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Abstract 
 

The joints fabricated by two sided friction stir welding has shown higher ultimate tensile strength as compared to the joints fabricated by 

single pass and this trend is common for all the tool profiles.  

The joining of AA 2024-T351 aluminum plates with dimensions 200 mm  200 mm  5 mm (Length  width  thickness) was carried 

out by double pass friction stir welding (FSW) technique. Three friction stir welding tools with different pin height (1, 1.5 and 2) mm 

were used with different stirring rotation speeds and travel speed, (560, 710 and 900) RPM and (16, 20 and 25) mm/min respectively.  

The welded specimens were analyzed and evaluated using microstructure, macrostructure, tensile and hardness tests. The results indicat-

ed that the yield strength and tensile strength increases as the distance between the two passes (double pass) decrease, the rotational 

speed of 900 RPM and 560 RPM with travel speed of 16 mm/min and 25 mm/min, respectively is considered to be the most efficient and 

the width of the gap of the joint line decrease as the distance between the two welding pass decreases. 
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1. Introduction 

Heat treatable 2xxx series aluminum alloys with high strength 

levels and favorable strength to weight ratios are one of the best 

candidate materials for meeting the challenges of structural appli-

cations in the aerospace industry. But the loss of strength in the 

components fabricated from these alloys using the conventional 

fusion welding techniques, poses a serious limitation in their utili-

zation for these purposes [1]. Usually, most of the fabricated com-

ponents and structures are of welded construction and the prob-

lems associated with the fusion welding of these aluminum alloys, 

like porosity, slag inclusion, solidification cracks, and distortion, 

deteriorate the weld quality and the resultant joint properties [2]. 

Friction stir welding (FSW) is a recent method of joining materals 

patented in 1991 by TWI, this process was developed from the 

classic friction welding methods and has the advantage of operat-

ing in solid state [3-5]. In conventional friction welding the plasti-

cized material is constrained in two dimensions (vertical and hori-

zontal), while in FSW the layer of plasticized material is con-

strained in three dimensions [3]. FSW assures the absence of po-

rosity, distortion and residual stresses, which are typical defects of 

the fusion welding processes, and the possibility to operate in all 

positions without protective gas. The process uses a shouldered 

rotating tool with a profiled pin that penetrates the clamped parts 

to be joined; the tool then starts to move along the join line. The 

heat produced by friction softens the alloy and the pin stirs the 

material of the joint until the sheets are joined. The stirring of one 

material into the other is associated with a solid-state flow, i.e. 

with a very high deformation, and involves recrystallization of a 

portion of the joint (weld nugget). These extremely fine recrystal-

lized grains are known to slide one over the other, leading to a 

super-plastic flow that accommodates the FSW process. FSW 

temperature decreases from the top to the bottom of the joint, a 

change that corresponds to a variation in recrystallized grain size 

[3], [6-8]. Many authors are studied the microstructure characteri-

zation for AA 2024 aluminum alloy. (Srivatsan et al., 2016) stud-

ied the effect of welding parameter on the microstructural devel-

opment of a 3 mm thick plate of the AA 2024 aluminum alloy [4]. 

(Booth et al., 2003) analyzed the local microstructure and hard-

ness of 13mm gauge AA 2024-T351 aluminum alloy friction stir 

welds [9]. (Von der Fakultät et al., 2008) studying the influence of 

energy input in friction stir welding on structure evolution and 

mechanical behavior of precipitation-hardening in aluminum al-

loys AA 2024-T351, AA 6013-T6 and Al-Mg-Si [10]. Few re-

searchers studied the double side friction stir welding; such as 

(Barnes et al., 2008) which studied, residual strains and micro-

structure development in single and sequential double sided fric-

tion stir welds in RQT-701 steel [11]. (Sathari et al, 2014) proved 

and confirmed that the joint strength and percentage elongation of 

the welds of double sided joints are better than for single-pass 

joints [12]. (Hejazi and Mirsalehi, 2015) studied the double-sided 

friction stir welding of AA6061 sheet and compared with its con-

ventional single-sided one [13]. FSW tools with different pin 

lengths (50%−95% of the sheet thickness) were used to perform 

the double-sided welds. Macro- and micro-structures, strength, 

and hardness of the joints were investigated to determine the op-

timum pin penetration depth. The best results were obtained for a 

double-sided joint made with a pin length equal to 65% of the 

sheet thickness, which showed an increase of 41% in the ultimate 

tensile strength compared with the single-sided joint. 

In this study the mechanical and microstructural characteristics of 

two sided (double side) friction stir welding of AA 2024-T351 

aluminum alloy were analyzed with respect to different friction 
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stir welding tools pin height, stirring rotation speeds and travel 

speed to evaluate the best gap distance between the two sided of 

friction stir welding which give good welded joint. 

2. Experimental procedure 

The material used in this study is 5 mm thick plate of AA 2024-

T351 aluminum alloy, the chemical composition and mechanical 

properties of AA 2024-T351 are shown in Tables 1 and 2. Three 

friction stir welding tools were machined from high speed steel, 

with 18 mm shoulder diameter, 5 mm pin diameter for all tools 

and 1, 1.5 and 2 mm pin height. The FSW process was conducted 

on square aluminum alloy plates with the size 200 mm x 200 mm. 

Three different rotational speeds were used for welding processes 

560, 710 and 900 RPM with three different travel speeds 16, 20 

and 25 mm/min.  

 
Table 1: Chemical composition of aluminum alloy AA 2024-T351. 

 

Material 
Element (%) 

Si Fe Cu Mn Mg Zn Al 

Nominal 
0.5 

max 

0.5 

max 

3.8-

4.9 

0.3-

0.9 

1.2-

1.8 

0.25 

max 
Bal. 

Measured 0.103 0.26 3.859 0.72 1.271 0.115 Bal. 

 
Table 2: Monotonic properties of aluminum Alloy AA 2024-T351. 

 

AA2024-

T351 

Mechanical Properties 

Tensile strength 
(MPa) 

Yield strength 
(MPa) 

Elongation 
(%) 

Nominal 483 345 14 – 16 

Measured 560 460 14.2 

Each welding condition was used for three different double pass 

welding processes. The former was done with 1 mm pin height 

(3mm distance between the two passes), the second was done with 

1.5 mm pin height (2 mm distance between the two passes) and 

the last one was done with 2 mm pin height (1mm distance be-

tween two passes). Tensile tests were conducted on tensile testing 

machine with a constant cross-head speed of 1 mm/min according 

to ASTM B557M after removing the welding zones and observing 

the distance between two welding passes as shown in Figure.1. 

 

Fig. 1: Tensile specimen on tensile device after removing the FSW zones. 

3. Results and discussion 

Figure 2 shows the microstructure of the transverse surface across 

the welding zone. In FSW aluminum joints four zones are clearly 

shown: the Nugget Zone (NZ) is created by the penetrating tool 

pin and characterized by a recrystallized microstructure containing 

very fine grains, which are formed as a result of the severe plastic 

deformation and high temperatures (Figure 2-c) surrounded by the 

Thermomechanically Affected Zone (TMAZ) (Figure 2-b) is char-

acterized by a highly deformed structure. A distinct boundary 

between the NZ and TMAZ is seen on the advancing side, unlike 

the unclear demarcation on the retreating side [1, 4-6]. Conse-

quently, it can be said that, microstructural changes in TMAZ are 

driven by the combined influence of heat generated and defor-

mation induced by the tool and the Heat Affected Zone (HAZ) on 

either side of the joint line. The difference in grain shape and di-

mensions between the weld nugget (Figure 2-c) and the parent 

(base) metal (Figure 2-a) is quite evident; the mean value of the 

grain size is 9 µm in the weld nugget and 90 µm in the parent 

alloy. Therefore, in the NZ, the grain size was approximately re-

duced by an order of a magnitude. 

 

Fig. 2: Microstructure of the transverse surface across the welding zone:  

(a) Base metal, (b) TMAZ and (c) NZ. 

Figure 3 shows the macrostructure of FSW of welded specimens 

at one of the best rotation speed (900 RPM) and travel speed (16 

mm/min). The width of the gap in the unwelded zone (joint line) 

between two friction stirs welding passes (double pass) was be-

coming very clear when the distance between passes increases. 

 

Fig. 3: Macrostructure of FSW of welded specimens at 900 RPM and 16 

mm/Min. (a) 1 mm, (b) 1.5 mm and (c) 2 mm pin height. 
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Figure 4 shows the SEM used for determining the width of the gap 

in the unwelded zone. This figure showed the gap was about 13.5 

μm for 2 mm distance between two welding passes, 8.2 μm for 1.5 

mm distance and 3.4 μm for 1mm distance.  

 

Fig. 4: Gap between Two Welding Passes Welded at 900 Rpm and 16 

Mm/Min. (a) Macro-examination, and (b) SEM examination. 

Microhardness tests (Hv0.05) were performed along the welded 

joint Figure 5, the hardness values are closely connected with the 

nature of the process experienced by the zones. 

FSW creates a softened region around the weld center in precipita-

tion hardened Al-alloys; the hardness profile in the particle-

hardened materials are mainly governed by the distribution of fine 

precipitates [3]. The lowest hardness value in Figure 5 is found in 

an area of high gain distortion indicated as zone "b" in Figure 2. A 

peak in hardness is observed in the central part of the NZ; then, 

MHV gradually decreases, reaches a minimum value in the HAZ, 

and gradually increases up to the value typical of the parent alloy. 

 

Fig. 5: Hardness Profile along the Welding Centerline for 900 Rpm and 16 

Mm/Min Welding Condition. 

FSW creates a softened region around the weld center in precipita-

tion hardened Al-alloys; the hardness profile in the particle-

hardened materials are mainly governed by the distribution of fine 

precipitates [3]. The lowest hardness value in Figure 5 is found in 

an area of high gain distortion indicated as zone "b" in Figure 2. A 

peak in hardness is observed in the central part of the NZ; then, 

MHV gradually decreases, reaches a minimum value in the HAZ, 

and gradually increases up to the value typical of the parent alloy.  

The yield and tensile strength of FSW variations with welding 

parameters are summarized in Table 3. From this table can be 

concluded that the best strength was achieved when the stirring 

rotational speed was 900 RPM and 560 RPM with travel speed of 

16 mm/min and 25 mm/min respectively, which means the high 

heat generation give good forging zone and also due increasing of 

welding pressure between the two passes of the double sided fric-

tion stir welding (at distance between two passes equal 1 mm). 

The mechanical response of the welded sheets in terms of tensile 

strength and yielding is 55% and 51% respectively of that of the 

parent material. 

The welded specimen strength and ductility were found to be low-

er than those of the base material that was characterized by the 

presence of precipitates of various sizes. For the alloy 2024, Cu is 

a principal alloying element, and the primary strengthening pre-

cipitates are the metastable θ̀ and θ ̏phases [4, 9 and 10]. The study 

of the fracture location showed that in the as-received specimens 

the failure began from the transition zone of the cross-section 

(Figure (2b)), the result again is fully consistent with the available 

data which indicate that fractures do not occur in the weld nugget 

or in the joint centerline. 

The result of percentage elongation presented in Table 3 shows 

good agreement with (Nofel et al., 2011) which concluded that the 

elongation percent decreases as welding pressure increase [14]. 

4. Conclusion 

The double pass (two sided) friction stir welding process parame-

ters were optimized with respect to mechanical and metallurgical 

properties of the welded AA 2024-T351 aluminum plates. This 

research concluded the following important points: 

1) The yield and tensile strength increases as the distance be-

tween the two passes decrease. 

2) The rotational speed of 900 RPM and 560 RPM with travel 

speed of 16 mm/min and 25 mm/min respectively is consid-

ered to be the most efficient. 

3) The width of the gap of the joint line decrease as the dis-

tance between the two welding pass decreases.  

4) Peak hardness observed in the NZ, reaching a minimum 

value at HAZ zone and gradually increases up to the typical 

value of the base metal. 
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Table 3: Mechanical Properties Vary with Welding Parameters 
 

 Stirring rotational speed = 560 RPM 

Travel speed (mm/min) 16 20 25 

Distance between two passes (mm) 1 2 3 1 2 3 1 2 3 
Yield strength σy (MPa) 213 213 152 232 178 169 246 225 174 

Tensile strength σu (MPa) 291 264 153 321 238 171 309 264 177 

Elongation % 0.3 1.1 1.4 0.3 1.0 1.3 0.3 0.7 1.0 

 Stirring rotational speed = 710 RPM 

Travel speed (mm/min) 16 20 25 

Distance between two passes (mm) 1 2 3 1 2 3 1 2 3 

Yield strength σy (MPa) 216 208 154 231 229 165 236 161 130 
Tensile strength σu (MPa) 289 252 155 279 288 167 290 188 132 

Elongation % 0.1 1.0 1.2 0.2 0.9 1.0 0.3 0.1 0.7 

 Stirring rotational speed = 900 RPM 

Travel speed (mm/min) 16 20 25 

Distance between two passes (mm) 1 2 3 1 2 3 1 2 3 

Yield strength σy (MPa) 235 235 149 248 224 151 264 227 145 
Tensile strength σu (MPa) 309 237 149 302 227 151 292 257 145 

Elongation % 0.1 0.2 1.0 0.1 0.6 0.7 0.1 0.5 0.5 
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