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ABSTRACT 

Wire Electrical Discharge Machining (Wire-EDM) is an electro thermal production process in which a thin 

single strand metal wire along with de-ionized water (used to conduct electricity) allows the wire to cut through 

metal by the use of heat from electrical sparks. The accuracy and the surface finishes obtained from WEDM makes 

it perfect for applications of manufacturing stamping dies, extrusion dies and extrusion tools. Without the WEDM 

it requires a lot of time for grinding and finishing the parts. Present study has been made to optimize the MRR 

during machining of Titanium alloy grade-2 by wire electrical discharge machining (WEDM) using response 

surface methodology (RSM). Three input process parameters of WEDM namely pulse-on time (Ton), pulse-off time 

(Toff) and wire tension (WT) were chosen as variables to study the process performance in terms of MRR and 

surface roughness (Ra). The analysis of variance (ANOVA) was carried out to study the effect of process 

parameters on process performance and the results of the process were validated using MINITAB software. 

Keywords: Wire electrical discharge machining (WEDM), Response surface methodology (RSM), Central 

composite face centre (CCF) design, Material removal rate (MRR) and Surface roughness (Ra) 

INTRODUCTION 

   Wire EDM (Electric Discharge Machining) is a thermo- electrical process which material is eroded 

by a series of sparks between the work piece and the wire electrode (tool). The part and wire are immersed in a 

dielectric (electrically non conducting) fluid which also acts as a coolant and flushes away debris. The movement 

of wire is controlled numerically to achieve the desired three dimensional shape and high accuracy of the work 

piece. Whereas the wire does not touch the workpiece, so there is no physical pressure imparted on the workpiece 

and amount of clamping pressure required to hold the workpiece is minimal. Many sparks can be observed at one 

time. This is because actual discharges can occur more than one hundred thousand times per second. The heat of 

each electrical spark, estimated at around 15,000° to 21,000° F. This process has been widely used in aerospace, 

nu-clear and automotive industries, to machine precise, complex and irregular shapes. Titanium is a very strong and 

light metal. Titanium Grade 2 has numerous applications in the medical industry. Biocompatibility of Titanium 

Grade 2 is excellent, especially when direct contact with tissue or bone is required. Applications Titanium Grade 2 

is typically used for Orthopedic applications, such as implants and prosthesis,  Airframe and aircraft engine parts, 

Marine chemical parts , Condenser tubing .Grade 2 titanium proves useful in the aerospace industry. Machining 

titanium and its alloys by conventional machining methods has some difficulties such as high cutting temperature 

and high tool wear ratio. Thus, titanium and its alloys are classified as difficult-to-machine materials. Therefore, 

unconventional machining processes are introduced for machining titanium and its alloys. Alpha alloys which 

contain neutral alloying elements (such as tin) and/ or alpha stabilisers (such as aluminium or oxygen) only. These 

are not heat treatable. Near-alpha alloys contain small amount of ductile beta-phase. Besides alpha-phase 

stabilisers, near-alpha alloys are alloyed with 1-2% of beta phase stabilizers such as molybdenum, silicon or 

vanadium.The selection of cutting parameters plays a vital role for obtaining higher material removal rate and 

better surface finish.  

2. EXPERIMENTAL METHODS AND MATERIALS 

A Maxicut WEDM machine (Electronica- MODEL) was used to perform the experiments. Experiments were 

performed covering wide range of pulse-on time, pulse-off time and wire tension. A brass wire of 0.25 mm 

diameter was used as electrode. Titanium Grade-2, which has been chosen as workpiece material with 3mm 

thickness. The specimens were of Triangle in shape. It is significantly stronger than commercially pure titanium 

while having the same stiffness and thermal properties among its many advantages, it is heat treatable. The ranges 

of input parameters were selected on the basis of literature survey, machine capability and preliminary experiments 

conducted by using one-variable-at-a time approach. Table 1 illustrates the chemical composition of Grade-2. 

Metal removal rate (MRR) is considered as the output responses. MRR was calculated as the ratio of volume of 

material removed from work piece to the machining time.  
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Table 1: Work piece chemical composition. 

Grade-2 
C Fe N O2 H Ti 

<0.1% <0.3% <0.003% <0.25% 0.015 Balance 

DESIGN OF EXPERIMENTS AND RESPONSE SURFACE METHODOLOGY 

    It refers to planning, designing and analyzing an experiment so that valid and objective conclusions can be 

drawn effectively and efficiently. Initiating steps in DOE are Problem identification, Brainstorming, Experimental 

design (choose OA, design experiment), Run experiment, Analyze results and confirmation results. DOE have so 

many names such as Taguchi, Factorial or classical and Response surface method (RSM). Taguchi is used for 

finding a robust answer to the experiment question and it doesn’t predict the best combination of factors to achieve 

your goals. Factorial or classical is 1st technique used with designed experiment, Identify the most important factors 

and its interactions and it doesn’t predict the best combination of factors to achieve your goals. RSM is to make 

contour plots of predicted behavior and using plots we can actually predict the best combination of factors to meet 

our goals. 

         Response Surface Methodology (RSM) is the collection of mathematical and statistical techniques for 

developing, improving and optimizing processes. A simple function such as linear or quadratic polynomial, fitted to 

the data obtained from the experiments is called response surface and the approach is called RSM. By careful 

design of experiments, the objective is to optimize a response (output variables) which is influenced by several 

independent variables (input variables). CCD offers the advantage that certain level adjustments are allowed and 

can be used in two-step chronological response surface methods. In these methods, there is a possibility that the 

experiments will stop with fairly few runs and decide that the prediction model is satisfactory. The general second 

order polynomial response surface mathematical model can be considered to evaluate the parametric influences on 

the various criteria as follows: 
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Where: 

Yu                  = the corresponding response, e.g. MRR and Ra WEDM process, 

Xiu                 = the coded values of the ith machining parameters for uth experiment, 

n                     = number of machining parameters, and 

bi ,bii , bij        = second order regression coefficients. 

        The second term under the summation sign of this polynomial equation is attributable to linear effect, whereas 

the third term corresponds to the higher-order effect. The fourth term of the equation includes the interactive effects 

of the process parameters. Central Composite Face centered design has been implemented for this study with three 

variables, eight corner points, six axial points and six centre point in axial at zero level, in total 20 runs. The 

different coding variables are used in the experiment are depicted in Table 2. Total numbers of experiments 

conducted with the combination of machining parameter are presented in Table 3 

 

Table 2:  Different coding variables used in the experiment 

Parameter -1 0 1 

Pulse on time(µs) 7 8 9 

Pulse off time(µs) 2 3 4 

Wire tension (gms) 1000 1150 1300 

 

MATHEMATICAL MODELING 

        The mathematical relationship for correlating the metal removal variables has been obtained as follows: 

MRR value normally obtained by the following equation: 

      Maximum of MRR is an important indicator of the efficiency and cost effectiveness of the WEDM process, 

however increasing MRR is not always desirable for all applications since this may scarify the surface integrity of 

the work piece. 

The material removal rate (MRR) for WEDM can be obtained from the expression 

MRR= Vc*B*H                                             (2) 

Where, 

Vc → Machining speed or Cutting speed (mm/min), 

H  → work piece thickness or height in  mm, 
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B→ wire diameter in mm, 

Table 3: Total number of experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS AND DISCUSSIONS 

      Analysis of variance results of the RSM models for MRR are depicted below. The associated P value for 

the model is lower the 0.05 (i,e, α=0.05 or 95% confidence indicating the model is statistically significant. It also 

shows the value of R2-statistic and adjusted R2-statistic. The R Squared (R2) is defined as the ratio of variability 

explained by the model to the total variability in the actual data and is used as a measure of the goodness of fit. The 

more R2 approaches unity, the better model fits the experimental data. 

Material Removal Rate : MRR Versus Ton, Toff, WT (The analysis was done using uncoded units) 

Table 4. Estimated Regression Coefficients for MRR 

Term Coef SE Coef T P Factor 

Constant -1.93241 1.66016 -1.164 0.271 Significant 

Ton 0.25941 0.36902 0.703 0.498 Significant 

Toff 0.26536 0.19552 1.357 0.205 Significant 

WT 0.00350 0.00237 1.475 0.171 Significant 

Ton*Ton 0.00440 0.02207 0.199 0.846 No Significant 

Toff*Toff -0.14888 0.02207 -6.746 0.000 Most Significant 

WT*WT -0.00000 0.00000 -0.516 0.617 No Significant 

Ton*Toff 0.05453 0.01294 4.214 0.002 Most Significant 

Ton*WT -0.00029 0.00009 -3.344 0.007 Most Significant 

Toff*WT 0.00018 0.00009 2.127 0.059 Significant 

 

Table 5. Analysis of Variance table for MRR 

Source DOF Seq SS Adj SS Adj MS F P 

Regression 9 0.503206 0.503206 0.055912 41.74 0.000 

Linear 3 0.340861 0.010013 0.003338 2.49 0.120 

Square 3 0.117519 0.117519 0.39173 29.24 0.000 

Interaction 3 0.044827 0.044827 0.014942 11.15 0.002 

Residual Error 10 0.013395 0.013395 0.002679   

Total 19 0.516602     

Central Composite Face centre (CCF) 

Rep 
Pulse On time 

(Ton) in μs 

Pulse Off time 

(Toff) in μs 
Wire Tension     (WT) in gms 

1 -1 -1 -1 

1 +1 -1 -1 

1 -1 +1 -1 

1 +1 +1 -1 

1 -1 -1 +1 

1 +1 -1 +1 

1 -1 +1 +1 

1 +1 +1 +1 

1 -1 0 0 

1 +1 0 0 

1 0 -1 0 

1 0 +1 0 

1 0 0 -1 

1 0 0 +1 

6 0 0 0 

Total Runs = 20 
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The value of R2  is 97.41% and the value of adjusted R2 is 95.07% which results the reduced model results 

are significant. The lack of fit value is 0.013395  which has non-significant (p-value is less than 0.05). After 

eliminating the non-significant terms, the final response equation for MRR is given as follows. 

MRR= -1.93241+0.25941Ton+0.00350WT+0.00440(Ton*Ton)-0.0000(WT*WT)                 (3) 

Normal Probability Plot 

The Normal Probability Plot is shown in Figure 1(a). It shows the most of the points on the normal plot 

come closer to the straight line. This implies that the data are normally distributed and there is no major deviation 

from the normal. This proves the effectiveness of the developed model. 

Effect of Material Removal Rate on Machining Parameters 

       From the figure 1(b) shows the effect of WT and Ton over MRR. With the reference of figure 1(b) 

Material Removal Rate increases with increase in Ton time at 9µs.  But Wire Tension have influence from its 

middle value. So there is no impact on MRR after some increase in WT. Figure 1(c) depicts the effects of WT and 

Toff. In these condition gradually the MRR increases with the increase in Toff and WT. After some increase in 

Toff time the MRR gets reduced due to sparking phenomenon. Figure 1(d) depicts  the effects of Ton and Toff. 

MRR increases with increase in Ton and Toff time, for the increase in Ton holds more MRR. But the MRR 

decreases with large duration of MRR. 

  
Figure 1(a): Normal Probability Plot Figure 1(b): Contour Plot of MRR vs WT, Ton 

 

   

  
Figure 1(c): Contour Plot of MRR vs WT, Toff Figure 1(b): Contour Plot of MRR vs Toff, Ton 

CONCLUSIONS 

In this investigation, quadratic models for the Material Removal Rate have been developed to correlate the 

dominant machining parameters: pulse on time, pulse off time and wire tension, in the WEDM process of pure 

titanium (grade-2). An experimental plan of the central composite face centred design based on the RSM has been 

applied to perform the experimentation work. The machinability evaluation in the WEDM process has been 

analyzed according to the developed mathematical models to obtain the following conclusions:  

1.WEDM is an adequate process to machine high strength temperature resistant (HSTR) pure titanium (grade-2) 

with good surface finish and dimensional accuracy. . The predicted values match the experimental values 

reasonably well, with R2 of  0.9741for MRR.  

2.The MRR was ranged from 2.025mm3/min to 2.775mm3/min during WEDM of  titanium Grade 2. The maximum 

MRR was obtained for the process parameter combination given by Ton=9μs, Toff=3μs and WT =1150 grams. There 

is less significant role of Wire Tension on Material Removal Rate. 
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