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Abstract: Friction stir welding between AA5052-H32 aluminium plates is performed by central composite design technique of 

response surface methodology. It is found that the welding parameters such as tool pin profile, tool rotational speed, welding speed, 

and tool tilt angle play a major role in deciding the joint characteristics. The joints fabricated using tapered square pin profile tool 

with a tool rotational speed of 600 r/min, welding speed of 65 mm/min, and tool tilt angle of 1.5° result in an unexpected weld 

efficiency of 93.51%. Mathematical models are developed to map the correlation between the parameters and responses (ultimate 

tensile strength and elongation) and these models are optimized to maximize the ultimate tensile strength of the friction stir welded 

joint. Response plots generated from the mathematical models are used to interpret the interaction effects of the welding parameters 

on the response variables. Adequacy of the developed models is validated using analysis of variance (ANOVA) technique. Results 

from the confirmatory experiments plotted in scatter diagram show a good agreement with predicted models. Different grain 

structures in various zones of the weld are examined by observing the micro and macro structures of the weld. 

Key words: aluminum alloy 5052; friction stir welding; response surface method; tensile strength; microstructure 

                                                                                                             

 

 

1 Introduction 
 

High specific strength and corrosion resistance 

necessitate the use of aluminium alloy in making lighter, 

faster, and stronger high-performance vessels. Aluminum 

alloys widely used for marine applications are 5xxx 

series in which the principal alloying element is 

magnesium. These alloys are now used as an alternative 

to steel in many applications because of their light 

weight, good weldability, good formability, high strength, 

and high corrosion resistance [1,2]. Among the AA5xxx 

series of aluminium alloys, AA5052-H32 aluminium 

alloys are excellent in corrosion resistance and therefore 

are particularly suited for applications in the industrial 

and marine environment. Welds of these alloys are 

normally as corrosion resistant as the parent material. Till 

1991, the welding of aluminium and its alloys was a 

great challenge for researchers and technologists. 

Friction stir welding (FSW) is relatively new solid state 

joining process patented in 1991 [1]. The process is used 

in various industries like aerospace, marine and 

automobile, due to its high-quality joints [3]. 

Weld parameters such as tool pin profile, rotational 

speed, welding speed, and tool tilt angle, are key factors 

that govern the heat generation and stirring required to 

join the material effectively [4−6]. Influence of tool pin 

profile and welding speed on the formation of friction 

stir processing zone in AA2219 aluminium alloy [7], 

AA6061 aluminium alloy [8] and AA7075 aluminium 

alloy [9] is investigated. It is found that the tapered pin 

profile exhibited superior tensile properties compared to 

straight pin profile for AA7039 aluminium [10]. 

AA5052-H32 aluminium alloy is highly corrosion 

resistance stabilized aluminium alloy used for 

automotive and marine structural applications.  Limited 

works are carried out on friction stir welding between 

AA5052-O aluminium alloy plates [11−13]. Studies were 

done on the effect of tool shoulder diameter on heat input 

during FSW of AA5052-H32 alloy [14]. The effect of 

tool rotational speed and tool tilt angle on the mechanical 

properties and metallographs of the dissimilar friction 

stir butt joint between Al alloy AA5052-H32 and HSLA 

steel [15] were investigated. 

Various experimental design methods are available 

to predict the response under a given set of operating 
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parameters accurately and efficiently. Taguchi method is 

such a method, which uses an orthogonal array to cut 

down the number of experiments. The major drawback 

of this method is a few interactions with variables,   

and this can be overcome by the response surface  

method [16]. Nowadays, researchers prefer response 

surface design to develop an empirical relationship to 

predict the responses [17−19]. Therefore, in this work, an 

attempt has been made to optimize the FSW process 

parameters to maximize the tensile strength of 

AA5052-H32 aluminium alloy joints using the central 

composite design technique of response surface 

methodology. Mathematical models are developed to 

predict the response. Microstructures are examined on 

the welded specimen and the reports are presented. 

 

2 Experimental 
 

It is very difficult to form a mathematical equation 

for higher tensile strength values so that we consider the 

range of friction stir parameters. The predominant factors 

that influence the joint properties and the working ranges 

of those factors of AA5052-H32 aluminium alloy are 

presented in Table 1. Due to wide range of influencing 

factors, it is decided to design four significant factors, 

five levels and a central composite response surface 

method design matrix with 31 runs. So, many trial welds 

were carried out to fix the working ranges of all selected 

parameters. The upper limit of these factors was coded as 

+2 and the lower limit as −2. The intermediate values are 

calculated using the relationship: 

Xi=2[2X−(Xmax+Xmin)]/(Xmax−Xmin)               (1) 
 
where Xi is the required coded value of variable X, X is 

any value of the variable from Xmin to Xmax, Xmin is the 

lowest level of the variable and Xmax is the highest. 

The 31 sets of coded conditions comprise a half 

replication of 24=16 factorial design with 7 center points 

and 8 axial/start points. All the welding parameters at the 

middle level (0) constitute center points, whereas the 

combinations of each welding parameter at its lower 

value (−2) or higher value (+2) with the other four 

parameters at the middle level constitute the star points. 

Thus, the 31 experimental runs allowed the estimation of 

linear, quadratic and two-way interactive effects of the 

welding parameters on the ultimate tensile strength. 

In the present work, 150 mm × 50 mm × 6 mm cold 

rolled plates of high strength aluminium magnesium 

alloy AA5052-H32 were used for friction stir welding 

experiments. The chemical composition of the metal is 

given in Table 2. Wire brushing is employed for cleaning 

the abutting surfaces for welding. The welding direction 

was parallel to the rolling direction of the plate. The 

plates were welded in a single pass, using tapered tool 

pin profiles such as cylindrical tapered, hexagon tapered, 

pentagon tapered, square tapered, and triangular tapered 

having a taper angle of 10° and pin length of 5.7 mm 

(Fig. 1). Considering the weld quality of AA5052-H32 

aluminium plates and tool wear rate, H13 steel was 

selected for this work [20−22]. As prescribed by the 

design matrix, totally 31 joints of each alloy were 

fabricated. Photographs of the fabricated joints are 

displayed in Fig. 2. 
 

Table 1 Identified significant factors and their levels 

No. Parameter 
Level 

−2 −1 0 +1 +2 

1 Tool profile (tapered), P Hexagon Pentagon Square Cylindrical Triangular 

2 Rotational speed, N/(r·min−1) 400 500 600 700 800 

3 Welding speed, S/(mm·min−1) 45 55 65 75 85 

4 Tool tilt angle, A/(°) 0.5 1 1.5 2 2.5 

 

Table 2 Chemical compositions of Al5052-H32 alloy (mass fraction, %) 

Cu Mn Mg Si Cr Fe Ti Al 

0.01 0.08 2.33 0.14 0.18 0.29 0.02 Bal. 

 

 

Fig. 1 Various tool pin profiles used for welding study 
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Fig. 2 Photographs of FS welded joints by different FSW parameter combinations 

 

ASTM−E8 standard was followed for conducting 

the tensile test [23]. Tensile tests were carried out by 

UTM, DAK-UTB 9103 with 100 kN capacities. For 

microstructure examination, cross sections of the welded 

joints cut by EDM were progressively ground using 

different grades of emery paper, then polished using 

diamond paste and finally etched with Keller reagent. 

Microstructures were determined by metallurgical 

microscope, QS metrology–XJL17, Japan, made at 

different magnifications. 

 

3 Mathematical models 
 

Thirty-one treatments in Table 3 are used as input 

data to form a mathematical equation by the design of 

experiment method, using response surface methodology. 

The response function, ultimate tensile strength (σs) and 

elongation (δ) of the joints are functions of the tool 

profile (P), rotational speed (N), welding speed (S) and 

tool tilt angle (A). It is expressed as 
 
σs=f (P, N, S, A)                              (2) 
 
δ=f (P, N, S, A)                               (3) 
 

The second order polynomial regression equation 

used to represent the response surface is given by 
 
Y=b0+∑bixi+∑biixi

2+∑bijxixj                                (4) 
 

The selected polynomial for four factors can be 

expressed as 
 

Y=b0+b1P+b2N+b3S+b4A+b11P
2+b22N

2+b33S
2+ 

b44A
2+b12P×N+b13P×S+b14P×A+b23N×S+ 

b24N×A+b34S×A                          (5) 
 
where b0 is the average of responses, the coefficients b1, 

b2, b3 and b4 are linear terms, the coefficients b11, b22, b33 

and b44 are quadratic terms, and the coefficients b12, b13, 

b14, b23, b24 and b34 are interaction terms. All the 

coefficients were evaluated and tested for their 

significance at a 95% confidence level. The final 

mathematical model developed to predict the    

ultimate strength and elongation of FSW joints of the 

Table 3 Design matrix and experimental results 

Trial 

run 

Factor σs/ 

MPa 
δ/% 

Weld 

efficiency/% P N S A 

1 −1 −1 −1 −1 196.09 20.28 90.76 

2 +1 −1 −1 −1 184.97 16.25 85.61 

3 −1 +1 −1 −1 193.99 18.75 89.78 

4 +1 +1 −1 −1 184.27 16.81 85.29 

5 −1 −1 +1 −1 193.48 20.50 89.55 

6 +1 −1 +1 −1 179.48 15.16 83.07 

7 −1 +1 +1 −1 190.16 16.19 88.01 

8 +1 +1 +1 −1 175.69 13.72 81.32 

9 −1 −1 −1 +1 196.95 25.16 91.15 

10 +1 −1 −1 +1 194.34 24.53 89.95 

11 −1 +1 −1 +1 198.80 24.69 92.01 

12 +1 +1 −1 +1 196.84 26.06 91.10 

13 −1 −1 +1 +1 198.78 21.09 92.00 

14 +1 −1 +1 +1 195.39 21.91 90.43 

15 −1 +1 +1 +1 198.64 20.97 91.94 

16 +1 +1 +1 +1 196.62 21.28 91.00 

17 −2 0 0 0 194.72 16.31 90.12 

18 +2 0 0 0 182.56 15.22 84.49 

19 0 −2 0 0 190.21 17.16 88.04 

20 0 +2 0 0 191.48 16.59 88.62 

21 0 0 −2 0 197.58 24.28 91.45 

22 0 0 +2 0 191.81 19.19 88.78 

23 0 0 0 −2 175.09 13.03 81.04 

24 0 0 0 +2 196.79 25.03 91.08 

25 0 0 0 0 199.55 24.05 92.36 

26 0 0 0 0 200.32 23.13 92.71 

27 0 0 0 0 201.42 24.28 93.22 

28 0 0 0 0 200.03 24.50 92.58 

29 0 0 0 0 199.13 25.94 92.16 

30 0 0 0 0 202.04 25.09 93.51 

31 0 0 0 0 199.43 25.47 92.30 
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AA5052-H32 aluminium alloy is given as 
 

σs=200.275−3.484P−0.080N−1.231S+5.068A− 

2.555P2−2.003N2−1.040S2−3.230A2+ 

0.185P×N−0.530P×S+2.457P×A−0.474N×S+ 

0.960N×A+1.438S×A                      (6) 
 

δ=24.635−0.587P−0.314N−1.329S+3.001A− 

1.908P2−1.631N2−0.416S2−1.092A2+ 

0.404P×N−0.092P×S+0.979P×A− 

0.412N×S+0.440N×A−0.541S×A            (7) 

 

4 Results and discussion 
 

4.1 Tensile test 

Photographs of the tensile tested 32 specimens (a 

base metal and 31 joints) are displayed in Fig. 3. The 

advancing side and retreating side of the welded 

specimens are labeled as AS and RS, respectively, and 

the base metal is labeled as BM. The joints fabricated 

using tapered square pin profile tool with a rotational 

speed of 600 r/min, welding speed of 65 mm/min, and 

tilt angle of 1.5° (Run 30) exhibits maximum tensile 

strength compared to other joints. The maximum 

efficiency obtained from the experiment is 93.51%. 

These joints fracture at the retreating side of the welded 

joint. This is due to good bonding at the stir zone with 

optimum heat generation and strain rate. The heat 

generation and material consolidation are less at the 

retreating side compared to the advancing side, which 

leads to the fracture of the joint at retreating side. The 

joints fabricated using tapered square pin profile tool 

with a rotational speed of 600 r/min, welding speed of  

65 mm/min, and tilt angle of 0.5° (Run 23) exhibits 

minimum tensile strength compared to other joints .  
 

 

Fig. 3 Photographs of tensile tested specimens 

These joints fracture at the stir zone of the welded joint. 

This is due to poor bonding at the stir zone with very low 

frictional heat generation. The results show that the tool 

tilt angle has a significant role in determining the tensile 

strength of the welded joint. 

 

4.2 Adequacy of developed empirical models 

The statistical results of the developed empirical 

relationship are tabulated in Table 4. When R2 value is 1, 

the predicted empirical relationship value perfectly 

matches with the experimental value. The higher value of 

R2 towards 1 and lower value of standard error indicate 

that the empirical relationships are quite adequate and 

can be used to predict the responses without considerable 

error. Higher adjusted R2 value increases variation and 

indicates more useful variables in the model. The 

statistical result gives a higher R2 value of 0.975 and 

0.945 and adjusted R2 value of 0.953 and 0.896 for the 

ultimate tensile strength and elongation, respectively, 

indicating that a very high degree of a match exists 

between the predicted empirical relationship and 

experimental value. This validates the experimental 

value. The adequacy of developed models was tested 

using the analysis of variance technique (ANOVA) 

which is presented in Table 5. According to ANOVA, if 

the calculated value of F-ratio of the model exceeds the 

tabulated value of F-ratio at 95% confidence level, then 

the model can be considered as adequate. Table 5 reveals 

that the calculated value of F-ratio of the tested model is 

very higher than the tabulated value of F-ratio at 95% 

confidence level indicating that the developed models are 

adequate. 

 

Table 4 Statistical results 

Parameter R2 Adjusted R2 Standard error/% 

Ultimate tensile strength 0.975 0.953 1.6 

Elongation 0.945 0.896 1.318 

 

4.3 Validation of empirical result 

The validity of the empirical relationships is tested 

by drawing scatter diagram with the experimental value 

and predicted value on x-axis and y-axis, respectively, as 

shown in Fig. 4. The scattered plots are very close to 45° 

line, which indicates the perfect fitness of the developed 

empirical relationships. Experiments were conducted to 

confirm the validity of developed empirical relationships. 

 

Table 5 Results from ANOVA 

Parameter Source Sum of squares Degrees of freedom Mean square 
F-ratio 

Calculated Tabulated 

Ultimate tensile 

strength 

Regression 1601.74 14 114.41 44.66 2.37 

Residual 40.99 16 2.562 − − 

Elongation 
Regression 477.338 14 34.096 19.62 2.37 

Residual 27.809 16 1.738 − − 
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Five welds were made using different values of factors 

other than those used in design matrix and their ultimate 

tensile strength and elongation were estimated. The 

obtained results are given in Table 6. The result shows 

that the predicted values are quite adequate without 

appreciable error. 

 

4.4 Analysis of macro and microstructures 

Figure 5 shows the optical macrograph of the cross 

section perpendicular to the tool transverse direction of 

the welded specimen with high tensile strength. Defects 

such as voids, cracks and unbonded zones are not 

observed in and around the stir zone. Figure 6 shows the 

optical microstructure of the base metal (BM), the heat 

hazard zone (HAZ), the thermo-mechanically affected 

zone (TMAZ) and the stir zone (SZ)/the weld nugget 

zone (WNZ) on the cross section perpendicular to the 

tool transverse direction of the welded specimen with 

high tensile strength. In the base metal, the grain size is 

not uniformed, elongated or non-equiaxed and found 

large at 10 µm in size, as shown in Fig. 6. But, the WNZ 

is composed of smaller and equiaxed grains. This 

suggests that the WNZ is severely plastically deformed 

by the mechanical stirring action of the rotating probe of 

the tool during the FSW process and the grain refinement 

occurs as a result of dynamic recrystallization. Distortion 

of the microstructure occurs at the BM due to the cold 

working of aluminium alloy. 

 

4.5 Analysis of response surface plots and contour 

plots 

Figure 7 represents three-dimensional response 

surface plots for the response (ultimate tensile strength) 

obtained from the regression model. The optimum 

ultimate tensile strength is exhibited by the apex of the 

response surfaces. It is easier to understand the 

interactions of factors on the response by examining  

the contour plots. Figure 8(a) exhibits an almost circular 

 

 

Fig. 4 Experimental vs predicted values of responses: (a) σs; (b) δ 

 

 

Fig. 5 Cross sectional macrograph of welded specimen with high tensile strength 

 

Table 6 Results from confirmatory experiments 

Trial run 
FSW parameter 

 
σs/MPa Error 

of σs/% 

 δ/% Error 

of δ/% P N S A 
 

Experimental Predicted  Experimental Predicted 

1 0 −1 −1 −2 
 

180.09 179.809 0.16  13.03 13.238 1.57 

2 1 −1 0 −1 
 

184.79 182.333 1.35  16.25 15.787 2.93 

3 0 −1 1 0 
 

195.93 196.555 0.32  21.91 21.994 0.38 

4 −1 2 1 1 
 

196.82 192.712 2.13  15.13 14.155 6.89 

5 −2 −1 0 2 
 

183.48 180.938 1.4  13.89 14.506 4.25 

Error =[(Experimental value – Predicted value)/ Predicted value]× 100% 
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Fig. 6 Optical micrographs of base metal (a, b), HAZ (c), TMAZ (d) and WNZ/SZ (e, f) 

 

contour, which suggests independence of factor effects, 

namely tool pin profile and the rotational speed at 

constant center points of 65 mm/min welding speed and 

1.5° tool tilt angle. Figure 8(b) shows that the change in 

the tool pin profile is slightly more sensitive to the 

change in ultimate tensile strength than the change in 

welding speed at constant center points of 600 r/min 

rotational speed and 1.5° tool tilt angle. Figure 8(c) 

shows that the changes in both tool tilt angle and tool pin 

profile affect the ultimate tensile strength at constant 

center points of 600 r/min rotational speed and       

65 mm/min welding speed. Figure 8(d) shows that the 

change in rotational speed is slightly more sensitive to 

the change in ultimate tensile strength than the change in 

welding speed at constant center points of tapered square 

tool pin profile and 1.5° tool tilt angle. Figure 8(e) shows 

that the changes in both tool tilt angle and rotational 

speed affect the ultimate tensile strength at constant 
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Fig. 7 Response surface plots of weld parameters and σs 

 

center points of tapered square tool pin profile and    

65 mm/min welding speed. Figure 8(f) exhibits that the 

change in the tool tilt angle is more sensitive to the 

change in ultimate tensile strength than the change in 

welding speed at constant center points of tapered square 

tool pin profile and 600 r/min rotational speed. It is also 

observed from Fig. 8 that, in all the conditions at 

maximum ultimate tensile strength, the rotational speed 

is found at the center point of 600 r/min. 

 

4.6 Analysis of direct effects and main interaction 

effects of welding parameters 

The ultimate tensile strength increases directly with 

the tool rotational speed, welding speed, and tool tilt 

angle, and then decreases after it reaches the maximum 

value (Fig. 9). The results show that the tool tilt angle 

and tool pin profile have a significant role in determining 

the tensile strength of the welded joint. The decrease in 

tool tilt angle leads to poor bonding due to high frictional 

heat generation and the increase in tilt angle leads to 

poor bonding due to very low frictional heat generation. 

Tapered square pin profile tool exhibits maximum 

ultimate tensile strength and tapered triangular pin 

profile tool exhibits minimum ultimate tensile strength. 

The change in tool pin profile changes the shear stress 

thereby varying friction within the weld metal, and the  
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Fig. 8 Contour plots of weld parameters and σs 

 

heat generates. The layer by layer material consolidation 

at stir zone due to insufficient heat reduces the strength 

of the joint. Higher and lower tool rotational speeds lead 

to poor bonding due to high frictional heat generation 

and low frictional heat generation, respectively. Higher 

and lower welding speeds lead to poor bonding due to 

very low frictional heat generation and high frictional 

heat generation, respectively. The optimum heat 

generation leads to plasticized flow, and the materials in 

the weld diffuse and recrystallize, thereby creating a 

qualified joint. Figure 10 shows the interaction effects of 

tool pin profile and tool tilt angle on ultimate tensile 

strength. The results reveal that for all the tool pin 

profiles except the tapered triangular tool pin profile, the 

increase in tool tilt angle initially increases the tensile 

strength, and then decreases after reaching the maximum 

value. For the tapered triangular tool pin profile, the 

increase in tool tilt angle leads to increase in tensile 

strength and at most tilt angles it exhibits minimum 

tensile strength compared to other tool pin profiles. This 

is because of high heat generation while using the 

triangular tapered tool pin profile. At 0.5° tilt angle, the 

heat generation is high; while with an increase in tilt 

angle to 2.5°, the high heat generation gets reduced and 

leads to increase in tensile strength. The maximum 

tensile strength is obtained for the tapered square pin 

profiled tool with tool tilt angle of 1.5° and 2°. Figure 11 

shows the interaction effects of welding speed and tool 

tilt angle on ultimate tensile strength. The results reveal 

that for all the welding speed, the increase in tool tilt 

angle initially increases the tensile strength, reaches a 

maximum value and then decreases. At 0.5° tilt angle,  
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Fig. 9 Direct effects of welding parameters on σs: (a) Welding speed; (b) Tool rotational speed; (c) Tool tilt angle; (d) Tool pin profile 

 

 

Fig. 10 Interaction effects of P and A on σs 

 

the heat generation is more. The increase in welding 

speed at 0.5° tilt angle decreases the heat generation and 

the tensile strength. This shows that the welding speed is 

inversely proportional to the tensile strength at 0.5° tilt 

angle. The proportionality changes as the tilt angle 

increases and the maximum tensile strength is obtained 

at a welding speed of 65 mm/min with tool tilt angle of  

 

Fig. 11 Interaction effects of S and A on σs 

 

1.5°. The result also suggests avoiding higher welding 

speed at a lower tilt angle. 

 

4.7 Optimization of welding parameters 

Optimization of the welding parameters to 

maximize ultimate tensile strength was carried out by 

using Excel solver tool. The regression equation obtained 
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from mathematical modeling is used as an objective 

function. Constraints are fixed to limit the values of the 

parameters used in the function. The optimum values of 

welding parameters for the predicted ultimate tensile 

strength of 202.58 MPa are rotational speed of 613 r/min 

(0.13), traverse speed of 64 mm/min (−0.08), tool tilt 

angle of 1.8° (0.62), and tapered square tool pin profile 

(−0.35). 

 

5 Conclusions 
 

1) Empirical relationships were built to estimate the 

response such as ultimate tensile strength and elongation 

of friction stir AA5052-H32 aluminium alloy. The 

ANOVA analysis shows that the developed model can be 

effectively used to predict the responses of the joints at 

95% confidence level. Trials were carried out to validate 

the results. 

2) Based on the regression models, the effects of 

operating parameters on ultimate tensile strength and 

elongation of the friction stir welded joints were 

presented and interpreted. 

3) The joints fabricated using tapered square pin 

profile tool with a rotational speed of 600 r/min, welding 

speed of 65 mm/min, and tilt angle of 1.5° exhibited 

superior tensile properties compared to other joints. The 

tapered square tool pin profile produced a higher 

pulsating effect and smooth material flow, which resulted 

in the highest tensile strength and elongation. 

4) The tensile test results reveal that the tool tilt 

angle has a significant role in determining the tensile 

strength of the welded joint. The increase in the tool tilt 

angle leads to the better consolidation of the material 

under shoulder and the mechanical properties get 

increased. 

5) From the macro and microstructure study, a 

defect-free weld is observed in and around the stir zone. 

The grain refinement occurred at the stir zone as a result 

of dynamic recrystallization. 

6) From the contour plots, it is identified that in all 

interaction effect of factors, the rotational speed is found 

fixed at the center point of 600 r/min for maximum 

tensile strength. The tool rotational speed has no 

significant interaction effect on the tensile strength of the 

joint in the range considered for modeling (400−     

800 r/min). 

7) The welding parameters were optimized for the 

predicted maximum tensile strength. 
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基于响应面法的 AA5052-H32 铝合金 

搅拌摩擦焊参数优化 
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摘  要：采用中心组合设计响应面方法对 AA5052-H32 铝板间的搅拌摩擦焊过程进行优化。研究发现，焊接参数

如搅拌头形状、搅拌头转速、焊接速度和搅拌头倾斜角对接头性能起着决定作用。采用方锥形搅拌头，在搅拌头

转速为 600 r/min、焊接速度为 65 mm/min 和搅拌头倾角为 1.5°时，得到最优的焊接效率 93.51%。开发数学模型

描述焊接参数和响应变量(极限抗拉强度和伸长率)间的关系，并对模型进行优化，以最大限度地提高搅拌摩擦焊

接头的极限抗拉强度。利用数学模型生成响应曲线以解释焊接参数对响应变量的相互影响，并采用方差分析

(ANOVA)验证模型的可靠性。结果表明，实验数据与预测模型吻合较好。通过观察焊缝的微观和宏观结构，研究

焊缝不同区域的晶粒组织。 

关键词：AA5052 铝合金；搅拌摩擦焊；响应面法；抗拉强度；显微组织 
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