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Abstract

This research paper focused on development of a multi response optimization technique, using traditional utility – 
Taguchi method in conjunction with the principal component analysis for weight assignment concept in Wire Electrical 
Discharge Machining (WEDM). Inconel-825 super alloy has been selected as work material for experimentation. The ef-
fect of process parameters such pulse on time (TON), pulse off time (TOFF), Corner Servo voltage (CS), flushing pressure 
(WP), Wire Feed (WF), Wire Tension (WT), Spark Gap Voltage (SV) and Servo Feed (SV) were investigated on Material 
Removal Rate (MRR), Surface Roughness (SR) and Spark Gap (SG) in WEDM operation. Further, the responses such as 
MRR, SR and SG were modelled empirically through regression analysis. The optimization of multiple responses has 
been done for satisfying the requirements of industrial users, in contrast to the traditional multi-response techniques. 
Finally, confirmation experiment was performed to validate the effectiveness of the proposed optimal condition.  

*Author for correspondence

1.  Introduction
Wire Electrical Discharge Machining (WEDM) has 
become one of the most extensively used non-traditional 
material removal processes. Researchers have success-
fully applied WEDM process to machine super alloys, 
composite materials, High-Speed Steel (HSS), conductive 
ceramics etc. Its unique feature of using thermal energy 
to machine electrically conductive materials regardless of 
hardness is a distinctive advantage in the manufacture of 
mold, die and automotive, aerospace and surgical com-
ponents. WEDM is a process for eroding and removing 
material by transient action of electric sparks on elec-
trically conductive materials, one being the work piece 
electrode and the other being the tool electrode, immersed 
in a dielectric fluid and separated by a small gap. The main 
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mode of erosion is caused due to local thermal effect of 
an electric discharge. The work piece material is removed 
by a local high temperature associated with a very high 
energy density caused by ionization within the discharge 
column between the work piece and electrode. Hence, the 
material removal mechanism of EDM process is thermal 
erosion caused by melting and vaporization. The sche-
matic view of wire EDM process is shown in Figure 1.

In recent years, wire-EDM has become an important 
non-traditional machining process, widely used in the 
aerospace and automotive industries. However, selection 
of cutting parameters for obtaining higher cutting effi-
ciency or accuracy in wire-EDM is still not fully solved, 
even with the most up-to-date CNC wire-EDM machine. 
This is mainly due to the complicated stochastic process 
mechanisms in wire-EDM. As a result, the relationships 
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between the cutting parameters and cutting performance 
are hard to model accurately.

Some of the most important performance measures 
(responses) of WEDM process are Material Removal Rate 
(MRR), Speak Gap (SG) and Surface Roughness (SR), 
which are affected by several process parameters, e.g. 
pulse-on-time, pulse off time, corner servo voltage, flush-
ing pressure, wire feed, wire tension, Spark Gap Voltage, 
servo feed etc. Improved performance of WEDM process 
can only be achieved by setting the optimal levels for 
those process parameters.

2.  Literature Review
WEDM is a complex machining process controlled by 
a large number of process parameters such as the pulse 
duration, discharge frequency and discharge current den-
sity. Any slight variations in the process parameters can 
affect the machining performance measures such as sur-
face roughness and cutting ratio. In Electrical Discharge 
Machining (EDM), it is important to select machining 
parameters for achieving optimal machining perfor-

mance. Usually, the desired machining parameters are 
determined based on experience or on handbook values. 
However, this does not ensure that the selected machining 
parameters result in optimal or near optimal machin-
ing performance for that particular electrical discharge 
machine and environment.

In1 developed a theoretical model to estimate the 
MRR and surface quality of work piece. Experiments 
with different values of discharge current, pulse duration 
time and interval time were conducted to investigate their 
effects on the surface finish of the work piece and material 
removal rates. The theoretical prediction and experimen-
tal results are in agreement when compared. In2 explained 
the method of optimization of Wire Electrical Discharge 
Machining (WEDM) process parameters using Taguchi 
method. It has been shown that the grey-based Taguchi 
method can optimize the multi-response processes 
through the settings of the process parameters3 but, in 
this paper, Lin proposed that the grey relational analysis 
is not used for calculating the S/N ratio. This is because 
grey relational analysis based on the grey system theory4 
is used for solving the complicated inter-relationships 

Figure 1.  Schematic diagram of the basic principle of WEDM process.
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among the multiple responses. A grey relational grade is 
then obtained for analyzing the relational degree of the 
multiple responses. The fuzzy-based Taguchi method 
can also be used to optimize the multi-response process 
through the settings of process parameters stated by5. In6 
examined multiple quality optimization of the injection 
molding for Polyether Ether Ketone (PEEK). This study 
looked into the dimensional deviation and strength of 
screws produced by the injection molding. This study 
applied the Taguchi method to cut down on the number 
of experiments and combined grey relational analysis to 
determine the optimal processing parameters for multiple 
quality characteristics. 

In7 used the grey relational analysis for the determi-
nation of optimal drilling parameters with the objective 
of minimization of surface roughness and burr height. 
In8 used the grey relational analysis method for optimi-
zation of the EDM process. Most of the applications of 
Taguchi method concentrate on the optimization of sin-
gle response problems9. The grey relational analysis based 
on grey system theory can be used for solving the com-
plicated interrelationships among the multi responses 
explained by9. A grey relational grade is obtained to 
evaluate the multiple responses. As a result, optimiza-
tion of the multiple responses can be converted into 
optimization of a single relational grade. In short, there 
is an ample scope of applying the proposed methodol-
ogy of grey relational analysis and Taguchi method with 
the multiple responses for the optimization. In10 The 
analysis of surface characteristics like surface roughness, 
micro cracks of Inconel-825 is carried out and an excel-
lent machined nano finish can be obtained by setting the 
machining parameters at optimum level. The Taguchi 
design of experimental technique is used to optimize 
the machining parameters and an L9 orthogonal array is 
selected. In11 reported on Inconel 718 that MRR and SR 
increases when pulse on time is increased and delay time 
is decreased. In12 investigated the effect of electrode mate-
rial, such as Sn, Zn and Mg, on machinability of annealed 
non alloyed steel in WEDM process. It was reported that 
material used for fabrication of wire electrode must be 
characterized by a small work function and high melting 

and evaporation temperature. It was found that coating of 
copper, brass, steel and molybdenum wires by a layer of 
a material possessing a small work function such as Mg, 
alkaline metals may increase the cutting efficiency dur-
ing WEDM. It was also concluded that the machinability 
during WEDM is improved significantly with the proper 
combination of electrical, mechanical, physical and geo-
metrical properties of wire electrode. In13 demonstrated a 
systematic procedure of using Taguchi parameter design 
in process control of individual milling machines. The 
Taguchi parameter design had been done in order to 
identify the optimum surface roughness performance 
with a particular combination of cutting parameters in 
an end-milling operation. In14 applied Taguchi optimi-
zation methodology to optimize cutting parameters in 
end milling while machining hardened steel with TiN 
coated carbide insert tool under semi-finishing and fin-
ishing conditions of high speed cutting considering the 
milling parameters - cutting speed, feed rate and depth 
of cut. With the aim to alleviate the problems of using 
experience and engineering knowledge, some other 
researchers have been motivated to apply different tech-
niques of multi-response optimization for determining 
the optimal process conditions for EDM processes. In15 
used Taguchi method with fuzzy logic; In16 employed 
grey-fuzzy logic; In17 adopted Taguchi method with 
utility concept; In18 used non-linear goal programming 
based on genetic algorithm; In19, In20, In21 utilized desir-
ability function approach; In22–24 applied Grey Relational 
Analysis (GRA) and in25 developed an inverse model for 
simultaneous optimization of multiple responses of EDM 
processes. But none of these methods take care of the 
possible correlation between the response variables that 
may exist, whereas, correlation analysis reveals that some 
of the responses of EDM process are usually correlated. 
For example, the correlation coefficient between MRR 
and EWR in the experimental data of26 is found as -0.87, 
which is statistically significant at 5% level. So, ideally, a 
principal component analysis (PCA)-based method that 
can take into account the possible correlation between 
the responses should be used for multi-response optimi-
zation of EDM processes. In27 studied for the prediction 
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of surface roughness in Electrical Discharge Machining 
(EDM). Training of the models was performed with 
data from series of EDM experiments on SKD 11 (AISI 
D2) Tool steel; in the development of predictive models, 
machining parameters of discharge current, pulse dura-
tion and duty cycle were considered as model variables 
with a constant voltage 50 volt. For this reason, extensive 
experiments were carried out in order to collect surface 
roughness dataset. The developed model is validated with 
a new set of experimental data, and predictive behavior 
of models is analyzed. The reported results indicate that 
the proposed model can satisfactorily predict the surface 
roughness in EDM. In28 presented a paper is to obtain the 
optimal parameters of turning process (cutting speed, 
spindle speed, feed rate and depth of cut) which results in 
an optimal of surface roughness for machining aluminum 
alloy ENAC43400 shaft (46 × 150 mm) in a CNC turn-
ing machine type StarChip 450 by using a carbide cutting 
tool type DNMG 332; surface roughness was measured 
using the POCKET SURF EMD-1500 tester. In29 stud-
ied the effects of process parameters of ECM as well as 
their interactions are investigated and the process param-
eters are optimized through the desirability function of 
the response surface methodology. The microstructure 
of the Monel 400 alloys specimen, machined with ECM, 
is studied to understand the effect of electrolyte and 
other parameters during the machining. However, none 
of the above methods for multi-response optimization 
takes into account the possible correlations between the 
responses that may exist. In order to take care of the pos-
sible correlations between the response variables, many 
researchers30–32 proposed to make use of PCA33. The PCA 
technique can transform several related variables into a 
smaller number of uncorrelated principal components, 
which are linear combinations of the original variables. 
The past researchers suggested optimizing the process 
settings with respect to principal components instead of 
the original response variables. Recently32, proposed the 
PCA-based UT approach to optimize multiple responses 
that may be correlated. The PCA-based UT approach 
seems to be very appealing. But one apparent problem 
in it is that it does not make use of Taguchi’s SN ratio 

concept appropriately. From observations it was shown 
that if Taguchi’s SN ratio concept is integrated into the 
PCA-based UT approach, it can be the most systematic 
and practical approach for optimization of correlated 
responses.

3.  Optimization Techniques

3.1  Taguchi’s Design of Experimentation 
Taguchi proposed the robust design based on design 
of experimentation. This method provides a best tool 
for parameter design of performance characteristics. 
Design of experiments includes selection of appropriate 
orthogonal array and assignment of factors and 
interaction in appropriate column. Taguchi method 
reduces the number of experiments by using orthogonal 
array thus reducing the efforts of large experimentation. 
Taguchi’s robust design method aims at achieving a 
target value and minimizing variability around the target 
value. Taguchi used a quadratic function for modeling 
quality loss whenever the characteristic deviates from 
its target value and considered SN ratio as a measure of 
performance. The most notable aspect of SN ratio is that 
it combines location and dispersion of a response variable 
in a single performance measure, whereas, other methods 
examine mean and variance as separate performance 
measures. Taguchi (Phadke, 1989) categorized the 
response variables mainly into three different classes, e.g. 
smaller-the-better (STB), Larger-the-better (LTB) and 
Nominal-the-best (NTB). The formulae for computation 
of SN ratio (ηij ) for jth response corresponding to ith trial 
(i = 1,2,…,m; j = 1,2,…,p) are different for different types 
of response variables, and these are given as follows:

For HTB response variable,

( )10 2
1 ij

1S/N Ratio 10log 1/ (1)
y

n

i
n

=

= − ∑

For STB response variable,
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For NTB response variable,
2
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ij

y
s

 
 = −
  

The Analysis of Variance (ANOVA) is applied to 
outcome of experiments which helps to determine per-
centage contribution of individual parameter on output 
parameter against predefined level of confidence. In this 
research work, the effects of eight input factors, such as 
pulse on time (Ton), pulse off time (Toff), corner servo 
voltage (CS), flushing pressure of dielectric fluid (WP), 
wire feed (WF), wire tension (WT), Spark Gap Voltage 
(SV) and servo feed(SF), have been investigated on three 
response characteristics such as material removal rate 
(MRR), Spark Gap (SG) and surface roughness (SR) using 
L36 orthogonal array. ANOVA and mean effect plot were 
determined using Minitab16 Software.

3.2  Utility Concept 
Utility can be defined as the usefulness of a product or a 
process in reference to the levels of expectations to the 
consumers. The performance evaluation of any machin-
ing process depends on number of output characteristic. 
Therefore, a combined measure is necessary to gauge its 
overall performance, which must take into account the 
relative contribution of all the quality characteristics. 
Such a composite index represents the overall utility of 
a product/process. It provides a methodological frame-
work for the evaluation of alternative attributes made by 
individuals, firms and organizations. Utility refers to the 
satisfaction that each attributes provides to the decision 
maker. Thus, utility theory assumes that any decision is 
made on the basis of the utility maximization principle, 
according to which the best choice is the one that pro-
vides the highest satisfaction to the decision maker8.

According to the utility theory9,10 if Xi is the measure 
of effectiveness of an attribute (or quality characteristics) 
i and there are n attributes evaluating the outcome space, 
then the joint utility function can be expressed as:

))(),.....,(),((),.......,( 221121 nnn XUXUXUfXXXU = 	(4)

Here, Ui (Xi) is the utility of the ith attribute.

The overall utility function is the sum of individual 
utilities if the attributes are independent, and is given as 
follows:

1 2
1

( , ,.... ( ).
n

n i i
i

U X X X U X
=

= ∑ 		  (5)

The overall utility function after assigning weights to 
the attributes can be expressed as:

)(.),....,(
1

21 i

n

i
iin XUWXXXU ∑

=

= 		  (6)

The preference number can be expressed on a loga-
rithmic scale as follows:

'log (7)i
i

i

XP A
X

 
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  				    (7)

Here, iX is the value of any quality characteristic or 

attribute i, '
iX is just acceptable value of quality character-

istic or attribute i  and A is a constant. The value A can be 

found by the condition that if *XX i = (where *X is the 

optimal or best value), then 9=iP .Therefore,

'

*
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9
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X
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The overall utility can be expressed as follows:

i
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i
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Subject to the condition:
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Overall utility index that has been computed treated as 
a single objective function for optimization. Among vari-
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ous quality characteristics types, viz. Lower-the-Better 
(LB), Higher-the-Better (HB), and Nominal-the-Best 
(NB) suggested by Taguchi, the utility function would be 
higher. In the proposed approach utility values of individ-
ual responses are accumulated to calculate overall utility 
index. Overall utility index servers as the single objective 
function for optimization.

4.  Experimental Details

4.1  Work Material
Due to their high temperature mechanical strength and 
high corrosion resistance properties, super alloys are 
nowadays used in Marine, Space and other applications. 
Their ability to maintain their mechanical properties at 
high temperatures severely hinders the machinability 
of these alloys26,27. Its poor thermal diffusivity generates 
high temperature at the tool tip as well as high thermal 
gradients in the cutting tool, affecting the tool life 
adversely. Inconel 825 is very chemically reactive and 
therefore, has a tendency to weld to the cutting tool 
during machining thus, leading to premature tool failure. 
Owing to all these problems, it is very difficult to machine 
Inconel 825 by conventional machining processes and 
moreover, by conventionally used tool materials.

4.2  Experimental Procedure
The experiments were carried out on Ultra Cut 843/
ULTRA CUT f2 CNC WEDM machine. In this machine, 
all the axes are servo controlled and can be programmed 
to follow a CNC code which is fed through the control 
panel. All three axes have an accuracy of 1 μm. The elec-
trode material used was a 0.25 mm diameter brass wire. 
A small gap of 0.025 mm to 0.05 mm is maintained in 
between the wire and work-piece. The high energy den-
sity erodes material from both the wire and work piece 
by local melting and vaporizing. The di-electric fluid (de-
ionized water) is continuously flashed through the gap 
along the wire, to the sparking area to remove the debris 
produced during the erosion. A collection tank is located 
at the bottom to collect the used wire erosions and then 

is discarded. The wires once used cannot be reused again, 
due to the variation in dimensional accuracy. Through an 
NC code, machining can be programmed. Wire-cut elec-
trical discharge machining of Inconel 825 alloy has been 
considered in the present set of research work. The size 
of the work piece considered for experimentation on the 
wire-cut EDM is 10 mm width, 10 mm length and 15 mm 
depth of cut. According to the Taguchi method based on 
robust design a L36 (21 X 37) mixed orthogonal array is 
employed for the experimentation. 

In setting the machining parameters, particularly in 
rough cutting operation, the goal is threefold - the maxi-
mization of MRR, minimization of SR and minimization 
of gap width. Generally, the machine tool builder pro-
vides machining parameter table to be used for setting 
machining parameter. This process relies heavily on the 
experience of the operators. In practice, it is very diffi-
cult to utilize the optimal functions of a machine owing to 
there being too many adjustable machining parameters. 
With a view to alleviate this difficulty, a simple but reli-
able method based on statistically designed experiments 
is suggested for investigating the effects of various process 
parameters on MRR, SR and Gap width and determines 
optimal process settings. In the present work, data have 
been collected from few experimental runs with randomly 
chosen factor combinations. A quadratic model has been 
fitted for identification of the process to establish approxi-
mate interrelation among various process parameters as 
well as response variables. These mathematical models 
have been utilized to generate data as per Taguchi design. 
Finally, grey-based Taguchi technique has been adopted 
to evaluate the optimal process environment. Among the 
eight WEDM parameters two levels for one control factor 
(Pulse on time) and three levels for remaining seven con-
trol factors, are considered for optimality analysis during 
machining of Inconel 825 alloy. 

4.3 � Machining Parameter Selection and 
Performance Evaluation

The selection of optimum machining parameters in 
WEDM is an important step. Improperly selected param-
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eters may result in serious problems like short-circuiting 
of wire, wire breakage and work surface damage which is 
imposing certain limits on the production schedule and 
also reducing productivity. As Material Removal Rate 
(MRR), Surface Roughness (Ra) and Spark Gap (SG) 
are most important responses in WEDM; various inves-
tigations have been carried out by several researchers 
for improving the MRR, Surface Finish and kerf width. 
However, the problem of selection of machining param-
eters is not fully depending on machine controls rather 
material dependent. To perform the experimental design, 
the levels of machining parameters are selected as in Table 
1. 

4.4  Analysis of Experimental Results
The multiple responses from the experiment were calcu-
lated as follows and presented in Table 2.

Material removal rate is calculated as:
MRR = Vc * b* h mm3/min.

Where: V= Cutting speed in mm/min.
b = Width of cut in mm.
h = Height of the work piece in mm and Surface 

roughness is measured with surfcorderSE3500 in µm and 
Spark Gap is measured with micrometer in mm.

Parameter Symbol Level-1 Level-2 Level-3

Pulse On 
Time (A) T ON (µs) 105 115 -

Pulse Off 
Time (B) T OFF (µs) 50 55 60

Corner 
servo© CS (volts) 50 60 70

Flushing 
pressure (D) WP (Kg/cm2) 8 10 15

Wire feed 
rate€ WF (m/min) 2 5 6

Wire tension 
(F) WT (Kg-f) 9 10 11

Spark Gap 
Voltage (G) SV (volts) 20 25 30

Servo Feed 
(H) SF (mm/min) 1050 1100 1150

Table 1.  Experimental factors and their levels for Wire Electrical Discharge 
Machining process
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Exp. No. T ON T OFF CS WP WF WT SV SF MRR SR SG

1 1 1 1 1 1 1 1 1 120.3 1.54 0.02

2 1 2 2 2 2 2 2 2 143.2 1.86 0.03

3 1 3 3 3 3 3 3 3 182.2 1.41 0.03

4 1 1 1 1 1 2 2 2 119.6 1.68 0.01

5 1 2 2 2 2 3 3 3 139.5 1.66 0.04

6 1 3 3 3 3 1 1 1 183.7 1.75 0.01

7 1 1 1 2 3 1 2 3 112.8 1.47 0.04

8 1 2 2 3 1 2 3 1 142.5 1.17 0.05

9 1 3 3 1 2 3 1 2 195.7 1.99 0.04

10 1 1 1 3 2 1 3 2 114.7 1.86 0.04

11 1 2 2 1 3 2 1 3 147.7 1.54 0.04

12 1 3 3 2 1 3 2 1 202.1 1.94 0.04

13 1 1 2 3 1 3 2 1 115.8 1.86 0.03

14 1 2 3 1 2 1 3 2 127.1 1.85 0.01

15 1 3 1 2 3 2 1 3 144.3 1.61 0.04

16 1 1 2 3 2 1 1 3 123.3 1.94 0.04

17 1 2 3 1 3 2 2 1 131.6 1.38 0.04

18 1 3 1 2 1 3 3 2 187.1 1.47 0.04

19 2 1 2 1 3 3 3 1 371.2 1.91 0.05

20 2 2 3 2 1 1 1 2 315.3 1.88 0.01

21 2 3 1 3 2 2 2 3 325.5 2.58 0.04

Table 2.  Experimental results
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Statistical analysis was carried out on the experimental 
data obtained through Taguchi experimental design using 
statistical software MINITAB 16. Analysis of Variance 
(ANOVA) was performed to determine the influence of 
input parameters on the output response variables. 

4.5 � Single Objective Optimization using 
Taguchi Method

4.5.1  Effect on MRR
To determine the effect of process parameters on MRR, 
response values are calculated and presented in Table 
2. Figure 2 represents the mean effect plot of material 

removal rate as pulse on time (Ton), pulse off time (Toff), 
corner servo voltage (CS), flushing pressure of dielectric 
fluid (WP), wire feed (WF), wire tension (WT), Spark Gap 
Voltage (SV) and servo feed (SF) on MRR at the selected 
machining conditions. The average values of material 
removal rate for each parameter at levels 1, 2 and 3 for 
raw data plotted in Figure 2. It shows that the material 
removal rate increases with the increase in pulse on time. 
Pulse of time and corner servo voltage has very slight 
effect on material removal rate. MRR is increased negli-
gibly for short duration after that it is increased slightly 
with increase in pulse off time and corner servo voltage. 

22 2 1 2 2 3 3 1 2 277.8 2.03 0.04

23 2 2 3 3 1 1 2 3 294.3 2.30 0.01

24 2 3 1 1 2 2 3 1 309.3 1.91 0.03

25 2 1 3 2 1 2 3 3 267.3 1.94 0.01

26 2 2 1 3 2 3 1 1 329.2 1.95 0.03

27 2 3 2 1 3 1 2 2 325.8 2.25 0.03

28 2 1 3 2 2 2 1 1 264.7 2.23 0.05

29 2 2 1 3 3 3 2 2 247.8 2.04 0.04

30 2 3 2 1 1 1 3 3 352.2 2.44 0.01

31 2 1 3 3 3 2 3 2 401.2 2.05 0.01

32 2 2 1 1 1 3 1 3 348.7 2.94 0.03

33 2 3 2 2 2 1 2 1 360.0 2.32 0.03

34 2 1 3 1 2 3 2 3 322.5 1.90 0.04

35 2 2 1 2 3 1 3 1 352.5 1.82 0.03

36 2 3 2 3 1 2 1 2 274.8 2.30 0.04

Table 2 Continued



Optimization of WEDM Process using Taguchi Utility Analysis 

Indian Journal of Science and TechnologyVol 11 (23) | June 2018 | www.indjst.org10

Flushing pressure is showing negligible effect on MRR. 
Material removal rate is slightly increased with increase 
in wire feed. 

4.5.2  Effect on Surface Roughness
To determine the effect of process parameters on MRR, 
response values are calculated and presented in Table 2. 
Figure 3 represents the mean effect plot of surface rough-
ness against process parameters on surface roughness. It 
is seen from the Figure 3 that surface roughness increases 

with the increase of pulse on time and zero feed. Pulse off 
time showing no effect on surface roughness for shorter 
duration after that surface roughness is increasing with 
pulse off time. Wire feed and Spark Gap Voltage affecting 
on surface roughness in the negligible manner. Surface 
roughness is increasing with increase in wire feed and 
Spark Gap Voltage for short period after that it is decreas-
ing. Flushing pressure and wire tension are responding 
similarly with respect to surface roughness. Corner servo 
voltage has negligible effect on surface roughness.

Figure 2.  Response graph for MRR.

Figure 3.  Response graph for SR.
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Response Table for MRR

Parameter Level1 Level 2 Level 3

T ON 146.333 318.944

T OFF 217.656 226.656 253.604

CS 226.031 231.198 240.688

WP 239.354 230.594 227.969

WF 228.385 229.594 239.938

WT 231.885 222.688 243.344

SV 227.188 225.125 245.604

SF 240.281 227.563 230.073

Response Table for SR

Parameter Level1 Level 2 Level 3

T ON 1.66556 2.15500

T OFF 1.86750 1.86583 1.99750

CS 1.90583 1.94000 1.88500

WP 1.94417 1.85250 1.93417

WF 1.95500 2.00417 1.77167

WT 1.95167 1.85417 1.92500

SV 1.97500 1.96500 1.79083

SF 1.81500 1.93833 1.97750

Response Table for SG

Parameter Level1 Level 2 Level 3

T ON 0.036527 0.031666

T OFF 0.034166 0.032500 0.035625

CS 0.034583 0.039583 0.028125

WP 0.032916 0.035833 0.033541

WF 0.027916 0.038333 0.036041

WT 0.027500 0.038333 0.040208

SV 0.035000 0.035416 0.031870

SF 0.037083 0.030833 0.034375

Table 3.  Response table for Mrr, Sr, Sg.
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4.5.3  Effect on Spark Gap
To determine the effect of process parameters on MRR, 
response values are calculated and presented in Table 2. 
The mean effect plot of surface roughness against process 
parameters on Spark Gap was given in Figure 4. It is seen 
from the Figure 4, Spark Gap increases with the increase 
of pulse on time and servo feed. Pulse off time showing 
slight effect on Spark Gap for shorter duration after that 
Spark Gap is decreasing with pulse off time. Corner servo 
voltage, wire feed and wire tension showing greater influ-
ence on Spark Gap. It is increasing with increase in wire 
feed. Spark Gap voltage and servo feed are affecting sig-
nificantly. 

4.5.4 � Confirmation Experiments for Taguchi 
Results

The confirmation test for the optimal parameter combi-
nation with its selected levels is conducted to evaluate the 
quality characteristics for WEDM of Inconel-825. Once 
the optimum parameters are selected for response char-
acteristics individually, confirmation experiments are 
conducted for validation of that optimum values. The 
Table 6 gives the comparison of predicted values with 
confirmation experimental values. The response values 
obtained from the confirmation experiment are MRR = 
365.915 mm3/min, SR = 2.08 μm and SG = 0.0409 mm. 

Figure 4.  Response graph for SG.

S. No. Response 
characteristics

Optimal Parameter Combination Response characteristics 
values

TON TOFF CS WP WF WT SV SF OA Confirmation 
experiment

1 MRR
(mm3/min) 2 3 3 2 3 3 3 1 328.175 365.915

2 SR
(µm) 1 1 1 3 2 1 2 3 2.25 2.08

3 SG
(mm) 1 3 2 2 2 3 2 1 0.0450 0.0409

Table 4.  Optimal process parameters combination obtain from Taguchi method
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After performing single objective optimization of pro-
cess, scaled s/n ratio values for all response characteristics 
are calculated using equation 10 for performing PCA 
analysis.

The scaled S/N ratio values of multiple responses 
are calculated. The normalized SN ratios values of 
the response variables are then subjected to PCA in 
STATISTICA software. 

4.6  Multi Response Optimization
The preference scales for calculating overall utility was 
constructed using Equation 7. For construction of pref-
erence scale for material removal rate, the smallest value 
of material removal rate was considered from the experi-
ments (Table 2) as the minimum acceptable value because 
this characteristic is “higher-the-better” type. As indicated 
in Equation 8, optimal value of selected characteristics is 
desired for calculation of value of A under determination 
of preference scale. Single response optimization was per-
formed for material removal rate using Taguchi’s design. 
The graph was plotted and best optimal combination 
(TON- 2 TOFF- 3 CS- 3 WP- 2 WF- 3 WT- 3 SV- 3 SF- 1) 
was determined using Minitab 16 software (Figure 4). The 
predicted optimal value of material removal rate (3365. 
mm3/min) was calculated using Taguchi approach.

Preference scale construction material removal rate
X*= optimum value of MRR= 365.915(mm3/min) 
X1= minimum acceptable value of MRR=112.875 

(mm3/min) (assumed, as all the observed values of MRR 
in Table 4 are in between 112.875 and 401.25 (mm3/min))

Using these values and the equations (4) and (5), the 
preference scale for MRR was constructed as

PMRR=17.62 log [XMRR/112.875] 		   (8)

4.6.1  Surface Roughness
For construction of preference scale for surface roughness, 
the largest value of for surface roughness was considered 
from the experiments (Table 3) as the minimum accept-
able value because this characteristic is “lower-the-better” 
type. As indicated in Equation 8, optimal value of selected 

characteristics is desired for calculation of value of ‘A’ 
under determination of preference scale. Single response 
optimization was performed for surface roughness using 
Taguchi’s design. The graph was plotted and best optimal 
combination (TON- 1 TOFF- 1 CS- 1 WP- 3 WF- 2 WT- 
1 SV-2 SF- 3) was determined using Minitab 16 software 
(Figure 3).

The predicted optimal value of for surface roughness 
(2.08 µm) was calculated using Taguchi approach.

X* = optimum value of SR = 2.08 µm. 
 X1 = minimum acceptable value of CS = 2.94 µm 

(assumed, as all the observed values of CS in Table 2 are 
in between 1.17 to 2.94 µm)

Using these values and the Equations (4) and (5), the 
preference scale for SR was constructed as:]

PSR= -59.88 log [XSR/2.94] 			    (9)

4.6.2  Spark Gap
For construction of preference scale for Spark Gap, the 
largest value of for Spark Gap was considered from the 
experiments (Table 2) as the minimum acceptable value 
because this characteristic is “lower-the-better” type. As 
indicated in Equation 8, optimal value of selected char-
acteristics is desired for calculation of value of ‘A’ under 
determination of preference scale. Single response opti-
mization was performed for Spark Gap using Taguchi’s 
design. The graph was plotted and best optimal combina-
tion (TON- 1 TOFF- 3 CS- 2 WP-2 WF- 2 WT- 3 SV-2 
SF-1) was determined using Minitab 16 software (Figure 
4).

X* = optimum value of SG = 0.0409 mm. 
X1 = minimum acceptable value of SG = 0.05 mm. 
Using these values and the Equations (7) and (8), the 

preference scale for SG was constructed as:

PSG = -103.155 log [XSG/0.05] 			    (10)

Based on the contribution obtained from PCA analy-
sis of each response characteristics the weights have been 
assigned. However, there is no constraint on the weights 
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and it can be any value between 0 and 1 subject to the 
condition specified in Equation (9).

The customers’ requirements and priorities should be 
taken into consideration while deciding the weights of 
response characteristics.

4.6.3  Utility Value Calculation
The utility value of each turned part was calculated using

the following relation (overall utility function):

U (n, R) = PMRR* WMRR+ PSR* WSR+ PSG* WSG	 (11)

Where, n = trial number, 
n =1, 2. . . 27;
R = replication number, R = 1, 2, 3.

Experiment
Number

Overall Utility 
value Rank S/N ratios of utility 

value

1 11.2437 26 21.0182

2 7.93326 11 17.9890

3 11.6165 29 21.3015

4 12.7905 32 22.1378

5 7.8942 10 17.9462

6 13.7597 33 22.7722

7 8.5986 16 18.6886

8 11.505 28 21.2177

9 6.9203 7 16.8025

10 6.5171 6 16.2811

11 8.9602 18 19.0464

12 7.2343 9 17.1879

13 7.0967 8 17.0211

14 11.4976 27 21.2121

15 8.9585 17 19.0447

16 5.6690 1 15.0701

17 10.4377 22 20.3721

18 10.8914 23 20.7417

19 9.0230 19 19.1070

20 16.7917 36 24.5019

Table 5.  Overall utility values and ranks
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The utility values thus calculated are reported in Table 
5.

4.6.4 � Analysis of the Data and Determination of 
Optimal Settings of Process Parameters

The data (utility values) were analyzed for Signal-to-noise 
(S/N) ratio. Since utility is a “higher the better” (HB) type 
of characteristic, (S/N) HB has been used (Ross, 1996):

The S/N ratios for overall utility values are given in 
Table 9. The mean responses and main effects in terms of 
S/N ratios of utility values are calculated and reported in 
Figure 7.

It is clear from the Figure 7 that the second level of 
Pulse on time (T ON-2), the second level of pulse off time 

(T OFF -2), third level of corner servo voltage (CS-3), first 
level of flushing pressure (WP-1), first level of wire feed 
(WF-1), first level of wire tension (WT-1), third level of 
Spark Gap voltage (SV-3) and second level of servo feed 
(SF-2) would yield best performance in terms of utility 
value and S/N ratio within the selected range of param-
eters.

The ANOVA for S/N ratios of utility values are given 
in Table 6. It is clear from the Table 6 that wire feed is 
showing maximum contribution on responses followed 
by corner servo voltage, Spark Gap voltage and pulse off 
time. Pulse on time and flushing pressure is showing neg-
ligible effect on responses.

21 6.2089 3 15.8603

22 8.4673 14 18.5549

23 12.1628 31 21.7007

24 10.2086 21 20.1793

25 15.8706 34 24.0119

26 10.9560 24 20.7930

27 8.4772 15 18.5650

28 6.0785 2 15.6759

29 8.0236 12 18.0874

30 12.0926 30 21.6504

31 16.5939 35 24.3990

32 6.3750 4 16.0896

33 8.4581 13 18.5455

34 9.1429 20 19.2217

35 11.2124 25 20.9940

36 6.3822 5 16.0994

Table 5 Continued
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Figure 5.  Response graph of S/N ratios utility values.

ANOVA for S/N ratios of overall utility value

Source DF SS MS F %

TON 1 1.861  1.86140  0.27  0.8271

T OFF 2 5.782  2.89109  0.43 2.57

CS 2 34.909  17.4544  3.20 15.516

WP 2 1.002   0.5012  0.09 0.44537

WF 2 39.495  19.7476  3.92 17.555

WT 2 14.655   7.3277  1.46 6.5139

SV 2 30.992  15.4961  2.39 13.775

SF 2 1.688   0.8440  0.13 0.7503

Error 20 94.593 4.72965

Total 35 224.977

Table 6.  ANOVA for S/N ratios of overall utility value
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Response 
parameters

Optimal process parameters

Predicted 
value

Actual value through 
Confirmation 
Experiment

MRR (mm3/
min) 123.375 139.257

SR (µm) 1.97 1.78

SG (mm) 0.0450 0.041

4.6.5  Confirmation Experiments
The confirmation test for the optimal parameter set-
ting with its selected levels was conducted to evaluate 
the response characteristics for WEDM of Inconel825. 
Experiment 16 (Table 6) shows the highest utility 
value, indicating the optimal process parameter set of 
T ON-1;TOFF-1; CS-2; WP-3; WF-2; WT-1; SV-1; SF-3 
has the best multiple performance characteristics among 
the thirty six experiments, which can be compared with 
results of confirmation experiment for validation of 
results. Table 11 shows the comparison of the experimen-
tal results using the orthogonal array (T ON-1;TOFF-1; 
CS-2; WP-3; WF-2; WT-1; SV-1; SF-3) and utility theory 
design optimal (T ON-2;TOFF-2; CS-3; WP-1; WF-1; 
WT-1; SV-3; SF-2) WEDM parameters on Inconel-825. 
The response values obtained from the confirmation 
experiment are MRR = 139.257 mm3/min, SR = 1.78 μm 

5.  Conclusions
This paper presented multi-objective optimization pro-
cess parameters of WEDM of Inconel-825 super alloy 
using Taguchi technique and traditional utility analysis 
in conjunction with principal component analysis for 
weightage assignment. The statistical analysis (ANOVA) 
highlighted that the major influencing machining 
parameter considered in this study improves machining 
performance of WEDM process. The mathematical mod-
elling was presented for predicting optimal condition 
of material removal rate, Spark Gap and surface rough-
ness and statistically validated by ANOVA.ANOVA test 
results show that two machining parameters pulse on 
time (T ON), Wire Tension (WT) have significant influ-
ence on material removal rate of WEDM process. The 
pulse on time, wire feed and Spark Gap have significant 
effect on surface roughness. The three machining param-
eters Corner Servo voltage (CS), Wire Feed rate (WF) 
and Wire Tension (WT) showing greatest influence on 
Spark Gap. The multi-objective optimization of all three 
responses namely MRR, SR and SG are presented using 
utility concept with PCA. The optimal machining per-
formance of Inconel-825 super alloy cloud be achieved at 
T ON-2;TOFF-2; CS-3; WP-1; WF-1; WT-1; SV-3; SF-2. 
This parameter combination in higher material removal 
rate could equal to 139.27 mm3/min, lower Kerf width of 
0.041 mm and minimum surface roughness of 1.78 µm.
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