
		
			[image: Cover image]
		

	
    
      
        
          	
          	
        

        
          	
        

        
          	
            [ REGULAR ]
          
        

        
          	Journal of the Korean Society for Precision Engineering - Vol. 36, No. 9, pp.793-802
        

        
          	ISSN: 1225-9071			
					(Print)
				2287-8769			
					(Online)
				
        

        
          	Print  publication date  01 Sep 2019

        

        
          	Received  13 Feb 2019
Revised  28 Mar 2019
Accepted  23 May 2019

        

        
          	
            KSPE_2019_v36n9_793

            DOI: 
            https://doi.org/10.7736/KSPE.2019.36.9.793
          
        

        
          	
            Multi-Criteria Decision Making Using Preferential Selection Index in Titanium based Die-Sinking PMEDM
          
        

        
          	
            
              
                
                  Nguyen Huu-Phan
                
                
                  
                
              

              
                
                  Banh Tien-Long
                
              

              
                
                  Le Quang-Dung
                
              

              
                
                  Nguyen Duc-Toan
                
              

              
                
                  T. Muthuramalingam
                
              

            

          
        

        
          	1Faculty of Mechanical Engineering, Hanoi University of Industry, Vietnam

        

        
          	2School of Mechanical Engineering, Hanoi University of Science and Technology, 1 Dai Co Viet Road, Vietnam

        

        
          	3Hungyen University of Technology and Education, Vietnam

        

        
          	4Department of Mechatronics Engineering, SRM Institute of Science and Technology, Kattankulathur, India

        

        
          	
            
          
        

        
          	
            


          
        

        
          	
            Correspondence to: #E-mail:  nguyenhuuphan@haui.edu.vn, TEL: +84-913122605

          
        

        
          	
Copyright © The Korean Society for Precision Engineering

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
        

        
          	
            

            

          
        

      

      
        
          	
          	
        

      

      
        
          
            Abstract
          
        

        
          Powder mixed electrical discharge machining (PMEDM) is a new machining technology. The optimization of process parameters in PMEDM is being researched. The determination of the value of the weights of quality indicators in a multi-objective optimization problem is often complex and difficulty. Preferential selection index (PSI) is a new computational technique for solving multi-objective problems. This contributes to the process of solving the multi-objective optimization problems. In this study, material removal rate (MRR) and surface roughness (SR) were optimized with the help of the PSI method. The specimen and tool materials, electrode polarity, current, pulse-on-time, pulse-off-time and powder concentration were considered. The investigation showed that powder concentration can increase MRR with lower SR. The most significant factor was the electrode material. The optimal values were found as SKD11 (workpiece), Gr (tool), + (polarity), 5 μs (ton), 57 μm (toff), 8A (current) and 10 g/l (powder concentration) with a high accuracy of 7.82%. The electrode material and powder concentration could provide strong influence on the performance measures owing to their importance on determining spark energy in the PMEDM. The research results were compared with those of TOPSIS, GRA and MOORA methods. In conclusion, PSI is the method for the highest efficiency. 

        

      

      
        Keywords: 
PMEDM, MRR, SR, PSI

      

    

    

  
    
      1. Introduction
      Electrical discharge machining (EDM) is important unconvetnional machining method for making the manufacturing tools and mould (Park et al., 1997; Jeon et al., 2006). Many technological solutions have been introduced to improve the machining process such as optimizing process parameters (Kwon et al., 2012), introducing powders into dielectric fluid (Talla et al., 2016), incorporating the vibration in EDM (Son, 2005; Je et al., 2011). Powder mixed EDM (PMEDM) provides the promising solution to improve productivity and quality in EDM (Vinod et al., 2016; Himadri et al., 2017). Since the number of parameters in PMEDM is high with non-linear nature, the optimization of the technology requires different methods and techniques, especially multi-objective optimization problems. 

      Taguchi method is well suit and commonly used for experimental design in PMEDM (Mohapatra et al., 2017). This has contributed to the reduction of experimental costs and increased experimental efficiency in the PMEDM. However, Taguchi method has dealt single-response problem only. Several multi criteria making methods were proposed for solving the optimal multi-objective in EDM (Nayak et al., 2017). Vijay et al. (2017) used the Taguchi - Grey Relational Analysis (GRA) to optimize MRR, electrode wear rate (TWR) and overcut (OC) in μ - EDM for machining Titanium alloy. The results show that the use of GRA for multi-objective optimization is appropriate. Durairaj et al. (2013); Rajesh et al. (2017) and Pawan et al. (2018) applied the multi – objective optimization in EDM and WEDM processes tp obtain better quality characteristics such as MRR, SR, wire wear ratio (WWR) and kerf width. The optimal result should provide the high accuracy, fit consistent between theory and experiment. Mahapatra and Sahoo (2018) performed a multi-objective optimization of the process parameters in gear processing by Wire EDM for Inconel 718 using Taguchi - TOPSIS method. The optimal results have shown that the quality of the gears at optimum conditions is better. The comparison of the results of Taguchi-GRA with Taguchi-TOPSIS in multi- objective optimization in EDM (Dastagiri et al., 2017; Gadakh, 2016) and PMEDM (Tripathy et al., 2016) were researched. It has observed that Taguchi-TOPSIS method could be better than Taguchi-GRA method. Sivapirakasam et al. (2011), Tiwary et al. (2014) and Dewangan et al. (2015) also incorporated Taguchi - TOPSIS based multi-objective optimization in EDM process parameter. “Triangular fuzzy” was used to determine the weighted values of the 5 output norms. The combination was also used to optimize three quality indicators simultaneously (SR, MRR and Fractal dimension) in die sinking - EDM by Prabhu et al. (2016). However, the weights of quality indicators are determined by the Analytic Hierarchy Process (AHP). The best quality parameters have been identified with the optimal set of parameters and weighted values have been calculated on a scientific basis even though the method is difficult. Rajesh et al. (2016) simultaneously optimized MRR, TWR, ROC and SR in EDM for Al-18Wt% SiCp MMC by the VIKOR method. The weighted values of indicators can be determined by the method of Entropy weighted measurement. It has been confirmed that this method was suitable for other types of process. Nevertheless the determined the weighting method is quite complex. The literatures proposed the need of multi-objective optimization problem in EDM and PMEDM. In recent times, Dušan et al. (2017) introduced the Performance Selection Index (PSI) methodology for multi-objective optimization in processing methods. The optimization problem is much simpler, since it does not require weighted values of indicators. 

      From the literature survey, it has been observed that the multi-objective optimization of process parameter in EDM and PMEDM by PSI method had not been researched in a considerable level. Hence, Taguchi - PSI method has been used to enhance the titanium powder mixed EDM process in the present study. 

    

    

  
    
      2. Materials and Methods
      
        2.1 Selection of Process Parameters
        The selection of process parameters for the present study has been chosen based on previous studies as discussed in the literatures. The process parameters have been chosen as workpiece material (WM), tool material (TM), polarity (TP), peak current (Ip), pulse-on-time (ton), pulse-off-time (toff), titanium powder concentration (PC) with various ranges as shown in Table 1. The various interactions (the electrode material and the workpiece material; the electrode material and the titanium powder concentration; the workpiece material and the titanium powder concentration) have been considered. L27 orthogonal array of Taguchi method with dummy treatment has been used for designing the experiments as shown in Table 2. The MRR has been found by computing the weight difference of workpiece before and after the performance trial using electronic scale AJ203 with an accuracy of 0.001 g. The surface roughness was measured using a strain gauge transducer contact, Mitutoyo SJ-210. The experiments have been performed using AG40L electrical discharge machine (Sodick, Inc. USA) as shown in Fig. 1. The tank was made of CT3 steel with size 330 × 180 × 320 mm. The titanium powder with average size of 45μm was mixed with HD-1 oil dielectric fluid. The tool electrode has been selected with diameter of 23 mm. 

        
          Table 1 
				
          

          
            Input parameters and its levels26
          
          

        

        
          
            
              	No
              	Factors
              	Level
            

            
              	1
              	2
              	3
            

          
          
            	1
            	WM
            	SKD61
            	SKD11
            	SKT4
          

          
            	2
            	TM
            	Cu
            	Cua
            	Gr
          

          
            	3
            	TP
            	-
            	+
            	-a
          

          
            	4
            	ton
            	5
            	10
            	20
          

          
            	5
            	Ip
            	8
            	4
            	6
          

          
            	6
            	toff
            	38
            	57
            	85
          

          
            	7
            	PC
            	0
            	10
            	20
          

          
            	8
            	Interaction of WM and TM
            	-
            	-
            	-
          

          
            	9
            	Interaction of WM and PC
            	-
            	-
            	-
          

          
            	10
            	Interaction of TM and PC
            	-
            	-
            	-
          

        

        
          
            a-Dummy treated
          

        

        

        
          Table 2 
				
          

          
            Experimental results26
          
          

        

        
          
            
              	Exp. No
              	WM
              	TM
              	TP
              	ton
              	Ip
              	toff
              	PC
              	MRR
(mm3/min)
              	SR
(μm)
            

          
          
            	1
            	1
            	1
            	1
            	1
            	1
            	1
            	1
            	10.487
            	3.35
          

          
            	2
            	1
            	1
            	2
            	2
            	2
            	2
            	2
            	8.169
            	3.21
          

          
            	3
            	1
            	1
            	3
            	3
            	3
            	3
            	3
            	3.152
            	2.56
          

          
            	4
            	1
            	2
            	2
            	2
            	3
            	3
            	1
            	10.239
            	3.55
          

          
            	5
            	1
            	2
            	3
            	3
            	1
            	1
            	2
            	14.304
            	3.61
          

          
            	6
            	1
            	2
            	1
            	1
            	2
            	2
            	3
            	0.089
            	1.45
          

          
            	7
            	1
            	3
            	3
            	3
            	2
            	2
            	1
            	37.466
            	4.78
          

          
            	8
            	1
            	3
            	1
            	1
            	3
            	3
            	2
            	23.575
            	3.24
          

          
            	9
            	1
            	3
            	2
            	2
            	1
            	1
            	3
            	38.843
            	4.35
          

          
            	10
            	2
            	1
            	2
            	3
            	2
            	3
            	1
            	18.882
            	4.16
          

          
            	11
            	2
            	1
            	3
            	1
            	3
            	1
            	2
            	3.857
            	2.05
          

          
            	12
            	2
            	1
            	1
            	2
            	1
            	2
            	3
            	14.496
            	3.20
          

          
            	13
            	2
            	2
            	3
            	1
            	1
            	2
            	1
            	10.608
            	3.35
          

          
            	14
            	2
            	2
            	1
            	2
            	2
            	3
            	2
            	0.320
            	2.04
          

          
            	15
            	2
            	2
            	2
            	3
            	3
            	1
            	3
            	23.577
            	4.57
          

          
            	16
            	2
            	3
            	1
            	2
            	3
            	1
            	1
            	23.885
            	4.57
          

          
            	17
            	2
            	3
            	2
            	3
            	1
            	2
            	2
            	59.669
            	4.45
          

          
            	18
            	2
            	3
            	3
            	1
            	2
            	3
            	3
            	17.159
            	2.74
          

          
            	19
            	3
            	1
            	3
            	2
            	3
            	2
            	1
            	1.252
            	2.55
          

          
            	20
            	3
            	1
            	1
            	3
            	1
            	3
            	2
            	20.745
            	4.31
          

          
            	21
            	3
            	1
            	2
            	1
            	2
            	1
            	3
            	4.374
            	2.46
          

          
            	22
            	3
            	2
            	1
            	3
            	2
            	1
            	1
            	0.198
            	2.26
          

          
            	23
            	3
            	2
            	2
            	1
            	3
            	2
            	2
            	6.782
            	2.89
          

          
            	24
            	3
            	2
            	3
            	2
            	1
            	3
            	3
            	19.682
            	3.50
          

          
            	25
            	3
            	3
            	2
            	1
            	1
            	3
            	1
            	10.649
            	3.23
          

          
            	26
            	3
            	3
            	3
            	2
            	2
            	1
            	2
            	25.970
            	3.24
          

          
            	27
            	3
            	3
            	1
            	3
            	3
            	2
            	3
            	54.360
            	5.65
          

        

        
          
            a-Dummy treated
          

        

        

        
          
          

          Fig. 1 
				
          

          
            Powder mixed electrical discharge machine
          
          

          

        

      

      
        2.2. Preference Selection Index (PSI) Method
        Maniya and Bhatt (2010) proposed the PSI method to solve the problem multi criteria decision making (MCDM) for material selection. MCDM methods always require accurate identification of the weighted values of the optimized criteria. The determination of the weighted values is quite complex and difficult, especially in the event of a conflict on determining the relative importance of the criteria. The finding of the weights is not needed in such method. The steps of the proposed method to solve the decision making are as follows:

        Step 1: Determine the target of the problem and selecting criteria are assessed to ensure the target, select experiment matrix relate to the decision-making problem is being considered. This experimental matrix selection mentions the changes of combinations for different test runs. 

        Step 2: Construct the first decision matrix from the first selected criteria. Each row of decision matrix is the value of the criteria at one experiment and each column for one criterion. In it, an Xij element of the decision matrix gives the value of a j-th criteria for i-th test run. If the number of experiments is m and the number of criteria is n, the decision matrixes m × n can be performed by Eq. (1). 
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        Step 3: In solving multi-objective problems, it is required to make the value of the criteria non-dimensional. To ensure this purpose, the values of the criteria will be converted into 0 and 1, and this transition is called standardized.

        It is better if the criterion is bigger, it will be standardized according to the Eq. (2):
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        It is better if the criterion is smaller, it will be standardized according to Eq. (3):
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        Inside, xij is the value of the criteria (i = 1,2,3,… .., m and j = 1,2…., n). The decision matrix is standardized by Eqs. (2) and (3) depending on the objective of the problem. 

        Step 4: In this step, the Mean of the standardized criteria are calculated by Eq. (4):
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        Step 5: Optional variation values between the values of each criteria are calculated by using Eq. (5):
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        Step 6: Evaluate the deviation of the priority level value relate to each criterion by using Eq. (6):
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        Step 7: The entire priority value is defined for each criteria using the Eq. (7):
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        Besides, the total priority value of all criteria must satisfy the Eq. (8):
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        Step 8: Priority index is computed using the Eq. (9):
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        Step 9: Based on the priority index value to rank. The rankings must be made according to the value of θj. The biggest θj value would be the best solution (optimal solution). 

      

    

    

  
    
      3. Results and Discussion
      With target of enhancing the productivity and surface quality, the performance measures have been selected as higher MRR and lower SR. The experimental results of two examined criteriaaccording to Taguchi’s L27 matrix as shown in Table 2. MRR is standardized according to the Eq. (2) and SR is standardized according to the Eq. (3) as shown in Table 3. The computation results have been calculated according to the steps involved in PSI method as shown in Table 4. The priority index of problem with S/N analysis has been also determined as shown in Table 5. 

      
        Table 3 
				
        

        
          The standardized results from the trials
        
        

      

      
        
          
            	Exp. No
            	WM
            	TM
            	TP
            	ton
            	Ip
            	toff
            	PC
            	x'ij (MRR)
            	x'ij (SR)
          

        
        
          	1
          	1
          	1
          	1
          	1
          	1
          	1
          	1
          	0.1758
          	0.4328
        

        
          	2
          	1
          	1
          	2
          	2
          	2
          	2
          	2
          	0.1369
          	0.4517
        

        
          	3
          	1
          	1
          	3
          	3
          	3
          	3
          	3
          	0.0528
          	0.5664
        

        
          	4
          	1
          	2
          	2
          	2
          	3
          	3
          	1
          	0.1716
          	0.4085
        

        
          	5
          	1
          	2
          	3
          	3
          	1
          	1
          	2
          	0.2397
          	0.4017
        

        
          	6
          	1
          	2
          	1
          	1
          	2
          	2
          	3
          	0.0015
          	1.0000
        

        
          	7
          	1
          	3
          	3
          	3
          	2
          	2
          	1
          	0.6279
          	0.3033
        

        
          	8
          	1
          	3
          	1
          	1
          	3
          	3
          	2
          	0.3951
          	0.4475
        

        
          	9
          	1
          	3
          	2
          	2
          	1
          	1
          	3
          	0.6510
          	0.3333
        

        
          	10
          	2
          	1
          	2
          	3
          	2
          	3
          	1
          	0.3164
          	0.3486
        

        
          	11
          	2
          	1
          	3
          	1
          	3
          	1
          	2
          	0.0646
          	0.7073
        

        
          	12
          	2
          	1
          	1
          	2
          	1
          	2
          	3
          	0.2429
          	0.4531
        

        
          	13
          	2
          	2
          	3
          	1
          	1
          	2
          	1
          	0.1778
          	0.4328
        

        
          	14
          	2
          	2
          	1
          	2
          	2
          	3
          	2
          	0.0054
          	0.7108
        

        
          	15
          	2
          	2
          	2
          	3
          	3
          	1
          	3
          	0.3951
          	0.3173
        

        
          	16
          	2
          	3
          	1
          	2
          	3
          	1
          	1
          	0.4003
          	0.3173
        

        
          	17
          	2
          	3
          	2
          	3
          	1
          	2
          	2
          	1.0000
          	0.3258
        

        
          	18
          	2
          	3
          	3
          	1
          	2
          	3
          	3
          	0.2876
          	0.5292
        

        
          	19
          	3
          	1
          	3
          	2
          	3
          	2
          	1
          	0.0210
          	0.5686
        

        
          	20
          	3
          	1
          	1
          	3
          	1
          	3
          	2
          	0.3477
          	0.3364
        

        
          	21
          	3
          	1
          	2
          	1
          	2
          	1
          	3
          	0.0733
          	0.5894
        

        
          	22
          	3
          	2
          	1
          	3
          	2
          	1
          	1
          	0.0033
          	0.6416
        

        
          	23
          	3
          	2
          	2
          	1
          	3
          	2
          	2
          	0.1137
          	0.5017
        

        
          	24
          	3
          	2
          	3
          	2
          	1
          	3
          	3
          	0.3299
          	0.4143
        

        
          	25
          	3
          	3
          	2
          	1
          	1
          	3
          	1
          	0.1785
          	0.4489
        

        
          	26
          	3
          	3
          	3
          	2
          	2
          	1
          	2
          	0.4352
          	0.4475
        

        
          	27
          	3
          	3
          	1
          	3
          	3
          	2
          	3
          	0.9110
          	0.2566
        

      

      
        
          a-Dummy treated
        

      

      

      
        Table 4 
				
        

        
          The value of conversion parameters
        
        

      

      
        
          
            	Exp. No
            	N
            	ϕMRR
            	ϕSR
            	
              ϕ
              
                j
              
            
            	Ωj
            	
              W
              
                j
              
            
          

        
        
          	1
          	0.304
          	-0.129
          	0.129
          	0.033
          	0.967
          	0.039
        

        
          	2
          	0.294
          	-0.157
          	0.157
          	0.050
          	0.950
          	0.039
        

        
          	3
          	0.310
          	-0.257
          	0.257
          	0.132
          	0.868
          	0.035
        

        
          	4
          	0.290
          	-0.118
          	0.118
          	0.028
          	0.972
          	0.040
        

        
          	5
          	0.321
          	-0.081
          	0.081
          	0.013
          	0.987
          	0.040
        

        
          	6
          	0.501
          	-0.499
          	0.499
          	0.499
          	0.501
          	0.020
        

        
          	7
          	0.466
          	0.162
          	-0.162
          	0.053
          	0.947
          	0.039
        

        
          	8
          	0.421
          	-0.026
          	0.026
          	0.001
          	0.999
          	0.041
        

        
          	9
          	0.492
          	0.159
          	-0.159
          	0.050
          	0.950
          	0.039
        

        
          	10
          	0.333
          	-0.016
          	0.016
          	0.001
          	0.999
          	0.041
        

        
          	11
          	0.386
          	-0.321
          	0.321
          	0.207
          	0.793
          	0.032
        

        
          	12
          	0.348
          	-0.105
          	0.105
          	0.022
          	0.978
          	0.040
        

        
          	13
          	0.305
          	-0.128
          	0.128
          	0.033
          	0.967
          	0.039
        

        
          	14
          	0.358
          	-0.353
          	0.353
          	0.249
          	0.751
          	0.031
        

        
          	15
          	0.356
          	0.039
          	-0.039
          	0.003
          	0.997
          	0.041
        

        
          	16
          	0.359
          	0.042
          	-0.042
          	0.003
          	0.997
          	0.041
        

        
          	17
          	0.663
          	0.337
          	-0.337
          	0.227
          	0.773
          	0.031
        

        
          	18
          	0.408
          	-0.121
          	0.121
          	0.029
          	0.971
          	0.040
        

        
          	19
          	0.295
          	-0.274
          	0.274
          	0.150
          	0.850
          	0.035
        

        
          	20
          	0.342
          	0.006
          	-0.006
          	0.000
          	1.000
          	0.041
        

        
          	21
          	0.331
          	-0.258
          	0.258
          	0.133
          	0.867
          	0.035
        

        
          	22
          	0.322
          	-0.319
          	0.319
          	0.204
          	0.796
          	0.032
        

        
          	23
          	0.308
          	-0.194
          	0.194
          	0.075
          	0.925
          	0.038
        

        
          	24
          	0.372
          	-0.042
          	0.042
          	0.004
          	0.996
          	0.041
        

        
          	25
          	0.314
          	-0.135
          	0.135
          	0.037
          	0.963
          	0.039
        

        
          	26
          	0.441
          	-0.006
          	0.006
          	0.000
          	1.000
          	0.041
        

        
          	27
          	0.584
          	0.327
          	-0.327
          	0.214
          	0.786
          	0.032
        

      

      

      
        Table 5 
				
        

        
          Priority index and ranking
        
        

      

      
        
          
            	Exp. 
No
            	PSI
            	GRA
            	TOPSIS
            	MOORA
          

          
            	
              θ
              
                j
              
            
            	Ranking
            	S/N
            	
              η
              
                j
              
            
            	Ranking
            	S/N
            	C*
            	Ranking
            	S/N
            	yi
            	Ranking
            	S/N
          

        
        
          	1
          	0.024
          	18
          	-32.406
          	0.304
          	13
          	-10.32
          	0.256
          	21
          	-11.84
          	0.027
          	22
          	-31.45
        

        
          	2
          	0.023
          	22
          	-32.846
          	0.312
          	9
          	-10.11
          	0.242
          	25
          	-12.32
          	0.046
          	13
          	-26.80
        

        
          	3
          	0.022
          	24
          	-33.192
          	0.327
          	6
          	-9.69
          	0.249
          	24
          	-12.06
          	0.059
          	7
          	-24.56
        

        
          	4
          	0.023
          	21
          	-32.779
          	0.311
          	11
          	-10.13
          	0.241
          	27
          	-12.34
          	0.017
          	24
          	-35.41
        

        
          	5
          	0.026
          	14
          	-31.773
          	0.296
          	19
          	-10.57
          	0.285
          	15
          	-10.90
          	0.067
          	4
          	-23.47
        

        
          	6
          	0.020
          	26
          	-33.783
          	0.333
          	5
          	-9.54
          	0.299
          	14
          	-10.50
          	0.057
          	9
          	-24.85
        

        
          	7
          	0.036
          	5
          	-28.890
          	0.287
          	20
          	-10.82
          	0.557
          	4
          	-5.08
          	0.013
          	26
          	-37.86
        

        
          	8
          	0.034
          	6
          	-29.300
          	0.256
          	25
          	-11.83
          	0.423
          	6
          	-7.47
          	0.067
          	5
          	-23.54
        

        
          	9
          	0.038
          	2
          	-28.388
          	0.263
          	24
          	-11.60
          	0.592
          	3
          	-4.55
          	0.043
          	15
          	-27.30
        

        
          	10
          	0.027
          	13
          	-31.349
          	0.299
          	18
          	-10.47
          	0.322
          	12
          	-9.85
          	0.013
          	27
          	-38.02
        

        
          	11
          	0.025
          	15
          	-32.058
          	0.314
          	8
          	-10.06
          	0.283
          	16
          	-10.97
          	0.070
          	2
          	-23.05
        

        
          	12
          	0.028
          	12
          	-31.142
          	0.283
          	21
          	-10.94
          	0.308
          	13
          	-10.23
          	0.070
          	3
          	-23.14
        

        
          	13
          	0.024
          	17
          	-32.373
          	0.304
          	14
          	-10.34
          	0.257
          	20
          	-11.80
          	0.032
          	20
          	-29.77
        

        
          	14
          	0.022
          	23
          	-33.186
          	0.340
          	3
          	-9.37
          	0.268
          	17
          	-11.43
          	0.059
          	8
          	-24.60
        

        
          	15
          	0.029
          	10
          	-30.773
          	0.304
          	12
          	-10.32
          	0.374
          	8
          	-8.53
          	0.043
          	14
          	-27.28
        

        
          	16
          	0.029
          	9
          	-30.714
          	0.304
          	15
          	-10.34
          	0.379
          	7
          	-8.43
          	0.013
          	25
          	-37.41
        

        
          	17
          	0.042
          	1
          	-27.590
          	0.242
          	27
          	-12.31
          	0.768
          	1
          	-2.29
          	0.076
          	1
          	-22.44
        

        
          	18
          	0.032
          	7
          	-29.816
          	0.263
          	23
          	-11.58
          	0.362
          	9
          	-8.83
          	0.050
          	10
          	-26.08
        

        
          	19
          	0.020
          	27
          	-33.801
          	0.341
          	2
          	-9.33
          	0.242
          	26
          	-12.33
          	0.047
          	11
          	-26.55
        

        
          	20
          	0.028
          	11
          	-31.099
          	0.300
          	17
          	-10.45
          	0.343
          	11
          	-9.31
          	0.042
          	16
          	-27.61
        

        
          	21
          	0.023
          	19
          	-32.616
          	0.317
          	7
          	-9.96
          	0.262
          	19
          	-11.64
          	0.041
          	17
          	-27.80
        

        
          	22
          	0.021
          	25
          	-33.590
          	0.344
          	1
          	-9.25
          	0.255
          	22
          	-11.85
          	0.029
          	21
          	-30.76
        

        
          	23
          	0.023
          	20
          	-32.698
          	0.312
          	10
          	-10.11
          	0.251
          	23
          	-12.01
          	0.038
          	18
          	-28.42
        

        
          	24
          	0.030
          	8
          	-30.399
          	0.274
          	22
          	-11.23
          	0.360
          	10
          	-8.88
          	0.038
          	19
          	-28.52
        

        
          	25
          	0.025
          	16
          	-32.174
          	0.300
          	16
          	-10.44
          	0.264
          	18
          	-11.56
          	0.024
          	23
          	-32.58
        

        
          	26
          	0.036
          	4
          	-28.885
          	0.250
          	26
          	-12.03
          	0.456
          	5
          	-6.82
          	0.066
          	6
          	-23.65
        

        
          	27
          	0.037
          	3
          	-28.548
          	0.338
          	4
          	-9.41
          	0.677
          	2
          	-3.39
          	0.046
          	12
          	-26.73
        

      

      
        
          a-Dummy treated
        

      

      

      It has been observed that the 17th experiment has provided larger index as shown in Fig. 2. Hence the respective experiment was chosen as the optimal process parameters as SKD11 (WM), Gr (tool), + (polarity), 5 μs (ton), 57 μm (toff), 8 A (Ip) and 10 g/l (PC). 

      
        
        

        Fig. 2 
				
        

        
          Compare to PSI, TOPSIS, MOORA and GRA results with graph
        
        

        

      

      It has observed from experimental analysis that,17th experiment has also provided the maximum value of S/N. The ANOVA analysis of S/N ratio has shown that electrode material and powder concentration could provide strong influence on performance measures owing to their importance on determining spark energy. The polarity of electrode has provided lower influence on determining machining characteristics in PMEDM process. The pulse- on time and current has also given considerable contribution in the machining process. The interactions of the factors could provide significant influence than individual factors on determining the optimal results in PMEDM process as shown in Table 6. The accuracy of the optimum conditions has been evaluated by the Eq. (10) as shown in Table 7. The results have shown that the deviation of the computed values and the empirical values have been lower values only. The PSI method can effectively increase the optimal values as approximately 7.82%. It has proved that PSI based optimization could be completely suitable for PMEDM process with titanium powder. The quality of optimal surface layer was analyzed by Phan et. al., 2018. The analytical results showed that surface layer is good and it contributes advancing the working ability of the steel surface molding. 

      
        Table 6 
				
        

        
          ANOVA of S/N ratio for θj
        
        

      

      
        
          
            	Source
            	DOF
            	SS
            	V
            	F
            	Ranking
          

        
        
          	WM (A)
          	2
          	1.5663
          	0.78315
          	1.42
          	5
        

        
          	TM (B)
          	1
          	52.5182
          	52.5182
          	135.25
          	1
        

        
          	TP (C)
          	1
          	0.1185
          	0.1185
          	0.31
          	7
        

        
          	ton (D)
          	2
          	6.0347
          	3.01735
          	7.77
          	3
        

        
          	Ip (E)
          	2
          	3.7653
          	1.88265
          	4.85
          	4
        

        
          	toff (F)
          	2
          	0.2681
          	0.13405
          	0.35
          	6
        

        
          	PC (G)
          	2
          	6.0718
          	3.0359
          	10.09
          	2
        

        
          	A × B
          	2
          	2.8771
          	1.43855
          	3.70
          	-
        

        
          	A × G
          	4
          	8.0968
          	2.0242
          	5.21
          	-
        

        
          	B × G
          	2
          	2.4723
          	1.23615
          	3.18
          	-
        

        
          	Error
          	6
          	2.3299
          	0.388317
          	-
          	-
        

        
          	Total
          	26
          	86.1189
          	-
          	-
          	-
        

      

      

      
        Table 7 
				
        

        
          Confirmation of experiemental results of PSI method
        
        

      

      
        
          
            	Machining characteristics
            	Optimal parameters
            	Optimal value
            	% Difference
          

          
            	Cal. value
            	Exp. value
          

        
        
          	MRR (mm3 / min)
          	SKD11, Gr, +, ton = 5 μs,
Ip = 8 A, toff = 57 μm, 10 g/l
          	55.281
          	59.669
          	7.82
        

        
          	SR (μs)
          	4.21
          	4.45
          	5.7
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                  -3.T
                
              
            
            	
              (10) 
				
            
          

        

      

      Evaluate the relevance of the PSI method: The results of multi-objective optimization in PMEDM using titanium powder by PSI method are compared with those of TOPSIS, GRA and MOORA methods, Table 5 and Fig. 2. The results showed that the PSI, TOPSIS and MOORA results were the same. The optimal result by GRA method is obtained at the 6th experiment. In this study, TOPSIS, MOORA and PSI methods are more effective than MOORA method. Compared to PSI method, TOPSIS, MOORA and GRA are more complex methods in solving multi-objective optimization problem because the number of steps to be implemented is more. In addition, It is necessary to determine the priority weights of quality indicators in TOPSIS, MOORA and GRA. And this is often very difficult for new products and machining methods are unclear, and PMEDM is such a machining method. All these have shown that PSI is the simplest and most suitable method in the methods surveyed for PMEDM’s multi-objective optimization using titanium powder.

      
        
        

        Fig. 3 
				
        

        
          Main effects plot for S/N of θj
        
        

        

      

      
        
        

        Fig. 4 
				
        

        
          Interaction plot for S/N of θj
        
        

        

      

    

    

  
    
      4. Conclusion
      An endeavor was attempted to optimize the process parameters in titanium based PMEDM for machining die steels using Taguchi-PSI. From the trials and investigation, the following decisions were made:

      PSI, TOPSIS and MOORA are better than GRA in multi-objective optimization in PMEDM using titanium powder. And PSI is the most suitable method. 

      PSI method can provide better effective solution to overcome the limitations of TOPSIS, MOORA and GRA methods in PMEDM process. 

      The optimal values have been found as SKD11 (workpiece), Gr (tool), + (polarity), 5 μs (ton), 57 μm (toff), 8 A (Ip) and 10 g/l (PC) with high accuracy of 7.82%. 

      The electrode material and powder concentration could provide strong influence on performance measures owing to their importance on determining spark energy. 
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