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Improvement of Microstructure and Mechanical Properties 
of Rapid Cooling Friction Stir-welded A1050 Pure Aluminum
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Abstract: Two-mm thick A1050 pure aluminum plates were successfully joined by conventional 
and rapid cooling friction stir welding (FSW), respectively. The microstructure and mechanical properties 
of the welded joints were investigated by electron backscatter diffraction characterization, Vickers hardness 
measurements, and tensile testing. The results showed that liquid CO2 coolant significantly reduced the peak 
temperature and increased the cooling rate, so the rapidly cooled FSW joint exhibited fine grains with a large 
number of dislocations. The grain refinement mechanism of the FSW A1050 pure aluminum joint was primarily 
attributed to the combined effects of continuous dynamic recrystallization, grain subdivision, and geometric 
dynamic recrystallization. Compared with conventional FSW, the yield strength, ultimate tensile strength, 
and fracture elongation of rapidly cooled FSW joint were significantly enhanced, and the welding efficiency 
was increased from 80% to 93%. The enhanced mechanical properties and improved synergy of strength 
and ductility were obtained due to the increased dislocation density and remarkable grain refinement. The 
wear of the tool can produce several WC particles retained in the joint, and the contribution of second phase 
strengthening to the enhanced strength should not be ignored. 
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1	 Introduction

Friction stir welding (FSW) is a solid-state 
joining technology that was invented by The Welding 
Institute of U.K. in 1991[1]. FSW completely avoids 
the defects related to fusion welding methods, such 
as porosities and cracks, and thus provides a new 
approach in generating high-quality welded joints 
of aluminum alloys. Until now, scholars around the 
world have carried out extensive studies on FSW of 
aluminum alloys, including microstructural evolution[2], 
temperature distribution and material flow[3,4], and 
improvement of mechanical properties and corrosion 
resistance[5,6]. However, there are few reports on FSW 
of pure aluminum. Sato et al[7] conducted FSW on 1-mm 
thick A1050 pure aluminum, and it was found that the 
grain size of the welded joint was refined to less than 
1 µm by decreasing the heat input. Compared with the 

base material (BM), the grain size of the welded joint 
was significantly refined, but the mechanical properties 
of the welded joint were remarkably lower than that of 
the BM, leading to unsatisfactory welding efficiency. 

For metals or alloys, their mechanical properties 
can be further improved by simultaneously refining 
the grain size and increasing the dislocation density. 
In recent years, rapid cooling FSW (RCFSW) 
technology has been further developed to improve the 
microstructure and mechanical properties of the joints. 
During the RCFSW, a cooling device is used to limit 
the grain growth and increase the dislocation density 
of the joints, so the welding efficiency is significantly 
improved. High-pressure air gas, water, liquid CO2, and 
liquid N2 are often selected as coolants[8]. Zhang et al 
studied the microstructure and mechanical properties 
of RCFSW stainless steel joint associated with water 
cooing. They found that both the peak temperature and 
high temperature duration of the joint were significantly 
reduced. The joint exhibited an ultrafine stir zone (SZ) 
with its mean grain size of 900 nm and a heat affected 
zone with high dislocation density, resulting in a 
remarkably improved mechanical properties compared 
with those of conventional FSW joint[9]. Kumar et 
al conducted RCFSW with water cooling on the 
dissimilar 5083-6061 aluminum alloys. It was found 
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that the joint showed refined grain structure, highly 
enhanced dislocation density, and fine intermetallic 
compounds. Therefore, the joint exhibited the highest 
tensile strength and strain hardening capacity. In our 
previous study, RCFSW associated with liquid CO2 
coolant (–78 ℃) was conducted on 2-mm thick T2 pure 
copper[10]. An ultrafine-grained microstructure with 
high dislocation density formed in the welded joint and 
the mechanical properties were significantly improved. 
More recently, RCFSW technology associated with 
liquid N2 coolant (–196 ℃) was performed on TA2 
pure titanium. The processing temperature was 
strictly controlled below the α/β phase transformation 
temperature, and it was found that an ultrafine-grained 
microstructure with massive dislocations and {10-
12} twins was generated in the welded joint, resulting 
in improved strength and ductility of the welded 
joint[11]. According to our previous studies, the use of 
strong coolant during FSW not only reduces the peak 
temperature but also increases the cooling rate. Pure 
copper and pure titanium have relatively low stacking 
fault energies of 78 and 31 mJ/m2, respectively[12,13]. The 
reduced peak temperature and enhanced cooling rate 
can effectively inhibit dislocation recovery. Therefore, 
some dislocations produced during plastic deformation 
can be retained in the interior of the grain. Furthermore, 
grain coarsening was also inhibited. An ultrafine grain 
structure with abundant substructures formed, thus 
improving the mechanical properties of the welded 
joints. However, pure aluminum has a relatively high 
stacking fault energy of 166 mJ/m2[14], and dynamic 
recovery easily occurs during high temperature plastic 
deformation. It is unclear whether RCFSW technology 
can produce an ultrafine grain structure with high 
dislocation density in the pure aluminum joints. 
Therefore, in this work, RCFSW associated with liquid 
CO2 coolant was performed on 2-mm thick A1050 pure 
aluminum plates, and the microstructure evolution and 
mechanical properties were carefully investigated.

2	 Experimental

Cold-rolled commercially A1050-H24 pure 
aluminum plates with dimensions of 200 mm × 100  
mm × 2 mm were used in this work. The welding tool 
was made of WC-Co-based steel and equipped with 
a columnar probe with no thread. Before welding, 
the butt surface of the plates was ground with SiC 
sandpaper and then cleaned using acetone. The welding 
direction was parallel to the plate rolling direction. 

The liquid CO2 cooling device was set 50 mm behind 
the welding tool and operated at the same speed as 
the welder. The schematic of the RCFSW process 
and welding tool are shown in Fig.1. For comparison, 
conventional FSW with air cooling was also conducted. 
The welding speed and tool rotation rate were set as 
300 mm/min and 800 rpm, respectively. The plate 
normal direction, transverse direction, and welding 
direction are abbreviated as ND, TD, and WD, 
respectively.

After the FSW, the cross-sectional specimens 
were cut perpendicular to WD, and then electro-
polished with a mixture solution of 700 mL methanol, 
100 mL perchloric acid, 100 mL ethanol, and 100 mL 
distilled water at a voltage of 20 V for 30 s. An electron 
backscattered diffraction (EBSD) camera attached to a 
field-emission gun scanning electron microscope (FEG-
SEM) was used for microstructural characterization. 
EBSD measurements were conducted at the central 
SZ using a TSL OIM™ system, and the step size of 
each scanning was 0.2 μm. The Vickers hardness 
distributions of the welded joints were measured along 
the mid-thickness of the plates with a 50 g load for 15 
s. The transverse tensile specimens covering various 
regions with a gauge size of 30 mm × 5 mm × 1.5 mm 
were machined with the tensile axis perpendicular to 
the WD. The tensile tests were carried out using an 
Instron-type testing machine with a crosshead speed of 
1 mm/min.

3	 Results and discussion

3.1	 Microstructure evolution
EBSD characterization results of the SZs of 

FSW A1050 pure aluminum joints are shown in 
Figs.2-4. The conventional FSW and RCFSW joints 
exhibited uniform equiaxed grain structures with 

Fig.1  Schematic of the RCFSW process and welding tool
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average grain sizes of 5.3 and 2.6 μm, respectively 
(Fig.2). The number fraction of low angle boundary 
(LAB, 2°≤θ<15°) of conventional FSW and RCFSW 
was 25% and 29%, respectively (Fig.3 and Fig.4). It 
is known that LAB mainly consists of a dislocation 
structure[15]. It was indicated that although the same 
welding parameters were adopted, the grain size of the 
RCFSW joint was finer than that of the conventional 
FSW. Furthermore, the dislocation density in the 
RCFSW joint was higher than that of conventional 
FSW. Liquid CO2 cooling effectively eliminated the 
post-annealing effect, and some dislocations produced 
during plastic deformation could be retained in the 

grain interiors. Moreover, the reduced migration speed 
of the grain boundaries inhibited the grain growth. 
Fig.5 shows the kernel average misorientation (KAM) 
of the SZs of conventional FSW and RCFSW joints. 
The higher KAM value indicates the higher dislocation 
density16]. It can be seen that the KAM value of the 
RCFSW joint was higher than that of the conventional 
FSW joint, indicating that the SZ of the RCFSW joint 
had a relatively higher dislocation density. Therefore, 
compared with the conventional FSW joint, the 
RCFSW joint exhibited a refined grain structure with 
relatively high dislocation density.

The FSW joint usually exhibits shear texture due 
to the high-speed rotating probe. The shear texture is 
usually expressed in term of {hkl}<uvw>, i e, the close 
packed plane normal <hkl> and close packed direction 
<uvw> parallel to the shear plane normal (SPN) and 
shear direction (SD), respectively[17]. The typical 
shear textures and their Euler angles of face-centered 
cubic metals are shown in Fig. 6. To investigate the 
influence of welding thermal cycle on grain orientation, 
the textural features of the SZ were analyzed. Fig.7 
shows the (111) and (011) pole figures of central SZs 
of FSW A1050 pure aluminum joints. Compared with 
the exact pole figures as shown in Fig.6, it was found 
that the original pole figures remarkably deviated 
from the standard pole figures. Due to the varying 
diameter between shoulder and probe, the shear plane 
was similar to a conical surface, resulting in SPN 
and SD changing with respect to material position. 
Therefore, to analyze the grain orientation of central 
SZ, the original pole figures should be rotated to ensure 
that the SPN and SD are parallel to the ND and TD, 
respectively[18]. Fig.8 shows the rotated (111) and (011) 
pole figures of the central SZs of the FSW A1050 
pure aluminum joint. It can be seen that the central 
SZ of conventional FSW has a B/ type {112}<110> 
component with a maximum intensity of 6.5. The 
central SZ of the RCFSW joint mainly consists of two 

Fig.4  Histogram of the misorientation angle distribution of the SZ of FSW A1050 pure aluminum joint: (a) Conventional FSW; (b) RCFSW

Fig.2  Inverse pole figure of the SZ of FSW A1050 pure aluminum 
joint: (a) Conventional FSW; (b) RCFSW

Fig.3  Grain boundary map of the SZ of FSW A1050 pure aluminum 
joint: (a) Conventional FSW;(b) RCFSW (The LAB and HAB 
(high angle boundary, θ≥15°) are represented by blue and 
black, respectively)
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components, i e, B/ type {112}<110> component and C 
type {001}<110> component, and the texture intensity 
was reduced to 4.9. Liu et al conducted conventional 
FSW and RCFSW on 3-mm thick A1050-H24 plates[21]. 
The results suggested that due to the high stacking 
fault energy of pure aluminum and severe plastic 
deformation, the grain refinement of the SZ was mainly 
attributed to continuous dynamic recrystallization. 
For the FSW of aluminum alloys, a mixture texture 
including the {112}<110> component and {001}<110> 
component usually formed in the SZ. Since the cooling 
rate of CFSW was relatively low, the recrystallized 
grains with a {112}<110> orientation grew fast due to 
the post-annealing effect, leading to the disappearance 
of the {001}<110> component.

Compared with the SZ, the peak temperature, 
strain, and strain rate of the thermo-mechanically 
affected zone (TMAZ) are relatively low, thus the 
TMAZ showed a partially recrystallized grain structure. 
Because the TMAZ is a transitional zone showing how 
the original structure transformed into a fine structure, 
the investigation of TMAZ can help us understand 
the grain refinement mechanism during the FSW of 
A1050 pure aluminum. Furthermore, due to the cooling 
effect of liquid CO2, the dislocation recovery and 
grain growth were remarkably restricted. EBSD was 
conducted on the TMAZ of the RCFSW joint to study 
the grain refinement mechanism of FSW A1050 pure 

Fig.6  Exact (111) and (011) pole figures and Euler angles of typical 
shear textures of face-centered cubic metals[20]

Fig.5  KAM map of the SZ of FSW A1050 pure aluminum joint: (a) 
Conventional FSW;(b) RCFSW

Fig.7	 Original (111) and (011) pole figures of the SZs of FSW 
A1050 pure aluminum joints: (a) Conventional FSW; (b) 
RCFSW

Fig.8	 Rotated (111) and (011) pole figures of the SZs of FSW 
A1050 pure aluminum joints: (a) Conventional FSW; (b) 
RCFSW
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aluminum. Fig. 9 shows the EBSD characterization 
results of the TMAZ of the RCFSW A1050 pure 
aluminum joint. It can be seen that TMAZ consisted 
of original coarse grains and fine recrystallized 
grains (Fig.9(a)). Previous studies suggested that the 
dominant grain refinement mechanism during the 
FSW of the aluminum alloy was continuous dynamic 
recrystallization[19]. In this work, the microstructural 
feature of continuous dynamic recrystallization 
was also identified, as indicated by the Arrow 1 in 
Fig.9(b). Initially, the plastic deformation caused 
increased dislocation density. Then, dislocation cells 
and LABs formed due to the continuous dislocation 
climb. When the misorientation of the grain boundary 
exceeded 15˚, newly recrystallized grains surrounded 
by HAB were generated. Fig.10 shows the point-to-
point misorientation distribution from the initial grain 
boundary to grain interior (Point A in Fig.9(a)). It 
was found that the misorientation gradually increased 
from the boundaries to grain interior, indicating that 
LAB formed initially at the original boundary during 
plastic deformation. Therefore, the new grains caused 
by continuous dynamic recrystallization preferentially 
appeared at the grain boundaries and then gradually 
propagated into the grain interior. Furthermore, due to 
the adoption of liquid CO2 cooling, grain subdivision 
and geometric dynamic recrystallization were also 
identified. These two grain refinement mechanisms 
have not been reported in the FSW of A1050 pure 
aluminum. As shown by Arrow 2 in Fig.9(b), some new 
grains without substructures were found in the interior 
of the original grains. It was deduced that they formed 
via the grain subdivision mechanism[22,23]. At the initial 
stage of FSW, several micro shear bands formed in 
the original grains. Micro shear bands in different 
directions can adjust the stress concentration and cause 
the plastic deformation to become more coordinated. 
Sub-grains surrounded by LAB are preferentially 
formed at the intersection of micro shear bands. Due 
to the sub-grains being continuously absorbed in the 
dislocations, the misorientation of LAB gradually 
increased and finally changed into HAB. The volume 
fraction of new grains gradually increased until the 
original coarse grains were almost completely replaced, 
resulting in the formation of fine equiaxed grains. As 
shown by Arrow 3 in Fig.9(b), due to the combined 
influence of axial force and shear force introduced by 
the shoulder and probe, respectively, the original grains 
were elongated, and the initial straight grain boundary 
changed into a serrated shape. This is a typical 

characteristic of geometric dynamic recrystallization[24]. 
As the plastic deformation continuously proceeded, the 
original grains were further elongated and the spacing 
between grain boundaries narrowed. Subsequently, 
the serrations of the grain boundaries were pinned 
with each other, and fine equiaxed recrystallized 
grains formed. Grains formed by geometric dynamic 
recrystallization usually contain 2-3 sub-grains. In fact, 
whether processed via conventional FSW or RCFSW, 
the grain refinement of the welded joint is determined 
by the combined effects of continuous dynamic 
recrystallization, grain subdivision, and geometric 
dynamic recrystallization. For conventional FSW, due 
to the post-annealing effect, the substructures produced 
in the process of grain subdivision and geometric 
dynamic recrystallization disappeared, and the grains 
gradually grew and finally formed an equiaxed shape. 
The morphology of recrystallized grains originating 
from grain subdivision and geometric dynamic 
recrystallization is very similar to that of continuous 
dynamic recrystallization. Therefore, grain subdivision 
and geometric dynamic recrystallization are difficult 
to detect. For RCFSW, the cooling effect of liquid CO2 
can inhibit grain growth and dislocation recovery, and 
some substructures generated in the process of plastic 
deformation remained in the grains, which help to 
more accurately and comprehensively analyze the grain 

Fig.9	 TMAZ of the RCFSW A1050 pure aluminum joint: (a) 
Inverse pole figure; (b) Grain boundary map

Fig.10	 Point-to-point misorientation distribution along the grain 
boundary to Point A in Fig. 9(a)
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refinement mechanism of FSW A1050 pure aluminum. 
To make it easier for readers to understand the grain 
refinement mechanism of pure aluminum during FSW, 
a schematic diagram is shown in Fig.11.

3.2  Mechanical properties

Fig.12 shows the Vickers hardness distribution 
of the FSW A1050 pure aluminum joints. The average 
hardness of the joint after conventional FSW and 
RCFSW was 31 and 38 HV, respectively. Due to the 
effect of liquid CO2 cooling, the post-annealing effect 
was eliminated. Grain growth and dislocation recovery 

were limited. Based on the combined influence of grain 
boundary strengthening and dislocation strengthening, 
the hardness of RCFSW was higher than that of 
conventional FSW.

Fig.13 shows the tensile properties of as-received 
BM and FSW A1050 pure aluminum joints. All tensile 
specimens were fractured at the weld center. The 
ultimate tensile strengths of the conventional FSW joint 
and RCFSW joint were 95 and 110 MPa, respectively, 
indicating the welding efficiency increased from 
80% to 93% when using liquid CO2 cooling. More 
importantly, both the yield strength and elongation 
were significantly improved, indicating that improved 
microstructure played a key role in the enhanced 
strength and ductility. The yield strength (σy) is 
mainly attributed to grain boundary strengthening and 
dislocation strengthening, 

sy = s0+sg-b+sdislocation                  (1)

where s0 is the lattice friction stress (5.5 MPa) and 
sg-b and sdislocation are contributions of grain boundary 
s t rengthening and dis locat ion s t rengthening, 
respectively[25]. The contribution of grain boundary 
strengthening to yield strength can be calculated based 
on the following formula[26],

                         sg-b = KAl(d/fHAB)-1/2                    (2)

where KAl is a constant (0.04 MPam-1/2), fHAB is the 
number fraction of HAB, and d is the average grain 
size. In addition, the contribution of dislocation 
strengthening to yield strength can be calculated using 
the following formula [27],

                 (3)

where M is the Taylor factor (M=3.06) [26], α is a 
constant (α=0.24), G is shear modulus (G=26 GPa), b 
is Burgers vector (b=0.286 nm), ρ0 is the dislocation 
density of pure aluminum under annealing state 
(1.23×1013 m-2), and ρdislocation is the dislocation density 
of the FSW joint. ρdislocation can be predicted as follows,

                                               (4)

where fLAB is the number fraction of LAB and θ is the 
average misorientation of LAB. 

According to Eqs.(1)-(4), the yield strength of 
the welded joint can be predicted using the following 
formula,

Fig.11  Schematic of the grain refinement mechanism of the FSW 
A1050 pure aluminum joint: (a) Continuous dynamic 
recrystallization; (b) Grain subdivision; (c) Geometric 
dynamic recrystallization

Fig.12	 Vickers hardness distribution of FSW A1050 pure aluminum 
joints

Fig.13  Tensile properties of as-received BM and FSW A1050 pure 
aluminum joints
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                    (5)

Based on Eq.(5), the yield strengths of the 
conventional FSW joint and RCFSW joint were 
calculated as 68 and 72 MPa, respectively. It was found 
that the calculated results were relatively lower than 
that of the experimental values. During the FSW, severe 
friction occurred between high-speed rotating probe 
and base metal, resulting in wear of the probe surface. 
Few WC particles dropped from probe were introduced 
into the weld, which could have caused second phase 
strengthening. Patel et al studied the microstructure 
and mechanical properties of the FSW A7075 alloy 
joint. It was found that the hardness and strength were 
enhanced by 35% and 52% respectively compared 
with those of the BM due to dispersed WC particles[28]. 
In this work, only grain boundary strengthening 
and dislocation strengthening are considered as the 
dominant strengthening mechanisms. The effect of the 
second phase strengthening caused by the wear of the 
tool should not be ignored.

Strain hardening rate is an important parameter 
describing the strain hardening behavior of materials[29]. 
Fig.14 shows the strain hardening curves of the FSW 
A1050 pure aluminum joint, which showed an initial 
sharp decrease and then a more gradual decrease. 
These two stages correspond to stage III and stage IV 
of the strain hardening behaviors for face-centered 
cubic metals or alloys. The RCFSW joint exhibited 
relatively small grain size and high dislocation density, 
so the proliferation rate of dislocations was larger 
than the annihilation rate during the tensile process. 
Therefore, the strain hardening rate of the RCFSW 
joint in stage III was higher than that of conventional 
FSW. As stretching proceeded, plastic deformation 
can be dispersed in more grains due to the remarkable 
grain refinement. The stress concentration was reduced, 

and the plastic deformation became uniform, so higher 
elongation was obtained.

4	 Conclusions

In this work, thin commercial A1050 pure 
aluminum plates with 2-mm thick were subjected to 
conventional FSW and RCFSW. The microstructure 
and mechanical properties in the SZ were investigated, 
and the obtained conclusions are summarized as 
follows:

a)  Liquid CO 2 cool ing reduced the peak 
temperature and increased the cooling rate. The post-
annealing effect was effectively eliminated, so the 
RCFSW joint exhibited a fine grain structure with high 
dislocation density.

b) The grain refinement mechanism of the 
FSW A1050 pure aluminum joint was attributed 
to the combined effects of continuous dynamic 
recrystallization, grain subdivision, and geometric 
dynamic recrystallization.

c) Compared with aluminum treated with 
conventional FSW, the yield strength, ultimate tensile 
strength, and fracture elongation of the sample treated 
with RCFSW were significantly improved, and the 
welding efficiency increased from 80% to 93%. The 
improved tensile behavior of the RCFSW joint was 
mainly attributed to grain refinement and enhanced 
dislocation density. The WC particles which caused by 
the wear of tool also contributes to the improvement of 
the strength.
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