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Abstract

To address the insufficient strength of friction-stir-welded (FSW) ultra-high-strength Al–Cu–
Li alloy joints, the effects of post-weld heat treatment (PWHT) on microstructural evolution
and mechanical properties were systematically investigated. The as-welded joint showed
a “W”-shaped microhardness profile, with the minimum value located in the thermo-
mechanically affected zone (TMAZ), mainly caused by the dissolution of T1 phases and
precipitation of coarse AlCu, AlCuMg, and AlCuMn phases during welding. Direct artificial
aging at 155 ◦C for 24 h failed to improve joint strength due to solute depletion induced by
pre-existing coarse secondary phases. Solution treatment re-dissolved coarse precipitates
into the matrix, and subsequent aging led to uniform precipitation dominated by T1 and
θ′ phases, with a consistent microhardness of ~155 HV across all zones. By introducing
pre-stretching deformation after solution treatment, T1 became the dominant strengthening
phase in all regions, accompanied by a remarkable increase in both microhardness and
tensile strength. With 3% pre-stretching, the microhardness reached 185 HV, and the
ultimate tensile strength of the joint reached 600 MPa, corresponding to a joint efficiency as
high as 95%, which is superior to most reported values for Al–Li alloy FSW joints. This
study clarifies the precipitation evolution mechanism under tailored PWHT and provides
an effective strategy for property regulation of high-performance Al–Cu–Li alloy FSW
structures in aerospace applications.

Keywords: Al–Cu–Li alloy; friction stir welding; post-weld heat treatment; precipitation
evolution; mechanical properties

1. Introduction
Structural weight reduction is a key technological strategy in the aerospace industry for

improving payload capacity, reducing launch costs, and extending operational range [1–3].
Estimates indicate that a reduction in just 1 kg in the structural mass of a launch vehicle or
spacecraft can generate economic benefits amounting to tens of thousands of US dollars.
Therefore, the development and application of materials with high specific strength and
high specific stiffness have consistently been central to spacecraft structural design [2,4].
Al–Li alloys offer exceptional comprehensive properties. Compared with conventional
aluminum alloys, each 1% addition of lithium reduces density by approximately 3% while
increasing elastic modulus by about 6% [5,6]. These alloys also exhibit good corrosion
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resistance and low-temperature toughness [7–9]. As a result, they have emerged as the
preferred material for next-generation launch vehicle propellant tanks. In recent years, with
the maturation of composition optimization and fabrication processes for third-generation
Al–Li alloys (e.g., 2195, 2050, 2060), their use in large-scale thin-walled aerospace structures
has increased significantly [7,10,11].

Welding is a key technology in the fabrication of Al-Li alloy components. When
conventional fusion welding methods such as tungsten inert gas (TIG) welding and laser
welding are used to join Al–Li alloys, several challenges arise due to the highly reactive
nature of Li [12,13]. At elevated welding temperatures, Li readily reacts with hydrogen, oxy-
gen, and nitrogen, leading to the formation of pores and oxide inclusions in the weld [14,15].
In addition, Al–Li alloys exhibit high susceptibility to hot cracking, making them prone
to solidification cracks in the weld center and heat-affected zone during fusion welding
solidification [16]. Furthermore, the substantial heat input characteristic of fusion welding
severely degrades the rolled microstructure of the base material, causing coarsening or
dissolution of strengthening phases such as T1 (Al2CuLi) and δ′ (Al3Li) [17]. As a result,
joint efficiency—defined as the ratio of joint strength to base material strength—typically
reaches only 60–70%, making it difficult to meet the stringent reliability requirements of
aerospace structural design [18].

Friction stir welding (FSW), as a solid-state joining technology, offers a revolutionary
solution to the weldability challenges of Al–Li alloys [19]. During FSW, the heat input is
relatively low and no melting occurs, which fundamentally avoids common fusion welding
defects such as porosity and hot cracking [20]. Moreover, the intense plastic flow and
dynamic recrystallization behavior inherent to FSW lead to the formation of fine equiaxed
grains in the weld zone [21,22], enabling joints with mechanical properties approaching
or even exceeding those of the base material. Consequently, extensive research has been
conducted on the FSW of Al–Li alloys by scholars worldwide [23]. Existing studies indicate
that optimizing process parameters—such as rotational speed, welding speed, and plunge
depth—can effectively suppress defects like the “S” line, grooves, and tunnels in the
joint [24]. For example, researchers have reported, that for the 2195 Al–Li alloy, under
appropriate welding parameters, joint efficiency can exceed 75% [25].

However, FSW is a non-steady-state process characterized by intense plastic defor-
mation and a complex thermal cycle. The thermo-mechanical coupling effects introduced
during welding cause varying degrees of dissolution, reprecipitation, or coarsening of
the precipitates in the base material, thereby affecting joint performance [26–28]. For
age-hardened Al–Li alloys, the thermal cycle during welding leads to the dissolution
of strengthening phases or over-aging softening in the stir zone (SZ) and the thermo-
mechanically affected zone (TMAZ), while the heat-affected zone (HAZ) exhibits a distinct
softened region [29–31]. Such microstructural heterogeneity limits further improvement in
the overall mechanical properties of the joint.

To optimize the mechanical properties of FSW joints, post-weld heat treatment (PWHT)
is regarded as a key strengthening strategy. By employing solution treatment to re-dissolve
the precipitates followed by aging treatment to achieve controlled reprecipitation, it is
theoretically possible to eliminate the microstructural heterogeneity induced by the welding
thermal cycle, and even enable the distribution of strengthening phases in the weld zone
to exceed that of the original base material [32,33]. Although several studies [34,35] have
reported the effects of PWHT on the properties of FSW joints in Al–Li alloys, certain
research gaps remain. How to further improve the strength of welded joints by tailoring
PWHT parameters remains a critical challenge for engineering applications.

In light of the above, this study systematically investigates the precipitate character-
istics in different zones of friction-stir-welded joints of a novel high-strength Al–Li alloy
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under various PWHT conditions, and their influence on mechanical properties. The focus
is on elucidating the intrinsic relationship among the initial as-welded microstructure,
heat treatment parameters, precipitation behavior of strengthening phases, and resulting
mechanical properties. The aim is to reveal the microstructural mechanisms underlying the
homogenization and property enhancement of FSW joints in Al–Li alloys through PWHT,
thereby providing theoretical guidance and experimental data to support the optimization
of post-weld processing for aerospace structural components made of Al–Li alloys.

2. Materials and Experiments
2.1. Materials and FSW Process

This study used a 10 mm thick Al–Cu–Li alloy plate in a T8 state as the base material
(BM). The chemical composition and mechanical properties of this alloy are shown in
Table 1. Before the FSW process, all the plates were cleaned using ethanol. During the FSW
process, the optimal FSW parameters with 500 r/min rotation speed and 100 mm/min
welding speed were used for welding. The schematic diagrams of the FSW process and the
welding tool used in this study are shown in Figure 1a,b. The welding was performed with
a plunge depth of 0.2 mm, a tool tilt angle of 2.5◦, and a dwell time of 10 s. After the FSW
process, the microhardness, tensile properties and microstructures of the joints were tested
in the as-welded state and heat-treated states. The heat-treated states included artificial
aging (AA) treatment in 155 ◦C/24 h, solution treatment (ST, 515 ◦C/2 h) + artificial aging
(AA, 155 ◦C/24 h), and solution treatment (ST, 515 ◦C/2 h) + pre-stretching deformation
(PD, 1.5% and 3%) + artificial aging (AA, 155 ◦C/24 h). Specimens for pre-stretching
were cut perpendicular to the welding direction (parallel to the rolling direction of the
plate). Pre-stretching was performed at room temperature on a CMT5105 universal testing
machine (SUNS, Shenzhen, China) at a constant crosshead speed of 3 mm/min. And the
test was terminated when the total strain of the specimen reached 3%.

Table 1. Chemical composition and mechanical properties of the Al-Cu-Li alloy used in this study.

Chemical Composition, wt.% Mechanical Properties

Cu Li Mg Ag Zn Mn Zr Al Tensile
strength, MPa Elongation, %

4.00 1.30 0.40 0.40 0.40 0.30 0.10 Bal. 630 9.5

 

Figure 1. Schematic of the welding process and diagram of welding tool: (a) schematic diagram of
welding; (b) the structure of the welding tool.

2.2. Microhardness and Tensile Test

Microhardness tests were conducted in accordance with ASTM E384-22 [36]. Vickers
microhardness measurements of joint cross-sections under the as-welded and heat-treated
conditions were carried out using a Buehler Wilson VH1150 tester (Lake Bluff, IL, USA)
under an applied load of 5 kg and a spacing of 1 mm between adjacent indentations.
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Tensile tests were conducted following ASTM E8-04 [37]. Tensile specimens were
machined from the welded joints perpendicular to the welding direction. The tensile prop-
erties of joints in the as-welded and heat-treated states were measured at room temperature
on a CMT5105 universal testing machine (SUNS, Shenzhen, China) at a constant crosshead
speed of 2 mm/min. All tests were repeated three times to reduce experimental error.

2.3. Microstructural Observations

Microstructures including fractography and precipitate features in different regions
of the joints were observed using an optical microscope (OM, Leica-DMi8C, Wetzlar, Ger-
many), scanning electron microscope (SEM, JSM-7900F, JEOL Ltd., Tokyo, Japan) and
transmission electron microscopy (TEM, Talos F200X, Thermo Fisher Scientific, Waltham,
MA, USA). A fractograph of the fracture surface was conducted using SEM. The character-
istics of the precipitates were explored using TEM combined with energy-dispersive X-ray
spectroscopy (EDS). The TEM samples were electropolished using a twin-jet system with
a solution of 25% nitric acid in methanol at −30 ◦C to −20 ◦C and an applied voltage of
15–20 V.

3. Results
3.1. Microhardness

Figure 2 presents the microhardness distribution on a cross-section of the as-welded
and heat-treated joints. In the as-welded state, the microhardness profile of the welded
joint exhibited a “W” shape. The BM zone shows the highest microhardness, with an
average value of 200 HV. The stir zone (SZ) has an average microhardness of 140 HV.
The lowest microhardness, measured at 110 HV, was found in the thermo-mechanically
affected zone (TMAZ) located 10 mm from the weld center. After artificial aging (AA)
treatment in 155 ◦C/24 h, the microhardness distribution across the joint remained in a “W”
shape, showing no significant change compared to the as-welded condition. After solution
(515 ◦C/2 h) and artificial aging (155 ◦C/24 h) treatment (ST + AA), the difference in micro-
hardness between the various regions of the joint was minimal, with all regions exhibiting
a microhardness value of approximately 155 HV. Compared to the as-welded state, the
microhardness of the SZ, TMAZ, and the heat-affected zone (HAZ) near the SZ increased
after ST + AA treatment. Among these, the TMAZ showed the most significant increase,
with microhardness improving by approximately 45 HV. Conversely, the microhardness of
BM and the HAZ near the BM decreased. To further enhance the mechanical properties
across the different regions of the welded joint, pre-stretching deformation was introduced
after solution treatment to increase dislocation density and promote subsequent aging
precipitation. When the pre-stretching deformation was 1.5%, the microhardness of all joint
zones increased to 175 HV. With a pre-stretching deformation of 3%, the microhardness of
all joint zones further increased to 185 HV. Introducing pre-stretching deformation after
solution treatment significantly improved the microhardness of the welded joint.

3.2. Tensile Properties

Figure 3a presents the tensile properties of the welded joints in both the as-welded
and heat-treated conditions. The as-welded joint exhibited an average yield strength (YS)
of 300 MPa, an ultimate tensile strength (UTS) of 429 MPa, and an elongation (El) of 5.00%.
Following artificial aging (AA) treatment at 155 ◦C for 24 h, the UTS of the joint did not show
a significant increase. To enhance joint strength, a solution + aging treatment was applied.
After solution treatment (ST, 515 ◦C/2 h) followed by aging (AA, 155 ◦C/24 h), the YS, UTS,
and El of the welded joint increased to 401 MPa, 504 MPa, and 7.37%, respectively. In a
further effort to improve the joint strength, pre-stretching deformation was introduced after
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the solution treatment but before the aging process. When a pre-stretching deformation of
3% was applied, the YS and UTS of the joint were significantly enhanced to 589 MPa and
600 MPa, respectively. The tensile efficiency of the welded joint reached up to 95%.

 
Figure 2. Microhardness profiles of the as-welded and heat-treated joints.

Figure 3. Tensile properties of the as-welded and heat-treated joints: (a) the yield strength, ultimate
tensile strength, and elongation of the joints; (b) macrographs of the fractured tensile samples.

Figure 3b presents the macrographs of the fractured tensile samples from the as-
welded and heat-treated joints. It was observed that both the as-welded and AA joints
fractured in the TMAZ, with the fracture location corresponding to the region of low
microhardness. For the welded joints that underwent solution treatment + pre-stretching
deformation + aging (ST + PD +AA), all tensile specimens fractured in the SZ.
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Figure 4 shows the fracture features of the typical specimens treated with ST + PD + AA.
SEM fractography revealed that, after the solution treatment, a coarse grain layer formed
on the upper and lower surfaces of the SZ. Additionally, distinct oxide particles were
observed in the SZ. The presence of this coarse grain layer and the oxide particles in the stir
zone may be the main reasons for the fracture of the tensile specimens in the SZ after the
solution treatment.

 
Figure 4. SEM images of the fracture of the typical tensile sample of the welded joint.

3.3. Microstructure

Figure 5a,b presents macrographs of a cross-section of the welded joints in the as-
welded and ST + PD + AA states, respectively. Macroscopic observation revealed that, after
the solution treatment, abnormal grain growth (AGG) occurred at both the top and bottom
of the SZ. In terms of the formation mechanism of AGG in the SZ, previous studies [38] have
shown that the extreme surface layer of the SZ experiences the highest temperature and
maximum strain during welding, resulting in refined grains that provide a large driving
force for recrystallization and grain growth. Meanwhile, this region contains a high density
of substructures, making it prone to AGG at elevated temperatures. At the bottom of the SZ,
heat dissipation from the base plate during the FSW process, fine grains, and the density of
substructures are second only to that of the surface layer, leading to low thermal stability.
Consequently, AGG occurs after high-temperature solution treatment.

Metallographic observations were conducted on the “S” line features in the top, middle,
and bottom regions of the SZ for the joint subjected to ST + PD + AA treatment (as shown
in Figure 5c–e). These features were compared with those in the as-welded joint (shown in
Figure 5f–h). It was found that, compared to the as-welded joint, the “S” line characteristics
in the SZ became more severe after the high-temperature solution treatment.

The precipitate characteristics constitute a critical factor governing the properties of
heat-treatable strengthened aluminum alloys. TEM specimens were extracted from the
BM, HAZ, TMAZ and SZ based on the microhardness distribution profile, revealing the
variation in mechanical properties across different regions of the joint. These specimens
were employed to examine the precipitate features in each zone. Figure 6 presents TEM
bright-field images of the grain boundaries and intragranular precipitates in the various
regions of the as-welded joint, while Table 2 summarizes the corresponding compositional
analysis results. Combined with the compositional analysis, it can be observed that, in
the BM and HAZ, nearly continuously distributed AlCu or AlCuMgAg phases were
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present along the grain boundaries. Within the grains, a limited number of coarse AlCuMn
phases and a high density of T1 phases were observed. In the TMAZ, coarse AlCu phases
proliferated on the grain boundaries, and the grains contained a substantial number of
coarse AlCu phases along with a small amount of T1 phases. In the SZ, coarse AlCuMg
phases were found at the grain boundaries, and a considerable quantity of AlCu and
AlCuMn phases was precipitated within the grains.

 
Figure 5. Macrographs and OM images of a cross-section of the as-welded and heat-treated joints:
(a) macrograph of the as-welded joint; (b) macrograph of the heat-treated joint; (c–e) OM images of the
“S” line from the top, middle, and bottom regions of the stir zone in the heat-treated state; (f–h) OM
images of the “S” line from the top, middle, and bottom regions of the stir zone in the as-welded state.

Figure 6. Bright-field TEM images of grain boundary and intragranular precipitates in various zones
of the welded joint: (a) BM, (b) HAZ, (c) TMAZ, (d) SZ.

TEM analysis was further performed to characterize the nano-scale intragranular
precipitates in different regions of the welded joint. Figure 7 presents TEM dark-field images
and corresponding compositional spectra of the nano-scale intragranular precipitates in
various regions of the as-welded joint, observed along the <110>Al and <100>Al directions,
respectively. The statistic results of precipitates revealed that the primary strengthening
precipitates within the grains of the BM are T1 phases, present in high densities and fine
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sizes. In the HAZ, the dominant strengthening precipitates remained T1 phases; however,
their size was slightly larger and the average number density was lower compared to those
in the BM. In the TMAZ, the density of nano-scale T1 phases was significantly reduced
relative to the BM, with only a limited number of coarse T1 phases and AlCu phases
observed in the grains. In the SZ, the intragranular precipitates consisted predominantly of
coarse AlCu and AlCuMn phases, with no appreciable nano-scale T1 phases detected.

Table 2. EDS results of the precipitates at grain boundaries and within grains in various regions of
the as-welded joint (at.%).

Position Al Cu Mg Ag Mn Ti Zr Phase

A 67.58 31.85 0.08 0.08 0.05 0.05 0.32 AlCu
B 74.31 11.24 0.15 0.23 13.81 0.04 0.21 AlCuMn
C 69.99 18.01 7.65 3.41 0.16 0.08 0.70 AlCuMgAg
D 80.16 8.54 1.26 0.40 9.19 0.09 0.37 AlCuMn
E 90.56 8.48 0.60 0.23 - 0.02 0.10 AlCu
F 94.71 3.86 0.88 0.30 - 0.03 0.21 AlCu
G 82.85 6.95 0.17 0.21 9.55 0.06 0.20 AlCuMn
H 87.76 6.21 4.51 1.09 0.08 0.06 0.29 AlCuMg
I 92.95 5.37 0.23 0.98 0.07 0.08 0.32 AlCu

Figure 7. Dark-field TEM images, EDS, and statistic results of precipitates in various regions of
the welded joint: (a–d) TEM images observed along <110>Al zone axis, (f–j) TEM images observed
along <100>Al zone axis, (a,f) BM, (b,g) HAZ, (c,h) TMAZ, (d,k) SZ, (e) average diameter of T1 phase,
(j) average number density of T1 phase, (k) EDS analysis spectrum of precipitates in the region
highlighted by the blue circle in (h), (l) EDS analysis spectrum of precipitates in SZ.

To investigate the effect of post-weld heat treatment on the precipitate characteristics
in various regions of the welded joint, TEM observations were performed on the different
regions of the joint subjected to AA and ST + PD (with deformation amounts of 0%, 1.5%,
and 3%, respectively) + AA treatments. Figure 8 presents TEM dark-field images and
statistic results of the intragranular precipitates in different regions of the welded joint
after AA treatment. The precipitate characteristics in the BM and HAZ did not differ
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significantly from those in the as-welded joint, remaining dominated by T1 phases, along
with the precipitation of a small amount of θ′ and S′ phases within the grains. In the TMAZ,
the precipitates consisted mainly of coarse T1 and θ′ phases. Compared with the precipitate
characteristics in the TMAZ of the as-welded joint, coarsening of the T1 and θ′ phases
occurred after AA treatment. Following AA treatment, a small number of T1 phases and a
substantial number of θ′ phases were precipitated in the SZ.

Figure 8. Dark-field TEM images and statistic results of precipitates within grains in various regions
of the aging treatment joint: (a–d) TEM images observed along <110>Al zone axis, (e–h) TEM images
observed along <100>Al zone axis, (a,e) BM, (b,f) HAZ, (c,g) TMAZ, (d,h) SZ, (i) average diameter
of T1 phase, (j) average number density of T1 phase, (k) average diameter of θ′ phase, (l) average
number density of θ′ phase.

Figure 9 shows TEM bright-field images of grain boundary and intragranular pre-
cipitates in different regions of the welded joint after ST + AA treatment. Following this
treatment, the grain boundary precipitates in all regions of the joint were identified as AlCu
or AlCuMgAg phases, along with a small number of AlCuMn phases within the grains. In
contrast to the as-welded joint, no significant difference was observed in the large-sized
precipitates at grain boundaries and within grains of the BM and HAZ. Notably, the coarse
AlCu and AlCuMn phases that had precipitated in the HAZ and SZ of the as-welded joint
were largely dissolved back into the matrix after the re-solution treatment.

Figure 10 displays dark-field TEM and HRTEM images, along with statistical results of
nano-scale precipitates in different regions of the welded joint after ST + AA treatment. T1

and θ′ phases act as the dominant strengthening precipitates in the BM, HAZ, TMAZ, and
SZ, accompanied by a small amount of S′ (Al2CuMg) and σ (Al5Cu6Mg2) phases. Statistical
analyses of T1 and θ′ precipitates reveal that T1 phases in the HAZ are slightly larger and
more numerous. In comparison, θ′ precipitates in the SZ exhibit a finer size and higher
number density.
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Figure 9. Bright-field TEM images of precipitates at grain boundaries and within grains in various
regions of the joint that underwent solid solution and aging treatment: (a) BM, (b) HAZ, (c) TMAZ,
and (d) SZ.

 

Figure 10. Dark-field TEM and HRTEM images of precipitates within grains in various regions
of the joint that underwent solid solution and aging treatment: (a–d) TEM images observed along
<110>Al zone axis, (e–h) TEM images observed along <100>Al zone axis, (i–l) HRTEM images, (a) BM,
(b) HAZ, (c) TMAZ, (d) SZ, (m) average diameter of T1 phase, (n) average number density of T1

phase, (o) average diameter of θ′ phase, (p) average number density of θ′ phase.
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Figure 11 displays dark-field TEM images and statistic results of the precipitates in
different regions of the welded joint after ST + 3%PD +AA treatment. After applying 3%
pre-stretching deformation prior to aging, the precipitates in the BM, HAZ, TMAZ, and SZ
were predominantly T1 phases, along with a small number of θ′ and S′ phases within the
grains. The number density of T1 phases in the HAZ, TMAZ and SZ was slightly higher
than that in BM. Compared with the welded joint without pre-stretching deformation, the
application of pre-stretching resulted in a notably higher density of T1 phases and a marked
reduction in the number of θ′ phases.

 

Figure 11. Dark-field TEM images of precipitates within grains in various regions of the joint
that underwent ST + 3%PD +AA treatment: (a–d) TEM images observed along <110>Al zone axis,
(e–h) TEM images observed along <100>Al zone axis, (a,e) BM, (b,f) HAZ, (c,g) TMAZ, (d,h) SZ,
(i) average diameter of T1 phase, (j) average number density of T1 phase, (k) average diameter of θ′

phase, (l) average number density of θ′ phase.

4. Discussion
The novel Al–Cu–Li alloy is a heat-treatable strengthening aluminum alloy, and the

mechanical properties of the ultra-high-strength alloy welded joints are predominantly
controlled by the nano-scale precipitation characteristics across the SZ, TMAZ, HAZ, and
BM. For peak-aged Al–Cu–Li alloys, a long-standing challenge arises from the intense
thermal–mechanical cycle during FSW, which triggers severe dissolution, coarsening,
and heterogeneous precipitation of strengthening precipitates, resulting in pronounced
softening in the TMAZ and SZ. Conventional post-weld heat treatment (PWHT) strategies
often fail to fully restore joint strength. The novelty of this study is to quantitatively reveal

https://doi.org/10.3390/met16050556

https://doi.org/10.3390/met16050556


Metals 2026, 16, 556 12 of 15

the zone-resolved precipitation evolution under tailored PWHT and establish a definitive
structure–property correlation, enabling a joint efficiency up to 95% via a newly developed
solution + pre-stretching + aging route, which markedly outperforms conventional PWHT
practices reported in the literature.

In the BM with T8 temper, high-density fine T1 (Al2CuLi) precipitates provide the
dominant precipitation strengthening. During FSW, T1 phases are almost completely
dissolved in the SZ under severe plastic deformation and thermal cycling, followed by the
precipitation of coarse AlCu, AlCuMg, and AlCuMn phases during cooling, leading to a
sharp decrease in microhardness to approximately 140 HV. In the TMAZ, moderate thermal–
mechanical input causes partial dissolution and coarsening of T1, together with massive
formation of coarse AlCu-based phases, giving rise to the lowest microhardness (~110 HV).
The HAZ exhibits gradual softening toward the SZ due to T1 coarsening. Consequently,
the microhardness of the as-welded joint presents a typical “W”-shaped hardness profile.
And the as-welded joint fractures in the TMAZ with an ultimate tensile strength (UTS) of
429 MPa and a joint efficiency of ~68%.

Direct artificial aging at 155 ◦C for 24 h produces no significant strengthening effect.
Coarse secondary phases formed during welding consume abundant Cu, Li, and Mg
solute atoms, reducing matrix supersaturation and eliminating the driving force for fine
T1 precipitation during aging. Pre-existing precipitates undergo further coarsening rather
than refinement, leading to negligible changes in microhardness and tensile strength. These
results confirm that single aging is ineffective for FSW joints of peak-aged Al–Cu–Li alloys.

Solution treatment at 515 ◦C for 2 h effectively re-dissolves coarse intermetallic phases
into the matrix, restoring high supersaturation and reactivating the aging response. After
subsequent aging, precipitates across all joint zones become highly uniform and are domi-
nated by T1 and θ′ phases. The microhardness difference among zones is largely eliminated
(~155 HV), and UTS increases to 504 MPa with a joint efficiency of ~80%. Although excel-
lent microstructural homogeneity is achieved, joint strength is still limited by the relatively
low fraction of T1, the primary strengthening phase.

To further promote T1 precipitation, pre-stretching deformation is introduced after so-
lution treatment as the core innovation of this work. Pre-stretching generates high-density
dislocations that serve as preferential nucleation sites for T1, significantly increasing its
number density and refining its size. With 3% pre-stretching, T1 becomes the dominant
strengthening phase in all zones, while θ′ precipitation is greatly suppressed. Micro-
hardness rises to ~185 HV, yield strength reaches 589 MPa, and UTS reaches 600 MPa,
corresponding to a joint efficiency as high as 95%. This performance is superior to the
published data for PWHT-treated FSW joints of third-generation Al–Li alloys. Typically,
joint efficiencies of 75–85% are reported for FSW 2195-T8 joints after conventional aging or
solution + aging, with few values exceeding 90% [32,34,35]. The 95% efficiency achieved
herein demonstrates that pre-stretching-assisted PWHT can effectively repair FSW-induced
strength loss and restore performance close to the BM level. The reduced elongation (1.81%)
is associated with abnormal grain growth and intensified “S” line features in the SZ after
the inclusion of a high-temperature solution, which act as a preferential fracture site. Fur-
ther optimization of the solution’s temperature, cooling rate, and pre-stretching level is
suggested for applications requiring balanced strength and ductility.

Benchmarked against state-of-the-art literature, the solution + pre-stretching + ag-
ing route established in this study delivers a record-high joint efficiency compared with
conventional aging, solution + aging, or rolling-assisted PWHT. Its key advantage lies
in targeted precipitation control: pre-stretching maximizes the T1 fraction and homoge-
nizes its distribution across all zones, overcoming the inherent softening in the TMAZ and
SZ that limits FSW joint performance. This work establishes a complete zone-resolved
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structure–property relationship for PWHT of ultra-high-strength Al–Cu–Li FSW joints, pro-
viding reliable theoretical guidance and a practical processing route for high-performance
aerospace structural components.

5. Conclusions
This present work employs a novel Al-Cu-Li alloy for friction stir welding. And the

effects of post-welded heat treatment on microstructure and mechanical properties of joints
were investigated. The following conclusions were obtained:

(1) The as-welded Al–Cu–Li alloy FSW joint exhibits a typical “W”-shaped microhard-
ness distribution, with the lowest hardness in the TMAZ. The dissolution of T1 strength-
ening phases and the precipitation of coarse AlCu, AlCuMg, and AlCuMn phases during
FSW are identified as the primary reasons for joint softening.

(2) Direct post-weld aging at 155 ◦C for 24 h does not improve joint strength because
coarse phases formed during welding consume abundant solute atoms and reduce the
driving force for fine T1 precipitation during aging.

(3) Solution treatment effectively re-dissolves coarse intermetallic phases, and subse-
quent aging homogenizes the microstructure across SZ, TMAZ, HAZ, and BM, with T1 and
θ′ as the main strengthening phases.

(4) The solution + 3% pre-stretching + aging route represents the core innovation
of this work. Pre-stretching introduces high-density dislocations to promote intensive
nucleation of T1 phases, which significantly enhances microhardness and tensile strength.
The joint achieves an ultimate tensile strength of 600 MPa and a joint efficiency up to 95%,
reaching an advanced level among the reported Al–Li alloy FSW joints.
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