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Abstract— The aim of this paper is to find out the 
optimum set of process parameter on electrical discharge 
machining (EDM) during the machining of tungsten 
carbide. For the experimental study four input parameters 
viz. pulse-on time, pulse-off time, pulse current and 
voltage are selected to study the enhancement in multi-
performance characteristics with Taguchi L9 orthogonal 
array model. Theoretical calculation of results achieved by 
grey relational grade technique depicts that the projected 
method proved helpful to optimize the material removal 
rate (MRR), (TWR) and (SR). A t-test is employed to 
determine significant control parameters. From the above 
experimental and logical responses, it is obtained that the 
pulse-off time; pulse current and voltage are major 
effecting factors in EDM of cobalt bonded tungsten 
carbide. 

Keyword— Grey relational analysis, L9 array, 
Taguchi approach, t-test, material removal rate, 
surface roughness. 

I. INTRODUCTION 
Electro discharge machining is a method to facilitate the 
removal of metal through the action of an electrical 
discharge for small period and large current 
concentration between the electrode and specimen [1]. 
In order to create parts of the fundamental condition a 
suitable machining process is to be selected. Among the 
range of non-conventional machining methods, EDM is 
the most broadly used and effectively applied for hard to 
machine materials, produce complex shapes [2-4]. The 
EDM method is most widely used in die making, mould 
making, surgical components and aerospace material. 
Die-sinking EDM is a non-conventional operational 
method in which the tool electrodes and specimen is 
submerged in dielectric fluid. The EDM method allows 
the machining of each type of material which is good 
conductor of electricity. EDM is used to machine the 
tough, thermal resistance and complicated shapes of 
materials. EDM eliminates electrically conductive 
Objects by means of repetitive and quick spark 
discharges resulting from confined explosion of a 
dielectric fluid and this explosion is formed by applying 
voltage between electrode and specimen [5-6]. The EDM 
method consists of normal tool which is simply used to 
eliminate strong and tough material by evaporation and 
melting. Hence experimental functioning on electrical 
EDM for hard to manufacture materials is tempted 
significant attraction. Some of the research has occupied 
a sequence of operations to find out EDM workability 

and functioning for its appliance that is hard to 
machining of material. The utilization of this method by 
variant industry has increased in current years due to its 
correctness for cutting complex shapes such as well 
micro-holes, slots and mould tool which are prepared in 
mainly hard materials [7-9]. Lin et al. [10] studied the 
influence of electrical discharge energy on machining 
description of two variant types of cemented tungsten 
carbides having P10 and K10 grades. They found that 
there exists a particular series of machining factor 
within which the method is steady, and that extremely 
long or short pulse period cause process unsteadiness. 
Lee and Li [11] investigated the influence of EDM 
parameters on surface quality of a type of tungsten 
carbide (WC). They revealed that SR and MRR of 
specimen are extra quantitative way. The influence of 
variant electrode materials on the well-finish type of R-C 
die-sinking micro-EDM of WC was investigated by Jahan 
et al. [12] and they found that the resultant criteria in a 
comparative way was provided  as optimal  alternative 
for finish in die-sinking micro-EDM of  WC and moreover 
the tool electrode gives without fault and smoother nano 
face with the smallest and respectively. Puertas and Luis 
[13] investigated the performance of two extremely 
realistic conductive ceramics in industry, WC-Co and, 
under variant die sinking EDM conditions. Pandit and 
Rajurkar [14] prepared a thermal design depend upon 
data dependent system technique to study the 
characteristics and calculate the MRR of cemented 
carbide. However evaluate their conclusion with those 
available by the CIRP.  They define the insignificance in 
comparing the influence of operational parameters on 
the progression efficiency which is suitable to the 
stochastic process character, difficult composition and 
structure of the work piece material. A non-conquered 
cataloguing genetic algorithm was applied by 
Kanagarajan et al. [15] to obtain a Pareto best sequence 
of input variables in a trade off approach in which the 
choice of the best machining setting based on elements. 
Pecas and Henriques [16] analyzed the existence of 
powder element in dielectric fluid and assured that the 
concentrations of powder produce situations 
appropriate to attain better surface quality in the 
machined region. Wu et al. [17] performed an 
experiment to study the influence of Al powder in the 
dielectric liquid on during the machining of SKD61 
specimen by copper tool electrode. They observed that 
value of SR has been enhanced up to 60% as compared 
to electrical discharge machined under pure dielectric 
fluid. Bhattacharya et al. [18] investigated the surface 
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classification and material movement at some stage in 
surface modification of die steel through tungsten, 
silicon and graphite powder in EDM method and 
analyzed the two outcomes i.e. SR and micro hardness. 
Assarzadeh and Ghoreishi [19] investigated the 
progression factors in EDM of WC-Co composite with 
response surface methodology (RSM) and analyze the 
conclusions for output response i.e. TWR, MRR and SR 
respectively. Banerjee et al. [20] used face-centered 
central composite model to gather experimental 
information and RSM to design and analyze the 
dispensation parameters occupied in electrical discharge 
machining of (WC-) cemented carbide. They revealed 
that adequate superheating of specimen materials and 
sub face boiling is necessary for capable MRR. Pandey 
and Jilani [21] investigated the effects of deviations in 
pulse period on the EDM description of three different 
types of WCs with a variety of cobalt contents. They 
found that the existence of cobalt has a considerable 
effect on the machining performance of carbide in such a 
manner that a superior cobalt percentage results an 
additional inclination to surface cracking and defects. 
From the overall literature review, it is found that a lot 
of work has been assumed by different authors to 
examine the variety of performance characteristics, but a 
little amount of work which deals [22-24] with 
managing the demerits of uncertainty related with the 
unsure, multi- input and separate information with the 
grey approach is reported and a t-test was carried out on 
all designed data. A multipurpose optimization approach 
depend on the utilization of desirability function model 
was then used to discover best input factors setting in 
variant machining system yielding the maximum feasible 
MRR and minimum feasible TWR in a cooperative 
manner simultaneously subject to a specific limit on SR 
to specify machining system. Finally, verification of 
experiments was also performed to confirm the realness 
and validity of achieved optimal parametric setting. In 
the present study author prepared five steps as depicted 
in Fig. 1 depend upon grey relational method. An 
application of EDM of cobalt bonded tungsten carbide 
(85%WC-15%Co) is employed to study the multi- 
response description i.e. TWR, MRR and SR, by a specific 
arrangement of controlled setting in the Taguchi L9 
orthogonal array parameter design. To the best of 
author’s knowledge the open literature does not consists 
a related type of investigation on “Experimental and 
numerical simulation of tungsten carbide composite 
alloy using grey relational analysis.” 

II. FRAMEWORK OF RESEARCH METHOD 
The structure depicted in Fig.1 shows the information of 
research method implemented in the study. The steps 
drawn in the framework are explained briefly as follow: 

1. First of all the most effective parameters with their 
levels are selected to conduct the experiments 

2. The Taguchi L9 orthogonal array (OA) is modeled to 
perform the experimental work. 

3. An overall of 9 experimental run are carried out on 
the cobalt bonded WC (85% WC-15% Co) through 
four input factors. Grey relational analysis is 
calculated for the values of MRR, TWR and SR, and 
grey relational grade as an output result is achieved. 
Moreover, best parameters are picked by grey 
relational result table. 

4. The theoretical calculations are made to confirm the 
total enhancement with grey approach. 

5. To find out the contribution of main significant 
parameters, t- testing has been made. 

 
III. MACHINE TOOL, SPECIMEN, ELECTRODE AND 

DIELECTRIC FLUID MATERIALS 
In PRESENT study the experiments were performed on 
ZNC 5030 die-sinking EDM manufactured by 
Ratnaparkhi electronics Pvt. Ltd. India. The 
photographic view of machine and operational run is 
shown in Figs. 2 and 3. It is capable to supply maximum 
pulse current up to 50A. 

 
Fig.1. Structure of grey relational grade 

The cobalt bonded WC composite, type GT 30 grade, 
having approximately 85% WC and 15% Co, available in 
square shape, with 100mm length 50mm width 12mm 
thickness has been selected as specimen material. The 
chemical composition and mechanical properties of 
specimen are shown in Table1. The selected specimen 
was of a perfect grain structure and mostly used in 
manufacturing non-ferrous metals, cutting tools and 
drawing dies. The copper tool, available in cylindrical 
shape, with 15.9mm diameter and 20.4mm length has 
been selected as tool electrode material. The EDM oil 
was employed as a dielectric fluid and driven out as 
impulse side flushing with a nozzle in the specimen and 
nozzle gap.  
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IV. EDM METHOD 
EDM is also known as non-conventional machining 
method during this procedure, a voltage of 80-320V is 
employed between the specimen and the tool electrode. 
Spark gap which is of 25-50mm is crammed up by means 
of the preservative particles suspended during flushing. 
Under the effect of large potential strength, the particle 
become excited, get accelerated, travel in zigzag manner 
and can operate as conductors [25].  

 
Fig.2. Photographic view of ZNC 5030 die-sinking EDM 
 

 
Fig.3. Photographic view of experimental setup 

Due to the generation of bridging effect the insulating 
intensity and gap voltage of dielectric liquid reduced. A 
series of discharge generated between the electrode and 
the specimen due to the short-circuit phenomenon. If the 
frequency of discharging current, increases the rapid 
erosion of material occurs from the specimen. The 
minimum debris can result in arcing due to the 
insufficient specific supply with extremely place 
resolution. Moreover, too much concentration can raise 
spark attention that is, arcing, tends to unsteady and 
inefficient development. A transparent container having 
400L capacity, known as machining tank, is located in 
the work chamber of EDM, and the machining is carried 
out in the container. For superior circulation of dielectric 
fluid and mixing of solute and solvent a stirrer is 
employed in the container. The schematic diagram for 
EDM is depicted in Fig.4 
 

Table (1) Variables for EDM method 

 

 
Fig.4. Schematic diagram of EDM setup 

Table (2) Controllable factors with their conditions and 
levels for operational run 
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V.SELECTION OF MACHINING PARAMETERS AND 
DESIGN OF EXPERIMENTS 

The four convenient input parameters viz. pulse-on time, 
pulse current, pulse-off time and voltage were selected 
to calculate the process performance in terms of TWR, 
MRR and SR. The design of controlled process 
parameters with their levels are shown in Table 2. The 
present study includes L9 OA which consists of 4 factors 
with 3 levels as depicted in Table 2. These OA propose 
specific composition of partial functions with respect to 
the effecting factors and their different levels. Overall 9 
operations are carried out as per OA and the response of 
every operational run is shown in Table 3. The 
responses achieved are then transformed into ratios 
which are significant and insignificant parameters in a 
physical statement. 

VI. RESPONSE MEASUREMENT 
6.1 Material removal rate 
Material removal rate is calibrated as the relation of 
weight of specimen before machining and weight of 
specimen after machining to the product of machining 
duration and density of material. The MRR is measured 
for every cutting situation (mm3/min), by determining 
the average quantity of material separated and the 
machining period. The MRR can be calculated by using 
the equation (1): 

 
Where, ““Wbm” is the specimen weight before 
machining, ““Wam” is the specimen weight after 
machining, “ρ” is the density of the specimen and “t” is 
the machining period. 

6.2 Tool Wear Rate 
Tool wear rate is obtained as the ratio of difference of 
weight of tool electrode before machining and weight of 
tool electrode after machining to the machining period. 
Tool wear rate is also calibrated for every cutting 
condition, by calculating the average quantity of material 
removed from electrode and machining period. The 
TWR can be calculated by using the equation (2): 

 
Where, “Wtb” is the weight of the tool electrode before 
machining, “Wta” is the weight of the tool electrode after 
machining and “t” is the machining period. 
 
6.3 Surface Roughness 
The SR is calculated by the means of arithmetic mean, it 
is defined as the arithmetic normal SR of the variation of 
the roughness profile from the central line beside the 
measurement [25]. The SR can be provided by using 
equation (3). 

 

Here is value of arithmetic average; L is estimated 
length; h(x) is roughness profile. The SR of specimen is 
determined by precise Talysurf profilometer. The 
surface roughness is obtained by average centre line 
method. A diamond stylus with a vertical length of 110 
mm and tip radius of 25μm is used to find out the SR. 

VII. TAGUCHI BASIC CONCEPTS 
The identification of significant factors is made by using 
standard Taguchi suggested selection process. To reduce 
the influence of uncertainty, due to the effect of noise 
and out of control parameters, on the experimental 
output response of TWR, MRR and SR, the experiments 
were performed nine times and the standard values of 
every response were consequently used to analyze the 
results. The optimization of examined values was 
obtained by evaluating the S/N ratio, depend on Taguchi 
approach. The S/N ratio (   ), for Higher is better (HB) 
quality criteria is used to find out the MRR and can be 
provided as follow: 

 
Also, the S/N ratio (   ), for Lower is better (LB) quality 
criteria is used to find out the TWR and SR respectively, 
and can be defined as follow: 

 
Here, is the experimental value; n represents the 
number of trials; and are the calibrated values of S/N 
ratio. With the help of equation (4) and (5), the S/N ratio 
values are calculated for TWR, MRR and SR to categorize 
the range of main significant factors depicted in Table 3. 

Table (3) Experimental model for L9 Taguchi approach

 

VIII. GREY RELATIONAL ANALYSIS 
As stated beyond, the conventional Taguchi process is 
not appropriate for optimization of multi-purpose 
optimization difficulties. To conquer this problem the 
grey relational analysis (GRA), is employed to optimize 
multipurpose problems. In GRA, investigational 
information is first standardized in the range between 0 
and 1, and hence matrix produced is known as grey 
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relational generation matrix. The grey relational 
coefficient (GRC) is calibrated from the standardized 
matrix to signify the relationship between the predicted 
and actual experimental results. Then the total grey 
relational grade (GRG) is calculated by averaging the 
GRC for the particular outputs. Hence, the multi-
objective difficulties are changed into single output 
optimization problem among total GRG as a goal 
function. The last stage is to make the t- testing and 
calculates the best GRG. In the current study the GRG is 
used to find out the best combination of the higher MRR 
and minimum TWR and SR respectively. The first stage 
is to standardize the experimental information in the 
range of 0-1 by applying criteria of HB for MRR and LB 
for TWR and SR, respectively. The LB and HB criteria are 
provided by equations (6) and (7) as follow: 

 
Here,   

     is value after GRG;    is the required value; 
max  

     is the maximum value of  
    ; min  

     is 
the minimum value of;   

     i represent the 
experimental run and k represents the responses. 

8.1 Grey Relational Coefficient 
The next stage is to calculate the GRC. The GRC is 
calibrated to express the correlation between the 
optimal and actual standardized experimental results 
that can be determined as follow in equation (8). 

 
Here,       is the variation progression of the reference 
series  

      and the compressibility series of   
      , i.e. 

 

 
Here,  is the distinguishing and identification 

coefficient; normally  is used for 
experiment and in this study is also used as 0.5.The 

coefficient  lies among 0 and 1 which extend or smalls 
the rank of grey relation coefficient. 

8.2 Grey Relational Grade 
In GRA, the GRG is employed to depict the correlation 
between the series. As the two series are equal, then the 
GRG value is identical to 1. The GRG also specify that the 
comparability series can apply above the reference 
series. The GRG is calculated by averaging the GRC as 
provided by equation (12): 

 

Here,  is GRG for ith operation; m in the number of 
outputs. 

IX. RESULTS AND DISCUSSION 
9.1 GRA of Experimental Data 
The L9 OA provides the mine experimental values for 
MRR, TWR and SR shown in Table 3 which is 
standardized in the level of 0-1 by employing equation 
(6) and (7).  

Table (4) Normalized values of criterion for every 
experimental cycle 

 
To state the correlation among the predicted and actual 
experimental information, the GRC are calculated by 
employing equation (8). The standardized values of the 
output response i.e. MRR, TWR and SR along with GRC 
and GRG are presented in Table 4. The GRG is 
determined with sum of both values of GRC and after 
that divided by overall number of responses which are 
obtained, as depicted in equation (12). In this stage the 
various GRG achieved for every output are changed into 
particular GRG value. The rank of every operational run, 
GRG values and S/N ratios are presented in Table 4 and 
in Figure 4. The GRG values are in the range of 0 to 1and 
the ranking is well organized with HB characteristics. 
The results show that the 8th operational run provided 
the higher value of GRG. Hence, the 8th experiment 
provides the optimal performance description between 
all the experiments. The average of GRG S/N ratio for 
every level of MRR, TWR and SR is depicted in Table 5 
and Fig.5. The S/N ratio is used by Taguchi approach for 
determining the difference of the operational design. 
The maximum S/N ratio provides the optimal results. 
The Fig. 6 shows that maximum S/N ratio of GRG is 
achieved for 8th operational run and the best factors 
arrangement is obtained at pulse-on time of 250μs, 
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pulse-off time of 67μs, pulse current of 12A and voltage 
of 55v respectively and the similar result. The average 
output values of GRG in S/N ratio form are presented in 
Table 5.  

Table (5) Grey relational coefficient of criterion 

 
 

Table (6) Grey relational grade, S/N ratio and rank 
of experimental run 

 

The optimal result for each parameter is depicted in bold 
form. It presented that if the control parameter, i.e. 
pulse-on time is sustained at level-3 (250μs), which is -
4.26611; pulse-off time is sustained at level-3 (67μs), i.e. 
-3.88407; pulse current is sustained at level-3 (12A), i.e. 
-3.53294 and the voltage are sustained at level-2 (55V), 
i.e. -3.11203, than the best response is obtained. The 
higher-lower column presented in Table 5 shows that 
the Voltage is major significant parameter from the four 
input factors. The Table 4 shows the GRG values for all 
the 9 operational run with their ranking. Maximum value 
obtains higher rank. The experiment 9 provided the 

maximum value which is, 0.753. It reveals that the 
experiment eight has best relationship of all the factors 
such as pulse-off time, pulse current, pulse-on time and 
voltage to generate maximum MRR and minimum TWR 
and SR. 
 

Fig.4. Grey relational grade with its S/N ratio 

Table (7) Output table for GRG S/N ratio 

 

 
Fig.5. Main effects plot for S/N ratio of GRG 
 
9.2 Theoretical calculation of GRG 
From the output table for GRG which is Table 6 the best 
machining parameter set is achieved for EDM of cobalt 
bonded tungsten carbide specimen. After discovering 
the best parameters relationship, it is essential to 
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calculate the GRG theoretically. The theoretical 
calculation of GRG is determined by employing the 
equation (13) as follow [23]: 

 

Here q is the total number of effecting factors; is GRG 
mean at best levels;     is the GRG average values. Table 6 
presents the initial and experimental result values. In 
Table 6, A1, B2, C1, D3 are selected as i n i t i a l  machining 
factors and A3, B1, C1, D3 are selected as best machining 
factors. It is observed that the MRR in the initial set of 
levels (A1, B2, C1, D3) rises from 0.0196 – 0.0615, TWR 
reduced from 0.00284 – 0.00026 and SR reduced from 
4.78 – 2.58 and moreover the GRG is also enhanced from 
0.667 – 0.753, which is 8.6% for the best machining 
factors. The overall results stated that the GRA might be 
helpful for optimizing the many performances in EDM of 
tungsten carbide. 

 
Fig.6. Best combination of control parameters for GRG 
The bold value indicates the significant results optimal 
levels of factors are: pulse-on time (level3); pulse-off 
time (level 3); pulse current (level 3); voltage (level 2). 
 

Table (8) Results of confirmation experiments

 

9.3 T-test of responses  
Ha  shows that there is no significant relationship 
between pulse-on time, pulse-off time, pulse current and 
voltage. In other words pulse-on time, pulse-off time, 
pulse current and voltage are independent to each other. 
Ha reveals that there are some significant factors such as 
pulse-off time, pulse current and voltage which mean 
that these input parameters are dependent to each 
other. Table 7 shows that the values of input parameters 

such as pulse-off time, pulse current and voltage are 
significant at 95% level of significance because value of p 
is less than 0.05 it means that the larger amount of 
discharge energy exists at the machining gap due the 
high pulse current and voltage. However the pulse-on 
time is not significant because the value of input 
parameter is greater than 0.05.Table 8 shows that the 
pulse-off time – pulse current and pulse current - voltage 
is significant at 95% level of significance because the 
value of p is less than 0.05 that means these input 
parameters are highly dependent on each other for 
geometric factors and effective machining in EDM. 

Table (9) one sample t-test of input factors 

 
 
The values marked with star presents the significant 
results of input parameters. 

Table (10) Paired samples t- test of input factors 

 
The values marked with star presents the significant 
results of input parameters. 

CONCLUSION 
In the present research the influence of different 
machining parameter i.e. pulse-on time, pulse-off time, 
pulse current and voltage on variant response 
parameters like MRR, TWR and SR are studied. A round 
shape copper tool is used as electrode to conduct 
experiment on cobalt bonded tungsten carbide specimen 
(WC 85% and Co 15%), the TWR, MRR and SR is then 
analyzed and optimized. The following conclusions can 
be drawn from the current work: The major objective of 
current investigation was to provide a framework that 
not only assists to achieve best combinations of control 
parameters but also handle the uncertainty constituents 
related to many input data. The best set for response 
parameters, which is MRR, TWR and SR were achieved. 
The experimental study presented that the 8th 
experimental run gives the maximum value of GRG by 
optimal setting of input factors A3B3C3D2, i.e. pulse-on 
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time (250), pulse-off time (67), pulse current (12A) and 
voltage of (55V). T-test shows that the pulse-off time, 
pulse current and voltage were contributing and 
significant factors of obtaining higher MRR and 
minimum TWR and SR in EDM of 85% WC and 15% Co. 
The experimental confirmation results show the 8.6% 
enhancement in grey relational grade values. In 
summary, this research work was taken up with the 
objective which presents the effect of variant machining 
parameters such as pulse-on time, pulse-off time, pulse 
current and voltage on different responses of EDM i.e. 
MRR, TWR and SR. The GRG and t-test has been used to 
optimize and determine the significant control 
parameters. It was found that at the 8th experiment with 
the optimal setting of parameters a higher GRG value 
achieved. Moreover a percentage enhancement of 8.6% 
was achieved in GRG. 
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DF Degree of freedom 
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GRA Grey relational analysis 
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GRG Grey relational grade. 

Ip Pulse current 

LB Larger is best 

MRR Material removal rate 

NB Nominal is best 

OA Orthogonal array 

RSM Response surface methodology 

SR Surface roughness 

SB Smaller is best 

S/N Signal to noise ratio 

Ton Pulse-on time 

Toff Pulse-off time 

TWR Tool wear rate 
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