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Abstract
The investigation concentrates on friction stir welded (FSW) Al–Cu–Li alloy concerning its local microstructural evolution 
and mechanical properties. The grain features were characterized by electron back scattered diffraction (EBSD) technology, 
while precipitate characterization was conducted by using transmission electron microscopy (TEM) aligned along [011]Al 
and [001]Al zone axes. The mechanical properties are evaluated through micro-hardness and tensile testing. It can be found 
that nugget zones exhibit finely equiaxed grains evolved through complete dynamic recrystallization (DRX), primarily 
occurring in continuous dynamic recrystallization (CDRX) and discontinuous dynamic recrystallization (DDRX). In the 
thermal–mechanically affected zone (TMAZ), numerous sub-structured grains, exhibiting an elongated morphology, were 
created due to partial DRX, signifying the dominance of CDRX, DDRX, and geometric dynamic recrystallization (GDRX) 
in this region. T1 completely dissolves in the nugget zone (NZ) leading to the formation of Guinier–Preston zones and 
increase of δ′, β′ and S′. Conversely, T1 partially solubilizes in TMAZ, the lowest hardness zone (LHZ) and heat affected zone 
(HAZ), and the residual T1 undergoes marked coarsening, revealing various T1 variants. The solubilization and coarsening 
of T1 are primary contributors to the degradation of hardness and strength. θ′ primarily dissolves and coarsens in NZ and 
TMAZ, whilst this precipitate largely coarsens in HAZ and LHZ. σ, TB, grain boundary phases (GBPs) and precipitate-free 
zone (PFZ) are newly generated during FSW. σ exists in the TMAZ, LHZ and HAZ, whereas TB nucleates in NZ. GBPs and 
PFZ mostly develop in LHZ and HAZ, which can cause strain localization during tensile deformation, potentially leading 
to LHZ joint fracture.
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1  Introduction

As a kind of primary aerospace structural material, 
Al–Cu–Li alloy successfully combines low density with high 
strength [1, 2]. Currently, this alloy contributes up to 8.8% of 
the structure weight in the C919's large plane, contributing 
to a 7% weight reduction of the aircraft, significantly reduc-
ing operating expenditure [3]. The usage of Al–Cu–Li alloy 
into aerospace vehicles reflects the industry’s superior pro-
duction level [4]. In the actual production, the manufacturing 
of supersize Al–Cu–Li alloy overall structure has become a 
key technological breakthrough, and efficient joining process 
is the challenge for this high-strength Al alloy [5, 6]. Fric-
tion stir welding (FSW), a kind of solid-phase connection 
technology, typically generates at 0.6–0.9 Tm (Tm is melting 
temperature in Kelvin), commendably avoiding most fusion 
welding drawbacks [7]. Consequently, it is deemed as an 
optimal choice for welding Al–Cu–Li alloy, with numerous 
related studies being conducted [5–10].

Most of the studies are focused on the effect of welding 
parameters on microstructure and mechanical properties of 
Al–Cu–Li alloy FSW joints [2]. Welding process windows 
for this alloy in different chemical component and plate 
thickness have been obtained, yielding enhanced FSW joint 
mechanical properties [5]. The discussion has encompassed 
material flow, welding heat cycle and microstructure evo-
lution during FSW [5, 6]. Furthermore, the studies about 
microstructure evolution in FSW joints mainly involve in 
dynamic recrystallization (DRX) for grains as well as pre-
cipitation behavior for phases [11, 12]. Complete DRX is 
observed in the nugget zone (NZ), whereas partial DRX 
occurs in the thermal-mechanically affected zone (TMAZ) 
[13]. Heat affected zone (HAZ) mainly experiences recov-
ery, indicating little change in grain morphology and size 
[11]. Different DRX mechanisms are identified within the 
different regions of FSW joints, signifying the presence 
of continuous dynamic recrystallization (CDRX), discon-
tinuous dynamic recrystallization (DDRX), and geometric 

dynamic recrystallization (GDRX) in addition to partial 
DRX [14].

Al–Cu–Li alloy represents a typical precipitation-
strengthening aluminum alloy, with properties mainly 
governed by precipitates. T1 (Al2CuLi), the predominant 
strengthening precipitate, has received significant atten-
tion. Shen et al. reports that T1 mostly dissolves in NZ and 
TMAZ, while significantly coarsens in HAZ [15]. However, 
Chen et al. reveals that T1 is mainly dissolved in TMAZ I, 
while coarsened in TMAZ II [16]. In addition, the research-
ers have also revealed that this precipitate is completely dis-
solved in the NZ, but can re-precipitate at the top of NZ 
with elevated rotation speeds [17]. Besides, the development 
of θ′ (Al2Cu), δ′ (Al3Li), β′ (Al3Zr) and TB (Al7.5Cu4Li) in 
Al–Cu–Li alloy FSW joints, relating to dissolution, coars-
ening, precipitation and re-precipitation behavior, is noted 
[18–20]. Nevertheless, transmission electron microscopy 
(TEM) characterization, typically performed along one dif-
fraction direction, leaves some precipitate data unexplored 
[15, 21–23]. Therefore, evolution mechanisms of precipitate 
in Al–Cu–Li alloy FSW joints are still not clear.

Al–Cu–Li alloy has complex precipitate systems, includ-
ing Guinier–Preston zones (GPZs), T1, θ′, δ′, β′, TB, S′ 
(Al2CuMg), T2 (Al6CuLi), and possibly σ (Al5Cu6Mg) and 
T (Al20Cu2Mn3) as well [29]. The common precipitates are 
summarized in Table 1. T1 is the most important strengthen-
ing precipitate in this alloy, which always nucleates on the 
(111) plane of Al matrix and develops four variants. This 
precipitate has a platelet shape and is viewed with various 
morphologies along different directions, indicating a plate 
by front view and needle-like by side view [30]. Thus, under 
TEM inspection, variations in T1 morphologies become 
apparent depending on the diffraction direction, illustrated 
in Fig. 1. With a [011]Al zone axis diffraction, two variants 
of T1 (T1

(1#) and T1
(3#)) often display needle-like shapes, 

whereas the remaining variants are difficult to observe [31]. 
Upon significant coarsening, however, the two variants 
(T1

(2#) and T1
(4#)) take on elliptical shapes as observed in 

TEM [32]. While all four variants cannot be identified along 
a [001]Al zone axis diffraction unless severely coarsened 

Table 1   Main precipitates in 
Al–Cu–Li alloy [22, 24–28]

Phase Crystal structure Lattice constant (nm) Orientation relationship Morphology

a b c

T1 Hexagonal 0.497 0.935 (0001)T1∥(111)Al [101]T1∥[-110]Al Plate
δ' L12 0.401–0.404 (111)δ'∥(111)Al Spherical
β' L12 0.405 (111)β'∥(111)Al Spherical
θ' Tetragonal 0.404–0.408 0.58 [001]θ'∥[100]Al Plate
S' Orthorhombic 0.404 0.925 0.718 [100]S'∥[100]Al [010]S'∥[02–1]Al 

[001]S'∥[012]Al

Lath, rod

TB CaF2 0.583 0.58 [001]TB∥[100]Al Rod
σ Cubic 0.829 (100)σ∥(100)Al [100]σ∥[100]Al Cubical
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and in elliptic form [31]. The needle-like T1 is frequently 
detected in Al–Cu–Li alloy FSW joints, however, the ellip-
tical-like precipitate is seldom reported, resulting from lack 
of precipitate analysis in detail.

θ′, a common strengthening precipitate in 2xxx Al 
alloys, forms three variations on (001)Al habit planes [28], 
as shown in Fig. 1. The platelet-like θ′ presents distinct 
slice orientations by TEM observation across diversified 
diffraction paths. When scanning [011]Al zone axis, one 
variant of θ′ (θ′−3), displays a needle shape, whereas non-
observable unless distinctly coarsened into an elliptical 
shape [31]. However, when analyzing [001]Al zone axis, 
the two variants (θ′−1 and θ′−2) typically appear needle-
shaped, making θ′−3 challenging to ascertain unless it is 
visibly coarsened and visualizes as a disk. Therefore, θ′ 
is more easily distinguished along [001]Al zone axis than 
[011]Al zone axis. Additionally, cubic σ has been discov-
ered in the TMAZ along [011]Al zone axis [33], yet is 
visually clearer along [001]Al zone axis. S′ can also be 
observed along the two diffraction directions, the mor-
phological identification being facilitated along [001]Al 
zone axis [27]. Nevertheless, TEM characterization of 
Al–Cu–Li alloy FSW joints mostly relies on [011]Al zone 
axis, seldom considering alternative diffraction paths, 
potentially limiting the overall representation of these 
precipitates. Understanding precipitate evolution neces-
sitates TEM analysis utilizing different diffraction paths.

FSW is a complicated thermo-mechanical process, 
causing marked variations in precipitate development, 
mainly involving in dissolution, coarsening and precipi-
tation behavior across the adjacent regions of the joints 
[34]. Generally, softening of Al–Cu–Li alloy FSW joints 
is attributed to the dissolution and coarsening of strength-
ening precipitates [5]. Joint failure often occurs in the 
softest region which is usually called the lowest hardness 

zone (LHZ) [34]. Fracture mechanism of the joints signifi-
cantly depends on precipitates in LHZ. TEM samples of 
LHZ for precipitate characterization is always prepared by 
the conventional wire cutting and electrolytic double jet 
[18, 20, 22]. However, the LHZ is located at the bound-
ary region between the HAZ and the TMAZ, a region so 
narrow that TEM observation of samples is challenging. 
This means that precipitate feature and evolution of LHZ 
is still unclear. Thus, a more precise technique to obtain 
LHZ samples is essential.

Consequently, in this paper, microstructure evolution 
and mechanical properties of Al–Cu–Li alloy FSW joints 
are studied, focusing on the discussion about DRX mecha-
nism and precipitation behavior in different regions of the 
joints. To comprehend the precipitation characteristics in 
these regions, TEM observation is performed on [011]Al and 
[001]Al zone axes. In addition, focused ion beam (FIB) tech-
nology has been utilized for sample preparation of the LHZ. 
Based on the microstructure analysis, a correlation between 
microstructure and mechanical properties is established, 
thereby unveiling the joint fracture mechanism.

Fig. 1   T1 is marked green; θ′ is marked pink; (011)Al plane is marked blue; (001)Al plane is marked purple. Schematic diagram of a habit pre-
cipitation locations of T1 and θ′, and b morphological features of T1 and θ′ along [011]Al and [001]Al zone axes

Fig. 2   Schematic diagram of Al–Cu–Li alloy FSW process
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2 � Materials and Methods

In this study, the base material (BM) is a 7.5 mm thick 
Al–Cu–Li alloy (4 wt% Cu, 1 wt% Li, 0.44 wt% Mg, 0.4 
wt% Ag, 0.11 wt% Zr, 0.05 wt% Fe) plate with peak artificial 
aging temper conditions (solution heat-treating at 520 ℃ for 
2 h + quenching in water + cold working by 3% deforma-
tion + artificial aging at 160 ℃ for 15 h).

The BM was subjected to fiction stir butt welding with a 
rotation speed of 700 r/min and a welding speed of 50 mm/
min. Welding direction (WD) was carried out along rolling 
direction (RD) of the BM with a shoulder plunge depth of 
0.1 mm and a tool tilt angle of 2.5°, as shown in Fig. 2. 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.

Microstructure characterization was conducted on the 
transverse cross-section of FSW joints, focusing on grain 
and precipitate features in different regions of the joints by 
electron back scattered diffraction (EBSD) and transmission 
electron microscopy (TEM) technologies. EBSD specimens 
were prepared by grinding and mechanical polishing, and 
then electro-polishing with a mixture of 10% HClO4 and 
90% C2H5OH for 120 s at 20 V and − 20 ℃. EBSD test was 
carried out by scanning electron microscopy (SEM, Zeiss 
Auriga) with an operating voltage of 20 kV, and the EBSD 
scanning step size was performed on 0.3 um. EBSD data 
were processed by HKL Channel 5 software. TEM sam-
ples were prepared by two methods: one was by twin-jet 
electro-polishing with a solution of 70% CH3OH and 30% 
HNO3 at 15 V and − 30 ℃, and the other was by focused 
ion beam (FIB) technology using the Zeiss Auriga FIB-
SEM. Precipitate characterization is carried out by combin-
ing scanning transmission electron microscopy-dark field 
(STEM-DF) and selected area electron diffraction (SAED) 
analysis using Thermo Scientific Talos F200S at 200 kV. 
Positions for TEM observation were marked in the Fig. 3, in 
which “a–d” are located at the NZ, TMAZ, LHZ and HAZ, 
respectively.

Hardness distribution was measured on the transverse 
cross-section of the joints by MH-5L micro-hardness test-
ers. The measurement was carried out in the middle thick-
ness of the 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, and schematic diagram of the 
specimens was shown in Fig. 4. Room-temperature tensile 
tests were carried out using AG–X testing machines (maxi-
mum load of 50 kN, accuracy of ± 0.5%) with a displacement 
state of 1 mm/min, and three samples were tested for each 
condition. Fracture morphology was analyzed using Zeiss 
Auriga FIB-SEM. To explore the deformation behavior and 
facture mechanism, strain distribution of the joints during 
tensile deformation was analyzed by digital image correla-
tion (DIC) technology.

3 � Results

3.1 � Hardness Profiles of the Joints

Hardness profiles of Al–Cu–Li alloy FSW joints are shown 
in Fig. 5. Hardness distribution of the joints exhibits a char-
acteristic “W” shape, a definitive feature of precipitation-
hardened Al alloy FSW joints. Compared with the BM, 

Fig. 3   Macroscopic morphology of the cross-section of Al–Cu–Li 
alloy FSW joints

Fig. 4   Schematic diagram of the tensile test specimens

Fig. 5   Hardness profiles of Al–Cu–Li alloy FSW joints



859Microstructure Evolution and Mechanical Properties of Friction Stir Welded Al–Cu–Li Alloy﻿	

hardness of the joints is obviously decreased. On each side 
of the weld, hardness firstly rises slightly within the NZ-
TMAZ transition zone, before dropping steadily from TMAZ 
to HAZ and returning to BM levels post-HAZ. This results 
in the lowest hardness being located near the TMAZ–HAZ 
transition zone. This area is commonly denoted as LHZ, 
generally situated adjacent to the TMAZ in the HAZ [34].

3.2 � Grain Features of the Joints

Grain morphology and crystallographic orientation features 
of BM, NZ and TMAZ are analyzed by EBSD, as shown in 
Fig. 6. Various colors appear in EBSD maps representing 
different crystallographic directions which can reference the 
IPF coloring scheme. Low angle grain boundaries (LAGBs), 

Fig. 6   EBSD analysis of a BM, b NZ, c NZ-TMAZ
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exhibiting misorientation angles between 2° and 15°, are 
displayed as white lines, whereas high angle grain bounda-
ries (HAGBs), surpassing 15°, are identified as black lines.

In BM, elongated and pancake grains with 58.6% HAGBs 
are detected, predominantly presenting the (101) and (111) 
orientations, as shown in Fig. 6a. In NZ, the original elon-
gated grains change to fine and equiaxed grains (~ 5.7 μm) 
with development of 92.4% HAGBs and random orientation 
(Fig. 6b). These HAGBs, resulting from FSW, indicate suffi-
cient DRX generation. However, some LAGBs persist in the 
NZ grains, signifying concurrent DRV and DRX processes. 
In TMAZ, grains with elongated and layered shape are also 
found, but which are bent upward as response to material 
flow, as shown in Fig. 6c. The TMAZ mainly possesses 

(001) orientation and 53.7% HAGBs. Fine recrystallization 
grains are also formed at the longitudinal direction of the 
elongated grains due to DRX formation.

Figure 7 displays the distribution and composition of dif-
ferent grain categories in BM, NZ, and TMAZ as identified 
by Channel 5 software. In the grain distribution maps, the 
red, yellow and blue denote deformed grains, sub-structured 
grains, and recrystallized grains, respectively. Sub-struc-
tured grains dominate in BM and TMAZ, while recrystal-
lized grains are the maximum components in NZ. There is 
a notable rise in recrystallized grains from BM to TMAZ 
and NZ, escalating from 31.9% to 91.1%. BM presents the 
greatest proportion of sub-structured grains (66.4%) due 
to the rolling procedure. NZ displays not only the peak in 

Fig. 7   Different grain types in a BM, b NZ, c NZ-TMAZ, and d fractions

Fig. 8   Schematic SAED patterns of the precipitates in Al–Cu–Li alloy along a [011]Al and b [001]Al zone axes
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recrystallized grains (91.1%), but also the minimal fraction 
of deformed grains (0.1%) indicating comprehensive recrys-
tallization. TMAZ exhibits sub-structured grains of 60.1% 
and recrystallized grains of 38.8%, displaying plastic defor-
mation and partial dynamic recrystallization during welding.

3.3 � Precipitates of the Joints

Al–Cu–Li alloy has a complex precipitation system and sev-
eral kinds of precipitates. FSW is a kind of intricate thermo-
mechanical process, which lead to complicated precipitate 
evolution in the individual regions of the joints. Thus, pre-
cipitates of BM, NZ, TMAZ, LHZ and HAZ are investigated 
by TEM under [011]Al and [001]Al zone axes, as shown in 

Figs. 9, 10, 11, 12, 13, and 14. Figure 8 shows the sche-
matic diagram of SAED patterns of the main precipitates in 
Al–Cu–Li alloy along [011]Al and [001]Al zone axes.

3.3.1 � Precipitates of the BM

Figure 9 shows STEM and SAED images of the BM along 
[011]Al and [001]Al zone axes. When the incident electron 
beam aligns parallel to [011]Al zone axis, high density of 
T1 possessing needle-like shape (about 50–120 in length 
and 2–5 nm in thickness) is viewed in the STEM images 
(Fig. 9a). This denotes the development of the 1# and 3# 
variants of T1 (T1

(1/3#)). In the SAED images (Fig. 9b), 
not only the diffraction streaks for T1

(1/3#), but also the 

Fig. 9   STEM and SAED images of the BM along a, b [011]Al zone axis, and c, d [001]Al zone axis

Fig. 10   STEM and SAED images of the NZ along a–f [011]Al zone axis, and g, h [001]Al zone axis. (c SAED corresponding to (b); d SAED of 
TB; e SAED of δ′/β′; f SAED of S′; h SAED corresponding to (g))
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diffraction spots corresponding to other two variants of 
T1 (T1

(2/4#)) are also found, implying that four variants of 
T1 exist in the BM. The δ′/β′ precipitates are identified in 
the STEM and SAED images. The θ′ is observed exhibit-
ing a needle-like shape in STEM images, approximately 
50–100 nm in length and 2–5 nm in thickness.

When the incident electron beam aligns with [001]Al 
zone axis, θ′, δ′/β′ and S′ are obviously viewed in the 

STEM and SEAD images (Fig. 9c, d), while diffractions 
of T1 with four variants are only detected in the SAED 
images (Fig. 9d). θ′ displays two forms, perpendicular to 
one another, exhibiting needle-like morphology. δ′/β′ dem-
onstrate finely spherical shapes, measuring 10–30 nm. S′ 
with lath shapes are mainly nucleated on helical disloca-
tions. Consequently, T1, θ′, δ′/β′ and S′ are observed in 

Fig. 11   STEM and SAED images of the TMAZ along a–e [011]Al zone axis, and f–l [001]Al zone axis. (c, l SAED of σ; d, k SAED of T1
(2/4#); e, 

i SAED of θ′; h SAED corresponding to (g); j SAED of T1
(1/3#))

Fig. 12   Samples of the LHZ a prepared by combination of FIB and micro-hardness test, b observed by TEM
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Fig. 13   STEM and SAED images of the LHZ along a–c [011]Al zone axis, and d–f [001]Al zone axis. (c SAED corresponding to (b); f SAED 
corresponding to (e))

Fig. 14   STEM and SAED images of HAZ along a–c [011]Al zone axis, and d–f [001]Al zone axis. (c SAED corresponding to (b); f SAED cor-
responding to (e))



864	 P. Chen et al.

the BM, and T1 is dominant in the temper conditions of 
this alloy.

3.3.2 � Precipitates of the NZ

Figure 10 shows STEM and SAED images of the NZ along 
[011]Al and [001]Al zone axes. The NZ displays no remnants 
of the original T1 in the STEM (Fig. 10a, g) or in SAED 
(Fig. 10c, h) images along these axes, suggesting complete 
precipitation dissolution. θ′, TB, δ′/β′ and S′ are easily identi-
fiable in the STEM images along the two diffraction axes, as 
shown in Fig. 10a, g. θ′ grows to a bigger size. TB is a kind 
of newly formed precipitate, which is identified by SAED 
analysis in Fig. 9d. Furthermore, this precipitate is exhibited 
a short rod-shape and always observed to be associated with 
a spherical precipitate along the two zone axes. It has been 
demonstrated that the spherical precipitate should be δ′/β′ 
according to its morphology and diffraction spots (Fig. 9e). 
S′ is identified by SAED analysis along [011]Al zone axis 
in Fig. 9f, and observed with irregular shapes in the STEM 
images. While, this precipitate is found with a rod shape and 
nucleated on dislocation along [001]Al zone axis, as shown 
in Fig. 10g. In addition, diffraction streaks corresponding 
to GP zones are detected in the SAED images along [001]Al 
zone axis. Consequently, complete dissolution of T1, growth 
of θ′, increase of δ′/β′ and S′, and formation of GP zones and 
TB occur in the NZ during the FSW.

3.3.3 � Precipitates of the TMAZ

Figure 11 presents STEM and SAED images of the TMAZ, 
revealing a coarse T1, rather than the original fine precipi-
tate, forming a total of four variants across the [011]Al and 
[001]Al zone axes. The needle-shape T1

(1/3#) exhibits an 
apparent reduction in particle density with a size increase 
up to 200–400 nm in length and 8–15 nm in width, as shown 
in the STEM images along [011]Al zone axis (Fig. 11a). Fig-
ure 11d depicts the diffraction spots of the elliptical-shaped 
T1

(2/4#), evident along the [011]Al zone axis. Furthermore, 
all four variants of T1 exhibit elliptical features both in the 
STEM images and the SAED analysis along the [001]Al zone 
axis, as demonstrated in Fig. 11g, j and k.

θ′ is evidently coarsened having 150–230 nm in length 
and 20–30 nm in diameter, which is viewed as a rod-shape 
in the STEM images along the two zone axes in Fig. 11b, f. 
Diffraction spots of θ′ along the two directions are revealed 
in Fig. 11e, i. σ is a kind of newly developed precipitate 
and seen with a cubic shape in the STEM images along the 
two diffraction directions, as exhibited in Fig. 11a, f. Cor-
responding diffractions of σ are presented in Fig. 11c, l. S′ 
disappears in the TMAZ, while δ′/β′ are still observed in 
this region with content and size increasing. Besides, a lot 
of dislocations are viewed in this region. Thus, dissolution 

and coarsening of T1, growth of θ′, formation of σ, dissolu-
tion of S′ and increasing of δ′/β′ occur in the TMAZ during 
the FSW.

3.3.4 � Precipitates of the LHZ

The generation of LHZ is one of the typical features in FSW 
joints of precipitation strengthening Al alloys. According 
to the Fig. 5, LHZ is obviously located at the HAZ adja-
cent to the AS-TMAZ. As a narrow region (< 0.5 mm) in 
the joints, the samples of LHZ for TEM observation are 
prepared combining FIB process and micro-hardness test, 
as represented in Fig. 12. This implies that location of the 
LHZ is determined by hardness analysis, and the sample is 
prepared by FIB.

Figure 13 displays STEM and SAED images of the LHZ 
along [011]Al and [001]Al zone axes. In the LHZ, four var-
iants of T1 can be clearly observed in the STEM images 
(Fig. 13b, e) and SAED images (Fig. 13c, f) along the two 
diffraction axes, indicating significant growth of this pre-
cipitate. The needle-shape T1

(1/3#) observed along [011]Al 
zone axis (Fig. 13a) has 50–370 nm in length and 2–10 nm 
in thickness, as shown in Fig. 9a, b. Evidently, the size of 
this precipitate is larger but lower in the LHZ than in the BM 
(as displayed in Fig. 9a), signifying simultaneous precipitate 
coarsening and dissolution during welding.

According to Fig. 13b, e, θ′ is found with a bigger size. 
The newly formed σ is detected with a little size. δ′/β′ are 
observed with size and content raising, while S′ disappears 
in LHZ. In addition, grain boundary phases (GBPs) and 
precipitate-free zone (PFZ) are clearly viewed near grain 
boundaries, which deteriorate to the mechanical proper-
ties of LHZ. The PFZ is usually viewed with a width of 
250 ± 40 nm. Therefore, dissolution and coarsening of T1, 
coarsening of θ′, dissolution of S′, increase of δ′/β′ and for-
mation of σ, GBPs and PFZ occur in the LHZ.

3.3.5 � Precipitates of the HAZ

Figure 14 shows STEM and SAED images of the HAZ along 
[011]Al and [001]Al zone axes. In the HAZ, four variants of 
T1 can be obviously found in the STEM images (Fig. 14b, 
e) and SAED images (Fig. 14c, f) along the two diffraction 
directions. The T1

(1/3#) observed along [011]Al zone axis 
(Fig. 14a) has 50–300 nm in length and 2–8 nm in thick-
ness, which is evidently bigger than that in BM, but smaller 
than the precipitate in LHZ. Intensity of T1

(1/3#) distinctly 
diminishes in the HAZ when compared to BM.

According to Fig.  14b, e, coarsening of θ′, size and 
content increase of δ′/β′, and newly developed σ are obvi-
ously found in HAZ, indicating similar precipitate features 
to LHZ (Fig. 13b, e). The original precipitate of S′ is still 
viewed in HAZ and grows to a rod shape. GBPs and PFZ 
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(200 ± 50 nm) are also found in this region. Hence, the HAZ 
has a similar precipitate evolution with the LHZ, which 
reveals that dissolution and coarsening of T1, coarsening 
of θ′ and S′, increase of δ′/β′ and formation of σ, GBPs and 
PFZ occur in the HAZ.

3.4 � Tensile Properties of the Joints

Engineering stress–strain curves of the BM and FSW joints 
are exhibited in Fig. 15. The ultimate tensile strength (UTS) 
and elongation attained for the BM are 599.1 MPa and 7.8%, 
while those obtained for the FSW joints are 428.7 MPa and 
7.5%. This implies that tensile properties of Al–Cu–Li alloys 
are diminished significantly post welding, resulting in a joint 
coefficient of 71.5%.

Tensile fracture occurs predominantly within the LHZ, 
with a fracture path at about 45° to the tensile axis. Frac-
ture features of the BM and FSW joints are analyzed by 
SEM, as exhibited in Fig. 16. In the fracture surface of the 
BM, laminated cracks are generated along the boundaries 
of elongated grains, developing many large and smooth 
cleavage facets, as shown in Fig. 16a–c. In addition, small 
and shallow dimples with fine particles at the bottom are 
also observed, representing a few ductile fracture features. 
Therefore, cleavage fracture should be the dominant frac-
ture mechanism for BM.

According to the facture morphology of the joints 
(Fig. 16d–f), large intergranular cracks and cleavage facets 
are still viewed, indicating significant brittle fracture fea-
tures. Furthermore, many micro-voids located along the 
laminated cracks are developed, as shown in Fig. 16d. These 
micro-voids are about 5–25 μm and always be filled with 
cracked particles (Figs. 15f and 16).

Fig. 15   Engineering stress–strain curves of BM and FSW joints

Fig. 16   Fracture morphologies of a–c BM and d–e FSW joints
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4 � Discussion

4.1 � Evolution mechanism of grains

Rolling deformation creates elongated grains and pro-
nounced dislocation density. During the artificial aging, the 
dislocations evolve to LAGBs by dislocation pile-up and 
dislocation annihilation leading to sub-grains forming. Thus, 
the BM contains LAGBs about 41.4% and sub-structure 
grains about 66.4%, as displayed in Figs. 6a and 7a.

During the FSW, HAZ is mainly affected by welding 
thermal cycle and undergoes recovery, resulting in little 
change in grain morphology and orientation. TMAZ is 
a transition zone between the HAZ and NZ, which is not 
directly stirred by rotating spin but extruded by NZ. Thus, 
this region suffers both mechanical and thermal effects, 
leading to grain rotation following material flow and elon-
gated grains generating. Besides, partial DRX occurs in 
TMAZ due to the relatively low heat input, causing large 
sub-structured grains and a small number of recrystallized 

grains developing (Fig. 7d). NZ is directly subjected to the 
stirring pin, undergoing severe plastic deformation and the 
maximum welding temperature. Both DRV and DRX take 
place in this region, and finally, finely equiaxed grains are 
formed due to the occurrence of complete recrystallization 
(Fig. 6b). Therefore, DRX occurs in NZ and TMAZ, and 
has different degrees in the two regions. To clarify DRX 
mechanism of NZ and TMAZ, enlarged observation of the 
grains is exhibited in Fig. 17.

According to Fig. 17a, recrystallization grains segmented 
by sub-grains are frequently observed in the NZ, indicating 
the generation of CDRX. Al alloy is a kind of high SPE 
material, and the dislocations are easy to slip and climb [14]. 
During the FSW, dislocations accumulate inside grains due 
to plastic deformation, resulting in many sub-grains generat-
ing. Furthermore, with the elevated strains and temperature, 
the dislocation motion leads to LAGBs progressively evolv-
ing to HAGBs and adjacent sub-grains merging to generate 
new grains. In addition, gains nucleated at trip junctions and 
the HAGB bulging to adjacent grains are also viewed, both 
of which are the typical features of DDRX. This implies 

Fig. 17   Dynamic recrystallization in a NZ and b TMAZ

Table 2   Summary of precipitates in different regions of Al–Cu–Li alloy FSW joints

Regions Precipitate evolution

BM T1, θ′, δ′/β′ and S′
NZ T1 completely dissolved, θ′ dissolved and coarsened, δ′ and S′ reprecipitated, β′ increased, GP zones and TB newly formed
TMAZ T1 dominantly dissolved and the residual coarsened, θ′ dissolved and coarsened, δ′ reprecipitated, β′ increased, S′ dissolved, σ newly 

formed
LHZ T1 partially dissolved and the residual coarsened, θ′ coarsened, δ′ reprecipitated, β′ increased, S′ dissolved, σ, GBPs and PFZ newly 

formed
HAZ T1 partially dissolved and the residual coarsened, θ′ and S′ coarsened, δ′ reprecipitated, β′ increased, σ, GBPs and PFZ newly formed



867Microstructure Evolution and Mechanical Properties of Friction Stir Welded Al–Cu–Li Alloy﻿	

that nucleation and growth of new grains are at the expense 
of dislocations formed during FSW. In TMAZ, CDRX and 
DDRX phenomena are obviously found, as revealed in 
Fig. 17b. Moreover, several finely equiaxed grains arrange 
along the boundaries of elongated grains which often have 
local serration-shaped boundaries and about 1–2 sub-grain 
size in width [13]. These features indicate that GDRX occurs 
in TMAZ. During FSW, the thermal–mechanical effect 
makes the serration-shaped HAGBs be being pinched off 
to develop new gains which always have a close orientation 
with the parent grains [14].

4.2 � Evolution Mechanism of Precipitates

Precipitate evolution in Al–Cu–Li alloy FSW joint is sum-
marized in Table 2. Al–Cu–Li alloy belongs to precipita-
tion-strengthening Al alloys, whose mechanical properties 
are mainly determined by the type, content and size of 
precipitates [20]. Generally, dissolution, coarsening and 
precipitation of precipitates occur during FSW and have 
different degrees in individual regions of the joints, indi-
cating diverse precipitation kinetics and precipitate distri-
bution in these regions [2].

4.2.1 � T1 precipitate

The general precipitation process of Al–Cu–Li alloy is as 
follows [29]: supersaturated solid solution (SSSS) → GP 
zones → GP zones + δ′ → θ′′ + θ′ + δ′ → T1 + δ′ → T1. 
Therefore, T1 is the primary strengthening precipitate and 
supports high strength of this alloy. T1 is detected in the 
BM with high density, small size and uniform distribution 
(Fig. 9a) due to the pre-deformation and peak artificial 
aging process, resulting in the high UTS (Fig. 15). Gener-
ally, peak temperature of the NZ is 0.6–0.9 Tm (Tm means 
the melting point of the BM), which can be calculated by 
the follows: T

T
m

= K

(

�
2

�×104

)

�

 , where T is the maximum 
welding temperature, ω indicates rotation speeds, υ repre-
sents welding speeds, K is a constant between 0.65–0.75, 
and α is another constant ranging from 0.04 to 0.06 [35]. 
It can be calculated that the peak temperature of NZ is 
about 429–494 ℃ in this study. It has been reported that 
dissolution temperature of T1 is about 350 ℃ [29, 36]. 
Thus, the welding temperature of NZ is enough to promote 
T1 dissolving into the matrix. It has also been demon-
strated that precipitates of Al–Cu–Li alloy can be instan-
taneously driven into solution when the temperature is 
above 482 ℃ [37]. Hence, the original T1 completely dis-
appears in the NZ (Fig. 10), resulting from high welding 
temperature.

Peak temperature in TMAZ is lower than in NZ and usu-
ally obtained above 400 ℃ [38], resulting in the majority 
of T1 dissolving into the matrix during the rapid welding 
process. It has been reported that exposure under 177–204 ℃ 
for a short time can make T1 be evidently coarsened [36]. 
Hence, the residual T1 in the TMAZ grows in a big size, 
even the four variants can be observed in the STEM images 
along [011]Al and [001]Al zone axes (Fig. 11). The maximum 
temperature of the HAZ is lower than that in TAMZ, and 
always above 350 ℃ [39]. In such case, HAZ has a similar T1 
evolution with TMAZ, but higher dissolution and coarsen-
ing degrees of T1 are generated in TMAZ. LHZ is a transi-
tion region between the TMAZ and HAZ, which undergoes 
higher welding temperature than the other regions within the 
HAZ. This implies that less and coarser T1 can be observed 
in the LHZ. Figure 18 shows the size distribution and num-
ber density of T1 in the BM, LHZ and HAZ. It is obvious 
that BM develop the smallest size and highest number den-
sity of T1, while LHZ has the biggest size and least number 
density of T1.

4.2.2 � θ′ and GP zones

θ′ is an important strengthening precipitate in 2xxxx Al 
alloys, which follows the classical precipitation sequence: 
SSSS → GP zones → θ′′ → θ′ → θ [40]. GP zones are local-
ized concentrations of Cu atoms, and usually considered as a 
monolayer Cu platelet on {100}Al plane [28]. This structure 
is always developed by the solution heat treatment. FSW 
makes most of precipitates dissolve in NZ, and this process 
can be considered as a rapid solution treatment, resulting in 
the generation of GP zones. Consequently, the diffraction 
of GP zones can be viewed in NZ by SAED along [001]Al 
zone axis (Fig. 10h). The nucleation of θ′ is at the expense 
of GP zones and θ′′ (Al2Cu), while in Al–Cu–Li alloy, this 
precipitate can be detected with T1 sufficiently developing 
[41]. A few θ′ observed in the BM is attributed to the ade-
quate precipitation of T1 during the artificial aging process. 
θ′ can obviously coarsen and transform to the incoherent θ 
phase when prolonged exposure at 371 ℃, and when above 
427 ℃, this precipitate will significantly diminish by dissolv-
ing in matrix [36]. Therefore, dissolution and coarsening of 
θ′ mainly occur in NZ and TMAZ, while in HAZ as well as 
LHZ, θ′ mostly take place coarsening, resulting from the 
lower welding heat input.

4.2.3 � δ′/β′ and S′

δ′ and β′ known as metastable precipitates are both easy to 
nucleate at low temperature due to low activation and inter-
facial energy [24]. δ′ is a primary precipitate at 90–120 ℃ 
in Al–Li alloy, and evidently dissolved with the elevated 
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temperature [29]. As a result, during FSW, δ′ mainly dis-
solves in the matrix due to the thermal effect at first, and 
then re-precipitates as well as grows in the cooling process. 
β′ can act as nucleation sites for δ′ precipitation and is often 
detected to be associated with δ′, while different with δ′, β′ 
can be stable up to as high as 600 ℃ [26]. Thus, precipita-
tion and coarsening of β′ mostly occur in the FSW joints. 
The dissolution of T1 increases the solute concentration and 
promotes δ′ and β′ generating further.

S′ would prefer to nucleate on the edge of dislocations 
and always exhibits a lath morphology, while when the aging 
temperature is above 220 ℃, this precipitate is mainly gener-
ated in a rod shape [26]. In NZ, S′ initially dissolves due to 
the elevated temperature, subsequently reprecipitating owing 
to the thermal cycle. Rod-shaped S′ is developed in this 
region resulting from the high heat exposure after welding. 
The production of θ′ inhibits S′ reprecipitating in TMAZ and 
LHZ due to competitive precipitation relationship, resulting 
in its disappearance in these regions. As relatively low weld-
ing temperature, S′ majority coarsens in HAZ developing the 
rod-shaped precipitates.

4.2.4 � σ and TB

As the new precipitates generated in Al–Cu–Li alloy 
FSW joints, the cubic-shape σ and rod-shape TB have 
been reported in other literatures [23, 33]. This analysis 
revealed that the cubic precipitate is primarily located in 
TMAZ, LHZ, and HAZ, while rod-shaped precipitates 
occur frequently in NZ. Ordinarily, σ known as Al5Cu6Mg2 
is an important strengthening precipitate in Al–Cu–Mg 
alloy [42]. This precipitate has about 46 at.% of Cu, which 
nucleation always needs a local scale of high concentra-
tion of Cu. The precise nucleation mechanism of σ is not 
clear, but the element Si and Ag and the weight Cu:Al 
ratio are considered as the important factors [25]. Despite 
no Si in BM, addition of silver stimulates precipitation 
of σ. Besides, Cu:Al ratio of the BM is about 10 which is 
higher than that in most of Al–Cu–Mg and play an impor-
tant role in the precipitation of σ. T1 dissolution augments 
matrix Cu content, stimulating σ nucleation during cool-
ing. TB preferentially nucleates on Si-rich particles linked 
to spherical β′ dispersoids [23, 43]. In NZ, most of pre-
cipitates are dissolved allowing β′ to develop and act as 
the nucleate sits for TB generating.

Fig. 18   Size distribution of T1 in a BM, b LHZ and c HAZ, and d number density of T1 in different regions of NZ



869Microstructure Evolution and Mechanical Properties of Friction Stir Welded Al–Cu–Li Alloy﻿	

4.2.5 � GBPs and PFZ

GBPs and PFZ predominantly manifest in LHZ and HAZ, 
with formation attributed to thermal history. Above 315 ℃, 
the precipitates θ, T2 and TB can form at grain boundaries, 
resulting in PFZ generating due to solute depletion [26]. 
With increasing temperature (> 350 ℃), the equilibrium 
phases T2 and TB are significantly grown at the expense of 
θ, leading to the PFZ width improving [24]. Peak artificial 
aging promotes sufficient precipitation of solute atoms in 
BM, thereby treating LHZ and HAZ with high-tempera-
ture over-aging (about 280–390 ℃) via FSW [39]. Conse-
quently, GBPs and PFZs evolve in the both regions. With 
increasing temperature in LHZ, notably, GBPs and broader 
PFZ are formed. Generally, GBPs and PFZ allow local-
ized dislocation motion (slip and climb), serving as stress 
concentrators potentially influencing void/crack initiation 
and propelling crack propagation along grain boundaries, 
enhancing early failure.

4.3 � Mechanical Properties and Fracture Mechanism

Al–Cu–Li alloy belongs to precipitation-strengthening Al 
alloy, which mechanical properties mainly depend on pre-
cipitates. Notably, the dissolution and coarsening of T1 
are primarily responsible for reduced hardness and tensile 
strength. T1 completely dissolves in the NZ, yet it does not 
generate the lowest hardness due to solid solution strength-
ening and fine grain strengthening. TMAZ also has a higher 
hardness than LHZ, owing to the dislocation strengthening 
and higher solid solution strengthening. The dissolution and 
coarsening degrees of T1 is higher in LHZ than the other 
regions in HAZ, leading to the lowest hardness developing 
in the former. In addition, more GBPs and wider PFZ also 
play important roles to the maximum decrease of hardness 
in LHZ.

Tensile fracture occurs in the LHZ of Al–Cu–Li alloy 
FSW joints, which is a common phenomenon for the FSW 
joints of precipitation-strengthening Al alloys. To under-
stand deformation behavior of the joints, strain distribution 
during continuous tensile deformation is analyzed by DIC. 
Representative strain distribution at varying tensile times is 
graphically illustrated in Fig. 19a where strain evenly dis-
tributes throughout the joints at the onset of 1 s due to low 
tensile stress. Subsequently, strain primarily accumulate 
at the HAZ under an escalating tensile stress, signifying 
heightened plastic deformation. By 100 s, locally intense 
strain concentration is discernible in the LHZ and subse-
quently results in joint failure within 5 s. Examination of 
joints deformed for 100 s reveals intruding precipitates in 
the LHZ as illustrated in Fig. 19b. Numerous cracked GBPs 
accompanying PFZ are evident, substantiating joint failure 
mechanisms. Thus, the facture mechanism can be depicted 
as the follows: (a) uniform deformation under low tensile 
stress resulting in elastic deformation; (b) with incremental 
stress, dislocations mobility accelerates, inducing local slip 
in the weak zones of the joints, particularly in the HAZ and 
LHZ; (c) stress concentration engenders near the GBPs and 
PFZ due to extensive plastic deformation in the LHZ, stimu-
lating crack nucleation; (d) stress concentration intensifying, 
cracks and micro-voids progressively coalesce with adjacent 
ones, respectively, extending along grain boundaries until 
LHZ failure occurs. The micro-void coalesces and develops 
in a bigger size with cracked GBPs located at the bottom.

5 � Conclusions

In this paper, microstructure and mechanical properties of 
Al–Cu–Li alloy FSW joints are studied. Evolution mecha-
nisms of grains and precipitates are discussed in detail, and 

Fig. 19   a Macroscopic strain distribution contour of FSW joints at different tensile test time and b precipitate observation of LHZ when 
deformed by 100 s



870	 P. Chen et al.

the correlation of microstructure, mechanical properties and 
fracture mechanism of the joints are established. The main 
conclusions can be drawn as follows:

1.	 Finely equiaxed grains develop in NZ due to the com-
plete DRX, and DDRX as well as CDRX are found in 
this region. A lot of sub-structured grains with elongated 
morphology are generated in TMAZ owing to the devel-
opment of partial DRX, and DDRX, CDRX and GDRX 
are dominant in this region.

2.	 T1 completely dissolves in the NZ, partially dissolves 
in TMAZ, LHZ and HAZ, where the residual T1 is 
significantly coarsened leading to elliptical-shape T1

(2/4#) 
generation. The dissolution and coarsening of θ′ mainly 
occur in NZ and TMAZ, while in HAZ as well as the 
LHZ, θ′ is primarily coarse. δ′ dissolves in the matrix 
during the welding, re-precipitating and growing during 
cooling, while β′ mainly experiences precipitation and 
coarsening. The lath S′ firstly dissolves in NZ, and 
then reprecipitates with a rod-shape. Furthermore, this 
precipitate disappears in TMAZ and LHZ, but coarsens 
in HAZ.

3.	 σ, TB, GBPs and PFZ are newly developed in the joints. 
σ is mainly found in TMAZ, LHZ and HAZ, while TB 
is often observed in NZ. GBPs and PFZ are mostly 
developed in LHZ and HAZ.

4.	 The decline in the hardness and tensile strength of 
Al–Cu–Li alloy is chiefly due to the dissolution and 
coarsening of T1 via FSW. The LHZ failure during 
tension indicates the involvement of GBPs and PFZ in 
crack initiation and progression.
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