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Abstract 

Wire electric discharge machining (WEDM) is one of the most extensively used non 

conventional material removal process as it provides an effective solution for machining 

of hard materials with complex shapes. The selection of optimum combination of process 

parameters is a difficult task in WEDM as it is affected by large number of input 

parameters. From the literature, Pulse on time, peak current, servo voltage and wire 

tension are found to be the most influencing parameters and hence these parameters are 

considered in the present work. In any machining process, the surface roughness is a key 

factor that influences the properties of the materials such as wear resistance, corrosion 

resistance, fatigue life and so on. Cutting speed plays an effect on the economics of 

production. This paper presents an investigation on 316 L SS machined by WEDM to the 

study the effect of surface roughness and cutting speed. Experimentation were conducted 

by using full factorial design of experiment under different conditions of input parameters 

by using brass wire and demineralised water as dielectric fluid. Using Analysis of 

variance, the significance of the parameters is found and their optimal combination of 

parameters for surface roughness and cutting speed is obtained. In order to optimize 

surface roughness and cutting speed simultaneously, Taguchi based grey relational 

analysis is used to determine the optimal setting of process parameters for multiple 

machining characteristics. Surface integrity studies are also carried out on the machined 

surface. Scanning electron microscope is used to study the surface morphology of 

WEDMed surface. 

 

Keywords: WEDM, ANOVA, surface roughness, cutting speed, grey relational analysis, 
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1. Introduction 

Machining with accuracy and precision is very important in tool and die 

industries. Machining hard materials with traditional machining methods result in 

very high cutting forces and very poor surface finish. The materials that are difficult 

to machine by traditional machining methods such as turning, milling and drilling 

can be machined by nontraditional machining process such as ultra sonic machining, 

electro chemical machining and electric discharge machining [1]. Ultra  sonic 

machining may give better results when compared to traditional machining methods, 

but precise and complex shapes are very much difficult to generate.  

Wire electrical discharge machining is a form of electric discharge machining and 

plays a very important role in the current precision manufacturing environment as 
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these are used to cut conductive materials of any hardness [2]. WEDM is widely 

used because it can be fully automated and flexible in making complex geometrical 

shapes in one setup. This process capability is particularly important for aero-engine 

manufacture. The mechanism involved in the material removal process of WEDM is 

due to melting and vaporization caused by the electric spark discharge generated by 

a pulsating direct current power supply between the electrodes. In WEDM, the 

moving wire is a negative electrode whereas the work piece is a positive electrode. 

The sparks will generate between two closely spaced electrodes under the influence 

of dielectric fluid [3]. These sparks generate craters, micro cracks and recast layer 

on the machined surface [4]. Since WEDM is a thermal dominant process, the very 

high temperature generated by sparks has significant impact on surface integrity 

including surface topography, micro structural change, residual stress, micro 

hardness, and element distributions. The heat affected zone with a white layer is 

often associated with high tensile residual stress, micro cracks, porosity, grain 

growth, and alloying from the tool electrode or dielectric fluid [5]. WEDM setting 

parameters and work piece material and the wire electrode influence the nature of 

the surface produced to a varying degree [6]. Even when different materials are 

machined under the same machining conditions yield different machining 

characteristics [7]. Selection of optimum machining parameter combinations for 

obtaining higher cutting efficiency and dimensional accuracy is a challenging task 

in WEDM because of the presence of large number of process variables and 

complicated stochastic process mechanism [8]. There is lot of research work carried 

out on parametric study and development of empirical models on WEDM process 

and also development of mathematical models through design of experiments to 

model cutting speed and surface finish. The Taguchi method has been widely used 

in several industrial fields and research work for this study. Combination of the 

Taguchi method and Genetic Algorithm to optimize material removal rate, surface 

finish, and kerf in WEDM is employed [9]. Using Taguchi’s parameter design, 

significant machining parameters affecting the performance measures were 

identified. The relationship between control factors and responses like MRR, 

surface finish, and kerf were established. The Taguchi method is used to determine 

optimal parameter settings in WEDM [10]. Taguchi method was designed to 

optimize only a single performance characteristic. The Grey relational analysis has 

been proved to effectively resolve the complicated inter-relationships among 

multiple performance characteristics of the EDM process. Optimization of the 

turning operation with multiple performance characteristics using Taguchi method 

and grey relational analysis for SKD 11 tool steel  is investigated [11]. Simultaneous 

optimization is performed by obtaining grey relational grade using grey relational 

analysis during electrochemical polishing of the stainless steel [12]. Optimal 

machining parameters were determined by the grey relational grade as the 

performance index. It was observed that the performance characteristics of surface 

roughness and passivation strength are improved. The most significant response 

variables in WEDM are cutting speed (Cs) and surface roughness (Ra) of work-

piece. Ra is a machining characteristic that plays a crucial role in determining the 

quality of engineering components. A good quality surfaces improve fatigue 

strength, corrosion and wear resistance of the work piece. It is well known fact that 

a high Cs and very good Ra can never be achieved simultaneously in WEDM 

process. 

This paper presents the effect of WEDM machining parameters namely pulse on 

time(TON), peak current(IP), servo voltage(SV) and wire tension(WT) on the most 

important machining criteria, Ra and Cs by taking two levels of each parameter. For 

optimal combination of process parameters, Taguchi method is used to improve 

processes with single performance characteristics. However, traditional Taguchi 
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method cannot solve multi objective optimization problem. To overcome this, the 

Taguchi method coupled with grey relational analysis is employed. Regression 

equation is also developed from Minitab software for individual machining 

characteristics. Simultaneous optimization is performed for obtaining best Ra and 

Cs. Microstructural analysis is carried out to study the effect of machining 

parameters on the machined surface. 
 

2. Experimental Design 

The material used in this study is 316 L SS, which is mostly used as die material 

owing to its properties. The chemical composition of 316 L SS is given in Table 1. 

All the specimens were machined on Japax LDM 50 Wire EDM machine. Taguchi 

L16 orthogonal array with four parameters and two levels are considered for 

experimentation and Ra and Cs are the response parameters. The process parameters 

and their levels are presented in Table 2. 

Table 1. Chemical Composition of 316 L SS 

C Cr Si S Mo Mn Ni P Fe 

0.017 17.6 0.56 0.001 2.16 1.21 11.1 0.025 Bal 

Table 2. Machining Parameters and their Levels 

S.No Parameters Symbol Level 1 Level 2 Units 

1 Pulse On time TON 15 25 µ Sec 

   2 Peak current IP 9 12 Ampere 

3 Servo voltage SV 5 15 Volts 

4 Wire tension  WT 5 12 Kg-f 

 

Specimens of size 13x12x6 mm3 were machined by varying the cutting 

parameters. Brass wire is used as wire electrode with demineralised water as 

dielectric fluid. A total of 16 experiments were conducted as per L16 orthogonal 

array [13]. Ra was obtained by measuring the mean absolute deviation using a 

stylus-type profilometer, Mitutoyo SJ-310. Roughness measurements, in the 

transverse direction, on the work pieces have been repeated three times and their 

average have been recorded with a cut off length of 0.8 mm. The Cs during 

machining was displayed digitally on the screen of WEDM machine and the values 

are taken in mm/min for all the specimens and are tabulated. The values of the data 

acquired for Ra and Cs respectively along with their S/N ratios for the L16 

orthogonal array parameter combination are presented in Table 3. Optimization of 

individual machining characteristics is performed for Ra and Cs using Taguchi 

design. The effect of input parameters on Ra and Cs in WEDM process of 316L SS 

has been analyzed individually. Also simultaneous optimization of response 

parameters for Ra and Cs is carried out using Taguchi grey relational analysis to 

find the optimal combination of input parameters for machining. SEM images are 

obtained for the machined specimens and the nature of surface is  analyzed. 
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Table 3. Acquired Data as per L16 Orthogonal Array 

SNo TON IP SV WT Ra Cs 

1 15 9 5 5 2.69 1.41 

2 
15 9 5 12 

1.535 0.97 

3 
15 9 15 5 

2.1 0.84 

4 
15 9 15 12 

2.22 1.23 

5 
15 12 5 5 

2.605 1.38 

6 
15 12 5 12 

2.125 1.36 

7 
15 12 15 5 

2.35 1.29 

8 
15 12 15 12 

2.16 1.08 

9 25 9 5 5 3.005 1.93 

10 25 9 5 12 2.965 1.52 

11 25 9 15 5 2.85 1.78 

12 25 9 15 12 3.03 1.64 

13 
25 12 5 5 

3.425 2.2 

14 
25 12 5 12 

3.435 2.18 

15 
25 12 15 5 

3.3 2.04 

16 
25 12 15 12 

3.32 2.32 

 

3. Results and Discussions 

Optimization of machining characteristics is performed individually using Taguchi 

method and simultaneous optimization was done using Taguchi grey relational analysis. 

Surface of the machined specimens are analyzed by obtaining their SEM images.  

 

3.1. Optimization of Individual Machining Characteristics 

Optimization of individual machining characteristics is done for both Ra and Cs. Signal 

to noise ratio (S/N) was done to the desirable value of output characteristics. The optimal 

combination of the input parameter is obtained by identifying the largest values of S/N 

ratios. Analysis of variance for both Ra and Cs is calculated individually and the most 

significant input parameters are identified. Optimal values for Ra and Cs are predicted. 

Regression equation for input and output characteristics are calculated by using Minitab16 

software. The values of response obtained from the optimal combination are compared 

with the predicted values. 

 

3.1.1. S/N Ratios for Individual Machining Characteristics 

S/N ratios for Ra and Cs are calculated by using equation 1 and 2 respectively. 
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The response of means and S/N ratios for Ra and Cs are presented in Table 4 and Table 

5 respectively. 

Table 4. Response Table of Means for Ra and Cs 

Mean Ra 
 

Mean Cs 

Level/Process 

parameters 
TON IP SV WT 

 

Level/Process 

Parameters 
TON IP SV WT 

1 2.223 2.549 2.723 2.791 
 

1 1.195 1.415 1.619 1.609 

2 3.166 2.84 2.666 2.599 
 

2 1.951 1.731 1.527 1.538 

Table 5. Response Table of Signal to Noise Ratios for Ra and Cs 

 

3.1.2. Effect of Process Parameters for Individual Machining Characteristics 

Figure 1 and 2 shows the plots of S/N ratios for Ra and Cs respectively. Optimal 

parameters for best Ra is obtained when machined at TON = 15µs, IP=9A, SV=15V and 

WT=12Kg-f, whereas best Cs is achieved at TON =25 µs, IP=12A, SV=5V and WT =5Kg-

f. 
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Figure 1. Plot of S/N Ratio for Ra        Figure 2. Plot of S/N Ratio for Cs 

3.1.3. Analysis of Variance (ANOVA) for Individual Machining Characteristics 

ANOVA is performed to study the effect of parameters on the machining. From the 

results of ANOVA presented in Tables 6 and 7, P value for the parameters TON and IP is 

less than 0.05 and hence it can be concluded that these are the most significant parameters 

that effects Ra and Cs. 

 

 

 

S/N Ratio for Ra 

  

  

S/N Ratio for Cs 

Level/Process 

parameters TON IP SV WT 

Level/Process 

Parameters TON IP SV WT 

1 -6.833 -7.926 -8.449 -8.812 
 

1 1.419 2.707 3.894 3.78 

2 -9.991 -8.897 -8.375 -8.012 
 

2 5.722 4.434 3.246 3.361 
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Table 6. ANOVA Table for Ra 

Source DF Seq SS Adj MS F P 

TON 1 3.55794 3.55794 52.188 0.000017 

IP 1 0.33785 0.33785 4.9556 0.04785 

SV 1 0.01294 0.01294 0.1898 0.671516 

WT 1 0.14726 0.14726 2.1601 0.169651 

Error 11 0.74993 0.06818     

Total 15 4.80592       

Table 7. ANOVA Table for Cs 

Source DF Seq SS Adj MS F P 

TON 1 2.28766 2.28766 59.2352 0.000009 

IP 1 0.40006 0.40006 10.3588 0.008181 

SV 1 0.03331 0.03331 0.8624 0.372994 

WT 1 0.02031 0.02031 0.5258 0.483519 

Error 11 0.42482 0.03862     

Total 15 3.16614       

 

3.1.4. Predicted Optimal Values of Individual Machining Characteristics 

The predicted optimal values of Ra and Cs are calculated by using equation 3 

)(
1


m

n

i
imopt
 

        (3) 

where, 


opt  is optimal value of machining characteristics, m  is  total mean of machining 

characteristics,  i  is mean values  at the optimum level and n is the number of process 

parameters. The predicted optimal combination values for Ra and Cs are obtained as 

1.953µm and 2.19 mm/min respectively. 

 

3.1.5. Mathematical Model to Relate the Parameters with Responses 

Multiple linear regression models are an adequate representation of a more complicated 

structure, within certain ranges of the independent variables and their generalized model 

gives the relationship between response and independent variables [14, 15]. The equations 

4 and 5 show linear regression equations obtained with Minitab16 software for Ra and Cs 

respectively. 

Ra = 0.0811161 + 0.0943125 Ton + 0.096875 IP - 0.0056875 SV - 0.0274107 WT      (4) 

Cs = -0.368482 + 0.075625 Ton + 0.105417 IP - 0.009125 SV - 0.0101786 WT           (5) 

The predicted and experimental values of Ra and Cs at optimal combination are 

presented in Table 8. It could be observed that, the predicted values are very close to the 

experimental values and also with regression equation values, which give the optimal 

combination of parameters to achieve best results for the Ra and Cs individually. 

 

3.2. Multi Response Optimization using Grey Relational Analysis 

Grey theory provides an efficient solution to the uncertainty, multi input and discrete 

data problem. The relationship between machining parameters and machining 

performance can be found out by using grey relational analysis coupled with Taguchi [16-

20]. Grey relational analysis is performed in a step wise manner and are calculated as 

follows. 
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Step 1: Normalization of experimental result 

Data preprocessing is a process of transforming the original sequence to a comparable 

sequence and for this purpose the experimental results are normalized in the range 

between 0 and 1. For Ra, normalization is done by using equation 6 and where as for Cs, 

normalization is done by using the equation 7. 
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Where, 
)(

*
kxi is the sequence after the data processing, 

)(
0

kxi is the original 

sequence,𝑖 =1, 2...m and 𝑘 =1, 2...n with m=16 and n=2. 
x

0

 is the desired target value 

 

Step 2: Deviation Sequence 

The deviation sequence 
 kOi


 is the absolute difference between reference sequence 

and comparable sequence, calculated by using the equation 8. 
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Step 3: Grey Relational Coefficient 

Grey relational coefficient (GRC) establishes the relationship between the ideal and 

actual normalized values and is expressed by using equation 9. 
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Where 
 k

i


is the grey relational co-efficient,  is the distinguishing coefficient 

lying between 0 and 1.   is taken as 0.5. min  is the smallest value of 
 koi


 and 

max is the largest value of 
 koi


. Since GRC is concerned with individual response 

parameter, for evaluation of multi response parameters, Grey Relation Grade (GRG), γ, is 

to be calculated. 

 

Step 4: Grey Relational Grade 

GRG indicates the degree of influence exerted on the reference sequence by the 

comparable sequence and basing upon the influence of quality characteristics on overall 

process performance, the weights are assigned to individual GRGs and the resultant GRG 

is coined as weighted grey relational grade as shown in equation 10.  
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where m is the number of process output responses and  w1  and w2 are the weights 

associated with individual characteristics. A total of three cases are considered. 

Case: 1 For balanced Ra and Cs, equal weights are assigned to both Ra and Cs, Ra is 

assigned a weight of (w1) = 0.5 and Cs with (w2) = 0.5. 
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Case: 2 For better surface roughness, Ra is assigned a weight of (w1) = 0.7 and Cs with 

(w2) = 0.3. 

Case: 3 For better cutting speed, Ra is assigned a weight of (w1) = 0.3 and Cs with (w2) = 

0.7. 

The calculations of the entire grey relational analysis are presented in Table 9. 

 

Step 5: Optimal Combination of Process Parameters 

Largest value of GRG provides best multiple performance characteristics. From the 

Table 9 it is clear that for balanced Ra and Cs as well as for better surface roughness 

experiment 2 has largest value of GRG providing best multiple performance 

characteristics combination at TON = 15 µs, IP = 9 A, SV = 5 V and WT = 12 Kg-f. But 

for better cutting speed experiment 16 has largest value of GRG providing best multiple 

performance characteristics combination at TON = 25 µs, IP = 12 A, SV = 15 V and WT = 

12 Kg-f. 

The results of best combination for individual characteristic optimization and 

simultaneous optimization of multiple characteristics are presented in Table 10. 

Table 8. Results of Individual Machining Characteristic Optimization 

Machining 

characteristics 

Optimal parameter 

combination 

Predicted 

optimal value 

From regression 

equation 

Experimental value 

Ra TON=15µs,IP=9A, 

SV=15Vand WT=12Kg-f 

1.953 µm 1.95 µm 2.22 µm 

Cs TON =25 µs, IP=12A, 

SV=5V and WT =5Kg-f 

2.19 mm/min 2.28 mm/min 2.2 mm/min 

Table 9. Calculations of Grey Relational Analysis 

SNo 

 

Normali

zation 

of Ra 

 

Normaliz

ation of 

Cs 

 

Deviation 

Sequence 

for Ra 

Deviation 

Sequence 

for Cs 

GRC for 

Ra 

GRC 

for Ct 

GRG 

With 

W1= 

W1=0.7,

W2=0.3 

W1-0.3, 

W2=0.7 

1 0.3921 0.3851 0.6079 0.6149 0.4513 0.4485 0.4499 0.2252 0.22466

6 2 1.0000 0.0878 0.0000 0.9122 1.0000 0.3541 0.6770 0.4031 0.27392

3 3 0.7026 0.0000 0.2974 1.0000 0.6271 0.3333 0.4802 0.2695 0.21072

6 4 0.6395 0.2635 0.3605 0.7365 0.5810 0.4044 0.4927 0.2640 0.22868

6 5 0.4368 0.3649 0.5632 0.6351 0.4703 0.4405 0.4554 0.2307 0.22471

1 6 0.6895 0.3514 0.3105 0.6486 0.6169 0.4353 0.5261 0.2812 0.24488

5 7 0.5711 0.3041 0.4289 0.6959 0.5382 0.4181 0.4782 0.2511 0.22706

4 8 0.6711 0.1622 0.3289 0.8378 0.6032 0.3737 0.4885 0.2672 0.22128

4 9 0.2263 0.7365 0.7737 0.2635 0.3926 0.6549 0.5237 0.2356 0.28808

8 10 0.2474 0.4595 0.7526 0.5405 0.3992 0.4805 0.4398 0.2118 0.22805

6 11 0.3079 0.6351 0.6921 0.3649 0.4194 0.5781 0.4988 0.2335 0.26525

8 12 0.2132 0.5405 0.7868 0.4595 0.3885 0.5211 0.4548 0.2142 0.24067

7 13 0.0053 0.9189 0.9947 0.0811 0.3345 0.8605 0.5975 0.2461 0.35133

9 14 0.0000 0.9054 1.0000 0.0946 0.3333 0.8409 0.5871 0.2428 0.34431

8 15 0.0711 0.8108 0.9289 0.1892 0.3499 0.7255 0.5377 0.2313 0.30640

8 16 0.0605 1.0000 0.9395 0.0000 0.3473 1.0000 0.6737 0.2716 0.40210

2 
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Table 10. Results of Simultaneous Machining Characteristic Optimization 

Method Optimization 
Optimal parameter level 

combination 
Experimental values 

Case1 
For balanced Ra 

and Cs 

TON =15 µs, IP=9A, SV=5V 

and WT =12 Kg-f 

Ra=1.535 µm 

Cs=0.97mm/min 

Case 2 
For better surface 

roughness 

TON =15 µs, IP=9A, SV=5V 

and WT =12 Kg-f 

Ra=1.535 µm 

Cs=0.97mm/min 

 

Case 3 
For better cutting 

speed 

TON =25 µs, IP=12A, SV=15V 

and WT =12Kg-f 

Ra=3.32µm 

Cs=2.32 mm/min 

 

3.3. Analysis of Machined Surface after WEDM 

Figure 3 shows the SEM image of the surface of specimen 2 that is machined under the 

condition TON =15µs, IP=9A, SV=15V and WT=12 Kg-f. The surface roughness of the 

specimen machined under this condition is found to be 1.535 µm and cutting speed is at 

0.97 mm/min. From Figure 3 it is observed that the surface is smooth and no evidence of 

debris, cracks and craters, this may be due to the availability of low discharge energy and 

also the machining was done with low Cs resulting in smooth surface [21]. Figure 4 

shows the SEM image of the surface of specimen16, machined under the conditions TON 

=25 µs, IP=12A, SV=15V and WT =12Kg-f and the surface is observed to be very rough 

with craters, debris and pores, which may be due to the availability of high discharge 

energy causing more amount of heat generation resulting in melting of more amount of 

material and the dielectric fluid may not clear the material and there by deposition of 

debris and the molten material during solidification. As machining was done at high Cs 

may be resulted in poor surface finish [22]. 

 

 

Figure 3. SEM Image of the Specimen 2 Machined at TON = 15µs, IP=9A, 
SV=5V and WT=12Kg-f 
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Figure 4. SEM Image of Specimen 16 Machined at TON = 25µs, IP=12A, 
SV=15V and WT=12Kg-f 

4. Conclusions 

The effect of TON, IP, SV and WT were experimentally investigated on machining 316 

L SS by using wire EDM. From ANOVA TON, and IP are found to be most significant 

factors effecting Ra and Cs. This paper presents the individual optimal parametric 

combination for obtaining good Ra and Cs. The proposed regression model successfully 

predicts the values in machining. Also simultaneous optimization for obtaining good Ra 

and Cs is performed using Taguchi grey relational analysis and the optimal combination is 

also obtained. The SEM image of the specimen machined at this optimal combination 

showed the surface to be smooth and free from craters, cracks and irregularities. 
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