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Fiction stir welding (FSW) of a naturally aged (T4) 2195 Al-Li alloy was conducted to study the effect of post-
weld artificial aging (AA) and rolling + artificial aging (R + AA) on microstructure and mechanical properties
of the FSW joints. Grain features were analyzed by electron back scattered diffraction (EBSD) technology, and
precipitates were characterized using transmission electron microscopy (TEM) along [011]4; and [001]; zone
axes. Mechanical properties of the joints were evaluated through micro-hardness and tensile testing. The results
indicate that grain development, including grain orientation, grain boundary components and dislocation den-
sity, varies within different regions of the As-welded joints due to complicated thermal-mechanical history. The
alloying elements mostly exist as Guinier-Preston zones in the base material (BM) with a few formations of &’ /f/,
and slightly precipitate into Ty in the heat affected zone (HAZ), form o in the thermal-mechanical affected zone
(TMAZ), as well as develop T; and S’ in the nugget zone (NZ) after FSW. The lowest hardness zone (LHZ) exhibits
elevated precipitation levels, generating coarse T; and grain boundary precipitates with evident ¢ and precipitate
free zone. The overall precipitation level of the As-welded joints remains minor, resulting in a slight decrease in
hardness at the LHZ. Post-weld AA promotes many T; formations, enhancing the joint strength and hardness. As
a result, the ultimate tensile strength (UTS) of the joints increases from 440 MPa to 506.5 MPa, while the
elongation decreases from 13.5 % to 3.4 %. Furthermore, hardness profiles transform from a low-amplitude wave
curve to a high-amplitude W-shaped curve, generating a significant LHZ due to the minimal precipitation of T;.
Pre-rolling deformation can enhance dislocation density and low angle grain boundaries (LAGBs), promoting the
nucleation of high-density, fine T; during artificial aging, and especially improves precipitation ability of the
LHZ, leading to an elevated hardness increment in the region after AA. Compared to the Joint-AA, both strength
and elongation of the Joint-R + AA increase, obtaining 530.5 MPa and 3.9 %, respectively.

1. Introduction

In recent years, the application of aluminum-lithium (Al-Li) alloys in
the aerospace industry has garnered significant attention [1,2]. These
alloys possess low density and high strength, presenting a compelling
alternative for aerospace structures [3]. The successful use of Al-Li alloys
is evident in the production of the fuselage, as well as the upper and

lower wings of the C919 large airplane [4]. The integration of these
alloys resulted in a notable 7 % weight reduction for the aircraft, posi-
tively impacting its fuel consumption and performance via increased
payload capability or longer endurance [4,5]. The usage of Al-Li alloy in
aerospace vehicles serves as a symbol of the industry’s commitment to
adopting advanced materials and superior production techniques [5].
During the actual production, fabricating a large-scale Al-Li alloy
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structure has been an essential technological advancement, with effi-
cient joining methodologies being a significant hurdle for this
high-tensile Al alloy [6,7].

Friction stir welding (FSW), a solid-state joining method, employs
heat produced by a rotating tool to soften materials and create a bond
between the adjacent plates [8]. Unlike fusion welding, FSW operates at
relatively low temperatures, typically ranging from 0.6 to 0.9 times the
melting temperature [8]. This low-temperature process minimizes the
risk of thermal distortion and associated defects, guaranteeing
high-quality joints. Conventional fusion welding techniques often
encounter challenges in preserving the favorable mechanical attributes
of Al-Li alloy due to the limited ductility and fracture toughness of the
joints. Nevertheless, FSW has exhibited promising results in mitigating
this degradation and creating dependable joints with improved me-
chanical properties. Consequently, it is recognized as an optimal method
for welding of Al-Li alloys, with abundant related research ongoing
[6-11].

Most works have concentration on optimizing process parameters,
analyzing microstructural evolution, and evaluating the mechanical
properties of the FSW joints [2]. By understanding the relationship be-
tween FSW parameters and the quality of Al-Li alloy FSW joints, in-
vestigators aim to enhance joint efficiency. Therefore, welding
parameters for Al-Li alloys with varying chemical composition and plate
thickness have been defined, illustrating notably enhanced joint per-
formance [6]. To further increase the performance of Al-Li alloy FSW
joints, novel FSW techniques, including dual-rotation friction stir
welding (DR-FSW), stationary shoulder friction stir welding (SS-FSW)
and ultrasound assisted friction stir welding (UA-FSW), have been
researched [12-14]. As a result, joint strength of Al-Li alloy FSW has
been dramatically improved, exhibiting an ultimate tensile strength
(UTS) exceeding 490 MPa [10]. However, compared to the UTS of the
base material (BM), the obtained maximum joint strength remains
lower, failing to exploit the alloy’s superior strength features. Further
efforts are required to augment the mechanical properties of the joints.

Al-Li alloy belongs to precipitation-hardened Al alloys, which me-
chanical properties predominantly depend on precipitates. Hence,
appropriate control over precipitate type, size and content can signifi-
cantly enhance mechanical performance. As a representative of the
widely used third-generation Al-Li alloys, 2195 Al-Li alloy has complex
precipitate systems with numerous common precipitates. These pre-
cipitates undergo complicated evolution due to the sharp change FSW
thermal-mechanical history in adjacent regions of the joints, usually
including precipitate dissolution, precipitation, re-precipitation and
coarsening [3,15,16]. Notably, T; (Al,CulLi), the primary strengthening
precipitate of Al-Cu-Li alloys, significantly influences its mechanical
performance. As a result, the evolution of T; is extensively studied in
FSW joints of 2195 Al-Li alloys [17-19]. Shen et al. [20] finds that
numerous T; precipitates formed in the BM dissolve in the nugget zone
(NZ) and thermal-mechanically affected zone (TMAZ), coarsen in the
heat affected zone (HAZ), and lead to reduced joint strength. However,
Chen et al. [21] reported that Ty mostly dissolves in the TMAZ I, but
coarsens in TMAZ II. Moreover, the researchers have shown that this
precipitate is totally dissolved in the NZ and can re-form at the top of the
NZ with high rotation speeds [22]. In summary, the dissolution, coars-
ening and precipitation of Ty occur in the friction stir welded Al-Li alloy
joints. Joint softening is mostly attributed to the dissolution and coars-
ening of this precipitate. Hence, the joint performance can be improved
by adjusting T; formation. Numerous research indicates that reducing
the heat input impact on T; through process parameter adjustments
(predominantly rotational speed and welding speed) is effective, but
difficult to achieve high-strength joints [11,15,23,24].

Post-welding heat treatment (PWHT) can enhance joint strength by
controlling precipitate nucleation. It’s often employed to raise the
strength of Al-Li alloy fusion welded joints, while a little report exists for
friction stir welded joints [25-27]. Vysotskiy et al. [28-32] has applied
PWHT to 6xxx and 7xxx Al alloy FSW joints, significantly improving the
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joint strength [30,32]. Their strategy is to promote the formation of
numerous strengthening precipitates through post-weld solid solution
(S) and artificial aging (AA). The specific heat treatment process is
mainly related to the precipitation state of the BM. For the FSW joints
where the BM is artificially aged (T6 and T8 status) or completely
annealed (O status), S treatment is first conducted to completely dissolve
the formed precipitate, followed by re-precipitating the strengthened
precipitates as much as possible through AA treatment [31,33-35]. The
joints with naturally aged (T4 status) base material, however, enhance
strength with simple AA treatment alone. Generally, the AA treatment
alone isn’t as effective as S + AA treatment in enhancing joint strength.
Nonetheless, the latter PWHT method is complex, and notably, grains of
NZ can potentially grow abnormally during the S process, which could
deteriorate joint toughness. Zhang et al. [11] performed S + AA treat-
ment on the 2195-T8 Al-Li FSW joints, enhancing joint strength signif-
icantly by 30.1 %. However, due to the generation of abnormal grain
growth (AGG) in the NZ, elongation of the joint after heat treatment is
only 1.6 %. Therefore, finding the optimal PWHT process is crucial, and
it is advised to avoid S treatment during the post-weld heat process. It is
notable that the BM of the friction stir welded 2195 Al-Li alloy is mostly
in T6 or T8 temper condition. This implies that to significantly
strengthen the joint, S treatment cannot be avoided, unless given up the
common precipitation states of the BM.

In the present work, naturally aged (T4 status) 2195 Al-Li alloy was
adopted for FSW, and the joints were conducted to different post-weld
AA treatment. The effect of the PWHT on microstructure and mechan-
ical properties of the joint was discussed in detail. To this end, optical
microscope (OM), electron back scattered diffraction (EBSD), scanning
electron microscope (SEM) and transmission electron microscopy (TEM)
were employed for microstructure characterization. Vickers hardness
testers and universal testing machine were adopted to measure the
hardness and tensile properties of the FSW joints.

2. Material and experimental work

In this research, 7.5 mm thick 2195-T4 Al-Li alloy plates underwent
fiction stir butt welding at a rotation speed of 700 rpm and a welding
speed of 50 mm/min. Chemical compositions of the alloys were listed in
Table 1. Welding direction (WD) was parallel to the rolling direction
(RD) of the plates, using a shoulder plunge depth of 0.1 mm and a tool
tilt angle of 2.5°. 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 of 6.9 mm in length. Post-welding heat treatment (PWHT),
which took place after FSW, is detailed in Table 2, with designated ab-
breviations. Once PWHT was completed, microstructure characteriza-
tion and mechanical property tests were performed. A visual guide to the
experimental sequence can be found in Fig. 1.

Optical microscope (OM) observation was conducted on the trans-
versal cross-section of the joints using the Zeiss Axiover 40 MAT. The
specimens for OM observation were ground, polished, and carefully
etched in 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 mixture of 10 % HCIO4 and 90 % CyHsOH for 120 s
at 20 V and —20 °C. EBSD test was carried out on a scanning electron
microscope (SEM, Zeiss Auriga) with an operating voltage of 20 kV, with
the EBSD scanning step size either 0.3 pm or 1 pm.

EBSD data was processed by HKL Channel 5 software. TEM samples
were prepared via two methods: one was by twin-jet electro-polishing
with a solution of 70 % CH3OH and 30 % HNOg3, applied at 15V and

Table 1

Chemical compositions of 2195-T4 Al-Li alloys (wt %).
Cu Li Mg Ag Zr Fe Al
4.00 1.00 0.44 0.40 0.11 0.05 Bal.
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Table 2
Schemes of different treated joints.

Designation Heat treatment schemes
As-welded /
joints
Joints-AA 160 °C artificial aging (AA) for 60 h
Joints-R + AA 15 % rolling (R) deformation+160 °C artificial aging (AA) for15h

—30 °C, and the other was by focused ion beam (FIB) technology using
the Zeiss Auriga FIB-SEM.

TEM characterization was conducted via Thermo Scientific Talos
F200S at 200 kV. Scanning transmission electron microscopy (STEM)
and selected area electron diffraction (SAED) technologies were mainly
used to explore precipitate features in different regions of the joints.
Positions for TEM observation were marked with yellow points in Fig. 4.

MH-5L micro-hardness testers were used to measure hardness dis-
tribution across the joints’ transverse cross-section, with an interval of
0.5 mm and a load of 500 g for 10 s, as shown in Fig. 1d. Tensile test
samples were prepared following ASTM: E8- M11 guidelines, illustrated
in Fig. 1e. Room-temperature tensile tests conducted with AG-X testing
machines (maximum load of 50 kN, accuracy of +0.5 %) at a displace-
ment rate of 1 mm/min, with three samples per condition. Fracture
morphology of the tensile test specimens was observed via Zeiss Auriga
FIB-SEM.

3. Results
3.1. Hardness profile

Fig. 2 shows the microhardness distribution of the FSW joints, both
before and after heat treatment. Prior to heat treatment, the joint
hardness distribution fluctuates minimally, with an average hardness of
approximately 130.4 HV. Notably, the hardness near the transition zone
between the TMAZ and HAZ slightly decelerates, reaching a minimum of
about 123.5 HV on the advancing side. Typically, the lowest hardness
region (LHZ) in the FSW joint is quantified as a position with the lowest
hardness. Post heat treatment, the joint hardness has increased, causing
a significant fluctuation in the hardness distribution curve exhibiting a
‘W’ profile. Despite obtaining similar peak hardness values (>180HV)
across the BM, HAZ and NZ under the both heat treatment methods,
there remain softening regions between the TMAZ and HAZ. Prior to and
post heat treatment, position of the softening regions remains relatively
consistent, with the Joints-AA attaining a minimum hardness value of
approximately 137.2 HV (an increase of 11.1 %), while the Joints-R +
AA produce an appreciably higher minimum hardness value, about
157.1 HV (an increase of 27.2 %).

Fiction stir welding

Rotating pin
l RD 75 mm I_/"',
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3.2. Microstructure

3.2.1. Grain features

Fig. 3 shows inverse pole figure (IPF) of grains in different regions of
the FSW joints prior to and post rolling deformation, in which different
colors signify varying orientations within grains. The orientation-color
card in the upper right in Fig. 3a depicts the reference for grain orien-
tation and color, denoting red towards 100, green towards 101, and blue
towards 111. It is evident that, in the As-welded FSW joints, the HAZ
primarily consists of layered grains with strong 001 orientation (Fig. 3a),
which closely resembles that of the BM (Figs. A-1a). Both the AS-TMAZ
(Fig. 3b) and RS-TMAZ (Fig. 3d) are primarily composed of long, curving
grains, and develop some fine recrystallization grains with random
orientation. As compared with the AS-TMAZ, the RS-TMAZ possesses
more substructures. The NZ is composed of fine, equiaxed recrystalli-
zation grains which are randomly orientated (Fig. 3c). After rolling
deformation, grains in different regions of the joints sustain little
morphological alterations. However, the uniformity of their inner color
diminishes, signifying an increased internal grain misorientation. For
example, a comparison of misorientation fluctuations in the grains of the
HAZ before and after deformation is shown in Fig. 4, revealing a mini-
mality misorientation fluctuation (less than 0.6°) before rolling, con-
trasted by a significant increase after rolling.

Fig. 5 shows the grain boundaries (GBs) distribution, the black lines
indicating high angle grain boundaries (misorientation>15°), and the

green  lines signifying  low angle grain  boundaries
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> & i—— Joints-AA
200 - BM\HAZ = NZ S i—— Joints-R+AA
= =
- XA L, /-’\".ﬂj:"'
- PR B N man Aol EE W AV N
2 180 M % Ll \ L 4
3 \ XY A
g AN i / \i / HAZBM
S 160 - \ Lo 1
1ol '
=
X
£ 140 |- LHZ — A& | .
= WW\“W
120 ' 4
AS 5. RS
1“'] 1 :I Il L 1
-18 -12 -6 0 6 12 18

Distance from nugget zone center, mm

Fig. 2. Hardness distribution of the As-welded and PWHT joints.

Hardness testing
EBSD characterization

(e) o Tensile testing

15 S

U

Fig. 1. Scheme of the experimental process including (a) friction stir welding, (b) rolling process, (c) artificial aging treatment, (d) EBSD characterization and

hardness test and (e) tensile test samples.
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RS-TMAZ

Fig. 3. IPF of the HAZ, AS-TMAZ, NZ and RS-TMAZ for (a—d) the As-welded joints and (e-h) the joints after rolling deformation.
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Fig. 4. Misorientation profile statistics in the HAZ of the Line 1 in Fig. 3a (As-
welded joints) and Line 2 in Fig. 3e (Joints after rolling deformation).

(2°<misorientation<15°), in different regions of the FSW joints prior to
and post rolling deformation. The corresponding GBs content statistics
are presented in Fig. 6. Before deformation, in the HAZ, substructures
mainly form in the elongated grains, and the wider elongated grains
remain untainted by LAGBs. Moreover, the fraction of LAGBs is 50.9 %,
and the HAGBs occupy 49.1 %. In the TMAZ, the elongated grains are
interspersed with LAGBs resulting in numerous substructures (Fig. 5b).
The fraction of LAGBs within the AS-TMAZ (39.4 %) is lesser compared
to the RS-TMAZ (44.7 %). The minimum LAGBs generate in the NZ,
about 15.6 %, and the fraction of HAGBs reaches 84.4 % (Fig. 6¢). After
rolling deformation, the proportion of LAGBs in the whole regions has
increased, and the greatest increase occurs in the NZ. As a result, the
content of LAGBs in the HAZ, AS-TMAZ, RS-TMAZ and NZ are 59.8 %,
52.1 %, 33.2 % and 56.2 %.

3.2.2. Precipitates

2195 Al-Li alloy presents intricate precipitation arrangements,
comprising primarily Guinier-Preston zones (GPZs), T; (AlxCulLi), €'
(AlyCu), &' (AlzLi), ' (AlsZr), S' (Al,CuMg), and possibly 6 (AlsCugMg) as
well [29]. When observed by TEM along different diffraction directions,
these precipitates exhibit diverse morphologies and diffraction laws.
Fig. 7 shows the schematic diagram of SAED patterns of the precipitates

along [011]a; and [001]a; zone axes. For precise identification, TEM
analysis is focused on the diffraction patterns along [011]4; and [001]4;
zone axes in this paper. Significantly, both &' and p' share identical
crystal structure (L1o structure) and morphology, developing into a
composite precipitate of Al3(Li, Zr). Hence, they are referred to & /p' in
this study.

3.2.2.1. Precipitates in the NZ. Fig. 8 shows STEM-DF and SAED images
of the NZ in the As-welded joints, Joints-AA and Joints-R + AA. Size
distribution of T; in the NZ of the Joints-AA and Joints-R + AA are
shown in Fig. 9.

In the NZ of the As-welded joints, a few needle-shaped precipitates
with a length about 30-100 nm are identified as T; precipitates (Fig. 8a),
which have an included angles 70.4° between the two variants and
parallel to [111]; direction. Spherical-like & /B’ precipitates, evident in
the STEM-DF images (Fig. 8a and d) along [011]a; and [001]a; zone
axes, can be distinguished by their morphology and the diffraction spots
at 1/2[002]4; and 1/2[022]p; positions (Fig. 8d). Lath-shaped pre-
cipitates, mainly nucleated on dislocations in the STEM-DF image along
[001]; zone axis (Fig. 10d), are identified as S’ precipitates, confirming
results in Refs. [23,36]. Furthermore, apparent diffraction information
of precipitates is absent in SAED patterns along [011]4; zone axis,
signifying minor precipitation of the NZ.

In the Joints-AA, needle-shaped precipitates with high density are
visible in the STEM-DF images along [011]a; zone axis (Fig. 8e). These
are recognized as T; precipitates by the diffraction streaks along [111]a;
direction in [011]4; zone axis (Fig. 7a). The platelet-shaped T; has four
variants nucleating on the (111)a; habit planes, giving rise to easy
detection of its two needle-shaped variants (T%/ 4#) of Ty along [011],;
zone axis (Fig. 8a). While, two other variants (T%/ 3#) often exhibit an
elliptical shape upon significant coarsening in thickness, as seen through
spots at 1/3[022] 1 and 2/3[022]4) positions in [011]4] SAED patterns
(Fig. 8f). Therefore, the T** variants can be detected from the SAED
patterns along [001]a; zone axis in Fig. 8h. Size distribution of the
needle-like T; is summarized in Fig. 9a, indicating that the average
radius (rave.) and maximum radius (ryayx.) of these precipitates are 69.0
+ 15.9 nm and 110.6 nm, respectively. The spherical & /p’ precipitates,
visible in the STEM-DF images under the two diffraction directions, are
identified by their spots at 1/2[022]4; positions in the [011]x; SAED
patterns, as well as the 1/2[002]4; and 1/2[022] a1 positions in [001];
SAED patterns (Fig. 8h). Another needle-like precipitates with 30-50 nm
in length, seen in the STEM-DF images along [011]4; and [001]; zone
axis, are identified as 0 precipitates, suggesting the streaks along [002];
direction in [011]s; SAED patterns, as well as [002]4; and 1/2[002]4;
direction in [001]s; SAED patterns. The finely dispersed rods pre-
cipitates seen in the [001]sy STEM-DF images are S precipitates,
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SAED patterns.

In the Joints-R + AA (Fig. 8i-1), needle-like Ty and @, spherical & /p’

are evident in the STEM-DF images and identifiable via the SAED pat-

terns. The high density T; has 13.6 + 4.2 nm and 27.2 nm in rpy. and

ryvax. (Fig. 9b), respectively, markedly lower than in the Joints-AA
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Fig. 8. STEM-DF and SAED images of the NZ in (a—d) As-welded joints, (e-h) Joints-AA and (i-1) Joints-R + AA along [011]4; and [001]; zone axes.
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Fig. 9. Size distribution of T; in the NZ of (a) Joints-AA and (b) Joints-R + AA.

(Fig. 8a). The content of S’ is obviously elevated, characterized by the
faint streaks along the [022]; direction in [011]; SAED patterns and 1/
2[002] 4 direction in [001]4; SAED patterns. Furthermore, two different
morphologies of S’ are observed, indicating that most of the precipitate is
distorted with a long strip-shape, with a few showing fine, dispersed rod-
shapes.

3.2.2.2. Precipitates in the TMAZ. Fig. 10 shows STEM-DF and SAED
images of the TMAZ in the As-welded joints, Joints-AA and Joints-R +
AA. Size distribution of T; in the TMAZ of Joints-AA and Joints-R + AA
is shown in Fig. 12.

In the TMAZ of the As-welded joints, spherical & /p’ precipitates are
viewed in the STEM-DF images along [011]a; and [001]a; zone axes
(Fig. 10a and c). While no obvious diffraction of this precipitate is

obtained in the SAED patterns (Fig. 10b and d), indicative of low-level
precipitation in the TMAZ. Fig. 10a and ¢ shows a newly developed
cubic precipitate in [011]4; STEM-DF images yet clear in [011] 4 STEM-
DF images. This precipitate is identified as ¢ by the spots at 1/4[200];
and 1/4[220] ) positions in [011]4 SAED patterns, as well as the spots
at 1/5[002] a1 in [001]41 SAED patterns, as shown in Fig. 11. This found
is close to the results reported in 2060 Al-Li alloy FSW joints [37]. Be-
sides, dislocation tangle is common in this region.

In the TMAZ of Joints-AA (Fig. 10e-h) and Joints-R + AA (Fig. 10i-1),
T; and @, 8’ /B, S’ and o are detected in the STEM-DF images, identified
by spots in the SAED patterns along the two diffraction directions. Ty,
predominantly needle-shaped precipitate, appears larger in the Joints-
AA compared to the Joints-R + AA (Fig. 12). The average size (rayi.) of
Ty is 65.2 £ 15.2 nm in Joints-AA, which is approximately 4.4 times
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Fig. 11. TEM characterization of ¢ in the TMAZ of the As-welded joints by STEM-DF and SAED along (a) [011]4; zone axis and (b) [001]; zone axis.
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larger than in the Joints-R + AA (14.8 & 4.4 nm). The rypx. of Ty is 5.2
times higher in Joints-AA (152.5 nm) compared to that in Joints-R + AA
(29.2 nm). S’ appears as finely dispersed rods in Joints-AA (Fig. 10g) but
mainly takes a long strip-shape in Joints-R + AA (Fig. 10k).

3.2.2.3. Precipitates in the LHZ. In this study, negligible LHZ can be
observed in the As-welded joints, while this feature obviously appears
after aging treatment. These correlations are significant with the evo-
lution of precipitates in the LHZ. Hence, TEM characterization of pre-
cipitates was performed in the LHZ as shown in Fig. 13. The size
distribution of T; in these regions is illustrated in Fig. 15.

In the LHZ of the As-welded joints, the needle-like precipitates in
[011]a1 STEM-DF images signify T, (Fig. 13a), which are recognizable
by their diffraction streaks along [111]a; direction in [011]4 SAED
patterns (Fig. 14c¢). In addition, some elliptical-shape zones exhibiting
light contrast are often observed in this region. These precipitates,
proven by spots at 1/3[220]4; and 2/3[220] 4 positions in [011]x; SAED
patterns (Fig. 14d), are another two variants of T;. 8/, ¢ and & pre-
cipitates are also found in the LHZ. Precipitate free zone (PFZ) adjacent
to grain boundary phases (GBPs) is viewed with a width exceeding 400
nm.

In the LHZ of Joints-AA (Fig. 13e-h) and Joints-R + AA (Fig. 13i-1),
T, 0,8/, S, 6, GBPs and PFZ are observed in the STEM-DF images. The
main precipitates can be determined according to the SAED patterns
along the two diffraction directions. The morphology of T; remains
largely consistent, exhibiting a needle shape. However, their size dis-
tribution varied significantly in both joints. Two different sizes of the
needle-shaped T; precipitates are generated in the LHZ of Joint-R + AA.
Fine, needle-shaped T; with a radius between 5 nm and 30 nm are found
in this region, while the coarse ones have a size of 121-270 nm
(Fig. 15¢). The size of T; within the LHZ of Joint-AA lies between 20 nm
and 200 nm, matching closely the precipitate (36-195 nm) in the As-
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welded joints displayed in Fig. 15a and b. Notably, the average size
(rave) of T7 in the LHZ shows As-welded joints > Joints-AA > Joints-R +
AA, while the maximum size (ryax) decreases in another order, As-
welded joints < Joints-AA < Joints-R + AA. GBPs commonly display
continuous distribution within the LHZ of Joints-AA, contrasting with its
scarce detection in Joints-R + AA. The PFZ width varies around 270 nm
in the LHZ of Joints-AA and 195 nm in the LHZ of Joints-R + AA, which
both notably narrower than the observed PFZ width in the As-welded
joints (Fig. 13a).

3.2.2.4. Precipitates of the HAZ. Fig. 16 shows STEM-DF and SAED
images of the HAZ in the As-welded joints, Joints-AA and Joints-R + AA.
Fig. 17 presents the size distribution of T in the HAZ of the three joints.

In the As-welded joints, a few small T; precipitates with needle shape
is formed on sub-grain boundaries and dislocations, visually identified
in the [011]5 STEM-DF images (Fig. 16a and b). Spherical & /p' pre-
cipitates are found in both [011]x; and [001]s STEM-DF images
(Fig. 16a and c). GPZs are detected by the diffraction streaks in the
[001]a; SAED patterns (Fig. 16d).

The HAZ of Joints-AA (Fig. 16e-h) and Joints-R + AA (Fig. 16i-1)
contain Ty, 0/, 8’ /B, S, 6, identifiable through their morphology and the
SAED patterns along [011]4; and [001]4; zone axes. Two sizes of T; exist
in the Joints-R + AA, with the fine precipitates develop radius between
5 nm and 30 nm, while the coarse ones range from 45 nm to 195 nm
(Fig. 17¢). The average radius (raye) of T; in the Joints-AA is 50.7 +
17.5 nm, over three times higher than in the Joints-R + AA. Conversely,
the maximum radius (ryax) of T; in the Joints-R + AA (193.4 nm) is
approximately twice of that in Joints-AA (95.1 nm). Grain boundary
phases (GBPs) are generated in the HAZ of Joints-AA, but seldom
observed in the HAZ of Joints-R + AA.

LHZ |011],, zone axis

[001] ,, zone axis

STEM-DF

¥L
GBPs ,?_ s

As-
welded
joints

Joints-
AA

Joints-
R+AA

Fig. 13. STEM-DF and SAED images of the LHZ in the (a-d) As-welded joints, (e-h) Joints-AA and (i-1) Joints-R + AA along [011]4; and [001]4; zone axes.
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Fig. 14. TEM characterization of T; in the LHZ of the As-welded joints by (a, b) STEM-DF and corresponding SAED along [011]4; zone axis, (c) SAED1 for the needle-
like T; and (d) SAED2 for the elliptical-shape T;.
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Fig. 15. Size distribution of T; in the LHZ of (a) As-welded joints, (b) Joints-AA and (c) Joints-R + AA.
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Fig. 16. STEM-DF and SAED images of the HAZ in (a-d) As-welded joints, (e-h) Joints-AA and (i-1) Joints-R + AA along [011]4; and [001]4; zone axes
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3.3. Tensile properties

Fig. 18 shows engineering stress-strain curves and tensile properties
of the As-welded joints, Joints-AA and Joints-R + AA. Table 3 provides
tensile test results the three joints. Analysis of their tensile properties
yields several insights: Firstly, the As-welded joints possess the lowest
ultimate tensile strength (UTS) and the maximum elongation, indicating
that the joint strength increases but the elongation decreases after
PWHT. Secondly, both UTS and elongation of Joints-R + AA surpass
those of Joints-AA, implying that rolling deformation can improve both
strength and plasticity of artificially aged 2195-T4 Al-Li alloy FSW
joints. Thirdly, all three joints are failing in the LHZ in a tensile test,
potentially indicating a similar fracture mechanism. Fig. 19 displays the
fracture morphologies of these joints for further clarification of the
fracture behavior.

Fracture surfaces of the three joints exhibit pronounced intergran-
ular cracks aligning with coarse elongated grains, initiating cleavage
facets, steps, and fine dimples. Additionally. micro-voids with cracked
particles at the bottom are frequently produced adjacent to intergran-
ular cracks within these joints. Notably, dimples generate in As-welded
joints, appear scarcely in Joint-AA, and barely detectable in Joints-R +
AA, signifying toughness fracture as the primary mode of failure in the
As-welded joints compared to brittle fracture in Joints-AA and Joints-R
+ AA.

4. Discussion
4.1. Microstructure evolution

4.1.1. Grains

In this study, the BM, an Al-Li alloy in natural aged condition,
originated from hot-rolled plates via solution and natural aging. The
grains of the hot-rolled plates exhibit a typical layered structure with
numerous LAGBs. Despite the high temperature during the solid solution
treatment promote the occurrence of static recrystallization, a short-
duration solution treatment hardly makes full recrystallization. Hence,

Table 3
Tensile test data of three joints.

Joints UTS (MPa) Elongation (%) Fraction location
As-welded joints 440.0 £ 6 13.5+ 0.5 LHZ

Joints-AA 506.5 + 9 3.4+ 0.6%

Joints-R + AA 530.5+7 39+04%

the BM comprises elongated grains, high percentages of LAGBs and
substructures (Figs. A-1).

During the FSW, the HAZ is mostly influenced by the welding ther-
mal cycle and experiences recovery, demonstrating identical micro-
structure properties with the BM [38]. Within the TMAZ, materials are
subjected to extrusion from shoulders and mixing needles with grains
curved along the material flow of the NZ [39]. Simultaneously, dynamic
recrystallization occurs under the high temperature of the NZ. However,
insufficient degree of material deformation and peak temperature do not
permit complete recrystallization in the TMAZ. The internal grain
misorientation diminishes during recrystallization, transforming LAGBs
to HAGBs. Consequently, the content of LAGBs in the TMAZ is lower
than in the HAZ. Plastic deformation makes grains rotation leading to
grain orientation changing, and the recrystallization behavior further
distorts the orientation, hence the grain orientation features of the
TMAZ greatly differ from those of the HAZ, becoming more random. It
has been demonstrated that materials on the advancing side of the NZ
experience a more extreme deformation and higher temperature [40],
enhancing the degree of recrystallization in AS-TMAZ, reducing the
content of LAGBs, while the content of recrystallization increasing
significantly. Due to the severe thermomechanical action, grains in the
NZ conclude full recrystallization through dynamic recrystallization,
generating fine recrystallized grains, which significantly reduce the
content of LAGBs.

Rolling deformation amplifies strain and average misorientation
within the grains, leading to an increase of LAGBs. As the rolling
deformation is relatively low, the variations in grain morphology and
orientation are limited.
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Fig. 18. Tensile test results of (a) Engineering stress-strain curves and (b) the ultimate tensile strength and elongation of the BM and three joints.

10



P. Chen et al.

Materials Science & Engineering A 914 (2024) 147165

As-welded Joints

Joints-AA

Joints-R+AA

P e

Fig. 19. Fracture morphologies of (a, d) As-welded joints, (b, e) Joints-AA, (c, f) Joints-R + AA.

4.1.2. Precipitates

4.1.2.1. Precipitates in base material. In the quenched 2195 alloy, micro-
alloy elements primarily reside within the matrix, leading to a dense
population of clusters GPZs forming. Both &' and f' have low misfit and
interface energy with Al matrix, making them primary precipitates at
90-120 °C, easily nucleating during natural aging [41]. Thus, GPZs, &'
and p' are found in the BM (Fig. A-1c and Fig. A-1d), under T4 (natural
aging) temper conditions.

4.1.2.2. Precipitates evolution in different joints. During FSW, the NZ
suffers the highest welding temperature, commonly 450-550 °C in Al
alloys [42]. Peak temperature in the TMAZ is lower than in the NZ, and
is usually obtained above 400 °C [43]. The HAZ is subjected to the
lowest welding temperature, and the maximum temperature invariably
exceeds 350 °C [44,45]. The thermal history of FSW joints, impacted by
the elevated temperature, can be segmented into three distinctive stages.
These stages not only dissolve precipitates but encourage new precipi-
tate nucleation and growth. The initial stage occurs during the welding,
in which the high welding temperature causes 8'/p' dissolving and GPZs
decomposing. The second stage takes place post-weld, at a residual
temperature over 120 °C, offering an artificial aging treatment and
resulting in precipitate formation and coarsening. Factors like the
varying residual temperature facilitate the nucleation of T; and S' in the
NZ, o formation in the TMAZ, and T; generation in the HAZ. These
precipitates have a minute size and number due to the brief duration of
thermal effect. The final stage occurs below 120 °C, where §'/f' and GPZs
reform.

Upon sufficient artificial aging, T; densely form the dominant
strengthening phase in Joints-AA. T; is the major strengthening pre-
cipitate in 2195 Al-Li alloy, whose preferential sites for nucleation
include dislocations, LAGB interface, stacking faults and vacancy clus-
ters. With adequate aging, there is minimal disparity in stacking fault
and vacancy clustering across joint regions. The LAGBs in different re-
gions have been identified by EBSD data, revealing an order of contents
HAZ > TMAZ > NZ, represented in Fig. 5. Dislocation density can be
quantified using kernel average misorientation (KAM) method, calcu-
lated based on local misorientation from EBSD data [46,47]. The local
crystal orientation within various regions is determined through the
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geometrically necessary dislocation (GND) evolution. Notably, misori-
entation exceeding 2° is discounted in this analysis. The local misori-
entation at a point is determined through its 24 neighboring points [46]:

A61=12|6j—91}
n <5

Where 6; represents the local misorientation at the point ‘i’ and 6; means
the misorientation at its neighboring points ‘j’; A6; represents local
misorientation. The GND density (pGND) can be determined by a simple
method according to the strain gradient theory as follows [48,49]:

206,

ub

BA®;

Where p is the step size selected for the EBSD experiment; b the Burgers
vector. B = 2b*10'® m™2, is a constant in this study. As illustrated in
Fig. 20, KAM and GND density varies across different zones within As-
welded joints. It is obvious that the average GND density (pSNP
showing an overall trend of HAZ > AS-TMAZ > NZ. The increased
presence of LAGBs and dislocations results in more nucleation sites and
accelerated precipitation kinetics. Therefore, the artificially aged joints
reveal the average size of T; to be HAZ < AS-TMAZ < NZ.

Cold work prior to artificial aging has been demonstrated to increase
the amount of intra-granular precipitation of Ty, which is attributed to
the increase in dislocation density and therefore potential nucleation
sites in the formation of high strain fields. Fig. 21 shows the KAM and
GND density across different regions of the rolling deformation joints.
The dislocation density of these regions is increased after rolling defa-
mation, indicating more nucleation sites for T; generation. Thus,
significantly smaller in size and bigger in density of T; is developed in
the Joints-R + AA. In addition, average size of T is very close in the
HAZ, AS-TMAZ and NZ of the Joints-R + AA, likely due to minimal
differences in dislocation density post-rolling deformation. In the HAZ,
the increased maximum size of T; dimension results from further
coarsening of initial T; during PWHT. The coarsening process generally
presents greater resistance than precipitation process, making T;
coarsening more challenging [50,51]. Hence, the unremarkable increase
of the maximum size occurs in the Joints-AA. However, pre-rolling
deformation leaves a large quantity of dislocations in the LHZ, which
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interact intensely with pre-existing T; and accelerate the segregation of
solute atoms during heat treatment along the interface between T; phase
and Al matrix, culminating in an abnormally coarse T; in the LHZ of the
Joints-R + AA.

4.2. The development of the LHZ

Generally, the LHZ is a typical feature in artificial aging status
(commonly T6 or T8) Al alloy FSW joints [42]. In this study, the LHZ is
inapparent in As-welded joints, but obviously developed after artificial
aging. The LHZ is positioned within the HAZ and close to the TMAZ. The
thermal-mechanical history of the LHZ approximates that of the HAZ.
Consequently, the evolution rule of precipitate in the LHZ mirrors that in
the HAZ. A greater precipitation degree develops in the LHZ due to
higher peak temperature compared to the HAZ, leading to a larger size
and amount of T; formation, as well as more distinct GBPs and PFZ.

12

Artificial aging treatment can promote an abundance of T, precipitation,
resulting in considerable growth in the number of T; in the Joints-AA.
PWHT operates at lower temperatures than the peak welding tempera-
ture of the LHZ, reducing the precipitation size of T and consequently
decreasing the average size of T; in the LHZ of the Joints-AA. Pre--
deformation can increase the nucleation sites of T;, leading to dense and
small T; in Joints-R + AA. The significant increase in the maximum size
of T; in the LHZ is due to further coarsening during the PWHT for the
previously formed Ty, as observed in the HAZ of the joints.

The tiny T can efficaciously impede dislocation motion, enhancing
the strength and hardness of 2195 Al-Li alloy. However, the strength-
ening impact of coarse precipitates is marginal. Moreover, the formation
of GBPs and PFZ hinder the enhancement of LHZ hardness. The elevated
welding temperature promotes the formation of coarse T; and GBPs in
the LHZ, which fails to yield precipitation strengthening effects and
reduces the concentration of solute atoms in the matrix, reducing the
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solid solution strengthening effects. Consequently, the hardness of this
region is inferior to that of other areas in the joint. Due to the brief high-
temperature duration of the welding process, the extent of solute pre-
cipitation is overall small, and the hardness of LHZ does not significantly
diminish. Artificial aging enhances T, precipitation, leading to a sig-
nificant increase in the T; density of Joints-AA and Joints-R + AA, and
consequently, the hardness increases significantly. However, the hard-
ness on both sides of the transition area between the TMAZ-HAZ in-
creases modestly, signifying insufficient precipitation of T; in these
regions. Fig. 22 illustrates the number density of T; in the different re-
gions of the three joints. It is evident that the T; number density in As-
welded joints is exceedingly small, significantly less than that in the two
other joints, indicating a minimal contribution of T; to strength. After
artificial aging, the density of T; increases substantially but not uni-
formly across different zones. The density of T; in LHZ is comparatively
lower, showing a trend that is consistent among Joints-AA and Joints-R
-+ AA. Moreover, in these two joints, the density of T; and joint hardness
demonstrate a close correlation.

Malard et al. [52] established that the precipitation dynamics of the
FSW joints during PWHT primarily depend on solute content and
dislocation density available for precipitation. In the As-welded joints,
the solute concentration in the LHZ is less than other zones, leading to
reduced precipitation of T; and a smaller increase in its density after
artificial ageing. Hence, the hardness enhancement is minimal, causing
an increased disparity with neighboring zones, resulting in significant
LHZ. Pre-deformation elevates dislocation density across all zones of the
joint, reduces the nucleation barrier of precipitates [53], enhances
precipitation dynamics in LHZ, and promotes abundant precipitation of
T; during post-aging. Large amounts of fine T; significantly enhance the
hardness of the LHZ. For Joints-AA, a solitary artificial ageing treatment
brings the hardness of BM and NZ regions closer to the peak hardness of
this alloy. Pre-straining does not notably enhance the hardness in these
zones after artificial aging, but can further increase the hardness of the
LHZ. As a result, less hardness enhancement is noted in the BM and NZ of
the Joints-R + AA, while the hardness near LHZ increases more, mini-
mizing the fluctuation range of joint hardness distribution.

4.3. Tensile properties of the different joints

In this research, post-weld artificial aging treatment promotes T;
precipitation, dramatically enhancing tensile strength of Al-Li alloy FSW
joints. Coupled with pre-rolling deformation, it effectively controls T;
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Fig. 22. Number density statistics of T; in typical regions of different joints.
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precipitation volume and size during the artificial aging, leading to
dense and fine T; in the joint, reinforcing the softening regions (the LHZ)
and further elevating joint strength. The strength of Joints-R + AA is
approximately 530.5 MPa, reaching 96.4 % of 2195-T6 Al-Li alloy and
88.3 % of 2195-T8 Al-Li alloy. This implies that a high-strength Al-Li
alloy FSW joint can be attained via post-weld heat treatment involving
pre-deformation and artificial aging. Mostly, strength and ductility are
conflicting attributes, i.e., higher strength results in reduced ductility,
vice versa. Herein, the enhancement of joint strength resulted from post-
weld artificial aging is at the expense of joint ductility. Therefore, the
elongation levels of Joints-AA and Joints-R + AA have decreased
significantly. Significantly, compared with Joints-AA, the pre-rolling
method not only enhances the joint strength but also improves its
elongation, defying conventional strength-ductility correlations.

The hardness results have verified that pre-deformation and artificial
aging can further enhance micro-hardness of the LHZ, reducing joint
hardness distribution fluctuations. This conclusion is further analyzed
through hardness mapping analysis, as shown in Fig. 23. It is easy to find
that the overall hardness value in the As-welded joints is low, with a
disparity in minimum and maximum hardness of approximately 20 HV.
Post artificial aging treatment escalated the hardness for Joints-AA, but
amplifies the disparity in maximum and minimum hardness to approx-
imately 50 HV. As a result, the softening zones expand and the unifor-
mity of the joint diminishes. Conversely, pre-rolling deformation greatly
diminishes the disparity (30 HV) in maximum and minimum hardness in
the Joints-R + AA compared to the Joints-AA. Thus, hardness uniformity
of the joint after pre-deformation and artificial aging increases, resulting
in a superior uniform deformation ability and joint ductility. The pre-
deformation method efficiently addresses the issue of joint softening
after artificial aging and enhances the uniform deformation ability of the
joint, leading to superior fracture elongation in Joints-R + AA compared
to Joints-AA.

Fig. 24 shows the comparison of tensile performance of various Al-Li
alloy FSW joints, with light purple zone denoting untreated FSW joints
and yellow zone representing heat-treated joints. It is discernible that
most researchers employ artificially aged (T6 and T8) Al-Li alloys in
FSW experiments, seldom utilizing naturally aged (T4) ones [31,33-35].
Therefore, the present study broadens the understanding of the FSW
process involving Al-Li alloys. Mechanical properties of similar mate-
rials in various literature vary considerably, primarily due to the dif-
ference of welding process parameters, parent material performance and
FSW equipment [3,13,54]. Generally, high Cu/Li ratio 2195 and 2060 Al
alloys exhibit elevated FSW joint strength, with the maximum strength
reaching 490 MPa from a 2060-T8 Al-Li alloy [55]. There are substantial
variations in elongation among artificially aged Al-Li alloy FSW joints,
but those of naturally aged (T4) Al-Li alloy achieve superior values and
stable results. In this study, the As-welded joints have excellent strength
of 440 MPa (91.7 % joint coefficient) and remarkable elongation of 13.5
%. Notably, this elongation is an exceptionally high value in published
literature. This indicates that using naturally aged 2195 Al-Li alloy for
FSW can result in the joint with satisfactory tensile performance. In
actual production, the manufacturing process of naturally aged Al-Li
alloy is simpler and more economical compared to artificially aged
Al-Li alloy. Thus, it could be financially advantageous in specific con-
ditions to utilize the naturally aged alternative over the artificially aged
alloy for friction stir welding.

Post-weld heat treatment (PWHT) is one of the important measures
to improve the mechanical properties of FSW joints. Relevant research is
common in 6xxx and 7xxx Al alloys, but there are few reports on Al-Li
alloys [30,32,68]. Currently, only a few related articles have been
found, as shown in the yellow area in the upper left corner of Fig. 24.
These papers suggest that the PWHT for Al-Li alloy FSW joints enhances
joint strength by controlling the precipitation of T;. Zhang et al. [11]
achieves a marked rise in joint strength from 367.3 MPa to 480.3 MPa
(about 30.8 %) via solid solution and artificial aging (SAA) processing on
2195-T8 Al-Li alloy FSW joints, but the strength post-heat treatment is
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600 :
0 2195-T8-SAA
= 2198-T8-AA
550
-3
By
= 500
£ ©  As-welded joints
g %
E 450 GQ & Ve
o s~
= 3
§ 400 - ﬂm 8
& ' 0
g 350 v oo <
£
= 300 - & 20195-T8 O 2050-T8 - 2099-T8  © 2198-T851
-~ 2195-T6 > 2050-T84 O 2198-T3 - 2A97-T4
> 2050-T3 ~ 2060-T§ O 2198-T8 ¥ 8030-T8
250 1 1 1 1
0 3 6 9 12 15

Elongation, %

Fig. 24. Comparison of elongation and ultimate tensile strength between the
present results and other available data of Al-Li FSW joints (including As-
welded joints and PWHT joints) [10,11,21-24,45,55-67].

still relatively low, only at 85 % of the parent material strength. More
critically, abnormal grain growth (AGG) occurs in the NZ during solid
solution treatment, resulting in a significant reduction in fracture
elongation of the treated joints and damages comprehensive perfor-
mance of the joint. Indeed, due to stability issues in the grain of the NZ,
post-weld solid solution processing often causes this AGG, deteriorating
the plasticity of the joint post-heat treatment [29,32,69]. Some scholars
choose to directly perform artificial aging treatment on FSW joints,
effectively avoiding the AGG problem and improving the joint strength
to a certain extent [33,64]. However, the strength improvement is
relatively limited and has not yet exceeded 500 MPa, failing to obtain
high-strength Al-Li alloy FSW joints. The primary reason behind this
result is the precipitation state and composition limitation of the BM,
causing the T; not to precipitate significantly during artificial aging
treatment. In this research, due to the use of 2195 Al-Li alloy in a natural
aging state and possessing a high Cu/Li ratio, post-weld artificial aging
treatment can promote the formation of high-density of Tj, significantly
improving the joint strength. Furthermore, integrating pre-deformation
technology can efficiently control the density and size of T; in the LHZ,
allowing the achievement of a strength of 530.5 MPa and a high-strength
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joint.
5. Conclusions

In this study, the effect of different post-treatments on microstructure
and mechanical properties of friction stir welded 2195-T4 Al-Li alloy
joints were investigated. The main conclusions are as follows:

(1) During FSW, the overall precipitation level of the As-welded joint
remains minor, resulting in a slight decrease in joint hardness at
the LHZ. A few fine T; forms in the HAZ, and ¢ develops in the
TMAZ. T; and S' nucleation is determined by dislocations within
the NZ. The LHZ exhibits enhanced precipitation levels, gener-
ating coarse T, and GBPs, with ¢ and PFZ.

(2) Post-weld artificial aging can promote many T; formations in the
Joints-AA, enhancing joint strength and hardness. Due to varying
precipitation ability, the content and size of T; in different zones
of the joint are inconsistent, resulting in a hardness distribution
transforming from a low-amplitude wave curves to a high-
amplitude W-shaped curve. The LHZ displays the smallest pre-
cipitation ability, forming T; with the minimal density and the
largest average size, resulting in minimum hardness increment in
this region and limited enhancement of the joint strength. The
UTS of the joints reaches 506.5 MPa (an increase of 15.1 %), yet
elongation decreases to 3.4 %.

(3) Pre-rolling deformation enhances dislocation density and LAGBs,
promoting the formation of high-density, fine T; during artificial
aging, increasing joint strength and hardness. Pre-deformation
especially improves precipitation ability of the LHZ, leading to
increased hardness increment after heat treatment, diminishing
the hardness disparity between the LHZ and other regions,
enhancing uniform deformation ability of the joints with a higher
fracture toughness compared to the Joint-AA. The UTS of Joints-
R + AA increase to 530.5 MPa (boosting 20.6 %) with a reduced
elongation to 3.9 %.
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