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ABSTRACT 

The influence of the friction stir welding conditions on weldability of two very 

popular aluminum alloys, in welding construction, is analyzed in this study. Non-

heat-treatable (AA5083-H111) and a heat-treatable aluminum (AA7075-T651) 

alloy, are characterized by markedly different strengthening mechanisms and 

microstructural evolution at increasing temperatures. Dissimilar weldments were 

produced by the friction stir welding process under different welding conditions. 

The welding parameters were rotational speed, welding speed, tool geometryو 

material location and tool position. Their metallographic and mechanical 

properties were analyzed and compared using metallographic examination, 

hardness test and tensile test.  

Dissimilar joints show some defects that differ due to the welding conditions. 

Higher rotational and welding combination speeds achieve sound joint 

associated with higher strength compared to the other welding joints. Moreover, 

when the soft material is located at the retreating side the weldment performance 

is improved. 

Due to the relationship between metal formability and temperature, the heat 

distribution under various welding parameters was studied. The temperature 

analysis indicates that increasing the rotational speed increases the produced heat 

and consequently, the mixing efficiency of the welded alloys. 

 

Keywords:  Friction stir welding, Dissimilar aluminum alloys, Welding 

parameters, Mechanical properties, Welding tool geometry. 

 

 

1. INTRODUCTION 

Friction Stir Welding (FSW) offers immense benefits 

over traditional welding attributable to the absence of 

melting and a small energy requirement. Accordingly, the 

quality of the weldment is improved [1]. 

The joining of dissimilar materials by any welding 

process usually is difficult due to the many variations in 

metallurgical and mechanical properties. The joints of 

dissimilar materials are becoming more employed in 

several industries because of its technological and cost-

effective advantages [2]. 

Ahmed et al. [3] studied the metallographic behavior for 

similar and dissimilar two aluminum alloys (AA5083 and 

AA7075) friction stir weldments. They observed that the 

crystallographic texture in the nugget zone revealed a 

simple shear texture without a significant influence of 

varying the welding speed. The dissimilar joints exhibited 

performance ranged between 77 and 87% relative to the 

strength of AA5083 base metal. Moreover, Yoon et al. [4] 

concluded that the grain size in the stir zone (SZ) was 

smaller than that of the base metal and was decreased with 

the decrease of the tool rotation speed and with the 

increase of the tool traverse speed. 
 

Parameters such as travel speed, tool geometry, joint 

thickness, and material composition are the influence 

parameters that control the mechanical properties of FSW 

weldments [5,6]. mechanical properties (particularly 

tensile strength) of joints [5].
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A suitable combination of the tool rotational and 

traverse speeds is very important for obtaining defect free 

joints of FSW [7]. Several defects are occurred during 

FSW process due to the lack of unappropriate material 

flow, and these defects depended on numerous factors 

[5,8].  However, the tunnel defect was detected on the 

advanced side (AS) near the bottom surface. The tunnel 

defect has been attributed to the extra heat input and 

plastic flow under the inappropriate FSW conditions 

[4,5]. Therefore, Shojaeefard et al. [7] concluded that 

higher strength is achieved for friction stirred the 

dissimilar AA5083-O/AA7075-O at 1400 rpm and 20 

mm/min.  

Luo et al. [9] found, analytically, that when the 

rotational speed to welding speed ratio increased, the 

temperature distribution, around the pin, tended to 

transform from non-uniform to uniform. 

Also, Aziz et al. [10] proved that low rotational speed 

cause lacking temperature distribution through low 

frictional and plastic dissipation energy which ultimately 

results weld defects. Increasing the weld and rotational 

speeds, the influence of plastic dissipation energy 

increases leading to improve the weld quality. 

Furthermore, increasing the (ω) increases the heat input 

due to the tool shoulder generate about 90% of frictional 

heat [11]. While the heat input decreases at increasing the 

welding speed [11], causes insufficient plastic flow of 

material producing the defects [6]. Moreover, Yu et al. 

[12] demonstrated that the tensile stress increases with 

decreasing the welding speed. However, larger tensile 

stress appears under the tool shoulder with increasing the 

rotational speed. 

Previous studies [13,14] proved that the effect of 

pin/shoulder diameter ratio (D/d) has minor influence on 

increasing temperature, more frictional heat is produced 

by increasing the shoulder diameter leading to increase in 

material softening and consequently improving in 

material flow [13]. According to Saravanan et al. [15], at 

higher D/d ratios, excessive heat generation could be 

softening the weld zone therefore a turbulent flow 

between two welded materials can be generated. Due to 

the inadequate mixing of materials, the defect nucleation 

in the weld zone becomes more. 

Kishore et al. [16] concluded that the lowest 

temperature is produced on softer material side with 

change in position of materials since excess heat is 

generated on harder material side because of viscous 

dissipation. Also, the mixing efficiency depends on 

location of material on the retreating and advancing side. 

Moreover, Cole et al. [17] and Gerard [18] proposed that 

the harder material have to be on the advancing side to 

eliminate the internal defects. 

Furthermore, the pulsating action caused by the flats on 

the tool pin sides (for non-circular pins) results in 

thoroughly microstructure across the weldments and 

relatively increase the peak temperature. This behaviour 

results in improved regularity in hardness profiles in the 

event of tool pins with a growing number of flats [19]. 

Many researchers proved that the influence of tool 

design on the joint performance. Abd El-Hafez & El-

Megharbel [20] investigated the friction stir welding of 

dissimilar aluminum alloys AA 2024- and AA 5083-H111 

and concluded that square pin improves the joint strength 

compared to prism and stepped geometries due to the four 

pulses per revolution. Moreover, Waheed et al. [21] stated 

that the generated heat increases from the square pin to 

hexagonal one but then reduces to the triangular pin 

profile. 

From the previous studies, this work aims to find the 

suitable welding parameters to fabricate the sound 

dissimilar FS-weldment of aluminum alloys AA7075-

T651 and AA5083-H111. 

2. EXPERIMENTAL WORK 

To evaluate the effect of welding conditions, an 

experimental program was designed, Table 3. Friction stir 

(FS)-weldments were carried out at different welding 

speeds on vertical milling machine using a special fixture 

to ensure a proper arrangement of the specimens 

throughout the process, Fig. 1. 

 

Fig. 1 Friction stir welding setup 

2.1. Materials 

Two aluminum alloys of 7075-T651 and 5083-H111 

were used, in this study, to perform the dissimilar friction 

stir weldments. 

The aluminum alloys were received in sheets with the 

required dimensions of 250x100x5 mm. Their chemical 

compositions and mechanical properties are listed in 

Table 1 and Table 2, respectively. 

Table 1 The chemical compositions of Al-alloys. 

 

Table 2 The Mechanical properties of Al-alloys. 

 

2.2. Welding Tools 

In this study, steel-H13 tools with 10º concave shoulder 

and different diameters of 15, 17.5 and 20 mm 

accompiened with 5 mm pin diameter and 4.7 hight were 

manufactured to form the shoulder/pin ratios (3, 3.5 and 

4). Furthermore, the effect of three pin geometries, square, 

triangular and threaded taper, Fig. 2, is studied where is 

used to manufacturing the welding tools. 

2.3. Welding Parameters 

Aluminum Alloy 
Chemical composition, wt.% 

Si Fe Cu Mn Mg Cr Zn Ti Al 

5083 -H111 0.1344 0.3411 0.0282 0.4380 4.0838 0.0946 0.0389 0.0072 bal 

7075-T651 0.4 0.5 1.7 0.3 2.5 0.2 5.5 0.15 bal 

 

Material Mechanical properties 

Al 5083 -H111 

Tensile Strength 

MPa 

Yield strength 

MPa 
Elongation % 

Hardness 

(HV) 

266.2 242.4 35.1 83 

Al 7075-T651 553.1 553.1 10.7 175 
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Various welding parameters were chosen due to the 

previous studies and the primary experiments. Three 

values of rotational speed (ω), as well as for welding 

speed (v) were used to manufacturing the FS-joints. Also, 

the material location (advanced and retreating side) and 

tool shifting were considered as welding parameters, 

Table 3. 

 

 
(a) Square (b) Triangular (c) Tapper threaded 

Fig. 2 Photographs of the welding tools 

2.4. Tests 

To evaluate the effect of the welding parameters on the 

FS-joints performance (η), tensile, microhardness and 

metallographic examination were applied. 

The tensile test is performed at a universal testing 

machine (MTS 100KN). The tensile specimens were cut 

perpendicular the welding line and milled to the standard 

dimensions of ASTM-E08. Each result represented an 

arithmetic mean of three specimens, at least, for each 

joint. 

Metallographic and microhardness specimens were 

ground up to 1200 mesh, polished with diamond paste 

down to 1µm and etched using killer’s reagent. Visual 

inspection and Light optical microscope, with an image 

analyzing software, was used to reveal the macro- and 

micro-structural analysis. 

The Vickers microhardness test was performed with 0.5 

Kg/10 sec through the various zones of the weldment (SZ; 

TMAZ; HAZ, and the parent alloys). 

2.5. Temperature Measurements 

The temperature during welding was measured using 

thermal infrared-camera and infrared thermometer which 

could measure up to 1200°C with accuracy ±1%. The 

temperature is measured at tool/material surface interface 

through all welding process.  

3. RESULTS AND DISCUSSION 

All specimens were subjected to visual inspection and 

metallographic examination. For primary experiments, it 

was noticed that some joints had visual defects or micro 

defects depending on the welding parameters. However, 

most FS-joints were sound and defects free. Fig. 3 shows 

some of these welding defects including diverse types 

such as pinhole and grain boundary defects. The size and 

type of these defects could be attributed to lack of 

penetration caused from lacking material flow under the 

pin. This is due to the unsuited generated friction 

temperature which agrees with previous studies [4–6]. 

On the other hand, threaded taper joint has a visible 

tunnel defect due to slipping the material around the pin,  

Fig. 3-b. 

Table 3 Welding Parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rotational 

speed (ω) 

(rpm) 

Welding 

speed 

(v) 

(mm/min) 

shoulder/pin 

ratio 

(R) 

Pin 

Geometry 

Advanced 

side/ 

Retrating side 

(AS/RS) 

1400 

80 

3, 

3.5 and 

4 

Square 

7075/5083 

16 

80 

900 

16 

40 

80 

1120 

16 

40 

80 

1400 

16 

40 

80 

16 

4 
Taper 

threaded 
40 

80 

16 

4 Triangle 40 

80 

16 

4 

Square 

5083/7075 40 

80 

80 4 

7075/5083 

With shiffting 

1mm 

toward 5083 

 

(a) square pin 

Fig. 3 Stirred zone (SZ) with micro voids and 

Tunnel defects. 

 

(b) threaded taper pin 
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3.1. Microstructure Investigation 

The metallographic examination shows differing in 

mixing behavior between specimens depends on the 

generated heat amount and tool geometry resulted a 

mixing efficiency. 

3.1.1. Stir zone 

The stir zone (SZ) is influenced by welding conditions 

which controlled the generated heat and the plastic 

deformation. The pin geometry effect is shown in Fig. 4(a, 

b) where both square and triangular achieved sound joints 

with different microstructures. The SZ microstructure 

shows different mixing behaviors where square one gave 

better homogeneity at the same welding conditions, Fig. 

4. Also, under the shoulder, fine grains and good mixing 

were noticed, Fig. 5-a, compared to the SZ far away the 

shoulder, Fig. 5-b, where highest heat is generated. 

3.1.2. Thermomechanical affected zone (TMAZ) 

The microstructure of thermomechanical affected zone at 

both sides, advanced and retreating are shown in Fig.6. 

The advanced side is differing from retreating one. The 

deformed grains are flow in curves in direction of 

stirring at AS whereas it is not noticed at RS. However, 

the interface between SZ and TMAZ is quite sharp, 

Fig.6-a, whereas the stirred metal is diffused into parent 

metal at RS, Fig.6-b, which is proved also by other 

researchers [20,22,23]. 

 
(a) Square 

 
(b) Triangular 

Fig. 4 Microstructure of stirred zone for dissimilar 

7075/5083 joints performed using different pin 

geometries at 1400 rpm and 16 mm/min. 

 
(a) fine grains and good efficiency 

 
(b) Less efficiency 

Fig. 5 The mixing efficiency in the stir zone 

 
a) SZ/TMAZ interface at RS 

 
b) SZ/TMAZ interface at AS 

Fig.6 Micrographs of TMAZ/SZ interference at 

advanced and retreating sides 

3.2. The Generated Temperature 

The temperature at tool shoulder/joint surface interface 

was recorded using infra thermal camera which is more 

accurate than infrared thermometer. Fig.7 shows thermal 

images and distribution charts for measuring temperature 

during FSW process at various welding parameters. The 

 



106 

 

examination was performed according to EN 13187 using 

a thermal imager. The average measuring readings, 

through the welding process, were plotted in Fig. 8Fig. 8. 

The results appeared a significant effect of rotational 

speed (ω) compared to welding speed (v) on the produced 

heat. The increase of (ω) increasing the temperature 

significantly, which is in good agreement with the 

previous studies [13,15]. However, at low temperature, 

there is a bad formability and consequently, poor mixing. 

3.3. The Hardness Behavior 

The Vickers microhardness tests were carried out 

through different regions of the weld. Figure Fig.9 shows 

the hardness profile throughout weldments for specimens 

that welded at 900 and 1400 rpm for various (ν). It could 

be identified three various zones through the specimen 

(SZ, TMAZ and base metal). The hardness variations 

could be attributed to the variation in microstructure, the 

homogeneity of the phases in the SZ and the mix behavior 

as mentioned by Salloomi et al. [24]. Specifically, the first 

region of AA 5083-base alloy can be clearly observed by 

the insignificant fluctuation of the hardness values. 

Though, obvious variant of the hardness values was 

achieved in TMAZ zone. Slight decrease of the hardness 

values has been found in SZ but less variation. 

Though, the hardness has almost the same behavior for 

the whole specimens with noticeable difference in values. 

Variance from one specimen to another explains the effect 

of the welding conditions on issues like mixing 

performance, and grain size as stated by other studies 

[24,25]. 

3.4. Tensile Strength 

Fig.7 Thermal photographs and distribution charts for measuring temperature of FSW 

process at various welding parameters 

 

 
(a) square pin at 900 rpm and 16 mm/min 

 
Temperature distribution through P1 line 

 
(b) square pin at 1120 rpm and 16 mm/min 

 
Temperature distribution through P1 line 

 
(c) square pin at 1400 rpm and 16 mm/min 

 
Temperature distribution through P1 line 

 
Temperature distribution through P2 line 
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All specimens have undergone tensile test to evaluate 

their mechanical properties. Three tensile specimens were 

presented one FS-joint and their arithmetic mean is 

plotted in the following figures. The tensile strength, as a 

function in joint performance ( ), was discussed due to 

the welding conditions. The joint performance can be 

defined as the joint strength regarding the weakest base 

alloy, which is AA5083, in this study. 

3.4.1. Effect of Tool Geometry 

According to the metallographic examination, the 

threaded taper tool produced poor joints. Therefore, a 

comparison between triangular and square to evaluate the 

tool geometry effect on the joint performance. The results, 

Fig. 13, show that the square pin produces peak 

performance by the pulsed action that generating better 

stirring as a result of good metal flow. These findings 

agree well with previous studies [20,23,26]. Therefore, 

the welding conditions and tool shoulder effects are 

evaluated with square tool. 

3.4.2. Effect of Material location 

Higher strength and sound weldment are reached when 

harder alloy lies on AS, as previously mentioned [20,27–

29]. Therefore, the effect of the material position is 

evaluated at 1400 rpm associated with various welding 

speed, Fig. 14. The material's location has significant 

impact joint's performance when the AA5083 lies at RS 

and the harder (AA7075) at the AS. This result is agreeing 

with previous studies [20,27–29] while disagree with 

Khodir & Shibayanagi [31]. Therefore, the welding 

parameters evaluation was done by locate AA7075 at the 

advanced side (AS). 

3.4.3. Influence of Shoulder/Pin Ratio (R) 

The shoulder/pin ratio (R) affect on the joint 

performance (η) at various welding speed (ν) was shown 

in Fig. 15 (a-c). 

Fig. 15-a shows similar behaviour of η at 900 rpm 

(inverted bell). The R has insignificant variation between 

R=3 and R=4 except at ν=80mm/min where lower η at 

R=4. Lower η could be attributed to increasing the 

produced heat at surface with respect to weld root, 

faraway the shoulder. 

In additions, at R=3.5, the η has lower values for 

various ν. At R=3, the good values could be related to the 

small bead and concentration heat around the pin. The 

higher performance at R=3 and ν=80 mm/min, is 

correlated to the tensile fracture in base metal (AA5083), 

Fig. 16-a, not in weld zone as the others, Fig. 16-b. The 

tensile specimens were fractured at SZ/TMAZ boundary 

due to localized softening as concluded by 

Ramanjaneyulu et al. [19]. 

 

Fig. 8 Effect of welding speeds on the generated temperature using square tool pin. 
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Fig.9 Influence of welding speed (ν) on the FS-

weldments hardness at a steady rotational 

speed ( ). 
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Fig. 10 Influence of pin form on the FS-weldment 

hardness. 

 

Fig. 11 Influence of tool shift, into AA5083, on the 

hardness of the FS-weldment. 

 

Fig. 12 Impact of number of welding sides on the 

joint hardness 

 

Fig. 13 Influence of tool geometry on the joint 

performance at various welding speeds 

. 

 

 

Fig. 14 Effect of AA5083 location (advanced or 

retreating) on the joint performance 

 

 

Fig. 15 Influence of shoulder/pin ratio on the joint 

performance at various welding speeds and constant 

rotational speed. 

Moreover, at 1120 rpm shown in Fig. 15-b, best 

performance was noticed at R=4 for different ν that not 

increased than 100%. Also, neglected effect of ν is 

noticed. 

The performance behaviour is changed at higher ω, Fig. 

15-c, where the behaviour takes the bell shape. Lowest η 

is noticed at R=3 whereas the higher is at R=3.5 for ν=40 
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mm/min. This result achieved at 40 mm/min could be 

related to the suitable generated heat for formability of the 

stirred metal leading to good mixing without any micro 

defects as shown in Fig. 5. The variation in performance 

at various (ν) could be impeached the micro voids 

presented in weld zone where the tensile fracture 

occurred. In addition, Finer dimples and uniform size 

particles can improve the strength and ductility as 

concluded by Guo et al. [31]. 

However, it can be concluded that the suitable 

producing heat depends on the proper combination of 

welding parameters (ν and ω) and shoulder diameter as 

mentioned by previous studies [13,20,23,32].  

 

 
(a) Fracture at AA5083 

 
b) Fractured at stirred zone (weld line) 

Fig. 16 Two types of tensile specimen fracture 

3.4.4. Effect of tool shifting 

To evaluate the effect of shifting toward the softness 

material (AA5083), the tool is shifted by 1 mm. The 

experimental results, Fig. 17, show an improvement for 

performance (η) which agree with conclusion of previous 

study [33]. 

 
Fig. 17 Effect of tool shifting, for one mm, on the 

joint performance 

4. CONCLUSIONS 

From the results, it can be concluded the following.  

1- Square tool pin achieves best strength due to good 

mixing effect. 

2- The welding speed (v) has minor effect on the 

resulted temperature during FSW-process as well 

as the weldment performance. 

3- The rotational speed has the major effect with 

respect to its influence on the produced friction 

heat. 

4- Improving the mixing efficiency of welded 

materials improving the weldment strength as 

resulted at using the square pin associated the 

proper combination of diameters ratio (R) and 

rotational speed (ω). 

5- The weldment hardness is not the first indicator of 

the sound joint due to the possibility of micro 

defects presence. 

6- The soft material (AA5083) achieves better 

strength when it located at the retreating side (RS). 

7- The shifting of the welding tool to soft material 

(AA5083), according to the weld line, plays an 

effective role in improvement of the mechanical 

properties. 
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