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ARTICLE INFO ABSTRACT

Handling editor. L Murr The current research provides an insight into the correlation between the crystallographic textures, micro-
structure, and hardness of friction stir welded joints in nanostructured AA2024 alloys processed through accu-
mulative roll bonding (ARB). Utilizing varying rotational speeds (250, 500, 750, and 1000 rpm) at a constant
traverse tool (150 mm/min) during friction stir welding (FSW), microstructural analyses reveal distinct grain
structures and texture components in the nugget zone. The fully recrystallized Cube {001}(100) texture-oriented

grains appear at the rotational speed of 750 rpm. The hardness profiles of ARB-processed strips after FSW at
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Microstructure
Crystallographic texture different rotational speeds show local softening in the nugget zones. There might be a hypothesis concerning the
Hardness dissolution of stable and metastable precipitates based on generated heat input, providing insights into the

mechanisms influencing hardness variations. Notably, the examination of Cube {001}(100) texture and its
correlation with local softening adds a valuable dimension to the understanding of microstructural changes in
FSW of nanostructured AA2024 alloys processed by accumulative roll bonding process.

1. Introduction aluminum alloy joining [3].

Nowadays, the focus is on nanostructured aluminum alloys, as

Weight reduction without compromising safety performance is a
major challenge in the automotive industry for improving fuel efficiency
and reducing pollution. Reports indicate that aluminum alloys with
several distinct characteristics such as being environmentally friendly,
good weldability, high strength, and corrosion resistance are potential
prospects for replacing identical steel assemblies, and their use in the
automobile industry has lately increased [1,2]. Hence, it is vital to
investigate efficient joining methods for replacing steel with aluminum
alloys in automotive structures. Friction stir welding (FSW) was inven-
ted in 1991 to be an attractive solid state welding technique for

they’ve been found to have superior mechanical properties in terms of
strength and ductility and superior resistance to wear and corrosion
[4-10]. The application of severe plastic deformation (SPD) to metals
provides the potential for achieving exceptional grain refinement in bulk
metal solids. Accumulative roll bonding (ARB) is a major SPD process for
manufacturing sheet nanostructured materials and has an advantage for
mass production because it can be carried out easily using conventional
rolling apparatus [11,12]. Therefore, the welding of ARB-processed
aluminum alloy sheets to produce a larger size has become very
important. Obviously, the nanostructured material cannot be welded by
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the commonly used fusion welding process, since the molten pool
generated during the welding will inevitably destroy the structure. In
the aforementioned field, understanding the material flow during
different stages of FSW is crucial for achieving optimized welding pa-
rameters and obtaining highly efficient welds. Material flow during FSW
of nanostructured materials has been reported in the literature. Sato
et al. [13] reported a decrease in the hardness of the nugget zone of
ARB-processed aluminum alloy sheets, attributing it to grain growth in
this zone. Khorrami et al. [14,15] have investigated the severely plastic
deformed aluminum sheets joined by FSW at different welding condi-
tions, such as rotational and traverse speeds. In their research, a
reduction in hardness was noticed in the nugget zone compared to that
of base metal due to thermal instability resulting from high stored en-
ergy during constrained groove pressing (CGP). Moreover, the strength
of specimens was reduced with an increase in rotational speed due to the
grain growth phenomenon.

It is well recognized that further efforts are needed to enhance the
understanding of FSW. The evolution of microstructure and texture,
along with the distribution and density of precipitates in different re-
gions of welding joints, significantly influence their mechanical prop-
erties [16-19]. Therefore, studying the detailed correlation of these
features is essential. To the best of our knowledge, the present work is
the first of its kind to focus on the effect of cube {001}(100) texture on
the local softening of friction stir-welded joints for AA2024 alloys
deformed to a high strain by the accumulative roll bonding process.

2. Experimental procedures

Fully annealed sheets of AA2024 alloy with an average grain size
about 25 pm and an equiaxed grain structure served as the base alloy in
this study. Two sheets of 150" mm x 50" mm x 0.87 mm were
degreased with acetone and scratch brushed with a stainless steel wire
brush. Then, the prepared surfaces of the sheets were aligned, placed on
top of each other, and secured at both ends with copper wires. The roll
bonding process was conducted without lubrication at room tempera-
ture, resulting in a thickness reduction of 50 %. Then, the roll bonded
sheets were cut into two pieces. This procedure described was repeated
up to eight cycles. To join the sheets, specimens processed through eight
ARB cycles were butt-welded using an FSW machine. The FSW tool,
constructed from hot work tool steel, comprises a shoulder approxi-
mately 20 mm in diameter and a cylindrical pin with dimensions of 6
mm in width and 0.6 mm in length. FSW was conducted at a traveling
speed of 150 mm/min and various rotational speeds (250, 500, 750, and
1000 rpm) in the rolling direction (RD). The heat input during FSW was
calculated using Eqs (1) and (2) [20,21]:

P T
Heat input (J / mm) = SZ:‘ZZ = 17% (€D)]
2rr
= 2
=60 @

where T is the torque (N.m),  is the rotational speed (rpm), v=150 is the
linear speed (mm/min), and 1) is the efficiency of heat transfer, (n = 0.9).
The pseudo heat index is represented by the ratio of the square of the
rotational speed to travel speed (@3/v).

Microstructure characterization was conducted by scanning trans-
mission electron microscopy (STEM, JEOL JEM-2100F) and electron
back scattered diffraction (EBSD) in a field emission scanning electron
microscope (FESEM). In preparation for STEM characterization, a focus
ion beam (FIB) Helios G4 Thermo Fisher Scientific apparatus was used.
To reduce noise in the STEM images presented herein, inverse fast
Fourier transforming (IFFT) was performed with Gatan Digital Micro-
graph™ software. The specimen morphology was determined by trans-
mission Kikuchi diffraction (TKD) with 15 kV and 6.4 nA settings in the
FIB system. The sheets’ normal direction (ND) was used as the reference
axis for all inverse pole figure (IPF) maps. The acquired EBSD data to
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investigate the grain morphology and crystallographic texture was
analyzed by TSL OIM ™ (EDAX, USA) software, and all the misorien-
tation angles (6) of approximately 2° were removed. 2° < § < 15° and 6
> 15° were determined as low angle grain boundary (LAGB) and high
angle grain boundary (HAGB), respectively.

Vickers microhardness profiles were measured on the transverse
cross-section of joints. The measurements were carried out on the mid-
dle thickness of joints with an interval of 1 mm under a load of 100 g for
10s.

3. Results and discussion

In Fig. 1, the microstructure of the starting material after 8 cycles of
the ARB reveals a combination of elongated pancake-shaped ultrafine-
grain microstructure, mostly surrounded by high-angle boundaries
(faages = 67 %) and misorientation of 34.57°. The average thickness of
grains parallel to the transverse direction (TD) is less than 200 nm, while
the mean length of the grains in RD is about 1 pm. Furthermore, the
second-phase S-type precipitates are predominantly dispersed along the
grain boundaries. The representative selected area diffraction (SAD)
pattern in the STEM image also confirms the existence of submicron
microstructure in the micrograph.

Fig. 2 illustrates that the microstructure of the starting materials
changes in the stir/nugget zone as the rotational speed of the FSW tool
increases. This evolution has been depicted using the EBSD inverse pole
figure (IPF) maps. In Fig. 2a, although the fyagps (76 %) have increased
after FSW with a rotational speed of 250 rpm, the overall microstructure
and misorientation remain relatively unchanged compared to the initial
state. This suggests that the heating input (127.5 J/mm) provided by
250 rpm is not sufficient to initiate recrystallization. A similar micro-
structure is observed when the rotational speed is enhanced to 500 rpm
(Fig. 2b). However, the dominance of fyagps decreases in the resultant
microstructure, and the misorientation parameter drops to 23.57°,
indicating that partial recrystallization of the elongated grains begins
when the rotational speed is 500 rpm and the heat input is 255 J/mm. As
shown in Fig. 2¢, a higher rotational speed (750 rpm) results in an
equiaxial grain structure due to the complete recrystallization process
driven by a frictional heat input of 282.5 J/mm. The grains in the nugget
zone still have a submicron size, while the fyagps and misorientation
reach the maximum values of 84 % and 35.62°, respectively. Increasing
the rotational speed and resultant heat input to 1000 rpm and 510 J/
mm, respectively, leads to the activation of the grain growth phenom-
enon after recrystallization of the elongated grains in Fig. 2d. The fyagps
(76 %) and misorientation (32.10°) values are similar to those of the
specimen welded with a rotational speed of 250 rpm but lower than the
corresponding features in the fully recrystallized nugget zone of the
specimen with rotational speed of 750 rpm.

The dynamic recrystallization in the nugget region is primarily a
result of two converging effects: the heat input produced by the stirring
tool and the severe deformation caused by the stirring pin. The high
strain rate due to the high rotational speed of the pin lowers the
recrystallization temperature, thereby accelerating the growth of the
grains [22,23]. In this study, the tool traverse speed was kept constant at
150 mm/min while the rotational speed was varied. Therefore, the
welding time remains constant for all the specimens, while the strain
rate and frictional heat input increase with enhancing the rotational
speed. This is the reason why fully recrystallization and grain growth are
observed in the welded specimens with a rotational speed of 750 and
1000 rpm, respectively. It is noteworthy to mention that the mean size of
recrystallized grains (Fig. 2c) is much lower than that reported in the
literature for non-hardenable Al alloys after FSW [17,22]. The reason
can be attributed to the contributing of the fine second-phase particles
attached to grain boundaries, which are effective in prohibiting grain
growth. Another reason is most likely ascribed to a sort of secondary
severe plastic deformation taking place at a rotational speed of 750 rpm,
leading to an appropriate material flow in the nugget zone, as the
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Fig. 1. STEM micrographs and the matching SAD pattern, EBSD inverse pole figure (IPF) map and misorientation angle distribution from the RD-ND plane of

AA2024 alloy after eight ARB cycles.

maximum fyagps and misorientation values were achieved under this
condition.

Fig. 3 illustrates the orientation distribution functions (ODFs) at
constant angles (¢2) of 0°, 45°, and 65° for the stir zone at different
welding conditions. As shown in Fig. 3a, the initial texture of the strips
after ARB is Copper {112}(111), P {110}(221), and S {123}(634) with
the maximum intensities of 15.4 x R, 12.3 x R, and 10.6 x R, respec-
tively. Notably, the intensities and/or texture components of the nugget
zone alter with various tool speeds. In Fig. 3b, corresponding to a
rotational speed of 250 rpm, lower intensities of texture components
described for the ARBed specimens are observed. With the increase in
heat input due to the rotational speed rising to 500 rpm (Fig. 3c), Cube-
oriented grains might develop through the rotation of Copper-oriented
grains towards the fiber or from the S-component with a preferred
growth relationship 38° around <111>. The corresponding micro-
structure (Fig. 2¢) shows Cube-oriented grains between the elongated
grains characterized by the S-component. The maximum intensity of
both Cube {001}(100) and S {123}(634) components is measured 2.5 x
R, indicating the disappearance of Copper {112}(111) and P {110}(221)
components and a dramatic intensity reduction of the S {123}(634)
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component. In Fig. 3d, Cube {001}(100) and Rt Cube {001}(110)
components with maximum intensities of 3.1 x R and 2.4 x R are
dominant in the nugget zone. In fact, these texture components accel-
erate the formation of equiaxed and fine grains in the nugget zone by
dynamic recrystallization (DRX) [24-27], which is in good agreement
with microstructural observations in Fig. 2c. At a rotation speed of 1000
rpm (Fig. 3e), P {011}(221) component with a maximum intensity of
6.6 x R is identified as the texture of the nugget zone. It has been re-
ported that Cube {001}(100) and Rt Cube {001}(110) components can
be transformed into orientations on o-fiber around the stable Brass
{011}(211), including G/B {110}(115), G/Br {110}(111), and P {011}
221) in aluminum alloys where heat input is more than the values
required for the establishing the components attributed to the fully
recrystallized microstructure [26,28,29].

In the FSW of materials, the critical issue is the sheet positioning
concerning the tool rotation direction, which can provide superior ten-
sile properties and a defect-free welded joint. The similar direction of the
tangential component of the rotating tool and the tool traverse direction
on the advancing side (AS) produces additional frictional heat compared
to the retreating side (RS), where the tool rotation direction is opposite
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Fig. 2. EBSD inverse pole figure (IPF) maps and misorientation angle distribution of the stir zone in the friction stir welding of the ARB-processed AA2024 alloy joint
obtained by different welding conditions, (a) 250 rpm/150 mm/min, (b) 500 rpm/150 mm/min, (c¢) 750 rpm/150 mm/min, and (d) 1000 rpm/150 mm/min.

that of the tool traverse direction. The hardness profile of the annealed regardless of whether the grain size increases or decreases due to FSW,
and ARB-processed strips before and after FSW at different rotational as discussed for Fig. 2c and d. However, specimens manufactured with a
tool speeds, from the base material to nugget zone, is depicted in Fig. 4. 1000 rpm rotational speed showed the highest degree of softening, while

Local softening of the hardness profiles in the nugget zones is evident, the fully recrystallized nugget zone with a dominant Cube {001}(100)
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Fig. 3. ODFs at constant angles (0°, 45°, and 65°) of the stir zone in the friction stir welding of the ARB-processed AA2024 alloy joint obtained by different welding
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mm/min, and (f) main ideal positions of texture components of FCC materials.
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Fig. 4. Microhardness distribution across the stir zone of the four joints, base material and starting material for FSW specimens.

texture, produced by 750 rpm rotational speed, experienced the lowest
local softening. The two other conditions revealed relatively similar
hardness profiles, falling between the lowest and highest hardness
profiles, although the average hardness value of the specimen in nugget
zone with a 250 rpm rotational speed was slightly higher.

The local softening of the nugget zone can be attributed to the partial
or fully recrystallized microstructure in the nugget and complex varia-
tions in the number density, morphology and distribution of the S-type
precipitates [13,30,31]. Two hypotheses are proposed to analyze this
occurrence. The first posits that the complete dissolution of precipitates
and re-precipitation within the nugget lead to slightly higher hardness in
the nugget than in the thermo-mechanically affected zone (TMAZ) [22,
23]. This theory aligns with specimens with higher heat input in FSW
strips done at 750 rpm (282.5 J/mm) and 1000 rpm (510 J/mm) rota-
tional speeds. In other words, the second argument suggests that the
heat input in the nugget is not adequately high to dissolve the stable
precipitates and might only be enough to dissolve the metastable ones,
as seen in FSW specimens produced at 250 rpm (127.5 J/mm) and 500
rpm (255 J/mm) rotational speeds. It can be stated that the heat pro-
vided by the 750 rpm rotational speed results in a fully recrystallized
grain with the Cube {001}(100) texture and most likely manipulated
precipitates, representing the lowest loss of hardness of the nugget zone
in ARB-processed FSW specimens.

4. Conclusions

The study investigated the microstructural changes in the nugget
zone of the nanostructured AA2024 alloys processed through accumu-
lative roll bonding (ARB) and subsequent friction stir welding (FSW).
Analyses revealed a distinct starting material microstructure charac-
terized by ultrafine grains, high-angle boundaries, and S-type pre-
cipitates. FSW at varied rotational speeds induced microstructural
evolution in the stir/nugget zone, impacting grain structures and ori-
entations. The dynamic recrystallization in the nugget region, driven by
appropriate heat input and severe deformation, exhibited crystallo-
graphic texture of Cube-type {001}(100) component at rotational speed
of 750 rpm. The hardness profiles displayed local softening in nugget
zones, with the highest softening in 1000 rpm specimens and the least in
fully recrystallized nugget zones at 750 rpm. It was concluded that the

3512

complex variations in S-type precipitates can influence the nugget
zone’s hardness. Overall, the findings contribute to understanding the
delicate interactions of crystallographic texture, microstructure, and
hardness profile in ARB-processed FSW of nanostructured AA2024
alloys.
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