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Abstract: Tungsten inert gas (TIG) welding and laser beam welding (LBW) were employed on as-cast and as-forged
Mg—8Li—3Al-2Zn—0.5Y (LAZ832-0.5Y) alloys to investigate their weldability. The microstructure and mechanical
properties of solid solution treated samples were investigated for the purpose of further strength improvement, which
were treated at 350 °C for 4 h. The ultimate tensile strength (UTS) and yield strength (YS) of the optimal TIG as-cast
alloy welding joint were 159 and 122 MPa, which were obtained under the welding current of 80 A, and were lower
than the UTS (184 MPa) and YS (146 MPa) of the optimal LBW as-forged welding joint under the power of
2.1 kW/2.0 kW double-side welding. After the solid solution treatment, on the one hand, the growth of a-Mg grains in
the fusion zone (FZ), heat affected zone (HAZ) and base metal (BM) of both the TIG and LBW welding joints was
insignificant. On the other hand, the larger ALY phases were still present, while the much smaller white AlLi particles
were dissolved into the matrix, leading to the solid solution strengthening of the welding joints. As a result, the UTS and
YS of the TIG welding joint respectively increased to 216 and 188 MPa after solid solution treatment, and those of the
LBW welding joint only increased to 211 and 160 MPa, respectively.
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properties than conventional Mg—Li alloys [9—12].
It is critical to investigate the weldability of Mg—Li
alloys, as a result of the increasing welding demand

1 Introduction

Magnesium—lithium (Mg—Li) alloys have
recently attracted much attention due to their lower
densities (1.35—1.65 g/cm®) among all Mg alloys,
and shown great potential for aerospace, military
and electronic products applications [1-5]. A novel
Mg—8Li—3A1-2Zn—-0.5Y (denoted as LAZ832-0.5Y)
developed by ZHAO et al [6,7] and JI et al [8], with
a duplex microstructure consisting of a-Mg and
p-Li, exhibited better comprehensive mechanical

of Mg—Li alloys due to the increasing applications
in the field of aerospace industry and electronic 3C
products [2,3]. However, only limited research has
focused on the weldability of Mg—Li alloys [13—16],
especially on the conventional welding approaches.
Besides, the welding process of Mg—Li alloys is
challenging as the Mg and Li elements are easily
oxidized and burned during the welding process
[17,18]. Thus, the welding process of Mg—Li alloys
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is worth investigating.

So far, the most adopted welding techniques
for Mg—Li alloys include friction stir processing
(FSP), laser beam welding (LBW), and tungsten
inert gas welding (TIG). FSP can effectively refine
the grains and further improve the mechanical
properties of the alloys [14,15,19]. On the other
hand, the FSP is challenging because the
disk-shaped workpiece and thin-walled pipe fittings
are hard to clamp [13]. LBW of Mg—Li alloys may
effectively solve the grain coarsening in the fusion
zone due to its high energy density and low heat
input [20,21]. During the TIG process, the
protective gas is continuously sprayed from the
nozzle of the welding torch, protecting the molten
pool and the adjacent heat affected zone and
resulting in welding seams of high quality [13,22].

TIG welding on the Mg—14Li—1Al (LA141)
plate using the welding wire with the diameter of
2 mm was conducted by WU et al [23]. The ultimate
tensile strength (UTS) of the welded LA141 plate
reached 153 MPa, which accounted for 95% that of
the base metal, while the elongation to fracture
remained approximately 8%. LIU et al [22]
performed TIG welding on an ultra-light
Mg—-10.36Li—2.7A1-0.91Zn—0.81Ce plate with a
thickness of 2 mm, using a welding current of 80 A.
The tensile strength of the welded joint was only
84% that of the parent metal. These results
suggested that the weldability of the Mg—Li alloys
using TIG welding may be poor and needs
to be further investigated. In addition, better
understanding will be achieved by more systematic
work in the future. ZHANG et al [20] carried out
the LBW of the Mg—10Li—3Al-3Zn alloy, with a
laser power of 2.8 kW and a welding speed of
4 m/min. The UTS of the welding joint was
166.8 MPa, which was about the same value
of the base metal (167.7 MPa). In addition, the
microstructure in the fusion zone is much finer than
that of the base metal. This investigation indicated
that LBW may be an effective welding method
for Mg—Li alloys. However, similar to the TIG
welding [24,25], more systematic work is still needed
for further understanding of the LBW approach.

The aim of the present study is to provide
systematic investigations on the TIG and LBW
welding processes of the LAZ832-0.5Y alloy. The
welding joints of the LAZ832-0.5Y alloy using TIG
and LBW with various parameters were fabricated

and their microstructure and mechanical properties
were then characterized. In addition, solid solution
treatments were conducted on the welding joints to
further improve the mechanical properties.

2 Experimental

2.1 Preparation of LAZ832-0.5Y wires

The as-cast LAZ832-0.5Y alloy was prepared
by smelting commercially pure (CP, 99.9 wt.%)
Mg, Li, Al, Zn, and Mg—20Y (wt.%) master alloy
in a vacuum induction melting furnace under the
protection of argon atmosphere. The detailed
information on casting process can be found in
Ref. [6]. The billets with dimensions of d85 mm X
100 mm were machined from the as-cast ingots and
held at 275 °C for 2 h prior to extrusion. The wires
with a diameter of 1.2 mm were obtained by
extrusion at 260 °C with an extrusion ratio of
roughly 5000:1. The chemical composition of the
wires was analyzed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES,
PerkinElmer Plasma—400), as shown in Table 1.
The wires were used for TIG welding in the present
study. The microstructure of the wires can be found
in Ref. [13].

Table 1 Chemical composition of as-cast ingot (wt.%)
Li Al Zn Y Mg
8.6 34 1.6 0.4 Bal.

2.2 TIG and LBW welding processes

To provide more comparison bases, the base
alloys in two different states were selected. The
TIG welding was carried out on the as-cast
LAZ832-0.5Y plates whilst the LBW welding was
performed on the as-forged LAZ832-0.5Y plates.
The as-forged LAZ832-0.5Y plate was produced by
the forging process of the as-cast LAZ832-0.5Y
alloy. The as-cast ingot was firstly homogenized
at 275 °C for 4 h and then forged at 275 °C.

For TIG welding, the as-cast LAZ832-0.5Y
welding plates with dimensions of 80 mm X
40 mm X 6 mm were cut out, and the welding
bevels were machined on the edges of the welding
plates. Prior to welding, the surfaces of the plates
and the filler wires were cleaned with grinding
sandpaper and degreased with acetone to remove
the potential surface attachments. To ensure the
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consistency of the welding seam, the plates were
fixed on the welding platform. The spacing between
the two plates was consistently less than 0.5 mm
and the height difference of the two plates was less
than 1 mm. The plates were welded using various
welding currents, as shown in Table 2, where 100-d
condition means that the plates were welded using
double wires under a current of 100 A, and different
welding currents were employed to select the
suitable processing parameters.

Table 2 Parameters of TIG welding process

Welding Filler wire Argon gas Welding

Expelr\}glental current/ diameter/ flow rate/ speed/
' A mm (L'min"') (m'min)
1 60 1.2 10 1.14
2 80 1.2 10 1.14
3 90 1.2 10 1.14
4 100 1.2 10 1.14
5 100-d 1.2 10 1.14
6 120 1.2 10 1.14

For LBW welding, the welding plates with a
thickness of 5 mm were cut from the as-forged
LAZ832-0.5Y billet. Compared with the TIG
welding process, laser beam was adopted as the
heating source in the LBW welding and no filler
wires were needed. The plates were welded using
various laser powers for comparison, as can be seen
in Table 3. In Table 3, the laser power of 2.3 kW
was adopted in both the conditions ¢ and e, but the
back shielding (BS) was used in condition c¢. In
condition h, 2.1/2.0 means the plates were welded
using double-laser beams on both sides simultaneously,

Table 3 Parameters of LBW welding process

) Laser Welding
Experimental Argon gas flow
power/ L speed/
No. rate/(L-min™") .
kW (m'min")
a 2.7 10 1.8
b 2.15 10 1.8
c 2.3 (BS) 10 1.8
d 1.7 10 1.8
e 23 10 1.8
f 2.5 10 1.8
g 3.0 10 1.8
h 2.1/2.0 10 1.8

with powers of 2.1 and 2.0 kW, respectively.
Moreover, the laser power was controlled during
the welding process.

2.3 Solid solution treatment

In order to optimize the microstructure and
mechanical properties of the welding joints, the
samples were kept at 350 °C for 4h [8] under
the protection of SO, atmosphere, followed by
water quenching. The samples after solid solution
treatment were denoted as as-quenched samples
hereafter.

2.4 Characterization

The cross-section of the welded plates was
observed by an optical microscope (OM; Zeiss Axio
Observer Al) and a scanning electron microscope
(SEM; Phenom XL) equipped with an energy-
dispersive spectroscope (EDS).

The Vickers hardness (HV) measurements
were carried out on a Vickers hardness tester
(XHVT 10Z) using a load of 49 N and a dwelling
time of 15 s. Rectangular tensile specimens across
the welding seam with a gauge length of 15 mm
were cut from the welding joints and the tensile
tests were conducted using a universal tensile tester
(Zwick/Roell 7020) at a nominal strain rate of
0.001 s™!. Each test condition was repeated at least
three times for repeatability and accuracy.

3 Results and discussion

3.1 Microstructure and mechanical properties of
TIG welding joints

The microstructure of the as-cast LAZ832-
0.5Y alloy was observed as the TIG welding was
performed on the as-cast plates. As can be seen in
Fig. 1(a), most of the white a-Mg grains were
equiaxed while only a small fraction showed
bar-shaped or needle-like morphology. This
observation is consistent with results by WANG
et al [26]. Without the addition of Y element, the
a-Mg phase exhibited the long needle-like shape.
With increasing Y content, the a-Mg phase became
more and more globular while the size of it
decreased firstly and then increased. In the case of
present study, ICP results (Table 1) showed that the
Y content was 0.4 wt.%. As a result, most of the
o-Mg grains were equiaxed. As can be seen in
Figs. 1(c, d), the larger faceted phase was identified
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Fig. 1 Microstructures of as-cast LAZ832-0.5Y alloy: (a) OM image; (b) EDS point scan results in (c); (c) SEM image;
(d) Magnified SEM image of (c); (e) EDS area scan results of (d)

to be the ALY phase, while the much smaller white
particles in Fig. 1(c) may be the AlLi phase [27].
The discrepancy between the as-measured Y content
(0.4 wt.%) and the desired Y content (1 wt.%) can
be explained by the formation of the Al,Y phase.
Figure 2 shows the microstructures of the
fusion zone (FZ), heat affected zone (HAZ) and
base metal (BM) of TIG welding joints at various
welding currents. The microstructure in the FZ was
much finer than those in the HAZ and BM under
all circumstances. Clearly, this significant grain-
refinement phenomenon was caused by the fusion
and subsequent fast cooling process in this region.
Compared with the BM, the a-Mg phase was in the
form of needle-like morphology, rather than the
globular shapes. In addition, it is interesting to note
that there were more needle-like a-Mg grains in the
HAZ and the globular a-Mg grains were smaller
than those in the BM regions. According to the
Mg-Li binary phase diagram [28,29], when the
temperature exceeds 591 °C, the a-Mg phase
melted before the p-Li phase did. During the
welding process, the temperature in the HAZ may

have exceeded 591 °C due to the heat input in FZ
and the a-Mg phase in this region experienced
partial remelting and fast cooling. As a result, more
needle-like a-Mg grains appeared due to fast
cooling and the globular a-Mg grains were smaller
due to the remelting. On the other hand, the
needle-like a-Mg phase got coarser and coarser as
the welding current increased from 60 to 120 A,
due to increasing heat input. The microstructure of
the 100-d A sample was comparable to that of
100 A sample. The temperature rise in 100-d A
sample was lower than that in 100 A sample,
because double wires were used under the 100-d A
condition.

The SEM images in Fig. 3 are consistent with
the OM images. The a-Mg, f-Li phases, Al.Y and
AlLi particles can be observed in the top area. In
the FZ, both Al,Y and AlLi phases can be seen
clearly. Compared with the as-cast alloy (BM),
ALY and AlLi phases were finer and more homo-
geneously distributed across the whole material. In
the HAZ, AIlLi particles were dissolved in the
matrix while the ALY particles were still present.
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Fig. 2 OM images of FZ, HAZ and BM of TIG welding joints at various welding currents
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100 A

100-d A

120 A

Fig. 3 SEM images of FZ, HAZ and BM of TIG welding joints at various welding currents
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As shown in Fig. 4(a), Vickers hardnesses of
the welding joints under various welding currents in
both FZ and HAZ were higher than that of the BM
(HV 51.38, indicated by the cyan horizontal line in
Fig. 4(a)). No obvious differences in the hardness
values can be seen, given the fluctuations in
hardness measurements. The hardness values of the
welding joint at a current of 120 A was consistently
lower than those at currents of 60, 80, 90 and 100 A.
As shown in Fig. 4(b), the ultimate tensile strength
(UTS) and yield strength (YS) of all the welded
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Fig. 4 Microhardness (a), tensile curves (b), and ultimate
strength (UTS), strength (YS) and
elongation to fracture (EL) (c) of TIG welding joints at

tensile yield

different welding currents (Vickers hardness of as-cast
alloy is indicated by cyan horizontal line in (a))

joints were higher than those of the BM. In contrast,
the elongation to fracture (EL) firstly decreased and
then increased with increasing welding current,
according to Fig. 4(c). The increase of UTS and YS
may be related to the finer microstructures in FZ
and HAZ shown in Fig. 2. In summary, the welded
joint at a current of 80 A exhibited the optimal
combination of mechanical properties: UTS of 159 MPa,
YS of 122 MPa, and EL of 23%, exceeding the
properties the as-cast alloy.

3.2 Microstructure and mechanical properties of

LBW welding joints

The a-Mg grains in the as-forged alloy were
elongated along the horizontal direction, as can be
seen in Fig. 5(a). In Fig. 5(d), the p-Li seemed to
recrystallize after forging. Similar to the as-cast
material, the ALY and AIlLi particles can still be
distinguished easily by their morphologies in
Fig. 5(d) and/or EDS results in Fig. 5(b).

Unlike the microstructure of the TIG welding
joints, the boundaries between the FZ and HAZ in
LBW welding joints were apparent (Fig. 6). This
phenomenon may be due to the higher energy
density of LBW technology. With the laser beam of
much higher energy density, the fusion depth of
LBW welding joints was much larger than that of
TIG welding joint whilst the fusion width of the
former was much smaller than that of the latter,
leading to a distinct boundary between the FZ and
HAZ. What was similar to the TIG welding joints
was that the microstructure in FZ is much finer than
that in the HAZ and BM. The microstructure in the
FZ was too fine to be discerned so the effect of the
laser power on the microstructure in the FZ was
discussed based upon the SEM images. It is worthy
to mention that the microstructure of the 2.3 kW BS
welding seemed to consist of finer a-Mg phase than
that of the 2.3 kW welding. However, the Vicker’s
hardness of the 2.3 kW welding was higher.

The SEM images of the FZ, HAZ-solution and
HAZ-aging are shown in Fig. 7. There were plenty
of ALY and AlLi particles in the FZ. In contrast, the
AlLi particles in the HAZ near the FZ disappeared
and only the ALY phase was present. In the HAZ
away from the FZ, even more AlLi particles than
those in the base metal appeared. The reason is that
the heat input in the HAZ near FZ was high so that
the AlLi particles were dissolved. On the contrary,
the heat input in the HAZ away from FZ was low
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100 pm

Fig. 5 Microstructures of as-forged LAZ832-0.5Y alloy: (a) OM image; (b) EDS point scan results in (d); (c) SEM
image; (d) Magnified SEM image of (c); (¢) EDS area scan results of (d)

enough to trigger the aging of AlLi phase [30]. As
a result, more and more AlLi particles precipitated
from the f-Li matrix. These two regions were
thus denoted as HAZ-solution and HAZ-aging,
respectively. Generally, the microstructure in the FZ
got coarsened with increasing laser power under
3.0 kW.

The Vickers hardness values in Fig. 8(a)
showed a decreasing trend with increasing distance
from the FZ. The hardness in the FZ was the
highest among all the regions and was higher than
that of the FZ of the as-cast plates because of the
forging process. As the measurement points got
away from the FZ, the hardness started to go down.
When the distance was far enough, the hardness
was stably low and was even lower than that of the
as-forged base metal (HV 59.33, indicated by the
cyan horizontal line). This is due to the softening
effect of the AlLi precipitation [30]. The decreasing
trend of hardness in the HAZ-solution is due to
the softening effect of AlLi overcoming the solid
solution strengthening effect, and the softening
effect was more and more pronounced with a larger
distance from the FZ. Recent studies on the
precipitation phase have shown that the particles

(b) .
Mass fraction
Mg | 1 92.78%
Al [1 4.13%
Y [2.09%
Zn (

A: ALY

Mass fraction

Mg | 196.76%

Al [13.24%

Y 0 .
ZII 0 BZ AlLl

precipitated during the aging process are complicated,
including MgLiZn phase [27], (Mg,Li)3;Zn phase [28]
or even Mg3Al nanoparticles [31].

The tensile curves and mechanical properties
are summarized in Figs. 8(b, ¢). Compared with the
as-cast alloy, the as-forged alloy exhibited an
increase of more than 20 MPa in both UTS and YS,
with only a minor decrease in EL. Among all the
LBW conditions, the optimal combination of the
properties was obtained with the power of
2.1 kW/2.0 kW welding on double sides. Under this
condition, the UTS was 184 MPa, the YS was
146 MPa and the EL was 10%.

3.3 Effect of solid solution on microstructure and

tensile properties of welding joints

As can be seen from Fig. 9, the microstructure
difference among the FZ, HAZ and BM was still
apparent after solid solution treatment. The grain
growth within the FZ was very slight while the
grains in the HAZ and BM remained the same size.
The main difference after solid solution can be seen
from the SEM images in Fig. 10. The larger faceted
ALY phase was still present while the much smaller
white AlLi particles were dissolved into the matrix,
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3.0kW 2.5kW 23 kW 1.7kW 2.3 kW (BS) 2.15kW 2.7kW

2.1/2.0 kW

Fig. 6 OM images of FZ, HAZ and BM of LBW welding joints at various laser powers
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Fig. 8 Microhardness (a), tensile curves (b), and UTS, YS and EL (c) of LBW welding joints at different laser powers
(Vickers hardness of as-forged alloy is indicated by cyan horizontal line in (a))

leading to the strengthening of the material.
Clusters of ALY can be observed in the HAZ and
BM after solid solution, while the ALY in the FZ
was more uniformly distributed.

The Vickers hardness values of the TIG
welding joints after solid solution treatment at
350 °C for 4 h are shown in Fig. 11(a). The cyan
horizontal line indicated the hardness value of the
as-cast alloy after the same solid solution treatment.
It is thus clearly seen that the hardness of the
welding joint at a current of 120 A was the highest
and was even higher than that of the solid solution
treated as-cast alloy. In addition, the hardness in the

FZ of the 120 A welding joint was higher than that
in the HAZ. The tensile curves of the welding joints
at various currents after the solid solution, as well
as the solid solution treated as-cast alloy were
plotted in Fig. 11(b). The mechanical properties
were summarized in Fig. 11(c). Generally, the
mechanical properties of the welding joints after
solid solution treatment were worse than those of
the solid solution treated as-cast alloy. Among
all the welding joints after solid solution treatment,
the one at a current of 120 A showed the
best mechanical properties (UTS: 217 MPa; YS:
188 MPa; EL: 6%).
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Fig. 9 OM images of FZ, HAZ and BM of TIG welding joints at various welding currents after solid solution treatment

at 350 °C for4 h

Like the microstructure of the LBW welding
joints before solid solution treatment in Fig. 6, the
boundaries between the FZ and HAZ in LBW
welding joints were still apparent in Fig. 12. The
a-Mg grains grew a little bit in the FZ due to the
heat treatment but were still much finer than those

in the BM. The a-Mg grains in the HAZ became
less elongated and more globular, compared with
the as-forged microstructure.

As can be seen in Fig. 13(a), the Vickers
hardness of the LBW welding joints at the
powers of 3 kW and 2.1/2.0 kW after solid solution
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Fig. 10 SEM images of FZ, HAZ and BM of TIG welding joints at various welding currents after solid solution
treatment at 350 °C for 4 h
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Fig. 12 OM images of FZ, HAZ and BM of LBW welding joints at various welding currents after solid solution
treatment at 350 °C for 4 h
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Fig. 13 Microhardness (a), tensile curves (b), and UTS,
YS and EL (c) of LBW welding joints before and after
(*) solid solution treatment at 350 °C for 4 h (Vickers
hardness values of the as-forged alloy before (cyan line)
and after (brown line) solid solution treatment are
indicated in (a))

treatment (blue and green lines) increased
significantly, especially in the HAZ. In addition, the
hardness values were much higher than those of the
solid solution treated as-forged alloy (brown line).
From Figs. 13(b, ¢), the welding joint with the
power of 3 kW showed the best combined
properties after solid solution treatment (UTS:
211 MPa; YS: 160 MPa; EL: 9%).

3.4 Comparison of TIG and LBW techniques

TIG welding has been widely used in industry
because of its low cost and high flexibility [32].
LBW welding is a welding approach with high
energy density, high accuracy and high efficiency
[20,32]. ZHANG et al [32] compared the laser and
TIG welding of steels. The results showed that the
width of the FZ by laser welding was 1.88 mm
while the width of the LZ by TIG was 5.29 mm. In
contrast, even though the depth of the FZ by laser
welding (1.56 mm) was slightly smaller than that by
TIG welding (2.01 mm), the shape of the FZ by
laser welding below the surface was much smaller
than that by TIG welding. The laser welding
seemed to have better potential in Mg—Li alloy
welding.

WU et al [23] investigated the wire-filled
tungsten argon arc welding of Mg—14Li—1Al
(LA141) alloy. The UTS of the LA141 plates after
welding was 153 MPa, which was 95% that of the
base metal and the EL remained ~8%. The HAZ in
the welding seam was wide and the burning loss of
Li was 23.6% under the argon protection. ZHANG
et al [20] investigated the microstructure and
mechanical properties of the Mg—10Li—3Al-3Zn
laser welded joints. The width of the FZ was only
~0.8 mm and the microhardness of the FZ
(HV 80—85) was much higher compared to those of
the HAZ and BM (HV 65). The UTS of 166.8 MPa
was obtained on the welded joint, which was almost
the same as that of the base metal. In the present
study, the UTS and YS of the welded joints using
TIG and LBW exceeded those of the base metals
(as-cast and as-forged alloys, respectively), which
were better than the results in the above
investigations.

4 Conclusions

(1) Among the welding currents of 60, 80, 90,
100, and 120 A, the TIG welding joint at a current
of 80 A exhibited the best combination of
mechanical properties: UTS of 159 MPa, YS of
122 MPa, and EL of 23%, exceeding the properties
the as-cast alloy.

(2) Under the LBW conditions, the optimal
combination of the properties was obtained with the
power of 2.1 kW/2.0 kW double-side welding.
Under this condition, the UTS was 184 MPa, the
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YS was 146 MPa, and the EL was 10%, which were
much higher than those of the TIG welding joints.

(3) After the solid solution treatment at
350 °C for 4 h, the change of a-Mg grains in the
FZ, HAZ and BM of both the TIG and LBW
welding joints was minor. In contrast, the larger
faceted Al,Y phase was still present while the much
smaller white AlLi particles were dissolved into the
matrix, leading to the strengthening of the welding
joints. The UTS and YS of the TIG welding joint
after solid solution treatment were 216 and
188 MPa, respectively, and were both better than
those of the LBW welding joint (211 and 160 MPa,
respectively).
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