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In this research, a multi-response optimization based on Taguchi method 

is proposed for friction stir welding (FSW) process for (2024-T3) 

aluminum alloy. Three different shoulder diameters of tools with tapered 

pin geometry of (12, 14 and 14 mm) with variable rotation speed (710, 

1000 and 1400 rpm) and welding speed of (40, 56 and 80 mm/min), three 

different tilting angles of (1, 2 and 3 degree) and three welding direction 

of (1, 2 and 3 passes). The results of this work showed the single 

optimization by using (Taguchi method) at the optimum condition for the 

tensile strength and yield strength were (365 MPa) and (258 MPa) 

respectively; at the parameters: shoulder diameter (14 mm), rotation 

speed (1400 rpm), linear speed (40 mm/min), tilting angle ((3°) for tensile 

strength and (1°) for yield strength) and welding direction (3 passes). The 

results of multi-response optimization for (FSW) process at the optimum 

condition for tensile strength and yield strength were (371 MPa) and (268 

MPa), respectively; at the parameters: shoulder diameter (14 mm), 

rotation speed (1400 rpm), linear speed (40 mm/min), tilting angle (3°) 

and welding direction (3 passes). 
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1. Introduction

Some alloys of aluminum are not considered weldable by commercial methods and are generally 

used with riveted construction. The most extensive application of these alloys such as (2xxx) alloys 

usually has been in the aircraft industry [1-3]. Friction stir welding can be used as a solid-state 

welding to join aluminum sheets and plates without any filler wire or shielding gas use. All series of 

aluminum alloys have been successfully friction stir welded [4-6]. The aluminum alloys of (2xxx) 
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series are practically unwedable because the formation of aluminum-copper intermetallic in weld 

metal makes them brittle. It is undesirable, using fusion-welding processes if attempts are made to 

weld them because of the tendency to the crack formation, even though the use of the (Al-12 % Si) 

filler may sometimes give acceptable results. Solid-state techniques, such as friction stir welding may 

provide some success [7-10]. The weldability of (AA2024) by conventional fusion welding practices 

is limited. In addition, (AA2024) is more sensitive to cracking during conventional welding than 

other aluminum alloys [11, 12]. Reddy et al. [13] discussed the mechanical and corrosion properties 

of friction stir welded (7475-T761) aluminum alloy. The optimization process using Box Behnken 

Method of the process parameters was done with a minimum number of trials. They concluded that 

the Box Behnken Method had optimized the process parameters giving high joint efficiency. Verma 

et al. [14] studied the friction stir welding (FSW) of (7039) aluminum alloy. The trails are designed 

according to central composite design of response surface methodology (CCD-RSM). The 

optimization process has been done using desirability analysis. They concluded that the modelling 

was successfully done using the optimization process and the joint efficiency of the optimum 

condition is higher than that of the strength of the base material. Ghantas and Singhal [15] 

successfully welded of (AA7039-T6) aluminum alloy. The experiments were planned according to 

center composite design approach of response surface methodology (CCD-RSM). The optimization 

process of the process parameters was carried out using a hybrid approach of grey relation analysis. 

They concluded that the grey relational grade was improved with the predicted responses at the 

optimum conditions. However, there are some researches that have been done to discuss the single 

and multiple optimization process using different methods, no studies in the literature review have 

been particularly concerned with multiple optimization of (FSW) process using fuzzy logic-based 

desirability approach (Mamdani method). 

 

2. The Taguchi Method  

The Taguchi principle is most important method as compared with the other experimental design 

methods. Most limitations of this method are used for one single response only. Only the main 

control factors and the interactions between them are considered. In general, the Taguchi principle 

include, two important factors: (the control factor) and (the noise factor) which are usually used to 

study the effect of responses. The input factors are used to select the appropriate conditions for 

(FSW) process, whereas the noise parameters denote, all parameters that cause negative effects. 

Usually, the (S/N) ratio is determining for evaluating the single and multiple effect of the parameters 

and the maximum value can be used as the optimum value [16,17]. According to the quality 

outcomes, the (Taguchi) principle is divided into three major parts:  the (Nominal-the-Better (NB)), 

the (Larger-the-Better (LB)) and the (Smaller-the-Better (SB)). 

In this research, the following (Larger - the - Better (LB)) method is used in order to determine the 

higher response functions. The (S/N) ratios can be calculated as the following equation [18]: 

𝑆𝑁𝑖 = −10𝑙𝑜𝑔 (
1

𝑁𝑖
∑

1

𝑦𝑘
2

𝑁𝑖
𝑘=1 )                                                                                                                (1) 

Where: i, k, Ni stand for (number of experiments), (number of trials) and (total number of 

experiments), respectively. 

 

3. Analysis of Variance (ANOVA)  

The main objective of (ANOVA) is to determine which (FSW factors) significantly affect the quality 

characteristic. This is can be carried out by separating the total variations of the positive attributes, 

which is determined by the summation of the squared deviations from the total average of the 

positive attributes, into contribution percentage by each (FSW factors) and the error, as equations 

[19-21]: 

SST = SSF + SSe                                                                                                                                    (2) 

Where:  𝑆𝑆𝑇 = ∑ (𝛾𝑗 − 𝛾𝑚)
2𝑝

𝑗=1                                                                                                            (3) 

Where;  

SST: Total squared deviations summation about the average.  

𝛾𝑗 : Average response for the (j
th
) experiment.  

𝛾𝑚: Total average of the response. 

𝑝: Number of experiments in the (Taguchi) array.  



Engineering and Technology Journal                       Vol. 38, Part A, (2020), No. 02, Pages 185-198 

 

187 
 

SSF: Summation of squared deviations due to each parameter.  

SSe: Summation of squared deviations due to error. 

The percentage contribution (P) can be calculated as [20]: 

𝑃 =
𝑆𝑆𝑑

𝑆𝑆𝑇
                                                                                                                                           (4) 

Where,  

(SSd): the sum of the squared deviations. 

 

4. Multi-Objective Optimization Using Hybrid Approach (Desirability-Fuzzy Taguchi 

Experimental Design) 

There are many statistical methods for solving multiple response problems like constrained 

optimization problems, overlaying the contours plot for each response, and desirability approach. The 

desirability method is favored due to its simplicity and availability in the software and gives 

flexibility in weighting and giving value for individual response. Solving these multiple response 

optimization problems by applying this technique includes combining multiple responses into a 

dimensionless value of performance named the multi-performance index (MPI). 

In this research, the individual-desirability of all response (tensile strength and yield strength) is 

calculated with equation (4) [22]: 

 

 For the one-sided transformation: 

𝑑𝑖 = {

  0                                                 ỳᵢ ≤ yᵢ(min)

 ( 
ỳᵢ−yᵢ(min)

yᵢ(max)−yᵢ(min)
)𝑟 𝑖𝑓 yᵢ(min) ≤ ỳᵢ ≤  yᵢ(max)  

1                                                  yᵢ(max) ≤ ỳᵢ

                                                  (5) 

 

Weights are used to provide more importance on the upper/lower bounds or to highlight the target 

value. Weights can be extended between (0.1 and 1); a weight higher than (1) provides more 

importance on the goal, while weights less than (1) give less importance. The normalizing properties 

were determined according to the selection of quality characteristic of (tensile strength and yield 

strength) are larger the better. The computed individual desirability for each quality characteristics 

using the equation (5) [23]: 

 For the two- sided transformation: 

 

di= 

{
 
 

 
 {(

ỳᵢ−yᵢ(min)

𝑇ᵢ−yᵢ(min)
)
𝑠
}    , if  yᵢ(min)  ≤  ỳᵢ ≤  Tᵢ             

{(
ỳᵢ−yᵢ(min)

𝑇ᵢ−yᵢ(min)
)
𝑡
}        , if 𝑇ᵢ ≤  ỳᵢ ≤  yᵢ (max)  

{0}                             otherwise          

                                                                       (6) 

 

5. Experimental Setup 

A vertical milling machine was used to weld the joints of similar (AA2024-T3) aluminum alloys. 

Figure 1 shows the arrangement of (AA2024-T3) plates on the machine during a welding process. 

Aluminum alloy plates with dimension of (200 × 100 × 3.5 mm) were used to make a butt joint. The 

tools rotate perpendicular to the longitudinal plate surface, which made of high-speed tool steel 

(HSS) with tapered pin profile, as shown in Figure 2. 
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Figure 1: Arrangement of (2024-T3) aluminum alloy plates 

 

Figure 2: Fabricated tool 

 
The chemical compositions and mechanical properties of alloy were carried out in the Department of 

Materials Engineering / University of Technology / Baghdad / Iraq, as shown in Table 1 and Table 2. 

 
Table 1: Chemical composition of (AA2024-T3) 

 Si Fe Cu Mn Mg Cr Zn Ti Al 

Standard [24] 0.5 0.5 3.8-4.9 0.3-0.9 1.2-1.8 0.1 0.25 0.15 Rem. 

Measured 0.677 0.429 0.309 0.0672 0.872 0.2 0.0132 0.112 Rem. 

 
Table 2: Mechanical properties of (AA2024-T3) 

 Tensile strength (MPa) Yield strength (MPa) 

Standard value [24] 434 289 

Measured value 409 273 

 

The tensile test specimens were cut perpendicular to the welding direction according to (ASTM B 

557M – 02a) standard [25], as illustrated in Figure 3. The fractured samples of tensile test are shown 

in Figure 4. 
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Figure 3: Standard dimensions of tensile test specimens [22] 

 

 

Figure 4: Tensile fractured samples 

 

6. Results and Discussion 

I. Single-Objective Optimization of Tensile Strength and Yield Strength Using Taguchi Method 

In this research, the experimental work was done according to (Taguchi) array. With respect to the 

experimental conditions, the number of levels and (FSW) parameters are given in Table 3, where 

(Taguchi) method, (L27) array was employed. The (S/N) quantitative relation for tensile strength and 

yield strength can be calculated as (the Larger - the better) within the equation (1). The design array, 

including tests’ values of tensile and yield strength, as shown in Table 4. 

 
Table 3: Process parameters and their levels 

Factor Factor code Levels 

1 2 3 

Shoulder diameter (mm) A 12 14 16 

Rotation speed (rpm) B 710 1000 1400 

Linear speed (mm/min) C 40 56 80 

Tilting angle (θ°) D 1 2 3 

Welding direction (Pass) E 1 2 3 

 

Table 4: The orthogonal array and experimental results of tensile strength and yield strength 

No. Shoulder 

diameter 

(mm) 

Rotation 

speed (rpm) 

Linear speed 

(mm/min) 

Tilting 

angle (θ°) 

Welding 

direction 

(Pass) 

Tensile 

strength 

(MPa) 

Yield 

strength 

(MPa) 

1 12 710 40 1 1 205 205 

2 12 710 40 1 2 211 210 

3 12 710 40 1 3 217 217 

4 12 1000 56 2 1 213 213 

5 12 1000 56 2 2 218 217 

6 12 1000 56 2 3 227 222 

7 12 1400 80 3 1 256 214 

8 12 1400 80 3 2 262 224 

9 12 1400 80 3 3 271 237 

10 14 710 56 3 1 224 222 

11 14 710 56 3 2 233 227 

12 14 710 56 3 3 241 231 

13 14 1000 80 1 1 237 226 
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14 14 1000 80 1 2 245 231 

15 14 1000 80 1 3 251 242 

16 14 1400 40 2 1 308 261 

17 14 1400 40 2 2 314 290 

18 14 1400 40 2 3 326 298 

19 16 710 80 2 1 95 87 

20 16 710 80 2 2 110 109 

21 16 710 80 2 3 116 112 

22 16 1000 40 3 1 346 234 

23 16 1000 40 3 2 353 247 

24 16 1000 40 3 3 361 252 

25 16 1400 56 1 1 292 286 

26 16 1400 56 1 2 301 298 

27 16 1400 56 1 3 308 301 

 

Response graph method provided the output of interest to be optimized, i.e., minimize, maximize, 

targeted, etc. The output can be larger than one and it can be quantitative or qualitative. The factor 

effect of a parameter at any level is calculated by obtaining the mean of each (S/N) ratio at the same 

level. The graphical illustrations of factors influence at different levels are shown in Figure 5 and 

Figure 6 for tensile strength and yield strength, respectively. 

 

Figure 5: (S/N) values of tensile strength for aluminum alloy (2024-T3) joints at optimum condition 

 

 

Figure 6: (S/N) values of yield strength for aluminum alloy (2024-T3) joints at optimum condition 

 
The optimum tensile strength and yield strength values were at the higher (S/N) ratios in the response 

graphs. The optimum condition for tensile strength and yield strength becomes (A2B3C1D3E3) and 

(A2B3C1D1E3), respectively for main control factors, where the symbols (A, B, C, D and E) were 

explained in Table 3. Once the optimum parameters had been determined, the optimum performance 

of the response “tensile strength” at these parameters can be predicted. The predicted (S/N) ratio of 

tensile strength at optimum condition was calculated by adding the mean performance to the 

contribution of each parameter at the optimum level. The predicted results of tensile strength at the 

optimum condition are presented in Table 5. 
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Table 5: Predicted results of tensile strength at the highest (S/N) values 

 
 

The final step of the single optimization process was the confirmation test, where the quality 

characteristics of the tensile strength can be obtained by applying the confirmation test within the 

optimum condition (A2B3C1D3E3). Table 6 shows the predicted and actual results at optimum level 

of each parameter to achieve the highest value of tensile strength. There is a good agreement between 

the predicted and experimental results of tensile strength. 
 

Table 6: The predicated and actual values of tensile strength at the optimum condition 

Tensile strength (predicted) Tensile strength (actual) 

Mean S/N Mean S/N 

392.778 53.4065 388 52.8501 

The optimum process condition 

Parameters level:   A2B3C1D3E3 
 

The predicted results of (S/N) ratio and mean of yield strength at optimum condition are shown in 

Table 7. 

Table 7: Predicted results of yield strength at the highest (S/N) values 

 

The confirmation test of yield strength was carried out at the optimum condition (A2B3C1D1E3), as 

shown in Table 8. The optimization process for yield strength test is successfully done using the 

method of Taguchi. According to these comparisons, the predicted and experimental values are in 

good agreement. 

 
Table 8: The predicted and actual values of yield strength at the optimum condition 

Yield strength (predicted) Yield strength (actual) 

Mean S/N Mean S/N 

336.481 51.7923 268 49.8713 

The optimum process condition 

Parameters level:   A2B3C1D1E3 

 

(ANOVA) was used to analyze the effect of each parameter for tensile strength and yield strength, 

separately, as shown in Table 9 and Table 10 for tensile strength and yield strength, respectively. 
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Table 9: Analysis of variance (ANOVA) for tensile strength 

 
 

Table 10: Analysis of variance (ANOVA) for yield strength 

 
From (ANOVA) table, the percentage of contribution of each parameter for tensile strength and yield 

strength can be obtained using the equation (4), as shown in Figure 7 and Figure 8 for tensile strength 

and yield strength, respectively. 

 

 

Figure 7: Percentages of contribution of tensile strength levels 
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Figure 8: Percentages of contribution of yield strength levels. 

 
II. Fuzzy logic proposed model 

The present work uses a (Fuzzy Inference System - FIS) of (Mamdani) type to develop (membership 

function - MF) for input and output parameters use Matlab tool box software to obtain (MF) value 

using fuzzy operations, known as max-min reference method used for making of fuzzy rules. 

Mamdani receives all the individual normalized values of desirability as input and (MPI) values as 

output which are generated according to the (MF) and fuzzy rules. The essential steps included in the 

making of fuzzy model are fuzzification, fuzzy rules and defuzzification. 

Fuzzification used to converts of crisp input values into imprecise (MF) such as small, medium, large 

etc. Triangular (MF) and fuzzy rules are established as Low, Medium and High. The low value and 

high value of the triangle were taken by equal intervals before and after the medium value. The 

output parameters are checked from rule viewer by changing the input parameters from low to high 

values by keeping the input parameters at different levels which are three fuzzy subset such as small 

(S), medium (M) and large (L), which is assigned to inputs (normalized output responses). The (MF) 

for input parameters is illustrated in Figure 9 and Figure 10 and Figure 11 for the output (MPI). 

 

Figure 9: Membership plot for input parameter (tensile strength) 
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Figure 10: Membership plot for input parameter (yield strength) 

 

 

Figure 11: Membership plot for output (MPI) 

 
The next stage of (FIS) is the relationship between the two parameters input (tensile strength and 

yield strength) and the one output (MPI) were described in the form of (if-then) control rules. Fuzzy 

rules are instantly made by the fact that “larger-the-better”. Defuzzification involves the converts of 

fuzzy output into a crisp value. The centroid of the area is the most extensively used defuzzification 

technique. There are (27) rules taken based on the Taguchi design of the experiment. Thus, the multi-

criteria optimization problem has been transformed into a single objective optimization problem by 

using the combination of utility theory fuzzy logic analysis. 

The (S/N) ratios for (MPI) were determined based on the “higher-the-better,” to maximize the 

responses. The (S/N) ratio for the response was calculated using equation (1). As shown in figure 

(12), the main effects plot (S/N) ratio is plotted for (MPI). Optimal (FSW) parameters setting are 

(A2B3C1D3E3), where the symbols (A, B, C, D and E) were explained in Table 3. 

 

 

Figure 12: The (S/N) values of (MPI) for aluminum alloy (2024-T3) joints 
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For analyzing the significant effect of the process parameters on the response parameters, (ANOVA) 

was used. Table 11 shows the output of (ANOVA) analysis for (MPI), the table indicated the 

significance value of various input parameters. The contribution percentages of each control factor of 

(FSW) process for aluminum alloy (AA2024-T3) joints are shown in Figure 13. 

 
Table 11: Analysis of variance (ANOVA) of (MPI) values 

 

 

 

Figure 13: Percentage of contribution of the process parameters of (FSW) 

 
III. Confirmation test 

The improvement in predicted (MPI) at the optimum level is found to be large as compared with 

initial parameter setting (A2B3C1D3E3). The value of tensile strength and yield strength at this 

optimum level are shown in Table 12. The results of confirmation test show that two quality 

characteristics tensile strength and yield strength have been improved. 
 

Table 12: Results of confirmation experiment for multi-objective optimization 

 Initial Optimized 

Factor level A1B1C1D1E1 A2B3C1D3E3 

Tensile strength (MPa) 205 371 

Yield strength (MPa) 198 268 

 

IV. Characterization of welded samples 

As mentioned in Table 5, the optimum condition (A2B3C1D3E3) “i.e. shoulder diameter (14 mm), 

rotation speed (1400 rpm), linear speed (40 mm/min), tilting angle (3°) and welding direction (3 

passes)” was the best suitable to obtain a better joint.  

The reasons behind the suitability of these parameters were that these parameters provided intense 

stirring of the material due to the proper shoulder diameter which generated good amount of heat to 

increase the ability of material to be mixed easily, and the high rotation speed with low linear speed 

helped the material to be mixed completely, as well as the tilting angle (3°) was permitted the 
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material to be mixed freedomly, and the three passes of welding helped to fill the voids and cracks 

that which could have existed during (FSW) process. These reasons led to finer grain structure and 

thus higher tensile strength and yield strength. 

The microstructures of the cross-section for welded sample of (AA2024-T3 to AA2024-T3) at the 

optimum condition are shown in Figure 14. At the nugget zone, there was fine equiaxed grains. The 

grain size was changed by the strain rate and the heat input. From the experimental results, the finer 

grain size was produced by the higher heat input. 

 

 

Figure 14: Microstructure of the welded (AA2024) at the optimum condition (shoulder diameter (14 mm), 

rotation speed (1400 rpm), linear speed (40 mm/min), tilting angle (3°) and welding direction (3 passes). 

 

Scanning electron microscope (SEM) was used to characterize the fracture surface of (FSW) 

specimens after tensile testing. Fracture surface of the base material (AA2024-T3) after tensile 

testing, as observed under (SEM), is shown in Figure 15. Fine equiaxed dimples and hemispherical 

micro-voids were observed on the fractured surface. This indicated that the ductile failure occurred in 

the base material under tensile loading. 

 

 

Figure 15: (SEM) image of the welded (AA2024) at the optimum condition (shoulder diameter (14 mm), 

rotation speed (1400 rpm), linear speed (40 mm/min), tilting angle (3°) and welding direction (3 passes). 

 

(XRD) analysis results for parent alloy and (FSW) material were identical, and this indicated that 

there was no element depletion throughout (FSW) processes in this work. This result was however, 

expected because (FSW) was a solid-state process, and frequently, temperature throughout the joint 

was not high enough to induce phase transformation. This asserted what had been aforementioned 

just now. The (XRD) analysis is shown in Figure 16. 

 

Intermetallic 

compound 
Fine 

α-Al 



Engineering and Technology Journal                       Vol. 38, Part A, (2020), No. 02, Pages 185-198 

 

197 
 

 

Figure 16: (XRD) analysis pattern of the welded (AA2024) aluminum alloy at the optimum condition 

(shoulder diameter (14 mm), rotation speed (1400 rpm), linear speed (40 mm/min), tilting angle (3°) and 

welding direction (3 passes) 

 

7. Conclusion 

In this research, it is thereby concluded that an improvement in mechanical properties for friction stir 

welded (AA2024-T3) by using multiple optimization method based on Taguchi method. The results 

of this investigation were: the single optimization by using (Taguchi method) showed the optimum 

condition for tensile strength was (365 MPa) and for yield strength was (258 MPa), at the parameters: 

shoulder diameter (14 mm), rotation speed (1400 rpm), linear speed (40 mm/min), tilting angle (3 

degree) and welding direction (3 passes). The multi-response optimization for (FSW) process at the 

optimum condition for tensile strength and yield strength were (371 MPa) and (268 MPa), 

respectively; at the parameters: shoulder diameter (14 mm), rotation speed (1400 rpm), linear speed 

(40 mm/min), tilting angle (3 degree) and welding direction (3 passes). The rotation speed is the most 

significant variables of the optimum outcome results with major influence (41.89 %) of the (FSW) 

process, followed by shoulder diameter with (26.54 %) effects on the response parameters. 
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