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Abstract
In the present work, the influence of four significant wire electrical discharge machining (WEDM) parameters, such as pulse
duration (Ton), pulse interval (Toff), servo voltage (Sv) andwire tension (Wt) has been studied on cutting velocity (Vc), diagonal
dimensional deviation (Dv) and surface roughness (Ra). Signal-to-noise ratio and analysis of variance are used to analyse
the effects of four cutting parameters. An entropy weight method is used to determine the objective weights. An integrated
weight-based multi-constrained optimization technique is employed to find the optimal solutions for multiple responses.
Optimal solutions show that diagonal dimension deviation (Dv) ranges from 0.128 to 0.241 mm and surface roughness (Ra)
ranges from 1.058 to 3.457 m for a wide range of cutting velocity (Vc). It is also found that the weight-based Pareto results
are improved by 10.5% (for cutting velocity) 28.3% (for dimensional accuracy) and 13.7% (for surface finish) compared to
the general Pareto results. Additionally, an important aspect, radial overcut (δ) is measured to predict the linear error present
in the workpiece. Finally, CCI and SEM analyses have been carried out to evaluate the surface characteristics of the machined
surface. It is evident from the machined surface that the surface is full of small craters, micro-holes, re-solidified materials
and recast globules.
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1 Introduction

Due to the advancement of technology, conventional mate-
rials are being gradually replaced by advanced alloys. In
the last decade of their first introduction, high conductive
materials, especially aluminium alloys, are at the forefront
of engineering materials. Recently, several researchers have
focused on them because of their distinctive and attractive
qualities [1–5]. Al 7075 is a new generation light metal alloy.
It becomes extensively important in present day production
industries due to its high capability to resist temperature and
stress corrosion cracking [6]. Additionally, it is also known as
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an advanced alloy that widely used in different manufactur-
ing industry to make intricate shapes with desired accuracy
[7]. Initially, it was considered as an alternative solution to
iron and titanium alloy for high temperature applications
[8–10]. Later on, it becomes non-dominated in structural
applications and the aviation industry [11]. The major appli-
cations of this alloy are in turbine industries, heat exchangers,
armour, automobile engine cylinders and chemical indus-
tries etc. [12, 13]. The material has outstanding mechanical
properties. Therefore,machining thematerial is difficult with
traditional techniques [14]. Wire electro discharge machin-
ing (WEDM) is a potential solution to effectively machine
this material. It is an economical process extensively used
in manufacturing industries [15, 16]. In WEDM, material
removal takes place by a series of isolated sparks between the
tool electrode (wire) and the workpiece submerged in a liq-
uid dielectricmedium. Initially, electrical discharge energy is
converted into thermal energy to melt and vaporized minute
amounts of material, which are then propelled and waved
out by the external flow of dielectric [17–19]. This dielectric
liquid is also used as a coolant to defeat the heat developed
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Table 1 Chemical compositions
of Al 7075 alloy Compositions Al Zn Mg Cu Si Balance

Weight % 90.00 4.35 3.17 2.23 0.14 0.11

in the machining zone as well as remove the cutting materi-
als. The final aim of the WEDM process is to accomplish an
exact and proficient output. Generally, it can be achieved by
considering the relationship between the number of features
affecting the process and obtaining the optimal machining
conditions [20, 21].

Process parameter selection is a critical task in WEDM.
The parameter selections mainly depend upon the operator’s
skills and the manual provided by the machine tool manu-
facturer [22]. Some process parameters are highly connected
to each other. This means that the same parameter settings
may not be effective to achieve a high production rate, good
surface quality, and high dimensional accuracy [23]. Due to
the intricacy of the process, selecting appropriate parame-
ters and their settings to obtain the best cutting condition
is extremely difficult [24]. Therefore, customized parameter
settings for optimal machining of materials are needed. For
that purpose, many efforts have been made in WEDM. Con-
ventionally used stainless steel and stainless-clad steel are not
the same type of material. Stainless-clad steel is an advanced
layered composite that is widely used inmodernmanufactur-
ing industries. Therefore, parameter settings to machine this
material are different from those for conventional steel and
are not available in the machine tool manufacturer’s manuals
[25–27]. Similarly, customized parameter settings are needed
to machine advanced materials like Ti6Al4V, NIMONIC,
Inconel, etc. On the other hand, parameter settings may vary
when deionized water is replaced by a powder mix dielectric
[28–30]. In such circumstances, general parameter settings
cannot effectively machine the materials. For that purpose,
modified parameter settings are needed to increase the pro-
duction rate and machining efficiency.

From the review of past literature, it is found that limited
research has been carried out in WEDM of Al 7075-based
MMCs [31–33]. A few research works are available on the
Al 7075 alloy [34, 35]. Most of the previous researchers
have concentrated on achieving the highest MRR and lin-
ear dimensional accuracy by controlling the variable process
parameters [36–38]. Some researchers have investigated the
surface characteristics and tribological behaviour of WEDM
surfaces on different materials [39–41]. Limited research is
available in WEDM to control the wire lag during corner
cutting. So far, no such research has been reported on diago-
nal accuracy improvement and radial overcut prediction in
WEDM of Al 7075. Additionally, diagonal accuracy and
cutting speed improvement in WEDM of this alloy is not

Fig. 1 XRD pattern of the Al 7075 alloy

yet fully solved. The present research explores the machin-
ability and optimal cutting of Al 7075 in WEDM. In this
concern, the entropy weight method (EWM) is employed to
find out the appropriateweight of responses. Later, calculated
entropy weights are used in the constrained Pareto algorithm
to obtain better optimal solutions. In this work, four impor-
tant performances are considered: cutting velocity, diagonal
dimensional deviation, surface roughness and radial overcut.

2 Experimentations

2.1 Material

Chemical compositions and weight percentages of the work-
piece material are given in Table 1. At room temperature,
X-ray diffraction (XRD) of thematerial is performed to iden-
tify the various phases that exist in it. Figure 1 shows theXRD
pattern of Al 7075. Other common and significant properties
of this material are density of 2.81 g/cm3, melting point of
635 °C, ultimate tensile strength of 572MPa and hardness of
150 BHN, thermal conductivity of 170W/m K and electrical
conductivity of 19.2 mega-Siemens/m.

3 Experimental procedure

Aschematic diagramof thewire electrical dischargemachin-
ing (WEDM) process is shown in Fig. 2. In this work, EX-40
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Fig. 2 Schematic diagram of WEDM process

WEDM system is used to conduct the experiments. A pho-
tographic view of the EX-40 WEDM table unit is shown
in Fig. 3a. Schematic representation of a slot produced by
the wire electrode is shown in Fig. 3b. Al 7075 plate is
mounted on the worktable and a specimen of 8 mm (length)
× 8mm (width)× 25mm (thickness) is sliced from the uncut
workpiece. Four variable process parameters are selected as
pulse duration (Ton), pulse interval (Toff), servo voltage (Sv)
and wire tension (Wt). Experiments have been carried out

in deionized water with a conductivity setting of 12 mho
and an electrode of coated brass wire with a diameter of
250 μm. Some other process parameters, such as wire feed
rate (10 m/min), flushing pressure (8 kgf/cm2), open circuit
voltage (50 V) and servo sensitivity (6) remain constant dur-
ing experiments. These process parameters and their range
have been selected on the basis of the existing literature, pilot
experimentation, manufacturer’s manual, and machine capa-
bility. After the selection of process parameters and their
levels, the final set of experiments has been conducted. In
the final set of experiments, each experiment is conducted
repeatedly. It is observed that the same experiment, with
the same setup, produced approximately the same results.
Selected independent input parameters and their levels are
indicated in Table 2. In this work, four important perfor-
mance characteristics are considered: cutting velocity (Vc:
mm/min), diagonal dimensional deviation (Dv: mm), surface
roughness (Ra: μm) and radial overcut (δ: μm).

4 Measurement of responses

Cutting velocity (Vc) is captured from the monitor of the
machine. Surface roughness (Ra) is measured using a contact
type surface roughness tester (Mitutoyo: SJ 400). An average

Fig. 3 a Machining table unit of
EX-40 WEDM system,
b schematic representation of the
slot produced by wire electrode

Table 2 Units, levels and
notations of process parameters Input parameters Notations Units Levels

Low (1) Medium (2) High (3)

Pulse duration Ton μs 0.1 0.4 0.7

Pulse interval Toff μs 15 25 35

Servo voltage Sv volt 20 30 40

Wire tension Wt kg 0.5 0.8 1.1
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Fig. 4 a Schematic
representation of diagonal
dimensional deviation,
b microscopic image of diagonal
dimensional deviation
measurement, c radial overcut
measurement

of cutting velocity and surface roughness is calculated from
the collected raw data. Diagonal dimensional deviation (Dv)
and radial overcut (δ) are measured using a high-precision
digimatic Mitutoyo micrometre (Least count � 0.1 μm).
Here, the diagonal dimensional deviation is the difference
between the theoretical and actual diagonal length of the pro-
file. Similarly, radial overcut is the difference between half of
the kerf gap (k/2) and wire radius (r). Figure 4a, b shows the
schematic diagram and measurement technique of diagonal
dimensional deviation. Figure 4c represents the microscopic
image of radial overcut measurement. The diagonal dimen-
sional deviation and radial overcut are calculated as follows
(Given in Eqs. 1, 2):

Diagonal dimensional deviation (Dv) � dg − da (1)

where dg � theoretical diagonal length and da � actual diag-
onal length.

Radial overcut (δ) � k

2
− d

2
�

(
k

2
− r

)
(2)

where k � kerf gap, d � wire diameter and r � wire radius.

5 Theory of experimental design

Design of experiments (DOE) is an efficient approach to
conduct experiments in a regular manner. It gives appropri-
ate knowledge for better understanding of the relationship
between process parameters and performance characteris-
tics [42, 43]. Generally, DOE is categorized as full factorial
design or fractional factorial design [44]. In this study, an L27

fractional factorial design is used to conduct the experiments.
In this method, input and output parameters are assigned in
the columns and numbers of experimental runs are allotted
in the rows. Table 3 shows the experimental design matrix.
The experimental results are then used to model the process
and calculate the objective weights.

In the Taguchi design technique, signal-to-noise (S/N)
ratio is used to govern the performance characteristics of
the process variables. In this method, three different per-
formance characteristics known as higher-the-better, lower-
the-better and nominal-the-better are commonly used [45].
Higher cutting velocity is always desirable to get better pro-
ductivity in any process. So, cutting velocity is selected as
larger-the-better kind of problem. On the other hand, diag-
onal dimensional deviation, surface roughness and radial
overcut are defined the level of accuracy and quality features
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Table 3 Design matrix for process factors and response criteria

Sl.
no.

Input factors Responses

Pulse
duration
(Ton: μs)

Pulse
interval
(Toff:
μs)

Servo
voltage
(Sv:
volt)

Wire
tension
(Wt: kg)

Cutting
velocity
(Vc:
mm/min)

Diagonal
dimensional
deviation
(Dv: mm)

Surface roughness (Ra: μm) Radial
overcut
(δ: μm)Data-1 Data-2 Data-3 Std.

Dev

1 0.1 15 20 0.5 1.67 0.157 1.339 1.121 1.263 0.111 20

2 0.1 15 20 0.5 1.64 0.152 1.107 1.265 1.339 0.119 19

3 0.1 15 20 0.5 1.69 0.155 1.353 1.379 1.32 0.030 17

4 0.1 25 30 0.8 1.13 0.142 2.422 2.626 2.539 0.102 14

5 0.1 25 30 0.8 1.15 0.148 2.512 2.546 2.679 0.088 16

6 0.1 25 30 0.8 1.12 0.144 2.587 2.451 2.654 0.103 12

7 0.1 35 40 1.1 0.66 0.123 3.221 3.149 3.035 0.094 11

8 0.1 35 40 1.1 0.68 0.127 3.232 3.164 3.345 0.091 13

9 0.1 35 40 1.1 0.65 0.125 3.404 3.512 3.305 0.104 15

10 0.4 15 30 1.1 3.14 0.169 2.316 2.221 2.111 0.103 22

11 0.4 15 30 1.1 3.11 0.165 2.421 2.221 2.336 0.100 20

12 0.4 15 30 1.1 3.19 0.167 2.261 2.337 2.154 0.092 19

13 0.4 25 40 0.5 2.22 0.192 3.827 3.644 3.764 0.093 26

14 0.4 25 40 0.5 2.19 0.194 3.469 3.551 3.651 0.091 28

15 0.4 25 40 0.5 2.24 0.196 3.769 3.914 3.681 0.118 27

16 0.4 35 20 0.8 2.67 0.178 4.356 4.531 4.415 0.089 21

17 0.4 35 20 0.8 2.71 0.173 4.658 4.601 4.505 0.077 23

18 0.4 35 20 0.8 2.73 0.175 4.592 4.776 4.654 0.094 24

19 0.7 15 40 0.8 5.83 0.267 2.714 2.677 2.541 0.091 34

20 0.7 15 40 0.8 5.88 0.264 2.637 2.553 2.442 0.098 33

21 0.7 15 40 0.8 5.79 0.261 2.773 2.591 2.697 0.091 31

22 0.7 25 20 1.1 5.24 0.215 4.017 4.227 4.109 0.105 28

23 0.7 25 20 1.1 5.30 0.211 4.156 3.985 4.118 0.090 26

24 0.7 25 20 1.1 5.19 0.217 4.185 4.149 4.107 0.039 27

25 0.7 35 30 0.5 4.28 0.248 4.847 4.812 4.672 0.093 29

26 0.7 35 30 0.5 4.32 0.246 4.927 4.780 4.931 0.086 27

27 0.7 35 30 0.5 4.27 0.242 4.635 4.859 4.799 0.116 25

of the product. Therefore, diagonal dimensional deviation,
surface roughness and radial overcut must be on the lower
side. So, diagonal dimensional deviation, surface rough-
ness and radial overcut are considered as smaller-the-better
kinds of problems. Signal-to-noise (S/N) ratio for three dif-
ferent performance characteristics are expressed as follows
(Eqs. 3–5):

Higher the better : S/N ratio � −10 log

{
1

n

n∑
i�1

(
1

y2i

)}

(3)

Lower the better : S/N ratio � −10 log

{
1

n

n∑
i�1

(
y2i

)}
(4)

Nominal the better : S/N ratio � 10 log

{
ŷ2

s2

}
(5)

where yi is the experiential response, ŷ is the mean, s is the
variance and n is the number of experimental runs.

6 Results and discussion

6.1 Analysis of the process parameters based
on Taguchi methodology

The input parameters and their levels are listed in Table 2.
Based upon the experimental design, twenty-seven exper-
iments (given in Table 3) have been carried out on Al
7075 workpiece in order to find out the effects of process
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Fig. 5 SN ratio plot of the
process parameters in different
levels a cutting speed, b diagonal
dimensional deviation, c surface
roughness, d radial overcut

Table 4 Analysis of cutting
velocity data Source df Adj SS Adj MS F-value P value

Regression 8 78.5058 9.81323 8773.41 0.000

Ton 1 0.4971 0.49713 444.45 0.000

Toff 1 0.4836 0.48357 432.33 0.000

Sv 1 0.2950 0.29505 263.78 0.001

Wt 1 0.1551 0.15511 164.50 0.000

T 2
on 1 1.2120 1.21200 1083.58 0.000

T 2
of f 1 0.2578 0.25782 285.80 0.000

S2v 1 0.1347 0.13470 109.83 0.004

W 2
t 1 0.0444 0.04436 65.49 0.000

Error 18 0.0201 0.00112

Total 26 78.5259

S R2 R2 (adj) R2 (pred)

0.0134 99.97% 99.96% 98.94%

parameters on cutting velocity (Vc), diagonal dimensional
deviation (Dv), surface roughness (Ra) and radial overcut
(δ). Figure 5a–d describes the effects of process parameters
at various levels. Based upon the experimental findings anal-
ysis of variance (ANOVA) has been carried out to estimate
the model accuracy and determine the relative significance
of each process parameter. The analysis has been carried out
at 95% confidence level. The P value of aforementioned fac-
tors (i.e. Ton, Toff, Sv and Wt) and their squared terms (i.e.
T 2
on , T

2
of f , S

2
v and W 2

t ) are less than the specified α-value (<
5%). From the ANOVA of cutting velocity data as shown

in Table 4, it is observed that pulse duration, pulse inter-
val, servo voltage and wire tension play a significant role
to determine the cutting velocity. Similarly, from the anal-
ysis of diagonal dimensional deviation data in Table 5, it
is found that pulse duration and wire tension are important
process parameters. Pulse interval and servo voltage are also
influencing factors but their significance is low as compared
to pulse duration and wire tension to determine the diago-
nal dimensional deviation. From the Table 6 it is observed
that most important factor for surface roughness values are
pulse duration and pulse interval. On the other hand, from
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Table 5 Analysis of diagonal
dimensional deviation data Source df Adj SS Adj MS F-value P value

Regression 8 0.052036 0.006505 949.31 0.000

Ton 1 0.000517 0.000517 71.67 0.000

Toff 1 0.000183 0.000183 26.67 0.000

Sv 1 0.000088 0.000088 11.14 0.009

Wt 1 0.000432 0.000432 63.10 0.000

T 2
on 1 0.000946 0.000946 138.04 0.000

T 2
of f 1 0.000307 0.000307 45.61 0.005

S2v 1 0.000130 0.000130 24.32 0.032

W 2
t 1 0.000763 0.000763 111.38 0.000

Error 18 0.000123 0.000007

Total 26 0.052159

S R2 R2 (adj) R2 (pred)

0.0026 99.76% 99.66% 98.07%

Table 6 Analysis of surface
roughness data Source df Adj SS Adj MS F-value P value

Regression 8 32.5239 4.06549 547.35 0.000

Ton 1 2.6461 2.64606 356.25 0.000

Toff 1 1.7215 1.72147 231.77 0.000

Sv 1 0.2201 0.22011 21.71 0.007

Wt 1 0.1903 0.19035 17.05 0.031

T 2
on 1 0.9659 0.96588 130.04 0.000

T 2
of f 1 0.6281 0.62813 84.57 0.000

S2v 1 0.1237 0.12370 10.84 0.021

W 2
t 1 0.0808 0.08085 5.11 0.046

Error 18 0.0337 0.00743

Total 26 32.6576

S R2 R2 (adj) R2 (pred)

0.0361 99.59% 98.41% 97.38%

the analysis of the radial overcut data are given in Table 7,
it is observed that pulse duration and wire tension are most
crucial factors to determine the radial overcut. Pulse interval
and servo voltage also have moderate effects on radial over-
cut but their impacts are low in respect of pulse duration and
wire tension. From the S/N ratio plot, it is observed that the
cutting velocity increases as the pulse duration increases and
decreases as the pulse interval, servo voltage, and wire ten-
sion are increased (shown in Fig. 5a). Figure 5b shows that
the diagonal dimensional deviations significantly increase
with an increase in pulse duration and strongly decrease as
the wire tension increase. It is also observed that the diag-
onal dimensional deviation decreases as the pulse interval
and servo voltage increase. However, it is observed that the
impact of servo voltage on diagonal dimensional deviation is
low as compared to the other parameters. Surface roughness

is significantly decreased as the pulse interval, servo volt-
age and wire tension increase (shown in Fig. 5c). Similarly,
radial overcut (δ) increases as the pulse duration increases
but effectively decreases as the pulse interval, servo voltage
and wire tension increase (shown in Fig. 5d).

Cutting velocity significantly increases as the pulse dura-
tion increases and decreaseswhen the pulse interval increases
(shown in Fig. 5a). The fact is that cutting velocity is propor-
tionate with the discharge energy contained in each pulse. It
not only depends upon the discharge energy per pulse but
also on applied power, energy rate and crater per volume. As
the pulse duration increases and the pulse interval decreases,
power and energy per pulse in a given time period increase.
This increase in discharge energy per pulse produced more
heat which increases the material evaporation rate. This dis-
charge energy per pulse and the applied power decide the
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Table 7 Analysis of radial
overcut data Source df Adj SS Adj MS F-value P value

Regression 8 1038.07 129.759 50.05 0.000

Ton 1 84.52 84.524 32.60 0.000

Toff 1 26.01 26.013 10.24 0.004

Sv 1 21.22 21.218 8.76 0.019

Wt 1 61.85 61.853 24.71 0.000

T 2
on 1 39.80 39.796 13.78 0.008

T 2
of f 1 15.46 15.463 6.18 0.028

S2v 1 8.02 8.019 3.61 0.034

W 2
t 1 25.35 25.352 10.06 0.009

Error 18 2.67 0.0393

Total 26 1084.74

S R2 R2 (adj) R2 (pred)

0.0611 99.10% 97.29% 96.02%

material removal rate (MRR). Therefore, an increase in pulse
duration i.e. power and energy, enhance the material removal
rate and subsequently increases the cutting velocity. Sim-
ilarly, lower servo voltage always gives a higher cutting
velocity. This is happening due to better utilization of dis-
charge energy per spark. As the servo voltage increases, the
gap between electrodes (i.e. inter-electrode gap: IEG) also
increases. As the IEG increases, the utilization of energy per
pulse in the machining zone decreases and cutting velocity
is considerably reduced.

The effects of pulse duration, pulse interval, servo volt-
age and wire tension on diagonal dimensional deviation are
presented in Fig. 5b. It is perceived that the diagonal dimen-
sional deviation significantly increases as the pulse duration
increases and decreases as the pulse interval increases. This
is happening due to increasing the number of discharges in
a given pulse cycle. With an increase in pulse duration, total
energy contained in each cycle is increasing so the cutting
speed is increased.Due to the higher cutting speed, transverse
vibration in the wire electrode is increased and reduced the
diagonal accuracy. On the other hand, due to longer pulse
duration, gap force is generated in the inter electrode gap
(IEG) which promotes the diagonal deviation. This wire
vibration and gap force are the deciding factors to deter-
mine the diagonal dimensional deviation and linear error.
Diagonal deviation and linear error decreases as the wire ten-
sion increases. The fact is that the wire electrode becomes
more straight and stable to maintain the vertical position. As
a result, gap force and vibration present in the electrode
decrease, which enhances the dimensional accuracy. Diag-
onal dimensional deviation decreases as the servo voltage
increases. The utilization of energy per pulse decreases as
the servo voltage increases. Due to the less utilization of

energy, wire vibration and spark gap force becomes low and
improve the diagonal accuracy.

It is anticipated that from Fig. 5c, surface roughness will
increase as the pulse duration increases. On the other hand,
surface roughness decreases as the pulse interval, servo volt-
age, and wire tension are increased. The longer the pulse
duration and the shorter the pulse interval, the more power
and energy will be conveyed to the machining zone and
make a more stable plasma channel. Due to this aggressive
pulse parameter setting, energy per pulse i.e. magnitude of
discharge energy is increased. For that reason, intense spark-
ing is visualised in the machining zone. This high discharge
energy introduces a localized heat flux into the work surface
that produced strongmelting andvaporizationof thematerial.
As a result, the formation of craters, voids and recast globules
on the surface increases, which in turn increases the surface
roughness. On the other hand, surface finish improves when
servo voltage is increased. At higher servo voltage, the gap
between the electrodes increases and utilization of energy per
pulse decreases. For that reason, presence of craters, recast
globules and voids is comparatively less on the machined
surface.

As shown in Fig. 5d, the radial overcut increases as the
pulse duration increases and decreases as the pulse inter-
val, servo voltage and wire tension increase. The fact is
that pulse duration is a key factor to increase the discharge
energy and power. Increasing the pulse duration increases
the power and discharge energy, which increases the rate of
material removal or cutting velocity. With the increase in
pulse duration and decrease in pulse interval, more powerful
discharge takes place in the machining zone. This high dis-
charge energy in the cutting area produced intense localized
heat and removes large amount of material and causes the

123



International Journal on Interactive Design and Manufacturing (IJIDeM) (2023) 17:1289–1306 1297

widening of the machine slot. The machining slot is gener-
ated due to the erosion of material from the workpiece along
the cutting direction. This generatedmachining slot is known
as kerf width or kerf gap (k). On the other hand, this kerf gap
(k) is the summation of wire diameter (d) and total overcut
(2δ). As the MRR increases with an increase in pulse dura-
tion, the kerf gap and overcut increase. It is also observed that
wire tension plays a pivotal role to determine the radial over-
cut. Radial overcut decreases as the wire tension increase. As
the wire tension increases, electrode (wire) try to maintain
the original position (i.e. vertical position) which reduced
the lateral and longitudinal vibrations in the wire. For that
reason, uniform sparking takes place in the IEG and avoids
irregular erosion of material from the sidewall. Therefore,
kerf width as well as radial overcut decreases as the wire
tension increases.

7 Development of statistical models based
on experimental results

A model is developed to establish the relationship between
independent decision variables and responses in terms of a
mathematical equation. In this study, a non-linear regression
technique is used to correlate the independent inputs and
outputs. The functional equation of the quadratic model can
be written as:

y(Vc, Dv , Ra , δ) � f
(
Ton , Tof f , Sv , Wt

)
(6)

where Vc, Dv, Ra and δ are the response factors, namely
cutting velocity, diagonal dimensional deviation, surface
roughness and radial overcut. Ton, Toff , Sv and Wt are the
independent process parameters known as pulse duration,
pulse interval, servo voltage and wire tension.

The quadratic model of four parameters with their coeffi-
cient can be expressed as-

y (Vc, Dv , Ra , δ) � μ0 + (μ1Ton +μ2Tof f +μ3Sv +μ4Wt )

+ (μ11T
2
on +μ22T

2
of f +μ33S

2
v +μ44W

2
t )

(7)

where μ0 is the constant term (coefficient) in the model. μ1,
μ2, μ3 and μ4 are the linear coefficient and μ11, μ22, μ33

and μ44 are the coefficient of squared term.
Coefficients are calculated using the Minitab-20 soft-

ware package. A final model is developed after determining
the coefficient of each term. The calculated coefficients are

replaced in Eq. 5 and the final form of equations are as fol-
lows:

(8)

y1 � Vc � 2.565 + 2.618Ton − 0.14289Tof f

− 0.13367Sv + 6.751Wt + 4.994T 2
on

+ 0.001861T 2
of f + 0.001978S2v − 3.914W 2

t

(9)

y2 � Dv � 0.1403 + 0.05469Ton − 0.002778Tof f

− 0.000689Sv + 0.1518Wt + 0.1395T 2
on

+ 0.000042T 2
of f + 0.000022S2v − 0.1253W 2

t

y3 � Ra

� −2.127+6.04Ton +0.2696Tof f −0.0349Sv +0.136Wt

− 4.458T 2
on − 0.003236T 2

of f + 0.000478S
2
v − 0.132W 2

t

(10)

y4 � δ � 36.84 + 34.14Ton − 0.011Tof f − 1.761Sv + 9.9Wt

− 14.2T 2
on − 0.00278T 2

of f + 0.03056S2v − 10.49W 2
t

(11)

Another set of verification experiments is conducted to
validate the developed models. The confirmatory test results
are listed in Table 8. It has been perceived that from Table
9, predicted results from the developed models are close to
the experimental values. The percentage of prediction error
is calculated by the following equation (given in Eq. 12) and
the results are given in Table 9.

(12)

Percentage of prediction error (% )

�
∣∣∣∣Exp. result − Pred. result

Exp. result

∣∣∣∣ × 100

8 Objective weight calculation using entropy
method

The objective weight of the responses is calculated by the
entropy weight method (EWM). In this technique, proba-
bility theory is used to estimate the degree of uncertainty
(entropy) present in the response. It determines the signif-
icance of each response without considering the decider’s
personal preferences. In this method, first goal is to set the
decision matrix and then normalized the decision matrix.
Secondly, response probability and degree of divergence
i.e. average information contained in each response are
calculated. Finally, entropy weights of the responses are
determined. Steps to calculate the objectiveweights are given
as follows:
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Table 8 Confirmatory test results
Process parameters Responses (Exp. result)

Ton Toff Sv Wt Vc Dv Ra δ

0.1 25 20 0.5 1.01 0.139 2.661 16

0.1 35 20 1.1 1.03 0.118 3.368 13

0.4 15 20 0.8 3.67 0.181 2.415 25

0.4 35 30 1.1 2.21 0.161 4.403 19

0.7 15 30 0.5 5.14 0.248 2.679 31

0.7 35 40 1.1 4.59 0.215 4.722 28

Table 9 Percentage of prediction error

Exp. Results Pred. Results % Pred. Error

Vc Dv Ra δ Vc Dv Ra δ Vc Dv Ra δ

1.01 0.139 2.661 16 0.98 0.144 2.678 17 2.97 3.60 0.64 6.25

1.03 0.118 3.368 13 0.96 0.112 3.388 12 6.80 5.08 0.59 7.69

3.67 0.181 2.415 25 3.70 0.189 2.409 26 0.82 4.42 0.25 4.00

2.21 0.161 4.403 19 2.15 0.154 4.421 18 2.71 4.35 0.41 5.26

5.14 0.248 2.679 31 5.29 0.259 2.650 30 2.92 4.44 1.08 3.23

4.59 0.215 4.722 28 4.63 0.225 4.747 27 0.87 4.65 0.53 3.57

Step-1 Objective identification.
Responses are assigned in the design table to complete the
design matrix. In this study, two types of response are con-
sidered for analysis. First one is the ‘higher the better’ i.e.
maximization type and the second one is the ‘lower the bet-
ter’ kind of response i.e. minimization type. These responses
are called "objectives" in EWM. In this case, cutting veloc-
ity is considered as ‘higher the better’ kind of problem and
diagonal dimensional deviation, surface roughness and radial
overcut are considered as ‘lower the better’ kind of problem
[46–48].
Step-2 Decision matrix formation.
The template of the decision matrix is shown in Eq. 13.
Responses are assigned in the column and experimental runs
are represent in the row.

Dm �

⎡
⎢⎢⎢⎢⎢⎣

a1, 1a1, 2a1, 3a1, 4
a2, 1a2, 2a2, 3a2, 4

..................

a26, 1a26, 2a26, 3a26, 4
a27, 1a27, 2a27, 3a27, 4

⎤
⎥⎥⎥⎥⎥⎦

(13)

Above expression (Eq. 13) is for (m × n) decision matrix,
where m is the number of experimental run (m � 1, 2…. 26,
27) and n is the number of responses (n � 1, 2 …. 4). a1, 1,
a2, 2 …….. ai , j are the elements in the matrix.
Step-3: Normalization of decision matrix.

Different responses have different dimensions. So, the sev-
eral dimensional data is converted into dimensionless form
using normalization technique. In EWM, following tech-
niques are used to normalize the experimental data. It must
be noted that the normalized decision matrix is always
(Nij) ∈ [0, 1].

Nij � ai j
Maximum

(
ai j

) (14)

Nij � Minimum
(
ai j

)
ai j

(15)

The above two equations (Eqs. 14&15) are used to normal-
ized the experimental data. Generally, Eq. 14 is used for
beneficial type i.e. for maximization problem (Here, Vc)
whereas Eq. 15 is used for non-beneficial type i.e. minimiza-
tion problem (Here, Dv, Ra and δ).
Step-4 Response probability.
Probability of the response (Pij) is used to find the entropy
value. The following equation (Eq. 16) is used to calculate
the probability of a response.

Pi j � Ni j∑n
i�1 Ni j

(16)

Step-5 Entropy measurement.
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Table 10 Result obtained from
entropy analysis Sl. no. Calculations Vc Dv Ra δ

1
∑n

i�1 {Pi j loge(Pi j )} − 1.3577 − 1.4199 − 1.3904 − 1.4087

2 1
loge(y)

0.6986

3 −X
∑n

i�1 {Pi j loge(Pi j )} 0.9485 0.9920 0.9713 0.9842

4
∣∣1 − E j

∣∣ 0.0514 0.0080 0.0286 0.0158

5
∑m

j�1 dv 0.1038

6 w j 0.4951 0.0770 0.2756 0.1521

7 Weight (%) 49.52 7.71 27.56 15.21

8 Annotations (weight) w1 w2 w3 w4

Entropyof response is calculated byusing following equation
(Eq. 17).

E j � −X ∗
n∑

i�1

{Pi j loge
(
Pi j

)} (
0 ≤ E j ≤ 1

)
(17)

where X � 1
loge(y)

; y is the number of experimental runs (y
� 27) and Ej is entropy.
Step-6 Degree of divergence calculation.
Degree of divergence (dv) is calculated by using following
equation.

dv � ∣∣1 − E j
∣∣ (18)

Step-7 Entropy weight.
Entropyweight is calculated after finding the degree of diver-
gence. Following equation is used to calculate the entropy
weight.

wj � dv∑m
j�1 dv

(19)

Table 10 shows the entropy weight calculation results. In
this case, value ofm and n are 27 and 4 respectively. Entropy
value for cutting velocity (Vc), diagonal dimensional devi-
ation (Dv), surface roughness (Ra) and radial overcut (δ)
are 0.9485, 0.9920, 0.9713 and 0.9842. The corresponding
entropy weight of Vc, Dv, Ra and δ are obtained as w1 �
0.4951, w2 � 0.0770, w3 � 0.2756 and w4 � 0.1521 respec-
tively.

9 Searching optimal solution using weight
based constrained Pareto algorithm

To search the Pareto optimal solutions, objective function is
formulated as follows:

Objective function; g(x) � wi × y(x) (20)

where g(x) defined as weight assigned objective function of
cutting velocity (Vc), diagonal dimensional deviation (Dv),
surface roughness (Ra) and radial overcut (δ).wi is theweight
of response (i � 1, 2, 3 ….).

Diagonal dimensional deviation, surface roughness and
radial overcut are conflicting in nature with cutting velocity.
Therefore, it is impossible to make a potential optimal solu-
tion by conventional optimization technique that can gives
minimum Dv or Ra and maximum Vc simultaneously. To
handle such problem efficiently, weight based constrained
Pareto algorithm is used. In this process, a single objective
is consider to optimize and other objective is consider as
constraints. To enhance the production rate, it is better strat-
egy to select an appropriate parameter setting that can give
the maximum cutting velocity, while maintaining the surface
roughness and diagonal dimensional deviationwithin desired
limit. In this case, cutting velocity is selected as an objective
function that is to be maximized whereas Dv and Ra both
are considered as constraints. The constrained optimization
problem is expressed as follows (Shown in Eq. 21):

Maximum cutting velocity(Vc) � f
(
Ton , Tof f , Sv , Wt

)
(21)

Subjected to Dv ≤ α (within desired limit).
where 0.1 ≤ Ton ≤ 0.7 15 ≤ Toff ≤ 35 20 ≤ Sv ≤ 40 0.5

≤ Wt ≤ 1.1
Here α is the maximum allowable diagonal dimensional

deviation. The value of α is within the predicted diagonal
dimensional deviation (Dv) values, i.e. between 0.128 and
0.241 mm. For an example, if the required diagonal dimen-
sional deviation is ≤ 0.202 mm, then the best parameter
combination is Ton � 0.4 μs, Toff � 25 μs, Sv � 33 V &
Wt � 1.1 kg. This combination gives a cutting velocity of
3.04 mm/min, while maintaining the diagonal dimensional
deviation within 0.202 mm. Now if the required surface
roughness is less than or equal to 1.764 μm then the afore-
mentioned parameter settings is not appropriate. For that
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Fig. 7 Pareto optimal plot of Cutting velocity vs. Surface roughness

purpose, best parameter settings to obtained the required sur-
face finish is Ton � 0.3 μs, Toff � 35 μs, Sv � 40 V & Wt

� 0.6 kg. Now, cutting velocity obtained in this parameter
setting (i.e. Ton � 0.3 μs, Toff � 35 μs, Sv � 40 V and
Wt � 0.6 kg), is 2.41 mm/min. Here two different cutting
velocities are obtained from two different set of parametric
combinations. So, it is a challenging task to select which
parameter settings is to be the best for machining. In sin-
gle pass cutting (rough-cut) operation, cutting velocity is
a prime important factor that determine the productivity.
Therefore, 3.04 mm/min cutting velocity is always prefer-
able than 2.41 mm/min when productivity is vital. In this
case, 3.04mm/min cutting velocity crosses the allowable sur-
face roughness limit (i.e. Ra � 1.764 μm) while maintaining
diagonal dimensional deviation within 0.202 mm. So, it is a
better strategy to machine at lower cutting speed to maintain
the accuracy and surface finish within desired limit in rough
cutting operation.

A MATLAB programme is developed to find the Pareto
optimal solution for cutting velocity, diagonal dimensional
deviation and surface roughness. Total 24 numbers of optimal
solutions are obtained by executing the developedMATLAB
programme. General andweight based Pareto optimal results
are plotted in the Figs. 6 and 7. For convenience, cutting
velocity is considered along the X-axis whereas diagonal

dimensional deviation and surface roughness are considered
along the Y-axis. It is observed that from the Figs. 6 and
7, weight-based Pareto results are better than the General
Pareto results. In this case, minimum diagonal dimensional
deviation obtained by General Pareto algorithm is 0.152 mm
whereas weight-based result is 0.128 mm. Similarly, weight-
based solution of surface roughness is 1.058 μm whereas
General solution is 1.379 μm for a given cutting velocity
of 1.12 mm/min. This Pareto optimal solution can be use
as instruction manual for manufacturing engineer. Just by
scanning the optimal chart, anybody can select an appropri-
ate parametric combination for a given diagonal dimensional
deviation and surface roughness requirement. Table 11 com-
prises an organize list of all weight-based Pareto optimal
solutions. It may be pointed out that the radial overcut is
not considered as an objective function in optimization. The
radial overcut can be eliminated by adjusting the wire offset
value during machining. So, measurement and prediction of
radial overcut is important.

10 Surface roughness and surface
topography analysis

In WEDM, surface roughness is determined by the size of
spark crater generated during machining. The generation of
spark crater is determined by the discharge power. This dis-
charge power is controlled by pulse and voltage parameter
settingswhilemachining [23].High discharge power i.e. high
pulse parameter setting, causes violent sparks and generates
impulsive forces; as a result, craters, deep holes, straits and
nuggets are formed in themachined surface (shown inFig. 8a,
b) [34, 37]. Previously mentioned uneven fusing structures
and surface irregularities are increases as the discharge power
per pulse increases. SJ 410 contact type roughness tester is
used to measure the surface roughness value and the CCI
microscope is used to observe the surface topography of the
machined surface. Deep holes and discharge craters are shal-
low in low pulse parameter settings, whereas these becomes
wider and deeper when pulse parameter setting is increases
to the higher side.

11 Microstructure and EDS analysis

After WEDM operation, work-specimen is placed under
a scanning electron microscope to observe microstructural
changes that occurred in the machined surface. Figure 9a,
b shows the SEM micrograph of Al 7075 workpiece after
machining. This micrograph reveals that the machined sur-
face is full of craters, recast globules and solidifiedmaterials.
Molten materials formed the recast globules after cooling.
It creates pulp-like structures entire the machined surface.
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Table 11 Pareto optimal chart for
Al 7075 Sl. no. Ton (μs) Toff (μs) Sv (volt) Wt (kg) Vc (mm/min) Dv (mm) Ra (μm)

1 0.1 35 33 0.5 1.12 0.128 1.058

2 0.1 35 33 0.5 1.15 0.131 1.129

3 0.1 35 40 0.5 1.19 0.136 1.148

4 0.1 35 40 0.5 1.22 0.139 1.189

5 0.1 25 24 1.1 1.31 0.144 1.234

6 0.2 25 24 0.5 1.38 0.148 1.254

7 0.2 35 32 1.1 2.01 0.165 1.324

8 0.2 35 30 0.8 2.11 0.171 1.389

9 0.3 35 40 0.5 2.13 0.175 1.456

10 0.3 35 40 0.6 2.28 0.181 1.617

11 0.3 35 40 0.6 2.41 0.185 1.764

12 0.3 25 20 0.8 2.62 0.188 1.912

13 0.4 35 33 0.6 2.88 0.193 1.981

14 0.4 25 33 0.7 2.95 0.196 2.014

15 0.4 25 33 1.1 3.04 0.202 2.101

16 0.5 25 40 0.5 3.21 0.208 2.233

17 0.5 35 40 0.6 3.30 0.212 2.315

18 0.6 35 33 0.5 3.39 0.213 2.445

19 0.6 35 40 0.6 3.42 0.216 2.654

20 0.7 35 40 0.5 3.88 0.224 3.024

21 0.7 35 40 0.6 3.91 0.229 3.121

22 0.7 35 40 0.6 3.98 0.234 3.258

23 0.7 16 40 0.6 4.04 0.237 3.334

24 0.7 16 40 1.1 4.12 0.241 3.457

These surface irregularities are more pronounced when the
pulse duration and servo voltage is increased. As the pulse
discharge and voltage are turned up, high intensity of pulse
discharge hits the workpiece harder that causes aggressive
erosion and make the surface rougher.

Energy dispersive spectroscopy (EDS) of the machined
surface is carried out to observe how the composition is
altered inWEDMoperation. Figure 9a-b shows the EDS pat-
tern of the machined surface. It is observed that copper (Cu),
manganese (Mn) and zinc (Zn) are detected on the Al 7075
surface. These are deposited due to the melting and deposi-
tion of wire electrodes on the workpiece. However, foreign
element like oxygen (O) is also detected on the machined
surface; this is happening due to the dielectric fluid that con-
tains oxygen (O) [49]. During machining, dielectric fluid
(deionized water) decomposes into hydrogen and oxygen.
Oxygen is released owing to the disassociation of dielectric
fluid (deionized water) at very high temperatures [50]. This
oxygen at high temperatures may result in oxidization on
the machined surface [51]. This could cause more porous
surfaces in the machined areas and therefore decreases the
hardness and fracture toughness of the machined surfaces.

12 Conclusions

The present work proposed an integrated approach of
entropy-weight multi-constrained optimization in WEDM
of Al 7075 alloy. Four important responses, such as cutting
velocity (Vc), diagonal dimensional deviation (Dv), surface
roughness (Ra) and radial overcut (δ) are considered to eval-
uate the performance characteristics of the process. The
entropy weight method (EWM) is introduced to find the
appropriate weight of the objective and constrained Pareto
algorithm is used to establish systematic trade-off of the pro-
cess. The conclusions of the present work are summarized as
follows:

• Single-pass cutting inWEDM of Al 7075 has been experi-
mentally investigated in this study. An experimental result
shows that theAl 7075 alloy has been effectivelymachined
with a considerably high cutting velocity of 5.88 mm/min.
The minimum diagonal dimensional deviation and radial
overcut values that are obtained during experimentation
are 0.123 mm and 11 μm whereas the minimum surface
roughness is 1.237 μm.
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Fig. 8 Surface roughness profile
and surface topography of the
machined surface a Ton �
0.1 μs, b Ton � 0.7 μs
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Fig. 9 SEM micrograph and EDS
pattern of the machined surface
a Ton � 0.1 μs, b Ton � 0.7 μs
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• ANOVA result revels that pulse duration (Ton) and pulse
interval (Toff) are found major dominating factors to
determine the cutting velocity (Vc), diagonal dimensional
deviation (Dv), surface roughness (Ra) and radial over-
cut (δ) whereas servo voltage has moderate impact on all
responses. On the other hand, wire tension have major
impact on diagonal dimensional deviation and overcut.
From the main effect plot of S/N ratio of wire tension,
it is observed that increasing wire tension (Wt) gives the
best accuracy (diagonal) and the least overcut (radial).

• Objective weights obtained by the entropy method are
0.4951(w1) for cutting velocity, 0.0770(w2) for diagonal
dimensional deviation, 0.2756(w3) for surface roughness
and 0.1521(w4) for radial overcut.

• It is found that using weight-base optimization technique,
for a broad range of cutting velocity, diagonal dimensional
deviation is varied from 0.128 to 0.241 mm and surface
roughness is varied from 1.058 to 3.457 μm.

• Weight-based optimal solutions are more significant than
general Pareto solutions. It is found that the average cutting
velocity, diagonal dimensional accuracy and surface finish
are improved by 10.5%, 28.3% and 13.7%.

• Surface topography of the machined surface reveals that
recast globules, redeposited materials and deep holes
decrease as the pulse duration decreases and the pulse
interval increases. It is observed that foreign elements like
copper and oxygen deposition increase with the increase
in pulse duration.

The present work is extremely useful to maximize the
productivity while maintaining the diagonal dimensional
deviation and surface roughness within a required limit. An
optimal chart prepared by the Pareto algorithmwill be helpful
for effective machining of Al 7075 alloy. Different advanced
manufacturing andproduction industries can use these results
to complete precise jobs more quickly.
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