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Abstract

The reliable joining of ultra-thick aluminum alloy plates remains a critical technical chal-
lenge in modern industrial manufacturing, often hindered by defects such as porosity
and excessive distortion associated with conventional fusion welding. The novelty of this
work lies in the characterization of the intermediate layer overlapping zone in 110 mm
ultra-thick plates, which has rarely been reported. The motivation is to overcome the
limitations of single-pass FSW for thick plates, such as insufficient material flow and high
tool forces, by adopting a sequential double-sided strategy. Furthermore, this technique
may help moderate the through-thickness heat input variation, although no direct thermal
measurements were made. The weld nugget zone consists of uniformly fine, recrystal-
lized x-Al grains. In contrast, the heat-affected zone displays distinctly laminar grain
structures. The overlapping regions within the intermediate layer, which undergo two
thermal cycles, exhibit refined grain sizes. A well-defined interface is evident between the
advancing-side weld nugget zone and the thermo-mechanically affected zone. The overall
tensile strength of the FSW joint is approximately 81% of the base material, and the tensile
specimen fractured at the interface between the thermo-mechanically affected zone and
the heat-affected zone. Along the thickness of the weld joint, a “W”-shaped microhardness
distribution is observed at the surface and subsurface, whereas the intermediate layer
exhibits a distinct “V”-shaped profile. The lowest microhardness value is located in the
intermediate layer overlapping area due to the insufficient heat input and limited grain
growth in this region. In summary, under the specific welding parameters tested (130 rpm,
15 mm/min, 110 mm thick), double-sided friction stir welding produces defect-free joints
in AA 5052-H32, suggesting its potential for thick-plate applications, offering a practical
and effective solution for manufacturing high-performance aluminum alloy structures.
Potential industrial applications include pressure vessels for chemical storage, ship hull
structures, and heavy-duty transportation components where ultra-thick aluminum plates
are required.

Keywords: AA 5052-H32 plate; friction stir welding; double-sided welding; mechanical properties

1. Introduction

AA 5052-H32 is widely used in pressure vessels, shipbuilding, and transportation
because of its excellent corrosion resistance, formability, and weldability [1-3]. As compo-
nents trend toward larger size, lighter weight, and higher reliability, demand for thicker
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aluminum plates is growing [4,5], and the reliable joining of ultra-thick plates has been
identified as a key technical challenge [6,7]. Porosity, cracking, and excessive distortion are
produced by conventional fusion welding [8,9]. Friction stir welding (FSW), which involves
low heat input, reduced residual stress [10,11], and generally superior joint properties, has
been recognized as an effective alternative for the welding of aluminum alloys [12-14].

Canaday et al. [15] studied FSW of 32 mm-thick AA 7050 plates, and it was reported
that grain size across the weld thickness was largest at the weld center and decreased toward
the root. The clear through-thickness gradient in residual stresses was observed, with the
minimum residual stress occurring at the weld center. Liu et al. [16] investigated double-
sided FSW of 60 mm-thick 6061 aluminum plates and reported that grain morphology and
the distribution of strengthening phases vary between weld regions. Lower temperatures
were experienced at the weld root, so no grain growth occurred in the regional grains
there. The strengthening phase Mg,Si was found to be unevenly distributed and to be
more concentrated near the weld root. Guo et al. [17] examined double-sided butt FSW
joints in 108 mm-thick 5A06 plates and identified an upper region of the weld nugget zone
(WNZ) that contacts the tool shoulder and therefore undergoes more intense stirring than
the pin-dominated region. This region was designated the shoulder-affected zone (SAZ). It
was found that equiaxed grain sizes in both the SAZ and the WNZ decreased through the
thickness, while a markedly lower dislocation density and substantially larger sub grain
sizes were observed in the SAZ than in the WNZ. Pronounced through-thickness variations
in microstructure and phase distribution in thick-plate FSW joints are emphasized by these
studies, highlighting the importance of detailed characterization and process control for
the reliable welding of thick aluminum alloys.

Although good results have been shown by FSW for thin and medium-thick aluminum
plates, additional complexities were introduced when thick plates were welded [18]. Sig-
nificantly greater forces and torque are experienced by a machine during thick-plate FSW,
and stricter requirements are imposed on the welding tool. Moreover, tight control of
the process parameters is required because of limited material flow and axial force re-
quirements [19,20]. Typically, spindle speeds are kept below 300 rpm and welding speeds
below 100 mm /min to achieve acceptable weld quality, making consistent production of
high-quality joints challenging [21,22].

An effective solution to these difficulties is provided by double-sided FSW technology.
This approach can be performed either synchronously—where two weld tools operate
simultaneously on opposite sides, ensuring even heat input but requiring complex equip-
ment or sequentially, where one side is welded first and the workpiece is then flipped to
weld the other side. Simpler equipment is used for sequential welding, but challenges are
posed in controlling the microstructure and mechanical properties of the intermediate layer
overlapping zone [23].

The novelty of the present study is threefold: it reports the microstructure and me-
chanical properties of double-sided sequential FSW joints in 110 mm-thick AA 5052-H32
plate. It provides a detailed characterization of the intermediate layer overlapping zone
that experiences two thermal cycles. It establishes a clear correlation between the through-
thickness variation in heat input and the resulting mechanical performance. The motivation
stems from the industrial demand for welding ultra-thick aluminum plates (>100 mm)
for pressure vessels and marine structures. The novelty of this work is not merely the
plate thickness. It lies in three aspects: the first is the characterization of the intermedi-
ate layer overlapping zone in double-sided sequential FSW of a non-heat-treatable alloy,
including its grain size, hardness, and fracture behavior; the second is the elucidation of
the competition between grain refinement and softening mechanisms in this region; and
the third is the establishment of a quantitative relationship between through-thickness
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microstructure gradients and mechanical performance, providing practical guidelines for
industrial welding of ultra-thick aluminum plates.

2. Materials and Methods

AA 5052-H32 plates (XINYIYANG, Suzhou, China) measuring 300 mm X 150 mm
with a thickness of 110 mm were studied. Their primary chemical composition was
listed in Table 1. Double-sided butt FSW joints were produced on these plates, with an
approximate penetration of 60.4 mm per welding joint. Welding was carried out using a
custom-built FSW machine (Sooncable, Beijing, China). The welding tool parameters used
in the experiment were as follows: the tool shoulder diameter was 60 mm, the tool pin
diameter was 28 mm, and the length was 60 mm. A three-milled-surface tool pin combined
with a concentric tool shoulder design was used [24-26]. The welding tool was made
of heat-treated H13 tool steel (First Way, Beijing, China), which provides sufficient wear
resistance and high-temperature strength for aluminum alloy FSW.

Table 1. Chemical composition of AA 5052-H32.

Elements Mg Fe Si Mn Cr Zn Al
wt.% 2.4 0.4 0.25 <0.1 0.2 <0.1 Bal

Prior to welding, the butt surfaces were cleaned, and the plates were firmly clamped to
the workbench to prevent displacement of the base metal during welding, which could lead
to welding failure. During welding, the plates were penetrated by the rotating welding tool,
as pressure was applied to the material by the tool shoulder, the welding tool advanced
steadily along the seam to complete the weld [27,28]. A tool rotation speed of 130 rpm
and welding speed of 15 mm/min were used. A schematic of the welding procedure was
shown in Figure 1.

~ > Rotation

%ﬁ Direction

Figure 1. Schematic diagram of the aluminum alloy FSW process.

The detailed welding parameters were as follows: a tool rotation speed of 130 rpm,
a welding speed of 15 mm/min, axial force 45 £ 2 kN, a tool tilt angle of 2.5° (toward
the welding direction), and a plunge depth of 1 mm. Double-sided sequential welding
was performed: first pass on the top side, then the workpiece was flipped and the second
pass was applied from the bottom side. The plate was allowed to cool naturally to room
temperature before the second pass.

After welding, X-ray inspection was performed on the welded joint to determine
whether any obvious welding defects were present. Subsequently, the welded plates were
sectioned perpendicular to the weld seam for further analysis. Metallographic, tensile, and
microhardness samples were prepared separately. After completing the welding process,
metallographic specimens of AA 5052-H32 butt-welded FSW joints were prepared using the
anodic coating method, which generated an optically anisotropic oxide film on the specimen
surface through electrochemical means. The anode was an aluminum alloy specimen, and
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the cathode was a stainless steel plate. The voltage was set to a constant 30 V, with a current
density of approximately 0.03 A/cm?. The coating duration was 60 s, and the tests were
conducted at room temperature. Under polarized light in a LEIKA DMI3000 M microscope
(Leica, Wetzlar, Germany), the varying interference colors resulting from differences in
oxide film thickness due to distinct grain orientations clearly revealed the grain structure
of the joint. During the tensile test, the tensile speed was set to 2 mm/min. Tensile samples
were extracted from through-thickness layers: top surface layer (0-22 mm from top surface),
upper subsurface layer (22—44 mm), intermediate layer (44-66 mm), lower subsurface layer
(66-88 mm), and bottom surface layer (88-110 mm). Each location corresponds to a nominal
layer label L1-L5. The dimensions of the tensile samples for the FSW welded joints were
shown in Figure 2. The fracture morphology of the tensile samples was examined in detail
by scanning electron microscopy, and the fracture mechanisms were analyzed.

50 mm y&

35 mm

1 / ! 80 mm ‘ R ——

22 mm

Figure 2. Tensile specimen schematic and size (L1-L5 are the positions selected for the tensile test
specimens).

Microhardness tests were conducted at locations relative to the weld center-line (0 mm,
£20 mm, and +40 mm), with each value point spaced 2 mm apart and each line measur-
ing 80 mm in length, as shown in Figure 3. A 100 g load was applied for 15 s for each
measurement, with a 2 mm spacing maintained between adjacent points. The resulting mi-
crohardness distribution (across the different regions of the FSW joints) was systematically
analyzed and compared.

[: _ _80mm :]
1

-

20mm
ya 20

110mm

-

Figure 3. Schematic diagram of the microhardness test location (The circles in the image indicate the

hardness test points).
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3. Results and Discussion
3.1. Macroscopic Analysis

The macroscopic surface morphology of the double-sided butt FSW joint of the 110 mm-
thick AA 5052-H32 is presented in Figure 4. The weld surface is relatively smooth, and
uniformly distributed fish-scale patterns with moderate spacing and smooth semicircular
features are observed. Only minimal flash is formed on the retreating side (RS) during
welding, which results in an almost defect-free surface appearance for the double-sided
butt FSW joint.

Figure 4. Macroscopic morphology of welded seam.

X-ray inspection is conducted using an MG226 machine to evaluate the internal quality
of the welds, and the results are presented in Figure 5. Except for an exit hole at the end
of the weld termination, no defects larger than the detection limit of the X-ray system
(approximately 0.5 mm) are detected throughout the weld zone. Within this detection limit,
the weld zone is free of cracks, pores, or other volumetric defects. The excellent internal
integrity of the FSW joint is confirmed. Proper control of the welding parameters during
the welding process is demonstrated, resulting in a high level of surface quality for the
welded joint. This provides a solid foundation for the overall performance of the joint.

exit hole

h

20mm

Figure 5. X-ray results of FSW joint.

3.2. Microstructure Analysis

The cross-sectional morphology of the double-sided butt FSW joint in 110 mm-thick
AA 5052-H32 is shown in Figure 6. A “double-cone” shape is exhibited by the weld,
corresponding to the outer conical profile of the tool pin. A clear overlapping region of
about 10 mm is observed between the first and second weld passes. The intermediate layer
overlapping area refers to the zone along the thickness direction where the first and second
weld passes intersect, typically located between 44 mm and 66 mm from the top surface.
This region is approximately 10-15 mm thick.

Focusing on the first weld pass, the microstructure of the joint is analyzed based on
typical friction stir weld zones: base material (BM), heat-affected zone (HAZ), thermo-
mechanically affected zone (TMAZ), and weld nugget zone (WNZ). The weld microstruc-
ture was asymmetric across the transverse direction. The boundary between TMAZ and
WNZ is distinct on the advancing side (AS) but is less distinct on the retreating side (RS).
This asymmetry arises as the BM'’s plastic deformation direction is parallel to the tool
movement on the AS but opposite to it on the RS. Additionally, in the weld center, material
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is extruded along the welding tool rotation direction to the rear, accentuating the boundary
on the AS but blurring it on the RS.

HAZ+TMAZ WNZ TMAZ+HAZ
AS RS

BM o BM
Overlapping area
e

Figure 6. Cross-sectional macrographs of the welds.

Energy dispersive spectroscopy analysis was performed using a scanning electron
microscope equipped with an Oxford X-max 80 detector. The experimental conditions
were: acceleration voltage 15 kV, working distance 15 mm, and acquisition time 60 s per
spectrum. For the “S” line analysis (Figure 7), five point spectra were acquired along the
line at intervals of approximately 5 um. The analysis was repeated three times on different
regions of the same sample to ensure reproducibility.

20,000 Al
15,000 |

10,000

R

Figure 7. EDS spectrum of the “S” line in FSW joint.

An “S”-shaped line, identified as fragmented oxide films, can be observed within
the WNZ [29]. It is known that the “S” lines probably originate from the oxide layer on
the initial butt surface, which was broken up, extruded and deformed during FSW. SEM
coupled with energy dispersive spectroscopy point analysis (Figure 7) shows that these
particles are composed of Al, O, Mg, Fe, and Si elements. Other elements such as Cu, Zn
were not identified because their concentrations in the base alloy are below the detection
limit of EDS (typically 0.1 at.%) under the present conditions. FSW involves relatively rapid
heating and cooling, which may result in insufficient heat input for certain phenomena [30].

It should be noted that the AS and RS are reversed between the top and bottom passes.
In the first pass, the tool travels from left to right, placing the AS on the left side of the weld.
After flipping the workpiece for the second pass, placing the AS is on the right side of the
weld. Consequently, the distinct boundary appears on the left at the top of the weld and on
the right at the bottom, as observed in Figure 6.
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It is important to note that the second weld pass was performed after flipping the
workpiece. No significant difference was found between the first and second passes
in terms of grain size in the WNZ and the width of the TMAZ. The intermediate layer
overlapping area, which was welded last, experienced two thermal cycles but the thermal
effect from the first pass on the second pass side was minimal because of the large thickness
and the relatively low thermal conductivity of aluminum. Thus, only the first pass is

analyzed here as representative of microstructural investigation. Metallographic images of
the 110 mm-thick AA 5052-H32 double-sided butt FSW joint are shown in Figures 8-10. The
microstructure mainly consists of an x-Al matrix with dispersed second-phase particles.

Figure 10. Metallographic morphology of AS: (a) Overall morphology; (b) heat-affected zone;
(c) thermal-mechanically affected zone; (d) weld nugget zone.

The WNZ microstructure is shown in Figure 8a, where grains had undergone intense
rotation, shear, and plastic deformation induced by mechanical stirring and elevated weld-
ing temperatures, resulting in a fine, uniform grain structure. In the intermediate layer
overlapping area, due to undergoing two cycles of thermo-mechanical coupling, grains
become finer, and friction generates less heat, leading to a microstructure characterized by
finer grains [31]. Quantitative analysis using the linear intercept method revealed that the
average grain size in the WNZ was 30.4 & 1.2 um, while that in the intermediate layer over-
lapping area was 14.3 & 0.8 pm. The HAZ showed coarser grains of 125.6 £ 3.1 um with
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elongated lath-like morphology. These quantitative values provide a basis for correlating
microstructure with mechanical properties discussed in Sections 3.3 and 3.4. Metallographic
morphology of the RS (Figure 9) and AS (Figure 10) illustrates that the WNZ and the TMAZ
are clear on the AS but indistinct on the RS. This difference mainly arises from the base
metal flow behavior, as the welding tool’s rotational direction aligns with material flow
on the AS, yielding stronger mechanical stirring and greater plastic deformation than on
the RS.

Most heat input is generated by friction between the tool shoulder and the BM. The
WNZ experiences the highest temperatures and plastic deformation due to combined effects
of shoulder and pin, with temperatures reaching about 400 °C [18]. The fine equiaxed grain
morphology is consistent with the occurrence of dynamic recrystallization as reported in
similar Al alloys. The fine equiaxed grain morphology shown in Figure 8a is consistent
with the occurrence of dynamic recrystallization (DRX) as reported in similar Al alloys [32].

In contrast, it is inferred from the finer grain size and less complete recrystallization
that the intermediate layer overlapping area receives less heat—primarily from friction at
the tool pin tip—resulting in lower thermal cycles, faster heat dissipation, and reduced
shear stress. Meanwhile direct temperature measurements were not performed, consistent
with the findings in the literature [32,33]. Consequently, plastic deformation is less intense,
and insufficient energy for grain growth after fragmentation leads to a finer and more
uniform grain structure than that in the WNZ.

In the HAZ, the limited heat input prevents complete DRX [34], resulting in coarser
grains with distinctive lath-like morphology which, in turn, causes notable softening in the
HAZ and reduces the weld’s mechanical properties [35].

Point scan analysis of the double-sided butt FSW joint reveals that it appears as fine,
highly dispersed particles distributed homogeneously within the weld (Figure 11). The
white particulate phase contains Al, Fe, Mn, and Si with atomic percentages of 66.3%,
9.5%, 15.8%, and 7.8%, respectively. Based on morphology and composition, this phase is
identified as the Al(MnFe)Si intermetallic compound [36,37].

Al

15,000

10,000

5,000 f 0]
Fe Mg

A1 vl A

Figure 11. EDS spectrum of precipitated phase.

During FSW, intense plastic deformation and DRX accompany vigorous stirring and
friction from the tool pin, which causes severe fragmentation of the second phase [32]. This
fragmented phase is redistributed with the recrystallized grains, resulting in a uniform
dispersion of the Al(MnFe)Si phase throughout the WNZ.

The Al(MnFe)Si intermetallic phase, identified by EDS, is known to form in Al-Mg-Mn
alloys during solidification [37]. In FSW, these particles are fragmented and redistributed,
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acting as pinning sites for grain boundaries and thus contributing to grain refinement. In the
present study, the finer dispersion of these particles in the intermediate layer overlapping
region may contribute to the smaller dimple size observed in fractography.

3.3. Mechanical Property Analysis

The variation in mechanical properties along with the thickness of the double-sided
FSW butt joint in 110 mm-thick AA 5052-H32 is investigated through tensile testing of
specimens extracted from different layers of the weld. Most tensile specimens, from the
top surface layer L1 to the bottom surface layer L5, fracture near the interface between the
HAZ and TMAZ of AS. During fracture, the specimens exhibit significant macroscopic
plastic deformation, with fracture surfaces oriented approximately 45° to the principal
stress direction, indicating shear-dominated failure.

The tensile test results are summarized in Figure 12 with measurements taken three
times per layer. The surface layer shows a tensile strength of 192.1 MPa (L5), about 83.5%
of the base material strength, with an elongation of 22.4%. The subsurface layer exhibits
a slightly lower tensile strength of 188.8 MPa (L2). The middle layer displays the lowest
tensile strength at 186.3 MPa (L3), roughly 81% of the BM, identifying it as the weakest
region of the joint. This joint efficiency is comparable to values reported for other thick-
plate aluminum FSW joints. The present result falls within the expected range for similar
processes. This reduction is attributed to the relatively low heat input during welding in the
intermediate layer overlapping area, which hindered DRX and grain growth of fragmented
grains, leading to decreased mechanical performance compared to other regions.

Tensile strength

250 | m— Elongation at break
23.6 23.1 22.5

1
N
V]

" n 227 224

= Q)
£200 L ol I I I. 120 S
= 199.7 I >
= 188.8  186.3 189.3 192.1 o
Y =
2150 | 1152
=

z 5
= g
2 100 | {10 &
o S
= =

[9)]
<
T
1
9]

L1 L2 L3 L4 L5

Slice positions of the tensile sample

Figure 12. Tensile test results (average of three specimens =+ standard deviation).

Microhardness testing conducted on polished cross-sections of the weld is shown in
Figure 13. The middle layer exhibits a “V”-shaped hardness profile, with hardness gradually
decreasing from the BM toward the WNZ and reaching a minimum of approximately 59 HV
in the intermediate layer overlapping area of the two weld passes. In contrast, the surface
layers (£40 mm) and the subsurface layers (£20 mm) display a “W”-shaped hardness
distribution. Hardness decreases from the BM toward the HAZ, reaching a minimum at
the interface between the TMAZ and HAZ.
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Figure 13. Microhardness distribution of welded joints.

The higher heat input generated by the larger contact area and downward pressure
of the welding shoulder near the surface leads to a more uniform grain size distribution
within the WNZ [38,39]. This enhances the deformation resistance and microhardness of
the joint. Conversely, the intermediate layer overlapping area experiences insufficient heat,
which limits grain growth after fragmentation. As a non-heat-treatable aluminum alloy,
the mechanical properties of AA 5052-H32 rely primarily on solution strengthening and
work hardening. Therefore, although grain refinement occurs in the overlapping zone of
the intermediate layers, its contribution is insufficient to compensate for the reduction in
solution strengthening and work hardening, as shown in Figure 13.

Compared to the WNZ, the intermediate layer overlapping area of the FSW joint
exhibits significant softening. Moving from the weld surface toward the center, the position
of minimum microhardness progressively shifts closer to the weld center. This trend
results from the gradual decrease in heat input and mechanical stirring intensity along
the thickness within the WNZ, causing the area of lowest hardness to migrate toward the
center of the intermediate layer overlapping area.

To better understand the origin of the hardness reduction in the intermediate layer
overlapping area, we correlated the local microhardness with the corresponding average
grain size. The WNZ (grain size 30.4 um) exhibited a hardness of 65 HV, while the interme-
diate layer overlapping area (grain size 14.3 um) showed only 59 HV. The inverse grain
size-hardness relationship indicates that grain refinement is not the dominant strengthen-
ing mechanism in this non-heat-treatable alloy.

3.4. Fracture Analysis

Fracture of the tensile specimens of the double-sided butt FSW joint in 110 mm-
thick AA 5052-H32 is consistently observed at the interface between the HAZ and TMAZ,
identifying this region as the weakest in the joint. The fracture morphology of these tensile
specimens is presented in Figure 14, revealing typical ductile fracture features characterized
by dimples.

Figure 14. Tensile fracture morphology of each layer of welded joint samples: (a) Surface layer;
(b) subsurface layer; (c) intermediate layer.
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The fracture morphology of the joint’s surface layer is shown in Figure 14a, where
large dimples are observed, surrounded by a fine network of voids. Second-phase particles,
detached during fracture, are found within these large dimples. Their presence enhances
resistance to deformation and contributes to strengthening. The subsurface layer’s fracture
morphology is depicted in Figure 14b, where the dimples are smaller and tear ridges are
noticeable. The fracture morphology of the middle layer is illustrated in Figure 14c. Because
the overlap region is exposed to two thermal and shear cycles during welding, both grain
size and precipitate dimensions are reduced, resulting in significantly smaller dimples
compared to the surface layer.

The surface layer dimples have an average diameter of 5.3 & 0.5 um, and the subsurface
layer dimples have an average diameter of 4.5 £ 0.8 um. The middle layer dimples average
diameter 2.1 £ 0.4 um. The progressive decrease in dimple size from the surface to the
middle layer correlates well with the decrease in tensile strength and hardness.

By superimposing the fracture location onto the microhardness distribution map, it
is evident that the TMAZ/HAZ interface coincides with the minimum hardness region
for each layer: 63 HV for the surface layers and 59 HV for the intermediate layer. This
region also corresponds to the steepest microstructural gradient, where coarse lath-like
HAZ grains transition to elongated TMAZ substructures without full recrystallization.
The consistent fracture at this interface is therefore attributed to the combined effects of
localized softening and strain incompatibility.

The microscopic fracture features further support this correlation: the surface layer
shows large dimples typical of ductile failure in a relatively uniform microstructure, while
the intermediate layer exhibits much finer dimples due to the finer grain size and precipitate
distribution in the overlapping region.

4. Conclusions

The microstructure and mechanical properties of double-sided butt friction stir welded
joints of 110 mm-thick AA 5052-H32 plates are investigated in this study. Excellent surface
morphology is exhibited by the weld, and the absence of internal defects within the joint
was confirmed by X-ray inspection. The findings reported in this study are strictly valid
for the specific range of welding parameters investigated: tool rotation speed of 130 rpm,
welding speed of 15 mm/min, tool tilt angle of 2.5°, plunge depth of 1 mm, and plate
thickness of 110 mm for AA 5052-H32.

(1) The weld nugget zone exhibits a uniform grain structure formed by intense stirring
and frictional heat from the tool pin. A clear boundary between the weld nugget zone
and the thermal-mechanically affected zone of the advancing side is observed, while the
interface between the weld nugget zone and the thermal-mechanically affected zone of the
retreating side is less distinct.

(2) A characteristic “W”-shaped microhardness profile is revealed in the surface
and subsurface layers of the weld. Grain-size variations are observed on the advancing
side, with the lowest hardness located at the interface between the thermal-mechanically
affected zone and the heat affected zone of the advancing side. In contrast, the middle
layer gradually decreases in hardness from the base material toward the weld nugget
zone. The minimum hardness is measured in the intermediate layer overlapping area.
In the intermediate layer overlapping zone, two thermal cycles cause significant loss of
work hardening, while the limited grain refinement cannot compensate for these losses,
resulting in the lowest hardness. The “V”-shaped hardness profile in the mid-thickness is a
distinctive feature of double-sided FSW of ultra-thick plates and should be considered in
joint design.
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(3) The tensile strength of the double-sided butt friction stir welded joint in AA 5052-
H32 plate is 81% of that of the base material. The intermediate layer overlapping area,
which experienced lower heat input, exhibited incomplete grain growth of fragmented
particles. This microstructural feature resulted in the weakest mechanical performance,
both in terms of hardness and tensile strength. Fracture morphologies from all layers are
observed to demonstrate typical ductile features, consisting of dimples of variable sizes
and tear ridges. Notably, fractures are consistently observed at the interface between the
thermal-mechanically affected zone and the heat affected zone which confirms this region
as the joint’s weakest point.
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