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Abstract‒Selection of machining conditions for improved 

performance characteristics has great importance during 

wire EDM, because numerous control factors contribute 

during machining. In the present study an attempt has 

been made to find the optimal machining conditions for 

multi performance characteristics simultaneously by 

applying grey relational analysis using entropy 

measurement for which Taguchi based L9 orthogonal 

array has been used for conducting experiments. The 

performance characteristics considered are cutting rate 

and surface roughness. Peak current, pulse on time, pulse 

off time and wire feed rate are considered as input 

parameters. Optimal machining conditions obtained are 

peak current at 200 A, pulse on time at 18 µs, pulse off 

time at 40 µs and wire feed rate at 7 m/min.The predicted 

results have been verified by conducting confirmation 

experiments. 

Keywords‒Wire EDM, Tungsten carbide, Grey relational 

analysis, Grey entropy, Taguchi 

1. Introduction 

 Cemented WC is a composite of WC and cobalt 

metal. In most commercially available grades of WC-

Co, cobalt ranges from 6 to 16%. Over the past several 

decades, the application of cemented WC has increased 

so consistently and so broadly that it has become the 

most dominant tool material today. The basic physical 

and mechanical properties of WC carbide include high 

elastic modulus, high wear resistance, high hardness, 

high thermal conductivity, high transverse rupture 

strength, high fracture toughness and high impact 

strength. [1] 

Machining of WC-Co composite is very difficult with 

conventional machining methods due to its high 

hardness. Machining of WC-Co, using CBN tools in 

CNC turning, results in very high cutting forces and very 

poor surface finish [2]. Ultrasonic machining method 

may yield better machining results as compared to 

conventional machining process but complex and precise 

shapes are very difficult to generate [3]. Similar  

 

difficulties occur with grinding operations. Among the 

non-conventional machining methods, electrical 

discharge machining and electro chemical machining are 

the only methods capable of machining WC-Co 

composites. Due to low material removal rate and ability 

to provide shiny surface, so far electro chemical 

machining has been reported to be used for finishing 

purposes only [4]. Wire electrical discharge machining is 

a special form of electrical discharge machining to 

produce intricate shapes and profiles with higher 

material removal rate and surface finish. 

As we know that wire electrical discharge machining 

process consists of several number of control factors to 

control the performance characteristics of machining 

process. So therewas a need felt to find the particular 

setting of control factors at which better performance 

characteristics could be obtained . For fulfilling this need 

numerous researches have been performed in the area of 

multi-objective optimization of wire EDM parameters 

using different kinds of multi-objective optimization 

strategies such as grey relational analysis, principal 

component analysis, grey relational analysis integrated 

with principal component analysis, genetic algorithm 

etc. 

Ali Vazini et al. [5] performed multi objective 

optimization using mathematical model-desirability 

function approach and neural network integrated particle 

swarm optimization approach during dry wire cut 

machining of cemented tungsten carbide. It was 

concluded that BPNN-PSO approach was more efficient 

than mathematical model-desirability function in respect 

with validation tests. V. Muthuraman et al. [6] 

performed multi parametric optimization of wire 

electrical discharge machining for WC-Co composite 

using desirability approach. It was concluded that using 

desirability approach surface roughness improved by 

23% and material removal rate increased by 8.1%. Hsien 

et al. [7] performed multi objective optimization of wire 

electrical discharge machining during manufacture of 

pure tungsten profiles using neural network integrated 

simulated annealing approach. Using the proposed 

approach results were declared within 3% 



error.ProbirSaha et al. [8] developed a multi-variable 

regression model and a feed-forward back-propagation 

neural network model while wire electro-discharge 

machining of tungsten carbide-cobalt composite 

material. It has been found that neural network model 

can predict cutting speed and surface roughness with 

3.29% overall mean prediction error. The multivariable 

regression model yields an overall mean prediction error 

of 6.02%. H.S. Lu et al. [9] optimized the multiple 

characteristics simultaneously using grey relational 

analysis that uses grey relational grade as performance 

index. The principal component analysis was applied to 

evaluate the weighting values corresponding to various 

performance characteristics. By applying the proposed 

approach the tool life, material removal rate and total 

removal volumes increase by 26.31%, 27% and 60.39% 

respectively. Tao FU et al. [10] also applied the same 

strategy for multi objective optimization during high-

speed milling on NAK80 mold steel. J.T. Huang et al. 

[11] performed optimization of machining parameters of 

wire EDM based on grey relational and statistical 

analysis. An improved percentage of 11.69% for 

machining performances was obtained by applying the 

proposed approach. K. Jangra et al. [12] found the 

optimal setting of machining parameters during wire 

EDM of punching die using grey relational analysis. By 

using GRA cutting speed and surface roughness was 

predicted within 5% error. G. Rajyalakshmi et al. [13], 

S. Vijayan et al. [14] also applied the GRA method for 

finding the optimal setting of process parameters, 

satisfactory results were obtained in all the cases which 

shows the effectiveness of GRA method, however later 

it was proposed by some researchers that taking average 

of grey relational coefficient for finding grey relational 

grade is not an appropriate step as each performance 

characteristic may have different sensitivity for the 

machining parameters. For solving this problem a new 

approach called grey entropy was introduced. R. Rao et 

al. [15] and A. Sharma et al. [16] performed the multi 

objective optimization using grey relational analysis 

with entropy measurement. It was concluded that 

significant improvement in performance characteristics 

was obtained in both the cases. 

From the literature review presented above it can be 

easily understand that the use of grey entropy for 

calculating the grey relational grade provides an 

improvement in results during grey relational analysis. It 

has also been found that very few research works have 

been performed in the area of multi objective 

optimization for wire EDM process using grey relational 

analysis with entropy measurement. Therefore, in this 

paper Grey relational analysis using entropy 

measurement has been employed. Cutting rate and 

surface roughness has been used as the performance 

characteristics. The input parameters taken are: peak 

current, pulse on time, pulse off time and wire feed rate. 

Taguchi design of experiments has been used for 

performing experiments. 

2. Experimental details 

Materials, Experiment conditions and Measurements 

The experiments were carried out on a wire-cut EDM 

machine (ELECTRONICA ELPULS 40A DLX 

SPRINTCUT) with deionized water as dielectric. The 

composition of WC-Co composite used as workpiece 

material having 20 mm thickness is given in Table 1. 

Brass wire with 0.25 mm diameter was used in the 

experiments. The performance characteristics in wire 

EDM process were considered as cutting rate and 

surface roughness. Based on the influence over the 

performance characteristics and literature survey four 

most effective parameters have been selected as: peak 

current, pulse on time, pulse off time and wire feed rate 

shown in Table 2 with their selected levels. The length 

of cut during machining was kept 8 mm. Photographic 

view of workpiece after experimentation shown in Fig.2.  

In this work cutting rate was calculated using the 

following mathematical formula 

   (1) 

The surface roughness was measured with Talysurf 

surface roughness profilometer at 0.8 µm cut-off value 

after machining of workpiece. 

Table 1 Chemical composition of WC-Co composite 

used in experimentation 

Materi

al W Ti Co Fe P S Mo C 

WC-

Co 

78.6

6 

16.2

3 

4.7

9 

0.1

8 

0.04

2 

0.03

9 

0.03

1 

0.02

8 

 

Table 2 Input Process parameters and their levels 

Symbo

l 

Input 

parameters Unit 

Level 

1 

Level 

2 

Level 

3 

A Peak current A 170 200 230 

B Pulse on time µs 11 18 25 

C Pulse off time µs 30 40 50 

D Wire feed rate 

m/mi

n 3 5 7 

 

 



 

Fig. 1. Schematic diagram of wire EDM 

 

Fig. 2. Photographic view of workpiece after machining 

 

3. Design of experiment based on Taguchi method 

An efficient way to study the effect of several control 

factors simultaneously is to plan matrix experiments 

using orthogonal arrays. Before constructing orthogonal 

array, the following requirement must be defined: (1) 

Number of factors to be studied (2) Number of levels for 

each factor (3) Specific 2-factor interactions to be 

estimated (4) Special difficulties that would be 

encountered in running the experiments. The number of 

rows of an orthogonal array represents the number of 

experiments. In order for an array to be a viable choice, 

the number of rows must be at least equal to the degrees 

of freedom required for the case study. [17] 

In this case each of the four factors (peak current, 

pulse on time, pulse off time and wire feed rate) are to be 

studied at three levels, therefore, each factor has a DOF 

of 2 (DOF = Number of levels - 1). The total DOF for 

the 4 factors is 8. The appropriate Taguchi array cannot 

have a DOF less than the total DOF of the experiment. 

Hence L9 orthogonal array is most appropriate for this 

experimentation. The experimental results based on L9 

orthogonal array have been summarized in Table 3. 

Table 3 Experimental observations using L9 orthogonal 

array 

Experimen

t No 

A 

 

B 

 

C 

 

D 

 

Cutting 

rate 

(mm2/mi

n) 

Ra 

(µm

) 

1 1 1 1 1 5.724 1.04 

2 1 2 2 2 6.791 1.27 

3 1 3 3 3 8.121 2.54 

4 2 1 2 3 9.858 1.91 

5 2 2 3 1 12.139 4.02 

6 2 3 1 2 11.976 3.81 

7 3 1 3 2 7.579 2.97 

8 3 2 1 3 10.554 3.68 

9 3 3 2 1 11.569 4.20 

 

4. Grey Relational Analysis 

What is a grey system? According to the concept of 

the black box, a system containing knowns and 

unknowns is called a grey system.[18]In control theory, 

the darkness of colours has been commonly used to 

indicate the degree of clarity of information. One of the 

most well accepted representations is the so-called 

“black box.” It stands for an object with its internal 

relations or structure totally unknown to the investigator. 

Here the word “black” is used to represent unknown 

information, “white” for completely known information, 

and “grey” for that information which is partially known 

and partially unknown. Accordingly, systems with 

completely known information named as white systems, 

systems with completely unknown information as black 

systems, and systems with partially known and partially 

unknown information as grey systems, 

respectively.[19]When the available data contain 

relatively large amount of greyness and experience large 

rises and major falls without following any conventional 

probability distribution, it will be extremely difficult to 

apply the traditional methods of statistics to analyse 

these data.The grey system theory avoids the inherent 

limitations of conventional, statistical methods and only 

requires a limited data to estimate the behaviour of an 



uncertain system. The theory is especially suitable for 

the data with uncertainty, multi-inputs, and discrete 

properties. The steps of GRA are as follows: 

4.1 Grey relational generating 

If the units, goals and directions of measured factors 

are different, the grey relational analysis might produce 

incorrect results. Therefore original data must be 

normalized to avoid such effects. For this purpose, the 

experimental results are normalized in the range of zero 

and one,Three different types of data normalization 

according to whether we require the lower is better (LB), 

the higher is better (HB), or nominal the best (NB). The 

normalization is taken by the following equations: 

Lower is better (LB): 

         (2) 

Higher is better (HB): 

         (3) 

Nominal is best (NB): 

       (4) 

where i = 1,2,…,n; k = 1,2,…,p; is normalized 

value of the kth element in the ith sequence, X0b(k) is 

desired value of the kthperformance characteristic, 

max is the largest value of ,and min ,is the 

smallest value of , n is the number of experiments 

and p is the number of performance characteristics. 

4.2 Calculate the grey relational coefficient 

The grey relational coefficient is calculated to 

express the relation between the project to be estimated 

(reference sequence) and historical projects (sequences 

to be compared) for each effort driver. The grey relation 

coefficient can be expressed as: 

          (5) 

where i = 1,2,…,n; k = 1,2,…,p;  is the relative 

difference of kth element between comparative sequence 

 and the reference sequence  (also called as grey 

relational coefficient),  is the absolute value of 

difference between  and  , 

 

 

 

ζ is a distinguishing or identification coefficient, and 

its value lie between zero and one. In general, it is set to 

0.5. 

4.3 Weight calculation of each performance 

characteristic by entropy method 

Most of past research work done using GRA, grey 

relational grade was calculated by taking the average of 

grey relational coefficients. In this work, weight 

assignment is performed by using grey entropy in order 

to include the influence of control factors over the 

performance characteristics. 

In information theory, entropy is a measure of how 

disorganized a system is. Based on Shannon entropy the 

definition of entropy is: 

1.  

2.  

3.  is monotonic increasing in the  

Therefore, Wen et al. [20]defined new entropy under 

above conditions: 

        (6) 

Where      (7) 

Step by step procedure to calculate the weight of each 

performance characteristics is as follows: 

(a) Sum of the grey relation coefficient for each 

performance characteristic 

                 j=1,2,……,p   (8) 

(b) Normalized coefficient 

          (9) 

(c) Entropy of each performance characteristic 

           j=1,2,……,p  

 (10) 

(d) Total sum of entropy 

           (11) 

(e) Calculate λ for each performance characteristic 

               j=1,2,……,p  

 (12) 

(f) Weight of each performance characteristic 

                j=1,2,……..p   (13) 

 

 

 



4.4 Calculation of grey relation grade 

After the calculation of grey relational coefficient and 

the weight of each performance characteristic, the grey 

relational grade is determined by the following equation: 

                 i=1,2,…….,n   (14) 

5. Results and Discussion 

In wire EDM process, higher value of cutting rate (CR) 

and lower value of surface roughness (Ra) are an 

indication of better performance. For data normalization 

in grey relational analysis process cutting rate was taken 

as “Higher is better” and Ra was taken as the “Lower is 

better”. After normalization the normalized values of 

cutting rate and Ra against different experimental runs 

are shown in Table 4which has been calculated by using 

Eq. (2) and Eq. (3). The grey relational coefficient for 

both performance characteristics CR and Ra of each 

deviation sequence, was calculated using Eq. (5) taking 

distinguishing coefficient ζ = 0.5, shown in Table 5. The 

calculated value of weights for CR and Ra has been 

found as 0.501091and 0.498908, respectively using Eqs. 

(8)‒(13). The obtained weights of each performance 

characteristics have been further used to calculate the 

grey relational grade by using Eq. (14). Table 5lists the 

grey relational coefficient and grey relational grade for 

each experimental run. The largest grey relational grade 

the sequence indicates the closest value to the desired 

value of the performance characteristics. 

Table 4 Normalized values of cutting rate and surface 

roughness 

Experiment No CR Ra 

1 0.166328 1.000000 

2 0.373655 0.927215 

3 0.644427 0.525316 

4 1.000000 0.724683 

5 0.974590 0.056962 

6 0.289166 0.123417 

7 0.752922 0.389240 

8 0.911145 0.164556 

9 0.166328 0.000000 

Table 5Grey relational coefficient, grey relational grade 

and rank for each experiment 

Experim

ent No 

Grey relational 

coefficient 
Grey 

relational 

grade 

Ran

k CR SR 

1 0.333333 1.000000 0.498908 5 

2 0.374905 0.872928 0.545941 3 

3 0.443913 0.512987 0.449320 8 

4 0.584403 0.644897 0.684467 1 

5 1.000000 0.346491 0.529510 4 

6 0.951639 0.363218 0.549933 2 

7 0.412938 0.450142 0.339094 9 

8 0.669274 0.374407 0.459382 6 

9 0.849106 0.333333 0.456567 7 

WCR=0.501091, WSR=0.498908, Γmean = 0.501458 

 

Fig. 3. Variation of grey relational grade with 

experimental run 

It can be clearly observed from Table 5 and Fig 3 that 

the wire EDM parameters combination of experiment 

no. 4 has the best performance for both performance 

characteristics cutting rate and Ra among all the 

experimental runs. 

The main effects of each input process parameter on 

grey relational grade are given in Table 6, and main 

effect plot of each input process parameter shown in Fig. 

4. The optimum input parameter level based on 

maximum average grey relational grade has been found 

as A2B2C2D3, i.e., peak current at 200 A, pulse on time at 

18 µs, pulse off time at 40 µs and wire feed rate at 7 

m/min. 

As listed in Table 6, the difference between the 

maximum and minimum value of grey relational grade 

of the wire EDM parameters are 0.1696 for peak current, 

0.0263 for pulse on time, 0.1230 for pulse off time and 

0.0527 for wire feed rate, known as delta. Which 

parameter has the highest value of delta said to be most 

significant parameter as varying this parameter from one 

level to other, highest variation in performance 

characteristic is achieved. In this case peak current is the 

most significant parameter among all selected 

parameters as it has the highest value of delta. 

Table 6 Response table for grey relational grade 

Level A B C D 

1 0.4981 0.5075 0.5027 0.4950 

2 0.5880 0.5116 0.5623 0.4783 

3 0.4183 0.4853 0.4393 0.5311 



Delta 0.1696 0.0263 0.1230 0.0527 

Rank 1 4 2 3 
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Fig. 4. Main effect plot for Grey relational grade 

The results of ANOVA for grey relational grade have 

been summarized in Table 7 and Table 8respectively, 

which shows that peak current is the most significant 

parameter and has the highest percentage contribution of 

56.56048% on multi performance characteristics. 

Table 7 Analysis of Variance for Grey relational grade 

Source DOF SS Variance 

F 

ratio 

Percentage 

contribution 

A 2 0.043210 0.021605 - 60.4496 

B 2 0.001204 0.000602 - 1.6843 

C 2 0.022707 0.011354 - 31.7664 

D 2 0.004359 0.002180 - 6.0981 

Residual 

Error 0 - - - - 

Total 8 0.071481 - - 100 

 

Table 8 Pooled Analysis of Variance for Grey relational 

grade 

Source 

DO

F SS 

Varianc

e F ratio 

Percentag

e 

contributi

on 

A* 2 

0.04321

0 

0.02160

5 

15.5431

6 56.56048 

B - pooled - - - 

C* 2 

0.02270

7 

0.01135

4 8.16834 27.87733 

D - pooled - - - 

Residual 

Error 4 

0.00556

3 

0.00139

0 - 15.56219 

Total 8 

0.07148

1 - - 100 

F0.05;2;4= 6.9443,*significant factors 

6. Confirmation test 

After selecting the optimal level of wire EDM 

parameters for maximizing the grey relational grade, the 

estimated grey relational grade can be calculated by 

using the following mathematical expression 

         (15) 

Where  total mean of grey relational grade,  

mean of grey relational grade at the optimum level, and 

p = number of wire EDM parameters that significantly 

affect the multiple performance characteristics. 

Since only two parameters (A and C) are found to be 

significant (Table 9), only these parameters will be 

included to predict the optimal grey relational grade 

value. Using Eq. (15), the grey relational grade at 

optimum levels is calculated as follows: 

 

=0.501458 + (0.587970‒0.501458)+ 

(0.562325‒0.501458) 

   = 0.648837 

Table 9Results of confirmation experiment 

 

Starting 

cutting 

parameters  

Optimal cutting 

parameters 

  Prediction       

Experiment 

Level A1B1C1D1 A2B2C2D3 

A2B2C2D

3 

CR(mm2/min) 5.724 - 10.434 

Ra(µm) 1.04 - 1.73 

Grey relational 

grade 0.49890 0.648837 0.674444 

 

7. Conclusion 

 In the present study, grey relational analysis using 

entropy measurement has been employed for predicting 

optimal machining conditions for multiple machining 

characteristics simultaneously, during wire EDM of 

WC-Co composite. The main conclusions from the 

present study are as follows: 

1. Peak current is the most significant parameter 

andpulse off time is the second most significant 

parameter which affects both machining 

characteristics simultaneously having 56.56048% 

and 27.87733% contribution respectively. 

2. On applying GRA with entropy measurement, the 

optimal machining conditions A2 (200 A), B2 (18 

µs), C2 (40 µs) and D3 (7 m/min) has been obtained 



at which higher cutting rate (10.434 mm2/min) with 

lower surface roughness (1.73 µm) could be 

achieved. 

3. On applying GRA with entropy measurement 

35.1862% increase in grey relational grade is 

obtained. From Table 9 it is clear that experimental 

grey relational grade is quite close (within 4% error) 

to predicted GRG which shows the predictability of 

the proposed approach. 
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