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Abstract: Friction stir welding (FSW) is a promising technique to join aluminum alloys without having problems
encountered during fusion welding processes. In the present work, the evolution of microstructure and texture in
friction stir welded thin AA2024 aluminum alloy were examined by electron backscattered diffraction (EBSD)
technique. The sheets with 0.8 mm thickness were successfully welded by friction stir welding at the tool rotational
speeds of 500, 750, and 1000 rpm with a constant traverse speed of 160 mm/min. EBSD revealed that stir zones
exhibited equiaxed recrystallized grains and the grain size increased with increasing the tool rotation rate. The
fraction of high angle grain boundaries and mean misorientation angle of the boundaries in the FSW joints at 500 rpm
were 63.6% and 24.96°, respectively, which were higher than those of the sample welded at 1000 rpm (53.6% and
17.37°). Crystallographic texture results indicated that the Cube {001}<100> and S {123}<634> textures in base
metal gradually transformed in to Copper {112 }<111> texture. It was found that with increasing the tool rotation rate,
the intensity of Cube {001}<100>, Y {111}<112>, S {123}<634>, and Dillamore {4 4 11})<1l 11 8> texture
orientations increased and the intensity of Brass {011}<211> texture orientation decreased.

Keywords: Aluminum Alloy, Friction Stir Welding, Electron Backscatter Diffraction, Microstructure, Crystallographic

Texture.

1. INTRODUCTION

Aluminum alloys, which are normally difficult
to weld with conventional welding methods, are
used widely in marine, aerospace, automotive,
electrical and refrigeration industries. Friction
stir welding (FSW) is a solid-state joining
method which was firstly invented by The
Welding Institute (TWI, Cambridge, UK) in 1991
[1]. FSW involves a non-consumable cylindrical
tool with a specially designed pin and shoulder,
rotating at a very high speed and plunging into
adjacent edges of the metal pieces, thereby
joining them. The basic principle of FSW is
shown in Fig. 1 [2]. The two workpieces to be
welded are kept into contact and clamped. When
the rotating tool is inserted into the workpieces,
the resulted frictional heating brings the two
workpieces to a plasticized state. By tool
translating along the joint line, the material is
stirred and forged from the front face of the tool

to the trailing face, where it cools down to form a
solid state weld. During this solid state welding
process, problems such as liquation cracking,
porosity, entrapment of oxide films, strength loss
due to welding and distortion that take place
during other welding process do not occur.
Furthermore, the process does not involve any
use of filler metal and therefore, in contrast to
fusion welding, the compatibility of composition
is not an issue in FSW [3-5].

Usually in the friction stir welded joints of
aluminum alloys, four distinct zones with different
characteristics can be specified, the stir zone (SZ),
the thermomechanically affected zone (TMAZ),
the heat affected zone (HAZ), and the base material
(BM) [6, 7]. Investigating microstructure and
texture evolutions during FSW is of great
importance. The related phenomena are
deformation and dynamic recrystallization that
affect performance mechanical properties of
welded workpiece [8-10].
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(1) Base material

(2) Direction of tool rotation

(3) Welding tool

(4) Downward movement of the tool
(5) Tool shoulder

(6) Pin

(7) Advancing side of the weld

(8) Vertical (axial) force

(9) Welding direction

(10) Upward movement of the tool
(11) Exit hole

(12) Retreating side of the weld
(13) Weld face

(14) Backing plate

Fig. 1. Schematic illustration of the friction stir welding process in this study [2].

For the friction stir welding joints, microstructural
evolutions, texture and the mechanical properties of
various zones in friction stir welded joints are
determined by the material flow behavior and heat
input conditions [11]. Material flow and heat input
are strictly influenced by friction stir welding
parameters such as rotation rate, welding speed, tool
geometry, and joint design. Babu et al. [12] and
Zhang et al. [13] found that mechanical properties of
FSW AA2219-T651 and FSW AA2219-T6 joints
decreases by increasing the rotation rate or
decreasing the welding speed. Suhuddin et al. [14]
had studied microstructure and texture evolution
during friction stir welding of thin 6016 aluminum
alloy. They reported the formation of a simple shear
texture ({112}<110>) having a characteristic Cube
{100}<100> texture in the stir zone. Friction stir
welding of Ti-6Al-4V alloys were conducted by Liu
et al. [15, 16] team and it was claimed that the
microstructure of the weld zone exhibited a mixture
of the equiaxed grains and lamellar structure. In
addition, they also pointed out that the mechanical
properties of the joints increased with decreasing the
heat input. Therefore, the effect of the friction stir
welding parameters on the joint properties is
completely different in different alloys, and in order
to obtain high quality friction stir welding joints,
optimizing the FSW parameters is of great
importance.

The AA2024 aluminum alloy is a strategic alloy
with outstanding properties and widespread
application in automobile, aerospace, and defense
applications. The aim of this research was to
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determine the effect of friction stir welding process
on the grain structure and crystallographic texture
evolution of thin AA2024 sheets by electron
backscatter diffraction (EBSD) method.

2. EXPERIMENTAL PROCEDURES

Annealed AA2024 aluminum alloy sheet was
supplied as 0.8 mm thick sheet 200 mm long and 50
mm wide with chemical composition given in Table
1. AFSW tool made of H13 hot work tool steel with
a shoulder diameter of 20 mm, a pin diameter of 6
mm and a pin length of 0.5 mm was used (Fig. 2).
The back tilting angle of the tool was 4° during FWS
process. The tool rotation rate was changed in a
range from 500 rpm to 1000 rpm while tool traverse
speed was kept constant at 160 mm/min.

EBSD was carried out in a field-emission
scanning electron microscope (FE-SEM, Philips
XL308) in order to characterize microstructure and
crystallographic feature of the FSW joints. The
section of the specimen was prepared by
mechanically and then electrolytically polishing in a
30% HNO3 and 70% CH3OH solution at
approximately 30 °C with a voltage of 15 V. All the
microstructures were observed from the transverse
direction (TD) of the sheets. The SEM system was
operated at 15 kV. The EBSD measurements (the
central thickness region) carried out with a step size
of 50 nm and the obtained data was analyzed by
TSL-OIMTM analysis software. Orientation
distribution functions were calculated using Bunge’s
series expansion method, with an expansion degree
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Table 1. Chemical composition of 2024 aluminum alloy (wt.%).

Al Cu | Cr | Fe | Mg

Mn | Si Ti Zn Vv Ga

92.99 1 4.50 1 0.01 | 0.25 | 1.50

0.55(0.10|0.02 | 0.05|0.02 | 0.01

20 mm

6 mm

Fig. 2. Typical drawing of the tool applied for friction stir welding process.

of Imax = 22 in Euler space. In order to obtain
appropriate EBSD observation for texture evolution,
the relatively large area of the specimen’s section
having more than 500 grains was considered.

Vickers microhardness profiles were measured on
the cross section perpendicular to the welding
direction along the mid-thickness of the plates using
a computerized Buehler hardness tester with a 100 g
load and 10s.

3. RESULTS AND DISCUSSION
3. 1. Microstructural Investigation

The EBSD microstructure photograph map of
the 2024 aluminum alloy is displayed in Fig. 3.
The orientations of each grain in this figure as
depicted by the unit triangle are shown by
different colors in color map. In the grain
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Fig. 3. OIM photograph and grain boundary map of the 2024 aluminum alloy.
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Fig. 4. OIM photographs and grain boundary maps of stir zone of FSW joints at (a and d) 500 rpm—160 mm/min, (b and e)
750 rpm—160 mm/min, and (¢ and f) 1000 rpm—160 mm/min.

boundary maps, high angle grain boundaries
(HAGBs) low angle grain boundaries (LAGBs)
with misorientation greater than 15° and
misorientation between 2° and 15° are indicated
by green and red lines, respectively. The
boundaries having misorientation less than 2° are
not taken in to account in order to improve the
inaccuracy measurement of the EBSD. The initial
grain size, calculated using the linear intercept
method in the normal direction of the elongated
grains, before the friction stir welding trials is
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about 30 pm.

The microstructure of the stir zone obtained at
various tool rotation rates is shown in Fig. 4.
Also, Fig. 5 shows the grain diameter
distributions for the stir zone of FSW joints. The
microstructure morphology in all stir zones
exhibited inhomogeneous distribution along the
plate thickness direction. The orientation color
maps of nugget reveal that fine and equiaxed
grains are formed in this zone. Also, OIM
photographs exhibit a substantial fraction of
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Fig. 5. Grain diameter distributions (from OIM software) of stir zone of FSW joints at (a) 500 rpm—160 mm/min, (b) 750
rpm—160 mm/min, and (c) 1000 rpm—160 mm/min.

unindexed pixels, primarily located at the grain
boundaries. During friction stir welding process,
fine and equiaxed grains are formed due to the
mechanical mixing of materials and the thermal
cycle [17, 18]. At a constant welding speed of
160 mm/min, with increasing the rotation rate
from 500 to 1000 rpm the grain sizes in the stir
zones increased from 0.5 to 1.8 pm. The
correspondence between the color and the
crystallographic orientation is indicated in the
stereographic triangle. The color maps of the
FSW specimen (1000 rpm—160 mm/min) indicate
that preferred orientation develops by friction stir
welding process, as particular colors become
dominant in the orientation color maps. The
normal direction (ND) orientation color map of
the FSW specimen (1000 rpm—-160 mm/min)
demonstrates purple color as dominant color
corresponding to <111>//ND.

The fraction of high angle grain boundaries ()
and the mean misorientation angle of the
boundaries ( ) were calculated from the EBSD
data of each specimen (Fig. 6). At a constant
welding speed of 160 mm/min, the and the for

the FSW sample processed to 500 rpm are
63.60% and 24.96°, respectively, while for those
of 1000 rpm are 53.60% and 17.37°, respectively.
The EBSD analysis shows that the large grains of
the 2024 aluminum alloy turn to fine grains and a
large number of grain boundaries become high
angle during friction stir welding process. Our
results is consistent with previous study which
indicated that the dislocations produced by
deformation process are drawn to subgrain
boundaries, which resulted in the increase of
misorientation of LAGBS, and LAGBs
transformed into HAGBs, leading to fine
microstructure [19, 20].

Since the microstructure in the stir zone is
strongly influenced by the friction heat flow, it is
considered as a very important factor for friction
stir welding process. Kim et al. [21] suggested
the following equation describing the heat input
from the shoulder during friction stir welding
process:

q =§7r2quR3 (1)
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Fig. 6. The misorientation angle distribution of stir zone of FSW joints at (a) 500 rpm—160 mm/min, (b) 750 rpm—160
mm/min, and (¢) 1000 rpm—160 mm/min.

where ¢, u, P, w, and R are heat input, friction
coefficient, pressure, rotation rate, and the radius
of the shoulder, respectively. The Eq. (2) is
obtained by considering the welding speed.

_aq_4 auP R’

QV3 14

2

where @, a, and V are the heat input per unit
length, heat input efficiency, and the welding
speed, respectively. Since the welding condition
is the same, a, u, P, and R are assumed to be
constant, and only the w and V are variable.
Therefore O can be expressed by

[0
Q—ﬁ; 3

Increasing the tool rotation rate or decreasing
the welding speed leads to increase in the heat
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input as shown in Eq. (3). Therefore, with higher
tool rotation rate, the increased heat input lead to
an increase in the size of recrystallized grains
[10, 13].

3. 2. Crystallographic Texture

Crystallographic texture is an important factor
to determining the anisotropic response of a
material under deformation. The FSW processed
materials are intrinsically related to the presence
of different grains in the microstructure leading
to various texture components. The ODFs are
presented as plots of constant ¢, sections with
intensity contours in Euler space defined by the
Euler angles ¢;, @, and ¢,. The ideal orientations
of texture components in FCC materials are
shown for the 0 and 45° ODF sections in Fig. 7
and Table 2.
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Table 2. Euler angles and Miller indices for important texture components in FCC materials.

Texture component Miller indices Euler angles Fiber
2 ¢ D,
Cube {001}<100> 0 0 0 Cube-Goss/0
Rotated cube {001}<110> 45 0 0 0
Goss {011}<100> 0 45 0 Cube-Goss/o/t
Rotated goss {011}<011> 90 45 0 o
Goss twin {113}<332> 90 25 45 T
Brass {011}<211> 35 45 0 o/B
Goss/brass {011}<115> 16 45 0 o
A {011}<111> 55 45 0 o
Y {111}<112> 90 55 45 v/t
E {111}<011> 60 55 45 Y
Copper {112}<111> 90 35 45 /B
Rotated copper {112}<011> 0 35 45
Copper twin {554}<115> 90 74 45 T
Dillamore {4411}<1111 8> 90 27 45 T
S {123}<634> 59 37 63 B
S/brass {414}<234> 49 40 75 B

In order to have a better understanding and
quantitative analysis of texture development
during the friction stir welding process, the ODFs
were analyzed using the EBSD data. The ODF
plots separate the components partially
overlapping in the pole figures (PFs), thus they
facilitate a more unambiguous comparison of the
individual components and fibers [20, 23, 24].
Fig. 8 illustrates the ODFs of the 2024 aluminum
alloy and stir zone of FSW joints. As shown in
Fig. 8(a), the textural components in the initial
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sample can be characterized as the Cube
{001}<100>, Brass {011}<211>, and S
{123}<634> having the intensity of 5.5 X R, 3.2
x R, and 26.5 x R, respectively. After FSW
process at 500 rpm—160 mm/min (Fig. 8(b)), the
Copper {112}<111> and Y {111}<112> with
maximum intensity of 3.2 x R and 9.5 x R which
were typical shear texture component are created.
As shown in Fig. 8(c), increasing the rotation rate
from 500 to 750 rpm, the Cube {001}<100>,
Copper {112}<111>, and Y {111}<112>

Ly
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0 = *
10 1-Fiber —
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40
S0
“ Ly Iih(n ;
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Fig. 7. Schematic illustration of the important texture components in FCC materials. The dashed lines depict twin
relationships [22].
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components  disappeared and the Goss
{011}<100> and Brass {011}<211> components
became stronger. Also, increasing the rotation
rate from 750 to 1000 rpm (Fig. 8(d)), the Cube
{001}<100>, S {123}<634> and Dillamore {4 4
11}<11 11 8> appeared again and the intensity of
the Brass {011}<211> decreased to 3.5 x R.
The Cube {001}<100> texture component is
metastable in the friction stir welding process, the
preexisting Cube grains will form long, thin Cube
orientated regions (Cube bands). Some
researchers express that the grain size in the Cube
bands is larger than elsewhere. This makes them
as effective nucleation sites for recrystallization
[25]. In the annealing texture of FCC materials,
the Cube {001}<100> component is the
dominant texture component made by the
combination of the nucleation and growth
advantages [26]. During friction stir welding
process, the stir zone experienced intense plastic
deformation and thermal exposure with the peak
temperatures up to 0.6-0.95 TM. Also, formation
of shear texture suggests the possibility of some
restoration process (recovery, recrystallization,
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and grain growth) [14, 27].

Due to high stacking fault energy of aluminum
alloys (166 mJm-2), the recovery is easy to occur.
The differences in texture evolution can be
attributed to occurrence of recrystallization and
grain growth in the material because the recovery
does not alter the texture of the materials, hence
the recovery can take place at all samples (Fig.
4). Based on the obtained results, it can be said
that at the early stage of recrystallization during
friction stir welding process, the Goss
{011}¢100) and Copper {112}<I11> texture
components are evolved and the fraction of
grains with o-fiber and t-fiber orientations is
decreased and the shear texture is increased.
Afterwards, during the grain growth stage, the
intensity of a-fiber and 1-fiber is increased and
the shear texture is decreased.

3. 3. Mechanical Properties
Fig. 9 shows the hardness profiles of the FSW

joints along the mid-thickness of the transverse
section at different parameters. The hardness in
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Fig. 8. ODFs of the (a) 2024 aluminum alloy and stir zone of FSW joints at (b) 500 rpm—160 mm/min, (c¢) 750 rpm—160
mm/min, and (d) 1000 rpm—160 mm/min.
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Fig. 9. Microhardness profiles along the thickness cross section of the FSW joints.

the stir zone is higher than that in the base metal
in each case being due to the grain refinement
[28, 29]. The hardness of the welded zone
decreased from 132 to 100 HV when increasing
the rotation rate from 500 to 1000 rpm. As the
rotation rate increases, the heat input increases
and the grain size becomes larger (Fig. 4).

The variation trend in the hardness kept pace
with the change of the grain size in the SZs.
According to the Hall-Petch relationship, the
larger grain size results in lower hardness.
Distribution and size of second phase particles in
the SZs of the FSW joints were different from
that in the BM [2, 4]. The average sizes of the
particles in the SZs were much smaller than those
in the BM. This is attributed to the breaking
effect of the threaded pin in the SZ [30]. At
different FSW parameters, the particles in the
SZs were also different. Elangovan et al. [31]
considered that at a very high rotation rate, the
second phase particles could be broken up
sufficiently, at the same time, the particles could
be coarsened due to elevated temperature. As the
rotation rate increased, the volume fraction of the
coarse second phase particles decreased.

4. CONCLUSIONS

Thin 2024 aluminum alloy sheets were
successfully friction stir welded under different
welding conditions. The grain structure and
crystallographic texture in the stir zone were
investigated. The main results obtained are
summarized as follows;

L. Electron back scattered diffraction (EBSD)
analysis revealed that fine equiaxed grain
structures in the stir zone were formed by
frication stir welding process. At a constant
welding speed of 160 mm/min, the size of
the grains in the stir zone increased with
increasing the tool rotation speed from 500
to 1000 rpm.

1. When the tool rotation speed increased, the
fraction of high angle grain boundaries and
the mean misorientation angle of the
boundaries decreased. At a constant
welding speed of 160 mm/min, the fraction
of high angle grain boundaries and the
mean misorientation angle of the FSW
joints at 500 rpm were 63.6% and 24.96°,
respectively compared with that of the
FSW joints at 1000 rpm (53.6% and 17.37°,
respectively).
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The recrystallization occurred in the FSW
joint samples and this phenomenon led to
decrease in the orientation intensities of o-
fiber and rt-fiber, and the intensity of
Copper {112}<111> and Goss {011}(100)
orientations remarkably increased. Also,
the change in the texture well agreed with
the change in the microstructure
morphology.

With increasing the tool rotation speed, the
intensity of Cube {001}<100>, Y
{111}<112>, S {123}<634>, and
Dillamore {4 4 11}<11 11 8> texture
orientations increased and the intensity of
Brass {011}<211> texture orientation
decreased.

The FSW joints exhibited significantly
hardened welded zones. As the rotation rate
increased from 500 to 1000 rpm, the
hardness of the stir zone decreased.
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