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ABSTRACT 
Electrical Discharge Machining has been an important in manufacturing process. It has proved for the machining of super-tough, 

electrically conductive material such as the aerospace materials which is difficult to machine by conventional methods. The main 

aim  of the machining in EDM is determined by electrical parameters such a current, pulse duration and voltage, and material 

properties of work piece and electrode like the material’s melting temperature, as well as its electrical and thermal conductivity. 

The selection of tool and work-piece material will decide the performance of the machining operations. Materials like Nickel based 

super alloy, and Inconel 625 is one of the most difficult-to-machine material which attributed to its ability to maintain hardness at 

elevated temperature and consequently it’s very useful for hot working environment. This alloy is attracted by many researcher 

because of its increasing applicability andmachinability of aerospace alloys will continuously decline as service demands increase 

in order to satisfy the demand for higher temperature capability of structural engine alloys. Copper has became the metallic 

electrode material for choice of  EDM due to its high effectiveness in electrical and thermal conductivity properties. Copper can 

produced very fine surface finishes, even without special polishing circuits. Experimental work is carried out to investigate the 

performance of Copper electrode when EDM of Nickel Based Super Alloy, Inconel 625. In this work, the Material Removal Rate and 

surface roughness  are determined and analyzed by Inconel 625 material by using copper as electrode at various peak current and 

pulse duration (pulse ON time).The input parameters are peak current (A), pulse ON time (TON) and pulse OFF time (TOFF). The 

input parameters are suitably corrected to analyze the effect of MRR and surface roughness of Inconel 625. The best parameters 

are to be recommended for maximizing metal removal Rate and minimizing surface roughness value. This can be easily changed to 

different combination of tools and work-piece materials. 

 

KEYWORDS:  EDM, MRR, Surface Roughness, Inconel- 625. 
 

INTRODUCTION 
 

Electrical discharge machining is one of the important  machining method developed in 1940’s and has 
been accepted worldwide as a standard processing manufacture of forming tools to produce plastic moldings, 
die castings, forging dies in the field of material science have new engineering metallic materials, composite 
materials, and high tech ceramics, having good mechanical properties and thermal characteristics as well as 
sufficient electrical conductivity, so that they can readily be machined.  

Levy and Wertheim [1] proposed the EDM parameters like fabrication of dies and the die material is 
sintered carbide. Sharman et al. [2] proposed the work piece surface integrity of Inconel 718 nickel based alloy 
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and also tool life is investigated for changing the machining parameters and suitable machining parameters are 
analyzed for increasing tool life. Kunieda et al. [3] proposed the advancement in EDM process and the problems 
in process are reported. Bleys et al. [4] understand the surface quality of the work piece after machining the 
components and also the investigation is made to subsurface the quality of steel material. 

Kuppan et al [5]studiedabout experimental investigation of small deep hole drilling of Inconel 718 using 
the EDM process. The parameters like peak current, pulse on-time, duty factor and electrode speed were chosen 
to study the machining characteristics. The experiments were studied using central composite design procedure. 
The output responses measured using  material removal rateand depth averaged surface roughness and above 
methodology using response surface methodology. The results shows  that material removal rate is more 
influenced by peak current, duty factor and electrode rotation, whereas Depth average surface roughness is 
strongly influenced by peak current and pulse on time. Finally, the parameters were optimized for maximum 
material removal rate with the desired surface roughness value using desirability function approach.          

Cheng et al. [6] developed the ultra precision machining system by using Wire Electrical Discharge 
Machining. The WEDM tool fabrication system is used for micro machining.     Aspinwall et al. [7] Evaluated 
the surface roughness of Ti 6Al 4V material by EDM and also investigated the Inconel 718. Geo et al.[8] 
analyzed the surface integrity characterization of different tool and work piece combination and also 
consolidated the machining parameters for hardened and difficult to machine alloys. The authors also approved 
the research gap in the machining process. 

Rajesh et al. [9] Proposed nickel based alloy of Inconel 625 and also designed for high yield, tensile, and 
creep-rupture properties. This alloy has been widely used in jet engines and high-
speedairframepartsinaeronautical application. In this study, electric discharge machining process was used for 
machining commercially available Inconel 625. Experiments were conducted using Response Surface 
Methodology. Effects of five major process parameters like pulse current, duty factor, sensitivity control, gap 
control, and flushing pressure on the process responses material removal rate  and surface roughness  have been 
discussed. Mathematical models for MRR and SR had analysed using analysis of variance. Influences of process 
parameters on tool wear and tool geometry have been presented with the help of scanning electron microscope 
.Results shows the significant interaction effect of pulse current and duty factor on MaterialRemoval rate. 

Pushpendra S Bharati and Sharma [10] analysed the machining characteristics of Inconel 718 during die 
sinking electric discharge machining process with copper as tool electrode.  Experiments have been carried out 
to observe the effects of input parameters like pulse-on-time, discharge current, gap voltage, and tool electrode 
lift time on performance measures like material removal rate, surface roughness and tool wear rate. Taguchi’s 
method had been evaluated as Design of Experiments technique for experimental investigation. Experiments 
have been designed as per Taguchi’s L36 orthogonal array. Analysis of variance is employed to indicate the 
level of significance of machining parameters. Discharge current and pulse-on time are found the most 
influential common input parameter on each performance measure. Duty cycle and tool electrode lift time are 
analysed  the least influential parameters. Prabhu and Vinayagam [11] studied about AFM surface of Inconel 
825 and the analysis of surface characteristics like surface roughness, micro cracks of Inconel-825 is carried out 
excellent machined process can be obtained by setting the machining parameters at optimum level. The Taguchi 
design of experimental technique is used to optimize the machining parameters and an L9 orthogonal array is 
selected. The predicted surface roughness was estimated using S/N ratio and compared with actual values. 
ANNOVA analysis is used for finding the significant factors affecting the machining process in order to 
improve the surface characteristics of Inconel-825 material. The regression analysis are used to predict the error 
between actual and regression values of surface roughness using ElectricalDischarge Machining process. 

Klink et al. [12] analysed the surface integrity of work piece material of steel alloy and also investigated in 
two categories by using Wire Electrical Discharge Machining. In first stage, the machining operation is carried 
out in main cut and second stage which is carried out by finishing cut. Klocke et al. [13] Evaluated conventional 
and non-conventional machining performance on Ti-6A1-4V components. The grinding operation and Electrical 
Discharge machining are considered. The fatigue strength and surface integrity on machined surface are 
Evaluated by grinding and EDM. Li and Guo [14] developed tool wear while machining Inconel 718. In this 
work, the end milling operation is selected to characterize the tool wear for different milling parameters. 
Lauwers et al. [15] Proposed tools and approach for machining ceramic components. Sinking and milling 
ElectronDischargeMachining are on the ceramic materials. Navas et al. [16] evaluated the AISI O1 tool steel 
material by using EDM. The residual stresses and surface integrity of work piece material is compared while 
machining with hard turning and grinding in the mean time, EDM is a widespread technique used in industry for 
high precision machining of all conductive materials. 
 
2. Problem Identification: 

Machining of Inconel 625 is used in conventional machining process causes breakages high surface 
roughness. The machining operations are carried out using non conventional machining process. During the 
drilling operation in electrical discharge machining there may be a chance of getting surface disintegration and 
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less material removal rate and the time factor which mainly affects the structure of the machined area. The main 
aim of machining was carried out using parameter such as input current, time on (Ton) and the output values are 
calculated to these parameters. 
 
2.1 Objective of the Work: 

The main objective of this work is to minimize and maximize the various output parameters for the given 
input by keeping inconel 625 material as the work piece and copper as the electrode. In the presence EDM oil as 
the electrolyte by minimizing the output such as surface roughness leads of making of perfect die. The 
objectives are given below 

(i) Maximize Metal Removal Rate (MRR) 
(ii)  Minimize the Surface Roughness ( SR) 
(iii)  Minimize the machining time. 

 
3.  Proposed Methodology: 

Based on the literatures review, the inconel 625 material is very hard and are difficult to machine by 
traditional machining. Electric discharge machining (SPARK EDM) considering input parameters such as input 
current, pulse on time and gap voltage as these parameters are the most important parameters for maximizing 
the Material Removal Rate and minimizing the Surface roughness. 
 
3.1 Optimization of EEDM: 

The machining parameters which influence the MRR and surface roughness are input current, pulse on time 
and flushing speed and the method is Taguchi methods. The process parameters which are varied in this study 
are Tool rotation speed and Transverse speed. 
 
3.2 Taguchi Methods: 

Taguchi method is an efficient problem solving tool, which can improve the performance of the product, 
process, design and system with a significant slash in experimental time and cost. Taguchi method analyzed a 
special design of orthogonal arrays to study the entire process parameters space with small number of 
experiments. The optimal result could be generated out by Taguchi method by means of systematic analysis of 
data and the dominant factor involved in optimization. 
 
3.3 Orthogonal Arrays: 

Taguchi method proposed orthogonal arrays from design of experiments theory to study a large number of 
variables with a small number of experiments. The orthogonal arrays significantly reduce the number of 
experimental configurations to be studied.  

Examples of standard orthogonal arrays: 
• L4, L8, L12, L16, L32 and L64 all at 2 levels 
• L9, L18 and L27 at 3 & 2 levels 
• L16 and L32 modified at 4 levels 
• L25 at 5 levels 
 
L9 (3 3), 9 = Number of experiments 
   3 = Number of levels 
   3 = Number of factors 
 
To select an appropriate orthogonal array for the experiment, the total degrees of freedom need to be 

computed. Degree of freedom is defined as the number of parameters that need to be made to determine which 
level is better than the others.  

 
3.4 S/N Ratios and MSD Analysis: 

Taguchimethod developed the use of signal to noise ratio (S/N) as opposed to simple process optimizing 
process parameters. The method  is that while there is a need to maximize the mean (signal) in the sense of its 
proximity to nominal value, it is also desirable to minimize the process variations (noise). The use of S/N 
accomplishes both objectives simultaneously in order to evaluate the influence of each selected factor on the 
responses; the S/N for each control factor should be calculated. The appropriate S/N ratio must be chosen using 
previous knowledge and understanding  the process. When the target is fixed and there is a trivial or absent 
signal factor (static design), it is possible to choose the S/N ratio depending on the goal of the design. S/N ratio 
selection is based on Mean Squared Deviation (MSD) for analysis of repeated results. 
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3.5 Selection of Orthogonal Array (OA): 
Before selecting a Orthogonal Array the  two  factors must be considered they are:- 
(1) The number of parameters and interactions of interest 
(2) The number of levels for the parameters of interest.` 
The non-linear behavior, if exists among the process parameters, can only be studied if more than two 

levels of the parameters are used.  Each parameter is analyzed at three levels. In this study, L9 orthogonal array 
has been used and general configuration of L9 Orthogonal array is shown in the Table.1. The various process 
parameters used in this study and their levels are shown in the Table.2.  Taguchi approach has been applied to 
determine the most influential control factors which will yield better MRR and less surface roughness. 
 
Table 1: Factors and Levels 

Factors 
Levels 
1 2 3 

A ( pulse on time) 
B ( pulse current) 

5 
2 

6 
3 

7 
4 

 
Table 2: Input parameters of orthogonal array 

Drill 
Input parameters 
Pulse on Input current 

1 
2 
3 
4 
5 
6 
7 
8 
9 

5 
6 
7 
8 
9 
10 
4 
5 
6 

2 
3 
4 
2 
3 
4 
3 
4 
5 

 
Datas are prepared with same dimension according to the L9 orthogonal array. The pulse on time and input 

current values are given in the machine and the hole diameters and hole depth are fixed in the tool. 
 
4. Experimental Procedure: 

The experiment has been conducted as per design matrix using EDM machine (Make EMS5030). The 
experimental setup of EDM machine is show in the fig. 

 

 
Fig. 1: Electric discharge machine 
 
4.1 Specification of Electrical Discharge Machining: 

Mechanism of process Controlled erosion through a series of electric sparks 
• Maximum work piece height 175 mm 
• Main table traverse (X, Y) 280, 200 mm 
• Electrode diameter range 0.25 mm to 15 mm 
• Generator EMS 5030 
• Interpolation Linear and circular 
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4.2 Drilling Operation in EDM Spark Machine: 
Drilling is a cutting process that uses a tool to cut or enlarge a hole of circular cross section in solid 

materials .They are characterized by their sharp edge on the entrance side and the presence of burs on the exit 
side been removed also, the inside of the hole usually has helical feed marks.It affect the mechanical properties 
of the work piece by creatinlow residual stresses around the hole opening a very thin layer of highly stressed and 
disturbed material on the newly formed surface. This causes the work piece to become more susceptible 
to corrosion at the stressed surface.Zinc plating or any other standard finish operation of 14 to 20 µm can be 
done which helps to avoid any sort of corrosion. 

 
4.3 Process Description: 

Nine drilling operations were used  for 1.5 mm depth using EMS3050 Manual EDM for different input 
parameters such as input current and pulse on time (Ton). Three output parameters were considered as follows, 

• Machining Time (t) 
• Material removal rate (MRR) 
• Surface roughness (Ra) 
 

3.3 Calculation of Output Parameters: 
The out parameters considered in this work are given below, 
• Machining Time (t) 
• Material removal rate (MRR) 
• Surface roughness (SR) 
 

3.3.1. Machining Time (t): 
Time is one of the most important factor during the machining of material. The machining time is 

calculated using stopwatch. Material removal rate may vary depending on the machining time. 
 
3.3.2. Material Removal Rate:  

MRR is used to calculate the  machining Performance. MRR has increased when electrodes have been used 
with Positive polarity in all cases of semi-sintered electrodes. In copper Electrode, EDM cannot be used when 
positive polarity has been selected due to no conductive layer being generated.  Material Removal Rate is 
expressed as the work piece removal rate. Under a period of machining time in minute (t), after machining, the 
Material Removal Rate has been measured and calculated by the following 

Formula: 
 

MRR = 
Initial weight of  
work piece  

- Final weight of  
work piece 

Machining time 
 
where, 
� MRR denotes the work piece in g/min. 
� Initial weight and final weight of the work piece in gram. 
� Machining time in min.  
 

3.3.3. Surface Roughness: 
Surface Roughness used for increasing trend with the increase of pulse on time and at the same time it 

decreases with the increase of pulse off time.It is mostly affected by the amount of discharge energy, which 
increases with the increase in pulse on time, depends on the size of spark crater. The surface roughness is 
measured by using surface roughness tester and it can be measured by placing the probe at different location of 
the work piece. The average value is calculated and it gives the surface roughness of the work piece. 

 
Avg surface roughness = Trial1(µm) +Trial 2(µm) 
     2 
• Surface Roughness in micrometer 

 
4.4 Procedure: 

The plate is machined is cleaned thoroughly and then the plates are fitted to the fixture. It  is used to provide 
support for the plates and to restrict the deformation of plate during welding due to axial pressure and  exerts 
some back pressure on the plate when pressure is applied during welding and work piece plate is placed in the 
fixture and firmly clamped on the machine table of Electric discharge machine. The surface roughness tester is 
used to measure the smoothness of the work piece. 
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4.5 Experimental Results: 
The experiments are conducted as per the recommendation of L9 orthogonal array mentioned in the table 3. 

 
Table 3: Marching parameters L9 array 

S. 
No 

Current Voltage Pulse ON Pulse OFF 
(A) (V) (µ sec) (µ sec) 

1 2 5 5 7 
2 3 5 6 7 
3 4 5 7 7 
4 2 5 8 7 
5 3 5 9 7 
6 4 5 10 7 
7 3 5 4 7 
8 4 5 5 7 
9 5 5 6 7 

 
The experimental results are given in table 4. Initial weight of the material = 426 g 

 
Table 4: Experimental Results for MRR 

S. no Weight after machining (g) Machining time (min) MRR (g/min) 
1 424.7 29.50.00 0.044 
2 423.3 15.43.62 0.0906 
3 422.1 07.04.56 0.1703 
4 420.7 15.32.58 0.0913 
5 419.4 09.33.46 0.1392 
6 418.1 08.28.03 0.1569 
7 416.7 13.21.62 0.1059 
8 415.4 10.30.19 0.1262 
9 414.1 06.54.58 0.1986 

 
After machining, the surface roughness is measured at different location of the parts which is shown in 

figure 3. The average value is calculated based on surface roughness. In this work, two trial value of each part is 
measured and it is shown in table 5. 

 

 
Fig. 3: Testing surface roughness 
 
Table 5: Tabulation of Surface Roughness 

S. No Trial 1 (µm) Trial 2 (µm) Average (µm) 
1 5.362 6.418 5.89 
2 7.644 7.032 7.338 
3 9.221 9.426 9.323 
4 7.118 7.415 7.266 
5 8.161 8.528 8.344 
6 9.125 9.356 9.240 
7 7.715 7.348 7.531 
8 8.126 8.417 8.271 
9 9.072 8.938 9.005 

 
RESULTS AND DISCUSSION 

 
The input parameters of EDM are analyzed by using MINITAB and also the results are plotted in the graph. 

Taguchi Design is considered and also conducted nine experiments.  
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Taguchi Analysis: MRR, SR versus Pulse on time, Pulse current: 
Linear Model Analysis: SN ratios versus Pulse on time, Pulse current: 

Estimated Model Coefficients for SN ratios 
Term                           Coefficients 
Constant                     -44.6942 
Pulse on 29                    0.8858 
Pulse on 38                       0.1351 
Pulse cu 0.05                     -6.3166 
Pulse cu 0.15                       3.0188 
Pulse on*Pulse cu 29 0.05         -0.0153 
Pulse on*Pulse cu 29 0.15         0.2481 
Pulse on*Pulse cu 38 0.05         0.3947 
Pulse on*Pulse cu 38 0.15        -0.4743 
 
S = * 
 
Analysis of Variance for SN ratios 
 
Source                       DF   Seq SS   Adj SS   Adj MS F P 
Pulse on time                 2    5.536    5.536   2.7679 * * 
Pulse current                 2 179.664 179.664 89.8318 * * 
Pulse on time*Pulse current   4    0.721    0.721   0.1804 * * 
Residual Error                0        *        *        * 
Total                         8 185.921 

 
Linear Model Analysis: Means versus Pulse on time, Pulse current: 

Estimated Model Coefficients for Means 
Term                           Coefficient  
Constant                       1.98078 
Pulse on 29                         -0.16072 
Pulse on 38                  -0.04806 
Pulse cu 0.05                -0.45627 
Pulse cu 0.15                        0.07063 
Pulse on*Pulse cu 29 0.05     0.02022 
Pulse on*Pulse cu 29 0.15    -0.05761 
Pulse on*Pulse cu 38 0.05     0.08756 
Pulse on*Pulse cu 38 0.15    -0.03128 
 
S = * 
 
Analysis of Variance for Means 
 
Source                       DF   Seq SS   Adj SS    Adj MS F P 
Pulse on time                 2 0.21518 0.21518 0.107588 * * 
Pulse current                 2 1.08567 1.08567 0.542837 * * 
Pulse on time*Pulse current   4 0.03681 0.03681 0.009203 * * 
Residual Error                0        *        *         * 
Total                         8 1.33766 
 

Linear Model Analysis: StDevs versus Pulse on time, Pulse current: 
Estimated Model Coefficients for Std Deviations 
 
Term                           Coefficient 
Constant                    2.80109 
Pulse on 29                -0.22731 
Pulse on 38                -0.06796 
Pulse cu 0.05              -0.64513 
Pulse cu 0.15               0.09984 
Pulse on*Pulse cu 29 0.05   0.02861 
Pulse on*Pulse cu 29 0.15  -0.08148 
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Pulse on*Pulse cu 38 0.05   0.12382 
Pulse on*Pulse cu 38 0.15  -0.04423 
 
S = * 
 
Analysis of Variance for Standard Deviations 
 
Source                       DF   Seq SS   Adj SS   Adj MS F P 
Pulse on time                 2 0.43040 0.43040 0.21520 * * 
Pulse current                 2 2.17050 2.17050 1.08525 * * 
Pulse on time*Pulse current   4 0.07362 0.07362 0.01841 * * 
Residual Error                0        *        *        * 
Total                         8 2.67452 
 
The Response Table for Signal to Noise Ratios is given table 6 and also response table for mean is given 

table 7. 
 
Nominal is best (10×Log10((Ybar^2 - s^2/n)/s^2)) 

 
Table 6: Response Table for Signal to Noise Ratios 

Pulse level Pulse on time Current 
1 5 2 
2 6 3 
3 7 4 
Delta 1.91 9.61 
Rank 2 1 

 
Table 7: Response Table for Means 

Pulse  level Pulse on time Current 
1 4 3 
2 5 4 
3 6 5 
Delta 0.369 0.842 
Rank 2 1 

 
By Taguchi Analysis, Pulse on time, Pulse current are major influenced input parameters for Metal 

Removal Rate and Surface Roughness. 
 

Conclusions: 
Experiments conducted based on the Taguchi Method and also input parameters were decided by different 

level. The following conclusions are derived from experiment and analysis of the data, 
• Mathematical model of material removal rate and surface roughness in Inconel 625 has been 

developed. 
• The current and pulse ON time is directly proportional to MRR and SR. 
• To increase current and pulse ON value, MRR also to be increased. 
• The relative current and pulse value to increase the MRR. 
• High current and pulse value to increase the surface roughness of the material. 
This experimental procedure and analysis are modified to other machining process like ECM, WEDM 

,WJM etc. 
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