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Abstract— This paper presents the investigation on material removal rate of EN-31 alloy steel using wire-cut EDM process. Process parameters (pulse-on-
time, pulse-off-time, spark gap voltage, wire feed) were investigated using Taguchi's robust design methodology. The EN-31 alloy steel is used as a work piece, 
brass wire of 0.25mm diameter used as a tool and distilled water is use as dielectric fluid for experimentation Taguchi L16, orthogonal array has been used. The 
relative significance of various factors has also been evaluated and analyzed using ANOVA. The experimental results reveal that the most significant machining 
parameter for material removal rate is pulse-on-time, followed by pulse-off-time. The material removal rate increases with increase in Pulse on time, Wire feed 
and decreases with increase in Pulse off time and nominal with increase in Spark voltage. The predicted values and measured values are in good agreement as ob-
served by further confirmation experiments. 
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1 INTRODUCTION                                                             

Recent developments in mechanical industry have fuelled 
the demand for materials having high toughness, hard-
ness and impact resistance. These materials are difficult to 
machine with traditional methods. (Mahapatra, 2006). 
Due to advent of new materials and globalization, the 
need to reduce the cost of machining and meeting the 
stringent customer requirements has arisen. This re-
quirement has become more important due to the use of 
nontraditional machining processes like EDM, USM and 
Laser beam machining to machine hard to cut materials 
and very complex shapes. The common application of 
wire electrical discharge machining include the fabrica-
tion of stamping and extrusion tools and dies, fixtures 
and gauges, prototypes, aircraft and medical parts and 
Grinding wheels form tools. Recent development in tech-
nology has led to the vast use of engineering materials 
with high strength and hardness. Traditional machining 
processes have been replaced by nontraditional manufac-
turing processes such as wire electrical discharge machin-
ing (Ho et al., 2004). Kunieda and Furudate, (2001) inves-
tigated with High precision finish cutting by dry WEDM. 
The largest single use of EDM is in die making. Tosun and 
Cogun, (2003) evaluated the effect of cutting parameters 
on the wire wear ratio of the AISI 4140 steel using brass 
wire. Three parameters such as cutting speed, feed rate 
and depth of cut were selected to minimize the surface 
roughness. It was found that, increasing the pulse dura-
tion and open circuit voltage increased the wire wear ra-
tio (WWR), whereas increasing the speed decreased it. 
Puri and Bhattacharyya, (2003) presented machinability 
study in the wire lag phenomenon in WEDM and the 
trend of variation of the geometrical inaccuracy caused 

due to wire lag with various machine control parameters 
has been established. It was found that, the main influen-
cing factors are determined for given machining criteria, 
such as average cutting speed, surface finish characteristic 
and geometrical inaccuracy caused due to wire lag.  Man-
na and Bhattacharyya, (2006) established mathematical 
models relating to the machining performance criteria 
like MRR, SR, spark gap and gap current using the Gauss 
elimination method for effective machining of Al/SiC-
MMC.  Mahapatra and Patnaik, (2006) outline the devel-
opment of a model and its application to optimize WEDM 
machining parameters. Experiments are conducted to test 
the model and satisfactory results are obtained. Mahapa-
tra and Patnaik, (2007) developed relationships between 
various process parameters and responses like MRR, SR 
and kerf by means of non-linear regression analysis and 
then employed genetic algorithm to optimize the WEDM 
process with multiple objectives.   Menzies and Koshy, 
(2008) investigated the machinability of hybrid wire EDM 
process that utilizes a wire embedded with electrically 
non-conducting abrasives as machining speed and surface 
integrity continue to be issues of focus in current wire 
EDM research. It was found that, the removal rate and 
generate surfaces with minimal recast material, in com-
parison to an equivalent wire EDM process. Gadakh, 
(2012) used TOPSIS method for solving multicriteria op-
timization problem in wire electro discharge machining 
process. It was found that, the optimal process parameter 
selection a good amount of research has been done using 
this area (TOPSIS). Nayak and Mahapatra, (2013) used 
AHP and TOPSIS method for optimization of multires-
ponses such as MRR, surface finish, and kerf. It was 
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found that, the methodology is capable of optimizing any 
type of problem with any number of responses.  Ikram et 
al., (2013) reported the optimization of wire electrical dis-
charge machining for tool steel D2 using Taguchi’s 
L18orthogonal array, with eight control factors on material 
removal rate (MRR), surface roughness and kerf in 
WEDM process. Results show that MRR increases and 
surface roughness decreases with increase in pulse-on 
time, open voltage. MRR decreases with increase in servo 
voltage. Kerf increases with increase in open voltage, 
pulse-off time and wire tension. Surinder Kumar et al., 
(2014) proposed an approach for WEDM of a EN-31 alloy 
steel using brass wire. Four parameters such as pulse-on-
time, pulse-off-time, spark gap voltage, wire feed were se-
lected to maximize the material removal rate. It was con-
cluded that the Pulse-on time (Ton) major factor affecting 
the MRR. The MRR increases with increase in Pulse on 
time, Wire feed and decreases with increase in Pulse off 
time and nominal with increase in Spark voltage. A com-
prehensive literature review has been performed on vari-
ous aspects of WEDM process and has been summarized 
in Table 1. It is evident from the literature review; almost 
no investigation has been performed on the machinability 
of EN-31 Alloy Steel WEDM process. Moreover the inves-
tigations reported on WEDM of the other conventional 
materials (listed in Table 1) have been focused on parame-
tric optimization of WEDM process with MRR as the res-
ponses of interest. In this paper Taugchi’s DOE approach 
is used to analyze the effect of WEDM process parameters 
– pulse-on-time, pulse-off-time, spark gap voltage and 
wire feed on the material removal rate by using brass 
wire on EN-31 alloy steel and optimal setting of these 
rameters is found that may result in maximizing material 
removal rate. 

 
2. METHODOLOGY 
2.1 Single response optimisation 
 

The Taguchi approach for predicting the mean perfor-
mance characteristics and determination of confidence in-
tervals for the predicted mean has been applied. Three con-
firmation experiments for each performance characteristics 
have been performed at optimal settings of the process pa-
rameters and the average value has been reported for ma-
terial removal rate. The Taguchi method is a commonly 
adopted approach for optimizing design parameters. The 
method was originally proposed as a means of improving 
the quality of products through the application of statistic-
al and engineering concepts. It is a method based on Or-
thogonal Array (OA) experiments, which provides much-
reduced variance for the experiment resulting is optimum 
setting of process control parameters. Orthogonal Array 
(OA) provides a set of well-balanced experiments (with 
less number of experimental runs) and Taguchi’s signal-to-

noise ratios (S/N), which are logarithmic functions of de-
sired output, serves as objective function in the optimiza-
tion process. The standard S/N ratios generally used are as 
follows: - Nominal-is-Best (NB), lower-the-better (LB) and 
Higher-the-Better (HB). The optimal setting is the parame-
ter combination, which has the highest S/N ratio. In this 
study, material removal rate is taken “higher the better” 
type. The corresponding loss function can be expressed as 
follows (Ross, 1988). 
Larger the better: 
                 S/N = 10 Log 1

𝑛𝑛
 ∑ 1

𝑦𝑦2                                              (1) 

“Where n is the number of observations, y is the observed 
data”. The material removal rate (MRR) will be calculated 
using equation (2) this equation has been used by Rao et al. 
(2010). 
MRR=F×Dw×H                                                                          (2) 
Where F is the machine feed rate [mm/min], Dw is wire di-
ameter [mm] and H is piecework thickness [mm] and MRR 
is material removal rate [mm3 /min]. 

         
      3. EXPERIMENTATION 

Experiments were performed on Electronica Ecocut CNC 
wire electrical discharge machine to study the material 
removal rate affected by machining process variable at 
different setting of pulse-on time, pulse-off time, spark 
gap set voltage and wire feed. L16 orthogonal array with 
four input variables was selected for experimentation. 
Figure 1 shows the experimental setup of the WEDM. Ta-
ble 2 and Table 3 show the various process parameters 
with their values at four levels and L16 orthogonal array 
respectively. EN-31 alloy steel (1.00% C, 0.20% Si, 0.50% 
Mn, 1.40% Cr) block of thickness 40 mm was used as 
work material. Work piece material, EN-31 plate size with 
40 thk x 205 width x 205 length was used for all experi-
mental investigations. A pure brass wire with a diameter 
0.25mm was used as an electrode to erode a work piece, 
alloy steel EN 31. Electrolytic water was used as the di-
electric fluid. The EN-31 alloy steel before machining as 
shown in Figure 2. The En-31 alloy steel after machining 
as shown in Figure 3. 
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Table 1: Summary of Recent Machining Optimizatio Technique 
 

 
 
 

 

 
Figure 1: Experimental setup Wire Cut Electrical Discharge Ma-

chining 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 2: Work piece & Brass wire before Wire Cut Electrical 

Discharge Machining 
 
           

Summarizes the Review of Literature 

 
Sr.  No. 

Year /Author 
Cutting Tool 

Materials 
Input Parameters 

Output Res-
ponses 

Techniques Researcher’s Findings 

1 Mahapatra  (2007) D2 tool steel 

Discharge current, Pulse 
duration, 

Pulse frequency,  wire 
tension, Dielectric flow 

rate, wire feed 
 

MRR, Surface 
Roughness and 

kerf width 

Taguchi's L27 
orthogonal 
array and 
regression 

analysis 

It was found that, the Discharge current, 
pulse duration; dielectric flow rate and 

the interaction between discharge current 
and pulse duration are most significant 

Parameters for cutting operation. 

2 
Ramakrishnan and 

Karunamoorthy  
(2006) 

Heat treated 
tool steel 

Pulse-on time, wire ten-
sion, feed speed, ignition 

current intensity, 
delay time, 

wire 

MRR,  wire 
wear ratio and 

surface 
roughness 

 

Taguchi's L16 
orthogonal 

array 

It was found that, the Pulse-on time and 
ignition current had influenced more 

than the other parameters on MRR, SR 
and WW Ratio. 

3 
Jangra, Grover and  

Aggarwal (2011) 
WC-Co com-

posite 

Pulse-on time, pulse-off 
time,  peak current, 

wire tension, 
dielectric flow rate, taper 

angle 

MRR, surface 
and 

roughness 

GRA along 
with 

Taguchi me-
thod 

It was found that, the Taper angle, pulse-
on time and pulse-off time are the most 

significant parameters affecting the MRR 
and surface roughness. 

4 
Azhiri, Teimouri, 

Ghameshi and 
Leseman (2013) 

Al/SiC metal 
matrix 

composite 

Pulse-on time, pulse-off 
time, Discharge current, 
Gap voltage, Wire feed 

rate, Wire tension 

Cutting veloci-
ty and 

Surface rough-
ness 

Taguchi's L27 
orthogonal 

array and GRA 

It was found that, the Pulse-on time and 
current are the most significant factors 
for cutting velocity and surface rough-

ness. 

5 
Fard, Afza and 
Teimouri (2013) 

Al-SiC metal 
matrix compo-

site 

Pulse-on time, pulse-off 
time, 

Wire feed 
rate, Wire tension, Dis-

charge current, 
Gap voltage, 

Surface rough-
ness and  Cut-
ting velocity 

 

Taguchi's L27 
orthogonal 

array and AN-
FIS 

It was found that, the Pulse-on time and 
discharge current are the most significant 

factors for cutting velocity and surface 
roughness. Oxygen gas and brass wire 

gives superior cutting velocity. IJSER
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Figure 3: Work piece after Wire Cut Electrical Discharge Ma-

chining & profile in the form of bars 
 

Table 2: L16 orthogonal array with parameters  

Pa-
ra
me
ter
→                                            
No 
of 
Ex
pt.
↓ 

T
i
m
e
-
o
n 
(
µ
s 

) 

T
i
m
e 
–
o
f
f 
(
µ
s 

) 

W
.
F 
(
k
g
f
) 

S
.
V
. 
v
o
l
t
s 

Sr. 
no. A B C D 

1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 1 4 4 4 
5 2 1 2 3 
6 2 2 1 4 
7 2 3 4 1 
8 2 4 3 2 
9 3 1 3 4 
10 3 2 4 3 
11 3 3 1 2 
12 3 4 2 1 
13 4 1 4 2 
14 4 2 3 1 
15 4 3 2 4 
16 4 4 1 3 

 
Table 3: Process Parameters, Symbols and Ranges 

Input Pa-
rameters 

Sym-
bols Level 1 Level 2 Level 3 Lev-

el 4 
Pulse on 
time µs A 10

5 
11
0 

11
5 120 

Pulse off 
time µs B 25 35 40 45 

Wire feed 
kgf C 5 7 9 11 

Spark vol- D 35 40 45 50 

tage volts 
 

Table 4: Test data summary for MRR 
Parameters→                                 
No of Expt.↓ 

Time- 
on 

(µs ) 

Time-
off  

(µs ) 

W.F.           
(kgf) 

S.V.                   
(volts) 

MRR 
(mm3/min) 

1 105 25 5 35 8.42 
2 105 35 7 40 6.67 
3 105 40 9 45 5.9 
4 105 45 11 50 4.3 
5 110 25 7 45 12.3 
6 110 35 5 50 11.4 
7 110 40 11 35 10.67 
8 110 45 9 40 9.37 
9 115 25 9 50 15.23 

10 115 35 11 45 14.67 
11 115 40 5 40 12.1 
12 115 45 7 35 10.4 
13 120 25 11 40 25.89 
14 120 35 9 35 22.86 
15 120 40 7 50 17.78 
16 120 45 5 45 13.97 
 

    

TMRR = 
12.617 

mm3/min 
 

4. RESULTS AND DISCUSSION 
 

The results were analyzed using S/N ratio, response table & 
response graphs with help Minitab-16 software. Input para-
meters were set & OA L16 was selected for experiment to get 
results for material removal rate values as follow. From Table 
4 it has been found that the maximum MRR of 
25.892mm3/min is achieved in trial 13 at pulse on time (120 
µs), pulse off time (25 µs), wire feed (11 kgf) and spark 
voltage (40 volts). The highest level of Pulse on time, lowest 
Pulse off time, highest level Wire feed and moderate spark 
voltage resulted in maximum MRR. The MRR of 5.3mm3/min 
is obtained with trial 4, at the lowest pulse on time (105 µs), 
highest level Pulse off time (45 µs), highest Wire feed (11 
kgf) and largest Spark voltage (50 volts). Response tables for 
MRR as shown in Table 5. Table 5 shows that pulse on time 
contributes the highest effect (∆ = 13.787) followed by pulse 
off time (∆ = 5.965) and wire feed (∆ = 2.425).  The response 
curves for the individual effects of four process parameters 
for the value of material removal rate plotted as shown in 
Figure 4. The response graphs for material removal rate as 
shown in Figure 4. It is evident from the Figure 4 that the 
material removal rate is maximum at 4th level of pulse on 
time (A4), 1st level of pulse off time (B1), 4th level of wire feed 
(C4), 2nd level of spark voltage (D2). The results indicate that 
the material removal rate increases with increase in pulse on 
time, wire feed and decreases with increase in pulse off time 
and nominal with increase in spark voltage. Analysis of 
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Variance for material removal rate was performed to study 
effect of wire cut EDM parameters shown in table 6. Confi-
dence level is chosen to be 95% in this study. So the P value 
which are less than 0.05 indicate that insignificant should be 
rejected. The variance ratio denoted by F in ANOVA table, is 
the ratio of the mean square and the error mean square due 
to a factor. The large value of F means that effect of that 
factor is large as compared to error variance. In table 6 
shows that Pulse on time & pulse on time are significant 
factor due to values of P less than 0.05, Wire feed & Spark 
voltage are insignificant factors due to higher values. In table 
6 shows that from the ANOVA result, it is concluded that 
pulse on time and pulse off time have significant effect on 
material removal rate while wire feed and spark voltage has 
no effect at 95% confidence level.  

 
Table 5: Response Table for Means 

Levels Time-on 
(µs ) 

Time-
off(µs) 

W.F. 
(kgf) 

S.V. 
(volts) 

1 6.323 15.460 11.458 13.088 
2 10.935 13.900 11.788 13.508 
3 13.100 11.613 13.340 11.695 
4 20.110 9.495 13.883 12.178 

Delta 13.787 5.965 2.425 1.813 
Rank 1 2 3 4 

 
Table 6: Analysis of variance for material removal rate 
Source DF SS V F P 

Time-on(µs) 3 395.313 131.771 58.79 0.004 
Time-off (µs ) 3 81.939 27.313 12.19 0.035 

W.F.(kgf) 3 16.627 5.542 2.47 0.238 
S.V.(volts) 3 8.230 2.743 1.22 0.436 

Error 3 6.724 2.241   
Total 15 508.833    

SS = sum of squares, DOF = degrees of 
freedom, variance (V) = (SS/DOF), T = 
total, SS/ = pure sum of squares, P = 
percent contribution, e = error, Fratio  = 
(V/error), Tabulated F-ratio at 95% 
confidence level F0.05; 1; 3= 10.1, * Sig-
nificant at 95% confidence level. S = 
1.49709, R-Sq =98.68%, R-Sq (adj.) 
=93.39% 
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Figure 4: Main effects Plot for Means 
 

The optimal material removal rate (µMRR) is predicted at the 
selected optimal setting of process parameters. The parame-
ters and their selected levels are shown in Table 7. Three 
confirmation experiments are done at the optimal settings of 
the WEDM process parameters recommended by the inves-
tigation. Therefore, the optimum material removal rate 
(MRR= 25.89 mm3/min.) was obtained under the earlier-
mentioned cutting condition on the WEDM machine. The 
significant parameters with optimal levels are already se-
lected as: A4 and B1 (Ross, 1996). 
µMRR = TMRR + (A4 - TMRR) + (B1 - TMRR)                 (3)   
Where, TMRR = overall mean of material removal rate = 12.617 
mm3/min. (from table 4) 
A4 and B1 are the mean values of material removal rate with 
parameters at optimum levels, 
A4=20.110 mm3/min, B1=15.460 mm3/min. (from table 5) 
Hence µMRR = 22.953 mm3/min. 

                   (4)     

Where Fα; (1, fe) = F0.05; (1; 3) = 10.1 (tabulated)  
α = risk = 0·05, fe = error DOF = 3 (table 6) 
 N = total number of experiments = 16 
Ve = error variance = 2.241 (from table 6) 
Total DOF associated with the mean (µMRR) = 12, Total trial 
=16, N=16×3 = 48,  
neff = effective number of replications  
= N/ {1 + [Total DOF associated in the estimate of mean]} = 
48 / (1 + 12) = 3.69 
R = number of repetitions for confirmation experiment = 3 
A confidence interval for the predicted mean on a confirma-
tion run is ±3.698 using Equation (3) 
The 95% confidence interval of the predicted optimal ma-
terial removal rate is:  
[µ MRR − CI] < µ  MRR < [µ  MRR + CI] i.e. 19.255< µMRR< 26.651     
Equation (4) 
Three confirmation experiments are done at the optimal 
setting of the WEDM process parameters recommended by 
the investigation. Table 8 shows the single response optimi-
zation results. Table 9 shows the confirmatory experimental 
results. The mean values of the responses from these expe-
riments are found to be within the confidence Interval. Table 
10 shows the comparison of results between predicted 
optimal value and actual value for material removal rate. 
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Table 7: Parameters and their selected levels  

 
Table 8: Single Response Optimization Results 

Method Characteris-
tics 

Optimal condi-
tion 

Optimal 
Predicted 

Value 
Single 

Response 
Optimiza-

tion 

material 
removal 

rate 
A4 B1 C4 D2 22.953mm3/

min 

 
Table 9: Confirmatory Experimental Result 

 
Table 10: Actual value for Material Removal Rate 

 
 

5. CONCLUSIONS 
 

In this research part, the effect of machining parameters on 
the machining outputs of EN-31 alloy steel was investi-
gated experimentally in wire cut electric discharge ma-
chining. 
 

Pulse-on time (Ton) was found to be the major factor af-
fecting the MRR. The MRR increases with increase in 
Pulse on time, Wire feed and decreases with increase in 
Pulse off time and nominal with increase in Spark voltage. 

 
      It is concluded that, the maximum MRR of 25.89mm3/min 

is achieved in trial 13 at Pulse on time (120 µs), Pulse off 
time (25 µs), Wire feed (11 kgf) and Spark voltage (40 
volts). The highest level of Pulse on time, lowest Pulse off 
time, highest level Wire feed and moderate Spark voltage 
resulted in maximum material removal rate. 

 
      ANOVA result, it is found that A and B have significant e 

fect on MRR. C and D have no effect at 95% confidence 
level. It is found that pulse on time is more significant fac-
tor than other parameters, whilst pulse off time is the least 
significant parameter. 

 
      The predicted range of the optimal material removal rate 

is: 19.255 < µMRR (mm3/min) < 26.651 
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