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Abstract 

The aim of this research work was to study the influence of the Friction Stir Welding process parameters 

while welding dissimilar AA6066 and AA1060 alloys. The effects of parameters on responses to microstructure, 

residual stress, hardness, and tensile strength were investigated. The Response Surface Methodology (RSM)-Box 

Behnken design was employed to conduct the experiments.  The regression model was developed from the 

measured data and the adequacy of the model was also verified using ANOVA. The microstructure analysis 

exhibited grains sizes in heat affected zone (HAZ) and stir zone (SZ). The LCR ultrasonic testing method was used 

to measure the residual stress in the stirred zone of the welded samples and the results showed that compressive 

residual stress was generated. The weld quality has improved by optimizing the parameters of tool design, 

rotational speed, and welding speed using the RSM technique. The validation test was conducted to verify the 

predicted model, the responses exhibited improvement in the hardness and tensile strength. 
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Introduction 

 Aluminum alloys are being utilized in many industrial applications [1] because of their 

low weight and high strength properties.  The welding techniques are used in these industries 

to provide the correct shape for products. Aluminum alloys seem to be one of the most 

significant materials for these industries, and they are normally joined through welding [2]. 

The quality joining of dissimilar aluminum alloys has high potential in many production 

industries. Friction Stir Welding (FSW) is one of the latest techniques that is widely employed 

to weld dissimilar aluminum alloys. The welding processing parameters, such as rotation speed, 

welding speed, and tool design, play a vital role in microstructure features and mechanical 

properties [3,4]. Among all the welding parameters, tool shape [5-6] plays a significant role in 
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heating the edges to be joined and blending the plastic flow metals. Further, this parameter is 

responsible for the thermo mechanical affected zone (TMAZ) size and heat affected zone 

(HAZ) width. The best tool profile reduced the size of TMAZ and HAZ.  The occurrence of 

distortion in welding dissimilar metals has been investigated by many researchers [8–9]. To 

some extent, the residual stress generated during the welding process is due to compression 

and plastic flow, also reduces the reliability of the material. To some extent, it may affect the 

fatigue property of the material [10]. The residual stresses in the welding are measured 

experimentally by XRD, hole drilling method, the ultrasonic method, and the magnetic method 

[11, 12]. The residual stress in dissimilar AA6061-T6 and AA2024-T3 alloys welded by FSW 

was studied through a Coupled Eulerian–Lagrangian (CEL) finite element simulation 

algorithm and resulted in an efficient approach [13].  Sonne et al. [14] explored the slitting 

method to measure residual stress in the friction stir welded aluminum alloy 2024-T3 which 

concluded yield stress influenced residual stress. Anastasia et al. [15] employed the following 

four techniques: contour, neutron diffraction, deep hole drilling, and incremental center hole 

drilling to measure the residual stress of electron beam welded low alloy steel. They concluded 

that phase transformation kinetics influenced residual stress in the fusion and heat affected 

zone. In recent years, it has become more common to measure ultrasonic stress with LCR 

waveforms, and most studies show that longitudinal waves are better than ultrasonic shear 

waves [16-22].  

  In order to reduce the residual stress and improve the mechanical properties of FSW 

material, it is essential to optimize the process parameters of FSW. The Response Surface 

Methodology (RSM) and Adaptative Neuro Fuzzy Inference System (ANFIS) were used to 

optimize the process parameters of welding speed, rotational speed, tool design, and axial force 

to enhance the mechanical properties of the friction stir welded AA2024-AA5083 alloy [23]. 

The RSM tool [24] used to optimize the process parameters of underwater friction stir welding 

AA6063 alloy. The validation test conducted at optimal conditions improved 52.667% 

efficiency compared to the initial experimental values.  Akbar [25] employed the RSM 

technique to optimize the FSW process parameter to weld brass and found that a 54.9% 

improvement could be achieved in tensile strength.  From the literature review, it has been 

found that no work has been done in FSW of AA1060-AA6066 alloys. Moreover, measurement 

of residual stress in these alloys has not been reported. Therefore, the aim of this paper work 

was to use FSW to weld AA 1060 -AA6066 alloys and investigate the effect of welding 

parameters on residual stress, microstructure, and mechanical properties. The welding 

parameters were optimized by the RSM tool to improve the performance of the welding. 
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Experimental Investigation 

Materials and Methodology 

 The alloys used for the dissimilar welding process are AA 6066 and AA 1060 alloy. 

These wrought alloys were purchased with the chemical composition as given below. 

 

Table 1 Chemical composition of AA 6066 and AA 1060 alloy 

Material Al Mg Si Ca Cr Fe Ti 

AA 6066 98.51% 0.08% 0.04% 0.03% 0.03% 0.01% 0% 

AA 1060 99.89% 0% 0% 0.03% 0% 0.05% 0.03% 

 

 The RSM-Box Behnken design was selected to conduct fifteen experimental runs with 

three factors and three levels. The three significant parameters are shown in Table 2 which 

exhibited the tool, rotational speed, and welding speed ranges that were identified. 

 

Table.2 Parameters and levels 

Parameters Symbol 
Levels 

-1 0 1 

Tool Shape TS SC TC STC 

Tool Rotational 

Speed (RPM) 

TRS 500 750 1000 

Welding Speed 

(mm/min) 

WS 25 50 75 

 

 

Figure 1 Tool Shape 

             The AA1060 and AA6066 alloy plates used for dissimilar FSW welding were cut to 

the size of 100×75×6 mm. The high chromium steel tool having pin profiles of straight 

cylindrical, tapered cylindrical and straight cum tapered cylindrical as shown in figure 1 is used 
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for the studies. The FSW process was conducted as per Table.3 and figure 2 depicts the welding 

of dissimilar alloys. In this welding process, the AA6066 plate was kept on the advanced side 

and the AA1060 plate on the retreating side. 

 

 

Figure 2 FSW of AA6066 and AA1060 alloy 

 

Table. 3 Experimental runs 

Runs TS 
TRS 

(rpm) 

WS 

(mm/min) 

1. TC 750 50 

2. SC 1000 50 

3. STC 750 25 

4. TC 500 25 

5. STC 500 50 

6. SC 500 50 

7. STC 1000 50 

8. TC 1000 75 

9. TC 1000 50 

10. SC 750 25 

11. TC 500 75 

12. TC 750 50 

13. STC 750 75 

14. TC 750 50 

15. STC 750 75 
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Performance Measurement 

Microstructure  

 The samples for microscopy study were cut from the welded joint in the transverse 

direction and polished with different grades of silicon carbide paper. Then, followed by cloth 

polish and diamond paste polish. Keller's reagent (1.0 percent HF+1.5 percent HCL+2.5 

percent HNO3 + 95.0 percent H2O) was used to etch the polished sample, and the surface of 

the welded seam was inspected using an Olympus optical microscope (Model: BX53MTRF–

S, Tokyo, Japan). 

 

 Residual Stress by Ultrasonic Method 

 For residual stress measurement, ultrasonic testing methods using time to flight data 

were considered for the evaluation and the same was measured through a transmitter and 

receiver as shown in figure 3. The relationship between the time of flight and uniaxial stress is 

represented by equation (1) [26]. 

 

              𝛥𝜎 = 𝐸(𝑡 − 𝑡𝑜)/(𝐿 ∗ 𝑡𝑜)                            (1) 

 

Where Δσ is varying stress, t is time of flight of the welded sample, t0 is time of flight of post 

treated welded sample and L is acoustoelastic constant. The welded sample that attained the 

highest tensile strength can be post-treated at 343°C for 1 hour [27], followed by air cooling, 

which is the most common method of reducing stress for AA 6061 alloy. The first step was to 

use equation (2) to figure out L from the tensile test done on the welded samples.       

               

                             𝐿 = 𝐸(𝑡 − 𝑡𝑜)/(𝛥𝜎 ∗ 𝑡𝑜)                       (2) 

 

 The residual stress can be calculated by substituting the measured data in equation (1). 

 

Figure 3 ultrasonic test 
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Hardness 

 The Rockwell hardness tester RASN model was used to measure the hardness at various 

zones, such as the stirred area, the advancing side, the retrieving side, the heat affected zone, 

the thermo-mechanically affected zone, and the parent material. Three replications of the test 

were conducted and an average value was considered.  

 

Tensile Strength 

Tensile tests are carried out at room temperature using Dak servo controlled universal 

testing equipment with a load capability of 10 tonnes. According to ASTM E8/E8M-09 

requirements, the tensile samples shown in figure 4 were made. The purpose of the tensile test 

was to establish the tensile strength of welded joints at room temperature and a crosshead speed 

of 1 mm/min. 

 

 

Figure 4 Tensile samples prepared from welded joints 

 

Regression Model using RSM 

 RSM was used to model the target parameters of FSW. In RSM, the relevant parameters 

are taken into consideration as a platform whereby a mathematical model might be fitted [28]. 

For the formulation of regression equations connected to the FSW process response parameters, 

the second order quadratic model was considered as in equation (3). 

𝑋 = 𝑏0 + ∑ 𝑏𝑖
𝑘
𝑖 𝑦𝑖   + ∑ 𝑏𝑖𝑖

𝑘
𝑖 𝑦𝑖

2  +  ∑ ∑ 𝑏𝑖𝑗𝑗𝑖 𝑦𝑖𝑦𝑗   +∈                   (3) 

Where b0 is the average of the responses, bi, bii,… are responses coefficient, yi, yj,… are input 

process parameters and ϵ is statistical error. The coefficients were worked out with a MINITAB 

19, and ANOVA was used to see how well the model worked. 
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Results & Discussion 

                      Table 4 Measured values of UTS, Hardness and RS 
                     

Tool 

Shape 

TRS 

(RPM) 

WS 

(mm/min) 

UTS 

(Mpa) 

Hardness 

(HRC) 
RS (Mpa) 

TC 750 50 138 51 
-13.41 

SC 1000 50 116 63 
-26.83 

STC 750 25 128 45 
-22.367 

TC 500 25 132 48 
-14.16 

STC 500 50 131 43 
-14.90 

SC 500 75 105 57 
-14.905 

STC 1000 50 136 53 
-7.45 

TC 1000 75 140 54 
-5.96 

TC 1000 50 144 56 
-2.98 

SC 750 25 110 58 
-34.28 

TC 500 75 130 51 
-18.63 

TC 750 50 136 53 
-11.18 

STC 750 75 118 60 
-24.59 

TC 750 50 138 50 
-9.68 

STC 750 75 135 46 
-14.90 

 

 Table 4 represents the measured values of tensile strength, hardness, and residual stress 

for each run of the FSW process. The second order regression model was developed using this 

experimental data. Moreover, a developed model may be used to predict the response. 

 

Regression Model 

 The developed regression model from the measured responses of ultimate tensile 

strength (UTS), hardness, and residual stress (RS) is shown in equations (4), (5) and (6). The 

insignificant coefficients and respective responses were eliminated from the regression 

equations.  
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UTS (MPa) = 111.1 + 15.13 TS + 0.0395 TRS + 0.149 WS - 13.86 TS*TS - 0.000026 TRS *TRS  

- 0.00289 WS*WS - 0.00600 TS*TRS - 0.0100 TS*WS + 0.000312 TRS*WS     (4)                                                                           

Hardness 

(HRC) 

= 43.00 - 8.88 TS - 0.0086 TRS + 0.237 WS + 1.214 TS*TS + 0.000023 TRS * TRS 

- 0.00036 WS*WS + 0.00400 TS*TRS - 0.0100 TS*WS - 0.000250 TRS *WS    (5)                                                                               

RS (MPa) = 8.3 - 8.29 TS - 0.1005 TRS + 0.573 WS - 7.13 TS*TS + 0.000037 TRS*TRS - 0.01107 

WS*WS + 0.01938 TS*TRS - 0.0224 TS*WS + 0.000920 TRS*WS                    (6)                                                                                            

Adequacy of the developed model 

 The effectiveness of the model was tested using the ANOVA approach [29]. The goal 

of the ANOVA would be to determine whether the FSW welding process parameters, as well 

as their interactions, have a significant impact on the UTS, hardness, and RS and to see if the 

model produced is significant or not. Regression coefficients are significant when F values are 

less than 0.0500. The ANOVA table for UTS is shown in Table 5, and it shows clearly that the 

model was adequate. All operating parameters, as well as their interactions, are demonstrated 

to be relevant. The p-value is less than 0.05, confirming that the parameters were fit. Table 5 

shows that the model's R2 = 0.9712, its predicted R2 = 0.8825, and its adjusted R2 = 0.9192 are 

all closer to one another. 

 

Table 5 Analysis of Variance for UTS 

Source DF Adj SS Adj MS F-Value P-Value    

Model 9 1829.39 203.266 18.70 0.002 Significance 

  Linear 3 1000.95 333.650 30.70 0.001  

    TS 1 820.12 820.125 75.46 0.000  

    TRS 1 506.29 506.287 46.78 0.006  

    WS 1 91.04 91.037 8.37 0.015  

  Square 3 715.30 238.434 21.94 0.003  

    TS*TS 1 664.78 664.785 61.17 0.001  

    TRS*TRS 1 482.84 482.837 44.42 0.005  

    WS*WS 1 89.79 89.795 8.26 0.023  

  2-Way Interaction 3 117.49 39.163 3.60 0.047  

    TS*TRS 1 629.00 629.000 57.83 0.002  

    TS*WS 1 320.25 320.250 29.47 0.003  

    TRS*WS 1 218.24 218.238 20.08 0.004  

Error 5 54.34 10.868      

  Lack-of-Fit 3 51.67 17.224 12.92 0.073 insignificant 
  Pure Error 2 2.67 1.333      

Total 14 1883.73        

    R-sq: 97.12%                                      R-sq(adj) : 91.92%              R-sq(pred): 88.25% 
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    Table 6 Analysis of Variance for Hardness 

Source DF Adj SS Adj MS F-Value P-Value   

 Model 9 442.774 49.197 27.45 0.001 Significance 

  Linear 3 418.240 139.413 77.80 0.000  

    TS 1 325.125 325.125 181.44 0.000  

    TRS 1 181.889 181.889 101.50 0.000  

    WS 1 60.665 60.665 33.85 0.001  

  Square 3 113.055 37.685 21.02 0.003  

    TS*TS 1 85.107 85.107 47.49 0.001  

    TRS*TRS 1 77.099 77.099 43.02 0.001  

    WS*WS 1 50.151 50.151 27.98 0.003  

  2-Way Interaction 3 59.529 19.842 11.07 0.005  

    TS*RS 1 34.000 34.000 18.97 0.004  

    TS*WS 1 30.250 30.250 16.88 0.004  

    TRS*WS 1 25.279 25.279 14.10 0.005  

Error 5 8.960 1.792      

  Lack-of-Fit 3 4.293 1.431 0.61 0.066 insignificant 
  Pure Error 2 4.667 2.333      

Total 14 451.733        

    R-sq: 98.02%                                      R-sq(adj) : 94.45%              R-sq(pred): 89.4% 

 

   Table 7 Analysis of Variance for RS 

Source DF Adj SS Adj MS F-Value P-Value   

Model 9 943.374 104.819 10.75 0.007 Significance 

  Linear 3 307.817 102.606 10.52 0.007  

    TS 1 210.082 210.082 21.54 0.002  

    TRS 1 96.823 96.823 9.98 0.003  

    WS 1 85.484 85.484 8.77 0.003  

  Square 3 441.633 147.211 15.10 0.003  

    TS*TS 1 176.109 176.109 18.06 0.002  

    TRS*TRS 1 157.991 157.991 15.84 0.003  

    WS*WS 1 143.777 143.777 14.74 0.003  

  2-Way Interaction 3 166.752 55.584 5.70 0.004  

    TS*TRS 1 93.895 93.895 9.63 0.003  

    TS*WS 1 83.250 83.250 8.13 0.006  

    TRS*WS 1 71.608 71.608 7.34 0.007  

Error 5 48.760 9.752      

  Lack-of-Fit 3 41.723 13.908 3.95 0.055 insignificant 

  Pure Error 2 7.037 3.519      

Total 14 992.134        

    R-sq: 95.59%                            R-sq(adj) : 87.64%              R-sq(pred): 85.78% 

            Table 6 represents the ANOVA table for hardness, which revealed that the developed 

model was adequate. The p values of the model and parameters fell below 0.05 hence the 

parameters were fit. Also, the R2 value was 0.9802, and the adjusted R2 and predicted R2 were 

0.9449, 0.8940. The R2 value and the R2 that was predicted were very close, which shows that 

the model that was made was very accurate. 
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            The ANOVA table for residual stress is illustrated in Table 7. The p values of the 

developed model fall below 0.05, which shows the model was significant. Moreover, all 

parameter p values were less than 0.05, indicating significant.    

            The lack of fit for UTS, hardness, and RS was insignificant and parameter tool type 

plays a vital role among all other parameters for obtaining the best responses for UTS, hardness, 

and RS.  It means that the lack of fit is unimportant in comparison to sheer inaccuracy. So, with 

a 95% level of confidence, the second-order regression models for RS, hardness, and tensile 

strength are good enough.  

 

Microstructure Studies 

  

Figure 5 Optical microstructure of base alloy (a) AA 1060 alloy (b) AA 6066 alloy 

  

The optical microstructure images of base alloys are shown in figure 5. Figure 5 (a) 

depicts the microstructure image of the as-received AA1060 alloy surface. It is observed that 

grains are distributed uniformly with identical cubic shapes. Similar observations have been 

reported by Wang et al. [30]. The grains developed in the AA 6066 alloy is not clear due to the 

presence of Si elements. Chia et al. [31] explored whether uniform grains were formed after 

the spheroidization process in AA 6066 alloy.  Figure 6 represents the optical microstructure 

of the welded zone at 500 rpm of tool rotational speed for an STC tool and a welding speed of 

50 m/s. The grains in the HAZ of the AA6066 alloy side are not clear as shown in figure 6 (a) 

and the grain size enlarged in the AA1060 alloy side (retreating side) is shown in figure 6 (b). 

Figures 6(c) and (d) show that patches formed in the stirred area of the joint because of lack of 

deformation. This could be because of the low speed of tool rotation and the shape of the tool 

pin. The heat generated was not sufficient to deform the material, which can affect the quality 

of the weld. 

(a) 

AA 1060 

(b) 

AA 6066 
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Figure 7 depicts optical images of the welded zone which have been carried out by the 

TC tool at 1000 rpm at 50 m/s.  It is noticed, enlarged grains are observed in the HAZ of the 

AA1060 side as shown in figure 7 (a) but figure 7 (b) explores that no clear grains are formed 

in the HAZ and TMAZ of the AA6066 side (advancing side).  The grains in the stirred zone 

are refined finely due to enough temperature in the region and the stirring action mixing the 

material well. The high rotation speed developed sufficient heat with the pin rotation and 

shoulder of the tool, which led to plastic deformation. This mechanism promotes the formation 

of a strong micro interlocking in the interface line, as illustrated in Figures 7(c, d). The strong 

interlocking and well stirred material improve the performance of the joint. 

  

  

  
Figure 6 Optical microstructure of welded alloy at STC tool, 500 rpm, 50 m/s (a) TMAZ-HAZ 

of AA6066 alloy (b) TMAZ-HAZ of AA1060 alloy (c) Stirred zone (d) higher magnification 

of (c). 

  

Figure 8 represents the optical microstructure images of the welded zone obtained at 

1000 rpm for the SC tool shape with 50 m/s welding speed. The grain size in the HAZ of AA 

1060 side is larger in size. Also, voids are observed in the TMAZ (figure 8a). Moreover, voids 

are seen in the HAZ of AA 6066 side (advancing side) as shown in figure 8 (b). The grains in 

the HAZ of the advancing side are not seen clearly. The void appears in the SZ also, as 

AA6066 AA1060 

HAZ 

TMAZ 

HAZ 

TMAZ 

SZ 

(a) (b) 

(c) 

Lack of deformation 

(d) 
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exhibited in figure 8 (c). At higher rotational speeds, voids are developed in the welded zone. 

This could happen because of tool shape. The shoulder of the tool may create sufficient heat, 

but the tool pin shape affects the mixing of the material, which leads to the formation of voids 

in the welded zone.  In sufficient heat, the tool shape is critical for good bond formation and 

stir action. Figure 8 (d) is the high magnification image of Figure 8 (c) which shows the poor 

interface in the SZ. 

 

 
 

 
 

Figure 7 Optical microstructure of welded alloy at TC tool, 1000 rpm, 50 m/s (a) TMAZ-HAZ 

of AA1060 alloy (b) TMAZ-HAZ of AA6066 alloy (c) Stirred zone (d) higher magnification 

of (c).  

 

 

 

 

(a) (b) 

AA 1060 

HAZ 

TMAZ 

Voids 

AA 6066 

HAZ 

Void 

AA1060 

HAZ 

TMAZ AA6066 

HAZ 

TMAZ 

(a) (b) 

(c) 
SZ (d) 

Fine grains 

Micro interlocking 
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Figure 8 Optical microstructure of welded alloy at SC tool, 1000 rpm, 50 m/s (a) TMAZ-HAZ 

of AA1060 alloy (b) TMAZ-HAZ of AA6066 alloy (c) Stirred zone (d) higher magnification 

of (c). 

 

Residual Stress  

  

  
Figure 9 Time of flight (TOF) of welded joints conditions (a) Post treated welded joint        

(b) at TC tool, 1000 rpm, 50 m/s  (c) at STC tool, 500 rpm, 50 m/s    

(d) at SC tool, 500 rpm, 50 m/s    

 

 Figure 9 shows the time of flight (TOF) of welded joints at different welding parameter 

conditions. TOF responds by transmitting acoustic signals into a part and detecting how long 

it would take for the sound waves to rebound. The transmitter and receiver probes were fixed 

adjacent to either side of the welded zone and they travelled in the longitudinal direction. Figure 

9 (a) represents the TOF of a post treated welded sample. The welded sample with the highest 

UTS was chosen for the stress relieving process. The stress-relieved sample was then 

ultrasonically examined, revealing no defects and a higher TOF of 5.59 s. Figure 9 (b-d) depicts 

(a) (b) 

(c) (d) 

(c) (d) 

SZ 

Void 
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TOF of welded samples that have been done at different parameter combinations. It can be 

noticed that figure 9 (b) has a higher TOF at TC tool, 1000 rpm, 50 m/s. 

  

 
Figure 10 Residual stress of stirred zone for different tools at varying rotational speed 

 

 The residual stress at the stirred zone for different tool types and varying rotation speeds 

is shown in figure 10. The residual stress was minimised by the higher rotational speed for all 

tool designs. This demonstrates that rotational speed plays a significant role rather than tool 

design. Moreover, comparison of different tools shows a tapered cylindrical tool has a 

minimum residual stress for all rotational speeds. The higher rotational speed generates more 

heat in the region with respect to tool design. As shown in figure 11, the medium welding speed 

also reduces the residual stress. The residual stress was maximum in the straight cylindrical 

tool, though at a higher welding speed. The tapered cylindrical tool at 1000 rpm with 75 m/s 

resulted in minimum residual stress. The tool shoulder creates a compressive load on each 

material segment, causing it to stir [32]. The obtained negative residual stresses reflect that the 

sample was in compression. The negative residual stress is equal to zero. The surface 

compressive forces aid in fatigue strength and stress-corrosion fracture resistance. Also, the 

residual strains can be exacerbated by the heat produced while FSW [33]. The samples welded 

by the FSW technique normally have more residual stress on the retreating side and a lower 

value on the advancing side [13]. The microstructure of SZ shows minimal joint defects which 

may reduce the residual stress in the joints. The TC tool, with a rotational speed of 1000 rpm 

and a welding speed of 50 m/s, was the best performing parameter combination. 
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Figure 11 Residual stress of stirred zone for different tools at varying welding speed 

 

Hardness 

 
Figure 12 Hardness of stirred zone for different tools at varying rotational speed 

 

 Figure 12 shows hardness at the stirred zone of two dissimilar alloys for different tool 

designs with varying rotational speeds. The hardness was low at lower rotational speeds and it 

increased gradually at increasing rotational speeds irrespective of tool design. The SC tool 

samples revealed higher hardness, which may have happened due to the creation of more 

compression force, which leads to higher temperature generation in the weld zone. Also, the 

ratio of elements blended from two alloys makes the hardness higher in the center of the weld 
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zone. The hardness for the STC tool shows better hardness at 800 rpm rotational speed and 

hardness reduced with increasing rotational speed.  

 

 
Figure 13 Hardness of stirred zone for different tools at varying welding speed 

 

 The hardness of the stirred zone for different tool designs at varying welding speeds is 

shown in figure 13. The measured hardness was lower at 25 m/s welding speed and increased 

slowly on increasing welding speed up to 50 m/s. Further increases in welding speed reduced 

the hardness of the weld zone of SC, STC tools applied to the sample. This may be due to poor 

plastic flow in the stir zone. In the case of the TC tool, the hardness improved with an increase 

in welding speed. The microstructure of SZ exhibited refined grain structure which may 

improves the hardness in the joints. The feasible parameter combination which showed higher 

hardness was the SC tool, with a rotational speed of 1000 rpm and a welding speed of 50 m/s. 

 

Ultimate Tensile Strength 

 Figure 14 shows the ultimate tensile strength of welded samples for different parameter 

conditions. The tensile strength increases gradually with an increase in rotational speed for TC 

and SC tools. The higher rotational speed produced more heat by the pin and made the materials 

more plastic, which made good joints. Moreover, the tool shoulder creates frictional heat, 

which also helps to produce a good weld joint [34]. The influence of welding speed on tensile 

strength is represented in figure 15. The welded samples exhibited higher tensile strength at a 

medium welding speed of 50 m/s irrespective of tool designs.  
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Figure 14 Tensile strength of welded samples for different tools at varying rotational speed 

 

    

 
Figure 15 Tensile strength of welded samples for different tools at varying welding speed 

 

The higher welding speed reduced the tensile strength rapidly rather than the low and medium 

welding speeds. This implies that higher welding speeds minimize the heat generation in the 

stirred zone, which creates low performance tensile strength joints. Welding speeds influenced 

major roles in heat formation, material joining, and weld appearance [35]. The microstructure 

of SZ exhibited refined grain structure which may improves the tensile strength in the joints. 
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The best parameter combination that showed higher tensile strength at the TC tool, rotation 

speed of 1000 rpm and welding speed of 50 m/s. 

 The parameter conditions were different for each response, hence an optimization 

technique is essential to improve the performance of the weld. The RSM technique was used 

for the optimization process. 

 

Optimization by RSM 

 

Figure 16 Responses optimization 

 

 

 The process parameters of the FSW were optimized using the RSM technique to 

improve the performance of the weld. MINITAB 19 was employed to determine the optimal 

condition. The desirability weights can be anything between 0 and 1; a weight greater than 1 

means the objective is more important, while a weight less than 1 means the goal is less 

important. The dis will vary from 0 to 1 in a linear mode when the weight value is equal to 1. 

The desirability function would look for the best experimental conditions for welding 

performance that would meet the needs of all answers, high or low [36]. The optimal condition 

obtained was 0.13 for tool shape, which was assigned to a tapered cylindrical (TC) tool, with 

a rotational speed of 1000 rpm and a welding speed of 63 m/s. The optimization process for 

ISSN: 0369-8963

Page 1031

PERIODICO di MINERALOGIA                                                                                                           Volume 91, No. 4, 2022

                                                                                                                                         https://doi.org/10.37896/pd91.4/91467



UTS has reached a maximum of 143 MPa, a hardness of 54.97 HRC, and a residual stress of -

4.05 MPa. 

 

Validation Test 

 The welding was carried out in optimized conditions and the performance of the weld 

shows an improvement in tensile strength of 146MPa and a hardness of 55HRC. The optical 

microstructure of the stirred zone, advancing side, and retreating side is shown in figure 17. 

The high temperature, severe plastic deformation action of the spinning tool, as well as the 

occurrence of dynamic recrystallization mechanisms, are responsible for the microstructural 

refinements observed throughout the FSW process [37]. The optical images of welded sample 

at optimal parameter conditions are shown in figure 17. Figure 17 (a) represents the HAZ and 

TMAZ of AA1060 alloy side, coarse grains are observed in the HAZ and no appearance of 

grains in TMAZ region. No grains have seen in the HAZ and TMAZ of AA 6066 alloy side as 

shown in figure 17 (b). The lamellar flow has seen in the SZ with intercalated layer of AA1060 

and AA 6066 alloy. No cracks have observed in the SZ region, also good stirring developed 

fine recrystallized grains with uniform grain size as explored in figure 17 (c). While stirring, 

the AA 1060 alloy are formed as patches as shown in the figure 17 (d). In optimal condition, 

tool rotation speed was selected as 1000 rpm, which developed a strong mechanical interface 

for long distance and large material could be mixed completely in the SZ. At high rotational 

speed of the tool, shoulder of the tool and pin makes good contact with surface of the material 

which generate more heat in the SZ. This heat converts the material in the SZ into plastically 

deformed and mixed completely by stir action of pin.  

  

 

 

  

(a) 

AA 1060 

(b) 
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Figure 17 Optical images of welded sample at optimal parameters level (a) TMAZ-HAZ of 

AA1060 alloy (b) TMAZ-HAZ of AA6066 alloy (c) Stirred zone (d) higher magnification of 

(c). 

Conclusions 

 The influence of process parameters of FSW such as tool shape, tool rotational speed, 

and welding speed, was investigated while welding dissimilar AA 1060 and AA 6066 alloys. 

The observations from the studies were summarized as follows: 

 

• The analysis of the microstructure at high tool rotational speed and TC tool design 

shows that the SZ is well mixed and that the joints have strong micro interlocking. 

• The compressive residual stress has been obtained irrespective of FSW parameter 

levels. The negative residual stress has improved the fatigue life of the joint rather than 

tensile residual stress. 

• The mechanical properties like hardness and tensile strength of the joints have a 

maximum at higher tool rotation speeds for the TC tool shape. 

• In order to improve the quality of the weld, the FSW process parameters were optimized 

using RSM technique and results revealed that tool rotational speed of 1000 rpm, TC 

tool shape and 63 m/s welding speed could be improved the weld performance. 

• The validation test exhibited those mechanical properties of the welded joint has 

increased and microstructure images shows recrystallized grains. 

• The tensile strength and hardness values were lies very closer to the predicted value.   

 

 

 

 

Lamellar flow 
(c) (d) 
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