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Abstract— The performance of the WEDM machining 

process mainly depends upon the suitable selection of the 

appropriate machining variables. Optimization is one of the 

techniques used in manufacturing sectors to arrive for the best 

manufacturing conditions, for improving productivity of the 

system. As there are many process variables involved in the 

WEDM machining process, it is difficult to choose a proper 

set of combination of these process variables in order to 

maximize material removal rate and to minimize tool wear 

and surface roughness. The objective of the this research 

work is to evaluate the effects of process variables like  pulse 

on time, pulse off time, peak current, servo voltage and wire 

feed on Material Removal Rate (MRR), Surface 

Roughness(SR). The design of experiments has been done 

using Taguchi’s orthogonal array L27 (35). Each experiment 

was conducted under different conditions of input parameters 

as per the L27 array and was analyzed using MINITAB and 

Design Expert tools. The present work also aims to develop 

suitable mathematical models for correlating the inter-

relationships of various WEDM machining parameters and 

Performance parameters of machining on AISI D2 steel 

material using regression analysis. 

Key words: WEDM, MRR, SR, Pulse on Time, Pulse off 

Time, Analysis Of Variance (ANOVA) Signal-To-Noise 

Ratio (S/N Ratio), Taguchi’s Technique 

I. INTRODUCTION 

WEDM uses electro-thermal mechanism to cut electrically 

conductive materials. In WEDM, a slowly moving wire 

travels along a prescribed path and removes material from the 

work piece. The material is removed by a series of discrete 

discharge between the wire electrode and the work piece in 

the presence of dielectric fluid, which creates a path for each 

discharge as the fluid become ionized in the gap. The area 

where discharge takes place is heated to extremely high 

temperature, so that the surface get melted and removed. The 

removed particles flushed away by the flowing dielectric 

fluids. The wires for WEDM are generally made of copper, 

copper, molybdenum, tungsten,. The wire used in the process 

should possess high tensile strength and good electrical 

conductivity. The mechanism of metal removal in WEDM 

mainly involves the removal of material due to melting  and 

vaporization  caused  by  the  electric  discharge  generated 

by  a  pulsating  direct current power supply between the 

electrodes. In WEDM, negative electrode is a continuously 

moving wire and the positive electrode is the work piece. The 

sparks will generate between two closely spaced electrodes 

under the influence of dielectric liquid. EDM is an essential 

operation in several manufacturing processes in some 

industries, which gives importance to variety, precision and 

accuracy. Several researchers have attempted to improve the 

performance measures namely the material removal rate, 

surface roughness, dimensional accuracy and electrode wear 

related to this process. These performance characteristics are 

have been correlated with input parameters such as pulse on 

time, pulse off time, discharge current, spark voltage, wire 

tension, wire feed, water feed, duty factor, etc. Proper 

selection of the machining parameters can result in higher 

material removal rate, better surface finish and lower 

electrode wear. The desired machining parameters are 

determined based on experience or on data handbook values, 

but these selected machining parameters are not optimal or 

near to optimal machining performance for that particular 

electric discharge machining environment. Therefore various 

techniques have been employed to achieve optimal 

machining performance. 

Electrical Discharge Machining performance is 

generally evaluated on the basis of Material Removal Rate 

(MRR), Tool Wear Rate (TWR), Relative Wear Ratio (RWR) 

and Surface Roughness (SR). The important EDM machining 

parameters affecting to the performance measures of the 

process are discharge current, pulse on time, pulse off time, 

arc gap, and duty cycle. Ashif et.al.(2010) [1]. A considerable 

amount of work has been reported by the researchers on the 

measurement of EDM performance on the basis of MRR, 

TWR, RWR, and SR for various materials. Puertas el. al. 

(2003) [2] studied the influence of process parameters such 

as intensity, pulse-on-time and pulse-off-time for process 

performance criteria such as surface quality and dimensional 

precision. Using factorial design of experiments combined 

with techniques of regression they concluded that the factor 

having the most important influence on the surface roughness 

is the factor of intensity. 

Relationship of process parameters in EDM of CK-

45 steel with novel tool electrode material such as Al-Cu-Si-

TiC composite product using powder metallurgy technique 

was established with the help of response surface 

methodology. It was concluded that the peak current was 

found to be the most important factor effecting both the MRR 

and TWR while dielectric flushing pressure had little effect 

on both responses. Al-Cu-Si-Tic electrodes were found to be 

more sensitive to peak current and pulse on time than 

conventional electrodes [El-Taweel (2008) [3] 

Chattopadhyay et. al. (2009) [4] derived an empirical 

mathematical model for predication of output parameters 

using linear regression analysis by applying logarithmic data 

transformations of non-linear equation. Experiments were 

conducted using Taguchi’s recommended signal-noise ratio 

formulae and ANOVA to identify the significant parameters 

and their degree of contribution in the process output and 

established the relative importance of different process 

parameters. Singh et. al. (2009) [5] in their study concluded 

that the wire feed and wire tensions are neutral input 

parameters. The material removal rate directly increases with 

increase in pulse on time and peak current while decreases 

with increase in pulse off time and servo voltage. Mohd Amri 

Lajis et. al. (2009) [6] investigated the relationship of process 

parameters in EDM of Tungsten carbide ceramic using 
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graphite as electrode using Taguchi methodology for 

experimental set up. It was concluded that, the peak current 

of EDM mainly affects the electrode wear and surface 

roughness and the pulse on time largely affects the metal 

removal rate. 

Tomadi et.al.(2009)[7]Patel et.al.(2009)[8], Asif 

Iqbal et.al.(2010) [9],  investigated the effect of process 

parameters like Pulse on time, Pulse off time, Supply 

Voltage, peak current on material removed rate (MRR) and 

electrode wear (EW) and surface roughness(SR). Saurav 

Datta et.al. (2010) [10], Chockalingam et. al. (2012) [11] 

derived quadratic mathematical model with different 

materials to represent the process parameters viz. discharge 

current, pulse on time, pulse frequency, wire speed, wire 

tension and dielectric flow rate to relate them with process 

responses viz. MRR, SR and kerf (width of cut). Shailesh 

Dewangan et. al.(2011)[12], Raj Mohan et. al. (2012)[13] 

used AISI P20 tool steel as work piece and U-shaped copper 

tool as electrode with internal flushing system. The S/N ratios 

were used for minimizing the TWR and maximizing the MRR 

using Taguchi method. Anish et. al.(2012)[14] used pure 

titanium as work piece and brass wire of 0.25mm diameter 

wire as electrode. An experimental plan of the Box-Behnken 

based on RSM was applied to perform the experimentation 

work and determine the most significant parameters with 

respect to the response variables with 95% confidence level. 

Aysun et. al. (2012)[15] attempted to model and optimizes 

the wire electric discharge machining process using Taguchi 

design of experiment and artificial neural network with AISI 

4340 Steel as work piece Cu Zn 37 wire as electrode. 

Shabgarg et.al.  (2012)[16]concluded that material removal 

rate first increase with the increase of pulse on time but for a 

specific pulse on time value it start to decrease and also 

observed that lower values of pulse-on time and pulse current, 

the occurrence of open-circuit pulses is the most considerable 

phenomenon. But In higher values of pulse current (roughing 

modes), the level of arc pulses extremely increases. 

Subrahmanyam et. al. (2013)[17,Rajyalakshmiet. al. (2013) 

[18] used Grey-Taguchi Method for the parametric 

optimization of the Wire-Cut EDM process. Chikalthankar et. 

al. (2013) [19] concluded that current is more influential 

parameter affecting the MRR and surface roughness. Vates 

et. al. (2013) [20]concluded that performance of WEDM 

largely depends not only upon the combination of material of 

work piece and wire electrode but also the optimal 

combination of machining control process parameter. 

After a comprehensive study of the existing 

literature, a number of gaps have been observed in 

optimization of WEDM process parameters. Most of the 

researches have investigated influence of limited number of 

machining parameters on the performance parameters on 

WEDM process. The effect of machining parameters on AISI 

D2 steel (workpiece) has not been fully explored using 

WEDM with brass wire as electrode. Surface roughness, 

material removal rate and electrode wear rate of WEDM parts 

are another thrust area which have been given less attention 

in past studies.  

Based on the above mentioned gaps the present 

work aims at Optimization of more process parameters of 

Wire Electro Discharge Machining (WEDM) of AISI D2 

steel (work piece) with large number of performance 

parameters and compare results through Taguchi and 

ANOVA optimizing technique. 

II. EXPERIMENTAL WORK 

The experiments were carried out on a wire-cut EDM 

machine (Electronica Ultracut S2) of Electronica Machine 

Tools Ltd. 

A. Work piece Material 

The AISI – D2 steel has been used as a work piece material 

for the present experiments. AISI D2 is a high carbon, high 

chromium tool steel which has been alloyed with 

molybdenum and vanadium. AISI D2 can be supplied in 

various finish, including the hot-rolled, pre-machined and 

fine machined condition. It has varied practical uses such as 

manufacturing of punching tools, mandrels, mechanical press 

forging die, plastic mould and die casting dies, aircraft 

landing gear, helicopter rotor blades and shafts. 
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Table 1: Chemical Composition of AISI D2 Steel 

B. Tool Material  

Brass wire was used as the electrode for the experiments 

having a diameter of 0.25 mm. Brass is an alloy of copper and 

zinc. Brass wire generally consists of 63% Copper (Cu) and 

37% Zinc (Zn). Brass is a relatively conductor hence it yields 

satisfactory surface finish in WEDM applications. Brass 

materials are used to form WEDM wire and small tubular 

electrodes. Brass does not resist wear as good as copper or 

tungsten, but is much easier to machine and can be die – cast 

or extruded for specialized applications. 

III. METHODOLOGY 

In present work, the Taguchi method, and the response 

surface methodology have been used to plan the experiments 

and subsequent analysis of the data collected. Experiments 

were carried out based on orthogonal array L27 (35). The 

experiments were performed on Electronica Ultracut S2 wire 

electric discharge machine by taking AISI D2 as work 

material and Brass wire as tool electrode material.  A total of 

27 experimental runs were performed. Five process 

parameters (three levels each as per Table No) were 

considered for experimentation. To evaluate machining 

performance Material Removal Rate (MRR) and Surface 

Roughness (SR) were calculated for each experimental run. 

Apart from the five input parameters, many other parameters 

like sensitivity, wire tension etc were kept constant in order 

to reduce their effect on actual machining. 

Factors Process Parameters 
Levels 

L1 L2 L3 

A Pulse on time (µ sec) 110 115 120 

B Pulse off time (µ sec) 45 50 55 

C Servo voltage (V) 20 30 50 

D Wire feed (mm/min) 2 4 6 

E Peak current (A) 50 100 150 

Table 2: Machining Parameters and their respective levels 
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A. Experimental Design 

Taguchi suggests two different routes to carry out the 

complete analysis. First, the standard approach, where the 

results of a single run or the average of repetitive  runs  are 

processed  through  main  effect  and  ANOVA  analysis (Raw 

data analysis).The second approach which Taguchi strongly 

recommends for multiple runs is to use signal- to- noise ratio 

(S/N) for the same steps in the analysis. The S/N ratio is a 

concurrent quality metric linked to the loss function. The 

analysis of S/N ration and ANOVA ware carried out to study 

the relative influence of machining parameters on the 

performance parameters. The S/N ratio characteristics can be 

classified into three categories, “larger-is-better”, “smaller-

is-better” and “normal-is-better”. For Material Removal Rate 

(MRR), gap voltage, gap current and cutting rate, “larger-is-

better” and for Surface Roughness (SR), “smaller-is-better” 

were selected for obtaining optimum machining parameters. 

According to the design of experiments, the input parameters, 

measured output parameters and respective S/N ratio were 

tabulated with respect to different output. 

1) Larger the better 

(𝑆 𝑁⁄ )𝐻𝐵 = −10log(𝑀𝑆𝐷𝐻𝐵) 

2) Smaller is better 

(𝑆 𝑁⁄ )𝐿𝐵 = −10log(𝑀𝑆𝐷𝐿𝐵) 

 
TON TOFF SV WF IP SR  MRR  

µ sec µ sec volt mm/min amp µm S/N ratio mm3/ min S/N ratio 

1 120 55 50 6 50 2.853 -9.106 5.3935 14.6374 

2 110 45 35 6 50 2.5 -7.9588 6.3649 16.0758 

3 115 45 50 4 100 3.126 -9.8998 7.861 17.9096 

4 110 50 50 2 150 1.773 -4.9742 3.3416 10.4791 

5 115 55 35 2 50 3.08 -9.771 5.3416 14.5534 

6 115 55 35 2 100 3.093 -9.8076 5.2389 14.3848 

7 115 50 20 6 50 3.333 -10.4567 8.4649 18.5524 

8 120 55 50 6 150 3.173 -10.0294 5.287 14.4642 

9 120 45 20 2 150 3.653 -11.253 12.6792 22.0618 

10 115 50 20 6 150 3.593 -11.1091 8.6974 18.7878 

11 115 55 35 2 150 2.906 -9.2659 5.435 14.704 

12 120 45 50 6 100 2.82 -9.005 5.2896 14.4685 

13 120 45 20 2 50 3.773 -11.5337 12.2545 21.7659 

14 115 45 50 4 50 3.046 -9.6746 7.7948 17.8361 

15 110 45 35 6 100 2.553 -8.141 6.561 16.3394 

16 115 45 50 4 150 2.826 -9.0234 7.4909 17.4907 

17 110 50 50 2 50 1.84 -5.2964 3.9922 12.0242 

18 115 50 20 6 100 3.42 -10.6805 8.3831 18.4681 

19 120 50 35 4 50 3.733 -11.4412 8.5234 18.6123 

20 110 55 20 4 150 2.833 -9.0449 3.8078 11.6135 

21 120 45 20 2 100 3.86 -11.7317 12.7117 22.0841 

22 110 55 20 4 100 2.78 -8.8809 3.7454 11.47 

23 120 50 35 4 150 3.846 -11.7002 8.4259 18.5123 

24 110 50 50 2 100 1.666 -4.4335 4.039 12.1255 

25 110 55 20 4 50 2.78 -8.8809 4.3987 12.8665 

26 110 45 35 6 150 2.6 -8.2995 6.7429 16.5769 

27 120 50 35 4 100 3.46 -10.7815 7.9234 17.9782 

Table 3: L-27 Orthogonal Array

IV. RESULT & DISCUSSION 

A. Effect on Surface Roughness 

 
Fig. 1: Effects of process parameters on Surface Roughness 

(S/N data) 

 
Fig. 2: Effects of process parameters interactions on Surface 

Roughness 

Fig. 1 illustrates that the surface roughness increases with 

increase in pulse on time and decreases with the increase in 

pulse off time and servo voltage. The surface roughness first 

increases and then decreases with increases in wire feed. The 

peak current doesn’t have any significant effect on the surface 
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roughness. It is also evident that surface roughness is 

minimum at first level of pulse on time and maximum at third 

level of pulse on time. Fig. 2 illustrates the interactions 

between the process parameters in affecting the surface 

roughness. 

In order to study the significance of the process 

parameters towards surface roughness, analysis of variance 

(ANOVA) was performed. The results of the ANOVA are 

represented in table 4. From this table, it is clear that pulse on 

time is the major influencing factor (contributing 62.03 % to 

performance measures), followed by servo voltage 

(contributing 31.68 %), wire feed (contributing 4.90 %), 

pulse off time (contributing 1.18 %) and peak current 

(contributing 0.21 %). 

Source Sum of Squares Df Mean Square F Value p-value Prob> F Percentage contributions 

Model 9.04 10 0.90 41.48 < 0.0001  

A-pulse on time 5.55 2 2.78 127.34 < 0.0001 62.03 

B-pulse off time 0.11 2 0.053 2.44 0.1189 1.18 

C-servo voltage 2.84 2 1.42 65.04 < 0.0001 31.68 

D-wire feed 0.44 2 0.22 10.09 0.0015 4.90 

E-peak current 0.018 2 9.001E003 0.41 0.6685 0.21 

Residual Error 0.35 16 0.022    

Total 9.39 26    100 

Table 4: Analysis of variance for Surface Roughness

B. Regression equation for surface roughness 

Regression coefficients of the second order equation are 

obtained by using experimental data. The regression equation 

for the surface roughness as a function of five input process 

parameters was developed and is given below: 

Surface Roughness = 2.96002 + 0.713609 X A + -

0.0531458 X B + -0.643063 X C + -0.306578 X D + 

0.0352674 X E + 0.525965 X AB + 0.123063 X AC + 0 X 

AD + 0.00945833 X AE + -0.434253 X BC + 0.210021 X 

BD + 0.0182917 X BE + 0 X CD + -0.00666667 X CE + 

0.0650625 X DE + -0.0845156 X A2 + 0 X B2 + 0 * C2 + 0 

X D2 + 0.00310938 X E2 

C. Effect on Material Removal Rate 

 
Fig. 3: Effects of process parameters on MRR (S/N data) 

 
Fig. 4: Effects of process parameters interactions on MRR 

Fig. 3 illustrates that the material removal rate increases with 

increase in pulse on time and decreases with the increase in 

pulse off time and servo voltage. The material removal rate 

first decreases and increases slightly with increase in wire 

feed. The peak current doesn’t have any significant effect on 

the material removal rate. It is also evident that material 

removal rate is minimum at first level of pulse on time and 

maximum at third level of pulse on time. Fig. 4 illustrates the 

interactions between the process parameters affecting the 

material removal rate. 

In order to study the significance of the process 

parameters towards surface roughness, analysis of variance 

(ANOVA) was performed. The results of the ANOVA are 

represented in table 5. From the table, it is clear that pulse off 

time is the major influencing factor (contributing 37.28 % to 

performance measures), followed by pulse on time 

(contributing 33.48 %), servo voltage (contributing 26.40 %), 

wire feed (contributing 2.01 %) and peak current 

(contributing 0.83 %). 

Source 
Sum of 

Squares 
Df 

Mean 

Square 

F 

Value 

p-value 

Prob> F 
Percentage contributions 

Model 9.04 10 0.90 41.48 < 0.0001  

A-pulse on time 5.55 2 2.78 127.34 < 0.0001 62.03 

B-pulse off time 0.11 2 0.053 2.44 0.1189 1.18 

C-servo voltage 2.84 2 1.42 65.04 < 0.0001 31.68 

D-wire feed 0.44 2 0.22 10.09 0.0015 4.90 

E-peak current 0.018 2 9.001E-003 0.41 0.6685 0.21 

Residual Error 0.35 16 0.022    

Total 9.39 26    100 

Table 5: Analysis of variance for Material Removal Rate
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D. Regression equation for Material Removal Rate 

Regression coefficients of the second order equation are 

obtained by using experimental data. The regression equation 

for the material removal rate as a function of five input 

process parameters was developed and is given below: 

Material Removal Rate = 6.89224 + 1.69463 X A + -

1.63766 X B + -2.13117 X C + -1.42084 X D + 0.0219128 

X E + 1.42905 X AB + 0.0906062 X AC + 0 X AD + 

0.045175 X AE + -0.32065 X BC + 1.44821 X BD + -

0.04595 X BE + 0 X CD + -0.0469708 X CE + 0.0397812 X 

DE + -0.763227 X A2 + 0 X B2 + 0 X C2 + 0 X D2 + 

0.0129484 X E2 

V. CONCLUSION 

On the basis of experimental results and their analysis, the 

general conclusions drawn for this work are presented below: 

 Regression Equation has been successfully used to 

develop the Surface Roughness and Material Removal 

Rate mathematical models. 

 The main significant factors that affect the Surface 

Roughness are Pulse on time and Servo Voltage. 

 The main significant factors that affect the Material 

Removal Rate are pulse on time pulse, off time and Servo 

voltage. 

The optimum set of process parameters for higher 

machining performance and performance parameters were 

tabulated. 
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