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Abstract 
In this paper, statistical and regression analysis of kerf width using design of experiments is proposed for WEDM 
operations. Experimentation was planned as per Taguchi’s L’32 (21 X 44) mixed orthogonal array. Each experiment has 
been performed under different cutting conditions of gap voltage, pulse ON time, pulse OFF time, wire feed and 
dielectric flushing pressure. Stainless steel grade 304L was selected as a work material to conduct the experiments. 
From experimental results, the kerf width was determined for each machining performance criteria. Analysis of 
variance (ANOVA) technique was used to find out the variables affecting the kerf width. Assumptions of ANOVA were 
discussed and carefully examined using analysis of residuals. Variation of the kerf width with machining parameters 
was mathematically modeled by using the regression analysis method. Finally, the developed model was validated with 
a new set of experimental data and appeared to be satisfactory. 
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Introduction 
Wire cut electro discharge machining (WEDM), a form of 
EDM, is a non-traditional machining method that is widely 
used to pattern tool steels for die manufacturing. WEDM 
uses electro-thermal mechanisms to cut electrically 
conductive material. The material is removed by a series 
of discrete discharges between the wire electrode and the 
work material in the presence of a dielectric fluid. Which 
creates a path for each discharge as the fluid becomes 
ionized in the gap. The region in which discharge occurs 
is heated to extremely high temperatures, so that the 
work surface is melted and removed. The flowing 
dielectric then flushes away the removed particles. The 
strength and hardness of the work materials are not 
significant factors in EDM. Only the melting point of the 
work material is an important property. Although WEDM 
machining is complex, the use of this machining process 
in industry has increased because of its capability in 
cutting complicated forms, especially created in hard 
materials (kanlyasiri & Boonmung, 2007). Among the 
various non-conventional 
machining methods available, 
EDM is the most widely used 
and successfully applies one 
for the difficult to machine 
materials (George et al., 
2004). WEDM has become 
the essential part of many 
manufacturing process 
industries, which need variety, 
precision and accuracy. 
Therefore, in order to improve 
the various performance 
characteristics in WEDM 

process, several researchers attempted previously. 
However, the full potential utilization of this machining 
process is not completely solved because of its complex 
and stochastic nature and the increased number of 
variables involved in the operation (Kuriakose et al., 
2005; Manna & Bhattacharyya, 2006; Ramakrishnan et 
al., 2006). The setting of machining parameters relies 
strongly on the experience of operators and machining 
parameter tables provided by machine tool builders. It is 
difficult to utilize the optimal functions of a machine owing 
to there being too many adjustable machining parameters 
(Mohammadi et al., 2008). The Taguchi’s dynamic 
experiments are simple, systematic and efficient method 
to determine optimum or near optimum settings of 
machining parameters (Chang et al., 2006; Mahapatra et 
al., 2007; Mohammadi et al., 2008). The analysis of 
variance (ANOVA) is widely used to consider effects of 
factors on responses. In experimental investigations, 
ANOVA is often employed prior to other statistical 
analysis. Then regression analysis which establishes a 

relation between 
independent variables and 
dependent variables is widely 
applied (Mohammadi et al., 
2008). Kerf width is one of 
the important performance 
measures in WEDM. Kerf 
width is the measure of the 
amount of the material that is 
wasted during machining. It 
determines the dimensional 
accuracy of the finishing part. 
The detailed section of the 
Kerf width is shown in Fig. 1.  

Fig 1. Details of kerf width (Mahapatra et al., 2007)
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The internal corner radius to be produced in 
WEDM operations are also limited by the Kerf 
width. The wire–workpiece gap usually ranges 
from 0.025 to 0.075 mm and is constantly 
maintained by a computer controlled 
positioning system. In WEDM operations, 
material removal rate (MRR) determines the 
economics of machining and rate of 
production. In setting the machining 
parameters, the main goal is the maximum 
MRR with the minimum Kerf width (kanlyasiri 
& Boonmung, 2007). 

The main purpose of this paper is to 
investigate effects of machining parameters 
on the kerf width of wire 
EDMed stainless steel 
grade 304L. From the basic 
principle and characteristic 
feature of the WEDM 
process for the machining 
of SS 304L, It has been 
observed that the 
machining parameters, 
such as gap voltage, pulse 
on-time, pulse off-time, 
wire feed and dielectric 
flushing pressure are the 
important controllable 
process parameters of 
the WEDM process, 
therefore, these 
machining parameters 
are used for the 
investigation. A proper 
design of experiments 
(DOE) is conducted to perform more accurate, less 
costly, and more efficient experiments. In the present 
research, an L’32 (21 X 44) Taguchi standard orthogonal 
array was selected for the design of experiments 
(Phadke, 1989). Analysis of variance (ANOVA) was used 
as the analytical tool in studying effects of these 
machining variables. Assumptions of ANOVA were 
discussed and carefully examined using analysis of 
residuals. A mathematical model was developed using 
multiple regression method to predict kerf width.  
Experimental details 
 Stainless steel grade 304L was applied as work 
material for experimentation. The chemical composition 
of the selected work material is shown in Table 1.  
Machine, electrode and dielectric 
 The experiments were carried out using CNC Ezeecut 
plus WEDM machine. Brass wire of 0.25 mm diameter 
was used as tool electrode in the experimental set up. 
This is a diffused wire of   brass of type Duracut-E. 
Blasocut 4000 strong that is used as a dielectric fluid was 

chosen for this experimentation. This is a 
water miscible metal working fluid.   
Planning of experiments 
 In each experiment, a 10 mm width of 
work material was made to cut. The work 
material height was selected as 15.75 mm, 
25 mm and 29.5 mm respectively for the 
three replications of the experiment. The 
reason for selecting the variable thickness is 
to obtain the results for wide range. Ideally, 
the kerf width is determined by the Eq. 1. But 
due to the spark and deflection in electrode 
(Mingqi et al., 2005), the wire gap varies 
during the operation. Therefore actual value 

of kerf width was measured 
by using the JOEL scanning 
electron microscope (SEM). 
It was measured in microns. 
  Kerf Width = (2Wg + d) 
 (1) 
 The machining 
parameters which 
vigorously affect the kerf 
width are identified based 

on experience, 
discussion made with 
the expert, survey of 
literature. Those are 
shown in Table 2. 
Data analysis 
 To obtain a reliable 
database, each 
experiment was 
repeated three times 
and the mean values 

were calculated. After all experiments are conducted, 
decisions must be made concerning which parameters 
affect the performance of a process and a mathematical 
model is developed to predict output amounts close to the 
actual amounts.  
Analysis of variance 
 Analysis of variance (ANOVA) for kerf width was 
performed to study influences of the wire EDM machining 
variables. It is used to test the null hypothesis with regard 
to the data gained through experiments. Through null 
hypothesis it is assumed that there is no difference in 
treatment means (H0: µ1 = µ2 = ….. = µa). Table 3 is 
ANOVA table for kerf width. Before any inferences can be 
made based on ANOVA table, the assumptions used 
through ANOVA process have to be checked. The 
assumptions underlying the ANOVA tell the residuals are 
determined by evaluating the following Eq. (Matoorian et 
al., 2008).  
eij = yij - ŷij       (2) 

Table 1. Chemical 
composition of 
Stainless Steel 

grade 304L. 
Chemical %
Chromium 18.37%
Nickel 8.19%
Manganese 1.80%
Copper 0.58%
Silicon 0.54%
Phosphorus 0.039%
Nitrogen 0.037%
Carbon 0.021%
Sulphur 0.019%
Fe Balance

Table 2. Selected machining parameters & their levels 

Factor Unit 
Level

1 2 3 4
Gap voltage Volts 75 100 - -

Pulse on time Milliseconds 0.12 0.16 0.15 0.08 
Pulse off time Milliseconds 0.5 0.6 0.7 0.8

Wire feed RPM 700 800 900 1000 
Flushing pressure Kgf/cm2 0.02 0.04 0.06 0.08 

Table 3. Analysis of variance for kerf width
Source DF Seq SS Adj SS Adj MS F P 
Gap voltage 1 225.78 225.78 225.78 2.87 0.107 
Pulse on time 3 2184.84 2184.84 728.28 9.27 0.001 
Pulse off time 3 144.34 144.34 48.11 0.61 0.616 
Wire feed 3 129.84 129.84 43.28 0.55 0.654 
Flushing  
pressure 3 1683.59 1683.59 561.20 7.14 0.002 

Error 18 1414.56 1414.56 78.59   
Total 31 5782.97     
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Where eij is the residual, yij is the corresponding 
observation of the experimental runs, ŷij is the fitted value. 
A check of the normality assumption may be made by 
constructing the normal 
probability plot of the residuals. 
Fig. 2 depicts normal plot of 
residuals. This plot is used to 
test the normal distribution of 
errors. If the underlying error 
distribution is normal, this plot 
will resemble a straight line 
(Montgomery, 2001). This 
distribution shown in Fig. 2 
presents that the error 
normality assumption is valid. 
Fig. 3 shows plotting of the 
residuals in time order of data 
collection. This method is 
helpful in checking 
independence assumption on 
the residuals. It is desired that 
the residual plot should contain 
no obvious patterns. Fig. 3 
presents that independence 
assumption on the residuals 
was fulfilled for this 
experiment. Fig. 4 shows plot 
of residual versus fitted values. 
The structure less distribution 
of dots above and below the 
abscissa (fitted values) shows 
that the errors are 
independently distributed and 
the variance is constant 
(Montgomery, 2001). 
Therefore, it can be concluded 
that the assumption of 
constant variance of residuals 
was satisfied. Now those 
assumptions are proved not to 
be violated through this 
experimentation it can be 
relying on ANOVA results. 
Confidence level is chosen to be 
95% in this study. So the p values 
which are less than 0.05 indicate that 
null hypothesis should be rejected, 
and thus the effect of the respective 
factor is significant. The variance 
ratio denoted by F in ANOVA tables, 
is the ratio of the mean square due 
to a factor and the error means 
square. In robust design F ratio can 
be used for qualitative understanding 
of the relative factor effects. A large 
value of F means that the effect of 
that factor is large compared to the 

error variance. So the larger value of F, the more 
important that factor is in influencing the process 
response (Matoorian et al., 2008). In present study, from 

Table 3, the most important 
factor was pulse on time with 
9.27 F ratio and dielectric 
flushing pressure with 7.14 F 
ratio. The importance of other 
factors based on the F ratio 
was respectively gap voltage, 
pulse off time and wire feed. 
Table 4 provides information 
about proportionality of 
influential factors with regard 
to ANOVA results. 
Regression analysis 
 Regression analysis is 
performed to find out the 
relationship between factors 
and kerf width. In conducting 
regression analysis, it is 
assumed that factors and the 
response are linearly related 
to each other. A multiple 
regression technique was 
used to formulate the gap 
voltage, pulse on time, pulse 
off time, wire feed and 
dielectric flushing pressure to 
the kerf width. For the sake of 
accuracy all five factors were 
used to formulate the 
equation. In general, the units 
of process factors differ from 
each other. Even if some of 
the factors have the same 
units, not all of these factors 
will be tested over the same 
range. Since factors gap 
voltage, pulse on time, pulse 
off time and flushing pressure 
have different units and 

different ranges in the experimental 
data set, regression analysis should 
not be performed on the raw or 
natural factors themselves. Instead 
they must be normalized before 
performing a regression analysis. 
The normalized factors are called 
coded factors. In this study, coded 
factors of gap voltage, pulse on time, 
pulse off time, wire feed and 
dielectric flushing pressure are used 
as the independent factors in the 
regression analysis. A coded factor 
must be defined for each of the 
actual factor. Regression analysis is 

Table 4. Summarization of factor effects 
for kerf width. 

Factors 
Significance 

level 

Proportionality 
with regard to 

surface 
roughness 

Gap 
voltage 

Less 
significance Reciprocal 

Pulse 
on time 

Most 
significance 

Direct 

Pulse 
off time 

Less 
significance 

Reciprocal 

Wire 
feed 

Less 
significance 

Direct 

Flushing 
pressure 

Most 
significance 

Direct 
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then performed on the response 
variable as a function of coded 
factors. The general model to 
predict the kerf width over the 
experimental region can be 
expressed as Eq. 3. 
 y = β0 + β1x1 + β2x2 + β3x3 + β4x4 + β5x5    (3) 
 Where, y is the response and x1, x2, x3, x4, x5 are the 
coded factors respectively. βs are regression coefficients. 
The derived regression equation is as follows 
Kerf width = 296 + 10.1 Gap voltage + 8.03 Pulse on time 
– 0.71 Pulse off time  
+ 5.52 wire feed – 11.8 Flushing pressure  (4) 
From eqn. 4, the factors gap voltage, pulse on time and 
wire feed have an additive effect on the kerf width and 
pulse off time and flushing pressure have negative impact 
on kerf width. Analysis of the residuals of the model 
shown in Eq. 4 was performed to test assumptions of 

normality (fig. 5), independence (Fig. 6), and constant 
variance (Fig. 7) of residuals. The quantitative test 
methods mentioned earlier were employed again, and 
none of the assumptions was violated. 

Analysis of variance was derived to examine the null 
hypothesis for the regression model that is presented in 
Table 5. The results indicate that the estimated model by 
the regression procedure is significant at the α–level of 
confidence (0.05). R-squared (R2) amount was calculated 
to check the goodness of the fit. R2 is a measure of the 
amount of reduction in the variability of response 
obtained by using the regressor variables in the model. 
Because R2 always increases as we add terms to the 
model, some regression model builders prefer to use an 
adjusted R2 statistic. In general, the R2

adj statistic will not 
always increase as variables are added to the model. In 
fact, if unnecessary terms are added, the value of R2

adj 
will often decrease. When R2 and R2

adj differ dramatically, 
there is a good chance that non significant terms have 
been included in the model (Montgomery, 2001).  For this 
experiment the R2 value indicates that the predictors 
explain 85.5% of the response variation. Adjusted R2 for 
the number of predictors in the model was 82.2% both 
values shows that the data are fitted well. 
 The prediction model was then validated with another 
set of data. Table 6 shows verification of the tests results 
for kerf width. The predicted machining parameters 
performance is compared with the actual machining 
performance and a good agreement is observed between 
these performances. In Table 6 process factors are 
shown in terms of natural factors and their corresponding 
coded factors. In order to evaluate the accuracy of the 
prediction model, percentage error and average 
percentage error were used. Percentage of prediction 
errors is shown in the last column of Table 6. The 
maximum prediction error was 3.4% and the average 
percentage error of this method validation was about 

1.47%. As a result, the 
prediction accuracy of 
the model appeared 
satisfactory. Fig. 8 
shows the scanned 
electron microscope 
picture of one specimen. 

Conclusions  
 This paper illustrates that the application of statistical 
analysis coupled with Taguchi design of experiments is 
simple, effective, and efficient in developing a robust and 
versatile EDM process. Results from this study were in 
agreement with findings in literature in which kerf width of 
EDMed workpiece depended on gap voltage, pulse on 
time, pulse off time, wire feed and flushing pressure (3, 6, 
8 & 9). Although those research efforts performed on 
different materials other than SS304L, the outcomes were 
in accordance. The parameters affecting the kerf width 
were identified using ANOVA technique. Assumptions of 
ANOVA were tested using residual analysis. After careful  

T                        Table 5. ANOVA for regression analysis 

Source DF SS MS F P 
Regression 5 4321.74 864.35 25.87 0.000 
Residual 
Error 

22 734.94 33.41   

Total 27 5056.68  
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testing, none of the assumptions was violated. Results 
showed that, pulse on time and dielectric flushing 
pressure are the most significant factors, while gap 
voltage, pulse off time and wire feed are the less 
significant factor to the kerf width of wire EDMed SS304L. 
Finally a mathematical model was developed using 
multiple regression method to formulate the gap voltage, 
pulse on time, pulse off time, wire feed and dielectric 
flushing pressure to the kerf width. The developed model 
showed high prediction accuracy within the experimental 
region. The maximum prediction 
error of the model was less than 
4% and the average percentage 
error of prediction was less than 
2%. 
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Fig. 8. SEM picture of Kerf width


