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Abstract: Aircraft skin and stringer elements are typically fabricated from 2xxx and 7xxx series high
strength aluminum alloys. A single friction stir welding (FSW) pass using a specially designed tool
with shoulder/pin diameter ratio (D/d) of 3.20 is used to produce dissimilar T-butt welds between
AA2024-T4 and AA7075-T6 aluminum alloys at a constant travel speed of 50 mm/min and different
rotational speeds of 400, 600 and 800 rpm. The AA2024-T4 is the skin and the AA7075-T6 is the
stringer. Sound joints are produced without macro defects in both the weld top surfaces and the joint
corners at all rotational speeds used (400, 600, and 800 rpm). The hardness value of the nugget zone
increases by increasing the rotational speed from 150 ± 4 Hv at 400 rpm to 167 ± 3 Hv at 600 rpm,
while decreases to reach the as-received AA2024-T4 hardness value (132 ± 3 Hv) at 800 rpm. Joint
efficiency along the skin exhibits higher values than that along the stringer. Four morphologies of
precipitates were detected in the stir zone (SZ); irregular, almost-spherical, spherical and rod-like.
Investigations by electron back scattered diffraction (EBSD) technique showed significant grain
refinement in the sir zone of the T-welds compared with the as-received aluminum alloys at 600 rpm
due to dynamic recrystallization. The grain size reduction percentages reach 85 and 90 % for AA2024
and AA7075 regions in the mixed zone, respectively. Fracture surfaces along the skin and stringer of
T-welds indicate that the joints failed through mixed modes of fracture.

Keywords: dissimilar friction stir welding; AA2024-T4/AA7075-T6Al alloys; t-butt joints; microstruc-
ture evaluation; EBSD; fracture surfaces

1. Introduction

Friction Stir Welding (FSW) is a solid-state welding technique, where similar [1–3]
and dissimilar metals [2] are welded without reaching their melting point. FSW has gained
significant attention due to its numerous advantages [4–6] over the traditional arc welding
methods [7]. However, FSW has also some drawbacks [8–10] which are very little when
compared with the traditional welding processes. Various joining configurations in terms of
spot [3,11], butt [12–14], corner [15], lap [16–18] and fillet [19] joints have been studied and
established for different metals and alloys using FSW technology through optimizing their
welding process parameters. However, FSW of high strength to weight ratio aluminum
alloys to produce T-joints are still demanding more studies and efforts to evaluate the
joint efficiency, and to optimize the welding parameters. Arora et al. [20] reported that the
hardness and tensile strength of the friction stir similar butt joint of AA2219 were lower
than the base metal. However, a toughness value of the nugget zone enhanced compared
to the base metal. Babu et al. [18] studied the effect of pin profiles on the friction stir
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welded (FSWed) lap joint quality of the AA2014 aluminum alloy and reported that the
strength and the failure mode of joints are related to the hook geometry. Sadeesh et al. [21]
studied the influence of using five different tool designs in FSW of dissimilar AA2024 and
AA6061aluminum alloys in butt joints and concluded that the joints efficiency is related
to the varying welding process parameters and the shoulder to pin diameter ratio is the
main dominant parameter. Manuel et al. [22] investigated the behavior of the friction stir
welds of three dissimilar aluminum alloys in a T-joint using three base materials namely,
AA2017-T4, AA5083-H111, and AA6082-T6. They reported that the arrangement of the
skin materials with respect to the pin rotation direction influence the morphology and
the mechanical properties of the joints [22]. In fact, the 2xxx and 7xxx aluminum alloys
before FSW were known to be non-weldable by traditional fusion welding processes since
number of problems such as porosity, solidification cracks and residual internal stresses
are found in the weld. Moreover, the formed dendritic structure during solidification in
the fusion zone is significantly deteriorating the mechanical properties of the joints [5].

AA2024 and AA7075 aluminum alloys are typically representing the 2xxx and 7xxx
alloys series, respectively, which are usually used intensively to fabricate structural compo-
nents of automotive and aircraft industries [23–25]. In many applications, especially the
aircraft fuselage panels in the form of T-joints; where, the aluminum alloys AA2024 and
AA7075 are used as skins and stingers, respectively. The stinger is the stiffening element
which reinforces the section of the load carrying skin to avoid buckling and failure. In FSW
of T-joints, Cui et al. [26] studied the effect of different rotational speeds on the microstruc-
ture and mechanical properties of the T-lap, T-butt-lap, and T-butt joints. They ascribed the
formed defects such as tunnel defect, kissing bond, original joint line defect, and zigzag line
to the initial matching modes of the blanks, material flow patterns, and insufficient heat
input. Acerra et al. [15] investigated the dissimilar AA2024-T4 and AA7075-T6 T-joints and
evaluated the design rules for the setup of FSW operations. They concluded that a large
shoulder diameter is required to generate a sufficient heat input to fulfill the weld joint.
Moreover, the presence of coating layers negatively affects the mechanical properties by a
generation of macro and micro defects. In T-butt joints, especially in aerospace industry, the
tool pin has been penetrated vertically into the materials setup surface to join three separate
parts, two skin parts and vertical stringer element, to produce one-piece T-joint [15].

This work aims to conduct single pass FSW of T-butt joints between AA2024-T4 and
AA7075-T6 aluminum alloys as skin and stringer; respectively, at different tool rotational
rates of 400, 600 and 800 rpm and a constant welding speed of 50 mm/min. The role of
FSW parameters and the welded materials on the microstructure, the strength and the
fracture mode will be examined. Attention will be given to investigate the evolved texture
using EBSD.

2. Experimental Procedure

Plates of the dissimilar aluminum alloys of AA2024-T4 and AA7075-T6 were friction
stir welded in T-butt joints. The dimensions for FSW samples were 4 mm × 50 mm × 200 mm
for AA2024-T4 and 5 mm × 100 mm × 200 mm for AA7075-T6 alloys. The T-butt joint
setup was designed to be two plates of AA2024-T4 alloy as a skin and one plate of AA7075-
T6 as a stringer. The chemical composition of the aluminum alloys was analyzed using
Q2 ION-OES -Optical Emission Spectrometry (Bruker, Billerica, MA, USA). The chemical
composition of the investigated alloys is listed in Table 1.

Table 1. Chemical analysis (wt. %) of the AA2024-T4 and AA7075-T6 alloys.

Alloy
Elements in wt. %

Si Fe Cu Mn Mg Cr Zn Ti Al

AA2024-T4 0.20 0.40 3.90 0.40 1.50 0.02 0.17 0.02 Bal
AA7075-T6 0.05 0.22 1.94 0.05 2.66 0.21 5.97 0.01 Bal
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The T-butt joints were friction stir welded using gantry type FSW (EG-FSW-M1, made
by Suez University, Suez, Egypt) machine [2,6]. Adaptive fixture was designed [15] and
fabricated from steel for T-butt joint configuration setup, Figure 1a,b. A constant travel
speed of 50 mm/min and three various rotational speeds of 400, 600 and 800 rpm were
used in this work. The shoulder tilting angle and the shoulder plunge depth were 3◦ and
0.20 mm, respectively. The other welding conditions were kept constant. A concave tool
shoulder with a diameter of 32 mm and a threaded taper pin with a length of 3.8 mm
was used (Figure 1c). The bottom and top diameters of the pin were 12 mm and 10 mm,
respectively. The tool was machined from H13 tool steel and heat treated to obtain a
hardness value of 58 HRC. Figure 1c shows top view appearance of a friction stir welded
joint.
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Figure 1. (a,b) FSW fixture setup configuration of AA2024 and AA7075 T-butt joint, (c) Engineering
drawing of the used tool (d) top view appearance of a friction stir welded joint.

In order to investigate the developed T-joints microstructure and mechanical prop-
erties, the samples were cross-sectioned perpendicular to the welding direction (WD).
For microstructural analysis, the sectioned samples were ground using SiC papers with
different grit up to 2400 and polished on felt cloth with alumina 0.05 µm paste and then
etched with Keller’s reagent (6 mL hydrofluoric acid, 6 mL hydrochloric acid, 5 mL nitric
acid and 150 mL water). Stereo microscope (Optica SZR 10, Optica, Ponteranica (BG),
Itaty) was used to examine macrostructures of the joints. Microstructural analyses were
carried out using optical microscope (OM) Olympus -BX41M-LED, Olympus, Tokyo, Japan.
And scanning electron microscopy (SEM) Type Quanta FEG-250 (FEI company, Hillsboro,
OR, USA) equipped with electron back scatter diffraction (EBSD) and energy dispersive
spectroscopy (EDS) were also used to examine the grain structure, texture and precipitates
composition.

Vickers hardness tester machine (HWDV-75, TTS Unlimited, Osaka, Japan) was used
to evaluate the hardness profiles along the width of the weld samples using a load of 2.0 kg
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and dwell time of 15 s, where the free space between any two indentations was 0.5 mm,
which represents at least 2.5 times the maximum indentation diameter. The hardness maps
were also analyzed and drawn by collecting three lines measurements across the stir zone
(SZ) and the stringer. Two tensile tests were carried out along skin and stringer axes using
tensile testing machine (Instron-4208-300 kN capacity, Norwood, MA, USA) at a room
temperature and a cross-head speed of 1.0 mm/min, Figures 2 and 3, respectively. At least
three tensile samples were prepared from each T-butt joint and the average value of tensile
strength was considered. The fracture surfaces of tensile test samples were investigated
using the SEM. For EBSD investigation, the polished samples were subjected to electro-
polish for 60 sec at −15 ◦C and 14 V. The electro-polishing electrolyte consists of 30 vol.%
nitric acid in 70 vol.% methanol. EBSD was performed for the base materials (BMs) and
stir zone (SZ) of T-butt joints at 20 kV and 0.5 µm step size. The collected EBSD data were
analyzed by OIM DC 7.3 software, developed by EDAX, AMETEK, Draper, UT, USA.
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Figure 3. Photographs of tensile testing along stringer direction (a) T-butt joint tensile test specimen
and (b) tensile test clamping system.

3. Results and Discussion
3.1. Joint Appearance and Macro-Examinations

Figure 4 shows the appearance of the T-butt joints friction stir welded at different
rotational speeds of 400, 600 and 800 rpm. It can be observed that the top surfaces are
defect free and also the exit holes are complete with no indications of any tunnel defects.
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The examination of the cross-section macrostructure of welding zone may be used
to clarify the quality of friction stir welded joints. It has been reported that four different
zones, namely stir zone (SZ) or nugget zone, thermo-mechanically affected zone (TMAZ),
heat affected zone (HAZ) and base material (BM) can be identified in the macrostructure
of welds [4]. Several variables like types of BM, thickness of work piece, welding pa-
rameters, and tool design play a significant role in the formation of friction stir welded
joint features. Actually, the amount of heat input has a great effect on material flow, SZ
shape, microstructure grain size and FSW defects. Hence, the quality of joints can be
enhanced if the rotation and welding speeds of the FSW process can be carefully controlled.
Typical transverse cross-section macrographs of the friction stir welded T-butt-joints of
AA2024-T4 and AA7075-T6 are shown in Figure 5. It can be observed that the transverse
cross sections showed sound T-butt joints at all the applied FSW parameters. However, the
mixing process between the two alloys is significantly enhanced by increasing the rotation
speed of the FSW tool such that at the low rotation speed is entirely pertains the whole
stringer material (AA7075) within the SZ zone, by increasing the rotation speed the stringer
material starts to get dispersed and mixed with the skin material (AA2024). This implies
that increasing the rotation speed has resulted in a complex flow pattern that enhanced the
two materials mixing and joining.

It is worth mentioning here that the dimensions of the SZ are controlled by the
dimensions of the tool shoulder and pin. SZ is usually diffused to be little bit larger
than the pin dimensions and has a like-conical form [10]. The widest region is beneath the
shoulder diameter, which is ~32 mm and become narrower with the depth to be determined
by the pin diameters (12 to 10 mm) and length (h = 3.8 mm) as it has been defined in the
Figure 5 by the dashed lines.
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3.2. OM Investigations

Optical microscopy investigations were performed on the transverse cross-sections of
the FSWd T-joint specimen’s perpendicular to the welding direction. The three zones (SZ,
TMAZ, and HAZ) were arranged by SZ from the center line of the weld joint perpendicular
to the welding direction in both sides ending HAZ in the BM. The width of each zone
and its features are related to the heat input introduced to the work-piece during FSW
process, as shown in the joints’ macrographs in Figure 5. The variation in heat input in
the present work came mainly from the applied different rotational speeds of 400, 600
and 800 rpm where the travel speed is kept constant at 50 mm/min, the heat input index
is equal to (ω2/v) [10]. The microstructures of the cross-sectional dissimilar friction stir
welded T-butt joints of AA2024-T4 and AA7075-T6 Al alloys show new formation of the
grain structures in the SZ (Figure 6). For friction stir welded T-joint at 400 rpm good
mixing between skin and stringer can be clearly seen, as given in Figure 6a. The mixing
between skin and stringer in the SZ has improved as the rotation welding speed increased
to 600 rpm, Figure 6c. FSW at 600 rpm welding condition converts the initial elongated
grains in as AA2024 and AA7075 aluminum alloys to fine equiaxed recrystallized grains
in the weld SZ. Moreover, the coarse precipitates given by the lowest rotational speed
of 400 rpm become finer and more dispersed. This change in microstructure is ascribed
to high temperature and high stirring action by the pin inside skin and stringer which
positioned between the two pieces forming the skin (Figure 1a,b). Remarkable coarser
grains with very good mixing are observed at the highest rotational speed of 800 rpm,
as shown in Figure 6e,f. However, the high heat input presented a chance to generate
coarse precipitates in both SZ and TMAZ. Similar results of coarsening the precipitates at
such conditions have been noticed in other works [1,27]. It can be concluded that, the best
mixing between skin and stringer is obtained at rotational speeds of 600 and 800 rpm. The
T-joint produced at 600 rpm rotational speed exhibits finer grains and precipitates in the
SZ than the other two joints. Detailed EBSD grain size measurements for the parent alloys
and for the friction stir welded material are presented in subchapter 3.5. In the TMAZ no
recrystallization is noticed because the frictional heat and plastic deformation are not high
enough to cause recrystallization Figure 6b,d,f.
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top schematic drawing.

3.3. Hardness Distribution

The hardness variation along the skin and the stringer of the friction stir welded
T-butt joint may give a better prediction about the phenomena involved in this welding
process and the causes of loss or increase in strength compared with the base material.
The hardness distribution maps of the T-butt joints for all the applied rotational speeds
indicate good material mixing at the nugget zone as shown in Figure 7, which is evidence
of selecting a proper tool design with shoulder/pin diameter ratio (D/d). The D/d ratio
in the current study was 3.20. This ratio agrees well within the value that reported by
Saravanan et al. [28] who focused their work on studying the effect of the D/d ratio in the
range of 1–4 on the microstructure and mechanical properties of the dissimilar butt-joint
of AA2024-T6 and AA7075-T6 Al-alloys. They concluded that the butt joint friction stir
welded using a D/d ratio of 3.00 exhibited higher mechanical properties when compared
to the other welded joints [28].



Metals 2021, 11, 128 8 of 19
Metals 2021, 11, x FOR PEER REVIEW 8 of 19 
 

 

 

Figure 7. Hardness maps of the T-butt joint AA2024-T4 and AA7075-T6 friction stir welded at dif-

ferent rotational speeds of (a) 400 rpm, (b) 600 rpm and (c) 800 rpm. 

The hardness maps show higher hardness at the SZ of the mixed alloys compared to 

the skin base material AA2024-T4 at the rotational speeds of 400 and 600 rpm, as shown 

in Figure 7a,b. This increase in the hardness at the SZ can be attributed to two reasons: (i) 

high proportion of the AA7075-T6 (high hardness alloy) in the SZ and (ii) the finer grain 

size (dynamically recrystallized) at SZ compared to the base material. According to Hall-

Petch relation [29], smaller grain size leads to harder material property. The increasing 

amount of AA7075-T6 material in the microstructure of the stir zone seems to be also a 

reason for the higher hardness measured within the nugget zone of the T-butt joint. The 

highest rotational speed of 800 rpm leads to higher heat generation and slower cooling 

rate and then causes the formation of relatively coarse grains. And also, leads to the for-

mation coarser precipitates during re-precipitation in the cooling cycle, thus result in 

lower hardness in the SZ and TMAZ compared to other joints welded at 400 and 600 rpm. 

The lower hardness observed in the HAZ of both advancing side (AS) and retreating side 

(RS) of the joints are results of coarsening and dissolution of strengthening precipitates 

[1–3,13,30]. No obvious differences are seen in the mean values of hardness of HAZ at 

both the AS and RS of all the welded joints. For the T-joint welded at 800 rpm, a wider 

softened area evidenced with slightly lower hardness in the SZ as well as in the HAZ of 

both sides. The slight lower hardness in the SZ and the wider softened region in this joint 

can be attributed to the high heat input experienced which affects the precipitates coars-

ening and/or dissolution. The softening behavior at HAZ with a minimum hardness rang-

ing from 98 to 105 Hv is observed. The observed best joint hardness at a rotational speed 

of 600 rpm which gives proper mixing with adequate generated heat and cooling rate at 

travel speed of 50 mm/min. 

The hardness profile of friction stir welded of heat-treatable AA2024 and AA7075 

aluminum alloys depends strongly on the grain size structure, and the precipitates in 

terms of type, amount, morphology and distribution [4,5]. The difference in grain shape 

and size of the two base materials is surely important. Furthermore, the amount of solute 

atoms (Zn, Mg and Cu) of the mixed two materials is also an essential reason of the high 

hardness in the nugget zone. 

Figure 7. Hardness maps of the T-butt joint AA2024-T4 and AA7075-T6 friction stir welded at different rotational speeds of
(a) 400 rpm, (b) 600 rpm and (c) 800 rpm.

The hardness maps show higher hardness at the SZ of the mixed alloys compared to
the skin base material AA2024-T4 at the rotational speeds of 400 and 600 rpm, as shown
in Figure 7a,b. This increase in the hardness at the SZ can be attributed to two reasons:
(i) high proportion of the AA7075-T6 (high hardness alloy) in the SZ and (ii) the finer
grain size (dynamically recrystallized) at SZ compared to the base material. According
to Hall-Petch relation [29], smaller grain size leads to harder material property. The
increasing amount of AA7075-T6 material in the microstructure of the stir zone seems to
be also a reason for the higher hardness measured within the nugget zone of the T-butt
joint. The highest rotational speed of 800 rpm leads to higher heat generation and slower
cooling rate and then causes the formation of relatively coarse grains. And also, leads
to the formation coarser precipitates during re-precipitation in the cooling cycle, thus
result in lower hardness in the SZ and TMAZ compared to other joints welded at 400
and 600 rpm. The lower hardness observed in the HAZ of both advancing side (AS) and
retreating side (RS) of the joints are results of coarsening and dissolution of strengthening
precipitates [1–3,13,30]. No obvious differences are seen in the mean values of hardness
of HAZ at both the AS and RS of all the welded joints. For the T-joint welded at 800 rpm,
a wider softened area evidenced with slightly lower hardness in the SZ as well as in the
HAZ of both sides. The slight lower hardness in the SZ and the wider softened region in
this joint can be attributed to the high heat input experienced which affects the precipitates
coarsening and/or dissolution. The softening behavior at HAZ with a minimum hardness
ranging from 98 to 105 Hv is observed. The observed best joint hardness at a rotational
speed of 600 rpm which gives proper mixing with adequate generated heat and cooling
rate at travel speed of 50 mm/min.

The hardness profile of friction stir welded of heat-treatable AA2024 and AA7075
aluminum alloys depends strongly on the grain size structure, and the precipitates in terms
of type, amount, morphology and distribution [4,5]. The difference in grain shape and size
of the two base materials is surely important. Furthermore, the amount of solute atoms
(Zn, Mg and Cu) of the mixed two materials is also an essential reason of the high hardness
in the nugget zone.
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3.4. SEM Investigation

As noted by optical examinations of the welded joints (Figure 8) and confirmed with
the two modes SEM investigations (Figure 9) the initial coarse elongated grains of the as-
received AA2024-T4 and AA7075-T6 base alloys are thermomechanically deformed during
FSW and resulted in new recrystallized equiaxed fine grain structures. The microstructures
display also fine precipitates decorated the grain boundaries of the fine grains of both
AA2024 and AA7075, Figure 8a–f. In addition, coarse and fragmented precipitates are
detected in the SZ of the T-joints as given in VCD-mode images Figure 8b,e respectively.
Moreover, the friction stir welded AA7075 alloy shows finer recrystallize grain size than
that of AA2024 alloy, Figure 8d.
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Figure 8. SEM microstructure of Friction stir welded T-joints at different rotational speeds: (a) ETD
mode at 400 rpm, (b) in VCD mode, (c) ETD at 600 rpm, (d) low magnification in ETD at 800 rpm,
(e) in VCD and (f) high magnification of the selected area (D) in (d).

The FSW and FSP lead to significant change in size and morphology of the precipitates.
It can be effectively refined and redistributed both soluble and insoluble particles in
precipitation strengthening non-ferrous alloys [31,32]. The precipitates in different regions
of FSW zones are strongly function of the local thermo-mechanical cycles. The evolved
microstructures in the SZ of the friction stir welded dissimilar T-joints at different rotational
speeds are expected to be very complex. In fact, the precipitation phenomena need more
research and still out of completely understood [33]. The current study is roughly an
important attempt to evaluate morphologies and types of formed precipitates in the SZ
of the Friction stir welded T-butt joints of AA2024-T4 and AA7075-T6. This attempt is
extended to relate the precipitates influence on the recrystallization process during FSW.
The precipitates display four types of morphologies: irregular, almost-spherical, spherical
and rod-like and marked by symbols I, A–S, S and R, respectively. These morphologies are
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shown in the SZ of all the welded joints at the different rotational speeds (400–800 rpm)
and typically observed as given for example in Figure 8c.
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Generally, the 2024 and 7075 Al-alloys have unstable nature of precipitates. This
means that, the precipitates can coarsen and transformed into more stable precipitates,
and/or undergo partial or complete dissolution during suffering high temperatures and
may reappear in various morphologies, amounts and crystal structures during cooling.

Precipitates may accelerate or retard the recrystallization process depending on their
size and volume fraction. Coarse particles can intensify the driving force of recrystallization
and act as nucleation sites, which is known as particle stimulated nucleation (PSN). In
contrast, relatively finer particle can retard recrystallization by the particle pinning of
the grain boundaries, which is referred to as “Zener Pinning” [34]. Figure 9 shows two
examination modes SEM microstructure of Friction stir welded sample at 400 rpm, where
location 1 represents fine Dynamically recrystallized (DRX) grains adjacent to coarse
particle. However, location 2 denotes coarse DRX grains at a distance from the coarse
particles. PSN mechanism is observed to be more effective when the precipitates are present
near the grain boundaries rather than within the grain, where the local strain gradient is
relatively lower [34,35].

Coarse thermal stable and non-deformable particles interact with moving dislocations
producing dislocation piled-ups or loops at the particle-matrix interface, which generates
a local strain mismatch at the interface. This local strain field then eases the operation of
different slip systems at the interface, which causes the surrounding matrix to rotate to fit
the external matrix, creating the so-called particle deformation zone (PDZ) [35,36]. Further
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hot deformation, of such PDZs makes them favorable nucleation sites for recrystallization.
Due to the high dislocation density in a PDZ, recovery takes place by the formation of new
sub-grains, which then increases the misorientation by absorbing more dislocations. When
this misorientation achieves from 10 to 15◦, a likely recrystallization nuclei has evolved
that may then grow into the surrounding matrix [37].

3.5. BM Grain Structure and Texture

For all the welded T-joint, the SZ is mixed regions of AA2024-T4 and AA7075-T6.
Degree of mixing enhances as the plasticity of the two Al-alloys increases during the
FSW. The plasticity of both alloys is related to the amount of heat input introduced to
the work-piece. Actually, plasticity increases as the rotational welding speeds increase
at the constant welding parameters. Selected areas of both Al-alloys in the SZ have been
analyzed in terms of inverse pole figure (IPF) coloring maps and texture and compared
with the as-received features of BMs. Figure 10 shows the IPF coloring maps with respect
to the rolling direction (RD) and grain boundary (GB) maps of the BMs (a) AA2024-T4
and (b) AA7075-T6 Al alloys. It can be observed that the BMs are almost similar in terms
of grain structure and low angle boundaries (LABs) distributions. The grain shapes are
that of the typical rolled materials characterized by large and elongated grains. The GB
maps are almost free of LABs, which indicate that both materials were in full-recovered
state. The AA2024-T4 Al-alloy showed an average grain size of 47 µm and the AA7075-T6
Al-alloy revealed relatively finer average grain size of 43 µm, as obtained from the grain
size distribution histogram shown in Figure 11a,b, respectively. The misorientation angle
distribution displays very low density of LABs for the as-received materials, as shown in
Figure 11a,b. In terms of texture the 101 and 111 pole figures (PFs) illustrated in Figure 12
fairly shows the rolled texture of the fcc metals although the number of grains obtained in
the analyzed areas are limited number.
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3.6. Grain Structure and Texture of Friction Stir Welded T-Butt Joints

The SZ of the T-butt joint Friction stir welded AA2024-T4 and AA7075-T6 has been
investigated using EBSD by acquiring data at AA2024-T4 and AA7075-T6 regions. The
IPF coloring maps with respect to the ND and their corresponding grain boundary maps
are presented in Figure 13. It can be observed that the grain structure in both regions is
dynamically recrystallized of equiaxed grains. Geometric dynamic recrystallization has
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been suggested by number of researchers to be the main recrystallization mechanism in
the SZ of the welded aluminum [38,39]. In terms of grain size, it can be noted that in
comparison to the BMs it is extremely fine, however a variation in the grain size can be
observed between AA2024-T4 and AA7075-T6 regions, Figure 13a,b, respectively. The
AA2024-T4 region exhibits coarser grain size relative to the AA7075-T6. The GB maps of the
EBSD data obtained from the SZ of the T-butt Friction stir welded joint between AA2024-T4
and AA7075-T6 are presented in Figure 14. The maps are consisted of HAGB > 15◦ of
the major density and a lower density of the LAB (5–15◦). The examined SZ areas of
AA2024-T4 and AA7075-T6 dominate mainly by HAGBs > 15◦ with a fraction of 0.801 and
0.924, respectively. While the value of LAGBs 5–15◦ displays with a fraction of 0.113 and
0.071, respectively.

Metals 2021, 11, x FOR PEER REVIEW 13 of 19 
 

 

suggested by number of researchers to be the main recrystallization mechanism in the SZ 

of the welded aluminum [38,39]. In terms of grain size, it can be noted that in comparison 

to the BMs it is extremely fine, however a variation in the grain size can be observed be-

tween AA2024-T4 and AA7075-T6 regions, Figure 13a,b, respectively. The AA2024-T4 re-

gion exhibits coarser grain size relative to the AA7075-T6. The GB maps of the EBSD data 

obtained from the SZ of the T-butt Friction stir welded joint between AA2024-T4 and 

AA7075-T6 are presented in Figure 14. The maps are consisted of HAGB > 15° of the major 

density and a lower density of the LAB (5–15°). The examined SZ areas of AA2024-T4 and 

AA7075-T6 dominate mainly by HAGBs > 15° with a fraction of 0.801 and 0.924, respec-

tively. While the value of LAGBs 5–15° displays with a fraction of 0.113 and 0.071, respec-

tively. 

This data is presented as misorientation angle distribution histogram for the two al-

loys in Figure 14a,b with the corresponding grain size distribution. The average grain size 

of the AA2024-T4 is about 11 µm while that of the AA7075-T6 is about 6µm as given in 

Figure 14a,b, respectively. This variation can be attributed to the variation in the chemical 

composition of the two alloys and in consequently to the different types of precipitates in 

the two alloys. Ahmed et al. [2] in their study of similar and dissimilar Friction stir welded 

AA7075 and AA5083 reported a variation in the resulted grain size between the AA7075 

and the AA5083 inside the same SZ of the dissimilar joints. In terms of the misorientation 

angle distribution which clearly showing an increase in the LABs density for the data ob-

tained in the AA2024-T4. In terms of texture, the 101 and 111 PFs of this data also calcu-

lated and presented in Figure 15a,b. The two alloys show the simple shear texture with 

only about two times random. This is typical type of texture reported to be obtained in 

the SZ of the Friction stir welded aluminum alloys [27,40–42]. Crystallographic texture 

affects the mechanical properties of materials as it expresses the orientation of the crystal-

lographic plans relative to the material reference axes [13]. This directly affects the align-

ment of the slip systems relative to the axis of the applied load. This why the isotropic 

materials that of random texture has the same mechanical properties in all direction while 

in contrast the anisotropic material that of strong texture its mechanical properties varied 

based on the direction of the applied load relative to the material reference axes [43–46]. 

 

Figure 13. IPF coloring maps and their corresponding grain boundary maps for SZ of T-butt Fric-

tion stir welded joint AA2024-T4 and AA7075-T6 produced at 600 rpm, where (a) at AA2024-T4 
Figure 13. IPF coloring maps and their corresponding grain boundary maps for SZ of T-butt Friction
stir welded joint AA2024-T4 and AA7075-T6 produced at 600 rpm, where (a) at AA2024-T4 region
and (b) at AA7075-T6 region in the joint produced at 600 rpm. The positions at which the EBSD data
collected are indicated with two red rectangles on the macrograph of the joint below the figure. The
IPF maps key coloring, grain boundary legend and FSW axes are also presented below the figure.

This data is presented as misorientation angle distribution histogram for the two
alloys in Figure 14a,b with the corresponding grain size distribution. The average grain
size of the AA2024-T4 is about 11 µm while that of the AA7075-T6 is about 6 µm as given in
Figure 14a,b, respectively. This variation can be attributed to the variation in the chemical
composition of the two alloys and in consequently to the different types of precipitates in
the two alloys. Ahmed et al. [2] in their study of similar and dissimilar Friction stir welded
AA7075 and AA5083 reported a variation in the resulted grain size between the AA7075 and
the AA5083 inside the same SZ of the dissimilar joints. In terms of the misorientation angle
distribution which clearly showing an increase in the LABs density for the data obtained
in the AA2024-T4. In terms of texture, the 101 and 111 PFs of this data also calculated
and presented in Figure 15a,b. The two alloys show the simple shear texture with only
about two times random. This is typical type of texture reported to be obtained in the SZ of
the Friction stir welded aluminum alloys [27,40–42]. Crystallographic texture affects the
mechanical properties of materials as it expresses the orientation of the crystallographic
plans relative to the material reference axes [13]. This directly affects the alignment of the
slip systems relative to the axis of the applied load. This why the isotropic materials that of
random texture has the same mechanical properties in all direction while in contrast the
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anisotropic material that of strong texture its mechanical properties varied based on the
direction of the applied load relative to the material reference axes [43–46].
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presented in Figure 13, where (a) AA2024-T4 and (b) AA7075-T6.

3.7. T-Butt Joints Tensile Properties

Figures 16 and 17 show photographs of typical fracture locations of Friction stir
weldedAA2024-T4 and AA7075-T6 T-butt joints, which were pulled along skin and stringer,
respectively. For the welded specimens at 400 rpm pulled along skin (Figure 17a) fracture
occurs at the SZ in the RS. This may be attributed to reduction of hardness at the interface
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between AA2024-T4 skin and AA7075-T6 stringer (Figure 7a) for the T-joint as a result of
insufficient heat input for good mixing in the SZ of the dissimilar aluminum alloys. For 600 rpm,
fracture occurs at HAZ region in the RS of AA2024-T4 skin, as shown in Figure 17b. This in
agreement with the distribution of the lowest value of hardness in hardness map (Figure 7b)
of the joint. For 800 rpm, fracture occurs at TMAZ of RS of the skin, as shown in Figure 17c.
This may be ascribed to the lowering hardness map (Figure 7c) in the weld joint as a result
of higher heat input.
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(b) 600 rpm, and (c) 800 rpm.

Furthermore, the fracture locations of T-butt welded specimens along stringer are
shown in Figure 17. For 400 rpm, Figure 17a, fracture occurs at center of the SZ. It coin-
cides with the variation of hardness values in hardness map (Figure 7a) due to insufficient
mixing of AA2024-T4 and AA7075-T6 in the SZ at the lowest rotational speed. For 600 rpm,
Figure 17b, the fracture occurs at HAZ in stringer part. It is in good agreement with the
lowest hardness values in hardness map (Figure 7b) of stringer AA7075-T6. For 800 rpm,
Figure 17c, the fracture occurs at SZ. It coincides with the reduction of hardness values in
SZ in hardness map compared to BM AA2024-T4 (Figure 7c).

Joint Efficiency

Joint efficiency of the welded material means the ratio of ultimate tensile strength
(UTS) of the joint to the UTS of its base material. It gives an important perception for the
joint quality and the mechanical property of the joint. Thus, tensile tests of the produced
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T-butt joints were carried out along the skin and stringer directions. Figure 18 shows
the joint efficiencies along the skin and stringer of the AA2024 and AA7075 T-butt joints
produced using the welding parameters of 400, 600 and 800 rpm rotational speeds, and a
constant travel speed of 50 mm/min. For the skin tensile test (perpendicular to welding
direction), Figure 18a shows no significant difference in the efficiency values between joints
welded at 400 and 600 rpm, while the rotational speed increases from 600 to 800 rpm the
efficiency decreases from 83.40 % to reach 72.02 % of the base metal AA2024-T4. Tensile
properties in the direction of stringer (perpendicular to welding direction) are given in
Figure 18b. It can be seen that the joint efficiencies along stringer increases with increasing
tool rotational speeds. The T-butt joints produced at 800 rpm displays the highest joint
efficiency of 52.30% of the base metal AA2024-T4. It can be noted from Figure 18a,b, that
the joint efficiencies of all produced T-butt joints along the stringer are lower than those of
all joints along the skin. This trend is in good agreement with the results obtained by Cui
et al. [37] for the similar AA6061-T4 T-butt joints (C-series). Furthermore, they reported
that all T-joint efficiencies showed tendency to enhancement with increasing the rotational
speeds at constant travel speed.
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Figure 18. Joint efficiencies against rotational speeds for the T-butt joints of 2024-7075 Al alloys;
(a) tensile tested along the skin and (b) along the stringer directions.

It can be noted that or the joint welded at 800 rpm the joint efficiency along the
skin direction is the lowest and for the stringer direction is the highest as shown in
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Figure 18a,b can be due to two reasons. First, the reduction in the hardness relative
to the other two revolution speeds as shown in Figure 7, due to the increased heat input.
Second, the reduced skin thickness due to the pressing effect of the shoulder (Figure 5),
this is not the case for tension in the stinger direction. Moreover, at 800 rpm the pressing
by the shoulder and the increased softening has generated larger fillet than the other two
lower rotation speeds (400 and 600 rpm). This large fillet represents more support for the
stringer leading to the highest joint efficiency.

The authors are still not satisfied with the attained joint efficiency especially in the
skin direction, so that further welding trials should be performed with other welding
parameters to overcome the reduction in the skin thickness due to the applied pressure by
the tool shoulder.

4. Conclusions

1. Sound T-joints are successfully produced with three plates in T-butt configuration;
(two AA2024 plates as skin and one AA7075 plate as stringer) at different rotation
speeds and constant traverse speed using FSW tool of large diameter pin of 12 mm to
enable one track FSW of the three pieces.

2. All T-butt joint specimens exhibit a W-shaped appearance hardness profiles along the
center line of the skin of the welds and reaches the highest level at 600 rpm.

3. Significant grain refining in stir zone of FSW welds is accompanied with dynamic
recrystallization compared with the as-received base metals. EDS analyses of the stir
zones of the T-joints show four types of precipitates; Al6(Mn,Fe,Cu), Al2Cu, Al2CuMg
and Al7Cu2Fe.

4. The differences between the AA2024-T4 and AA7075-T6 aluminum alloys in terms of
chemical composition, starting grain structure and type of precipitates have strong
impact on the recrystallization process, joint efficiency and failure mode of the Friction
stir welded T-butt joints.

5. Fracture surfaces along the skin and stringer of all T-welds indicate that the joint failed
through mixed modes of fracture, mainly ductile by locally deformed aluminum base
and partially brittle via hard phase particles.
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