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2A12 hot-rolled aluminum alloy has high plasticity and toughness, and is widely used in the manufacturing of structural 

parts in aviation, aerospace, automobiles, and other fields. To explore the effect of friction stir welding process 

parameters on the welded joint properties of 2A12 hot-rolled aluminum alloy, experimental investigations were 

conducted. The surface appearance of the welded joints under different process parameters was observed, the 

microstructure, microhardness, tensile strength, yield strength, elongation and the fracture morphology of the welded 

joints were assessed. The findings suggested that when the rotation speed was 600 rpm and the forward speed was 

250 mm/min, the tensile strength, yield strength and elongation of the welded joint were all maximum, which were 

437.6 MPa, 381.6 MPa and 7.5 % respectively, reaching 85.5 %, 88.1 % and 35.7 % of the base material. Under the 

same forward speed, the tensile strength and elongation of the welded joint initially rose and subsequently declined with 

the increment of rotation speed. The microhardness distribution of the welded joint exhibited a W-shape pattern. The 

fracture morphology showed that the fracture type of the welded joint was a ductile fracture. Unlike the base material, 

the welded joints did not exhibit significant necking during the tensile testing. The research results can be utilized as a 

reference for the engineering application of friction stir welding of 2A12 hot-rolled aluminum alloy. 
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1. INTRODUCTION 

Due to its lightweight, high strength, and excellent 

corrosion resistance, aluminum alloys have been 

extensively applied in diverse industries such as 

automotive, watercraft, and aerospace. 2A12 aluminum 

alloy is known for its high fracture toughness, corrosion 

resistance, good plasticity and machinability [1]. It can be 

utilized in components such as aircraft fuselages, 

automotive body structures, high-speed train shells, and 

ship decks. In engineering applications, it is often 

necessary to join multiple aluminum alloy plates together 

to form a cohesive structure. Traditional fusion welding 

methods, due to the occurrence of imperfections like heat 

cracks, voids, and oxide inclusions in the welding 

procedure, are not suitable for welding 2A12 aluminum 

alloy [2, 3, 4]. The emergence of friction stir welding 

(FSW) has offered a viable solution for achieving excellent 

welding of 2A12 aluminum alloy. FSW is a solid state 

joining technique that was developed by The Welding 

Institute of the United Kingdom in 1991 [5]. It eliminates 

the requirement for welding consumables and gas 

protection, offers fast welding speed, and no pollution to 

the environment [6]. FSW can be applied to the welding of 

various materials, such as aluminum alloys [7], titanium 

alloys [8], magnesium alloys [9, 10], copper alloys [11], 

and steels [12]. 

The research on FSW of aluminum alloys has evolved 

from conventional butt welding to various forms such as 
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lap welding, pinless welding, and ultrasonic-assisted 

welding [13]. Guo et al. explored the impact of different 

FSW process parameters on the dynamic fracture 

characteristics of welded joint (WJ) in 2024 and 7075 

aluminum alloys. The study revealed that the yield strength 

within the heat-affected zone (HAZ) was superior to that in 

the stirring zone (SZ) and thermo-mechanically affected 

zone (TMAZ), and the fracture mode of the joints was 

ductile and transgranular fracture [14]. Additionally, Guo 

et al. studied the residual stress distribution in WJ of 2024 

and 7075 aluminum alloys [15]. Fu et al. analyzed the 

influence of thermal input and subsequent aging after 

welding on the hardness of the WJ in 2024 aluminum alloy 

thin plates. The research indicated that thermal input had a 

notable effect on the hardness of the WJ, while the aging 

after welding had a limited impact on the improvement of 

the hardness in the WJ [16]. Khajeh et al. investigated the 

mechanical and electrical properties of WJs between 2024 

aluminum alloy and copper dissimilar materials. The study 

analyzed the formation mechanism of the microstructure in 

the SZ and found that under certain conditions of the ratio 

of tool rotation speed to tool forward speed, abundant 

intermetallic compounds and defects were formed in the 

WJs, which adversely affected the tensile strength and 

resistivity [17]. Deng et al. investigated the impact of the 

zinc brazing interface on the microstructure and 

mechanical properties of friction stir lap WJs between 

2A12 aluminum alloy and AZ31 magnesium alloy. The 

research indicated that the zinc brazing interface expanded 

the area of the lap joint, and improved its mechanical 

properties to some extent [5]. Xuan et al. explored the 

impact of the shape of the tool pin on the interface 



imperfections in friction stir lap WJs of 2A12 aluminum 

alloy. The formation mechanism of the interface 

imperfections was analyzed through numerical simulation. 

It was found that a conical pin could create a uniform and 

continuous velocity field and withstand the maximum 

failure load [13]. Liu et al. designed four different groove-

distributed pinless FSW tools and studied the WJ 

properties of 2A12 aluminum alloy under different tools. 

The research revealed that the six-groove tool achieved the 

best material plastic flow and maximum tensile strength 

[1]. Furthermore, Hu et al. investigated the WJ properties 

of 2219 aluminum alloy using ultrasonic vibration assisted 

FSW. The study revealed the effect of ultrasonic vibration 

on the microstructure and mechanical properties of WJs. 

Under the action of ultrasonic vibration, the hardness 

distribution of the WJ became more uniform, the 

dislocation density and residual stress decreased, and the 

tensile strength increased [18]. 

The 2A12 hot-rolled aluminum alloy has good 

mechanical properties, especially excellent plasticity, and 

crack resistance at high temperatures. Presently, there is 

more extensive research on FSW of 2 series aluminum 

alloy, with relatively less attention directed towards 2A12 

hot-rolled aluminum alloy. Due to the special forming 

processes associated with 2A12 hot-rolled aluminum alloy, 

the scope of the FSW process for this material differs from 

that of other 2 series aluminum alloys. Therefore, there is a 

need for the investigation of the FSW process for 2A12 

hot-rolled aluminum alloy. This work aims to investigate 

the effect of FSW process parameters on the WJ properties 

of 2A12 hot-rolled aluminum alloy. To achieve this goal, 

six groups of FSW experiments were conducted. The 

microstructure and mechanical properties of the WJs under 

various process parameters were tested, and the fracture 

morphology of the WJs was explored. The research 

findings can promote a more profound understanding of 

the FSW process of 2A12 hot-rolled aluminum alloy and 

provide references for selecting FSW process parameters 

of 2A12 hot-rolled aluminum alloy. 

2. MATERIALS AND METHODS 

5 mm thick 2A12 hot-rolled aluminum alloy plates 

with dimensions of 200 (length) × 60 (width) mm were 

utilized for conducting FSW experiments. The chemical 

compositions (wt.%) of 2A12 aluminum alloy are: Si0.5, 

Cu3.8-4.9, Mg1.2-1.8, Zn0.3, Mn0.3-0.9, Ti0.15, Ni0.1, 

Fe0.5, bal. Al. The FSW experiments were performed 

using an FSW machine produced by Beijing FSW 

Technology Co., Ltd. and a self-made tool with a material 

of H13 steel. The pin of the tool has a conical shape with 

diameters of 4.6 mm and 6.6 mm. The length of the pin 

was 4.9 mm. The end surface of the tool is processed with 

grooves. The tool shoulder has a diameter of 18 mm. The 

tool tilt angle during the FSW process was set to 0.5°. The 

schematic diagram of FSW of 2A12 aluminum alloy in this 

study is shown in Fig. 1. 

Six groups of process parameters were set up for FSW 

experiments, as listed in Table 1. The surface appearance 

of the welded joints under different process parameters 

was observed using a 3D digital microscope. The 

microstructure test samples, microhardness test samples, 

and tensile test samples were fabricated by using a wire 

cutting machine provided by Suzhou Hanqi CNC 

Equipment Co., Ltd. 

 

Fig. 1. Schematic diagram of FSW of 2A12 aluminum alloy 

Table 1. FSW process parameter configurations 

Group number, GN 
Rotation speed, 

rpm 

Forward speed, 

mm/min 

GN 1 500 200 

GN 2 600 200 

GN 3 700 200 

GN 4 500 250 

GN 5 600 250 

GN 6 700 250 

Before microstructure observation, the observation 

surface was initially ground using metallographic 

sandpapers. After the observation surface was ground to a 

smooth condition, a polishing machine was employed to 

eliminate any remaining scratches. Subsequently, the 

polished observation surface was etched with Keller's 

reagent for approximately 8 seconds. Finally, the 

observation surface was thoroughly cleaned using 

anhydrous alcohol. The microstructure distribution in 

different zones of the WJs at the cross section was 

observed using a metallographic microscope manufactured 

by Suzhou Yueshi Precision Instrument Co., Ltd. 

Before conducting microhardness testing, the test 

surface was initially ground using metallographic 

sandpapers. When the test surface was ground to a smooth 

state, a polishing machine was used for polishing. The 

microhardness of the WJs at the cross section was tested 

using a Vickers hardness tester, and the location and 

distribution of the test points are shown in Fig. 2. The 

applied pressure during microhardness testing was 0.3 kg, 

with a holding time of 10 s. The tensile strength of the WJs 

under various process parameters was tested using a tensile 

testing machine with a stretching rate of 1 mm/min. The 

fracture morphology of the WJs was observed with a 

scanning electron microscope. 

 

Fig. 2. Schematic diagram of microhardness testing 



3. RESULTS AND DISCUSSION 

3.1. Surface appearance 

The surface appearance of the WJs under different 

process parameters is shown in Fig. 3. As presented in 

Fig. 3, the surfaces of the WJs are relatively smooth 

without any visible pore defects, indicating good surface 

formation quality within the range of process parameters. 

However, slight burrs are present at the boundaries of the 

WJs. Although the presence of these burrs might not have 

an obvious impact on the usability of the WJs, it is 

customary to apply additional post-weld processing 

techniques, such as milling and polishing, to achieve the 

desired surface quality after FSW. This additional step 

ensures that the weld seam meets the necessary standards 

and meets the requirements for its intended application. 

 

Fig. 3. Surface appearance of the WJs under different process 

parameters: a – GN 1; b – GN 2, c – GN 3; d – GN 4;  

e – GN 5; f – GN 6 

The height profile waveforms of the WJ surface under 

different process parameters are depicted in Fig. 4. 

 

Fig. 4. Height profile waveforms of the WJ surface under 

different process parameters: a – GN 1; b – GN 2; c –

 GN 3; d – GN 4; e – GN 5; f – GN 6 

The height profile waveform can characterize the 

surface flatness of the WJs, where a smaller fluctuation 

amplitude in the waveform indicates better surface 

flatness. As observed in Fig. 4, GN 4 exhibits the highest 

maximum height profile value of 135.93 μm, which 

indicates a slightly less uniform surface flatness compared 

to other process parameters. This is primarily attributed to 

the lower heat input associated with these process 

parameters (low rotation speed and high forward speed). 

Consequently, the material experiences less softening 

during the welding process, leading to non-uniform 

material flow in the welding zone. This non-uniform 

material flow results in more pronounced processing 

patterns on the weld surface and reduced surface flatness. 

Moreover, GN 5 has the lowest maximum height profile 

value of 94.52 μm, suggesting a smoother and more 

consistent surface. This may be because the heat input 

under this process parameter is relatively reasonable, and 

the material can obtain a stable flow state during the 

welding process, resulting in a comparatively smoother 

surface after welding. However, when evaluating the 

overall results, there is relatively little variation in the 

maximum height profile values of the WJ surfaces, 

indicating a stable surface flatness of the WJs across 

various process parameters. 

3.2. Microstructure 

The microstructure of the base material is shown in 

Fig. 5. As depicted in Fig. 5, the cross section of the base 

material exhibits elongated grains with relatively large 

sizes. This is primarily attributed to the distribution of 

grains along the rolling direction during the hot rolling 

process of the base material. As a result, the grains take on 

this elongated shape. In addition, it can be observed that 

the microstructure distribution at various cross-sectional 

locations is relatively uniform, which is one of the main 

factors for the good mechanical properties of the base 

material. 

 

Fig. 5. Microstructure distribution of base material at different 

cross sections 

The microstructure of a typical WJ is shown in Fig. 6. 
From Fig. 6, it can be observed that the cross-sectional 

morphology of the WJ of 2A12 aluminum alloy can be 

categorized into distinct regions: the stirring zone (SZ), 

thermo-mechanically affected zone (TMAZ), heat-affected 

zone (HAZ), and base material zone (BMZ). The SZ 

undergoes dynamic recrystallization and experiences 

significant grain refinement owing to the intensive stirring 

of the tool and the elevated temperature [19]. In the 

TMAZ, the grains exhibit an elongated shape resulting 

from shear stress and deformation by plasticity [14]. Since 

the heat input in TMAZ is limited and the plastic 



deformation of the material is also small, there is no 

recrystallization of the grains in this zone [20]. The HAZ is 

primarily influenced by high temperature without obvious 

plastic deformation, resulting in coarser grains compared 

to the BMZ [21, 22]. The BMZ, experiencing minimal 

temperature and deformation, shows no significant change 

in grain structure. It is noteworthy that the boundary of SZ 

and TMAZ is clearer on the advancing side compared to 

the retreating side, and the variation in grain size is more 

pronounced. This is largely due to the higher shear stress 

and temperature experienced by the material on the 

advancing side, leading to more noticeable plastic flow 

[23]. The clear boundary on the advancing side was also 

observed in the study of [1]. 

 

Fig. 6. Microstructure distribution in different zones of the WJ of 

GN 5 at the cross section 

The microstructure of the SZ of the WJ under various 

process parameters is shown in Fig. 7. 

 

Fig. 7. Microstructure of the SZ of the WJ under various process 

parameters: a – GN 1; b – GN 2; c – GN 3; d – GN 4;  

e – GN 5; f – GN 6 

Fig. 7 shows that the grains in the SZ are relatively small 

under various FSW process parameters. This is attributed 

to the occurrence of dynamic recrystallization in the SZ 

under high temperature and severe plastic deformation, 

resulting in the formation of uniformly fine grains [24]. As 

rotation speed gradually increases, there is a tendency for 

the grains in the SZ to become larger. This phenomenon 

can be primarily attributed to the higher temperature in the 

SZ at higher rotation speeds, which promotes grain growth 

in the SZ. Nevertheless, with an increase of forward speed, 

the grains in the SZ tend to decrease in size. This behavior 

can be explained by the effect of forward speed on the 

temperature distribution in the welding area. A faster 

forward speed results in a shorter duration of high-

temperature exposure in the SZ. As a result, the thermal 

energy is applied for a shorter time, impeding the rapid 

growth of grains and leading to smaller grain sizes. 

3.3. Microhardness 

The microhardness of base material and microhardness 

distribution curves of the WJs under different process 

parameters at the cross-section are shown in Fig. 8. 
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Fig. 8. Microhardness of base material and microhardness 

distribution curves of the WJs under different process 

parameters at the cross-section 

It can be observed from Fig. 8 that the microhardness 

distribution at the WJ exhibits a typical W-shape. The 

lowest microhardness value is found near the HAZ [16], 

while the highest microhardness value within the WJ is 

located in the SZ and exceeds the microhardness of the 

base material. This notable difference in microhardness is 

principally because of the variations in grain structure 

between these two regions. The SZ possesses a finer grain 

structure due to the generation of sufficient dynamic 

recrystallization, contributing to its enhanced 

microhardness [25], while the HAZ contains coarser grains 
under the influence of frictional heat, resulting in a lower 

microhardness value. As the test point moves from the 

BMZ to the HAZ, the microhardness gradually reduces due 

to the increase in grain size [21]. From the HAZ to the 

TMAZ, the microhardness gradually increases. This is 

because the TMAZ has finer grains than HAZ, and the 

combined effect of mechanical stirring and frictional heat 

increases the dislocation density in this zone [1], resulting 

in increased microhardness. Overall, there is not a 

significant difference in microhardness among the SZ, 



TMAZ and HAZ of the WJ under various process 

parameters. 

3.4. Tensile strength 

The stress-strain curves and elongation of WJs under 

various process parameters are shown in Fig. 9. From 

Fig. 9, it is evident that the elongation of the base material 

is relatively high, reaching 21.0 %, whereas the elongation 

of the WJs is significantly lower than that of the base 

material. The reason for this phenomenon is mainly related 

to the non-uniform microstructure and microhardness in 

the WJs [9, 26]. It can be seen from Fig. 6 and Fig. 8 that 

there are significant differences in microstructure and 

microhardness in the SZ, TMAZ, and HAZ. Such non-

uniformity in microstructure and microhardness reduces 

the plasticity and elongation of the WJs. Additionally, 

during the welding process, the generation of residual 

stresses within the WJs, owing to elevated temperatures 

and high stress levels, renders the WJs more susceptible to 

fracture under loading conditions, thereby diminishing the 

elongation [27, 28]. From another perspective, it is 

noteworthy that the elongation of the WJs varies 

significantly under different process parameters. When the 

rotation speed is 600 rpm and the forward speed is 

250 mm/min (GN5), the maximum elongation of 7.5 % is 

achieved. In contrast, with a rotation speed of 700 rpm and 

a forward speed of 200 mm/min (GN3), the minimum 

elongation is observed, merely amounting to 1.5 %. 

Furthermore, the base material exhibits a distinct necking 

phenomenon at the fracture location, while such a necking 

phenomenon is not evident in the friction stir welded 

samples under different process parameters. This is 

consistent with the variation in elongation. 

0 1 2 3 4 5 6
0

5

10

15

20

25

0.0 0.1 0.2 0.3 0.4
0

100

200

300

400

500

600

S
tr

es
s,

 M
P

a

Strain, % 

 Base material

 GN 1

 GN 2

 GN 3

 GN 4

 GN 5

 GN 6

7.07.5

4.5

1.5
2.2

6.7

E
lo

n
g
a

ti
o
n

, 
%

GN

Base material

21.0

 

Fig. 9. Stress-strain curves and elongation of WJs under various 

process parameters 

The tensile strength and yield strength of WJs under 

various process parameters are shown in Fig. 10. From 

Fig. 10, it can be observed that the tensile strength and 

yield strength of the base material are both the highest, 

measuring 511.6 MPa and 433.2 MPa, respectively. In 

contrast, the WJs exhibit lower tensile strength and yield 

strength when compared to those of the base material. 

Specifically, at a rotation speed of 600 rpm and a forward 

speed of 250 mm/min (GN 5), the tensile strength and 

yield strength of WJs are the highest, which are 437.6 MPa 

and 381.6 MPa respectively, reaching 85.5 % and 88.1 % 

of the base material respectively. This shows that under 

these process parameters, the materials of the upper plate 

and the lower plate can be well mixed, which helps to form 

better metallurgical performance [29]. When the rotation 

speed is 700 rpm and the forward speed is 200 mm/min 

(GN 3), the WJs exhibits the lowest tensile strength and 

yield strength, representing only 51.1 % and 53.3 % of the 

base material. This can be attributed to the increased heat 

input during welding under high rotation speed and low 

forward speed conditions, resulting in excessive coarsening 

of the microstructure within the WJ, thereby reducing the 

joint strength [30]. This indicates that the strength of the 

WJ of 2A12 aluminum alloy is sensitive to process 

parameters, and inappropriate process parameters will 

result in lower welding strength.  

Furthermore, as evident from Fig. 9 and Fig. 10, at the 

same forward speed, with the gradual increase in rotation 

speed, elongation and tensile strength exhibit a consistent 

trend of initially increasing and subsequently decreasing. 

Consequently, it can be deduced that excessively high or 

low rotation speeds are detrimental to the enhancement of 

WJ strength and elongation. Additionally, it was observed 

during the experiment that the fracture locations of most 

samples under various process parameters were near the 

TMAZ and the HAZ, aligning with the results in [14]. This 

is mainly because strength weaknesses are easily formed 

near TMAZ and HAZ with uneven microstructure, and 

microcracks are easily generated under the action of 

residual stress, causing the WJ to break from near TMAZ 

and HAZ [31, 32]. 
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Fig. 10. Tensile strength and yield strength of WJs under various 

process parameters 

3.5. Fracture morphology 

Fig. 11 presents the morphology of the tensile fracture 

surfaces under typical process parameters. It can be 

observed from Fig. 11 that there are distinct tear ridges and 

numerous dimples at the fracture surface, which are typical 

characteristics of ductile fracture [33]. This indicates that 

the fracture type of the WJ of 2A12 aluminum alloy is a 

ductile fracture. In comparison to the fracture morphology 

of WJs, the dimples in the base material fracture surface 

are larger and deeper, indicating excellent plasticity and 

toughness of the base material. This is also a significant 

reason for the pronounced necking phenomenon observed 

in the base material sample. Furthermore, the fracture 

pattern of the base material exhibits a 45° shear fracture. 



The dimple distribution under the process parameters of 

GN 3 (high rotation speed and low forward speed) is 

uneven, which may be caused by uneven bonding of 

materials in WJ. Under this condition, the welding zone 

experiences excessive temperature due to the long contact 

time between the tool and the material, leading to severe 

material plasticization and recrystallization grain recovery 

[15, 29], which reduces the bonding effect between the 

upper plate and the lower plate to a certain extent. In 

comparison to GN 3, the distribution of dimples in GN 5 is 

more closely packed, which provides the basis for a high-

strength WJ. 

 

Fig. 11. Morphology of the tensile fracture surfaces under typical 

process parameters: a, b – base material; c – GN 3;  

d – GN 5 

4. CONCLUSIONS 

At a rotation speed of 600 rpm and a forward speed of 

250 mm/min, the tensile strength, yield strength and 

elongation of the welded joint were all maximum, which 

were 437.6 MPa, 381.6 MPa and 7.5 % respectively, 

reaching 85.5 %, 88.1 % and 35.7 % of the base material. 

Under the same forward speed, the tensile strength and 

elongation of the welded joint showed a trend of initially 

increasing and then decreasing as the rotation speed 

gradually increased. Within the selected range of process 

parameters, good surface formation quality can be 

achieved. The fracture morphology of the welded joint 

indicated ductile fracture, with the main fracture locations 

near the HAZ and the TMAZ. Compared to the base 

material, the welded joint did not exhibit significant 

necking during the tensile process. 
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