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      Abstract




      In this study, CNC turning process parameters are optimized while machining AA6061 – T6 alloy. The process variables, namely, cutting spindle speed or spindle velocity (Cs), rate of feed (Fr), rate of the depth of cut (Dc), and nose radius (Nr), were optimized with output responses such as surface roughness (Ra), feed power (Fx), thrust power (Fy), cutting power (Fz), and removal rate of material (MRR). The optimized results showed higher MRR, Fy, and Fz and lower Fx and Ra were obtained at a cutting spindle speed or spindle velocity (Cs) of 100 rev/min, rate of feed (Fr) of 0.2 mm/min, depth of cut (Dc) of 1.5 mm/min, and nose radius (Nr) of 0.8 mm. TOPSIS and ANOVA were used to assess the experimental results to determine the most favourable factors that were superior and suitable for selecting the optimal variable condition.
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      INTRODUCTION




      Aluminium is ductile and has an FCC (Face Centred Cubic) structure. Al is a lighter metal with 2900 kg/m3 as density. It has higher electrical and thermal conductivity due to its lower density. Various wrought aluminium products include mechanical finishes, chemical finishes, and coatings.




      Mechanical finishes include cold finished, buffed, and textured coatings, whereas chemical finishes include etched, bright dipped, and chemical conversion coatings. Anodizing, painting, plating, and chemical conversion coatings are included in the coating category. Due to low density to high strength ratio, toughness, and corrosion resistance, aluminium alloys are mainly used in automobiles and aerospace Industries. Zn, Si, Mg, Cu, are major alloying elements that are classified into cast-based alloys and wrought-based alloys with heat-treatable and non-heat-treatable properties.




      Chemical composition of AA6061-T6 (T6- heat-treated, rapid cooling and aged) is Al - 97.25%; Cu - 0.32%; Mg - 1.08%; Mn - 0.52%; V - 0.01%; Fe - 0.17%;Sic - 0.63%; Ti - 0.02%, which is a work-hardened alloy with a low density to high strength ratio, increased hardness, improved toughness, capability of welding, and greater resistance to corrosion. The strain hardening method is highly effective in improving the strength of materials.




      Due to tempering, materials lose their strength but show increased ductility, high tool wear and require elevated cutting power, and fatigue life of the tool. This results in difficulty of machining. An attempt was made to analyse multi-response characteristics based optimization of AA6061-T6 alloy, utilizing the TOPSIS method. In the previous examination, optimization was carried out based on the Taguchi S/N ratio-based technique. It is used as a tool to ensure better quality and efficient yield production at minimum expenditure and optimizes only a single response characteristic.




      Normally, the Taguchi method is used for a single objective. Larger criteria are used for MRR and smaller criteria are used for surface roughness. Multi-responses are more difficult in the Taguchi method and are undertaken for converting the multi-response to a single response. MCDM uses Taguchi S/N ratio, Taguchi-based GRA, VIKOR, TOPSIS, and Analytic Hierarchy Process to determine the weights of each response in Decision-making methods.




      An investigation was undertaken into the turning process where the input variable varied with different levels of input variable and output variables achieved as Ra, MRR, FX, FY, and FZ. A lot of research is available on the use of Grey, TOPSIS, and FUZZY TOPSIS to solve multi-objective problems, of which TOPSIS was found the most effective in the choice of variables and machining processes. Optimization combining TOPSIS and Taguchi methods achieved the most favourable conditions with satisfactory turning operations. Evolutionary computational methods have evolved, such as RSM, GA, PSO, and NN. But TOPSIS is still highly capable of solving MCDM problems to optimize the most favourable result.




      In this study, Ra, MRR, FX, FY, and FZ were considered to have equal weights. Optimization study was undertaken to achieve surface roughness and wear rate of the tool by employing RSM, GRA, and TOPSIS for prediction [1]. TOPSIS was used at the end milling process to achieve Ra, lower energy, reduce the tool's wear rate, and improve yield in the manufacturing process [2]. Bing et al. experimented with 7050-T7451 aluminium alloy in the milling process to attain enhanced surface features by the ANOVA technique while evaluating specific cutting energy [3]. Gopal et al. used Taguchi-based S/N ratio, the TOPSIS and GRA ranking methods of milling on a carbide tool to predict the best optimum responses like cutting forces, cutting temperature, and Ra. Machining studies were conducted in the end milling process of Mg-based Hybrid metal matrix composite materials by GRA, TOPSIS, and Taguchi techniques [4]. Al alloys with superior surface finish were used to achieve lower surface irregularity, greater fatigue time, higher strength, high rate of wear, corrosion, and creep resistance to produce optimum surface quality [5].




      End milling of Al6061 alloy was performed to achieve the best set of variables for the cutting force, which achieved tool deflection and cutting power [6]. Micro-milling of Al6061 alloy was performed to achieve Non-Uniformity of Surface Generation to ensure low feed rate and high depth of cut [7]. Szymon et al. investigated micro-milling of alloy steel to achieve good surface cease and minimum vibrations during milling [8]. Wojciechowski et al. investigated ball milling of hardened steel and achieved decreased deflection of tool diameter and tool extension [9]. Malghan et al. used the milling of AA6061 alloy with Taguchi-based optimization technique to evaluate process variables for greater surface irregularity [10].




      Pereira et al. used the milling of Al 7075 alloy through TOPSIS to achieve an elevated removal rate of material, roundness, cutting power, and minimized energy [11]. Nipanikar et al. observed the tool wear of Ti-6Al-4V in a MQL environment using GRA and TOPSIS methods [12]. MQL based turning process was examined to determine the Multi-Objective characteristics of tooltip interaction using the Grey-Taguchi Method [13]. Design and Modelling of Inconel 718 alloy were studied to evaluate Tool Wear rate utilizing MQL [14]. Machining of Al-6082 T6 was performed to understand the characteristics of surface roughness [15].




      Milling of Aluminum Alloy by using both Cryogenic enhanced CO2 and LN2 Coolants was studied to evaluate cutting temperature in varying environments to achieve surface roughness [16]. A review was conducted on Aluminium alloys for usage and properties [17]. Taguchi-Grey Relational Approach on End Milling was performed to determine Multiple Response Characteristics [18]. AWJ Cutting of D2 Steel was used to predict multi-response characteristics on process parameters [19]. End Milling Parameters were studied in Cryogenic Cooling Conditions [20].




      Karthik et al. studied machining parameters on AA6351 alloy using RSM [21]. Karthik et al. predicted surface roughness using a soft computing method ANN [22]. The study represented an attempt to investigate multi-response characteristics of Turning process variables in AA6061-T6 alloy by using the TOPSIS method


    




    

      MATERIALS AND METHODS




      Experiments were carried out at various levels like cutting spindle speed or spindle velocity (Cs), rate of feed (Fr), depth of cut(Dc), and Nose radius in the turning process. Experiments s(Nr) were conducted in BATLIBOI model on CNC turning equipment. Table 1 demonstrates the machining variables of the AA6061-T6 alloy. Experiments were conducted for three levels of cutting spindle speed or spindle velocity (Cs) at 100, 200, and 300 rev/min, three rates of feed (Fr) at 0.10, 0.15, and 0.20 mm/min, depth of cut (Dc) at 0.5,1.0, and 1.5 mm/min and Nose radius (Nr) of 0.4, 0.6, and 0.8 mm.




      Aluminium 6061-T6 alloy specimen with 150 mm length and 25 mm diameter was used as the workpiece. Table 2 shows the elements and composition of the AA 6061-T6 alloy, while Table 3 exhibits the properties of the AA 6061-T6 alloy considered for the study.




      TPUN110408 116 type tool holder was used with CNMG12408-PM carbide inserts made by ISCAR. Table 4 displays the technical specifications of the CNMG12408-PM cutting insert.




      Ra, Material Removal Rate (MRR), and cutting forces were measured in each experiment. Fig. (1) shows the decision model of the turning process variables.




      

        Table 1 Machining variables of AA6061-T6 alloy.




        

          

            

              	Cutting Spindle Speeds Or Spindle Velocity (Cs) (rev/min)



              	Rate of Feed (Fr) (mm/min)



              	Depth of Cut (Dc) (mm/min)



              	Nose Radius (Nr)(mm)

            




            

              	100,200,300



              	0.10,0.15,0.20



              	0.5,1.0,1.5



              	0.4 ,0.6 ,0.8

            


          

        




      




      

        Table 2 AA 6061-T6 alloy Elements and its Composition.




        

          

            

              	Element



              	Al



              	Ti



              	Mg



              	V



              	Fe



              	Mn



              	Si



              	Cu

            




            

              	Weight%



              	97.25



              	0.02



              	1.08



              	0.01



              	0.17



              	0.52



              	0.63



              	0.32

            


          

        




      




      

        Table 3 AA 6061-T6 alloy Properties.




        

          

            

              	Density



              	2698kg/m3


            




            

              	Melting Point



              	660oC

            




            

              	Elastic Modulus



              	75GPa

            




            

              	Poisson's Ratio



              	0.3

            




            

              	Tensile Strength



              	550MPa

            




            

              	Yield Strength



              	500MPa

            




            

              	Percent Elongation



              	25%

            


          

        




      




      

        Table 4 Specifications of CNMG 120408-PM cutting insert.




        

          

            

              	Rhombic Nose Angle (°)



              	80o


            




            

              	Length (L) (mm)



              	12.96

            




            

              	Width (IC) (mm)



              	12.70

            




            

              	Thickness(S) (mm)



              	4.76

            




            

              	Nose radius (RE) (mm)



              	0.80

            




            

              	Relief angle (°)



              	15o


            


          

        




      




      Fig. (2) shows the pictures of the experimental setup, and Fig. (3) shows the Turning process of the workpiece.
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Fig. (1))


      Decision Model for Turning process variable.
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Fig. (2))


      Experimental setup.
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Fig. (3))


      Turning process of the workpiece.



      Fig. (4) shows the uncoated CNMG 120408-PM grade-K20 carbide insert tool geometry, and Fig. (5) shows the force measure1ment setup, respectively.
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Fig. (4))


      Uncoated CNMG 120408-PM grade-K20 carbide insert geometry.
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Fig. (5))


      Force Measurement Setup.



      The experimental setup consisted of a three component piezoelectric type dynamometer used to measure force. The machined workpiece’s surface roughness values were measured by a Mitutoyo surface tester (Make-Japan –Model SJ-301) with a cut-off length of 2.5 mm, speed of 0.5 mm/s, and a measuring range of 12.5 mm. Experiments were conducted with four variables at three levels.




      Table 5 describes the Machining process variables at different levels. Table 6 shows the L27 orthogonal array with normalized values used to perform the experiments with each process variable on AA6061-T6 (150 mm (length) and 25 mm (diameter)). Ra, MRR, Fx, Fy, and Fz were considered output responses to locate the performance measures.




      

        Table 5 Machining process variables with different levels.




        

          

            

              	Factors



              	Level 1



              	Level 2



              	Level 3

            




            

              	Cutting Spindle Speeds


              or (Cs) (rev/min)



              	100



              	200



              	300

            




            

              	Rate of Feed (Fr) (mm/min)



              	0.10



              	0.15



              	0.20

            




            

              	Depth of Cut (Dc) (mm/min)



              	0.5



              	1.0



              	1.5

            




            

              	Nose Radius(Nr) (mm)



              	0.4



              	0.6



              	0.8

            


          

        




      




      

        Table 6 L27 orthogonal array with normalized values.




        

          

            

              	S.


              No.



              	Cutting Spindle Speeds


              or Spindle Velocity (Cs) (rev/min)



              	Rate of


              Feed


              (Fr) (mm/min)



              	Depth


              of Cut


              (Dc) (mm/


              min)



              	Nose Radius


              (Nr) (mm)



              	Normalised Matrix Value Rij

            




            

              	Ra,


              ( µm)



              	MRR


              (mm3/s)



              	FX


              (N)



              	FY


              (N)



              	FZ


              (N)

            




            

              	1



              	100



              	0.1



              	0.5



              	0.4



              	0.229



              	0.287



              	0.081



              	0.087



              	0.083

            




            

              	2



              	100



              	0.1



              	1



              	0.6



              	0.117



              	0.225



              	0.122



              	0.106



              	0.123

            




            

              	3



              	100



              	0.1



              	1.5



              	0.8



              	0.049



              	0.138



              	0.153



              	0.089



              	0.141

            




            

              	4



              	100



              	0.15



              	0.5



              	0.6



              	0.073



              	0.229



              	0.167



              	0.142



              	0.157

            




            

              	5



              	100



              	0.15



              	1



              	0.8



              	0.163



              	0.106



              	0.227



              	0.182



              	0.200

            




            

              	6



              	100



              	0.15



              	1.5



              	0.4



              	0.155



              	0.191



              	0.255



              	0.124



              	0.245

            




            

              	7



              	100



              	0.2



              	0.5



              	0.8



              	0.307



              	0.112



              	0.261



              	0.426



              	0.235

            




            

              	8



              	100



              	0.2



              	1



              	0.4



              	0.282



              	0.286



              	0.329



              	0.417



              	0.329

            




            

              	9



              	100



              	0.2



              	1.5



              	0.6



              	0.245



              	0.115



              	0.349



              	0.345



              	0.357

            




            

              	10



              	200



              	0.1



              	0.5



              	0.4



              	0.176



              	0.253



              	0.082



              	0.138



              	0.089

            




            

              	11



              	200



              	0.1



              	1



              	0.6



              	0.299



              	0.217



              	0.108



              	0.123



              	0.105

            




            

              	12



              	200



              	0.1



              	1.5



              	0.8



              	0.076



              	0.165



              	0.092



              	0.084



              	0.104

            




            

              	13



              	200



              	0.15



              	0.5



              	0.6



              	0.175



              	0.255



              	0.153



              	0.148



              	0.148

            




            

              	14



              	200



              	0.15



              	1



              	0.8



              	0.240



              	0.201



              	0.151



              	0.099



              	0.156

            




            

              	15



              	200



              	0.15



              	1.5



              	0.4



              	0.120



              	0.101



              	0.167



              	0.086



              	0.201

            




            

              	16



              	200



              	0.2



              	0.5



              	0.8



              	0.177



              	0.094



              	0.221



              	0.187



              	0.195

            




            

              	17



              	200



              	0.2



              	1



              	0.4



              	0.153



              	0.108



              	0.251



              	0.171



              	0.263

            




            

              	18



              	200



              	0.2



              	1.5



              	0.6



              	0.228



              	0.136



              	0.254



              	0.184



              	0.272

            




            

              	19



              	300



              	0.1



              	0.5



              	0.4



              	0.049



              	0.204



              	0.078



              	0.108



              	0.075

            




            

              	20



              	300



              	0.1



              	1



              	0.6



              	0.140



              	0.295



              	0.095



              	0.142



              	0.098

            




            

              	21



              	300



              	0.1



              	1.5



              	0.8



              	0.036



              	0.226



              	0.110



              	0.138



              	0.108

            




            

              	22



              	300



              	0.15



              	0.5



              	0.6



              	0.205



              	0.136



              	0.130



              	0.138



              	0.128

            




            

              	23



              	300



              	0.15



              	1



              	0.8



              	0.295



              	0.200



              	0.161



              	0.206



              	0.163

            




            

              	24



              	300



              	0.15



              	1.5



              	0.4



              	0.277



              	0.256



              	0.189



              	0.126



              	0.198

            




            

              	25



              	300



              	0.2



              	0.5



              	0.8



              	0.241



              	0.115



              	0.145



              	0.189



              	0.154

            




            

              	26



              	300



              	0.2



              	1



              	0.4



              	0.022



              	0.116



              	0.220



              	0.241



              	0.208

            




            

              	27



              	300



              	0.2



              	1.5



              	0.6



              	0.136



              	0.127



              	0.245



              	0.173



              	0.263

            


          

        




      




      

        



        Steps Involved in TOPSIS Method




        Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) methodology was proposed by Hwang Yoon in 1981. This method uses positive ideal theoretical and negative ideal theoretical solution evaluation methods to calculate the coefficient value.




        A Hypothetical solution for all experimental results consists of negative and positive ideal solutions. The obtained results should fall within the minimum and maximum values of the solution and the value of closeness coefficient between the minimum and maximum values.




        TOPSIS is a ranking method to find the most favourable value from a set of results obtained from several experiments. The major principle of this method is that the final optimized result should be nearer to the positive values and distant from the negative values.




        Fig. (6) shows the mean response value of the process variables. A specific set of output variables [Ra, MRR, Fx, Fy, and Fz] was given equal weight. TOPSIS method was mathematically used as follows [1, 4, 12, 19].




        
[image: ]


Fig. (6))


        Mean Response value of process variable.



        Step-I: First of all, the values must be normalized to the matrix by the equation (1) as follows.




        

          

            	[image: ]



            	(1)

          


        




        Where i=1,2,…..27 j=1,2,…..5,




        i denotes the number of observations




        j denotes the number of output variables




        aij denotes the normalized values of output variables




        rij denotes the normalized matrix values of output variables




        Step-II: The set of output variables [Ra, MRR, Fx, Fy, Fz] are given equal weight.




        Step-III: The normalized weighted matrix with weights is determined using multiplication of the normalization matrix with its related weights in equation (2)




        

          

            	[image: ]



            	(2)

          


        




        Where i=1, 2, …..27 j=1, 2, …..5,




        i denotes the number of observations




        j denotes the number of output variables




        Vij denotes the normalized weighted matrix of output variables




        Wi denotes the weight of the output variable




        Step-IV: Determine the weight decision matrix where V+ is the maximum value of the particular output variable and V- is the minimum value of the particular output variable




        V+ (V1+ V2+,........ Vn+ maximum values




        V- (V1- V2-,........ Vn- maximum values




        Step-V: The below equation is used to calculate the values of S+ and S-




        Where S+ denotes the best performance, S- denotes the worst performance




        

          

            	[image: ]



            	(3)

          


        




        

          

            	[image: ]



            	(4)

          


        




        where i = 1,2,….27.




        Step-VI: The value of Closeness Co-efficient (CCs) is determined by equation (5).




        

          

            	[image: ]



            	(5)

          


        


      




      

        Step-VII: Ranking the CCs result.




        The highest CCs value is close to the optimized value.


      


    




    

      



      Results and Discussion




      Table 7 displays the L27 orthogonal array with the closeness coefficients standards and its position at every observation.




      

        Table 7 Closeness coefficients standards and its position.




        

          

            

              	Trial Number



              	S+



              	S-



              	CCs




              	Position

            




            

              	1



              	0.11046



              	0.04179



              	0.27450



              	23

            




            

              	2



              	0.09441



              	0.04827



              	0.33830



              	19

            




            

              	3



              	0.09465



              	0.05598



              	0.37165



              	13

            




            

              	4



              	0.08026



              	0.06041



              	0.42945



              	9

            




            

              	5



              	0.07866



              	0.05230



              	0.39935



              	11

            




            

              	6



              	0.07526



              	0.06134



              	0.44905



              	7

            




            

              	7



              	0.07415



              	0.08403



              	0.53126



              	4

            




            

              	8



              	0.05259



              	0.10503



              	0.66636



              	1

            




            

              	9



              	0.05949



              	0.09498



              	0.61486



              	2

            




            

              	10



              	0.10027



              	0.04279



              	0.29909



              	22

            




            

              	11



              	0.10887



              	0.02737



              	0.20092



              	27

            




            

              	12



              	0.10344



              	0.04866



              	0.31994



              	20

            




            

              	13



              	0.08596



              	0.04834



              	0.35995



              	15

            




            

              	14



              	0.09845



              	0.03358



              	0.25431



              	25

            




            

              	15



              	0.09398



              	0.04834



              	0.33966



              	18

            




            

              	16



              	0.08114



              	0.04987



              	0.38065



              	12

            




            

              	17



              	0.07368



              	0.06213



              	0.45751



              	6

            




            

              	18



              	0.07562



              	0.05908



              	0.43862



              	8

            




            

              	19



              	0.10253



              	0.05629



              	0.35446



              	16

            




            

              	20



              	0.09522



              	0.05393



              	0.36156



              	14

            




            

              	21



              	0.09109



              	0.06190



              	0.40462



              	10

            




            

              	22



              	0.09843



              	0.02875



              	0.22603



              	26

            




            

              	23



              	0.09059



              	0.04050



              	0.30896



              	21

            




            

              	24



              	0.09118



              	0.04740



              	0.34204



              	17

            




            

              	25



              	0.09375



              	0.03253



              	0.25757



              	24

            




            

              	26



              	0.06482



              	0.07595



              	0.53953



              	3

            




            

              	27



              	0.07071



              	0.06369



              	0.47389



              	5

            


          

        




      




      From all the L27 closeness standard values, observation number 8 gave the simplest and the most excellent closeness coefficients with multi-response features. Fig. (7) shows the closeness coefficients for every observation.




      
[image: ]


Fig. (7))


      Closeness coefficient.



      A greater coefficient denotes the closeness of the resultant observations to the optimized value. The result showed that observation number 8 provided the most favourable condition for process variables with multi-responses in the CNC turning process.




      Table 8 provides process variables with closeness coefficients of the mean response. Mean response values were determined using closeness coefficient values at every observation and level of cutting variables.




      

        Table 8 Closeness coefficient of mean response value.




        

          

            

              	Machining Variables



              	Level 1



              	Level 2



              	Level 3



              	Maximum-Minimum


              Value

            




            

              	cutting spindle speeds


              or spindle velocity (Cs) (rev/min)



              	0.33896



              	0.363184



              	0.452752



              	0.113792

            




            

              	Rate of feed (Fr) (mm/min)



              	0.325002



              	0.345422



              	0.484471



              	0.159469

            




            

              	Depth of cut (Dc) (mm/min)



              	0.345884



              	0.391866



              	0.417146



              	0.071262

            




            

              	Nose radius(Nr) (mm)



              	0.358701



              	0.382618



              	0.413577



              	0.054876

            


          

        




      




      From Fig. (7), the optimal set of results were obtained based on the closeness coefficient. The most favourable variable was obtained at cutting spindle speeds or spindle velocity (Cs) of 100 rev/min, rate of feed (Fr) of 0.20mm/min (F), depth of cut (Dc) of 1.5mm/min (C), and Nose radius(Nr) of 0.8 mm for an optimal variable setting.




      This was achieved by using maximum and minimum values of the closeness coefficient. Feed was the most influencing variable compared to other input variables. The greater the rate of feed, the higher the values of MRR, FX, FZ, and lower FY, and Ra.




      ANOVA was used to determine the most significant level of every process variable. ANOVA is an effective way to find the most significant level of every process variable to predict the influencing factors in the CNC turning process. F ratio is the most influencing process variable as determined by a statistical test at each confidence level. The selection of significance level depends on a critical value, and the significant value does not exceed the critical value. ANOVA confirmation test was performed at 95% confidence level and 5% most significant level.




      Table 9 shows the results of the ANOVA test, which reveal that the multi-response variable was determined by using input variables. Feed rate and Nose radius were the most influential variables, while other input variables were less influential with output responses like Ra, MRR, FX, FY, and FZ. It was observed that a higher rate of feed produced increased MRR, FX, and FZ and decreased FY and Ra..




      

        Table 9 Results of ANOVA test results.




        

          

            

              	Source



              	DF



              	Adj SS



              	Adj MS



              	F-Value



              	P-Value

            




            

              	Speed



              	2



              	4.815



              	2.4073



              	9.46



              	0.002

            




            

              	Feed



              	2



              	25.809



              	12.9044



              	50.73



              	0.000

            




            

              	Depth of cut



              	2



              	3.848



              	1.9241



              	7.56



              	0.004

            




            

              	Nose radius



              	2



              	7.43



              	3.715



              	14.6



              	0.000

            




            

              	Error



              	18



              	4.579



              	0.2544



              	-



              	-

            




            

              	Total



              	26



              	46.481



              	-



              	-



              	-

            




            

              	s=0.504358



              	R-sq=


              90.15%



              	R-sq(adj)=


              85.77%



              	R-sq(Pred)=


              77.84%



              	-



              	-

            


          

        




      




      The most influential variables were found, keeping in mind their order of rate of feed, Nose radius, speed, and depth of cut. Table 9 shows the rate of feed as the most influential variable to affect multi-response characteristics. Table 10 affirms the test results. An Affirmation test was conducted to compare the results between the initial set design and the optimal design of the CNC turning process variables.




      

        Table 10 Affirmation of test results.




        

          

            

              	Output responses

            




            

              	Selection variables



              	Arrangement stage



              	Ra



              	MRR



              	FX



              	FY



              	FZ



              	Ccs


            




            

              	Initial setting variable



              	A1B2C3D4



              	2.37



              	1.456



              	187.4



              	79.77



              	286.2



              	0.53126

            




            

              	Optimal conditions

            




            

              	Predicted



              	A1B3C3D3



              	



              	



              	



              	



              	



              	0.60633

            




            

              	Optimal design



              	A1B3C3D3



              	2.18



              	3.723



              	236.4



              	77.99



              	400.4



              	0.66633

            


          

        




      




      TOPSIS grade improvement: 0.132




      After obtaining optimum conditions, a confirmation test was performed for validation which was in turn used to enhance the multi-response characteristics of the CNC turning process. The following equation was used to estimate the predicted value design




      

        

          	[image: ]



          	(6)

        


      




      γm is the mean value at optimum conditions.




      n is the number of inputs.




      From the validation results, it was observed that the overall performance of the optimum design condition (A1B3C3D3) had a greater value than that of the Initial design condition (A1B2C3D4) and that the predicted value was close to the optimum design condition.
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