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Abstract

:

In this paper, optimization of the fabrication parameters of an aluminum surface composite with respect to tensile strength and tool wear rate is reported. The surface layer was reinforced with SiC particles to improve the tribological properties of AA-5052. The Taguchi design with orthogonal array L8 was used for the experimental design, which included three processing parameters: the number of passes, rotational speed, and traversal speed. The experiment used optimal fabrication parameter searching to produce a multi-response prediction of both the tensile strength and tool wear rate. The experimental result was determined by grey relational analysis for multi-performance characteristics. Afterward, the prediction result of the optimal fabrication parameters was confirmed by repeated experiments to confirm the selection of optimal process parameters. The results revealed that the optimal fabrication parameters for multi-performance characteristics are two passes, rotational speed of 1000 revolutions per minute (RPM), and traversal speed of 30 mm/min (condition N2R1T2). These showed high tensile strength (229.90 MPa), low tool wear rate (0.0851), and a uniform distribution of SiC particles in the matrix. In addition, grey relational analysis showed that the parameter priority was 51.68% for rotational speed (the most significant process parameter), 36.18% for transversal speed, and 7.05% for the number of passes. Therefore, the grey-based orthogonal array Taguchi method can optimize multi-performance characteristics through the setting of process parameters for friction stir processing of an aluminum surface composite.
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1. Introduction


Aluminum surface composites (ASC) have a large variety of application in the transportation, food, and aerospace industries due to their characteristics of being lightweight and having good wear resistance, hardness, and good performance at high temperatures. These properties are good mechanical and physical properties for ASC, which are formed by the reinforcement of hard ceramic particles in an aluminum matrix layer. Both the mechanical and physical properties of ASC are very important for their continued usability [1,2,3,4].



There are several techniques for composite surface fabrication including high energy laser treatment, plasma sprayed coating, cast sintering, and casting, which are techniques for improving the properties of materials. These techniques can improve the property of many materials such as composite fiber fabrication by dissolving the coating process for producing the conductive polymer composite material. The composite fiber shows good mechanical properties and high electrical conductivity [5,6]. The tool steel surface coating with the high current pulsed electron beam technique displays dense structure and corrosion resistance improvement [7]. Meanwhile, the property improvement of aluminum by using the casting process shows the high mechanical property of composite aluminum, but the appearance of structural porosity defection [8]. However, fabrication of ASC by the casting process is liquid-state fabrication at temperatures higher than the melting point of the base material. The cooling temperature of the casting process is a difficult-to-control parameter that affects the quality of the structure in the surface matrix. Defects appear in the majority of composite surface structures, these being voids, cavities, and the formation of unstable phases. In addition, the internal structure engenders surface interfacial reactions between reinforcement particles in the aluminum matrix [9,10].



Friction stir processing (FSP) has been used to solve the problems in fabricating ASC. FSP is a solid-state processing technique for aluminum composite surface fabrication. The basic concept of FSP is a rotating tool for the creation of friction with a shoulder and pin penetrating the work piece in a downward motion until the shoulder makes contacts with the surface. The friction between the FSP tool and the substrate material generates heat and the soft substrate material of the contractive surface. The softening of the substrate material is called plastic deformational softening. Then, the FSP tool initiates a forward movement in the processing direction. The FSP tool’s role is stirring the plastic deformation by the pin and shoulder, by which the soft material and movement direction of particles changes from the front to back within the shoulder and turnaround of the pin [1,11]. The stirring of the internal material between the plastic deformation and reinforced particles causes mixing and grain refinement in the structure.



The three most important FSP process parameters are material properties, tool design parameters, and machine parameters. The material properties are more important than the tool design parameters and machine parameters. The mechanical properties of the base material play an important role in the process of parameter selection as it undergoes plastic deformation during fabrication. The tool design parameters are the tool geometry design and dimensions such as shoulder diameter, shoulder feature, pin feature, and pin size. The tool geometry influences heat generation and material flow in the processed zone. Thus, tool geometry directly controls the properties and the quality of the composite surface. The machine parameters consist of the rotation speed, traveling speed, tilt angle, and plunge depth. Both the rotational and travelling speed are important parameters in controlling the amount of heat generation at the workpiece. The tilt angle and plunge depth affect the material flow and formation of microstructural restructuring in the stir zone [12].



In the FSP fabrication of surface composites, the distribution of reinforced particles mainly depends on the number of process passes. Multiple passes lead to a decrease in the particle size of clusters and grain size in the matrix, which significantly influences the mechanical properties of the composite material [9]. Additionally, several studies have reported that increasing the rotational speed and the number of passes leads to an ultimate increase in tensile strength. On the other hand, increasing the travelling speed leads to a decrease in the ultimate tensile strength [13,14,15,16,17]. However, an important consideration in surface composite fabrication, aside from the process parameters, is tool wear, which is an undesirable feature and obstacle for the quality of the workpiece. Tool wear in FSP can potentially increase defects and degradation in the product’s quality. Tool wear is directly proportional to tool rotational speed and traversal distance [18,19,20,21]. The process parameters can help decrease tool wear and reduce the interaction between the workpiece and the moving contact area of the tool. ASC are reinforced with ceramic particles, producing a very hard reinforced material. Therefore, the tool material for ASC fabrication was heated to harden it before use. In addition, the combination of high temperatures and flow stresses in the FSP of hard ceramic particles causes significant wear of the tool [22]. The hard reinforcing particles erode the probe features and probe length, which inhibits the material flow and increases the likelihood of defect formation. Understanding the material flow control in FSP is important to decreasing the number of defects and for good mechanical properties. Moreover, a reduction in tool wear for extended tool life is necessary for good-quality composite surface formation. Therefore, the highest ultimate tensile strength and lowest tool wear in FSP represent the optimal level of process parameters [9,23].



Normally, the quality of products is directly influenced by the input parameters during the fabrication processes. Various factors of fabrication influencing on the composite quality have to be considered to achieve the required specifications. For each factor, input parameters are considered and level adjusting takes place until the optimal parameter levels are found. This method has a high cost due to the cost of materials and time consumption for trial and error. Various design of experiment (DOE) techniques and optimization methods have been used for optimal parameter and relational specification between the input parameters and the desired outputs. In particular, the Taguchi method is one of the most powerful optimization techniques. Several DOE methods such as full factorial and response surface have more effectiveness over the Taguchi method. However, these methods are complex and difficult in practice as the number of the experiments will be increased due to the number of factors, while the Taguchi method requires a minimum number of experiments, which results in a reduction in terms of time and budget, but also provides robust design solutions. The Taguchi technique calculates the signal-to-noise (SN) ratio for each parameter combination. The maximum SN ratio combination is defined as the optimal setting of a Taguchi experiment. However, the optimal solution by the Taguchi technique is to find one performance characteristic; its purpose is not to cover varied performance characteristics. Therefore, the multi-objective optimization condition finding is calculated based on the grey relational analysis theory [24]. Grey relational analysis (GRA) is used for complicated interrelationship problem solving of multiple objective optimization. The GRA is a data transformation of normalized experimental data, which becomes the grey relational coefficient and grey relational grade. The grey relation grade performance index employs an evaluation of the weighted value response of various performance characteristics. Therefore, their comparative significance can be quantitatively described with the optimal combination of process parameters. Even if the use of the Taguchi method in collaboration with grey relational analysis in identifying multi-objective optimization has a limitation in terms of the accuracy of the prediction, it provides advantages in terms of a reduction in the sample size, time, and budget. Moreover, this combination of methods is suitable for practical applications in the general manufacturing industry, which has been successful in optimizing the process in many prior studies such as Ramu et al. [25], Wojciechowski et al. [26], and Reddy and Jawahar [27].



The challenge in the fabrication of ASC using FSP is achieving the maximum ultimate tensile strength and minimum tool wear simultaneously. Therefore, this research aims to achieve the optimal parameters of the composite surface fabrication in FSP. The Taguchi L8 orthogonal array was applied to the experimental planning of FSP parameters. The parameters of study were the number of passes, rotational speed, and traverse speed. The two responses were ultimate tensile strength and tool wear rate. The experimental result of the Taguchi method was transformed by the grey relation analysis method, which is used for the prediction of the optimum combination of the friction stir process parameter for both the maximum ultimate tensile strength and minimum tool wear rate during the AA5052 + 10% SiCp surface composite process fabrication.




2. Experimental Procedure


2.1. Preparation of Tool and Workpiece


In this study, the FSP tool was machined by a CNC lathe for tool geometry fabrication. The tool material was DC53 cold working tool steel that was hardened to 62-64 HRC. The physical properties of the tool material are shown in Table 1. The FSP tool was a cylindrically threaded pin profile with 6 mm diameter, 1 mm pitch distance, 4.5 mm pin height, and 18 mm shoulder diameter, as shown in Figure 1a.



The experimental materials used were AA5052-O aluminum plates with a 6 mm thickness. The chemical components and mechanical properties are shown in Table 2. The workpiece of the surface composite plate was prepared by drilling holes with a 2 mm diameter, 4.5 mm depth, and a distance of 4.19 mm. The drilled hole had a rolling direction on a medium plate with dimensions of 200 mm × 100 mm × 6 mm, as shown in Figure 2. Afterward, SiC particles with an average diameter of 18 µm were used as reinforcements on the workpiece surface. The SiC particles were filled with the drilled hole and pressed tightly before the FSP. The drilled hole on the workpiece was closed by using a stirring tool without a pin for protective scattering of the particles (Figure 1b).




2.2. Taguchi Experimental Design Methods


The experimental design was based on the Taguchi method, as the Taguchi orthogonal array would markedly reduce the number of experiments required. In this investigation, FSP parameters included rotational speed, traverse speed, and number of passes. The rotational direction of each pass was altered in the opposite direction. The number of process parameters and each response level are shown in Table 3.



According to Taguchi’s design of experiments, for three parameters, L8 (41*22) was selected with the number of replications of two for each condition. All eight conditions in this study generated using Minitab 17. The six parameters were fixed in this study including a threaded cylindrical pin profiled tool (Figure 1a), shoulder diameter to pin diameter (D/d) ratio (3.0), tilted angle (3°), shoulder plunged depth (0.3 mm), dwell time (30 s), traverse distance (150 mm), and stirring area (6 mm × 150 mm). The fixed parameter references are shown in Table 4. All eight conditions are shown in Table 5. Finally, a CNC milling machine (HAAS, TM2, Haas Automation, Inc, Oxnard, CA, USA) was used to conduct the FSP experiments in this research (see Figure 3).




2.3. Measurement Method and Test Results


The FSP performance was evaluated based on the response variables, namely, tensile strength and tool wear rate. The tensile specimens were prepared by a waterjet cutting machine with an ASTM E8M-04 standard (Figure 3) for each experiment. The tensile tests were tested by a LLOYD LS100-Plus (AMETEK Sensors, Test & Calibration, Largo, FL, USA) universal testing machine at room temperature and at a crosshead speed of 0.5 mm/min.



After friction stir processing, the aluminum accumulated on the tool pin. This aluminum was eradicated post-process by immersing the tool in NaOH solution and water [34]. Tool pin wear was measured by mass loss techniques. The tool wear of each experiment was compared using the original tool pin and comparing it with the mass loss of the tool after wear [35,36]. The percentage tool wear calculation was carried out using Equation (1):


   % Tool   wear  =    W o  −  W c     W o    × 100 %  



(1)




where Wo denotes the initial mass of the pin and Wc is the change in mass of the pin.




2.4. Grey Relational Analysis of the Experimental Data


The grey relational analysis started with all of the experimental data, which was normalized to obtain the grey relational generation range from zero to one. In this study, the normalized results,    x    i   *  ( k )  , for the larger-the-better characteristics (e.g., tensile strength) were calculated using Equation (2):


   x    i   *  ( k ) =    x i  ( 0 )   ( k ) −   min   a l l ( i )    x i  ( 0 )   ( k )     max   a l l ( i )    x i  ( 0 )   ( k ) −   min   a l l ( i )    x    i    ( 0 )   ( k )    



(2)







The tool wear rate, which is a smaller-the-better characteristic, was calculated using Equation (3):


   x    i   *  ( k ) =     max   a l l ( i )    x i  ( 0 )   ( k ) −  x i  ( 0 )   ( k )     max   a l l ( i )    x i  ( 0 )   ( k ) −   min   a l l ( i )    x    i    ( 0 )   ( k )    



(3)




where    x    i   *  ( k )   is the sequence after the data preprocessing;    x i   ( 0 )    ( k )   is the reference sequence;     min   a l l ( i )    x    i     ( 0 )    ( k )   is the smallest value in the reference sequence;   ma  x  a l l ( i )    x i   ( 0 )    ( k )   is the largest value in the reference sequence; the reference sequence is i = 1, 2,…, m, and k = 1, 2,…, n; m is the number of experiments; and n is the amount of experimental data [37].



Then, the grey relational coefficient (ξi(k)) was calculated to identify the relationship between the ideal and actual experimental results using Equation (4):


   ξ i  ( k ) =    Δ  min   + ξ  Δ  max      Δ  0 i   ( k ) + ξ  Δ  max      



(4)




where    Δ  0 i   ( k  ) =   |   x    0   *  ( k    ) − x   j *  ( k )  |    is the deviation sequence of the reference sequence    x    0   *  ( k )   and the comparability sequence    x j *  ( k )  ;    Δ  min   =   min   ″ j Î i     min   ″ k    |   x    0   *  ( k  ) −   x j *  ( k )  |    is the lowest value of    Δ  0 i *    ;    Δ  max   =   max   ″ j Î i     max   ″ k    |   x    0   *  ( k  ) −   x j *  ( k )  |    is the largest value of    Δ  0 i *    ; and ξ is the distinguishing coefficient [37].



The grey relational grades symbolize the overall performance characteristic of efficiency fabrication of the aluminum surface composite. Consequently, the multi-objective optimization problem was distorted into a single equivalent objective optimization problem using the grey relational grades. Based on the fabrication efficiency of the aluminum surface composite using friction stir processing, this shows significant promise, as tool wear is a more important property than tensile strength. In this study, the distinguishing coefficient for the tensile strength and the tool wear were assumed to be 0.30 and 0.70, respectively. After obtaining the grey relational coefficient, the grey relational grade was computed by averaging the grey relational coefficient corresponding to each performance characteristic. The grey relational grade was calculated using Equation (5):


   γ i  =  1 n    ∑  k = 1  n    ξ i  ( k )    



(5)




where γi is the grey relational grade for the ith experiment and n is the number of performance characteristics [37]. The grey relational grades were tabulated for overall performance characteristics (tensile strength and tool wear). After that, all values of the grey relational grade were calculated as the grey relational grade average value to find the optimal level of each parameter. Optimal level selection was determined as the highest grey relational grade for each parameter, with the highest grey relational grade implying the optimal level for the parameter. However, if the highest level grey relational grade exhibition was not shown in the Taguchi design L8 orthogonal array, then the optimal level parameter did not appear. Then, the optimal level parameter was found by the grey relation grade estimation method following Equation (6). The grey relation grade estimated value was compared with the grey relation grade value of the best on the L8 orthogonal array experiment. If the grey relation grade estimated value was higher than the grey relation grade value of the best on the L8 orthogonal array experiment, then that was the optimum condition.


   γ ^  =  γ m  +   ∑  k = 1  q   (    γ ¯   i  −  γ m  )    



(6)




where    γ ^    is grey relation grade estimation;    γ m    is the total mean of the grey relational grade;      γ ¯   i    is the mean of the grey relational grade at the optimal level; and q is the number of the process parameters that significantly affects the multiple performance characteristics [37].



After that, optimal process parameters were confirmed by repeated experiments, for which the repeated experiment result was compared with the predictable response for statistical error checking. Statistical analysis with analysis of variance (ANOVA) was used for error analysis of the response between the experimental result and predicted response and to check the importance of each parameter. The microstructure of a cross-section of the specimen was analyzed using scanning electron microscopy (SEM) for support of the optimal condition.





3. Results and Discussion


3.1. Tensile Strength and Tool Wear


The obtained values of tensile strength and tool wear corresponding to each experiment are shown in Table 5 and Figure 4. Thereafter, the effects of parameters were plotted as shown in Figure 5.



As shown in Figure 5, the results showed an increase in tensile strength and tool wear with an increasing number of passes. The number of passes is possibly a more important parameter than tensile strength and tool wear rate in FSP. The condition of N4R1T2 exhibited a higher tensile strength than the other experiments, with a tensile strength of 234.73 MPa (Figure 4). Due to the high number of passes and high traverse speed, there was a high level of dislocation to the grain. On the other hand, this condition showed high tool wear rate at 0.1085% of pin mass, which affected the microstructure and uniformity of SiC particles on the surface. In fact, FSP requires high strength, but low tool wear rate and a uniformity of SiC particles in the microstructure; therefore, the N4R1T2 is not exactly optimal. For this reason, the experimental results in Table 5 were analyzed by the grey relational method to find the optimal parameters for the optimal performance characteristic of high tensile strength and low tool wear rate.



The results of the experiment were converted into normalized data by the grey relational method following Equations (2) and (3). The normalized data of both tensile strength and tool wear rate are exhibited in Table 6.



Afterward, the normalized data were translated to the relational coefficient and grey relational grade by using Equations (4) and (5) for ranking, before finding the optimal combination of process parameters. The results are shown in Table 7.



From the grey relational grade, it was found that the condition of N2R1T1 (two passes, rotational speed of 1000 RPM and traverse speed of 10 mm/min) was the best condition among eight experimental conditions for the multi-response of high tensile strength and low tool wear rate. However, it may not always be the optimal condition, as the Taguchi L8 experimental design had a lower experimental number. Therefore, the grey relational grade of the eight conditions was used to find the optimal multi-response conditions for each parameter.



The mean of the grey relational grade of the eight conditions was calculated for each parameter, and the selection of the optimal level from the calculation result is exhibited in Table 8 and Figure 6. The response table displayed the highest level value (N2R1T2) with the number of passes set to two, rotation speed at level 1, and transverse speed at level 2 (two passes, rotational speed of 1000 RPM, and traverse speed of 30 mm/min). These parameter levels were the optimal combination, or the best conditions for both high tensile strength and low tool wear.



Finally, the Analysis of Variance (ANOVA) results of the grey relational grade summarize the contribution of each process parameter; these are shown as a contribution percentage in Table 9.



The results of the ANOVA test showed that the most important parameter is rotational speed (51.68% contribution), the second is traverse speed (36.18% contribution), and the third is the number of passes (7.05% contribution). The rotation speed and transverse speed were the parameters that influenced the improvement of tensile strength and tool wear rate. Therefore, both rotation speed and transverse speed were very important parameters in aluminum surface composite fabrication by friction stir processing.




3.2. Confirmation Experiments


After evaluation of the optimal parameter settings (N2R1T2), the next step was to predict the total mean grey relational grade by Equation (6). The optimal parametric combination of the predicted results was verified by repeatable experiments for the enhancement of quality characteristics.



3.2.1. Microstructural Characterization


After the confirmatory test, the cross-section specimen microstructure analysis of N2R1T2 condition by scanning electron microscope (SEM) showed that SiC particle separation and insertion in the flow direction of stirring affects dislocation, uniform dispersion, and homogeneity in the matrix (Figure 7).



From the dislocation in the structure and uniform distribution of SiC particles, tensile strength improvement was induced.




3.2.2. Comparison of Process Parameters Condition


The best and worst conditions of grey relation grade in Table 7 and confirmed experiment conditions for the optimal process parameters were compared with the different results for multi-response confirmation; a summary of the results is shown in Table 10. The comparison of three process parameter conditions found that the confirmed experimental condition exhibited slightly lower tensile strength (229.90 MPa) than the best L8 experimental condition (233.32 MPa), but the confirmed experimental condition showed a lower tool wear rate than the best L8 experiment condition (0.0075). The confirmed experiment condition displayed both higher tensile strength and lower tool wear rate than the worst L8 experiment condition.



The microstructure of the three conditions is shown in Figure 8, which shows the different SiC particle distribution and uniform particle microstructure. The microstructure of the best L8 experiment condition (N2R1T1) showed a good small split SiC particle dispersion, as shown in Figure 8a. This has high tensile strength, and has an effect on the tool wear rate, as shown in Figure 9a. Figure 9a shows the post-processed pin for N2R1R1, and the pin shows it has slightly lost its addendum part of the thread. Condition N4R2T1 exhibited a few breaks of SiC particles, as shown in Figure 8b. The few breaks of SiC particles resulted in low tensile strength and high tool wear rate, with the thread of the pin degenerating extremely quickly. For confirmation, the experimental condition had a small split of SiC particles, similar to the N2R1T1 condition, as shown in Figure 8c. This resulted in nearly the same tensile strength as N2R1T1, but a lower tool wear rate than the N2R1T1 condition. The small SiC particles diffused into the matrix structures in the direction of the movement of the pin, so these small SiC particles were not agglomerated in the matrix. Furthermore, it can be seen that there were many broken SiC particles and particles in the stirring flow direction. Moreover, an improvement of mechanical properties is due to a reduction in the size of SiC particles (broken SiC particles), which was similar to the findings in prior research [38]. The broken SiC particles can also reduce the tool wear [39].



As a consequence, the confirmed experimental condition N2R1T2 represents the optimal process parameters for FSP in terms of both tensile strength and tool wear rate.






4. Conclusions


This research found the optimal conditions for the fabrication of AA5052 + 10% SiCp by FSP. The Taguchi method, based on grey relational analysis on multiple responses, namely, tensile strength and tool wear rate, was used to determine the optimal conditions. The Taguchi design was used for the primary experiment; after that, the primary experiment result was analyzed by grey relational analysis for the optimal conditions of FSP. The primary experimental results showed increasing tensile strength and tool wear rate with an increasing number of passes. The N4R1T2 condition of the primary experiment showed the highest tensile strength (234.73 MPa) and high tool wear rate (0.1085). However, FSP required the highest tensile strength and the lowest tool wear rate to achieve good mechanical properties and effectiveness for the fabrication of AA5052 + 10% SiCp. Therefore, the next step was to search for the optimal condition of FSP by grey relational analysis. The grey relational analysis showed the optimum number of passes as two, the rotational speed of 1000 RPM, and traverse speed of 30 mm/min (condition N2R1T2). The optimal condition for the multiple response analysis exhibited high tensile strength (229.90 MPa) and low tool wear rate (0.0851). The results of ANOVA indicated that the most important parameter was rotational speed (R), followed by traverse speed (T), and number of passes (N).



Microstructure analysis (condition N2R1T2) by scanning electron microscope (SEM) showed that the SiC reinforcement particles’ separation and insertion in the direction of stirring flow affected the dislocation, uniform dispersion, and homogeneity of the matrix. The small SiC particles had good diffusion in the matrix structure in the direction of the movement of the pin; these small SiC particles were not agglomerated in the matrix. Furthermore, it could be seen clearly that there were many breaks of SiC particles and that particles flowed in the direction of stirring.



Therefore, the conditions of N2R1T2 are optimal for the fabrication of AA5052 + 10% SiCp, providing a balance between the mechanical properties and low rate of tool wear. Reducing the tool wear rate leads to an increased tool life, which decreases the overall process time for FSP.



The experimental results confirmed that the application of the Taguchi method in conjunction with grey relational analysis in multi-objective optimization in this research was satisfactory. Thus, it can effectively be applied to solve decision-making problems in other industrial processes. However, the disadvantage of this method is the issue of accuracy. For future works, other methods for identifying multi-objective optimization using other methods such as Topsis, Fuzzy, GA, etc. should be applied and compared with the current methods.
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Figure 1. Friction stir processing (FSP) tool: (a) stirring tool, and (b) pinless tool. 
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Figure 2. A schematic diagram of preparing AA5052 composites by FSP. 
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Figure 3. Layout of the tensile specimens and the microstructure specimens. 
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Figure 4. Tensile strength and percentage tool wear values for the experiments. 
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Figure 5. Effect of parameters on (a) tensile strength, and (b) percentage tool wear rate. 
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Figure 6. Effects of process parameters on gray relation grade. 
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Figure 7. Scanning electron microscopy (SEM) images of the stir zone of the N2R1T2 condition. 
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Figure 8. SEM images of stir zone of (a) N2R1T1; (b) N4R2T1; (c) N2R1T2. 
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Figure 9. Tool wear images of (a) N2R1T1; (b) N4R2T1; (c) N2R1T2. 
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Table 1. The physical properties of DC53 cold working tool steel.
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	Specific Gravity

(g/cm3)
	Young’s Modulus

(kgf/mm2)
	Modulus of Rigidity

(kgf/mm2)
	Poisson’s Ratio
	Heat Treated Hardness

(HRC)





	7.87
	21,700
	8480
	0.28
	62–64
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Table 2. Chemical and mechanical properties of the as received AA5052-O.
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Chemical Composition w/%

	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Cr

	
Zn




	
0.08

	
0.23

	
0.002

	
0.005

	
2.24

	
0.20

	
0.007




	
Mechanical Properties

	
Yield Strength (MPa)

	
Tensile Strength (MPa)

	
Elongation (%)

	
Brinell Hardness (HB)




	
148.36

	
201.10

	
23.51

	
57.07











[image: Table] 





Table 3. Process parameters and levels.
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Parameters

	
Code

	
Levels




	
1

	
2

	
3

	
4






	
Number of pass (passes)

	
N

	
1

	
2

	
3

	
4




	
Rotational speed (RPM)

	
R

	
1000

	
1500

	

	




	
Traverse speed (mm/min)

	
T

	
10

	
30
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Table 4. Fix parameters and references.
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	Parameters
	Values
	References





	Tool shape
	cylindrical threaded pin profile
	[28,29]



	Shoulder diameter to pin diameter ratio
	3:1
	[30]



	Tilted angle
	3°
	[31,32]



	Shoulder plunged depth
	0.3 mm
	[33]



	Dwell time
	30 s
	[30]



	Traverse distance per time
	150 mm
	[20]
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Table 5. Experimental design using the L8 orthogonal array with tensile strength and percentage tool wear values for experiments.
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Condition

	
A

(passes)

	
B

(RPM)

	
C

(mm/min)

	
Tensile Strength

(MPa)

	
Tool Wear Rate

(%)




	
    x ¯    

	
S.D.

	
    x ¯    

	
S.D.






	
N1R1T1

	
1

	
1000

	
10

	
187.92

	
2.5314

	
0.0695

	
0.0088




	
N1R2T2

	
1

	
1500

	
30

	
154.59

	
10.2389

	
0.0561

	
0.0023




	
N2R1T1

	
2

	
1000

	
10

	
233.32

	
8.1600

	
0.0926

	
0.0073




	
N2R2T2

	
2

	
1500

	
30

	
225.86

	
1.4354

	
0.0911

	
0.0053




	
N3R1T2

	
3

	
1000

	
30

	
233.24

	
3.8325

	
0.0926

	
0.0045




	
N3R2T1

	
3

	
1500

	
10

	
211.16

	
6.0387

	
0.1013

	
0.0044




	
N4R1T2

	
4

	
1000

	
30

	
234.73

	
5.6993

	
0.1085

	
0.0064




	
N4R2T1

	
4

	
1500

	
10

	
218.07

	
6.0245

	
0.1209

	
0.0090
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Table 6. Normalized data xi(k) of each performance characteristic.
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Condition

	
Normalized Data, xi(k)




	

	
Tensile Strength

	
Tool Wear Rate






	
Ideal sequence

	
1.0000

	
1.0000




	
N1R1T1

	
0.4159

	
0.7931




	
N1R2T2

	
0.0000

	
1.0000




	
N2R1T1

	
0.9824

	
0.4376




	
N2R2T2

	
0.8893

	
0.4598




	
N3R1T2

	
0.9814

	
0.4367




	
N3R2T1

	
0.7059

	
0.3028




	
N4R1T2

	
1.0000

	
0.1921




	
N4R2T1

	
0.7921

	
0.0000
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Table 7. The relational coefficient and the grey relational grade.
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Condition

	
Grey Relational Coefficient

	
Grey Relational Grade

    γ i  =  1 2  ( ξ ( 1 ) + ξ ( 2 ) )   

	
Order




	
Tensile Strength

ξi(1)

	
Tool Wear

ξi(2)






	
N1R1T1

	
0.3393

	
0.7719

	
0.5556

	
6




	
N1R2T2

	
0.2308

	
1.0000

	
0.6154

	
5




	
N2R1T1

	
0.9446

	
0.5545

	
0.7496

	
1




	
N2R2T2

	
0.7305

	
0.5644

	
0.6475

	
4




	
N3R1T2

	
0.9417

	
0.5541

	
0.7479

	
2




	
N3R2T1

	
0.5050

	
0.5010

	
0.5030

	
7




	
N4R1T2

	
1.0000

	
0.4642

	
0.7321

	
3




	
N4R2T1

	
0.5907

	
0.4118

	
0.5012

	
8
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Table 8. Response table for grey relational grade.
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Parameters

	
Grey Relational Grade




	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Max-Min

	
Rank






	
N

	
0.5855

	
0.6985 *

	
0.6254

	
0.6167

	
0.1130

	
2




	
R

	
0.6963 *

	
0.5668

	
-

	
-

	
0.1295

	
1




	
T

	
0.5773

	
0.6857 *

	
-

	
-

	
0.1084

	
3








Total mean grey relational grade = 0.6315. * Levels for optimum grey relational grade.
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Table 9. ANOVA of the grey relational grade.
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	Parameters
	DF
	SS
	MS
	% Contribution





	N
	3
	0.0137
	0.0046
	7.05



	R
	1
	0.0336
	0.0335
	51.68



	T
	1
	0.0235
	0.0235
	36.18



	Error
	2
	0.0066
	0.033
	5.08



	Total
	7
	0.0774
	-
	-
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Table 10. Comparison of the process parameter conditions.






Table 10. Comparison of the process parameter conditions.





	
Factor Level

	
Process Parameter Conditions




	
Best L8 Experiment

	
Worst L8 Experiment

	
Confirmed Experiment




	
N2R1T1

	
N4R2T1

	
N2R1T2






	
Tensile strength (MPa)

	
233.32

	
218.07

	
229.90




	
Tool wear rate (%)

	
0.0926

	
0.1209

	
0.0851




	
Grey relational grade

	
0.7496

	
0.5012

	
0.8175








Improvement in the grey relational grade = 0.0679.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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