Optimization of ECDM Process by Grey
Relational Analysis

The evaluation of optimum process parameters for a precise machining process is an
important task for research fraternity. In this work, the MRR and overcut are taken as
performance characteristics. To enhance the performance of ECDM process, the goal is
to maximize MRR and minimize overcut of machined sample. The behavior of various
process parameters is contradictory for MRR and Overcut. Therefore, the multi-
response optimization is a key route for excellence of ECDM process. In this study, an
attempt has been made to the multi-response optimization of ECDM process using
Grey Relational Analysis (GRA) method. GRA is a well-recognized method for multi-
response optimization problems. This method concluded that experiment trial with
highest grey relational grade is closest to optimum solution [13–15]. The steps used in
analysis of optimum selection of parametric values by GRA method are as follows:

Step 1: In this step, the obtained experimental results of MRR and overcut were
analysed by signal-to-noise ratio. For increasing the performance of machining

Fig. 3. Raw data and S/N ratio plot for overcut
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process, Larger is better used for MRR. On the contrary, the lower is better used for
overcut of machined hole. The obtained results of S/N ratio for MRR and overcut
are presented in Table 3.

Step 2: This step involves the normalization of obtained results by signal-to-noise
ratio. The S/N for MRR i.e. Larger is better is normalized by following Eq. (1):

Ni� kð Þ ¼ yi kð Þ �min yi kð Þð Þ
max yi kð Þ �min yi kð Þ ð1Þ

For, the normalization of overcut i.e. Lower the better is carried out by following
Eq. (2):

Ni� kð Þ ¼ max yi kð Þ � yi kð Þ
max yi kð Þ �min yi kð Þ ð2Þ

Step 3: This step involves the calculation of Grey Relational Coefficient (GRC), the
GRC displayed the relationship between optimum and actual normalized results.
The GRC is calculated by following Eq. (3):

ai kð Þ ¼ Dminþ hDmax
Doi kð Þþ hDmax

ð3Þ

Where ai(k) is the GRC, Doi(k) is the deviation of reference and comparability
sequence. The h is the distinguishing coefficient of 0.5.
Step 4: This step includes the calculation of Grey Relational Grade (GRG), the
highest value of GRG indicates the optimum conditions of machining process.
The GRG is calculated by Eq. (4):

Table 3. Grey relational grades and ranking by GRA method

Trail.
no.

Voltage Electrolyte
concentration

Inter electrode
gap

Grey relational
grades

Rank

1 50 20 40 0.333 9
2 50 30 50 0.428 7
3 50 40 60 0.422 8
4 60 20 50 0.540 5
5 60 30 60 0.532 6
6 60 40 40 0.670 3
7 70 20 60 0.567 4
8 70 30 40 0.869 2
9 70 40 50 0.907 1
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GRG ¼ 1=mð Þ
X

ai kð Þ ð4Þ

Where m is number of responses in machining process i.e. MRR and overcut.
Step 5: Arrange GRG either in increasing or decreasing order, the GRG closest to 1
is most preferred and smallest one is least preferred. The optimum solution (GRG
closest to 1) ensures that it is closest to hypothetically best solution and farthest
from hypothetically worst solution [16].

The results obtained from different steps of GRA method are presented in
Appendix. However, the GRG and ranking of different experiment trails is represented
in Table 3. The experiment trail no. 9 is ranked as 1 followed by trail no.8 and 6. The
parametric values corresponding to highest GRG are considered as optimum values for
micro-machining of CFRP composite by ECDM process. Therefore, the applied
voltage of 70 V, electrolyte concentration of 40% and inter-electrode gap of 50 mm
were observed as optimum parametric conditions by GRA method.

The conformation experiments were performed by obtained optimum parametric
values by ECDM process. For comparison, the trail experiment no. 1 with least GRG
was used as initial parametric conditions. From conformation experiment, it is con-
cluded that overcut rate has been improved from 0.05 to 0.04 mm, while there is slowly
increase in MRR i.e. 1.1150 mg/min to 1.1243 mg/min. Therefore, the optimum
conditions predicted by GRA method are feasible for micro-machining applications by
ECDM process.

5 Conclusions

The following conclusions were drawn from current research status of CFRP composite
machined by ECDM process:

1. ECDM process is successfully attempted for micro-machining of fibrous materials
i.e. CFRP composite.

2. The MRR increases with increase in applied voltage and electrolyte concentration
of ECDM process. On the contrary, it shows reverse trends with rise in inter-
electrode distance.

3. The overcut rate is increases sharply with rise in applied voltage and electrolyte
concentration of ECDM process, whereas it reduces with upsurge in inter-electrode
distance.

4. The optimized parametric values for MRR are found to be A3B3C2 i.e. applied
voltage of 70 V, electrolyte concentration 40% and inter-electrode distance of
50 mm respectively.

5. The S/N ratio plots predicts the optimum parametric values of overcut are A3B3C1

i.e. applied voltage of 70 V, electrolyte concentration 40% and inter-electrode
distance of 40 mm respectively.

6. The multi-response optimization GRA method was effectively used for optimizing
ECDM process. The optimum parametric values predicted by GRA method were
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A3B3C2 i.e. applied voltage of 70 V, electrolyte concentration 40% and inter-
electrode distance of 50 mm respectively.
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See Table 4.
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