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Highlights:
What are the main findings?

1. The intergranular Cu-rich phase formed by elemental segregation is not conducive to joint
performance.

2. The addition of Ti and Zr in the filler wire effectively refines the grain of the weld and also
leads to coarse phases of Ti and Zr in the weld.

3. Natural aging precipitation occurs in welds, and Al3Li particles or GPZs appear in the weld.

What is the implication of the main finding?
The main findings could provide guidance for Al-Li alloy filler wire design and weld aging rein-
forcement.

Abstract: 2A55 Al-Li alloy is considered to have potential applications in the manufacture of fuel
tanks for aerospace vehicles. However, the composition design of filler wires for 2A55 Al-Li alloy
TIG welding has not been fully studied. This work focuses on the mechanical properties and
microstructure of 2A55 Al-Li alloy TIG welded joints obtained using 2A55 alloy and Al-8Cu filler wire
that was designed for this work, as well as the effects brought about by natural aging on them. When
filler wire with higher Zr and Ti content was used, the weld grain was significantly refined. Due to
the difference in the Cu content of filler wire, the formed Cu-rich phases in welds are significantly
different, showing a grid-like distribution in the Al-8Cu weld compared to the dispersed distribution
in the 2A55 weld. After welding, the lack of dominant strengthening precipitates caused a sharp
softening of the welds. However, Li and Cu atoms dissolved in the Al matrix can precipitate fine and
dispersed Al3Li particles and GPZs by natural aging to strengthen the welds. After natural aging, the
yield strength (YS) of the 2A55 joint increased by 24.1% compared with the 14.7% improvement of
the Al-8Cu joint.

Keywords: 2A55 Al-Li alloy; manual TIG welding; natural aging of weld; grain refinement

1. Introduction

Due to their high specific strength, low density, and high elastic modulus, Al-Li
alloys are considered to have great advantages in the aerospace field and are admissible
substitutes for traditional Al-Cu-based alloys [1,2]. Each 1% lithium added will reduce the
density of the aluminum alloy by about 3% and increase the elastic modulus by about 6%,
which can greatly improve the carrying capacity of the aerospace vehicle [3]. As a typical
third-generation Al-Li alloy, 2A55 alloy is micro-alloyed with Mg, Ag, and Zn to control
the precipitation of the alloy during the heat treatment for high strength while ensuring
other performances such as low anisotropy and high fatigue resistance [4–7].
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The connection technology is essential to ensure parts integrity and improve service
safety during service. Growing attention has been paid to the welding approach of Al-
Li alloys due to fewer restrictions on the component shape compared with mechanical
connection [8]. Among various welding techniques, TIG welding is extensively used in
the repair welding of aerospace vehicle fuel tanks due to its flexible operation, low cost,
and high applicability [9,10]. However, studies have shown that when TIG welding is used
for aluminum alloy welding, the joint has defects such as pores and micro-cracks [11–14].
Furthermore, the strength and plasticity of the joints are also greatly reduced due to the
severe segregation and the lack of strengthening precipitates after welding resulting from
the non-equilibrium solidification process in the melt pool region [15–18].

As a weak area, the poor performance of TIG welded joints will compromise safety.
There are some ways to strengthen the welds based on obtaining a good quality joint. The
welding process is composed of melting and rapid solidification; thus, the obtained weld
structure can be regarded as the as-cast structure. Therefore, adding an appropriate amount
of modifier such as Zr to the filler wire is conducive to the formation of coherent Al3Zr
particles during the solidification process. Coherent particles can provide nucleation sites
to increase the nucleation rate during solidification. This results in a strong non-uniform
nucleation effect resulting in fine weld grains that enhance the weld’s strength and tough-
ness [8,19]. As another commonly used modifier, Ti also has a similar effect to Zr during
molten metal solidification. In addition, when Ti is added alone or in combination with Sr,
the weld performance can be improved by modifying the microstructure of welds [20,21].

Although trace addition of modifiers can improve the weld performance by refining
grains or changing the weld’s microstructure during solidification, problems such as
segregation and lack of strengthening precipitates in the welds are still problems. To
further improve the weld performance, some post-treatment, such as rolling, shot peening,
and heat treatment, can be considered [22,23]. Mechanical post-treatment is generally
used to modify the surface of the joint [24]. Post-weld heat treatment can release the
residual stress of the joint more comprehensively or modify the microstructure of the
joint to improve joint performance. When the 2219 alloy variable polarity TIG welded
joint was subjected to a series of heat treatments, including solution treatment (535 ◦C,
30 min), water quenching, and artificial aging (175 ◦C, 12 h), the yield strength (YS), tensile
strength (UTS) and elongation (EL) of the joint increased by 42.6%, 43.1%, and 18.4%,
respectively. Additionally, the joint hardness value reaches 98% of the base metal (BM) [9].
After artificial aging of laser pressure welded joints of 2198 Al-Li alloy, it was found that T1
precipitates appeared in the area where the strengthening precipitates should be absent,
which contributed to the joint performance improvement [25]. It is foreseeable that for
heat-treatable-strengthened aluminum alloys, post-weld heat treatment is beneficial for
strengthening the joint. Affected by the shape of the weldment, artificial aging cannot be
performed on welds in many scenarios. At this time, the natural aging of the welds of
the age-hardening Al-Cu-Li alloy can be considered [26–33]. After long-term (11 years)
natural aging at ambient temperature, AA2219-T87 TIG welded joints showed a 35% and
20% improvement in YS and UTS, respectively [34]. Relatively short aging time also has a
certain effect on improving the performance of joints. After 150 days of natural aging, the
UTS of 7075 alloy welded joints with Al-Zn-Mg-Cu-Ti/TiB2 alloy filler wire increased from
300 MPa to 328 MPa [35]. Therefore, natural aging can be considered for scenarios where
artificial aging is not well applied. However, the effect of filler wire composition on the
natural aging precipitation of TIG welded joints of 2A55Al-Li alloy remains to be explored.

In this work, Al-8Cu filler wire that was designed for this work and 2A55 Al-Li alloy
filler wire were used for manual TIG welding of 2A55 Al-Li alloy. The effects of filler wire
composition on the mechanical properties, microstructure, and precipitation evolution of
the joints were clarified and exploited. The types and quantities of natural aging precipitates
and their effects on joint performance were further investigated. This work could provide
guidance for Al-Li alloy filler wire design and weld aging reinforcement.
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2. Materials and Methods
2.1. Materials

In this study, 80 mm (rolling direction) × 200 mm × 2 mm (thickness) T6-aged 2A55
Al-Li alloy was used as the BM. The T6-aged is a solid solution at 520 ◦C for 1 h, followed
by water quenching, then aged at 175 ◦C for 20 h. In addition, to use 2A55 alloy as the filler
wire, an Al-8Cu filler wire was designed and fabricated in this study. Cold-rolled 2A55
alloy with a thickness of 2 mm and self-cast Al-8Cu alloy ingot was cold rolled to 1.5 mm
and then processed into 1.5 mm × 1.5 mm × 500 mm strips by wire cutting. Table 1 shows
the composition of the BM and filler wire.

Table 1. Measured composition of BM and design composition of filler wire.

Material Cu Li Ag Mg Zr Ti Zn Mn Be Al

2A55 3.81 1.28 0.41 0.43 0.11 0.06 0.39 0.28 / Bal.
Al-8Cu 8.00 / / / 0.30 0.30 / / 0.0005 Bal.

2.2. TIG Welding Process

The filler wire was desmuted before the welding process, and the filler was first soaked
in 10 wt.% NaOH solution for 10 min, rinsed with distilled water, and then immersed in
30 wt.% HNO3 solution for 5 min. As for the BM, the surface layer is removed with
sandpaper before welding, and the debris is removed ultrasonically. After drying, all
materials were vacuum-packed for further testing.

The grain morphology of the welding BM is shown in Figure 1. The grains are still
deformed after heat treatment. In this study, rolling-oriented butt welding is selected.
Manual TIG welding experiments with manual wire feeding were carried out in Jiangsu
LianJie Welding Technology Co., Ltd., using a WSME-315 welding machine. In the welding
process, high-purity argon gas was used as the protective atmosphere. The welding
parameters are listed in Table 2.

Figure 1. Three-dimensional metallography of T6-aged 2A55 Al-Li alloy.
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Table 2. Welding parameters.

Parameters Base Current (A) Voltage (V) Speed (mm/min) Argon Flow (L/min)

Value 80 20 100 9

2.3. Mechanical Properties

The tensile test was performed on the MTS-810 testing machine at a rate of 2 mm/min.
The original length for elongation measuring was in the specimen center set as 25 mm.
The tensile test samples were processed by wire cutting according to the standard GB/T
228.1-2010. Before the tensile test, samples were ground on 80-grit sandpaper to remove the
excess weld metal. The Vickers microhardness test is carried out according to the standard
GB/T 27552-2011, and the middle of the weld cross-section is selected. The point spacing
was 0.5 mm for 10 s under a load of 4.9 N. In particular, the spacing was 0.2 mm near the
fusion line to obtain the microhardness of the fine equiaxed grains.

2.4. Microstructure Characterization

Optical metallographic specimens polished with diamond slurries were corroded by
Keller reagent for 10 s and then characterized by Leica optical microscope. Scanning electron
microscope (SEM) images were taken at 25 kV using a Sirion 200 Field Emission Scanning
Electron Microscope with backscattering (BSE) mode and X-ray energy dispersive spectrum
(EDS) capability to characterize the joint’s microstructure and elemental distribution. Types
of precipitates in the sample are characterized by FEI Tecnai G2 20 transmission electron
microscopy (TEM) and Talos F200X scanning transmission electron microscopy (STEM).
The samples were ground to 60–80 µm on 2000-grit sandpaper and then prepared by twin-
jet electropolishing in a mixed solution of nitric acid and methanol (volume ratio 1:3). The
working temperature and the currents were −30 ◦C and 90 mA, respectively.

3. Results
3.1. Microstructure of Joints

Optical micrographs of joint cross-sections obtained by manual TIG welding are shown
in Figure 2a,d. According to the grain morphology, the joint is divided into several zones,
including heat affected zone (HAZ), fine equiaxed zone (FEQZ), columnar zone (CZ), and
equiaxed dendrite zone (EQDZ). Compared with the grain shape of the BM, the grains
in the HAZ far from the fusion line still maintain the rolled grain shape. As shown in
Figure 2b,e, the grain shape closer to the fusion line has changed due to the influence of
heat input, and there is a tendency for grain coarsening and even partial melting occurs.

It is the non-uniform nucleation that leads to the formation of a large number of grain
nuclei at the edge of the melt. At this time, the heat dissipation rate is fast, and the cooling
rate is large, leading to fine equiaxed grains forming and avoiding dendrites formation.
The width of the FEQZ is approximately 50 µm, as measured by the markers in Figure 2b,e,
and a gradual narrowing characterizes it from the lower part to the upper part of the welds.
Because during the welding process, the temperature of the upper part is higher due to
constant heat input, and there is a melt flow, causing the FEQZ formed in the upper layer
to remelt. The consequence is that only a thin layer of fine equiaxed grains is formed in
the upper part. Due to a strong heat dissipation directionality, columnar grains form in
the welds near the FEQZ and have a larger tendency at the bottom of the weld. Finally,
with the progress of solidification and the growth of columnar grains, the heat dissipation
rate becomes slower, and the melt is almost isothermal. When the overall temperature
decreases to a critical value, grain nuclei appear everywhere in the melt. At this time, the
temperature gradient (G) level in the center of the weld nugget is low, and the growth
rate (R) of the grain in the center of the weld nugget is faster. When the value of G/R is
small, the tendency of constitutive supercooling is large, and the heat dissipation has no
directionality at this time, as shown in Figure 2c,f. The result is that the grains formed in
the center of the welds are equiaxed dendrites. The statistical results of the grain size of the
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weld nugget area in Figure 2c,f show that the average equivalent grain diameter of the weld
using Al-8Cu filler wire is 110 µm while using 2A55 filler wire is 254 µm, which implies
that 0.3 wt.% Ti and Zr in Al-8Cu filler wire, compared with 0.11 wt.% Zr + 0.06 wt.% Ti in
2A55 filler wire has a better effect on refining weld grains.

Figure 2. Overall metallographic images of the cross-section of the (a) Al-8Cu joint, (d) 2A55 joint,
and magnified metallographic image of a typical area of the (b,c) Al-8Cu, (e,f) 2A55 joint.
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The SEM images in the backscattering mode of welds are shown in Figure 3. There
are a large number of Cu-rich phases in welds, and the morphology of phases in the
intragranular and interface is different. The interface is occupied by long strips of Cu-rich
phases, while the phases within the grains are point-like. The data recorded in Table 3 are
the EDS analysis results of various phases in the weld, indicating that the phase existing in
the weld is almost all Cu-rich phase. Due to the significant difference in the Cu content
in the welds, the content, morphology, and distribution of the Cu-rich phase in the two
welds are also different. The area fractions of the Cu-rich phase in Al-8Cu weld and 2A55
weld are 6.8% and 4.4%, respectively. An obvious result is that, as shown in Figure 3b,d,
the interfacial Cu-rich phases in the EQDZ in the Al-8Cu weld are roughly reticulated,
while the interfacial phases in the 2A55 weld are extremely discontinuous. In addition, the
Cu content of the interfacial Cu-rich phase is almost twice that of the intragranular phase
because of the rapid solidification of Al-Cu alloys. In general, Cu has a significant tendency
to aggregate at the grain boundaries during the solidification process. The aggregation of
Cu elements at grain boundaries or within the grain causes inhomogeneity of the entire
grain composition, namely element segregation. Figure 4a,b shows the EDS mapping
results of the two welds, indicating that Ti and Zr segregation is also present in the weld.
As a possible segregation element, Mg did not show segregation in this work. Additionally,
as marked in Figure 3a, a new phase with an equivalent diameter of about 10 µm appeared
in the welding seam of Al-8Cu filler wire, which was determined to be Ti and Zr phases by
EDS analysis. Moreover, the porosity of the joint was calculated to be 3% for the Al-8Cu
joint, compared to 5% for the 2A55 joint. In addition, the voids are concentrated on the
fusion line. Since the solidification near the fusion line is a rapid cooling process, the rapid
solidification of molten metal forms fine equiaxed grains, which also hinders the escape of
gas generated by welding and produces a large number of pores.

3.2. Mechanical Properties
3.2.1. Microhardness Distribution of Joints

The microhardness curves in the weld of the two joints one week and six months after
welding are shown in Figure 5a. The microhardness of the BM is indicated by the dotted
line in the figure, which is 187.4 HV. As depicted in Figure 5b, the average microhardness
of the Al-8Cu weld is 88.46 HV for one week after welding, and that of the 2A55 joint is
87.46 HV. However, when the natural aging time comes to six months, the average micro-
hardness increases to 95.70 HV and 98.21 HV, respectively. It can be seen that after TIG
welding, joints are severely softened, and the weakest parts are in the weld nugget area.
Although the microhardness of the joints increases to a certain extent after natural aging, it
is still much lower than that of the BM.

3.2.2. Tensile Properties of Joints

The engineering stress-strain curves and YS, UTS, and EL of the two joints are given in
Figure 6a,b, respectively. As shown in Figure 6, when the joint has completed six months of
natural aging, the YS increase of the 2A55 joint is greater than that of the Al-8Cu joint. The
YS of Al-8Cu and 2A55 joints increased by about 14.1% and 24.7%, respectively. Similar
to the joint microhardness test results, joint performance improved after natural aging.
However, although the YS of the joints increased with aging time, it was still much lower
than that of the BM of 527.7 MPa. In addition, the EL of the best tensile specimen is about
20.7% of the BM. Additionally, the deformation basically occurs in the welds.

3.3. Precipitation Behavior of Welds

Previous tensile and microhardness tests showed poor performance of the 2A55 Al-Li
alloy TIG weld joints. However, after a period of time, there was a different degree of
improvement in the performance of the two joints. This is expected to be the melting and
re-precipitation of the strengthening precipitates in the welds.
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Figure 3. SEM image in BSE mode of (a) fusion zone (FZ), (b) rear end of columnar grain in Al-8Cu
weld and (c) fusion line, (d) FZ in 2A55 weld and the location of the EDS analysis points for the
different morphological coarse phases in the EQDZ of (e) Al-8Cu, (f) 2A55 weld.

Table 3. The EDS analysis results of the corresponding point in Figure 3 (wt.%).

1 2 3 4 5 6 7

Cu / 23.81 13.30 / 26.17 12.68 19.85

Zr 14.17 / / 8.37 / / /

Ti 26.93 / / 19.22 / / /

Al Bal. Bal. Bal. Bal. Bal. Bal. Bal.
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Figure 4. (a) Al-8Cu, (b) 2A55 weld EDS mapping analysis area and the distribution of Mg, Cu, Ti,
and Zr.

Figure 5. (a) Vickers microhardness distribution curve of the joints, (b) the average microhardness of
the welds before and after natural aging.
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Figure 6. (a) The engineering stress-strain curves of the Al-8Cu joint and 2A55 joint one week and six
months after welding and (b) the YS, UTS, and measured EL (with 5% human personal error) in the
tensile test.

To characterize the precipitation in the welds, the weld of the two joints one week and
six months after welding was subjected to differential scanning calorimetry (DSC) test. The
DSC test results in Figure 7 show two endothermic (peak A and peak C) heating effects
when the welds are continuously heated. Related studies have proved peak A represents
the melting endothermic peak of Al3Li + GPZ, while peak C is the melting endothermic
peak of Al3Li remaining in the sample or precipitated during the DSC test. In addition,
there are several exothermic heating effects where peaks B and E represent the precipitation
of Al3Li and Al2Cu, respectively [8,36,37].

Figure 7. DSC curves of Al-8Cu and 2A55 welds with different aging times.
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To further characterize the source of reinforcement and the differences in the precipi-
tation behavior between the two welds, TEM analysis was performed. When the Al-8Cu
joint (Figure 8a,c) was placed from one week to six months, the corresponding δ’(Al3Li) +
β’(Al3Zr) + θ’(Al2Cu) diffraction patterns did not change significantly, while the 2A55 joint
(Figure 8b,d) has a very distinguished change. However, the diffraction pattern in Figure 8c
shows the presence of GPZ within the Al-8Cu weld after natural aging. The TEM dark
field image of the 2A55 weld is shown in Figure 8d, indicating that the differences in the
previous diffraction patterns are mainly caused by the precipitation of Al3Li. Additionally,
it can be noted from Figure 8d that after natural aging, no Cu-containing precipitates appear
in the 2A55 weld. High-magnification TEM images of the two welds are shown in Figure 9.
As depicted in Figure 9a,b, the main precipitate in the Al-8Cu weld is GPZ, while the 2A55
weld has a large number of dispersed Al3Li particles and few GPZs with smaller sizes.
Furthermore, as shown in Figure 9c,d, particles of approximately 20 nm in size appear in
both welds and are identified as Ag-rich phases by EDS mapping testing.

Figure 8. Diffraction pattern of (a) Al-8Cu weld, (b) 2A55 weld after one week of natural aging under
<100> matrix zone axis, and (c) TEM bright field image of Al-8Cu weld after six months of natural
aging, and (d) TEM dark image of 2A55 weld after six months of natural aging under <100> matrix
zone axis.

According to the results of the DSC test and TEM characterization, it was determined
that a large number of GPZs appeared in the Al-8Cu weld during natural aging, while the
2A55 weld mainly precipitated fine and dispersed Al3Li.
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Figure 9. (a) High angle annular dark field (HAADF) of Al-8Cu weld after six months of natural
aging under <100> matrix zone axis, (b) TEM bright field image of 2A55 weld after six months
of natural aging under <110> matrix zone axis, (c) TEM bright field image and (d) EDS mapping
analysis area of Ag-rich phase present in two welds.
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4. Discussion
4.1. Effect of Filler Wire on Microstructure

The purpose of the filler wire composition design is to reduce the hot tearing tendency
of the joint during solidification and improve joint performance. As depicted in Figure 2a,d,
when the Al-8Cu filler wire and 2A55 filler wire designed in this study were used in manual
TIG welding experiments, well-formed joints were obtained, and no obvious hot cracking
was found. There are some large pores at the fusion line, which deteriorates the tensile
properties of the joints. The samples fractured prematurely during the tensile process
and showed poor joint EL. In the process of rapid solidification, the low-melting-point
substances were squeezed to the grain boundary to form a liquid film, and hot tearing was
generated under the action of solidification stress in the final stage of solidification [35]. In
addition, during the solidification process, a large number of dendrites are formed due
to the influence of constitutive supercooling. There are gaps between the dendrite arms
due to the characteristics of dendrite growth [38,39]. If the molten metal is not filled and
healed in time, hot cracks will also occur. One way to reduce hot tearing tendency is to
narrow the solidification interval; studies showed that a wider solidification range would
require longer passages for liquid metals capable of healing dendritic gaps [35,40,41]. Both
the Al-8Cu filler wire and 2A55 filler wire designed in this work have a large solidification
range. Even under non-equilibrium solidification conditions, the 2A55 weld with 3.8-Cu
wt.% composition has a wider solidification range than the Al-8Cu weld due to the left shift
of the solidus line. For Al-8Cu weld, many Al-Cu eutectic can be produced in the Al-8Cu
weld, which has good fluidity and can play a healing effect in time. In addition, during the
final solidification period, the grains are almost surrounded by remaining molten metal [42].
A large number of fusible substances at the grain boundary are easy to flow between the
grains or dendrites, thus playing a filling or healing role. The solidification stress at this
time does not pose the threat of forming hot cracking. Finally, the fusible substances
solidify and form the lattice-like grain boundary Cu-rich phases, as shown in Figure 3a,b.
For 2A55 weld, due to the lower Cu content, even under the influence of non-equilibrium
solidification, there are only a small number of low-melting eutectics crowded at the grain
boundaries. At the end of solidification, a small amount of molten metal also corresponds
to very little closed liquid film, and the solidification cracking sensitivity is not high at this
time [43]. However, the dendrite gaps can still be filled during the dendrite growth period,
and a joint without obvious solidification cracking was obtained, as shown in Figure 2d.

However, the solidification of fusible materials at grain boundaries will cause element
segregation. The element segregation phenomenon will cause uneven deformation of the
joint during the tensile test and greatly reduce the ductility of joints [11–13]. As depicted in
Figure 3, a large number of dendrites and intergranular Cu-rich phases were present in the
welds. The solid solute concentration during alloy solidification can be expressed by the
following formula [44,45]:

CS = k0CL(1− fs)
k0−1 (1)

k0 is the equilibrium partition coefficient, which is defined as the ratio of the solute
concentration in the solid-liquid two equilibrium phases at a certain temperature, namely
CS/CL. CS (wt.%) and CL (wt.%) are the equilibrium concentrations of the solid and liquid
phases, respectively. According to the Al-Cu binary phase diagram and existing research,
the equilibrium partition coefficient of the Cu element is about 0.17 [46], which indicates
that the content of Cu in the solid phase that solidifies preferentially is at a very low level.

The redistribution of solute atoms in molten metal during the solidification leads
to the decrease of liquidus temperature at the front end of the solid-liquid interface, so
the supercooling degree at a certain distance away from the solid-liquid interface is even
greater than the front of the solid-liquid interface, which will result in the solidification
interface develops from straight to dendritic. Finally, the remaining Cu-rich liquid phase
solidifies between dendrites or dendrite arms to form the Cu-rich phase, resulting in strong
segregation of Cu elements. Intergranular phases due to segregation will seriously affect
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the performance of the joint during tensile testing [18]. As depicted in Figure 10b,d,f, the
fracture mode of the 2A55 joint is mainly intergranular fracture, and a large number of
intergranular phases appear on the fracture. The EDS results of these phases are recorded
in Table 4.

Figure 10. Cross-sectional metallography of fracture of (a) Al-8Cu, (b) 2A55 joint, SEM images of
fracture of (c) Al-8Cu, (d) 2A55 joint, and EDS analysis position of (e) Al-8Cu, (f) 2A55 joint.

Table 4. EDS analysis results of marked position in Figure 10 (wt.%).

Cu Ti Zr Al

1 4.14 26.46 30.56 Bal.
2 19.97 / 2.53 Bal.
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In addition, the addition of Ti and Zr elements is intended to refine the grains, improv-
ing the joint’s performance by the grain refinement strengthening [36]. In the current work,
Figure 2 can imply that when 0.3 wt.% Zr and Ti are co-added in the Al-8Cu filler wire. The
grain size of the joint is much different from that using 2A55 filler wire containing 0.11 wt.%
Zr and 0.06 wt.% Ti. During solidification, when the Zr and Ti content reaches the peri-
tectic reaction component, the primary Al3Zr or TiAl3 particles can be precipitated in the
melt [21,47]. As particles coherent with the matrix, these particles will act as heterogeneous
nucleation particles to promote nucleation in the melt. According to the crystallization
theory, the number of grains per unit area Zs (cm−2) can be expressed as the relationship
between the nucleation rate N (s−1·cm−3) and the grain growth rate Vg (cm/s):

Zs = 1.1
(

N/Vg
)1/2 (2)

Under the condition of constant Vg, the increase of N leads to an increase in the number
of grains per unit area, manifested as a decrease in grain size. However, as depicted in
Figures 3a and 10e, a coarse phase containing Ti and Zr will appear in the Al-8Cu weld,
which not only consumes a large amount of Ti and Zr but also reduces the ductility of the
joint due to the coarse phase included in the grain boundary [18,48–50]. As indicated in
Figure 10a,c, despite the presence of pores on the fusion line, the fracture occurred inside
the weld, and coarse Ti and Zr phases were found on the fracture. Similar to the 2A55 joint,
the fracture morphology of the Al-8Cu joint also shows intergranular fracture mode due to
the effect of coarse intergranular phases.

4.2. Effect of Filler Wire on Precipitation Behavior of Joints

Previous microhardness and tensile tests showed that both the Al-8Cu joint and 2A55
joint exhibited poor strength and plasticity after one week of natural aging. Severe Cu
segregation in the weld and the disappearance of the precipitates lead to this consequence.

The main strengthening precipitates of 2A55 alloy are T1(Al2CuLi) and θ’(Al2Cu)
precipitation [5–7,47]. This work proves that the TIG welding process completely changes
the type and number of precipitates in the weld. During the TIG welding process, the
metal at the weld experienced melting and rapid solidification. At this time, many precip-
itates in the original BM have been dissolved, and the subsequent solidification process
will only produce a small number of primary particles, such as Al3Zr and Al3Li, by the
peritectic reaction.

Due to the fast solidification rate of the welding process, a large number of Li atoms
are supersaturated solid solutions in the Al matrix of 2A55 weld. Subsequently, the
supersaturation provides a driving force for the formation of fine and dispersed Al3Li
particles. Additionally, Li atoms can combine with Al3Zr particles to form Al3(Zr, Li)
composite particles [8,19,51]. However, the segregation during solidification consumes a
large amount of Cu to form Cu-rich phases, resulting in low supersaturation of the solid
solution, which cannot provide a sufficient driving force for subsequent precipitation.
Therefore, except for a small number of GPZs, Cu-containing precipitates such as T1, θ’,
and S’(Al2CuMg) are basically not precipitated during the natural aging process.

As for the Al-8Cu weld, even under the influence of element segregation, a part of the
Cu atoms still remains in the Al matrix and slowly precipitates GPZs at room temperature.
In addition to exploring the natural aging precipitation behavior of the welds, the DSC
experiment also explored the evolution of the precipitates when the sample was heated.
As shown in Figure 7 (Peak E), the Al-8Cu weld is slightly stronger than the 2A55 weld
in the re-precipitation ability of Al2Cu. The higher Cu content of the joint allows Al-8Cu
to provide better thermal conditions for Al2Cu precipitation under heating conditions.
However, natural aging is carried out at room temperature, the diffusion rate of solid
solution atoms is low, and the kinetic conditions for the formation of Al2Cu are insufficient.
Furthermore, as shown in Figure 8c, a few Al3Li precipitates also appeared in the Al-8Cu
weld. The Al-8Cu filler wire does not contain a Li element, even if part of the BM melts
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into the weld, which leads to low Li content in the weld. The consequence is that there
are not enough Li atoms dissolved in the Al matrix to provide thermal conditions for the
precipitation of Al3Li, and only a small number of Al3Li particles are precipitated during
natural aging.

5. Conclusions

1. When using the Al-8Cu welding wire designed for this work and 2A55 welding wire
for TIG welding of 2A55 Al-Li alloy, the joints are well formed without obvious cracks
and a small number of pores on the fusion line.

2. The joint addition of Zr and Ti contributed to the grain refinement of the weld. The
equiaxed dendrite grain size in 2A55 weld (0.11 wt.% Zr + 0.1 Ti wt.%) and Al-8Cu
weld (0.3 Zr wt.% + 0.3 Ti wt.%) is about 254 µm and 110 µm, respectively. However,
coarse Zr and Ti phases were found in the Al-8Cu weld and fracture, acting as grain
boundary inclusions, affecting the joint performance.

3. Strong segregation of Cu elements exists in TIG welded joints, which seriously re-
duces the plasticity of joints. In addition, the weld loses the dominant strengthening
precipitation phase, and the number of precipitation phases is quite small, resulting
in a great reduction in strength.

4. The obtained TIG welded joints can naturally precipitate Al3Li particles or GPZs to
strengthen welds. When the aging time was increased from one week to six months,
the YS of the 2A55 joint increased by 24.1% compared to 14.7% for the Al-8Cu joint.

The natural aging strengthening behavior of the 2A55 Al-Li alloy TIG joint was studied
in this work. However, the performance of the joints can be further improved by performing
appropriate pre-and post-treatment. For example, preheating the substrate before welding
can reduce the weld’s solidification rate and the sensitivity of hot cracking. At the same time,
the gas in the molten pool can be allowed to escape. In addition, appropriate mechanical-
based post-treatment, such as rolling and peening, can modify the surface of the joint to
eliminate residual stress and improve the fatigue performance and corrosion resistance of
the joints.
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