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Abstract: 
Electrical Discharge Machining, sometimes colloquially known as Spark Machining may be a manufacturing process whereby 

desired kind is obtained by victimizing the electrical discharges. EDM is extensively employed in tool and die industries. 

Exactitude and complex machining are the strengths. Whereas machining time and surface quality still remains as major 
challenges. The target is to optimize the EDM process parameters particularly Pulse on, Pulse off, Current to explore the result of 

Material Removal Rate (MRR),Tool Wear Ratio (TWR) and Surface Roughness (SR). The experimentation for machining Inconel 

600 was assigned with One Factor at a Time Approach (OFAT) i.e., L9 Mixed orthogonal Array. Incoloy 600 might be a material 

with the mixture of Nickel-Chromium used for prime temperature applications. During this present work, Taguchi as well as Grey 

Relational Analysis primarily based optimization techniques used to maximize Material Removal Rate and to reduce the Tool 

Wear Ratio and Surface Roughness. The best process parameter mixtures for EDM were found by victimizing the Grey Relational 

Grade. Finally, ANOVA is employed to check the result of process parameters on performance measures.  
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1.  Introduction 
Electric Discharge machining (EDM) is a thermo-electrical 
process used to machine precise and intricate shapes on the 

tough metals such as ceramics, maraging steels, cast-alloys, 
titanium which are widely used in defense and aerospace 
industries. Electrical energy is used to generate electrical 

sparks and material removal mainly occurs due to localized 
melting and vaporization of material which is carried away by 
the dielectric fluid flow between the electrodes. The 

performance of this process is mainly influenced by many 
electrical parameters like, current, voltage, polarity, and pulse 
on time, pulse of time, electrode gap and also on non-electrical 
parameters like work and tool material, dielectric fluid 

pressure. All these electrical and non-electrical parameters 
have a significant effect on the EDM output parameters like, 
Metal Removal Rate (MRR), Tool Wear Rate (TWR) and 

Surface Roughness (SR). MRR reflects the productivity, 
surface roughness and tool wear reflects the accuracy of 
product. In this present work is to study the effects of different 

parameters namely current, pulse on time and pulse off time 
on Material Removal Rate, Tool Wear Rate and Surface 
Roughness with kerosene oil as a dielectric medium. 

Raghuram (et al) investigated the process parameters such as 
current, pulse ON and OFF time in EDM process to identify 
the optimal sets for material removal rate, wear rate on tool 

and surface roughness on Mild Steel IS 2026 using copper 
electrode with L9 orthogonal array and analysis with Taguchi-
GRA. D. C. Chen (et al) utilized the Taguchi design to 

optimize the EDM process parameters for machining A6061-
T6 aluminum alloy. The experimental trials consider four 
parameters namely pulse current, pulse-on duration, duty 
cycle, and machining duration.The optimal machining 

parameters and relative influence of each parameter on the 
surface roughness are determined by using the analysis of 
means (ANOM) and analysis of variance (ANOVA) 

techniques. Ajeet Bergaley (et al) presented a work on the 

performance parameter optimization for material removal rate 
and electrode wear rate using Taguchi technique. The factors 
which influences MRR and EWR such as voltage, current, 

pulse on time, pulse off time, dielectric fluid etc. Gaurav 
Raghav (et al) presented the relationships between input 
decision variables and desired goals by applying the statistical 

regression analysis of investigations obtained by EDM 
process. The objectives were maximized or minimized by 
using Genetic Algorithms and the data are stored for a given 
set of objectives. (Mahapatra and Amar patnaik, 2013) have 

described about the Optimization of WEDMProcess using 
Taguchi Method by considering Discharge current, Pulse 
duration, Pulse frequency, wire speed, Wire tension and 

dielectric flow rate as control factors and the responses are 
Surface finish and MRR with Zinc coated copper wire 
electrode to get optimized parameter settings for desired 

yielding. (Singh and Garg, 2009) have studied the effects of 
various process parameters of WEDM like pulse on time 
(TON), pulse off time (TOFF), gap voltage (SV), peak current 

(IP), wire feed (WF) and wire tension (WT) to reveal their 
impact on MRR of hot die steel using one variable at a time 
approach. (Ramakrishnan and Karunamoorthy, 2006) have 

applied the Taguchi‟s method to optimize multi responses of 
the WEDM operations with L16 orthogonal array to get better 
improvement. (Lin et al. 2002) have described the grey 
relational analysis based on an orthogonal array and fuzzy-

based Taguchi method is applied for solving the multiple 
responses in the electrical discharge machining process. 
(Prohaszka et al. 1997) discussed about the effect of electrode 

material on machinability in WEDM for improvement in 
MRR. Experiments have been conducted regarding the choice 
of suitable wire electrode materials and the experimental 

results are presented and discussed.
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2. MATERIALS AND METHODS 
2.1 Experimentation   
Copper is used as a tool electrode material to machine the 
work piece material (i.e.,) Inconel 600. The photographic view 
of Incoloy 600 and Copper electrode is shown in fig 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Inconel 600 & Copper Electrode  
The machining was carried out in Die-Sinking Electro 
Discharge Machine of Sparkonix India Pvt. Ltd at J.J. College 
of Engineering and Technology, Trichy. 
The machining parameters at three different levels and two 
different response parameters considered for multiple 
performance characteristics in this work and various levels 
are shown in table 1.  

 
Table. 1 Various Levels of Parameters 

 
 
 
 
 
 
 
 

The Design of Experiment is an effective tool to design and 
conduct the experiments with minimum resources. In this 

work, One Factor at a Time Approach (OFAT) i.e., L9 Mixed 

orthogonal array as a Design of Experiment used to set 
machining parameters to evaluate the process performance. A 
circular depth of 1mm diameter was produced by the EDM 
process with the help of copper electrode in Inconel 600. The 
machined work piece is shown in fig. 2 and the experiments 

were conducted as per L9 mixed orthogonal array assigning 

various values of levels to the process parameters and the 
final results for MRR and TWR are shown in table. 2. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure.2 Machined Work piece 

 

S. Pulse Pulse Current MRR TWR 
No on off    

1 500 20 4 0.080 0.354 
2 500 20 8 0.236 1.182 
3 500 20 12 0.383 0.210 
4 500 40 4 0.063 0.042 
5 500 40 8 0.200 1.148 
6 500 40 12 0.335 2.260 
7 500 120 4 0.045 1.036 
8 500 120 8 0.125 1.692 
9 500 120 12 0.228 1.786 

2.3  Optimization  using  Taguchi-Grey  Relational  
Analysis  

Taguchi's method is focused on the effective application of 
engineering strategies rather than advanced statistical 
techniques. The primary goals of Taguchi method are  

 A reduction in the variation of a product design to 
improve quality and lower the loss imparted to society.  


 A proper product or process implementation strategy, 
which can further reduce the level 

of variation.  
The  steps  involved  in  Taguchi‟s  Grey  Relational 

Analysis are:   
STEP 1 - : The transformation of S-N Ratio values from 
the original response values was the initial step. For that 
theequations of “larger the better‟, “smaller the better” 
were used. Subsequent analysis was carried out on the 
basis of these S/N ratio values.  

Type 1: S / N 10 log [( 1 )(  1 )]  
N 
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2 

 

       ij 
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Type 2: S / N 10 log [   ij ]  

   

LB 10   N 
  

Where „Yij is the value of the response  
“j” in the i

th
 experiment condition, with i=1, 2 n; j = 

1,2…k are the sample mean and variance. 
STEP 2: In the second step of grey relational analysis pre-
processing of the data was first performed for normalizing 
the raw data for analysis. 

Yijis normalized as Zij(0 ≤ Zij≤ 1) by the followingformula to 

avoid the effect of adopting different units and to reduce the 
variability. The normalized output parameter corresponding to 
the larger-the-better criterion can be expressed as  

Zij 
yijminyij   , i 1,2,....n 

 

   

maxyij , i1,2,....n minyij , i 1,2....n 
 

 
 

 
Then for the output parameters, which follow the 
lower-the-better criterion can be expressed as 

max( yij , i1, 2,..., n) yij  
Zij max( yij , i1, 2,..., n)  min( yij , i1, 2,..., n) 

STEP 3: The grey relational coefficient is calculated to 

express the relationship between the ideal (best) and 

actualnormalized experimental results. Before that the 

deviation sequence for the reference and comparability 
sequence were found out. The grey relational coefficient can 

be expressed as

Sl.  Machining Units Level Level Level 
No  Parameters  I II III 

       

1  Pulse-on (A) µs 100 300 500 
       

2  Pulse-off (B) µs 20 40 60 
       

3  Current (C) Amps 4 8 12 
       

2.2 Design of Experiment    
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y0(k) denotes the sequence and yj(k) denotes the 

comparability sequence. ζ is distinguishing (3)or identified 

coefficient. The value of ζ is the smaller and the 

distinguished ability is the larger. ζ = 0.5 is  
generally used. (4) 

 

Step 4: The grey relational grade was determined by 
averaging the grey relational coefficient corresponding to 
each performance characteristic. The overall performance 
characteristic of the multiple response process depends on 
the calculated grey relational grade. The grey relational 
grade can be expressed as  
 1 N 

 

 

i ( k ) 
 

i  
  

n  

 k 1 
 

Where, i is the grey relational grade for the j
th

 
experiment and k is the number of performance 
characteristics 
 

Step 5: Determination of the Optimal Factor and its  
(6) Level 

Combinationusing Grey relational gradesfor  
maximum MRR, minimum TWR. Since the experimental design 

is orthogonal, it is possible to separate out the effect of each 

machining parameter3099 on the grey relational grade at different 

levels. The results for the optimal parameter setting are discussed 

in the next chapter (7)  
Thevalues for Normalized S/N ratios, Grey Relational Co-
efficient, Grey Relational Grade and rank from the above 
equations for getting optimal parameter combination to get 
maximum MRR and minimum TWR are shown in table.3. 

 
 

Table.3 Observations based on GRA.  

Sl. No S/N Ratios Normalized S/N Grey Relational Co- Grey Rank 

   Ratios  efficient Relational  

 MRR TWR MRR TWR MRR TWR Grade  

1 -21.8949 9.0199 0.2664 0.5348 0.6524 0.4831 0.5677 3 

2 -12.5271 -1.4523 0.7731 0.8373 0.3927 0.3738 0.3832 7 

3 -8.3338 13.5556 1 0.4038 0.3333 0.5532 0.4432 4  
4 -23.9582 27.5350 0.1548 0 0.7635 1 0.8817 1 

5 -13.9447 -1.198 0.6964 0.8300 0.4179 0.3759 0.3969 6 

6 -9.4861 -7.0822 0.9376 1 0.3478 0.3333 0.3405 9 

7 -26.8207 -0.3072 0 0.8042 1 0.3833 0.6916 2 

8 -18.0618 -4.5680 0.4737 0.9273 0.5136 0.3503 0.4319 5 

9 -12.8299 -5.0376 0.7567 0.9409 0.3978 0.3470 0.3724 8 
 

The larger the grey relational grade, the better is 
the multiple performance characteristics. 
However, the relative importance among the 
machining parameters for the multiple 
performance characteristics still needs to be 
known, so that the optimal combinations of the 

machining parameter levels can be determined 
more accurately. With the help of Figure 4 and 
Table 4, the optimal parameter combination was 
determined as Level 3 for pulse on, Level 2 for 
pulse off and Level 1 for current. 

 
Table.4 Response Table for Average Grey Relational Grade 

 
Sl. No Machining Factors Average Grey Relational Grade by Max-Min Rank 

   factor level    

  Level I Level II Level III   

1 Pulse on 0 0 0.5010 0.5010 1 
2 Pulse off 0.4647 0.5397 0.4986 0.075 3 
3 current 0.7136 0.404 0.3853 0.3283 2 

  

 Results and Discussion 
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The Fig. 3 shows the Grey relational grades for maximum MRR 
and minimum TWR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure.3 Grey Relational Grades for Maximum MRR, 
Minimum TWR 
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Fig.4 Grey relational grade for each level of 

parameters  

3.1 ANOVA  
ANOVA is performed to investigate the significant 

machining parameter affects the process response. The 

results of the ANOVA for MRR and TWR are given in 

Table 5 & 6. The F test is used to determine the 

significance which process parameter have a significant 

effect in the performance characteristics. The change of 

the process parameter has a significant effect on the 

performance characteristics when the F value is large. The 

result of the ANOVA shows that pulse on, pulse off and 

current are the significant parameters in affecting the 

multiple performance characteristics. The effect of 

machining parameters on MRR and TWR of Inconel 600 

is shown in Figure 5 & 6.  
Table.5 MRR VS T-ON, T-OFF, CURRENT 

 
Sy Machini D  Sum Varia  F Test Cont 

 

m ng F  of nce    ri 
 

bol Paramet   Squar     Butio 
 

  ers   es     n 
 

A Pulse on 2  0.3360 0.168 0.1754 2.92  
 

             

B Pulse off 2  0.3205 0.160 0.1670 2.78  
 

C Current 2  0.3260 0.208 0.2173 2.83  
 

  Error 2  0.9576       
 

             

  Total 8  0.1149       
 

            

     
 

  MRR Vs PULSE ON, PULSE   
 

   OFF, CURRENT      
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  CURRENT 

 

 
 
 

Figure.5 Effect of control factors on MRR 
Table.6 TWR VS T-ON, T-OFF, CURRENT 

 
Sy Machinin D Sum of Vari F Contr 
m g F Squares ance Test ibutio 
bol Paramete     n 

 rs      

A Pulse on 2 11.775 5.887 0.198 2.53 
       

B Pulse off 2 10.476 5.238 0.176 2.25 
       

C Current 2 11.1133 6.056 0.203 2.39 
       

 Error 2 29.7235    
       

 Total 8 4.6408    
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TWR Vs PULSE ON, PULSE  
OFF, CURRENT 
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Figure.6 Effect of control factors on TWR 

 
4. Conclusion 

 
Based on the Results and Discussion the following 
conclusions are drawn in this article, 
 A trial was created to work out the numerous 

machining parameters on electrical discharge 
Machining of Inconel 600 has been done 
using copper electrode for performance 
measures supported by Taguchi-Grey 
Relational Analysis. 




 The optimized input parameter combinations to 
urge the utmost Material Removal Rate and Tool 
Wear Rate are Pulse on 500 μs, 




Pulse off 40 μs, Current 4 amps. The 
experimental results are validated with 
ANOVA. 
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