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Abstract 

Friction stir welding (FSW) is a relatively new solid-state 

joining process. This joining technique is energy efficient, 

environment friendly, and versatile. In this study optimization 

of process parameters (tool rotational speed, welding speed, 

tool shoulder diameter to pin diameter ratio) for tensile 

strength and micro hardness of friction stir welded specimen 

was carried out. A mathematical model was developed for 

predicting tensile strength and micro hardness of friction stir 

welded AA6082 alloy using design expert software (version 

6.0.5). Three factors, three levels central composite design 

have been used to minimize the number of experimental 

conditions. The developed mathematical relationship can be 

effectively used to predict the tensile strength and micro 

hardness of AA6082 alloy at 95%confidance level. 
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Introduction 
Friction stir welding (FSW) is a relatively new solid-state 

joining technique which eliminated most of the problems that 

are encountered during conventional fusion arc welding. Low 

distortion, low energy consumption, high quality joints, better 

fatigue property, lower residual stresses, fewer weld defects, 

no harmful emission, high level of dimensional stability, 

repeatability and low production cost makes FSW an 

important solid-state joining process. It has expanded rapidly 

since it was invented at, The Welding Institute (TWI) of UK 

in 1991[1].  
Aluminium matrix composites (AMCs) have enhanced 

properties as compared to their base material. However, their 

use are limited because they encountered difficulties during 

machining, forming, and when joined by traditional fusion 

welding processes [2]. Main limitations for the particulate 

reinforced AMCs is the difficulty in using conventional fusion 

welding methods because of the porosity, hot cracking, 

segregation and deleterious reactions between the 

reinforcement particles and liquid aluminium in the fusion 

zone [3,4]. Friction stir welding is a promising candidate for 

joining particulate reinforced aluminium matrix composites 

since this method is a solid state process, therefore, the 

formation of brittle solidification products are not easily 

produced, the energy input and distortion are significantly 

lower than in fusion welding techniques, thus improving the 

welding properties. Most of the previous studies on the 

joining of particulate reinforced aluminium matrix composites 

have dealt with gas shielded metal arc welding [5], laser 

welding, gas tungsten arc welding [3], electron beam welding 

[3] and friction welding but now friction stir welding is 

widely used for making joint of aluminium matrix composites 

[6-9]. The 6xxx-group of Aluminum Alloys (AA) contains 

magnesium and silicon as the major alloying elements. Al–

Mg–Si alloys have recently been used for automotive body 

sheet panel for weight saving [10]. In spite of the importance 

of 6xxx series AA to various industries a limited number of 

research work have been devoted to FSW of this series. 

Koumoulosaet al. [11] studied the FSW of AA6082-T6 and 

find that welding process softens the material, since the weld 

nugget is the region where the most deformations are 

recorded. Scialpi et al.[12] suggested that Tool with cavity 

and fillet can be considered the best tool for FSW of 6082-T6. 

Ehab A. El-Danaf et al. [13] reported that welding of 6082 

AA-T651 results in softening in the stir zone (SZ) and TMAZ 

being more significant. This negative effect on the welded 

joints strength and hardness can be partially recovered by post 

weld heat treatment PWHT.Cavaliere et al. [14] find that 

AA6082 friction stir welded with the advancing speed of 

115mm/min exhibited the best fatigue properties and the 
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higher fatigue limit. H.J.liu et al. [15] reported that the tensile 

strength of FS Welded 6061-T6 aluminum alloy defect free 

joint increases with the welding speed and maximum tensile 

strength is equivalent to the 69% of that of base material. 

Many studies that have focused on the FSW of 6xxx AA 

series alloys were devoted for the 6061 and 6063 alloys, but 

limited attention was given to particularly the 6082 alloy. 

AA6082 has very good weldability but strength is lowered in 

the weld zone. Applications of AA6082 are typically used in 

highly stressed applications, Trusses, Bridges, Cranes, 

Transport applications, Beer barrels etc. 
 

Materials and Methods  
A-Work-piece Material  
A commercial 6082-T651 AA plate which is solution heat 

treated, stress relieved by stretching then artificially aged is 

used as specimen for FSW. Chemical composition of work 

piece material is given in table 1. Response surface 

methodology (RSM) is a collection of mathematical and 

statistical techniques for empirical model building. By careful 

design of experiments, the objective is to optimize a response 

(output variable) which is influenced by several independent 

variables (input variables). An experiment is a series of tests, 

called runs, in which changes are made in the input variables 

in order to identify the reasons for changes in the output 

response. Three different straight square pin tools are used for 

friction stir welding as shown in figure-1. It was fabricated 

from H13 hot working steel and heat treated to 58HRC 

(Hardness, Rockwell C-scale). These tools have square pin on 

cylindrical shoulder. square pin has 6mm diagonal length and 

5.7mm height with different shoulder diameter like 21, 18, 

15mm. Tool shoulder and pin diameter is considered one of 

the important parameter of friction stir welding due to which 

welding is done on different tool shoulder to pin diameter 

ratio. (3.5, 3, 2.5). An indigenous developed friction stir 

welding machine (R V machine tools, FSW-4T-HYD)  

(15 hp; 3 000 rpm; 25 KN) as shown in figure 2-3 is used for 

welding process. 

 
Table 1-Chemical composition of AA6082-T651 

 

B-Experimental procedure 

The 6 mm thick plates were cut into the required sizes (200 

mm×80 mm) by power hacksaw cutting and milling. FSW of 

20 specimens were performed according to the design of 

experiment (DoE) which is formed with the help of Design-

Expert ® version 6.0.5 software. Different parameters like 

tool rotational speed (800-1200 rpm), welding speed (30-90 

mm/min) and ratio of shoulder and tool pin diameter ((D/d) 

2.5-3.5) is used to generate the Doe. After welding specimen 

is cut by wire electrical discharge machine (EDM) as per 

American Society for Testing of Materials (ASTM: B557-06) 

standard shape which is shown in figure 4-6. Then tensile test 

is performed in 100 KN, electro-mechanical controlled 

universal testing machine at a speed of 1mm/min. This tensile 

test data is used to optimize the ultimate tensile strength of 

joint with the 

 

Response surface methodology (RSM) is a tool which 

consists of mathematical and statistical technique used for 

the analysis of those problems in which independent 

variables like x1, x2, x3 …xn influence a dependent variable 

Y or response and the aim is to optimize the response or 

variable Y.  
RSM has been applied for development of the mathematical 

model in the form quadratic model for the quality 

characteristics of the friction stir welded AA6082 aluminum 

alloy. In applying the response surface methodology, the 

independent variables (x1,x2,x3,……xn) was seen as a 

surface to which a mathematical model (quadratic) is  
fitted. 

 

Result and Discussion 

A-Optimizing parameters  
Contour graph show distinctive circular shape indicative of 

possible independence of factors with response. Contour 

graph is produced to visually display the region of optimal 

factor settings. For quadratic response surfaces, such a plot 

can be more complex than the simple series of parallel lines 

that can occur with first order models. First of all the 

stationary point is found, then it is usually necessary to 

characterize the response surface in the immediate nearby of 

the point. For this it is identified whether the stationary point 

found is a maximum response or minimum response or a 

saddle point. To analyse this, the simplest way is to examine 

through a contour graph. In the study of the response surface 

contour graph play a very important role. By generating 

contour plots using design expert software for response 

surface analysis, the optimum is located with reasonable 

accuracy by analysing the shape of the surface. If a contour 

patterning of circular shaped contours occurs, it tends to 

suggest independence of factor. Response surfaces have been 

developed taking two parameters in the middle level and two 

parameters in the X and Y axis and response in Z axis. The 

response surfaces clearly reveal the optimal response point. 

RSM is used to find the optimal set of process parameters that 

produce a maximum or minimum value of the response. The 

present study the process parameters corresponding to the 

maximum tensile strength are considered as optimum 

(analyzing the contour graphs and by solving equation (1-2). 

Hence, when these optimized process parameters are used, 

then it will be possible to attain the maximum tensile strength. 

Figure11-16presents three dimensional response surface plots 

for the response tensile strength obtained from the quadratic 
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model. The optimum tensile strength is exhibited by the apex 

of the response surface. Figure.14exhibits almost a circular 

contour, which suggests independence of factor effect namely 

rotational speed. It is relatively easy by examining the contour 

plots (Figures.15 and 16), that changes in the tensile strength 

are more sensitive to changes in rotational speed than to 

changes in welding speed and shoulder diameter to pin 

diameter ratio. When welding speed is compared with D/d at a 

constant rotational speed of 1200 rpm, welding speed force is 

slightly more sensitive to changes in tensile strength as 

illustrated in contour plot (Figure16). Interaction effect 

between the factors rotational speed and welding speed, 

rotational speed and D/d, and welding speed and D/d on 

tensile strength also exists, which is evidenced from the 

contour plot. Increase in rotational speed resulted in drop in 

initial axial force with the interaction effect between rotational 

speed and welding speed, welding speed and D/d. Predicted 

optimum tensile strength obtained from the response surface 

and contour plots by using a rotational speed of 1200rpm, 

welding speed of 90 mm/min, and D/d of 2.825 is 224.675 

MPa. 
 
The normal probability plot of the residuals for micro 

hardness shown in figure 16 reveals that the residuals are 

falling on almost the straight line, which means the errors are 

distributed normally S Kumar [67].All these consideration 

indicates an excellent adequacy of the quadratic model. Each 

observed value is compared with the predicted value 

calculated from the model in Figure17-18. 

B- Optimizing Parameters  
Contours graphs shows distinctive circular shape indicative of 

possible independence of factors with response. Contours 

graphs are produced to visually display the region of optimal 

factor settings. For quadratic response surfaces, such a plot 

can be more complex than the simple series of parallel lines 

that can occur with first order models. First of all the 

stationary point is found, then it is usually necessary to 

characterize the response surface in the immediate of the 

point. For this it is identified whether the stationary point 

found is a maximum response or minimum response or a 

saddle point. To analyse this, the simplest way is to examine 

through a contour graph. In the study of the response surface 

contour graph play a very important role. By generating 

contour plots using design expert software for response 

surface analysis, the optimum is located with reasonable 

accuracy by analysing the shape of the surface. If a contour 

patterning of circular shaped contours occurs, it tends to 

suggest independence of factor. Response surfaces have been 

developed taking two parameters in the middle level and two 

parameters in the X and Y axis and response in Z axis. The 

response surfaces clearly reveal the optimal response point. 

Response surface methodology (RSM) is used to find the 

optimal set of process parameters that produce a maximum or 

minimum value of the response. The present study the process 

parameters corresponding to the maximum micro hardness are 

considered as optimum (analyzing the contour graphs and by 

solving Equation (5). Hence, when these optimized process 

parameters are used, then it will be possible to attain the 

maximum micro hardness. Figure 19-20 presents three 

dimensional response surface plots for the response tensile 

strength obtained from the quadratic model. 
 
The optimum micro hardness is exhibited by the apex of the 

response surface. Figure 21 contour suggests dependence of 

factor effect namely rotational speed feed rate on 

microhardness is almost equal. Figure 22is almost circular 

which shows independence of tool pin profile on micro 

hardness. The same is also depicted by Figure 20. When 

welding speed is compared with D/d at a constant rotational 

speed of 1200 rpm, welding speed force is slightly more 

sensitive to changes in micro hardness as illustrated in contour 

plot Figure 23. Interaction effect between the factors 

rotational speed and welding speed, rotational speed and D/d, 

and welding speed and D/d on micro hardness also exists, 

which is evidenced from the contour plot. Predicted optimum 

micro hardness obtained from the response surface and 

contour plots by using a rotational speed of 1200 rpm, 

welding speed of 90 mm/min, and D/d of 2.965 is 91.06 Hv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1-6: (1) Tools used for FSW of AA608  (2) Friction 
stir welding machine (3) Tool and work holding device, (4) 
Standard tensile test specimen (5) Tensile specimen  (6) 
before and after test 
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Figure 7-Tensile strength at const. D/d  

Figure 8-Tensile strength at const. welding speed 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 9-Tensile strength at const. rotational speed  

Figure 10-Contour of tensile strength at const. D/d 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11-Contour of tensile strength at const. welding speed 

Figure 12-Contour of tensile strength at const. rotational speed 

 

 

 

 

 

 

 

 

 

 

 

Figure 13-Microhardness at const. D/d  

Figure14-Microhardness at const. welding speed  

Figure15-Microhardness at const. rotational speed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure16-Contour of micro hardness at const. D/d  

Figure17-Contour of micro hardness at const. welding speed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure18-Contour of micro hardness at const. rotational speed 
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Conclusions 

Alloy of AA6082–T651 has been welded by friction stir 

welded, using different welding parameters, and the effects of 

this process on microstructure, tensile and micro hardness 

were investigated. 

 

1. The central composite face centered designed 

experiments of FSW on design expert were 

successfully conducted and the process parameters 

have a critical role in the quality of the obtained 

composites. 

 

2. Rotational speed is the factor that has greater 

influence on tensile strength, followed by welding 

speed and Shoulder diameter to pin diameter ratio. 

 

3. The FSW process parameters were optimized to 

maximize the tensile strength, the optimum condition 

of rotational speed, welding speed, and Shoulder 

diameter to pin diameter ratio (D/d) were found to be 

1200 rpm,.90 mm/min and 2.825 respectively. 

 

4. The FSW process parameters were optimized to 

maximize the micro hardness, the optimum condition 

of rotational speed, welding speed, and Shoulder 

diameter to pin diameter ratio (D/d) were found to be 

1200 rpm, 90 mm/min, and 2.965. 

 

5. Tensile properties at optimum condition were lower 

in small quantity as compare to the parent material 

due to presence of reinforcement particles which 

make the metal matrix brittle. 

 

6. Micro hardness at optimum condition was higher in 

small quantity as compare to the parent material due 

to grain refinement. 
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