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ABSTRACT

Herein, the effect of post-weld heat treatment on the tensile properties of friction stir-welded (FSW) joints of nano/
ultrafine-grained (NG/UFG) AA2024 alloy sheets produced by accumulative roll bonding (ARB) was investigated.
Continuous and discontinuous dynamic recrystallizations were the main mechanisms of microstructure evolution in
the stir zone of joints. As a result of recrystallization and larger grain sizes achieved during FSW, the ARB followed by
FSW improved ductility and strain hardening. The ARB specimens had yield strength, tensile strength, and elongation
values of 265 MPa, 450 MPa, and 7 %, respectively. FSW-welded ARB specimens showed yield strength, tensile
strength, and elongation of 230 MPa, 440 MPa, and 11 %, respectively. After T6 treatment, there was an increase in
tensile and yield strength of 550 and 310 MPa, respectively, due to the Orowan looping mechanism, which reduced
the elongation of the specimen. In conclusion, FSW was suggested as a method of joining the NG/UFG AA2024 alloy
sheets while highly retaining the refined microstructure.

Keywords: nanostructured materials, AA2024 alloy, friction stir welding, accumulative roll bonding,
microstructure, mechanical properties.

INTRODUCTION ferrous materials with Al and Mg alloys and metal matrix

composites (MMCs). As a result of their low density and

Many countries are recognizing the importance
of reducing greenhouse gas emissions and fuel
consumption in the aerospace and automotive industries.
There is a growing effort to reduce the overall weight of
vehicles in several industries, including automotive and
aerospace [ 1, 2]. The demand for lower density materials
has led to the replacement of high-strength steels and

excellent mechanical strength, Al alloys are a suitable
alternative to steel when it comes to reducing the overall
weight of aerospace and automotive vehicles. As a result
of this weight reduction, fuel consumption is reduced,
and carbon dioxide emissions are reduced [3 - 7].
Applications of nano-grained (NG, 1 - 100 nm) and
ultrafine-grained (UFG, 100 - 1000 nm) materials in
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automotive and aerospace components have increased
significantly in the last couple of decades for their high
specific strength. Nowadays, several different severe
plastic deformation (SPD) techniques, such as repeated
folding and rolling (F&R), constrained groove pressing
(CGP), repetitive corrugation and straightening (RCS),
and accumulative roll bonding (ARB), have been
developed to fabricate the bulk nanostructured sheets
[8 - 14]. The invention of ARB by Saito et al. has
attracted the attention of both the scientific and industrial
communities due to its various advantages over other
SPD processes [15, 16].

Metal sheet joining is a significant technological
challenge, which adds an additional challenge to
nanostructured Al sheets. Conventional fusion welding
methods typically trigger the formation of intermetallic
compounds and induce unfavourable microstructures
and large distortions in the base metal [17 - 19]. To use
nanostructured materials in structural applications, it is
necessary to explore and understand their mechanical
and microstructure properties of the welding process.
Due to these characteristics, friction stir welding
(FSW) can be used to join bulk nanostructured
materials [20 - 22].

In spite of the fact that FSW has already been used
to join hard-to-weld metals such as Mg and Al alloys,
there has been little research regarding FSW of NG/UFG
materials [23, 24]. Prior to the present study, the authors
investigated the microstructure and texture of joined NG/
UFG AA2024 alloy sheets produced by ARB and FSW
[25, 26]. One reason for the different microstructure of
the weld nugget was explained by the grain growth and
softening phenomena. The present study completes our
previous work by examining the tensile properties of the
NG/UFG AA2024 alloy processed by ARB and FSW
with and without T6 treatment. In this paper, the results
of several conditions are discussed and compared. These
arc ARB, ARB + FSW, and ARB + FSW + T6.

EXPERIMENTAL

The material utilized in this research was a fully
annealed commercial AA2024 alloy sheet (specifications
are given in Table 1). Two strips of 150 mm x 50 mm X
0.8 mm were degreased with acetone and scratch brushed
by a stainless-steel wire brush. Then, the prepared
surfaces of the strips were placed on each other and
fastened at both ends by steel wires. The assembly was
cold rolled with an amount of reduction equal to 50 %.
The rolled sheets were cut into two identical pieces, and
the rolling was repeated for eight cycles. The detailed
procedure of ARB was published elsewhere [27 - 29].

After eight ARB cycles, ARB-processed specimens
were butt welded using the FSW machine. The welding
tool made from a hot work tool steel (H13) was
employed. The pin width and length were 6 mm and
0.6 mm, respectively, and the shoulder diameter was
approximately 20 mm. The tilt angle of the tool was
adjusted to 4°. FSW was performed at a traveling speed
of 160 mm min™' and a rotation speed of 250 rpm in the
rolling direction. Also, a piece of the friction stir welded
was further subjected to T6 treatment, i.e., solutionizing
at 520°C for 2 h followed by artificial aging at 190°C
for 5 h.

The microstructural studies were carried out using
scanning transmission electron microscopy (STEM,
JEOL JEM-2100F) and field emission scanning electron
microscopy (FE-SEM, VEGA \\TESCAN). For STEM
characterization, the focused ion beam technique (FIB)
Helios G4 Thermo Fisher Scientific apparatus was used.

Tensile tests were conducted using ISO 6892-01 for
different cycles on the specimens. Tensile specimens
had gauge widths and lengths of 5 mm and 10 mm,
respectively. The tensile test was achieved on Hounsfield
HS50KS tensile testing equipment (Tinius Olsen Ltd,
Redhill, UK) using an initial strain rate of 10~ s-!. Total
elongation was calculated by subtracting gauge lengths

Table 1. Chemical composition of commercial AA2024 alloy sheet (in wt. %).

Ga Cr A% Ti Zn

Si

Fe Mg Cu Al

0.01 0.01 0.02 0.025 0.05

0.10

0.25 0.55 1.50 4.50 Bal.
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before and after tensile testing. The tensile tests were
performed on each specimen three times to ensure
accuracy. The fracture surfaces of the tensile specimens
were also examined by FE-SEM (VEGA \\ TESCAN).

RESULTS AND DISCUSSION

Fig. 1 demonstrates STEM micrographs from the
rolling direction-normal direction (RD-ND) plane of
the ARB-processed AA2024 alloy after the eighth cycle.
As can be seen from Fig. 1, the grains in the RD are
substantially elongated and have a high aspect ratio. The
average lamellar boundary spacing along ND (thickness
of the elongated grains) and the mean boundary spacing
along RD (length of the elongated grains) are ~ 360 + 10
nm and 845 + 10 nm, respectively. As a result, a pancake-
shaped lamellar ultrafine-grained microstructure is
formed with a high density of dislocation substructures
[15, 16, 30].

The back scattered electron SEM (BSE-SEM)
image of the FSW-welded NG/UFG AA2024 alloy is
illustrated in Fig. 2 shows. Four different areas can
usually be differentiated after FSW: (i) base material,
(i1) heat affected zone (HAZ), (iii) thermomechanical
affected zone (TMAZ), and (iv) and stir zone or nugget,

Fig. 1. STEM micrographs from RD-ND plane of AA2024
alloy after eight ARB cycles.

affected by the mechanical movement of the pin and
the temperature increase [31, 32]. There is a clear
reduction in grain size from the base material to the stir
zone, confirmed by the SEM image. During the FSW
process, the stir zone is subjected to high temperatures
and intense plastic deformation, resulting in dynamic
recrystallization and the creation of new grains with
larger sizes than those seen in the ARB-processed
specimen. The top region of the stir zone experiences
higher temperatures and longer thermal cycles compared
to the center of the stir zone. As a result, the grain size
decreases from the top of the stir zone to the center,
creating a gradient microstructure.

Based on the obtained results from Naseri et al., the
microstructure of the TMAZ is highly redistributed and
extended upward along the rotating tool axis, whereas the
microstructure of the heat affected zone is more uniform
[25]. The TMAZ experiences lower temperatures and
plastic deformation compared to the stir zone, which is
not enough for full recrystallization [33, 34]. Therefore,
the microstructure in TMAZ remains distorted and the
evidence of material shearing and flow in the upward
direction around the rotating tool is obvious [25]. Due
to frictional heat and plastic deformation caused by the
rotating pin, the grain size in the TMAZ zone is still

il

: Bii‘Se-.Maferiiil :

WD: 19.67 mm VEGAWTESCAN

Det: BSE 200 pm

SEM HV: 20.00 kV/
View field: 1.08 mm
SEM MAG: 200 x

Fig. 2. BSE-SEM image of FSW-welded NG/UFG AA2024
alloy showing an overview of the four main areas.
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larger than those not impacted by the welding process.
Sato et al. observed pancake-shaped grains in the TMAZ
and equiaxed and dynamically recrystallized grains in
the NG/UFG AA1050 and NG/UFG AA1100 nuggets
[33, 35].

Cabibbo et al. showed that different types of
precipitation and complex patterns of precipitation
occurred in different areas of the weld [36]. They
found that precipitation coarsened and overaged
in the TMAZ, and some precipitation dissolved in
the stir zone. According to Borhani et al., pre-aging
precipitates dissolve during the annealing of ARB-
processed specimens [37]. Recently, it has been
suggested by Cabibbo et al. that after FSW, precipitates
may completely lose their strengthening function from
over-aging, or they may dissolve into solution [36].
Additionally, according to some studies, dissolved
precipitates may re-precipitate and increase the
material’s hardness [38, 39]. During FSW, precipitation
and microstructural development in coarse-grained
materials are complex, and they are even more difficult
if the material has previously been processed by severe
plastic deformation processes.

The engineering stress-strain curves of the annealed
AA2024 alloy, ARB, ARB + FSW, and ARB + FSW +T6
specimens are shown in Fig. 3. Additionally, a summary
of the specimens’ yield strength (YS, evaluated by 0.2
% offset), elongation data, and ultimate tensile strength

(UTS) are provided in Table 2. The YS and UTS of
annealed AA2024 alloy are approximately 70 MPa and
190 MPa, respectively; the elongation is approximately
25 %. After eight cycles, the ARB-processed specimen’s
YS and UTS are, respectively, 265 MPa and 450 MPa,
and its elongation is 7 %. Consequently, the YS and UTS
increased by around 380 % and 240 %, respectively,
because of the strengthening through grain refinement.

Regarding Fig. 3, the AA2024 alloys processed by
ARB exhibit a lack of ductility and work hardening.
Materials with nanocrystalline or ultrafine-grained
structures generally cannot sustain uniform tensile
elongation. According to several studies, strain
hardening is virtually absent after a rapid hardening
stage at low plastic strains (1 - 3 %), whereas coarse-
grained polycrystalline metals exhibit strain hardening.
Dislocation saturation or annihilation into grain
boundaries causes nanocrystalline materials to have
low strain hardening rates. This results in low strain
hardening behaviour in SPD-processed materials [4, 40].
Because of low strain hardening, the material exhibits
a low tensile ductility, as seen for the ARB-processed
AA2024 alloy.

Contrary to ARB, FSW followed by ARB (ARB +
FSW specimen) exhibits improved ductility and strain
hardening, likely due to recrystallization and larger
grain sizes achieved during FSW. With ARB+FSW,
the specimen exhibited YS, UTS, and elongation of

600

400 :_
300 }

200

— ARB+FSW+T6
ARB

— ARB+FSW

— Annealed AA2024

Engineering Stress (MPa)

100 }

0 5 10

15 20 25 30

Engineering Strain (%)

Fig. 3. Typical Engineering stress-strain curves of the annealed AA2024, ARB, ARB + FSW, and ARB + FSW + T6

specimens.
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230 MPa, 440 MPa, and 11 %, respectively, compared
with the ARB-processed specimen (265 MPa, 450 MPa,
and 7 %). With a bimodal grain structure across the
weld, the welded specimen demonstrated an attractive
balance between strength and elongation. Moreover, a
T6 treatment could further improve the YS (310 MPa)
and UTS (550 MPa) of the welded joint, while its
ductility significantly decreased. Due to the formation

of'nano-sized precipitates, the material’s strength can be
improved through the Orowan looping mechanism [37,
41]. Furthermore, nano-sized particles provide stress
concentration and can act as nucleation sites for voids,
which reduce the ductility of the material under the T6
conditions [37].

Fig. 4 shows the fracture surfaces after the tensile
test of the annealed AA2024, ARB, ARB + FSW, and

Table 2. Experimental and calculated values of offset yield strength, tensile strength, and elongation for the specimens.

Specimen Yield Strength, MPa Tensile Strength, MPa Elongation, %
Annealed AA2024 70 190 25
ARB 265 450 7
ARB +FSW 230 440 11
ARB + FSW + T6 310 550 8

()

SEMHV: 3000kV  WD:16.32mm

View field: 144.4 ym  Deb: SE
SEM MAG: 150 kx

SEMHV: 3000k  WD: 16.32 mm
View field: 144.4 ym  Det: SE
SEM MAG: 150 kx

20pm

VEGAW TESCAN
’

Viewfield: 1444 ym  Del: SE

SEMMAG: 1.50 kx

JAY
SEMHV:30.00kv  WD: 16.32mm
Viewfield: 1444 ym  Del: SE
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’
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Fig. 4. SEM micrographs of the fracture surfaces after tensile test for: (a) annealed AA2024; (b) ARB; (¢c) ARB + FSW

and (d) ARB + FSW + T6 specimens.
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ARB + FSW + T6 specimens. The fracture surface
is characterized by void formation, growth, and
coalescence, all signs of ductile fracture [42]. There
are pores on the fracture surface that serve as previous
voids and encourage further damage. Here, the fracture
is caused by both the casting porosities and the voids
created by FSW. Despite this, all specimens exhibit
ductile fractures, which are evaluated by dimples and
a fibrous appearance. The annealed AA2024 alloy
specimen exhibits deep, evenly spaced dimples as shown
in Fig. 4a. After eight ARB cycles (Fig. 4b), thin and
elongated dimples are observed to some extent. These
characteristics are the evidence of low strain hardening
and low elongation in the ARB-processed specimens
[43, 44]. There are fine populated dimples on the fracture
surface of the FSW joints (Figs. 4c and d). In contrast, the
fracture surfaces of the ARB + FSW + T6 specimen have
fewer dimples than the ARB + FSW specimen, which is
consistent with the tensile test outcomes. Dimples are
oriented toward the loading direction, suggesting that
FSW joints fail predominantly in the ductile fracture mode.

Due to the brittle nature of welded Al alloys, fusion-
based welding cannot be successful when combining Al
components. Solid-state processes can be used to join
unwearable Al alloys by heating the workpiece below
the melting point of the base alloy. Friction stir welding
has been extensively researched for joining and treating
solid-state alloys of comparable and different grades.
From the results of this work, FSW appears to be a
solid-state welding technique that can be used to join
or assemble the challenging NG/UFG AA2024 alloys.
Therefore, concurrent improvement in ductility and
strength can be achieved by optimizing heat treatment
and employing different approaches.

CONCLUSIONS

The effect of post-weld heat treatment on the tensile
properties of friction stir-welded (FSW) joints of nano/
ultrafine-grained (NG/UFG) AA2024 alloy sheets
produced by accumulative roll bonding (ARB) was
investigated. It is confirmed that ARB is the suitable
process for the fabrication of nanostructured material
sheets, and the NG/UFG microstructure can be highly
retained within the stir zone after friction-based solid-
state welding. However, the grain size slightly increases
after FSW welding due to dynamic recrystallization. In
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the nugget zone, grains are equiaxed and homogeneous.
The ARB-welded specimens have 230 MPa yield stress,
440 MPa tensile strength, and 11 % elongation compared
to ARB-processed specimens with 265 MPa yield stress,
450 MPa tensile strength, and 7 % elongation. The T6
treatment also increases the joint’s yield strength and
tensile strength to 310 MPa and 550 MPa, respectively,
while reducing elongation to 8 %. All specimens have
dimples on their fracture surfaces, which is typical for
the ductile fracture mode. Finally, FSW is suggested as
a method of joining the NG/UFG AA2024 alloy sheets
while highly retaining the refined microstructure.
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