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A B S T R A C T

The paper focuses on the friction stir welding (FSW) of Al-Cu-Li alloy in the fully annealed condition, with 
particular attention to its local microstructural evolution and mechanical properties. It was observed that nugget 
zones exhibit finely equiaxed grains resulting from sufficient dynamic recrystallization (DRX), primarily 
occurring through continuous dynamic recrystallization (CDRX) and discontinuous dynamic recrystallization 
(DDRX). In the thermo-mechanically affected zone (TMAZ), numerous equiaxed grains and sub-structured grains 
emerged due to partial DRX, indicating the development of CDRX, DDRX, and geometric dynamic recrystalli
zation (GDRX). The precipitate characteristics of the heat affected zone (HAZ), TMAZ, and base material (BM) 
are fundamentally consistent, specifically, there exists a significant amount of coarse equilibrium phases at grain 
boundaries, which exhibit relatively low hardness. The microhardness values of the nugget zone (NZ) and HAZ 
are comparable, exhibiting the lowest hardness region in the welded joint, with an average value of approxi
mately 50.5 HV. These equilibrium phases predominantly undergo dissolution within the NZ, exhibiting a 
marked solid solution strengthening effect that enhances hardness, with a peak value reaching 125.2 HV. From 
advancing side to retreating side of the NZ, dissolution of the phases gradually decreases, leading to a sequential 
reduction in solid solution strengthening effects across these three regions. Consequently, the increment in 
hardness diminishes progressively, with a minimum hardness of about 69.8 HV, resulting in a ‘n’-shaped dis
tribution of overall joint hardness. The FSW joints exhibit a maximum tensile strength of 179.9 MPa, corre
sponding to approximately 95.0 % of the BM, while the elongation at fracture reaches 13.4 %, representing 
68.7 % of the BM. Both tensile fracture surfaces for the joints and BM reveal numerous dimples indicative of 
ductile fracture characteristics. However, the joints exhibit lower uniform deformation capability compared to 
base materials, indicating that their post-fracture elongation is less than that of the BM.

1. Introduction

In recent years, with the rapid development of modern industries 
such as aerospace, automotive, and marine engineering, the demand for 
lightweight and high-strength structural materials has been growing at 
an astonishing pace [1]. This upsurge is mainly propelled by the urgent 
requirements to reduce fuel consumption in transportation-related 
fields. The Al-Cu-Li alloy, with its unique combination of low density 
and outstanding strength properties, has emerged as a star material in 
the aerospace industry. For instance, adding only 1 % lithium to an 
aluminum matrix can lead to a remarkable 3 % decrease in density and a 
6 % increase in elasticity simultaneously [2,3]. This makes it an ideal 

choice for manufacturing aircraft components such as wing spars, 
fuselage frames, and engine parts. These components need to be light
weight to reduce the overall weight of the aircraft while maintaining 
high strength to withstand the complex mechanical stresses during flight 
[4].

In 1991, Thomas from The Welding Institute (TWI, UK) made a 
groundbreaking invention - the inclined Friction Stir Welding (FSW), 
which is a highly complex thermomechanical process [3]. This tech
nology typically operates at a temperature around 0.6–0.9 Tm (Kelvin). 
Such a temperature range is carefully chosen because it is beneficial for 
avoiding the common drawbacks of traditional fusion welding. In fusion 
welding, issues like porosity, hot cracking, and large-scale grain growth 
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often occur, which can severely degrade the mechanical properties of 
the welded joints [5]. In contrast, FSW, with its unique frictional heating 
and plastic deformation mechanism, can produce high-quality welds 
with fewer defects. Therefore, it is widely considered an ideal welding 
technique for Al alloys [4]. Previous studies have shown that FSW can be 
effectively used in the manufacturing of Al-Cu-Li alloys [6–8]. More
over, different welding parameters, such as rotation speed, welding 
speed, and axial force, will result in a complex microstructure and 
precipitation behaviors. These variations significantly affect the me
chanical properties of the joints, including tensile strength, fatigue 
resistance, and corrosion resistance [9–11].

FSW joints generally consist of distinct zones: the nugget zone (NZ), 
the thermo-mechanical affected zone (TMAZ), the heat-affected zone 
(HAZ), and the base material (BM). These regions are characterized by 
distinct heterogeneities in plastic deformation and thermal exposure 
[12]. During the FSW process, the joints experience significant changes, 
leading to the generation of Dynamic Recrystallization (DRX) [13,14]. 
Generally, several types of DRX can be observed during FSW, including 
discontinuous dynamic recrystallization (DDRX), continuous dynamic 
recrystallization (CDRX), and geometric dynamic recrystallization 
(GDRX) [15]. In DDRX, new strain-free grains nucleate and grow at the 
expense of dislocation-rich regions [16]. The nucleation process is 
related to the local stress concentration and the stored energy in the 
deformed material [13]. Deformation, facilitated by dynamic recovery, 
results in the formation of cell or sub-grain structures with low-angle 
grain boundaries (LAGBs) [16]. As the deformation progresses, the 
sub-grain boundaries gradually accumulate dislocations. Under higher 
deformations, the progressive evolution of these LAGBs into high-angle 
grain boundaries (HAGBs) is the characteristic of CDRX. GDRX can be 
observed in extensive high-temperature aluminum deformations, where 
the grains elongate and show local serrations. These grains remain 
distinct until their thickness is less than one or two sub-grain sizes. 
Beyond this, the formed serrations disappear, and equiaxed grains 
marked by HAGBs are formed. It has been demonstrated that complete 
DRX occurs in the NZ, while partial DRX occurs in the TMAZ due to 
differences in the degree of plastic deformation and welding tempera
tures [16]. In addition, the HAZ mainly undergoes recovery due to 
thermal cycling, resulting in negligible changes in grain morphology or 
size [13]. Currently, the dominant recrystallization mechanisms in 
distinct characteristic regions of FSW joints remain insufficiently 
explored. This is particularly true for annealing condition Al-Cu-Li al
loys, where a systematic analysis of recrystallization behavior across 
microstructural zones could elucidate the material’s deformation 
mechanisms under complex thermomechanical processing conditions.

The Al-Cu-Li alloy is a typical precipitation-hardening Al alloy with a 
complex precipitation system, including the Guinier-Preston Zones 
(GPZs), θ′′, θ′, θ, δ′, β′, T, T1, TB, T2, and possibly Ω and S′ as well [2]. The 
precipitates in the FSW joints of this alloy have been extensively studied 
[17–19]. During the FSW of Al-Cu-Li alloys, complex precipitation be
haviors such as dissolution, coarsening, precipitation, and 
re-precipitation occur. It should be noted that most of the conclusions 
about precipitation behaviors are obtained from the artificially aged 
(T8/T6) Al-Cu-Li alloy. For example, Sun et al. studied the microstruc
ture, mechanical, and fracture properties of FSWed joints in 2195-T8 
Al-Li alloy [4]. They used advanced characterization techniques like 
high-resolution transmission electron microscopy (HRTEM) and atom 
probe tomography (APT) to analyze the fine-scale microstructure and 
the distribution of precipitates. Guo et al. investigated the effect of aging 
treatment on the microstructure and mechanical properties of the wel
ded joints of 2195-T8 Al-Li alloy [20]. Their research involved a series of 
aging experiments at different temperatures and times, followed by 
mechanical property tests such as tensile testing and hardness mea
surement. However, only a few researchers have focused on other 
temper conditions of the Al-Cu-Li alloy. Mondal et al. reported the effect 
of the backing plate on the microstructure and properties of 
friction-stir-welded 2195-O alloy [21]. They varied the material and 

thickness of the backing plate to study its influence on the heat dissi
pation and the resulting microstructure. Chen et al. studied the joint 
performance of friction-stir-welded 2195-O Al-Li alloy through 
post-weld heat treatment [22]. Their study included different 
heat-treatment cycles to optimize the mechanical properties of the 
joints. Chen et al. also explored the influence of post-weld rolling and 
artificial aging on the microstructure and mechanical properties of 
friction-stir-welded 2195-T4 Al-Li alloy joints [23]. Their work involved 
multi-step processing and comprehensive characterization to under
stand the complex relationships between processing, microstructure, 
and properties. The precipitation evolution and mechanical properties 
of FSW joints based on different temper conditions of Al-Cu-Li alloy are 
different and still not fully understood.

In engineering, the fully annealed (O condition) aluminum alloy is 
mainly used for the processing of special profiles. After deformation, 
welding, and other cold/hot processing, appropriate heat treatment is 
carried out to prepare parts with good comprehensive performance. The 
alloy in this heat-treatment condition has been annealed at a high 
temperature for a long time, so most of the solute atoms in the alloy 
precipitate into soft and coarse precipitates, and the hardness of the 
alloy is low. This soft state makes it easier to form complex shapes 
during cold-rolling or forging processes. Nevertheless, the friction stir 
welding of fully annealed Al-Cu-Li alloy has received little attention, and 
the microstructure evolution and mechanical properties of the joints are 
not very clear. There is a lack of systematic research on how the initial 
soft state of the alloy affects the FSW process, the resulting micro
structure, and the mechanical properties of the joints.

To gain a deeper understanding of this issue, the present study 
mainly investigated the microstructure and mechanical properties of 
friction-stir-welded fully annealed Al-Cu-Li alloy and revealed the re
lationships among the grain features, precipitates, hardness, and tensile 
properties of the FSW joints. To achieve this goal, a series of advanced 
techniques were employed. Optical microscope (OM) was used to 
observe the overall microstructure and the distribution of different 
zones in the FSW joints. Back-scattered electron (BSE) imaging provided 
information about the chemical composition and the distribution of 
precipitates at a higher magnification. Electron back-scattered diffrac
tion (EBSD) was utilized to analyze the crystallographic orientation and 
the grain boundary characteristics, such as the misorientation angle 
between grains. Transmission electron microscopy (TEM) was applied to 
study the fine-scale microstructure, including the size, shape, and dis
tribution of precipitates. Vickers hardness testers were used to measure 
the hardness distribution across different zones of the joints, and tensile 
test machines were employed to measure the tensile properties.

2. Experiment work

In this study, the base material (BM) was in a Al-Cu-Li alloy plate 
(4 wt% Cu, 1 wt% Li, 0.44 wt% Mg, 0.4 wt% Ag, 0.11 wt% Zr, 0.05 wt% 
Fe) with fully annealed condition, which was annealed at 400 ℃ more 
than 24 h. The BM were manufactured by fiction stir butt welding with a 
rotation speed of 700 rpm and a welding speed of 100 mm/min. The 
welding procedure was performed perpendicular to the rolling direction 
(RD) of the BM with the shoulder plunge depth of 0.1 mm and the tool 
tilt angle of 2.5◦. A FSW tool is made of high-speed steel and consists of a 
concave shoulder with 18 mm in diameter and a threaded taper cylin
drical pin with 6.9 mm in length.

After welding, microstructure of the FSW joints was conducted on 
the transverse cross-section of FSW joints, focusing on grain and pre
cipitate features in different regions of the joints by optical microscope 
(OM), electron back scattered diffraction (EBSD) and transmission 
electron microscope (TEM) technologies. The specimens for OM obser
vation were prepared by grinding and then polishing, and etching by 
Keller’s reagents (2 ml hydrofluoric acid, 3 ml hydrochloric acid, 5 ml 
nitric acid and 190 m water) at last. The EBSD specimens were prepared 
by grinding and mechanical polishing, and then electro-polishing with a 
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mixture of 10 % HClO4 and 90 % C2H5OH for 120 s at 20 V and − 20 ℃. 
EBSD test was carried out on a scanning electron microscope (SEM, Zeiss 
Auriga) with an operating voltage of 20 kV, and the EBSD scanning step 
size was performed on 0.3 μm or 1 μm. EBSD data was processed by 
Aztec-Crystal software. Various colors appear in EBSD maps represent
ing different crystallographic directions which can reference the IPF 
coloring scheme. The low angle grain boundaries (LAGBs) with 
misorientation angles between 2◦ and 15◦ were illustrated with white 
lines, while the high angle grain boundaries (HAGBs) with misorienta
tion angles above 15◦ were noted by black lines. Precipitates of welding 
joints were characterized by back scattered electron (BSE, Zeiss Auriga 

SEM) and transmission electron microscopy (TEM, Talos F200S). The 
samples for BSE observation were prepared by mechanical grinding and 
polishing. The TEM samples were obtained by twin-jet electro-polishing 
with a solution of 70 % CH3OH and 30 % HNO3 at 15 V and − 30 ℃.

Mechanical properties of the FSW joints were studied by MH-5L 
micro-hardness testers and AG-X tensile test machines. Micro-hardness 
profiles were measured on the transverse cross-section of FSW joints 
micro-hardness testers. The measurement was carried out in the middle 
thickness of joints with an interval of 0.5 mm under a load of 500 g for 
10 s. Tensile test specimens were prepared as per ASTM: E8- M11 
guidelines in which the room-temperature tensile tests were carried out 

Fig. 1. Macroscopic morphology of FSW joints and the different regions of joints for microstructure analysis marked by boxes (AS-HAZ, AS-TMAZ, NZ and 
RS-TMAZ).

Fig. 2. Optical microscopy (OM) images of different regions of the FSW joints: (a) AS-HAZ, (b) AS-TMAZ, (c) NZ, (d) RS-TMAZ.
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with a displacement state of 1 mm/min, and three samples were tested 
for each condition. Fracture morphologies of the tensile samples were 
analyzed using Zeiss Auriga FIB-SEM.

3. Results and discussion

3.1. Microstructural features

Fig. 1 shows the macroscopic morphology of the cross-section of Al- 
Cu-Li alloy FSW joints. It can be found that typical regions, i.e., the HAZ, 
TMAZ and NZ, were observed in the joints. The microstructural char
acteristics of these regions were characterized by optical microscopy 
(OM) and EBSD analysis, as shown in Figs. 2–7.

As can be seen from the OM images (Fig. 2), the HAZ is dominated by 
lamellar elongated grains, the AS-TMAZ and RS-TMAZ are mainly 
curved layered grains, while the NZ is mainly fine equiaxed grains. In 
this study, the Al-Cu-Li alloy was rolled, and the grains were in lamellar 
elongated structure. In the FSW, the HAZ is mainly affected by the 
welding thermal cycle, and the recovery process occurs, and the grain 
morphology remains similar to that of the BM. The TMAZ is subjected to 
the joint action of welding thermal cycling and plastic deformation 
stress in the welding zone, the original long grain is bent and deformed, 
and some dynamic recrystallization occurs at the same time, resulting in 
a few fine recrystallization grains. The NZ was subjected to severe plastic 
deformation and high welding temperature, and completely dynamic 
recrystallization occurred, resulting in a large number of fine equiaxed 
grains.

In addition, there are a large number of coarse second phases in the 

HAZ, AS-TMAZ and RS-TMAZ, while these precipitates basically disap
pear in the NZ. After the complete annealing treatment of the BM, a large 
number of coarse equilibrium phases are formed, and the intense ther
momechanical action of FSW causes these precipitates to dissolve, so the 
coarse precipitates are rarely observed in NZ. The thermomechanical 
action of HAZ and TMAZ is relatively small and fails to dissolve these 
equilibrium phases, so a large amount of coarse precipitated phase is still 
retained.

In the Fig. 3, it can be found that grains in the AS-HAZ is mainly in 
(111) and (101) orientation, and more (001) orientation is generated in 
the TMAZ. While, grains in the NZ shows random orientation. Grains 
morphologies of these regions are similar to what observed in the OM 
(Fig. 2), indicating that the fine and equiaxed recrystallization grains are 
observed in the NZ and TMAZ. Fig. 4 shows the distribution character
istics of LAGBs and HAGBs in each region of the joint. Through quan
titative analysis, it is found that the content of LAGBs of HAZ is the 
highest, which is 52.4, as shown in Fig. 5. The content of LAGBs in TMAZ 
decreased slightly, with AS-TMAZ being 50.8 % and RS-TMAZ being 
42.7. The content of LAGBs in NZ is the lowest (15.7 %).

Generally, stress induces plastic deformation in materials, changing 
grain morphology and orientation, while high temperatures promote 
recrystallization. FSW is a complex thermomechanical process where 
the material near the weld zone experiences dynamic recrystallization 
due to severe plastic deformation and high-temperature during welding. 
In the FSW joint, the thermomechanical impact is strongest in the NZ. 
Intense mechanical stirring and high-temperature there enable complete 
recrystallization, reducing the density of LAGBs and dislocations, as seen 
in Figs. 4 and 6. In the TMAZ, the thermomechanical action is weaker, 

Fig. 3. Inverse pole figure (IPF) of different regions of the FSW joints: (a) AS-HAZ, (b) AS-TMAZ, (c) NZ, (d) RS-TMAZ.
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causing partial dynamic recrystallization. Although fine recrystallized 
grains form, many deformed structures like LAGBs and dislocations 
remain, leading to a relatively high content of them in TMAZ. The AS- 
TMAZ) has more elongated grains than the RS-TMAZ), because the 
former undergoes more severe thermomechanical forces during FSW.

FSW’s heat and force variations result in different dynamic recrys
tallization mechanisms. The NZ shows features of continuous (CDRX) 
and discontinuous (DDRX) dynamic recrystallization. In DDRX, new 
strain-free grains nucleate at deformed areas. The TMAZ has traces of 
geometric dynamic recrystallization (GDRX) besides CDRX and DDRX, 
as shown in Fig. 7.

3.2. Hardness profiles

Micro-hardness profiles of the Al-Cu-Li alloy FSW joints are shown in 
Fig. 8. After FSW, the material in the weld and its vicinity is strength
ened, the hardness increases, and the overall hardness distribution curve 
of the joint becomes “n” type. In addition, the region with the largest 
increase in hardness was AS-NZ, reaching 125.2 HV. From AS-NZ to RS- 
NZ, the increment of hardness in the NZ gradually decreases, with a 
minimum hardness of about 69.8 HV (increasing 19.3 HV). The increase 
in hardness of TMAZ is relatively small, about 2–28.5 HV, and the in
crease in hardness of AS-TMAZ is more. The hardness of the heat 
affected zone is consistent with that of the base material, with no in
crease, about 50.5 HV.

Generally, hardness profiles appear mostly in “W” shape in the FSW 
joints of precipitation strengthening Al alloys [6,24]. However, hardness 
curves of the joints can be different, resulting from the varied welding 

Fig. 4. Grain boundaries distribution of different regions of the FSW joints: (a) AS-HAZ, (b) AS-TMAZ, (c) NZ, (d) RS-TMAZ.

Fig. 5. Comparison of misorientation angle distributions of grains in different 
regions of the joints.
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condition, such as thickness of welding plates, cooling process and 
original status of base materials [25–28]. In this study, the first two 
factors are relatively routine, only the status of the material is different 
from that reported in most literature. The BM was in ‘O’ condition which 
involved an annealing at 400 ℃ for sufficient time, with the effect of 
strain hardening vanishing completely. It is well known that Al-Cu-Li 
alloy is a kind of typical precipitation strengthening Al alloy, whose 
mechanical properties are mainly determined by precipitates [2,3]. 
Dissolution, coarsening and precipitation of precipitates are caused by 
severe plastic deformation and sufficient heat input during friction stir 
welding process, significantly affecting hardness distribution of welding 
joints [5,29–31]. Thus, precipitate features of the FSW joints will be 
analyzed in detail.

3.3. Precipitates characterization

Fig. 9 shows the distribution of secondary phases in different regions 
of the joints using SEM-BSE analysis. A lot of coarse secondary phases 
are observed in the HAZ and TMAZ, which are mostly distributed along 
grain boundaries. While, obviously smaller and less of these phases can 
be found in the NZ. To further analyze the distribution patterns of phases 
in different regions of the joints, Transmission Electron Microscopy 
(TEM) was employed for precipitate analysis, as shown in Figs. 10–13. It 
should be noted that in the TEM analysis, the schematic diagrams of 
different regions are presented in the upper-right corner of each figure, 
for example, Fig. 10a.

3.3.1. Phases in the BM-HAZ
Fig. 10 shows the distribution characteristics of phases in the BM or 

the HAZ. It can be found that a large number of coarse precipitates 
distributed along grain boundaries exist in these two regions, while a 
small amount of spherical precipitates exist within the grain inners. In 
the SAED diagram, only the diffraction spots of Al matrix are observed, 
and there is no diffraction information of phase, indicating that there is 
no coherent relationship between these coarse precipitated phases and 
Al matrix. It is known from the literature that these fine spherical 
precipitated phases are δ’ (Al3Li) and β′ (Al3Zr), and their diffraction 
information is difficult to observe because of their small content and 
size. At the same time, because δ’ and β′ are very close to each other in 
crystal structure, lattice constant, and orientation relationship with Al 
matrix, they are usually expressed as δ’/β′ in Al-Cu-Li alloys. Through 
STEM-EDS analysis of these coarse precipitates, the enrichment of ele
ments such as Al, Cu, Mg and Ag can be obviously observed. It can be 
noted that in a fully annealed Al-Cu-Li alloy, these precipitates should be 
an equilibrium of Al, Cu, Mg, and Li (too light to be detected). Chen et al. 
suggests that these equilibrium phases may be Al2Cu (θ), Al7.5Cu4Li (TB), 
Al6CuLi3 (T2) and Al6CuMg4 (T) [17]. The generation of these coarse 
phases which costs a lot of solutes creates the microstructure signifi
cantly devoid of strengthening particles in both of the matrix and grain 
boundaries [32]. Thus, the BM was developed as a weakening state with 
low hardness. The spherical particles of δ’ and β′ are mainly precipitated 
during nature aging process [6,9,10,33].

Generally, a weak zone with the lowest hardness, resulting from the 
dissolution and coarsening of precipitates, is always detected in the HAZ 
[7,11,34]. However, in this study, no significant hardness difference was 

Fig. 6. Kernel average misorientation (KAM) maps of grains in different regions of the FSW joints: (a) AS-HAZ, (b) AS-TMAZ, (c) NZ, (d) RS-TMAZ.
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detected between the HAZ and the BM. This indicates that the welding 
thermal cycle had a negligible impact on the precipitates in the HAZ. 
The BM, having undergone long-term high-temperature heat treatment, 
had only a small number of solutes and strengthening particles 
remaining in the matrix, with most solutes having transformed into 
equilibrium phases. The limited welding temperature was insufficient to 
promote the precipitation and coarsening of strengthening precipitates. 
Consequently, the phase characteristics in the HAZ were consistent with 
those of the BM, leading to a similar hardness value between the HAZ 
and the BM.

3.3.2. Phases in the TMAZ
Fig. 11 presents the TEM analysis results of phases in the AS-TMAZ) 

and RS-TMAZ). It is evident that the distribution characteristics of 
phases in these two regions are essentially identical. Specifically, the 
coarse equilibrium phase is predominantly distributed along the grain 
boundaries of the curved grains. Moreover, within the grain interior, 
there are numerous entangled dislocations. In the SAED patterns, only 
the diffraction information of the Al matrix is observed. During the FSW 
process, the TMAZ experiences a relatively high plastic deformation 
(extrusion, shearing and forging) and welding temperature, leading to 
the dissolution, precipitation and coarsening of precipitates [5]. 
Generally, the maximum temperature of TMAZ is about 400℃. How
ever, in this research, the coarse secondary phases were not decreased 
obviously due to the insufficient strain and heat input during the 
welding. This is because the temperature is not high enough for the 
coarse equilibrium phase to dissolve. The thermal cycling in the TMAZ 
had limited effect on coarse phases, but were enough for the dissolution 
of tiny dispersoids promoting the re-precipitation of the δ’ phases and 
the development of β′ phases in the subsequent cooling process. The δ’ 
phase is easy to form at relatively low temperature (less than 100 ℃) due 
to low activation and interfacial energy [3]. The β′ phases prefer to 
precipitate on dislocations and grain boundaries, which can also act as 
nucleation sites for δ’ precipitates [33]. Hence, the high density of dis
locations and heat input jointly promoted the generation of more δ’ and 
β′ precipitates. Thus, a little increase in hardness, resulting from the 
content of the fine precipitates, was only detected in the AS-TMAZ. The 
thermomechanical action during FSW makes the deformed grains in the 
TMAZ. As a result, the orientation of the phases along the grain 
boundaries of these grains changes accordingly. Given the relatively low 
degree of recrystallization in TMAZ, a substantial amount of residual 
strain remains in the matrix in the form of dislocations.

3.3.3. Phases in the NZ
In most FSW studies of Al alloys, the hardness distribution in the NZ 

generally exhibits a smooth wavy curve, indicating that the hardness 
values of small areas within the NZ are relatively similar. Nevertheless, 
in the present study, the hardness in different regions of the NZ varies 
considerably. Specifically, the hardness values display a decreasing 
trend from the advancing-side (AS-NZ) to the retreating-side (RS-NZ) of 
the NZ.

The Al-Cu-Li alloy is a precipitation-strengthened aluminum alloy, 
and its mechanical properties are predominantly related to the distri
bution of the precipitated phase. To disclose the distribution charac
teristics of the precipitated phase in the NZ, TEM analysis was conducted 
on the AS-NZ), central region of the NZ (NCZ), and RS-NZ, as shown in 
Fig. 12.

As can be seen from Fig. 12, the grains in different regions of the NZ 
are fine and equiaxed. Fine δ’/β′ phases and dislocations are detected in 
all three regions. In the AS-NZ, no obvious grain-boundary precipitates 
are observed. In the NCZ, more relatively small-sized grain-boundary 
precipitates (approximately 0.5 μm) are found, and a significant number 
of precipitates of the same size are also present inside the grains. 
However, in the RS-NZ, coarse grain-boundary precipitates, with a size 
of about 1–2 μm, are frequently observed.

The NZ suffers severe plastic deformation and high thermal exposure 
during FSW process [12]. Some researchers estimated that effective 
strains in this region exceeded 40 at a high strain rates (about 10 s− 1) 
[36]. The maximum temperature could approach about 0.8 Tm, or even 
0.95 Tm in Al alloys [5]. Fine equiaxed grains are developed in this re
gion due to dynamic recrystallization [37]. The dissolution, precipita
tion coarsening and fragmentation of precipitates, resulting from 
dramatic thermal-mechanically process, can also be found [38]. In this 
study, dynamic recrystallization was developed in the whole NZ, leading 
to the generation of fine recrystallization grains. However, precipitate 
features were evidently different in the individual regions of the NZ, 
indicating that coarse phases were absent in the AS-NZ but were still 

Fig. 7. Selected grains for analyzing dynamic recrystallization behavior in 
different regions of the FSW joints: (a) NZ, (b) AS-TMAZ, (c) RS-TMAZ.

Fig. 8. Hardness profiles on cross-section of the FSW joints.
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observed in the RS-NZ. Furthermore, the coarse precipitates in the 
RS-NZ were smaller than those in the BM. These differences might be 
caused by the development of heterogeneous thermal-mechanical 
history.

In this study, the BM is a fully annealed Al alloy. Most of its solute 
atoms precipitate fully at the grain boundaries, forming coarse equi
librium phases. As a result, the hardness of the alloy is low. The ther
momechanical action of the FSW can redissolve the phases in the weld 
zone. The solute atoms then dissolve into the matrix, achieving solid- 
solution strengthening. Consequently, the hardness of the NZ is higher 

than that of the BM and the he HAZ. Since FSW is a complex and non- 
uniform thermomechanical process, the thermomechanical effects on 
different regions of the weld zone vary. Previous studies [17] have 
indicated that the material in the AS-NZ is mainly subjected to the shear 
action of the stirring pin, while the material in the RS-NZ is mainly under 
extrusion. This leads to more intense thermomechanical action in the 
former and less in the latter.

The intense rotational-shear action of the stirring pin causes the 
original coarse phases in the NZ region to fragment and dissolve. The AS- 
NZ experiences the most significant thermomechanical action. The 

Fig. 9. SEM-BSE characterization of the second phases in different regions of joints: (a) AS-HAZ, (b) AS-TMAZ, (c) NZ, (d) RS-TMAZ.

Fig. 10. TEM analysis of precipitates of the BM-HAZ along [35]Al axis: (a) STEM-DF maps, (b) corresponding SAED images of (a), (c–f) the corresponding EDS 
mappings of the box in (a).
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original equilibrium phases are fully dissolved and almost disappear, 
resulting in the maximum solid-solution strengthening effect and the 
highest hardness. The thermomechanical action on the central region of 
the NCZ is less intense than that on the AS-NZ. The equilibrium phases 
partially dissolve, and the size of the remaining equilibrium phases de
creases significantly, leading to a reduced solid-solution strengthening 

effect. The thermomechanical action on the RS-NZ is evidently smaller 
than that on the AS-NZ and NCZ. The degree of dissolution of the orig
inal equilibrium phases is lower, and the corresponding solid-solution 
strengthening effect is also weaker. Therefore, more equilibrium pha
ses with larger sizes are observed in RS-NZ.

Fig. 11. TEM analysis of precipitates of the AS-TMAZ and RS-TMAZ along [35]Al axis: (a) STEM-DF maps of AS-TMAZ, (b) corresponding SAED images of (a), (c) 
STEM-DF maps of RS-TMAZ, (d) corresponding SAED images of (c).

Fig. 12. TEM analysis of precipitates of the NZ along [35]Al axis: (a-c) AS-NZ, (d, e) NCZ, (f, g) RS-NZ.

Fig. 13. Tensile test results of the BM and FSW joints: (a) Engineering stress-strain curves, (b) Tensile properties.
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3.4. Tensile properties of the joints

Fig. 13 presents a comparison of the tensile properties between the 
BM and the FSW joints. The strength of the BM is measured to be 
189.4 MPa, with an elongation after fracture of 19.5 %. The maximum 
tensile strength of the FSW joints reaches 179.9 MPa, approximately 
95.0 % of the BM, and the elongation after fracture is 13.4 %, about 
68.7 % of the BM. Evidently, after FSW, the strength of the fully- 
annealed Al-Cu-Li alloy experiences a minor decrease, while the elon
gation after fracture drops significantly. Additionally, the tensile frac
ture of the FSW joints occurs in the HAZ and BM regions, and the tensile 
fracture morphologies of the BM and FSW joints are illustrated in 
Fig. 14. It can be observed that the fracture morphologies of the BM and 
FSW joints are highly similar, with a large number of ductile fracture 
features such as dimples, indicating that the fracture mechanism of both 
is ductile fracture.

In previous studies [20,39,40], the strength of FSW joints was 
notably reduced, typically dropping to 60–70 % of the BM. This is 
because in those studies, artificially aged aluminum alloys were mainly 
employed as the BM. The welding thermal cycle led to significant 
dissolution and coarsening of the strengthening phases, resulting in a 
substantial decline in the joint strength. In this study, the BM is a 
fully-annealed aluminum alloy. The thermomechanical action of FSW 
mainly causes the phases to break down and dissolve, thereby enhancing 
the strength, and the strengthened area is primarily concentrated in the 
NZ. Consequently, during the tensile test of FSW joints, tensile defor
mation is more likely to occur in the softer regions (the HAZ and BM) of 
the sample. As the tensile deformation progresses continuously, tensile 
stress gradually accumulates at the grain boundaries of the HAZ and BM 
and at the interface between the coarse precipitates and the Al matrix, 
ultimately leading to tensile fracture of the joint in these regions. 
Notably, the microstructures of the fractured HAZ and BM are very 
similar, and their mechanical properties are also quite alike, so the 
strength of the FSW joint is very close to that of the BM. However, the 
microstructure of the NZ and its adjacent areas changes considerably, 
and the overall microstructure uniformity of the FSW joint decreases, 
resulting in a reduction in the joint’s uniform deformation ability. Thus, 
the elongation after fracture of the joint is significantly lower than that 
of the base material.

Compared with previous literature, it is evident that when using 
fully-annealed Al-Cu-Li alloy for FSW, the mechanical properties of the 
joint change minimally, especially the joint strength with the slightest 
variation, and the local area of the joint is strengthened. As is well- 
known, the fully-annealed aluminum alloy is in an intermediate state 
of the production process and can be followed by complex thermal 

processing. Therefore, if this material is selected for FSW and appro
priate post-welding heat treatment is applied, a workpiece with excel
lent comprehensive performance can be obtained, and such a processing 
program is also consistent with the production process of complex parts.

4. Conclusion

In this paper, microstructure and mechanical properties of the fric
tion stir welded full annealing condition Al-Cu-Li alloys are studied. 
Evolution mechanisms of grains and precipitates are discussed in detail, 
and the correlation of microstructure, mechanical properties and frac
ture mechanism of the joints are established. The main conclusions can 
be drawn as follows:

(1) Finely equiaxed grains with random orientation develop in the 
NZ due to occurrence of DDRX and CDRX. Equiaxed grains and 
sub-structured grains with more (001) orientation are observed in 
the TMAZ owing to the development of DDRX, CDRX and GDRX. 
The NZ experiences sufficient DRX, resulting the lowest disloca
tion density and LAGBs. While the TMAZ mainly suffers partial 
DRX, generating deformed long grains with more dislocation and 
LAGBs. The HAZ has similar microstructure characteristics, such 
as grain morphology and orientation, dislocation density and 
LAGBs content, to the BM.

(2) The phase characteristics of the HAZ, TMAZ, and BM are essen
tially identical. Specifically, a large number of coarse equilibrium 
phases are present along the grain boundaries, leading to low 
hardness in these regions. In the NZ, these equilibrium phases 
dissolve, exhibiting an obvious solid-solution strengthening effect 
and thus increasing the hardness of the NZ. In the AS-NZ, these 
precipitates are completely dissolved. In the NCZ, the size and 
quantity of phases decrease significantly, both of which slightly 
change in the RS-NZ. As a result, the solid-solution strengthening 
effect in these three regions decreases successively, and the 
overall hardness of the joint presents an “n”-type distribution.

(3) When the fully-annealed Al-Cu-Li alloys is subjected to FSW, both 
the strength and plasticity of this alloy are lower than those of the 
BM. The strength of the BM is 189.4 MPa, while that of the joints 
is 179.9 MPa, with a joint coefficient of 95.0 %. Numerous dim
ples are present in the tensile fractures of both the joints and the 
BM, indicating distinct ductile-fracture characteristics. The sig
nificant changes in the grain structure and phases near the NZ 
result in a reduction in the overall uniform-deformation ability of 
the joint. Consequently, the elongation of the joint after fracture 
is evidently lower than that of the base material.

Fig. 14. SEM analysis of fracture morphologies of (a) the BM and (b) the FSW joints.
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