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Abstract— The non-conventional machining process of wire-

electrical discharge machining (WEDM) possesses much 

compensation over traditional machining during the 

production of Mild Steel parts. However, certain detrimental 

effects are also present .An experimental investigation was 

conducted to determine the main machining parameters 

which contribute to material removal rate (MRR) and surface 

roughness (SR) in WEDM of mild steel. In WEDM 

operations, MRR determine the finances of machining and 

rate of production, surface finish is the measure of quality. 

Suitable selection of process parameters is important to 

obtain good surface finish and higher MRR. In setting the 

machining parameters, particularly in rough cutting 

operation, the goal is the maximization of MRR, 

minimization of SF. This process relies deeply on the 

experience of the operators. 
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I. INTRODUCTION 

A. Wire Electric Discharge Machining: 

Wire-electric discharge machining (WEDM) is a non-

conventional machining process in which a pulsed voltage 

difference between a wire electrode and a conductive work 

piece inductees sparks which erode work piece material. 

Removing material in such a way is often beneficial when the 

work piece material would be hard to machine with outdated 

machine tools due to high strength, hardness, toughness, etc. 

This process has been used in profitable machine tools for 

nearly half a century. It is well known that the WEDM 

process has a detrimental impact on the surface integrity of 

machined surfaces. Each spark melts a small portion of the 

work piece. A portion of this molten material is expelled and 

flushed away. So WEDM cut parts must often be post-

processed to remove the negatively affected material. 

Furthermore, the surface integrity effects are dependent upon 

both the WEDM process parameters and the chemical 

composition of the work piece. 

B. Mechanism of Material Removal in WEDM 

WEDM is the most widely used non-conventional machining 

process. Despite the fact that the mechanism of material 

removal of WEDM process is not yet completely understood 

and is still debatable, the most widely established principle is 

the conversion of electrical energy into thermal energy 

through a series of discrete electrical discharges occurring 

between the electrode and work piece immersed inside a 

dielectric medium and separated by a small gap. Material is 

removed from the work piece by localized melting and even 

vaporization. The sparks are created in between two 

electrodes in presence of dielectric liquid. A simple 

explanation of the erosion process due to the discharge is 

presented in Fig. 1.2. There is no mechanical contact between 

the electrodes (held at a small distance) and a high potential 

difference is applied across them (Fig. 1.2(b)). As the 

electrode moves towards the work piece and enhances the 

electric field in the gap, until the breakdown voltage of the 

dielectric is reached. The spot of breakdown is normally 

between the closest points of the electrode and of the work 

piece, but it also depends on particles or debris present in the 

gap. When the breakdown takes place, the voltage falls and 

the current rises abruptly.  

C. Advantages of WEDM  

 Any material that is electrically conductive can be cut 

using the WEDM process. 

 Hardened work pieces can be machined eliminating the 

deformation caused by heat treatment. 

 X, Y, and Z axes movements allow for the programming 

of complex profiles using simple electrode. 

 Complex dies sections and molds can be produced 

accurately, faster, and at lower costs. Due to the modern 

NC control systems on die sinking machines, even more 

complicated work pieces can be machined. 

 The high degree of automation and the use of tool and 

work piece changers allow the machines to work 

unattended for overnight or during the weekends. 

 Forces are produced by the WEDM-process and that, as 

already mentioned, flushing and hydraulic forces may 

become large for some work piece geometry. The large 

cutting forces of the mechanical materials removal 

processes, however, remain absent. 

 Thin fragile sections such as webs or fins can be easily 

machined without deforming the part.  

D. Limitation of WEDM: 

 The need for electrical conductivity –   To be able to 

create discharges, the work piece has to be electrically 

conductive. Isolators, like plastics, glass and most 

ceramics, cannot be machined by WEDM, although 

some exception like for example diamond is known. 

Machining of partial conductors like Si semi-conductors, 

partially conductive ceramics and even glass is also 

possible. 

 Predictability of the gap - The dimensions of the gap are 

not always easily predictable, especially with intricate 

work piece geometry. In these cases, the flushing 

conditions and the contamination state of differ from the 

specified one. In the case of die-sinking WEDM, the tool 

wear also contributes to a deviation of the desired work 

piece geometry and it could reduce the achievable 

accuracy. Intermediate measuring of the work piece or 

some preliminary tests can often solve the problems. 
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 Low material removal rate- The material removal of the 

WEDM-process is rather low, especially in the case of 

die-sinking WEDM where the total volume of a cavity 

has to be removed by melting and evaporating the metal. 

With WEDM only the outline of the desired work piece 

shape has to be machined. Due to the low material 

removal rate, WEDM is principally limited to the 

production of small series although some specific mass 

production applications are known.     

II. LITERATURE REVIEW 

A. Material Removal Rate (MRR) 

Mohri et al. (2000) [7] observed that peak current (Ip) has 

significant influence on MRR in WEDM. Similar observation 

has also been reported by many researchers [14-16] Increase 

in peak current leads to enhancement of spark energy which 

in turn causes formation of large number of craters having 

higher depth. As a consequence, MRR increases. 

B. Effect of Multiple Discharges of EDM/WEDM 

Zhon and Han [25] worked on servo system for EDM, 

adaptive control of with self-turning regulator a new EDM 

adaptive control system which directly and automatically 

regulates tool-down-time has been developed. Based on the 

real-time-estimated parameters of the EDM process model, 

by using minimum-variance control strategy, the process 

controller, a self-tuning regulator, was designed to control the 

machining process so that the gap states follow the specified 

gap state. With a properly selected specified gap states, this 

adaptive system improves the machining rate by, 

approximately, 100% and in the meantime achieves a more 

robust and stable machining than the normal machining 

without adaptive control. This adaptive control system helps 

to gain the expected goal of an optimal machining 

performance. 

III. PROBLEM IDENTIFICATION 

From the obtainable works, it can be seen that though some 

work has been described on influence of WEDM variables on 

surface integrity, and other responses of the machined 

surface, no attempt has so far been made to systematically 

optimize the process variables with a view to obtain 

satisfactory MRR and SR.  

 Furthermore, some study has been reviewed in the 

past literature, on WEDM of different grade tool steel which 

primary dealt with optimization of WEDM parameters for 

favorable MRR, SR, TWR and OC. Hence, the important 

aspect of surface integrity of different tool steel which is one 

of the vital materials in mould making industries has not been 

reported so far. 

IV. OBJECTIVE OF PRESENT WORK 

The objective of the current work is an attempt to conclusion 

possibility of machining Mild Steel using copper electrode 

wire. The machining parameter certain for discharge current, 

pulse on time, pulse off time and servo feed using L27 

orthogonal array based on Taguchi design method analyzing 

the responses MRR and SR. and optimized by using grey 

relation analysis.  

A. Experimental Set-Up  

In this experiment the entire work can be down by Wire 

Electric Discharge Machining, model Electronica 

EZEECUT-WEDM with servo-feed (constant gap) and 

positive polarity for electrode was used to deportment the 

experiments. Distil water as a dielectric fluid, with side 

flushing of copper tool. Experiments were accompanied with 

positive polarity of electrode. 

B. Evaluation of MRR- 

The MRR is expressed as the ratio of the difference of weight 

of the workpiece before and after machining to the machining 

time and density of the material. 

𝑀𝑅𝑅 =
𝑊𝑗𝑏 − 𝑊𝑗𝑎

𝑡 ×  𝜌
 

Whereas Wjb = Weight of work piece before                       

machining. 

Wja = Weight of work piece after machining  

t = Machining time  

   = Density of mild steel material   

C. Measurement of Surface Finish 

 

D. Taguchi Design Experiments in Minitab 

Taguchi strategies provide a powerful and efficient method 

for designing products that operate reliably and optimally 

over a variety of conditions. Taguchi proposed several 

methods to experimental designs that are sometimes called 

"Taguchi Methods." These methods utilize two, three, four, 

five, and mixed-level fractional factorial designs. Taguchi 

refers to experimental design as "off-line quality control" 

because it is a method of ensuring good performance in the 

design stage of products or processes. In the experiment using 

four factors and each are three levels then total number of 

trials to be showed is 27.  

 In this study, an L27 OA based on Taguchi design are 

used machining  parameters like pulse current, pulse on time, 

pulse off time and servo feed setting were diverse to conduct 

27 different trials and the measurements weights of the work 

piece were taken for calculation of MRR. Minitab software 

was used to analysis the findings. In this experiment Minitab 

software design are selected is 3 level design and number of 

factors is four than the Taguchi design two type of design are 

available. In the two type of design L27 and L9. In this 

experiment L27 Orthogonal array are selected for design. 
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E. Analysis of Variance (ANOVA)  

ANOVA is a fundamental step in the DOE, which is a 

dominant statistical tool aimed at statistically quantifying 

interactions between independent variables through their 

methodical modifications to determine their impact on the 

predicted variables. 

The ANOVA pre requires the following assumptions: 

 The treatment data must be normally distributed, 

 The variance must be the same for all treatments, 

 All samples are randomly selected 

F. Degree of Freedom:  

Indicates the number of independent pieces of information 

involving the response data needed to calculate the sum of 

squares. The degrees of freedom for each component of the 

model are- 

 

 

 

G. Mean Square:  

In an ANOVA, the term Mean Square refers to an estimate of 

the population variance based on the variability among a 

given set of measures. The calculation for the mean square 

for the model terms is: 

 

H. F-value 

F-value is the measurement of distance between individual 

distributions. As the F- value goes up, the P-value goes down. 

F is a test to determine whether the interaction and main 

effects are significant. The formula for the model terms is: 

 
The degrees of freedom for the test are: 

Numerator = degrees of freedom for term 

Denominator = degrees of freedom for error 

I. P-value 

P-value is used in hypothesis tests to help you decide whether 

to reject or fail to reject a null hypothesis. The p-value is the 

probability of obtaining a test statistic that is at least as 

extreme as the actual calculated value, if the null hypothesis 

is true. A commonly used cut-off value for the p-value is 0.05. 

For example, if the calculated p-value of a test statistic is less 

than 0.05, you reject the null hypothesis. 

J. Model Adequacy Check 

Before the conclusions from the analysis of variance are 

adopted, the adequacy of the underlying model should be 

checked it is always necessary to 

 Examine the fitted model to ensure that it provides an 

adequate approximation to the true system; 

 Verify that none of the least squares regression 

assumptions are violated. Now we consider several 

techniques for checking model adequacy. Before the full 

model ANOVA, several R2 are presented. The ordinary 

R2is 

 

K. R2 (R-sq) 

Coefficient of determination; indicates how much variation in 

the response is explained by the model. The higher the R2, 

the better the model fits your data. The formula is: 

 
Another presentation of the formula is: 

 
R2can also be calculated as the Correlation (Y, ˆy)2 

Adjusted R2(R-sqadj): 

Adjusted R2accounts for the number of factors in your model. 

The formula is: 

 

V. MACHINING PARAMETER AND THEIR LEVELS 

Parameters unit 
Level 

1 

Level 

2 

Level 

3 

Ip  (Discharge 

Current) 
A 13 18 23 

Ton(pulse on time) (µs) 100 112 118 

Toff (pulse off time) (µs) 20 30 40 

SF (Servo Feed ) (mm/µ) 500 1300 2000 

A. Observation Table 

SR. 

NO. 

IP 

(A) 

TON 

(µS) 

TOFF 

(µS) 
SF(MM/µ) 

MRR 

(MM3/MIN) 

SR 

(µM) 

1 13 100 20 500 0.004007 0.780 

2 13 100 20 1300 0.004942 0.660 

3 13 100 20 2000 0.021047 0.840 

4 13 112 30 500 0.002890 0.950 

5 13 112 30 1300 0.014226 0.450 

6 13 112 30 2000 0.208397 0.850 

7 13 118 40 500 0.016429 1.082 

8 13 118 40 1300 0.089343 1.195 

9 13 118 40 2000 0.045526 0.980 

10 18 100 30 500 0.119816 1.050 

11 18 100 30 1300 0.145985 1.010 

12 18 100 30 2000 0.093458 1.030 

13 18 112 40 500 0.032222 0.930 

14 18 112 40 1300 0.225000 1.040 

15 18 112 40 2000 0.217054 1.000 

16 18 118 20 500 0.225000 1.300 

17 18 118 20 1300 0.065116 0.950 

18 18 118 20 2000 0.538462 0.930 

19 23 100 40 500 0.500000 1.220 

20 23 100 40 1300 0.259259 1.370 

21 23 100 40 2000 0.114537 1.000 

22 23 112 20 500 0.547170 1.137 

23 23 112 20 1300 0.551020 1.820 

24 23 112 20 2000 0.787234 1.710 

25 23 118 30 500 0.201923 1.030 

26 23 118 30 1300 0.551020 0.910 

27 23 118 30 2000 0.787234 1.030 
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B. Multi objective optimization by using GRA 

Gray Relational Analysis (GRA)  is an impacting 

measurement method in Gray system theory   that     analyses    

uncertain   and    insufficient    information    between    one     

main factor and all the other factors in a given system .In this 

section, the use of orthogonal array with the Gray relational 

analysis and methodology for multi-response optimization is 

discussed. The optimization of the process was performed in 

the following steps: 

 Normalizing the experimental results of MRR and SR for 

all experimental run. 

 Calculating the Gray Relational Coefficient (GRC). 

 Calculating the Gray Relational Grade (GRG) by 

averaging the GRCs. 

 Performing statistical analysis of variance (ANOVA) for 

the input parameters with the GRG and to find the 

parameters significantly affecting the process. Selecting 

the optimal levels of process parameters. 

VI. RESULTS AND DISCUSSION 

In this analysis are related about effects of MRR and SR in 

WEDM and outcome the result which factors pulse current, 

pulse on time, pulse off time and servo feed of Copper tool, 

is most with mild steel work piece important with help of OA 

based on Taguchi L27 design. 

A. Influences on WEDM parameters on MRR 

The residual plot of MRR is shown in Fig 6.2. This layout is 

useful to determine whether the model meets the assumptions 

of the analysis. The residual plots in the graph and the 

interpretation of each residual plot indicate below:  

 
Fig. 6.1: Main effect plots for MRR 

1) Normal probability plot indicates the data are normally 

distributed and the variables are influencing the 

response. Outliers don’t exist in the data, because 

standardized residues are between -2 and 2. 

2) Residuals versus fitted values indicate the variance is 

constant and a nonlinear relationship exists as well as no 

outliers exist in the data.  

3) Histogram proves the data are not skewed and not 

outliers exist. 

4) Residuals versus order of the data indicate that there are 

systematic effects in the data due to time or data 

collection order. 

 
Fig. 6.2: Residual plots for MRR 

B. Influence on WEDM parameters on SR 

The main effect plots of SR are shown in Fig. 6.2. This figure 

indicates that discharge current has the most important 

influence as compared to other factors, because higher pulse 

current causes more energy to be released for melting leading 

to formation of cracks and hence resulting a poor surface 

finish. When pulse-on time is increasing SR increases up to a 

maximum level then it starts to decrease slightly. As the 

pulse-on time increases, the total energy provided to the work 

piece is high, so more material is gnarled from the surface of 

work piece resulting in increase of SR. But with higher pulse-

on time, the plasma molded between the inter electrode gap 

hinders energy transfer thus small craters are formed, so SR 

reduces. Pulse off time and servo feed system is not 

significantly affected the surface finish.  

VII. OPTIMIZATION BY GRAY RELATION ANALYSES 

In Gray relational analysis, multiple performances can be 

unified to a single response, i.e. Gray relational grade (GRG) 

for ease in optimisation. Five WEDM process parameters are 

considered for optimising MRR and SR, simultaneously. The 

steps for calculation of GRG are mentioned in Section 3. The 

experimental findings in Table 4.2 (observation table) are 

used to calculate the normalised MRR and SR. These 

normalised values are used to calculate GRC's for both the 

responses using Equation 1 and 2. Subsequently, GRG is 

evaluated from GRG's for each experimental run. According 

to GRG rules, all the experimental run are related to ``higher 

is better policy''. The experimental run verse GRG plot is 

shown in fig. It is the Pareto graph of GRGs and the run 

numbers 27 are having the three highest GRG values. 

 In addition, the mean of the GRG for each level of 

the EDM parameters, and the total mean of GRG is 

summarised in Table for each factor levels. The higher value 

of GRG means comparability sequence has a stronger 

correlation to the reference sequence. Figure represents 

graphically in main effect plot for GRG and this graph 

exposes that the optimal WEDM parameter i.e. Ip =23A, Ton 

= 112μs, Toff = 40 μs,  and SF =1300 mm/μ. The significance 

of the factors on overall quality characteristics of the WEDM 

process has also been evaluated quantitatively with ANOVA 

for GRG. as a result, the combined effect of  on GRG in 

insignificant. 
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VIII. CONCLUSIONS 

1) L27 OA based on Taguchi design was applied to 

edification of MRRand SRon Mild tool steel. MRR is 

influenced by Ton and Toff. It decreases and slightly 

increases with Ton. The following conclusions are 

described.  

2) Conclusion the result of MRR pulse current is most 

influencing factor and then pulse duration time and the 

last is pulse off time than servo feed. MRR increased 

with the pulse current (Ip). 

3) In the analysis of surface roughness (SR) the paramount 

important factor of pulse current then pulse on time, 

pulse off time and other factors are not important as 

compare to this factors.  

4) Gray relation analysis was adopted to optimize the 

WEDM process with multiple performance 

characteristics, i. e., MRR and SR. The optimal EDM 

parameter settings were found to be Ip =23A, Ton = 

112μs, Toff = 40 μs and SF =1300 mm/μfor maximum 

MRR and minimum SR. 
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