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Abstract 

Friction stir welding (FSW) has many advantages when compared with 

another fusion welding. The experimental analysis and optimization of friction stir 

welding (FSW) were done to obtain desired mechanical properties of dissimilar 

aluminium welded plates (2024T3 and 7075T6). The friction stir welding process was 

done on aluminium plates (2024T3 and 7075T6) for different three rotating speeds 

(710, 1120 and 1800), three welding speeds (25, 50 and 77), and three different steel 

tools (Square, cylindrical and Hexagonal) and 2° title angle. The different tests of 

welding were done according to the orthogonal matrix of experimental design 

analysis, then a tensile test was done to calculate the ultimate stress to get the welding 

efficiency. The optimum welding environment led to the maximum efficiency was 

obtained by these methods (Taguchi, Particle Swarm Optimization and new modified 

Particle Swarm Optimization). Particle swarm optimization (and its new 

modification) used an artificial neural network to find the relation between the input 

and output parameters. The results showed that when the rotating speed is increased 

and welding speed is decreased (but this conclusion depends on tool shape) the 

welding efficiency is increased. The present study showed that the modified PSO is the 

best method to find the optimum welding environment as compared with experimental 

results.  

Keywords: dissimilar aluminum plates, Particle Swarm Optimization, Taguchi,  

I.      Introduction 

 The demand for joining dissimilar metals is arisen in all applications due to 

the need for the complex shape of a variety of materials or the assembly of high 

strength and corrosion resistance [XI]. There were many advantages of FSW 

compared with fusion welds such as less distortion and the absence of porosity due to 

the high temperature of fusion welding. Welding of dissimilar material have many 

challenges such as different melting point, different thermal expansions and thermal 

conductivity because of FSW is the welding process below melting point [XI]. The 
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secondly used structural metals only below the steels are Aluminum alloys because of 

the unique properties that are owned [V]. Masayuki and Kazuhiro, 2011 [VIII] welded 

the dissimilar FSW of aluminum (2024T3 - 7075T651) and titanium (pure titanium - 

Ti-6Al-4V). The Ti/2024 welded plates have a tensile strength of 311 MPa, and higher 

than those of the Ti/7075 welded plates with the same welding conditions. A TiAl3 

intermetallic compound can be detected by XRD and it is affected by the strength of 

butt welding joints. Mohammad et al. 2013 [X] investigated the mechanical and 

microstructural properties of the AA7075–AA5083 dissimilar FSW aluminum alloys. 

The results of mechanical properties of welded plates are higher than the metals 

without welding. The Artificial Neural Network (ANN) was modeled to relate the 

FSW parameters and the corresponding mechanical properties then predicted the 

ultimate strength and hardness of welded plates. Nizar et al. 2016 [XII] used Taguchi 

method to design the experiment of FSW that was used as an input to the artificial 

neural network (ANN) to relate the input data with the output (yield stress, ultimate 

tensile strength, hardness, bending angle and percentage elongation). The optimization 

methods that are used are real-coded genetic algorithm GA, genetic algorithm GA, 

binary-coded, differential evolution DE and particle swarm optimization PSO. The 

best algorithm to optimize the result was PSO with a minimum number of alterations.  

Nikam et al. 2017 [II]  used Taguchi method with PSO to find optimal conditions of 

one and multi-pass of fsw 6082 plates among three factors (tilt angle, welding speed 

and tool rotation) that lead to maximum yield and tensile strength. The ultimate 

strength is increased with an increase in rotational speed. The optimal tensile strength 

was 183.73 N/mm that was found at 3°,700 rpm and 2 inch/min.. Thella, 2018 [XVIX] 

developed Grey relation Analysis and Taguchi method to optimized welding 

characteristics (ductility, hardness and tensile strength )for AA6061-T6 to AA7075-

T6 aluminum alloys with tool rotation,  welding speed and tool geometry. The optimal 

welding conditions are welding speed of 12 mm/min, The tool rotation speed of 1200 

rpm and the taper hexagonal pin profile. Mallieswaran et al. 2018 [VI] built an 

empirical relation among FSW input parameters and tensile strength of AA1100 with 

AA6061 welded aluminum plates by statistical methods (analysis of variance 

(ANOVA) with Four factors, five levels central composite design have been utilized. 

The maximum ultimate strength of 234 MPa was obtained at 750 rpm, 30 mm/min, 2° 

and threaded taper cylindrical pin profile.  The response surface methodology was 

used to build the mathematical model to predict the ultimate strength of the AA7075 

and AA2024 fsw plates and then optimized using the PSO algorithm to find optimal 

tensile strength by Padmanaban et al. 2018 [XIII]. The optimum parameters were1087 

rpm and 15 mm/min lead to 271 MPa tensile strength. Murali and Jayant, 2019 [IX] 
used the WPCA-ANN-PSO method to do Multi-response Optimization of FSW of 

AA2024-T4 aluminum. The multiple responses are deduced to multi-performance 

index (MPI) by utilizing Taguchi-Weighted Principal Component Analysis (WPCA) 

method in the first stage. An ANN was modeled to predict MPI for assigning input in 

the second stage. In the end stage, the PSO algorithm was used to search for the 

optimal solution. The input factors that were considered were TRS tool rotation speed, 

D/d ratio and WS weld speed. The output of the process was the hardness and ultimate 

tensile strength of the welded plates. The optimal factors by WPCA were 670 rpm 

TRS, 17 mm/min WS and D/d ratio of 3 but the optimal factor by using WPCA-ANN-
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PSO were 936.18 rpm TRS, 3.08 D/d ratio and 17 mm/min WS. The objective of this 

work is to compare Taguchi- method with PSO and modified PSO to find the optimal 

parameters of the dissimilar welded aluminum plates (2024T3 and 7075T6) that lead 

to maximum welding efficiency. The originality point of this paper is the modification 

of PSO method to get a better solution. 

II.    Experimental Procedure 

Two aluminum plates are chosen (2024T3 and 7075T6) with a chemical 

composition done by ARL3460 as shown in table 1. Test specimens were cut by using 

a CNC machine with ASTM E8M -04 then the specimen’s tensile test is testing by a 

universal testing machine with maximum capacity (50KN) to find mechanical 

properties as shown in table 2. Brinell hardness will be found at 294 N load for 10 sec 

according to standard E10 -00. 

The welding tool (shown in fig. 1)is made of tool steel X12 with the chemical 

composition shown in table 3 with three different pin shape (cylinder, square, 

hexagonal)  (6mm diameter and 5.7mm length) with the cylindrical shoulder of 

dimension ( 18mm diameter and 3cm length). Two aluminum plates with dimension 

(100*150*6) mm are firmly clamped with a fixture of mild steel, the7075T6 is put in 

the advancing side. After the dwell time of about 20 sec to plasticize the plates, the pin 

started to weld. After the butt joint is completed the tensile test is done according to 

ASTM E8M -04 which is cut by a water jet machine device to find ultimate stress. 

 

Fig. 1. Tool of welding 
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Table 1: chemical composition for plates used with standard [I] 

Materials Si Fe Cu Mn Mg Zn Cr Ti Zr Al 

2024T3 

[test] 
0.08 0.22 4.94 0.63 1.54 0.08 0.02 0.02 0.003 Rem. 

2024T3 

[stand.] 

0.5 

max 

0.50 

max 
3.8- 4.9 

0.30 

- 0.9 

1.2 - 

1.8 

0.25 

max 

0.10 

max 

0.15 

max 

0.05 

max 
Rem. 

7075T6 

[test] 
0.083 0.206 1.521 0.07 2.509 5.672 0.202 0.027 0 Rem. 

[stand.] 
0.40 

max 

0.50 

max 

1.20-

2.0 

0.30 

max 

2.1- 

2.9 

5.1 -

6.1 

0.18 - 

0.28 

0.20 

max 
0 Rem. 

 

Table 2: mechanical properties for plates used 

 
Young modulus 

(GPa) 

ultimate stress 

(MPa) 

Maximum 

elongation 

(%) 

hardness 

2024T3 66.28 484 15.6 120 

7075T6 81.172 545.45 13.119 161 

 

Table 3: chemical composition for welding tool used with standard [XVIII] 

Materials  Fe  C  Si  Mn P  S  Cr Ni  Mo Cu 

Tool steel 

X12 [test] 
84.9 1.96 0.321 0.271 0.031 0.009 11.95 

0.32

6 

0.08

9 
0.173 

Tool steel 

X12 

[stand.] 

Rem

. 

1.8-

2.1 

0.15-

0.4 

0.15- 

0.45 

0.03 

max 

0.03 

max 

11.0- 

13 

0.35 

max 

0.2 

max 

0.35  

max 

 

III.    Experimental Design  

It is a statistical method that is used to study many parameters that must be 

used when making a product. Taguchi approach is a robust design which is an 

experimental method that is done the product through the designing and insensitivity 

to noise according to statistical principles [XVI]. Three factors with three levels are 

chosen in this research shown in table 4. An orthogonal array L9 that used is shown 

in table 5 with its response (ultimate stress the reading is average of three samples). 

The welding efficiency in term of the ultimate tensile stress of the welded dissimilar 

metal is divided by the tensile strength of the weaker metal of the joint [XVIII] 
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Efficiency of joint =  
𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 𝑜𝑓 𝑤𝑒𝑙𝑑𝑒𝑑 𝑝𝑙𝑎𝑡𝑒 

𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 𝑜𝑓 𝑠𝑜𝑓𝑡𝑒𝑟 𝑚𝑒𝑡𝑎𝑙𝑠
∗ 100%                     (1) 

Table 4: The parameters and their levels 

parameter Rotational speed 

(rpm) 

Welding speed 

(mm/min) 

Tool shape 

Level 1 710 25 Cylinder   (0) 

Level 2 1120 50  Square  (1) 

Level 3 1800 77 Hexagonal (2) 

 

Table 5: the orthogonal array with its response 

No. of 

experiment 

Rotational 

speed 

(rpm) 

Welding 

speed 

(mm/min) 

Tool shape Ultimat

e stress 

(MPa) 

Welding 

efficiency 

(%) 

1 1120 25 Cylinder   (0) 264.06 55% 

2 710 50 Cylinder  (0) 151.88 31.4% 

3 1800 77 Cylinder (0) 72.18 15% 

4 1120 50 Square  (1) 255.07 53% 

5 710 77 Square  (1) 163.48 34% 

6 1800 25 Square  (1) 353.62 73% 

7 1120 77 
Hexagonal 

(2) 
157.39 33% 

8 710 25 
Hexagonal 

(2) 
388.4 80% 

9 1800 50 
Hexagonal 

(2) 
353.62 73% 

 

IV.    Particle Swarm Optimization and its new modification 

Particle swarm optimization is the nature-inspired popular algorithm was 

discovered by James and Russell in 1995 [IV]. PSO was established on the 

performance of birds. Each one of the birds was behaved by utilizing its cleverness 

and the group intelligence of the swarm to discover a good way to food. The swarm 

has a fixed size and each particle has initially located randomly in a multi-dimensional 

design space. Each particle has two characteristics: position and velocity. Each particle 

moves in the design space and finds the best objective function until the alteration is 

finished. [XVII]. 

The artificial neural network (ANN) is used to find the cost function to relate the input 

and output. Artificial neural networks (ANN) are similar to the connection of physical 

cellular and their capability to store. [III]. Three factors input to the ANN with one 

output and six hidden layers that is the structure of the feed-forward network. 

Normalization is done on both input and output to find the best result by reducing the 
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space of solution. The bipolar continuous activation function (tansig) is used to train 

the hidden layers  

𝑓(𝑛𝑒𝑡) =
2

1−exp (−𝜆𝑛𝑒𝑡)
− 1                                                                               (2) 

Where 𝝀 > 0 

And unipolar continuous activation functions (login) is used  

𝑓(𝑛𝑒𝑡) =
1

1−exp (−𝜆𝑛𝑒𝑡)
                                                                                      (3) 

The trained data from ANN is sent to PSO and its modification to do the optimization 

and find the best input with optimum output. The structure of ANN is shown in fig.2. 

 

Fig. 2. Structure of ANN 

Velocity and position of Conventional PSO is shown below 

𝑉𝑖𝑗
𝑘+1 = 𝑤 × 𝑉𝑖𝑗

𝑘 + 𝑐1 × 𝑟1 × (𝑃𝑏𝑒𝑠𝑡𝑖𝑗
𝑘 − 𝑋𝑖𝑗

𝑘 ) + 𝑐2 × 𝑟2 × (𝐺𝑏𝑒𝑠𝑡𝑗
𝑘 − 𝑋𝑖𝑗

𝑘 )                (4) 

𝑋𝑖𝑗
𝑘+1 = 𝑋𝑖𝑗

𝑘 + 𝑉𝑖𝑗
𝑘+1                                                                                                         (5) 

     Where w is the inertia  

𝑤 = 𝑤𝑚𝑎𝑥 − 𝑘 × (𝑤𝑚𝑎𝑥 − 𝑤𝑚𝑖𝑛)/𝑀𝑎𝑥𝑖𝑙𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛                                                     (6) 

But the inertia of the conventional PSO program is taken as a constant its value with 

the other constant are set in [XV] 

V.   Modified PSO 

The original point is the modification of the equation of inertia [XV] 

𝑤 = (𝑤𝑚𝑎𝑥 −
(𝑤𝑚𝑎𝑥−𝑤𝑚𝑖𝑛)×𝑖𝑙𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑚𝑎𝑥𝑖𝑙𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
) × 𝑏𝑒𝑡𝑎𝑘+1                                               (7) 

Where  

𝑏𝑒𝑡𝑎𝑘+1 = mu × beta𝑘 × (1 − beta𝑘)                                                                (8) 

And all other parameters are constant and shown with a flow chart in [XV]. 
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VI.    Result and discussion  

The results were shown in the last column in table5 will be analyzed by 

Taguchi analysis to see the effect of each variable in table fig.3. 

 

Fig.3.  the effect of each variable in the Taguchi analysis 

From experimental results that are shown in table 5, it can be seen that when the feed 

speed is increased the ultimate stress is decreased because of low heat input and the 

metal had not enough time to softening and mixed well but this effect was opposite in 

rotational speed when it was increased the friction is increased to lead to high input 

heat but it depends also on tool geometry and the feed speed with it. The minimum 

welding efficiency can be obtained when the tool shape is cylinder because of low 

friction between the tool and the metal that may be affected by a mixture of metals. 

The hexagonal shape of the tool leads to more friction force because of pulsing metal 

during the rotation. For hexagonal tool, it can be seen that when the rotational speed 

is increased the ultimate stress is decreased because of very high input heat that 

affected inversely. From the fig.3,  it can be seen that the optimum level of ultimate 

stress according to the Taguchi method when (25 mm/min feed, 1800rpm rotational, 

hexagonal tool shape) and the other optimization method that is used are shown in the 

table below and compared with experimental work. 

Table 6: optimum parameter to get maximum ultimate stress for three methods 

compared with experimental 

Method  Feed speed 

(mm/min) 

Rotational 

speed (rpm) 

Tool 

shape 

Predicted 

ultimate 

stress (MPa) 

Experimental  

ultimate stress 

(MPa) 
Taguchi 25 1800 hexagonal 415.037 288.12 

PSO 25 1800 hexagonal 408.5333 288.12 

Modified 

PSO 
25 710 hexagonal  390 388.4 
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From the above table, it can be shown that the excellent predict value can be obtained 

from modified PSO that can be decreased the time and cost for many experimental 

that is done to get this. The reason for getting low ultimate stress despite increasing 

rotational speed due to very high input heat that is led to very fine grain that leads to 

a decrease in the ultimate strength.  

The result for ANOVA analysis can be shown in table 7  

Table 7: result for ANOVA analysis 

Source DOF SS MS F P-value 

Rotational 

speed 
2 1895 947.5 0.06 0.943 

Feed speed 2 63461 31731 5.63 0.042 

Tool shape 2 29559 14780 1.31 0.337 

Total error 8 97256    

SS: The sum of squared distances𝑠𝑠 = ∑ ∑ (𝑦𝑖𝑗 − �̅�)2
𝑗𝑖  

MS: mean square for the factor and error are= 
𝑆𝑆

𝐷𝐹
 

F : test to determine whether the factor is equal or not= = 
𝑀𝑆(𝑓𝑎𝑐𝑡𝑜𝑟)

𝑀𝑆(𝑒𝑟𝑟𝑜𝑟) 
 

p-value: the probability of obtaining a test statistic that is at least as extreme as the 

actual calculated value, 

Where yi.= mean of the observations at the ith factor level, �̅�.. = mean of all 

observations and yij = value of the jth observation at the ith factor level.   

VII.    Conclusion 

The experimental work is done to weld (7075T6+2024T3) by FSW process 

then cutting the samples by water jet to do a tensile test on them to get input (welding, 

rotational, tool shape) and output factor (ultimate stress to make an optimization by 

three different methods, it can be concluded that: 

1- The best tool shape to do the FSW process is hexagonal shape because of 

pulsing effect during the rotation of the tool. 

2- When the feed speed is increased the ultimate strength of the joint is decrease 

because of the low time of stirring. 

3- When the rotational speed is increased the ultimate strength is increased but 

in some band because of high rotation is given very high heat that softening 

the plates and is gave very fine grains. 

4- The optimum correct level can be concluded by a new modified PSO that is led 

to a decrease in the cost and time to get optimum conditions.                   
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