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Abstract

As a solid-state joining technology, friction stir welding (FSW) exhibits significant advan-
tages for joining aluminium alloys, including low heat input and minimal formation of
intermetallic compounds, thereby enhancing joint quality and mitigating deformation. This
study investigates the single-sided and double-sided FSW processes of 3 mm thick 7075-T6
aluminium alloy sheets, focusing on characterising the microstructure and mechanical
properties of the joints. Experimental results show that at a rotational speed of 1500 rpm
and a welding speed of 80 mm/min, the double-sided co-directional FSW joint achieves a
tensile strength of 388 MPa and an elongation of 7.09%, significantly outperforming those
of the other two welding paths. In the weld nugget zone (WNZ), continuous dynamic re-
crystallization (CDRX) occurs, generating uniformly refined equiaxed grains (average size:
1.10 µm) and facilitating the transformation of low-angle grain boundaries (LAGBs) to high-
angle grain boundaries (HAGBs). Meanwhile, the strong rotated cube texture is remarkably
weakened and replaced by random recrystallized brass textures with the lowest kernel
average misorientation (KAM) value in the WNZ. In contrast, the thermo-mechanically
affected zone (TMAZ) accumulates a high density of LAGBs due to welding-induced plas-
tic deformation. Microhardness testing reveals a typical “W”-shaped distribution: WNZ
hardness is relatively high but slightly lower than that of the base metal (BM), and the
minimum hardness of the advancing side (AS) of the heat-affected zone (HAZ) is higher
than that of the retreating side (RS). This study confirms that double-sided co-directional
FSW crucially regulates microstructural evolution and improves the mechanical properties
of 7075-T6 aluminium alloy joints, providing a viable process optimisation strategy for
high-quality welding of thin-gauge sheets.

Keywords: solid-state welding; Al alloy joining; advanced joining process; FSW process;
multi-pass welding; joint’s grain refinement
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1. Introduction
Owing to their core properties including low density, high specific strength, and

superior heat treatment strengthening capability, 7xxx series high-strength aluminium
alloys have been widely adopted in high-end equipment manufacturing fields such as
aerospace and rail transit in recent years [1–3]. However, these alloys exhibit poor weldabil-
ity: traditional fusion welding processes tend to induce joint defects such as porosity, hot
cracking, alloying element burnout, and large workpiece deformation, severely limiting
their application in critical load-bearing structures. In contrast, friction stir welding (FSW),
a solid-state joining technology, can effectively circumvent these fusion welding-related
defects [4], offering an ideal solution for the reliable joining of 7xxx series aluminium alloys.

Invented by The Welding Institute (TWI) in the UK in 1991, FSW has achieved indus-
trialisation and practicality after more than three decades of development, demonstrating
great potential to replace traditional fusion welding processes in aluminium alloy fabri-
cation [5]. Its core welding principle involves the rotation of a stir tool at high speed as it
traverses along the welding direction; through the frictional heat generated and mechanical
stirring between the tool and the workpiece, the workpiece material undergoes plastic
flow to achieve metallurgical bonding [6,7]. This solid-state joining inherently prevents
aluminium alloy melting, effectively resolving defects that occur during fusion welding of
traditionally difficult-to-weld aluminium alloys [8]. Consequently, it exhibits significant
technical advantages in welding 7xxx series difficult-to-weld aluminium alloys [9].

In recent years, double-sided friction stir welding (FSW) technology for aluminium
alloys has advanced steadily. By optimising process parameters, selecting appropriate
tools, and refining post-treatment processes, researchers can effectively enhance the quality
of joint formation and mechanical properties to meet the welding requirements of high-
performance aluminium alloy components [10,11]. Compared with single-sided welding,
this technology is more suitable for thicker aluminium alloy sheets: the separate welding
of both sides of the workpiece overcomes the limitations of single-pass welding, achieves
more uniform heat distribution in the weld zone, and thereby improves the consistency
of joint cross-sectional formation. To date, scholars worldwide have conducted extensive
research on FSW of medium-thick 7xxx series aluminium alloys, accumulating substantial
foundational data.

Yuk S et al. [12] investigated FSW of 12 mm thick 7075 aluminium alloy sheets. Their re-
sults indicated that the weld nugget zone (WNZ) underwent grain refinement via dynamic
recrystallization, featuring low dislocation density. In contrast, the thermo-mechanically
affected zone (TMAZ) on both sides of the weld experienced severe plastic deformation
under the synergistic effect of mechanical force and thermal cycling, leading to a significant
increase in dislocation density and exhibiting distinct microstructural differences between
the two sides. Meanwhile, second-phase particles in the heat-affected zone (HAZ) exhibited
coarsening behaviour.

Canaday et al. [13] examined the mechanical properties of FSW joints in 30 mm thick
AA7050 aluminium alloy, further revealing the non-uniform microhardness distribution
along the thickness direction of the joint cross-section: the minimum microhardness at the
weld centre was significantly lower than that at the top and bottom regions. This finding
highlights the critical challenge of achieving through-thickness property homogeneity
in thick-plate FSW, which is a key driver for developing double-sided strategies. This
phenomenon is strongly associated with uneven heat distribution during welding: the
weld centre undergoes higher heat input, resulting in a more pronounced material softening
effect, whereas the top and bottom regions dissipate heat more rapidly, leading to relatively
milder softening.
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Reza-E-Rabby Md et al. [14] performed high-speed FSW butt-welding experiments
on 25.4 mm thick AA7175-T79 aluminium alloy. The results showed that double-sided
FSW joints exhibited significant grain refinement and high local strain. Compared with
low-speed single-sided FSW, their yield strength was enhanced by 20%–24%, and ten-
sile strength reached approximately 76% of the base material’s. This demonstrates the
potential of combining high-speed and double-sided techniques to substantially recover
joint strength.

Youlia RP et al. [15] demonstrated that for thicker aluminium alloy sheets, single-
sided FSW fails to ensure full-thickness joint formation quality, whereas double-sided
co-directional FSW (CDS-FSW) achieves more uniform heat transfer and effectively re-
duces welding defects by welding both sides of the workpiece separately. Their review
systematically compared the effectiveness of various double-sided FSW configurations,
identifying co-directional tool rotation as beneficial for defect suppression. Tang Y et al. [16]
conducted CDS-FSW experiments on 6061 aluminium alloy, showing that although this
process requires two welding passes, it can reduce single-pass welding difficulty in certain
scenarios, thereby improving overall welding efficiency. Hendrato H et al. [17] studied the
CDS-FSW performance of AA6061-T6 aluminium alloy and found that this process can
regulate grain size and phase distribution in the weld zone, thereby enhancing the joint’s
overall performance. Dwivedi VK et al. [18] compared single-sided and double-sided FSW
of AA6062 aluminium alloy, revealing that double-sided welding significantly improves
weld mechanical properties through grain refinement and strain hardening effects, while
reducing defects such as porosity and internal stress and enhancing joint fatigue strength
and overall welding quality.

7075-T6 aluminium alloy is a key material for aerospace thin-walled load-bearing
structures, such as aircraft fuselage skins and wing ribs. The microstructure and mechanical
properties of its welded joints directly determine component service safety and service life.
However, existing research has primarily focused on the FSW of medium-thick plates, with
studies on 3 mm thick 7075-T6 sheets remaining scarce. In particular, regarding the inter-
face regulation mechanism and microstructure–property correlation of CDS-FSW joints,
no systematic research findings have been established that can meet the requirements for
refined welding processes and high joint reliability in aerospace thin-walled structures.
Therefore, this study focuses on 3 mm thick 7075-T6 sheets, conducting FSW butt-welding
experiments using three welding paths. We analyse the macroscopic morphology, mi-
crostructure, microhardness distribution, tensile properties, and fracture morphology of
joints under optimal process parameters, combined with an examination of crystallographic
characteristics, including grain size, grain boundary fraction, kernel average misorienta-
tion, and texture evolution across different joint regions. We systematically elucidate the
mechanism by which CDS-FSW regulates the interface microstructure of 7075-T6 thin-sheet
welded joints and its consequent impact on mechanical properties. The findings provide a
theoretical and experimental foundation for optimising the welding process of this material
in thin-walled applications.

2. Materials and Methods
2.1. Friction Stir Welding (FSW)

The material employed in this experiment was 7075-T6 aluminium alloy sheets
(Hechuan Metal Materials Co., Ltd., Shanghai, China) with dimensions of 100 mm ×
50 mm × 3 mm, and their main chemical composition is presented in Table 1.
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Table 1. The main chemical composition of 7075-T6 aluminium alloy (wt.%).

Cu Mg Mn Fe Si Cr Zn Ti Al

1.65 2.36 0.22 0.31 0.23 0.24 5.72 0.1 Bal.

The experiment was performed using a dedicated FSW machine (model: FSW-RT31-
003), as illustrated in Figure 1. The stir tool comprised a shoulder and a stir pin: the
shoulder had a diameter of 10 mm, while the stir pin adopted a threaded conical-cylindrical
design with a diameter of 5 mm and a length of 2.5 mm. Before welding, the angle between
the central axis of the stir tool and the machine’s main spindle axis was calibrated to 0◦.
The welding parameters used in this study were selected based on extensive preliminary
trials across a wide range of rotational speeds (1000–1500 r/min) and welding speeds
(60–120 mm/min). The detailed welding parameters adopted in this paper are summarised
in Table 2. No obvious surface defects such as grooving or lack of fusion were observed
in the welded joints under these process parameters. All welds were performed at a
laboratory ambient temperature of 25 ◦C. For the double-sided welds, the second pass was
executed after the joint had cooled to room temperature following the first pass, effectively
setting the interpass temperature equal to the ambient temperature. The workpieces were
rigidly clamped onto a flat backing plate made of AISI 1045 tool steel with dimensions
of 300 mm × 200 mm × 20 mm. This setup provided consistent and conductive heat
dissipation conditions throughout the experiments.

Figure 1. (a) Friction stir welding equipment; (b) workpiece fixture; (c) stirring tool.
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Table 2. Experimental welding parameters adopted in this paper.

Test Number Welding
Method

Rotational
Speed
(r/min)

Welding Speed
(mm/min)

Plunge Depth
(mm)

1 SS-FSW 1500 60 0.2
2 DS-CD-FSW 1500 80 0
3 DS-CtD-FSW 1500 80 0

Three distinct welding approaches were adopted in the experiments, namely single-
sided friction stir welding (SS-FSW), double-sided co-directional friction stir welding
(DS-CD-FSW), and double-sided counter-directional friction stir welding (DS-CtD-FSW).
For the double-sided FSW (DS-FSW) tests, the welding procedure was conducted in two
sequential steps: Initially, the front side of the specimens was welded; subsequently, the
weld flash was removed to ensure surface flatness and smoothness. Subsequently, the
specimens were flipped over, and a second weld was executed at the identical starting
position of the first weld to produce DS-FSW joints. Specifically, DS-CD-FSW was defined
as the configuration in which the welding direction of the second pass was consistent
with that of the first pass, while DS-CtD-FSW was defined as the case where the two
passes were welded in opposite directions. Schematic illustrations of the welding processes
corresponding to the three approaches are presented in Figure 2.

Figure 2. Schematic diagram of the welding process: (a) single-sided friction stir welding;
(b) double-sided co-directional friction stir welding; (c) double-sided counter-directional friction
stir welding.
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2.2. Microstructure Characterisation

Subsequent to the welding experiments, metallographic specimens were prepared
from the weld regions, and the sampling configuration is illustrated in Figure 3c. Following
grinding and mechanical polishing, the specimens were etched with Keller’s reagent
(1 vol.% HF + 1.5 vol.% HCl + 2.5 vol.% HNO3 + 95 vol.% H2O), then promptly rinsed with
absolute ethanol and air-dried using a forced-air blower. The microstructural characteristics
of each joint region were examined using an Olympus GX53 metallographic microscope.
Crystallographic data of the welded joints were acquired using the electron backscatter
diffraction (EBSD) system integrated with an FEI Verios 460 field-emission scanning electron
microscope (FE-SEM), and the collected data were post-processed using TSL OIM Analysis
6 x64 (Version 6.2.0500) software.

Figure 3. (a) Schematic diagram of Vickers hardness indentations on cross-sectional microstructure;
(b) dimensions of tensile specimen; (c) schematic diagram of sampling for tensile specimens and
metallographic specimens.

Room-temperature X-ray diffraction (XRD) measurements were performed using a DX-
2700BH X-ray diffractometer. Prior to measurements, the specimen surfaces were polished
to a mirror finish using #1200-grit sandpaper. The diffractometer featured a maximum
power output of 3 kW, with its stability maintained within ±0.03%. The step increment
was set to 0.02◦, with a dwell time of 0.6 s per step. Cu Kα radiation (λ = 0.15405 nm) was
employed as the X-ray source, with a diffraction angle range of 10◦ to 100◦ and a scanning
rate of 5◦/min.

2.3. Mechanical Testing

Micro-Vickers hardness measurements of the welded joints were performed on the
weld cross-section using a HVS-1000 microhardness tester. The applied load was set
to 0.2 kgf, with a dwell time of 15 s. Measurements were initiated from the base metal
on one side, proceeding along the weld centerline at an interval of 0.2 mm between
adjacent indentations, until reaching the opposite base metal. The schematic of indentation
distribution for the joint microhardness test is illustrated in Figure 3a.

In accordance with the national standard GB/T228.1-2021 [19] Metal Materials—Tensile
Testing, standard tensile specimens were fabricated from the base metal and welded joints via

https://doi.org/10.3390/coatings16020186

https://doi.org/10.3390/coatings16020186


Coatings 2026, 16, 186 7 of 23

wire electrical discharge machining (WEDM), with the sampling direction perpendicular
to the welding direction. The dimensions of the tensile specimens and the sampling
configuration are depicted in Figure 3b,c. The surfaces of the tensile specimens were ground
to a smooth finish using sandpaper. Room-temperature tensile tests were performed on
a universal testing machine (model: WDW-100C) at a crosshead speed of 1 mm/min. To
ensure the reliability and reproducibility of the test results, three replicate specimens were
tested for each set of welding parameters, with the average value adopted as the final
result. Subsequently, the fracture morphology of the welded joints was characterised using
scanning electron microscopy (SEM), and the secondary-phase particles (solute-rich) in the
fracture regions were analysed using energy-dispersive X-ray spectroscopy (EDS).

3. Results and Discussion
3.1. Macroscopic Morphology Analysis

Figures 4 and 5 illustrate the macroscopic appearance and cross-sectional morphology
of friction stir welding welds of 7075-T6 aluminium alloy thin sheets under three distinct
welding paths.

Figure 4. Macroscopic appearance of welds under three welding paths: (a) SS-FSW; (b) DS-CD-FSW;
(c) DS-CtD-FSW.

Evident from Figure 4, the weld surfaces exhibit a smooth finish with dense and
well-ordered fish-scale patterns across all three welding paths, free of grooves or furrows.
Nevertheless, minor flash defects are observed in all cases. Compared with that on the
retreating side (RS) of the DS-FSW welds, the flash on the RS of the SS-FSW welds is more
pronounced. This phenomenon is presumably ascribed to the higher downward pressure
applied during the SS-FSW process (to ensure full backside penetration in SS-FSW, the
weld width is approximately 3 mm, as depicted in Figure 4a). The increased downward
pressure expands the contact area between the tool shoulder and the workpiece surface,
which in turn generates elevated frictional heat and greater axial force. Consequently, the
extrusion effect on the material in the weld zone is enhanced, leading to increased extrusion
of softened material from the weld region.
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Figure 5. Cross-sectional morphology of joints under three welding paths: (a) SS-FSW; (b) DS-CD-
FSW; (c) DS-CtD-FSW.

As shown in Figure 5, the cross-sections of the two DS-FSW joint types display distinct
hourglass-shaped characteristics, which are significantly different from the basin-shaped
cross-section of the SS-FSW joint. The weld widths under the three welding paths are
essentially consistent, whereas the weld height in SS-FSW is lower than that in DS-FSW.
For DS-FSW joints, an overlapping zone is formed in the central part of the weld, resulting
from the superposition effect of the two welding passes (i.e., front and back sides). In dual-
sided counter-directional FSW (DS-CtD-FSW) joints, the microstructures on the advancing
side (AS) and RS of the first weld pass, as well as those of the second weld pass, are
symmetrically distributed along the cross-sectional centerline, as presented in Figure 5c. In
contrast, the microstructures on the AS and RS of both the first and second weld passes in
dual-sided co-directional FSW (DS-CD-FSW) joints exhibit asymmetric distribution along
the centerline, as illustrated in Figure 5b.

Notably, obvious tunnel void defects were detected inside the DS-CtD-FSW joints
(Figure 5c), which are likely caused by insufficient metal filling in local regions during
the welding process. In comparison with the DS-CD-FSW joints (Figure 5b), only a small
number of finely dispersed micropores are present in the weld nugget zone (WNZ). This
indicates that the variation in welding direction exerts a significant influence on the forma-
tion of internal weld defects. When the welding parameters are improperly matched, the
metal extrusion rate inside the joint exceeds the metal filling rate, resulting in local negative
pressure that ultimately induces the formation of tunnel void defects.

3.2. Microstructural Analysis

During the FSW process, the base metal (BM), heat-affected zone (HAZ), thermo-
mechanically affected zone (TMAZ), and weld nugget zone (WNZ) are located at different
distances from the weld centre. These zones experience significantly different degrees
of deformation and thermal cycles, which in turn induce distinct positional variations
in microstructure.

Figure 6 presents the microstructures of different zones in 7075-T6 aluminium alloy
FSW joints fabricated via the three welding paths. Comparison of the metallographic
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micrographs of each zone across the three welding paths reveals that welding paths exert a
notable influence on both the grain refinement effect and deformation characteristics of the
microstructure in each zone. The BM exhibits a lath-like structure aligned along the rolling
direction, with grains predominantly forming a uniformly distributed banded structure.
The grain boundaries are well-defined, without obvious deformation or recrystallization
features, as illustrated in Figure 6a,e,i. Under all three welding paths, the BM retains its
banded structure along the rolling direction, with no significant deformation or recrystal-
lization observed. This indicates that the welding heat input has not exerted a substantial
impact on the original microstructure of the BM.

Figure 6. Metallographic images of each zone of the joints under the three welding paths. BM (a,e,i),
HAZ (b,f,j), TMAZ (c,g,k), and WNZ (d,h,l).

The HAZ is adjacent to the BM and relatively distant from the stir tool. During
welding, this zone undergoes no significant plastic deformation; however, thermal cycling
effects induce a slight grain growth tendency compared to the BM [20], as shown in
Figure 6b,f,j. The grain growth behaviour in the HAZ is closely associated with the heat
input distribution of the welding path. For DS-FSW joints, the microstructure is subjected
to dual heat inputs, resulting in a slightly larger grain size than that in SS-FSW joints.
Furthermore, the degree of grain growth in DS-CD-FSW joints is lower than that in DS-
CtD-FSW joints. This suggests that heat diffusion is more uniform in DS-CD-FSW, which
effectively inhibits grain coarsening.

The TMAZ is synergistically influenced by the mechanical shear action of the stir tool
and welding heat input. Compared to the WNZ, the shear action in the TMAZ is weaker,
leading to insufficient deformation to induce complete grain recrystallization. Driven by the
rotation of the stir tool, grains in this zone undergo partial deformation. Additionally, the
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deformation degree of the TMAZ varies significantly with the welding path. Figure 6c,g,k
display the microstructures of the AS-TMAZ under the three welding paths. For DS-FSW
joints, the grain distortion is more severe, with obvious grain boundary bending induced
by shear action; some grains are elongated along the stirring direction to form a fibrous
structure. In contrast, for SS-FSW joints, the TMAZ is only subjected to stirring action on
one side, resulting in inadequate shear force transmission and the minimum degree of
grain deformation. Moreover, this zone retains the lath-like characteristics of numerous
original grains.

The WNZ is in direct contact with the stir tool. Under the combined effects of thermal
action and shear force, the original fibrous grains undergo rapid plastic deformation accom-
panied by dynamic recrystallization, ultimately transforming into fine equiaxed grains [21],
as presented in Figure 6d,h,l. The two DS-FSW processes exhibit more significant grain
refinement effects and more uniform grain distribution compared to SS-FSW. This is at-
tributed to the fact that the rotating stir tool applies shear force twice on the upper and
lower surfaces of the workpiece, leading to more intense plastic deformation and dynamic
recrystallization of the material [22]. Obvious black particles are observed in the WNZ
of SS-FSW joints, which are presumably incompletely fragmented second-phase particles.
In contrast to DS-FSW joints, the stir tool only exerts shear action on the upper surface
of the workpiece during SS-FSW, resulting in weaker plastic deformation of the material
and inadequate refinement and dispersion of second-phase particles. Consequently, more
large-sized black particles are retained in the WNZ. No obvious dynamically recrystallized
grain refinement zone is formed around these incompletely fragmented second-phase
particles, indicating their weak hindering effect on grain boundary migration. This is also
one of the reasons why the grain refinement effect in the WNZ of SS-FSW joints is inferior
to that of DS-FSW joints.

The comparison of the microstructures across different zones reveals a gradient varia-
tion in grain morphology from the BM to the WNZ, transitioning from a banded structure
to a partially deformed structure and ultimately to fine equiaxed grains. This variation
directly reflects the differences in thermo-mechanical coupling effects imposed on each
zone during the FSW process.

Electron backscatter diffraction (EBSD) analysis was conducted to investigate in depth
the evolution characteristics of the microstructure in each zone of DS-CD-FSW 7075-T6
aluminium alloy thin-sheet joints, including grain size, grain boundary characteristics,
texture, and orientation distribution, among other key aspects.

Figure 7 presents the inverse pole figures (IPFs) and grain size distribution histograms
of each zone in the joint. It is evident from the figures that the BM exhibits lath-shaped
grains with long axes aligned parallel to the rolling direction, featuring an average grain
size of 24.05 µm and a relatively high proportion of grains around 20 µm. Compared to the
BM, the HAZ exhibits no significant change in grain morphology, with an average grain
size of 24.68 µm and a predominant proportion of grains around 24 µm. This is attributed
to the thermal effect experienced only by the HAZ during welding, resulting in a marginal
increase in grain size relative to the BM.

The TMAZ grains display distinct deformation features, characterised by significant
plastic deformation, grain elongation or fragmentation, and curved, irregular grain bound-
aries. The TMAZ has an average grain size of 8.43 µm and an uneven grain size distribution,
with relatively high proportions of grains around 2 µm, around 13 µm, and larger than
20 µm. In contrast, the WNZ is fully transformed into fine equiaxed grains, exhibiting a
substantial reduction in grain size and well-defined, uniformly distributed grain bound-
aries. This is primarily attributed to the fact that the WNZ undergoes continuous dynamic
recrystallization (CDRX) under the synergistic effects of intense mechanical stirring by the
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stir tool and frictional heating. The original lath-shaped grains in the BM are thoroughly
refined and reconstructed, resulting in an average grain size of merely 1.10 µm and a
relatively concentrated grain size distribution. The average grain size in the WNZ is refined
to approximately 1.10 µm. This represents a significant refinement compared to the BM at
24.05 µm and is also finer than the typical WNZ grain sizes often in the range of 3–8 µm
reported for single-sided FSW of 7075 aluminium alloy [12]. This enhanced refinement is a
direct consequence of the more severe plastic deformation and complete dynamic recrys-
tallization induced by the sequential stirring from both sides in the DS-CD-FSW process,
aligning with the observations of Reza-E-Rabby Md et al. [14] on double-sided welding.

Figure 7. IPF maps and grain size distribution histograms of each zone in DS-CD-FSW joint of
7075-T6 aluminium alloy: BM (a,e), HAZ (b,f), TMAZ (c,g), and WNZ (d,h).

Figure 8 depicts the grain boundary (GB) maps and grain orientation difference
distribution histograms of each zone in the joint. The GB maps illustrate the distribution of
grain boundaries, categorised into low-angle grain boundaries (LAGBs, 2◦–15◦, denoted by
red lines) and high-angle grain boundaries (HAGBs, >15◦, denoted by blue lines). The BM
exhibits a high HAGB fraction of 94.3%, while the LAGB and HAGB fractions in the HAZ
are comparable to those in the BM.

Notably, the TMAZ exhibits a substantial increase in LAGB density. This is because the
TMAZ undergoes intense mechanical stirring during FSW, inducing severe plastic defor-
mation of grains and a sharp increase in dislocation density [23]. Concurrently, the welding
thermal cycle experienced by the TMAZ facilitates the migration and recombination of
partial dislocations, further promoting LAGB formation. Consequently, the LAGB fraction
in the TMAZ is significantly higher than that in the BM and HAZ. In contrast, the WNZ
undergoes dynamic recrystallization, which converts a significant number of LAGBs into
HAGBs [24].

Figure 9 presents the grain orientation spread (GOS) maps of each zone in the 7075-T6
aluminium alloy DS-CD-FSW joint. GOS is widely employed to characterise the recrystal-
lization fraction of materials. Typically, recrystallized grains exhibit low GOS values (0–2◦),
recovered grains display medium GOS values (2◦–7◦), and deformed grains show high
GOS values (>7◦) [25].
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Figure 8. GB maps and grain orientation difference distribution histograms of each zone in DS-CD-
FSW joint of 7075-T6 aluminium alloy: BM (a,e), HAZ (b,f), TMAZ (c,g), and WNZ (d,h).

Figure 9. GOS maps of each zone in the DS-CD-FSW joint of 7075-T6 aluminium alloy: (a) BM;
(b) HAZ; (c) TMAZ; (d) WNZ.

As evidenced by the figure, the base metal (BM) displays a relatively homogeneous
grain orientation, with the majority of GOS values distributed within the low range. This
indicates that the BM is predominantly composed of recrystallized grains, which is consis-
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tent with the absence of complex stress and thermal effects on this zone during welding.
Compared to the BM, the HAZ exhibits a moderate increase in GOS values, with partial
formation of recovered grains. This is presumably attributed to the welding thermal cy-
cle, which induces a certain degree of dislocation migration and recombination within
the grains.

The TMAZ exhibits a wide distribution of GOS values, with recrystallized grains
accounting for 34.5% and deformed grains accounting for 17.7%. This is because the TMAZ
is simultaneously subjected to mechanical stirring by the stir tool and welding thermal
cycling during the FSW process. Mechanical stirring induces severe plastic deformation
of grains in this zone, leading to grain fragmentation and orientation variation, thereby
generating a certain proportion of deformed grains. Meanwhile, the welding thermal
cycle provides energy for grain recovery and recrystallization, facilitating dislocation
migration and recombination within grains and forming a certain number of recrystallized
grains. Such a complex thermo-mechanical environment results in diverse grain states in
the TMAZ.

In contrast, the WNZ generally exhibits low GOS values, dominated by recrystallized
grains. During welding, the WNZ is located at the centre of intense stir tool action, where
grains are fully fragmented and mixed. The formation of recrystallized grains renders
the grain orientation in the WNZ relatively uniform. Compared to other zones, the WNZ
exhibits a higher recrystallization degree, with finer and more uniform grains. This uniform,
fine recrystallized grain structure exerts a significant influence on the mechanical properties
of the WNZ.

Figure 10 presents the kernel average misorientation (KAM) maps of each zone in the
joint. Quantitative analysis of KAM values enables further confirmation of the plastic defor-
mation degree and internal stress distribution characteristics across different zones. Evident
from the maps are significant differences in KAM value distribution among various zones.

Figure 10. KAM maps of each zone in DS-CD-FSW joint of 7075-T6 aluminium alloy: (a) BM;
(b) HAZ; (c) TMAZ; (d) WNZ.
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Notably, the BM exhibits generally low KAM values, indicating minimal lattice distor-
tion within the grains. This is attributed to the fact that the BM is not subjected to welding
thermal cycling or mechanical loading. The HAZ exhibits slightly higher KAM values
than the BM, attributed to the influence of welding heat input, which induces a moderate
degree of plastic deformation and dislocation accumulation within the grains. However,
the deformation degree here is relatively mild compared to that of the TMAZ.

The TMAZ exhibits significantly higher KAM values than other zones, primarily
due to intense mechanical stirring and shearing effects during FSW. These effects induce
severe plastic deformation of grains, a substantial increase in dislocation density, and a
sharp intensification of lattice distortion [26]. In contrast, the WNZ exhibits the lowest
KAM values, as dynamic recrystallization during welding results in a relatively moderate
intragranular stress state [27,28].

Pole figure (PF) and orientation distribution function (ODF) maps enable comprehen-
sive characterisation of the texture characteristics of materials, facilitating the identification
of primary texture components and texture intensities across various zones. Figure 11
presents the PF and ODF maps of the BM, HAZ, TMAZ, and WNZ.

Figure 11. PF maps and ODF maps of each zone of the joint: (a) BM; (b) HAZ; (c) TMAZ; (d) WNZ.

As illustrated in Figure 11a, PF analysis of the 7075-T6 aluminium alloy BM reveals a
basal texture with a maximum intensity of 4.791. For the (100) crystal plane orientation,
distinct intensity peaks are observed parallel to the normal direction (ND) and at the
45◦ angle between the rolling direction (RD) and transverse direction (TD), which are
characteristic of the rotated cube texture. Evident from the BM’s ODF map is a texture
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density of 8.742, with the BM predominantly composed of the (100)[110] rotated cube
texture, accompanied by a weaker (110)[111] cube texture.

For the HAZ in Figure 11b, PF analysis indicates a basal texture with a maximum
intensity of 5.305. In the (100) crystal plane orientation, a prominent intensity peak is
detected parallel to the ND; in the (110) crystal plane orientation, an intensity peak appears
at the 45◦ angle between the RD and TD, suggesting the dominant presence of the cube
texture. The HAZ’s ODF map shows a texture density of 6.879, mainly consisting of a
relatively strong (100)[021] 25◦ rotated cube texture, along with weaker (110)[111] and
(221)[110] textures. As the HAZ is primarily affected by welding thermal cycles, its texture
exhibits similarity to the as-received processing texture of the base metal.

Regarding the TMAZ in Figure 11c, PF analysis yields a basal texture with a maximum
intensity of 2.051, which is significantly lower than those of the BM and HAZ. For the (100)
crystal plane orientation, a distinct intensity peak is observed at the 45◦ angle between the
RD and TD (a signature of the rotated cube texture); for the (110) crystal plane orientation, a
prominent intensity peak appears parallel to the TD. This phenomenon is attributed to the
synergistic effects of mechanical shear from the stir tool and welding thermal cycles during
FSW: shear stress along the TD facilitates grain plastic deformation, thereby inducing
the formation of the intensity peak in this direction. The TMAZ’s ODF map reveals a
texture density of 4.121, lower than those of the BM and HAZ. This is because partial
recrystallization induced by thermal effects has reduced the overall texture density, with
the TMAZ characterised by relatively strong (012)[821], (015)[351], and (114)[211] textures,
as well as a weaker (001)[310] texture. The underlying mechanism involves a certain degree
of plastic deformation in the TMAZ, which causes grain elongation and the formation of
deformation textures; concurrently, shear force induces the generation of shear textures.

In the WNZ in Figure 11d, PF analysis shows a basal texture with a maximum in-
tensity of 1.841, the lowest among all the zones. For the (100) crystal plane orientation, a
distinct intensity peak is detected at the 30◦ angle between the RD and TD, a characteristic
feature of the brass texture. The WNZ’s ODF map exhibits a texture density of 2.311,
consisting predominantly of numerous brass recrystallization textures (e.g., (223)[122],
(014)[541], and (111)[110] BrassR) and a small amount of (100)[110] rotated cube texture. In
the WNZ, severe plastic deformation and elevated temperatures promote grain dynamic
recrystallization. The orientations of these newly formed grains differ from those of the
original grains, thereby altering the overall texture of the WNZ. During dynamic recrys-
tallization, continuous grain nucleation and growth occur; furthermore, enhanced atomic
diffusion under high-temperature conditions imparts a certain degree of randomness to
the orientations of the newly formed grains, which effectively weakens the intensity of the
original texture [29]. Meanwhile, the welding stress field influences the growth direction
of recrystallized grains: some grains preferentially grow along directions favourable to
the applied stress, resulting in a more complex texture composition in the WNZ. This
zone contains both weak textures formed by random orientations and specific orientation
textures generated by stress-induced growth. Such texture variations directly affect the
mechanical properties of the WNZ.

3.3. XRD Analysis

The thermal cycles associated with FSW modulate the composition and distribution of
precipitated phases in the WNZ [30]. The X-ray diffraction (XRD) patterns are presented in
Figure 12. The BM exhibits distinct characteristic peaks of MgZn2 (η’ phase) at 2θ = 38.5◦,
44.7◦, and 65.1◦, as well as characteristic peaks of Al2CuMg (S phase) at 2θ = 19.2◦, 44.5◦,
and 66.1◦. This indicates that nanoscale η and S strengthening phases, precipitated during
T6 ageing treatment, are uniformly distributed in the BM.
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Figure 12. XRD pattern.

In the XRD spectrum of the WNZ, the intensity of the principal peak corresponding to
the η’ phase is diminished, with a broadened diffraction peak of MgZn2 (η phase) appearing
at 2θ = 36.8◦. This phenomenon indicates that the elevated temperature during welding
induces partial dissolution of the η’ phase and its coarsening into the equilibrium η phase.
Compared with the BM, the content of precipitated phases in the WNZ is reduced; for
instance, no trace of the Al2CuMg (S phase) characteristic peak is detected at 2θ = 19.2◦ in
the WNZ. This is attributed to the fact that the WNZ undergoes severe plastic deformation
and dynamic recrystallization during FSW. Concurrently, the welding heat input facilitates
the dissolution of a portion of the S phase, rendering it undetectable in the XRD pattern [31].

3.4. Microhardness Analysis

Microhardness distribution of FSW joints is influenced by multiple factors, including
grain size, dislocation density, and precipitated phase characteristics [32]. Consistent with
the Hall–Petch equation [33], microhardness of the joints exhibits a strong correlation with
grain size.

Figure 13 presents the microhardness distribution maps of the cross-sections of 7075-
T6 aluminium alloy thin-sheet FSW joints. The microhardness distributions under the three
welding processes all exhibit a typical “W”-shaped profile: the BM possesses the highest
microhardness, the WNZ has a microhardness of approximately 140 HV, the HAZ exhibits
relatively low microhardness, and the TMAZ has an intermediate microhardness between
that of the WNZ and HAZ.

This hardness variation pattern is primarily associated with the fact that the strength-
ening mechanism of 7075 aluminium alloy is dominated by precipitation strengthening [34].
The T6-treated base metal, in its peak ageing state (characterised by fine η’ strengthening
phases and high dislocation density), confers optimal mechanical strength. For the WNZ,
severe plastic deformation induces dynamic recrystallization, resulting in the formation
of fine recrystallized grains. However, welding heat input elevates the temperature in
the WNZ, which is expected to trigger partial dissolution of precipitated phases [35], as
indirectly supported by the XRD results. This thermal softening mechanism is considered
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a primary contributor to the impairment of the precipitation strengthening effect. Such
dissolution impairs the precipitation strengthening effect of the alloy. Furthermore, residual
stresses generated during welding exert a certain influence on joint hardness [36]: residual
stresses reduce the effective load-bearing capacity of the material, thereby decreasing its
hardness. Consequently, the WNZ exhibits relatively high hardness but lower than that of
the as-received BM.

Figure 13. Microhardness distribution of FSW joint cross-section: (a) SS-FSW; (b) DS-CD-FSW;
(c) DS-CtD-FSW.

The HAZ is solely subjected to thermal cycles without mechanical deformation, lead-
ing to partial dissolution or coarsening of precipitated phases. This not only weakens
precipitation strengthening but also induces grain growth, ultimately resulting in relatively
low hardness. The TMAZ undergoes thermo-mechanical coupling effects, accompanied
by partial dynamic recrystallization; hence, its hardness lies between that of the WNZ
and HAZ.

To investigate hardness differences between the AS and RS, test points were selected
above the weld centerline during microhardness measurements of DS-CD-FSW joints,
leading to observed differences in the minimum hardness values of the HAZ between the
AS and RS [37]. Across all three welding processes, the minimum hardness of the HAZ
adjacent to the AS is higher than that adjacent to the RS. This phenomenon is presumably
associated with differences in mechanical effects and thermal cycles experienced by the AS
and RS during welding. The observed “W”-shaped hardness profile and the asymmetry
between the AS and RS are consistent with well-documented characteristics of FSW joints
in high-strength aluminium alloys [13].

As the region where the stir pin rotation direction is consistent with the welding travel
direction, the AS undergoes a more intense mechanical stirring effect, leading to enhanced
plastic deformation and dynamic recrystallization of the material. Meanwhile, although
heat input is relatively concentrated, intense stirring facilitates rapid heat dissipation,
resulting in a milder thermal cycle in the AS-HAZ. This mitigates excessive dissolution
or coarsening of precipitated phases. In contrast, the RS experiences relatively weaker
stirring, leading to a lower degree of plastic deformation; additionally, heat dissipation
is less efficient in this region, resulting in a more intense thermal cycle in the RS-HAZ.
This induces dissolution or coarsening of precipitated phases as well as grain coarsening,
ultimately leading to lower hardness of the RS-HAZ compared to the AS-HAZ [38].

It is also evident from the figure that the HAZ hardness in SS-FSW is slightly higher
than that in the two DS-FSW processes. This is presumably because during SS-FSW, the stir
pin exerts a single intense mechanical stirring effect and thermal effects on the weldment
from one side. As a result, heat input is more concentrated with a relatively short action
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duration, such that strengthening phases in the HAZ do not undergo significant dissolution
or coarsening. In contrast, during DS-FSW, both sides of the material are affected by the
stir pins, resulting in higher total heat input. Moreover, the superposition of thermal cycles
induced by the two stirring processes promotes more sufficient dissolution of strengthening
phases in the HAZ. Additionally, prolonged heating duration induces slight grain growth,
ultimately leading to marginally lower hardness compared to SS-FSW.

3.5. Tensile Properties

The mechanical properties of aluminium alloy friction-stir-welded joints are synergis-
tically influenced by multiple factors, including welding heat input and the type, content,
morphology, and distribution characteristics of strengthening phases, as well as the pres-
ence of welding defects. Figure 14a presents the stress–strain curves of joints fabricated
via the three welding processes, where the curves essentially overlap in the elastic defor-
mation stage across different welding methods. Upon entering the plastic deformation
stage, discrepancies emerge among the curves. Notably, the joint fabricated by DS-CD-FSW
exhibits an extended plateau and higher strain values in the uniform plastic deformation
stage, indicating its capacity to sustain greater deformation during plastic deformation.
This is presumably attributed to the finer grain structure and more dispersed distribution
of strengthening phases achieved by this welding method. These microstructural features
enable the material to coordinate deformation through mechanisms such as dislocation
motion and grain boundary sliding under stress, thereby delaying the onset of necking.

Figure 14. (a) Tensile curves of joints and (b) summary of strength and elongation.

As illustrated in Figure 14b, the 7075-T6 aluminium alloy joints fabricated by DS-CD-
FSW exhibit optimal comprehensive mechanical properties: the tensile strength reaches
388 MPa (approximately 74.7% of the BM), and the fracture elongation is 7.09% (approx-
imately 70.2% of the BM). The tensile properties of DS-CD-FSW joints are significantly
superior to those of DS-CtD-FSW joints. This is because DS-CD-FSW yields a denser weld
zone structure and more pronounced grain refinement effect. The tensile strength of the
DS-CD-FSW joint reached 74.7% of the base metal’s strength. This recovery rate is notably
higher than the typical range for single-sided FSW of 7075-T6 and compares favourably
with the 76% base metal strength reported for high-speed double-sided FSW of a thicker
AA7175 plate [14]. This supports the conclusion that the DS-CD-FSW process, despite
involving two passes, can effectively enhance joint strength, a trend also observed in com-
parative studies of other 6xxx series alloys [18]. The superior elongation (7.09%) further
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indicates a better balance of strength and ductility, likely stemming from the defect-free
and homogeneous microstructure achieved.

In contrast, tunnel void defects in DS-CtD-FSW joints significantly deteriorate their
tensile properties. Furthermore, the DS-CD-FSW process more effectively preserves the
uniform distribution of strengthening phases, avoiding performance degradation induced
by inconsistent welding directions in DS-CtD-FSW, thereby producing joints with enhanced
mechanical performance.

3.6. Fracture Analysis

The tensile fracture locations of the welded joints are primarily concentrated in the
TMAZ and HAZ. The fundamental cause is the microstructural inhomogeneity induced
by welding thermal cycles [39]. During tensile loading, significant stress concentration
occurs in these regions, initiating crack propagation and ultimately leading to fracture
failure. Figure 15 displays the SEM micrographs of tensile fracture surfaces of joints
fabricated via the three welding paths. Obvious tear ridges and dimples with irregular
size distributions are observed on the fractures, which are characteristic of typical ductile
fracture. As shown in Figure 15a, the fracture surface of the SS-FSW joint exhibits relatively
sparse dimples, with a small number of shallow, flat dimples; the tear ridges are short and
discontinuous, exhibiting the poorest overall toughness. In contrast, Figure 15b reveals
that the DS-CD-FSW joint fracture possesses the highest density of dimples, which are
relatively deep, with clear and continuous tear ridges. This indicates that under this
welding path, the material absorbs more energy during fracture and exhibits superior
plastic deformation capacity. As presented in Figure 15c, the DS-CtD-FSW joint fracture
exhibits a reduced number of dimples, with significant variations in dimple size in certain
regions, resulting in lower toughness compared to the DS-CD-FSW joint. A systematic
comparison of the fracture morphology across the three paths reveals a clear correlation
with the corresponding tensile properties and microstructure. The DS-CD-FSW joint
exhibits the most densely distributed and relatively uniform dimples, which is consistent
with its highest elongation and corresponds to the uniform, fine recrystallized grains in its
WNZ, indicating a high-energy-absorption ductile fracture mode. In contrast, the shallower
and sparser dimples in the SS-FSW joint align with its lower ductility and the presence
of incompletely fragmented second-phase particles in the WNZ. The DS-CtD-FSW joint
shows an intermediate and less uniform dimple morphology, with localised areas of large
size variation. This inhomogeneity can be directly linked to the tunnel void defect observed
in its cross-section, which acts as a stress concentrator and promotes premature failure.
These differences in fracture morphologies further validate the finding that DS-CD-FSW
imparts superior joint plasticity, which effectively enhances the mechanical properties of
the welded joints.

 

Figure 15. SEM micrographs of tensile fracture surfaces of joints under three welding paths:
(a) SS-FSW; (b) DS-CD-FSW; (c) DS-CtD-FSW.
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Energy-dispersive spectroscopy (EDS) point scans were performed on three locations
in Figure 15, with the detection results summarised in Table 3. The chemical compositions
of the EDS point-scanned regions do not conform to the stoichiometric ratios of typical
strengthening phases in 7075 aluminium alloy. This indicates that the scanned regions are
not regions composed of pure precipitated phases but rather Al matrix-rich solid solution
regions containing small amounts of dissolved Zn, Mg, and Cu.

Table 3. Results of EDS spectrum detection of the stretched fracture.

Point 1 Point 2 Point 3

Element wt.% at.% wt.% at.% wt.% at.%

Al 89.56 93.44 90.23 93.92 88.55 93.09
Zn 5.96 2.57 5.69 2.45 7.20 3.12
Mg 2.81 3.25 2.57 2.97 2.63 3.07
Cu 1.68 0.74 1.51 0.67 1.62 0.72

4. Conclusions
Systematic friction stir welding (FSW) experiments were conducted on 7075-T6 ultra-

high-strength aluminium alloy thin sheets, covering three configurations: single-sided,
double-sided co-directional, and double-sided counter-directional FSW. Via comprehensive
characterisation of joint appearance, cross-sectional/microstructural features, precipitated
phases, and fracture morphology, the correlation between joint microstructural evolution
and mechanical properties was clarified. This work provides a process optimisation strategy
for high-quality FSW of such thin sheets, with key conclusions drawn as follows:

1. Compared with SS-FSW and DS-CtD-FSW joints, DS-CD-FSW joints exhibit superior
mechanical properties and better macroscopic morphology, achieving an average
tensile strength of 388 MPa and an average elongation of 7.05%. The weld micro-
hardness presents an asymmetric “W”-type distribution: the WNZ has relatively
high hardness, slightly lower than the BM, while the advancing-side HAZ shows the
minimum hardness.

2. Texture variation in DS-CD-FSW joints is mainly governed by distinct thermo-
mechanical coupling effects in each micro-region. The BM is dominated by a (100)[110]
rotated cube texture, accompanied by minor (110)[111] and cube components. The
HAZ develops a strong (100)[021] 25◦ rotated texture; the TMAZ shows a significant
reduction in texture intensity, featuring mixed partial deformation and shear textures.
Conversely, the WNZ shows a weakened (100)[110] rotated cube texture and minor
brass texture.

3. The WNZ and TMAZ exhibit striking microstructural differences due to distinct
deformation histories. The WNZ undergoes CDRX, producing fine equiaxed grains
with an average size of 1.1 µm and a dominant HAGB fraction of 87.3%. This fully
recrystallized structure yields the lowest KAM of 0.19◦, indicating minimal residual
strain. In contrast, intense thermo-mechanical shear in the TMAZ causes severe plastic
deformation, promoting dislocation activity and leading to the formation of an LAGB
fraction of 48.6%. Incomplete recrystallization in the TMAZ results in the highest
KAM value, highlighting significant strain localization.
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Abbreviations
The following abbreviations are used in this manuscript:

FSW Friction stir welding
SEM Scanning electron microscope
EBSD Electron backscatter diffraction
WNZ Weld nugget zone
TMAZ Thermo-mechanically affected zone
HAZ Heat-affected zone
BM Base metal
LAGBs Low-angle grain boundaries
HAGBs High-angle grain boundaries
KAM Kernel average misorientation
AS Advancing side
RS Retreating side
SS-FSW Single-sided friction stir welding
DS-CD-FSW Double-sided co-directional friction stir welding
DS-CtD-FSW Double-sided counter-directional friction stir welding
DS-FSW Double-sided friction stir welding
IPF Inverse pole figure
PF Pole figure
CDRX Continuous dynamic recrystallization
GOS Grain orientation spread
TD Transverse direction
RD Rolling direction
ND Normal direction
EDS Energy-dispersive spectroscopy
ODF Orientation distribution function
GB Grain boundary
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