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ABSTRACT:  Electro Discharge Machining is an advanced machining method that uses electrical energy to shape and cut metal parts. The objective of this paper is to investigate the optimum process parameters for a particular work piece-tool material combination by using Fuzzy Logic Control based Electrical Discharge Machine. In this study, three levels of each parameters viz. current, Pulse on time, spark gap and three different tools material are evaluated for process quality characteristics such as material removal rate, tool wear and surface finish. The three different tools materials used are copper, brass and aluminum. The S.S. 304 was taken as work piece material and DEF-92 as dielectric fluid. The experiments were designed using Taguchi Method. The results obtained from the experiments are transformed into signal to noise (S/N) ratio and used to optimize the value of material removal rate (MRR), tool wear rate and surface finish. The analysis of variance (ANOVA) is performed to indentify the statistical significance of parameters. The conclusions arrived at are critically discussed at the end.
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1. INTRODUCTION
For several decades, EDM has been an important manufacturing process for the mould and die industry. Although the EDM process is not affected by material hardness and strength, it is much slower compared to the milling and turning processes. To speed up the process, large electrical current discharge is usually required, but concurrently the dimensional quality of the machined product inevitably became worse. On the other hand, it is well known that EDM process is very unstable owing to arcing when too much debris exists inside the gap. Therefore, how to develop an EDM process with the capability of high machining rate, and high precision and accuracy without major alterations to the EDM system remains a big challenge [1].
      The theory of fuzzy logics, initiated by Zadeh has proven to be useful for dealing with uncertain and vague information. In fact, the definition of performance characteristics such as lower-the-better, higher-the-better, and nominal-the-better contains a certain degree of uncertainty and vagueness [3]. Therefore, optimization of the performance characteristics with fuzzy logic has been considered.
In this study, a fuzzy reasoning of the multiple performance characteristics has been developed 
based on fuzzy logic. As a result, optimization of complicated multiple Performance characteristics can be transformed into the optimization of a single multi-response performance index (MRPI). In this paper, the optimization of the electrical discharge machining process with multiple performance characteristics has been investigated to illustrate this approach [3].

      The design of experiment is a significant tool for Improvement of production process in engineering world. Firstly, in the 1920s, it was used by an English statistician Sir Ranold Fisher. Then, in Japan, new arrangements were made by Professor Genici Taguchi so that the method can be used in the production sector. Taguchi method is a method of the experimental design in which the variability in the product or process minimizes, choosing the optimum levels and combinations of controllable factors against factors which the variability forms uncontrolled factors. The method is straightforward, easy to follow, and needs no guesswork to take the initial experimental steps. It relies on the assignment of factors in specific orthogonal arrays to determine these test combinations. This approach facilitates the identification of the influence of individual factors, establishing the relationship between factors and operational conditions, and finally establishing performance at the optimum levels obtained. The Taguchi method not only helps in saving considerable time and cost, but also leads to a more fully developed process. However, by applying Taguchi method, only effective parameters and   their interactions are determined, but no ultimate values for optimum parameters are obtained. Therefore, it is necessary that multiple level experiments are conducted in order to determine optimum parameters [2].                                                                 

       Many machining factors affect the quality characteristics of EDM process. Taguchi method can provide efficient evaluation than the traditional factorial design in experiment with fewer trials and low cost. Several researches have investigated the EDM performance using Taguchi method [3-8].

       P. K. Shahabadkar et al. [9] used Taguchi method to determine the main influencing factors for MRR including work piece material, current and pulse on duration. The main influencing factors for surface roughness include pulse current, pulse on duration and work piece material. Tool material and work piece material has also influence on tool wear rate.

      This paper investigates the optimization of process parameters for work piece material S.S. 304 to obtain the performance with tool wear, higher material remove rate and surface finish in fuzzy logic control based EDM. The study focuses on a specific combination of selected machining parameters and proposes an optimum parameters using Taguchi method for EDM process.
2. EXPERIMENTAL PROCEDURE
The SS 304 (6 mm in thickness) work piece material was selected and the composition of work piece material is as follows Cr 18, Ni 8, Mn 2, N0.10, S 0.03, C 0.08, Si 0.75, P 0.045 % by weight. The three different tool material viz. copper, Brass, and aluminum with 15 mm diameter were prepared on CNC lathe machine. The others experiment constant and variable parameters are shown in table 2.1. The experiment is designed using Taguchi method having four factors and each factor is considered at three levels as shown in table 2.2. L9 (81) orthogonal array 

is employed [11], which is shown in table 2.3. Total 18 electrodes were prepared from brass, aluminum, nd copper. The three different electrode tools are shown in figure 2.2. Blind hole of 2 mm depth of cut was achieved in each experiment which is shown in figure 2.1. During the EDM process, the electrode diameter of all 18 different tools was kept constant. The degree of influence of control factors like tool material, peak current, pulse on duration, and spark gap voltage on tool wear, metal removal rate, and surface finish are observed and their levels and test parameters of EDM are indicated in Table 2.3.
	Table: 2.1. Experiment constant and variable

	Experiment constant
	Experiment variable

	Servo sensitivity = 7
	Tool material

	Flushing height = 10
	Current

	Working time = 10
	Pulse on time

	Flushing speed = 1
	Spark gap voltage

	Arc sensitivity = 1
	

	Low wear factor = 0
	

	Polarity = +1
	

	Work piece = SS304
	

	Voltage = 6

Tool diameter=15 mm
	


	Table 2.2. Variable factors and their level

	Factor
	Column
	Level 1
	Level 2
	Level 3

	Tool material
	A
	Cu
	Al
	Br

	Current
	B
	9
	13
	17

	Pulse on time
	C
	45
	50
	55

	Spark gap voltage
	D
	5
	9
	13


Experiments are performed two times and the mean values of each output were subsequently used for analyzing the results. The optimization of observed values was determined by comparing the signal-noise (S/N) ratio. In this investigation, the tool wear ratio, metal removal rate and surface finish are selected to optimize the EDM parameters to get higher the better characteristics. Bala murugan gopalsamy et al. [5] repeated each experiment three times to reduce experimental error. In our investigation the orthogonal array was run twice to calculate the S/N ratio. The analysis of variance (ANOVA) is performed to identify the statistical significant process parameters. Then optimal levels of process parameters are obtained from the analysis [13].
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Figure 2.1 Work pieces with 2mm depth blind hole


[image: image2.jpg]



Figure 2.2 Electrodes
	Table 2.3. L9 Orthogonal array

	Exp. No.
	Tool material
	Current

(amp)
	Pulse on time

(
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 sec)
	Spark gap

(voltage)

	1
	Cu
	9
	45
	5

	2
	Cu
	13
	50
	9

	3
	Cu
	17
	55
	13

	4
	Al
	9
	50
	13

	5
	Al
	13
	55
	5

	6
	Al
	17
	45
	9

	7
	Br
	9
	50
	9

	8
	Br
	13
	45
	13

	9
	Br
	17
	50
	5


3. Material removal rate: 
The material removal rate is calculated by weight difference of the work piece before and after machining as follows. 
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Where,

 Wtb = weight before machining in gm.

 Wta = weight after machining in gm.

 D = density of work piece material in gm/mm3.

 t= time consumed for machining in minute.

The weight of the work piece and tool is measured on precise weighing machine having least count of 0.001 gm. Work piece density is taken 0.00792 gm/mm3.
3.1 Calculation of the S/N ratio: The results obtained are analyzed by the S/N ratio.  These are 9 
different combinations experiments as shown in the table 3.1. Each experiment is run two times. In practice, the S/N ratio of particular ratio is to be high as per the Taguchi method.

S/N ratio = 
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Where, n = number of readings

           Y1 = MRR for first trial

           Y2 =MRR for second trial

	Table 3.1 MRR readings and S/N ratio

	Exp. No.
	Y1

(MRR for 1st trial)
	Y2

(MRR for 2nd trial)
	S/N ratio

	1
	7.690
	7.889
	17.8281

	2
	11.274
	11.325
	21.0611

	3
	13.910
	14.785
	23.1234

	4
	5.700
	5.601
	15.0407

	5
	15.888
	17.083
	24.3249

	6
	13.267
	12.908
	22.3346

	7
	5.222
	5.194
	14.3333

	8
	4.809
	5.065
	13.8605

	9
	25.520
	14.338
	24.9486


	3.2 Response table and response diagram for MRR: The response table, which contains the sum of all S/N ratio of each level and for each factor. The response table 3.2 shows the sum of S/N ratio for each level and each factor.

Table 3.2 Response table for MRR

	Factor
	A
	B
	C
	D

	Level 1
	62.013
	47.202
	54.023
	67.102

	Level 2
	61.700
	59.246
	61.050
	57.729

	Level 3
	53.142
	70.407
	61.782
	52.025

	Difference
	8.870
	23.204
	7.758
	15.077

	Total
	176.855
	176.855
	176.855
	176.855

	The graph prepared from response table 3.2, which shows that highest sum of S/N ratio is given by    A1-B3-C3-D1.
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Figure 3.1 Response for MRR
Therefore the following are the optimum parameters are shown in table 3.3.

	Table 3.3. Optimum conditions

	Tool material
	Current
	Pulse on time
	Spark gap voltage

	Cu
	17
	55
	5


Overall mean value of S/N ratio is required to find out the effect of all four parameters. The overall mean value is given by:
M=
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Average level factor can be obtained by summing all level and factor values and by taking average of it. It is shown in table 3.4.

	Table 3.4. Average level factor

	Factor
	Level 1
	Level 2
	Level 3

	A
	20.671
	20.566
	17.714

	B
	15.734
	19.748
	23.468

	C
	18.007
	23.468
	20.593

	D
	22.367
	19.243
	17.3412


3.3 Analysis of the variance (ANOVA) for MRR: The purpose of the ANOVA is to investigate process parameters, which significantly affect the quality characteristics. This is accomplished by the separating the total variability of the multi response S/N  ratio, Which is measured by the sum of square deviations from the total mean of the multi-response S/N ratio into contribution by each of the process parameter and the error. The data for analysis of variance for MRR is calculated and shown in table 3.5.

	Table 3.5. Analysis of variance for work piece material

	Factor
	S.S
	DOF
	M.S
	F
	%P

	A
	16.8909
	2
	8.446
	1
	8.45

	B
	89.7864
	2
	44.89
	5.316
	44.9

	C
	54.5051
	2
	27.253
	3.2269
	27.27

	D
	38.6334
	2
	19.317
	2.2872
	19.33

	Error
	0
	0
	0
	-
	

	Total
	199.8158
	8
	99.908
	-
	100

	Pooled error
	16.8909
	4
	8.4455
	-
	


· Sum of square due to particular factor is 16.8909 calculated as follows S.S of the factor A
=
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· Mean square of a factor (M.S) = 
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· Error variance =  
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 in this work, only one factor is taken into account which is having the minimum value of the S.S.  Here Error variance =
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· F-test is used to determine the process parameter which is having significant effect on the quality characteristic. The variance ratio is denoted by 

               F=
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Now % P is required to determine the effect of parameters on the total process in percentage that is:
              % P = 
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It can be seen from table 3.5 that parameter A is the least affecting parameter on the process, whereas factor (B) shows the large impact on MRR.
4. TOOL WEAR RATIO: 
During the EDM process considerable amount of the material from the tool is removed. However the amount of the material removed from the tool is less than that of the work piece. Tool wear ratio is defined as the volume of metal removed from the work piece to the volume of the material loss from the tool [9].
So, tool wear ratio =
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Where, MRR = material removal rate and 
               TW = tool wear.
4.1 Calculation of the S/N ratio: The results are analyzed by the S/N ratio. The table 4.1 shows the tool wear ratio and S/N ratio for all experiments.

	Table 4.1 Calculation for Tool wear rate

	Exp. No.
	Material
	Y1

(TWR - 1st trial)
	Y2

(TWR-  2st trial)
	S/N ratio

	1
	Cu
	1411.009
	1531.845
	63.3328

	2
	Cu
	304.7027
	3217.33
	52.64905

	3
	Cu
	1121.774
	1650.112
	62.35849

	4
	Al
	5.368748
	4.998661
	14.2762

	5
	Al
	8.179151
	9.165683
	18.72063

	6
	Al
	5.477478
	5.021591
	14.37784

	7
	Br
	2.877135
	2.793975
	9.04996

	8
	Br
	4.185379
	4.052
	12.29176

	9
	Br
	1.67487
	5.91014
	7.154442


	4.2 Response table and response diagram for the TWR: The response table, which contains the sum of all S/N ratio of each level and for each factor. According to taguchi method larger is better for tool wear ratio is considered.

Table 4.2 Response table for TWR

	Factor
	A
	B
	C
	D

	Level 1
	178.3403
	86.65896
	90.00241
	89.20787

	Level 2
	47.37467
	83.66144
	74.07969
	76.07685

	Level 3
	28.49617
	83.89077
	90.12908
	88.92645

	difference
	149.84413
	2.99752
	16.04939
	13.13102

	Total
	254.2112
	254.2112
	254.2112
	254.2112


The Figure 4.1 shows the highest sum of S/N ratio and it is A1-B1-C3-D1. Therefore the following are the optimum parameters are shown in table 4.3.
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	Figure 4.1 Response diagram for TWR

Table 4.3 Optimum condition

	Tool material
	Current
	Pulse on time
	Spark gap voltage

	Cu
	9
	55
	5

	Table  4.4 Average level factor

	Factor
	A
	B
	C
	D

	1
	59.4467
	28.8863
	30.000
	29.7359

	2
	15.7915
	27.8871
	24.693
	25.3589

	3
	9.49872
	27.9635
	30.043
	29.6421


4.3 ANOVA for tool wear analysis: 
The data for analysis of variance for tool wear analysis is calculated and shown in table 4.5  

	Table 4.5 Analysis of variance for tool wear analysis

	Factor
	S.S
	D.F
	M.S
	F
	%P

	A
	4440.18
	2
	2220.09
	2392.8
	97.88

	B
	1.8556
	2
	0.9278
	1
	0.040

	C
	56.7924
	2
	28.3962
	30.595
	1.251

	D
	37.5128
	2
	18.7564
	20.215
	0.826

	Error
	0
	0
	
	-
	-

	Total
	4536.34
	8
	2268.17
	-
	-

	Pooled error
	1.8556
	2
	0.9278
	-
	-


 Factors B and D are the least affecting parameters on the process whereas factor A shows great impact and factor C has some effect on tool wear ratio.

5. CALCULATION of Surface roughness:
Since EDM process is also used in the making of a dies of an injection molding in which surface roughness is important criteria because all the cavity formation is totally depended upon the surface finish of the die material. In present analysis surface roughness is measured on a Mitutoyo make portable digital surface finish tester (model: surf test set no: 178-923e). 

5.1 Calculation of the S/N ratio: 
The results are analyzed by the S/N ratio. The table 5.1 shows the surface roughness and S/N ratio for all experiments.
5.2 Response table and response diagram for the      surface roughness: 
The response table 5.2 shows the sum of S/N ratio for each level and each factor.

	Table 5.1 Calculation for surface roughness

	Exp. No.
	Tool material
	Y1

(SR for 
1st trial)
	Y2

(SR for 2nd trial)
	S/N ratio

	1
	Cu
	7.90
	8.79
	-18.440

	2
	Cu
	9.26
	9.45
	-19.421

	3
	Cu
	9.93
	9.76
	-19.864

	4
	Al
	8.92
	7.97
	-18.545

	5
	Al
	12.45
	13.51
	-22.272

	6
	Al
	10.50
	9.45
	-19.990

	7
	Br
	7.36
	7.83
	-17.614

	8
	Br
	9.28
	8.58
	-19.023

	9
	Br
	9.96
	11.02
	-20.426

	Table 5.2 Response table for surface roughness

	Factor
	A
	B
	C
	D

	Level 1
	-57.7267
	-54.6012
	-57.4547
	-61.1401

	Level 2
	-60.8086
	-60.7177
	-58.3936
	-57.0262

	Level 3
	-57.065
	-60.2854
	-59.752
	-57.434

	Diff.
	3.7436
	6.1165
	2.2973
	0.4078

	Total
	-175.600
	-175.604
	-175.600
	-175.600


The graph prepared from table 5.2 is shown in figure 5.1, which shows that highest sum of S/N ratio is given by A1-B1-C3-D1. Therefore the following are the optimum parameters are shown in table 5.3. 
Table5.3.Optimum condition
	Tool Material
	Current
	Pulse on time
	Spark gap voltage

	Br
	9
	45
	9
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	Figure 5.1 Response diagram for surface roughness



	Table 5.4 Average level factor

Factor

A

B

C

D

Level 1

-19.242
-18.200
-19.151
-20.38
Level2

-20.269
-20.239
-19.464
-19.008
Level 3

-19.021

-20.095

-19.917

-19.144




5.3 ANOVA for surface roughness analysis: The data for analysis of variance for tool wear analysis is calculated and shown in table-5.5.

	Table 5.5. Analysis of variance for surface roughness analysis

	Factor
	S.S
	D.F
	M.S
	F
	%P

	A
	2.6609
	2
	1.33045
	2.99246
	18.049

	B
	7.7673
	2
	3.88365
	8.73515
	52.687

	C
	0.8892
	2
	0.4446
	1
	06.031

	D
	3.4249
	2
	1.71245
	3.85166
	23.231

	Error
	0
	0
	0
	
	

	Total
	14.7423
	8
	
	
	100

	Pooled error
	0.8892
	2
	0.4446
	
	


Factor (B) is the most affecting parameter on the surface roughness.

6. Mathematical model of the influence of current, on time and spark gap on MRR, TWR and SR: 
To calculate the values of constants and the coefficient of determination R2 of this mathematical model, the Minitab software was used. This model makes predictions to optimize the cutting process. 

6.1 The regression equation for MRR:
MRR = - 19.5 + 1.10 current + 0.474 on time - 0.803 spark gap

The detailed analysis of the Material Removal Rate mathematical model confirms that the increased current leads to the increase in the MRR.
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6.2 The regression equation for TWR:

TWR = - 284 - 7 current + 18.8 on time - 3.7 spark gap

The detailed analysis of the Tool Wear Ratio mathematical model confirms that the increased on time leads to the increase in the TWR.
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6.3 The regression equation for SR:

SR = - 1.22 + 0.226 current + 0.189 on time - 0.173 spark gap

The detailed analysis of the Surface Roughness mathematical model confirms that the increased current leads to the increase in the surface roughness.
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7. Conclusion 
Taguchi method is generally used to identify the best optimum parameter and find the factor, which affects on the process. So, through taguchi and ANOVA analysis the following observations are made.
· Based on the result of ANOVA, the best optimum parameter is given by the most effecting parameter for the MRR is the factor B i.e. current. Current is affecting the process by almost 44.93%. Whereas pulse on time and spark gap voltage affecting the process by 27.27% and 19.33% respectively.
· The most effecting parameter for the TWR is the factor A i.e. tool material. Tool wear rate is affecting the process by almost 97.88%. So the maximum tool wear ratio conform the selection of tool material.
· The most effecting parameter for the surface roughness is the factor B i.e. current Surface roughness is affecting the process by almost 52.69%.
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