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Abstract: The effects of Sn content on microstructure and tensile properties of as-cast and as-extruded Mg—8Li—3Al—
(1,2,3)Sn (wt.%) alloys were investigated by X-ray diffractometry (XRD), optical microscopy (OM), scanning electron
microscopy (SEM) and tensile test. It is found that, as-cast Mg—8Li—3Al—(1,2,3)Sn alloys consist of a-Mg+f-Li duplex
matrix, MgLiAl, and Li,MgSn phases. Increasing Sn content leads to grain refinement of a-Mg dendrites and increase
in content of Li,MgSn phase. During hot extrusion, complete dynamic recrystallization (DRX) takes place in -Li phase
while incomplete DRX takes place in a-Mg phase. As Sn content is increased, the volume fraction of DRXed a-Mg
grains is increased and the average grain size of DRXed a-Mg grains is decreased. Increasing Sn content is beneficial to
strength but harmful to ductility for as-cast Mg—8Li—3Al—(1,2,3)Sn alloys. Tensile properties of Mg—8Li—3Al—
(1,2,3)Sn alloys are improved significantly via hot extrusion and Mg—8Li—3Al-2Sn alloy exhibits the best tensile

properties.
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1 Introduction

Since Li (p.=0.534 g/cm’) has the lowest
density among metallic elements, the addition of Li
can further reduce the density of Mg alloys [1-3].
The addition of Li can also improve the plastic
deformation capacity of Mg alloys, which is
important since the plastic deformation capacity of
conventional Mg alloys is restricted by the
hexagonal close-packed (HCP) structure [4-6].
However, poor mechanical properties of binary
Mg-Li alloys cannot meet the requirement for
application as structural materials [7-10]. Therefore,
the design of new Mg-Li alloys is mainly aimed at
improving the mechanical properties of Mg-Li
alloys, especially the strength.

The addition of different elements is usually
employed to improve the mechanical properties of
Mg-Li alloys. Due to its good strengthening effect,
Al has been the most frequently used element so
far. Existing commercial Mg—-Li alloys are mainly
developed based on Mg-Li-Al alloys [11,12].
However, as age softening phenomenon often
in Mg-Li—Al alloys, the mechanical
properties are still unsatisfied [13,14]. The alloy
design of Mg—Li—Al alloy series is aimed at further
improving the strength and thermal stability. The
co-addition of Al and other elements in Mg-Li
alloys can lead to the formation of different
intermetallic phases and contribute to alloy
strengthening simultaneously, which has been
proven to be an effective design strategy for Mg-Li
alloys. YANG et al [15] found that the addition of
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Sr led to the formation of thermal-stable AlSr
phase in Mg-9Li-3Al-xSr alloys, and the best
tensile strength was achieved when Sr content was
2.5 wt.%.

JIANG et al [16] reported that Sn element
induced the formation of Sn-containing inter-
metallic phases in Mg—9Li alloy. SON et al [17,18]
found that the co-added Sn and Mn elements
improved the strength of Mg-Li—Al(Zn) alloys.
Recently, FU et al [19] reported that the co-addition
of Al and Sn in Mg—8Li-1Al-0.5Sn alloy exhibited
good strengthening effect. However, the study on
Mg-Li—Al-Sn alloys is still limited up to now.
Few relevant literatures about the effect of Sn
content on microstructure and tensile properties of
Mg-Li—Al-Sn alloys can be referred. The variation
of Sn content influence the phase
composition, microstructure and corresponding
mechanical properties of Mg-Li—Al-Sn alloys.
Therefore, it is necessary to study the effect of Sn
content on microstructure and tensile properties of
Mg-Li—-Al-Sn alloys and obtain the potential
optimized alloy composition.

In this study, a series of Mg—8Li-3Al-
(1,2,3)Sn (wt.%) alloys were prepared by vacuum
induction melting and then subjected to hot
extrusion. The microstructure and tensile properties
of Mg-8Li-3Al1-(1,2,3)Sn alloys in as-cast and
as-extruded states were investigated systematically.
The influencing mechanism of Sn content on
microstructure evolution and tensile properties was
also discussed.

would

2 Experimental

Commercially pure Mg, Li, Al and Sn were
used to prepare Mg—8Li—-3A1-(1,2,3)Sn (LATS831,
LAT832 and LATS833) alloys. The melting and
casting of as-cast ingots were done in a vacuum
induction furnace with the protective atmosphere
of Ar gas. Cylindrical extrusion billets were cut
from the casting ingots and then machined into
dA0mm X 60 mm. Before hot extrusion, the
extrusion billets were heated to 200 °C and held for
60 min. Hot extrusion was done at 200 °C and the
extrusion ratio was kept to be 9:1.

Phase composition of as-cast alloys was
characterized by X-ray diffraction (XRD,
Panalytical XPERT POWDER). Microstructure of
as-cast and as-extruded alloys was characterized by

optical microscope (OM, Zeiss Primotech) and
scanning electron microscope (SEM, Zeiss Simga
500, equipped with energy dispersive spectrometer
(EDS) and electron back-scattered diffraction
(EBSD)). Quantitative metallurgical analysis was
carried out by quantitative image analysis software
(image pro plus 5.0). Ambient temperature tensile
test was done with a universal testing machine
(WANCE CMT-5205) according to ISO 6892-1:
2009. Tensile specimens of as-cast samples were
cut from the as-cast ingots and tensile specimens of
as-extruded samples were cut from the as-extruded
bars along the extrusion direction. The gauge
dimension was 10 mm x 3 mm X 2 mm and the
strain rate was 1.67x107 s™'. For each sample, at
least three specimens were tested and the average
was taken. Fracture morphology of tensile tested
samples was also observed by SEM.

3 Results and discussion

3.1 Microstructure of as-cast Mg—8Li—3Al-

(1,2,3)Sn alloys

Figure 1 presents the XRD patterns of as-cast
Mg—8Li—3Al1-(1,2,3)Sn alloys. The diffraction
peaks of both a-Mg phase and f-Li phase are
detected in as-cast Mg—8Li—3Al—(1,2,3)Sn alloys,
which is consistent with Mg—Li binary phase
diagram. The diffraction peaks of MgLiAl, phase
are also detected and the rest diffraction peaks
correspond to Mg,Sn phase or Li;MgSn phase.
Since the lattice parameters of Mg,Sn phase and
Li,MgSn phase are too close, it is difficult to
distinguish these two phases through XRD analysis.
It is obvious that, with the increase of Sn content,
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Fig. 1 XRD patterns of as-cast Mg—8Li—3Al—(1,2,3)Sn
alloys
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the intensity of diffraction peaks corresponding to
Mg,Sn phase or Li,MgSn phase is enhanced
gradually.

Figure 2 shows the microstructures of as-cast
Mg—8Li—3Al1—(1,2,3)Sn alloys observed by OM.
As-cast Mg—8Li—3Al—(1,2,3)Sn alloys exhibit
typical a-Mg+p-Li duplex structure. The white
coarse dendrites are o-Mg phases and the
surrounding grey grains are f-Li phases. It is
observed that, with the increase of Sn content,
o-Mg dendrites in as-cast Mg—8Li—3Al—(1,2,3)Sn
alloys are significantly refined. According to the
quantitative analysis result, the average grain size
of a-Mg grains is ~252 pm in as-cast LAT831 alloy,
and it decreases to ~191 pum in as-cast LAT832
alloy and ~133 pum in as-cast LAT833 alloy. The

Fig. 2 Microstructures of as-cast Mg—8Li—3Al—(1,2,3)Sn
alloys observed by OM: (a) LAT831; (b) LATS832;
(c) LAT833

& wid L o4
[ P
% e
588 ﬁ V&*}' bttt %

grain refinement in as-cast alloys is usually
achieved by promoting the nucleation and/or
restricting the growth of nuclei [20]. In as-cast
Mg—8Li—3Al1-(1,2,3)Sn alloys, the intermetallic
phases form after the nucleation of a-Mg grains and
cannot act as nucleation sites. Therefore, growth
restriction effect of Sn element is the main reason
for grain refinement of a-Mg grains. The capability
of growth restriction effect of Sn element during the
growth of a-Mg nuclei is closely related to Sn
content. The high concentration of Sn element
restricts the dendritic growth of a-Mg grains during
solidification and results in the grain refinement.
Figures 3(a—c) present the microstructures of
as-cast Mg—8Li—3Al—(1,2,3)Sn alloys observed by
backscattered electron (BSE)-SEM. It is obvious
that, there are two kinds of intermetallic phases in
as-cast Mg—8Li—3Al1—(1,2,3)Sn alloys. One is the
small particle-like intermetallic phase which
distributes only in f-Li phase and the other is the
well-developed feather-like intermetallic phase
which distributes randomly in the matrix. The small
intermetallic phase is grey while the feather-like
phase is bright in color, which indicates that the
main elements of these two intermetallic phases are
different. Figure 3(d) shows a high magnification
image of as-cast LAT833 sample and Figs. 3(e, f)
show the corresponding EDS results of Points A
and B in Fig. 3(d). EDS results show that the small
grey phase is rich in Mg and Al while the coarse
bright phase is rich in Mg and Sn. Since Li element
is undetectable in EDS, no Li element is detected in
Point A or B. Considering the above XRD pattern,
the small grey intermetallic phases are determined
to be MgLiAl, phase and the coarse bright
intermetallic phases are Sn-containing phases.
According to Mg—Li—Sn phase diagram, Li,MgSn
phase is chemically steady in Mg—8Li—(1,2,3)Sn
alloys. JIANG et al [21] reported that, Mg,Sn and
Li,MgSn phases coexisted in Mg—5Sn—0.3Li alloy,
while only Li;MgSn phase was found in
Mg—5Sn—1Li alloy. These results proved that, when
the atomic ratio of Li to Sn reached 3:1, Li,MgSn
phase would be the only intermetallic phase in
Mg—Sn—Li alloys. In this study, although the
formation of MgLiAl, phase consumes a part
of Li element, the atomic ratio of Li to Sn in
as-cast Mg—8Li—3Al—(1,2,3)Sn alloys exceeds 3:1
substantially. Moreover, the morphology of Sn-
containing phase in as-cast Mg—8Li—3Al—(1,2,3)Sn
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Fig. 3 BSE-SEM images (a—d) and EDS results (e, f) of as-cast Mg—8Li—3Al—(1,2,3)Sn alloys: (a) LAT831;

(b) LAT832; (c, d) LAT833; (e) Point A; (f) Point B

alloys is similar to that in previous report about the
morphology of Li,MgSn phase [22]. Therefore, it is
reasonable to conclude that, the coarse bright
phases in Mg—8Li—3Al-(1,2,3)Sn alloys are
Li,MgSn phases. The volume fraction of Li,MgSn
phase increases from 2.2% in as-cast LAT831 alloy
to 3.4% in as-cast LAT832 alloy and 5.0% in
as-cast LAT833 alloy. Moreover, Li,MgSn phase in
as-cast Mg—8Li—3Al—(1,2,3)Sn alloys coarsens
significantly with the increase of Sn content.
However, the change of Sn content has little
influence on the content or morphology of MgLiAl,
phase.

3.2 Microstructure of as-extruded Mg—8Li—3Al-
(1,2,3)Sn alloys
Figure 4 shows microstructures of as-extruded

Mg—8Li—3Al—(1,2,3)Sn alloys observed by OM.
The oa-Mg+f-Li duplex structure is elongated
during hot extrusion and banded structure forms in
as-extruded Mg—8Li—3Al—(1,2,3)Sn alloys. The
coarse a-Mg dendrites are stripped while S-Li phase
distributes among the elongated a-Mg grains.
Figure 5 presents the microstructures of as-
extruded Mg—8Li—3Al—(1,2,3)Sn alloys observed
by secondary electron (SE)-SEM. The SEM images
of as-extruded Mg—8Li—3Al—(1,2,3)Sn alloys
confirm that complete dynamic recrystallization
(DRX) takes place in f-Li phase and DRXed f-Li
grains turn to be fine and equiaxed. It is difficult to
judge whether DRX takes place in a-Mg phase
through SEM images and it is conducted by
the following EBSD characterization. Moreover,
the well-developed feather-like Li,MgSn phase is
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Fig. 4 Microstructures of as-extruded Mg—8Li—3Al-
(1,2,3)Sn alloys observed by OM (ED — Extrusion
direction): (a) LAT831; (b) LAT832; (c) LAT833

crushed into particles and redistributes along
the extrusion direction. It is found that, the
crushing of Li,MgSn phase during hot extrusion is
uneven. The average sizes of broken Li,MgSn
particles in as-extruded LAT831, LAT832 and
LAT833 alloys are 3.3, 3.5 and 5.9 um,
respectively. With the coarsening of Li,MgSn phase
in as-cast Mg—8Li—3Al—(1,2,3)Sn alloys, the
refining effect of hot extrusion on Li,MgSn phase is
weakened. The small MgLiAl, particles still
distribute in f-Li phase and show little change after
hot extrusion.

Fig. 5 Microstructures of as-extruded Mg—8Li—3Al-
(1,2,3)Sn alloys observed by SE-SEM (ED—Extrusion
direction): (a) LAT831; (b) LAT832; (c) LAT833

3.3 EBSD results of as-extruded Mg—8Li—3Al-

(1, 2, 3)Sn alloys

Figure 6 presents the inverse pole figures of
0-Mg phase in as-extruded Mg—8Li—3Al—(1,2,3)Sn
alloys obtained by EBSD. It is clearly observed
from the inverse pole figures that, hot extrusion
induces incomplete DRX in a-Mg phase. Compared
to as-cast Mg—8Li—3Al—(1,2,3)Sn alloys, DRXed
a-Mg grains are significantly refined. Meanwhile,
the coarse un-DRXed a-Mg grains are elongated.
According to the quantitative analysis results
obtained by EBSD, as Sn content increases from 1
to 3 wt.%, the volume fraction of DRXed a-Mg
grains increases from 42.4% in as-extruded LAT831
alloy to 48.6% in as-extruded LAT832 alloy and
56.8% in as-extruded LAT833 alloy. Meanwhile,
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Fig. 6 Inverse pole figures of a-Mg phase in as-
extruded Mg—8Li—3Al1—(1,2,3)Sn alloys obtained by
EBSD: (a) LAT831; (b) LAT832; (c) LAT833

the average grain size of DRXed a-Mg grains
decreases from 5.1 pm in as-extruded LAT831 alloy
to 3.3 um in as-extruded LAT832 alloy and 2.9 um
in as-extruded LAT833 alloy. Different from
single-phase alloys, only the slip system of one
phase is required to be activated during the
coordinated deformation of duplex structure. Since
soft f-Li phase is easy to be deformed, it is
deformed first. As the applied force is increased,
the hard a-Mg phase slips and enables the
plastically-compatible deformation [23,24]. As S-Li
phase can allow much more uniform deformation

than a-Mg phase, the driving force accumulated for
DRX of a-Mg phase is reduced. Therefore, DRX
process of a-Mg phase during hot extrusion is
inhibited. Moreover, particle stimulated nucleation
(PSN) mechanism plays an important role in DRX
of Mg—8Li—3Al—(1,2,3)Sn alloys [25]. Inter-
metallic phases could promote the dislocation
accumulation, increase the driving force and play
the role of nucleation sites for DRX. In this study,
MgLiAl, phase and Li,MgSn phase coexist in
as-cast Mg—8Li—3Al—(1,2,3)Sn alloys. MgLiAl,
phase distributes densely in f-Li phase and provides
sufficient nucleation sites for DRX of f-Li phase.
Moreover, dense MgLiAl, phase can also inhibit the
growth of DRXed f-Li grains via hindering grain
boundary migration [26]. As for a-Mg phase, it is
obvious that increasing the volume fraction of
Li;MgSn phase provides more nucleation sites and
therefore leads to increased volume fraction of
a-Mg grains and reduced grain size of DRXed
o-Mg grains.

Figure 7 presents the pole figures of a-Mg
phase in as-extruded Mg—8Li—3Al—(1,2,3)Sn alloys
obtained by EBSD. Typical ED//(0001) extrusion
texture forms in o-Mg phase in as-extruded Mg—
8Li—3Al—(1,2,3)Sn alloys. Due to the existence of
coarse un-DRXed a-Mg grains, the texture intensity
is relatively high and the peak intensity varies from
16.9to 19.2.

3.4 Tensile properties of as-cast and as-extruded

Mg—8Li—3Al—(1,2,3)Sn alloys

Figure 8 shows tensile properties of Mg—8Li—
3A1—(1,2,3)Sn alloys and the data are presented in
Table 1. As Sn content is increased from 1 to 3
wt.%, the strength of as-cast alloys is increased
while the ductility is decreased continuously. YS
and UTS are increased by 34% and 8% while
elongation is decreased by 38%. LAT833 alloy
exhibits the highest strength among as-cast
Mg—8Li—3Al1-(1,2,3)Sn alloys, and YS, UTS and
elongation of as-cast LAT833 alloy are 156 MPa,
190 MPa and 9.9%, respectively. However, with the
increase of Sn content, strength and ductility of
as-extruded Mg—8Li—3Al1—(1,2,3)Sn alloys are
increased first and then decreased. LAT832 alloy
possesses the best tensile properties among
as-extruded alloys and YS, UTS and elongation of
as-extruded LAT832 alloy are 270 MPa, 297 MPa
and 20.8%, respectively. It is confirmed that the hot
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Fig. 7 Pole figures of a-Mg phase in as-extruded Mg—8Li—3Al—(1,2,3)Sn alloys obtained by EBSD: (a) LAT831;
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Fig. 8 Tensile properties of Mg—8Li—3Al1—(1,2,3)Sn alloys: (a) As-cast; (b) As-extruded

extrusion is beneficial to improving tensile
properties of Mg—8Li—3Al—(1,2,3)Sn alloys.
Compared to as-cast alloys, YS and UTS are
improved by 63%—116% and 52%—67%,
respectively, and elongation of as-extruded alloys is
improved by 9%—81%.

As for as-cast Mg—8Li—3Al—(1,2,3)Sn alloys,

increase of Sn content leads to continuous increase
in strength but decrease in ductility. The continuous
increase in strength of as-cast Mg—8Li—3Al-
(1,2,3)Sn alloys is mainly attributed to the grain
refinement of a-Mg phase. As shown in Fig. 2, the
average size of a-Mg grains decreases from 252
to 133 um when Sn content increases from 1 to
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Table 1 YS, UTS and elongation of Mg—8Li—3Al-
(1,2,3)Sn alloys

Ultimate

Yield tensil Elongation
Alloy State strength/ IS 6 failure/
MPa strength/ o,
MPa
As-cast 116+3 176£7 15.9+1.2
LAT831
As-extruded 25142 27544 17.4+1.4
As-cast 138+2 177¢5  12.3+0.8
LATS832
As-extruded  270+4 29745  20.8+1.5
As-cast 156+3 190+3 9.9+2.3
LATS833
As-extruded  253+6 28948  17.9+2.1

3 wt.%. During deformation of duplex Mg—Li
alloys, a-Mg phase bears most of the stress. The
grain refinement of @-Mg grains in as-cast
Mg—8Li—3Al—(1,2,3)Sn alloys increases the grain
boundary area and the difficulty of dislocation
movement is enhanced. Al element dissolving in
o-Mg+p-Li matrix can also contribute to solid
solution strengthening. Since most of Sn element
exists in Li,MgSn phase, the solid solution
strengthening effect of Sn element is limited.
MgLiAl, phase only distributes in f-Li phase and
its strengthening effect is poor since fS-Li phase is
soft. As Li,MgSn phase in as-cast Mg—8Li—3Al—
(1,2,3)Sn alloys is coarse and brittle, its
strengthening effect is also negligible. Moreover,
due to the increased volume fraction of brittle
feather-like Li,MgSn phase, the ductility of as-cast
Mg—8Li—3A1-(1,2,3)Sn alloys is deteriorated
significantly with the increase of Sn content.

Tensile test results in Fig. 8 and Table 1
confirm that, hot extrusion 1is beneficial to
comprehensive tensile properties of Mg—8Li—3Al—
(1,2,3)Sn alloys. In as-extruded Mg—8Li—3Al-
(1,2,3)Sn alloys, YS, UTS and elongation all reach
the peak values when Sn content is 2 wt.%. In
other words, LAT832 alloy exhibits the best
comprehensive tensile properties among as-
extruded Mg—8Li—3Al—(1,2,3)Sn alloys. Further
increasing Sn content to 3 wt.% leads to decrease
in strength and ductility simultaneously. The
enhancement in comprehensive tensile properties is
explained based on the following reasons [27—30]:
(1) Due to the DRX effect, the grain size in
as-extruded Mg—8Li—3Al-(1,2,3)Sn alloys is
reduced, which contributes to further grain
refinement strengthening; (2) As shown in Fig. 7,

strong basal texture is formed in as-extruded alloys
and it gives rise to texture strengthening; (3) Coarse
feather-like Li,MgSn phase is crushed into particles
and the strengthening effect of crushed Li,MgSn
particles in as-extruded Mg—8Li—3Al—(1,2,3)Sn
alloys is stronger than that of the coarse Li,MgSn
phase in as-cast Mg—8Li—3Al—(1,2,3)Sn alloys.
Moreover, due to the crush of Li,MgSn phase
during hot extrusion, negative influence of coarse
Li,MgSn phase on ductility of as-cast alloys is
weakened and the ductility of as-extruded
Mg—8Li—3Al—(1,2,3)Sn alloys is improved. It is
found that, the range of improvement in ductility
after hot extrusion of LAT832 and LATS833 alloys
is much higher than that of LAT831 alloy.
Considering the corresponding increase in content
of Li,MgSn phase in LAT832 and LAT833 alloys, it
is reasonable to conclude that the crush of coarse
Li,MgSn phase is the main reason for enhancement
in ductility of as-extruded Mg—8Li—3Al—(1,2,3)Sn
alloys after hot extrusion. As shown in Fig. 6, the
volume fraction of DRXed o-Mg grains in
as-extruded LATS833 alloy is higher than that in
as-extruded LAT831 and LAT832 alloys, and the
average grain size of DRXed a-Mg grains in
as-extruded LATS833 alloy is larger than that in
as-extruded LAT831 and LAT832 alloys. As shown
Fig. 7, the texture intensity of as-extruded Mg—8Li—
3A1-(1,2,3)Sn alloys is close to each other.
Therefore, the insufficient crush of Li,MgSn phase
in as-extruded LAT833 alloy is the possible reason
for the worsening of strength and ductility. As
shown in Fig. 5(c), the size of broken Li,MgSn
particles in as-extruded LATS833 alloy is still large
and such large intermetallic particles are harmful to
both strength and ductility.

3.5 Fracture morphology of as-cast and as-
extruded Mg—8Li—3Al—(1,2,3)Sn alloys
Figure 9 shows the fracture morphology of

tensile tested Mg—8Li—3Al1—(1,2,3)Sn samples. The

cleavage planes and dimples coexist on the fracture
surfaces of as-cast Mg—8Li—3Al—(1,2,3)Sn alloys,
which indicates that the fracture mode of as-cast
alloys is ductile and brittle mixed. Moreover, more
intermetallic particles are found on the fracture
surfaces with increase of Sn content, which is likely
to serve as crack initiation sites under external force
and leads to the reduction of ductility. Compared
with as-cast alloys, more dimples are found in
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Fig. 9 Fracture morphologies of tensile tested Mg—8Li—3Al—(1,2,3)Sn samples: (a) As-cast LAT831; (b) As-extruded
LATS831; (c) As-cast LAT832; (d) As-extruded LAT832; (e) As-cast LAT833; (f) As-extruded LAT833

as-extruded Mg—8Li—3Al—(1,2,3)Sn alloys and the
cleavage planes are seldom found. Some crushed
intermetallic particles are found on fracture surfaces
of as-extruded LAT832 and LATS833 alloys.

4 Conclusions

(1) As-cast Mg—8Li—3Al—(1,2,3)Sn alloys
consist of a-Mg+p-Li duplex matrix, MgLiAl,
phase and Li,MgSn phase. As Sn content is
increased, a-Mg dendrites are refined and the
content of Li,MgSn phase is increased significantly.

(2) The a-Mg+p-Li duplex structure is
elongated and grains are refined during hot
extrusion. DRX in f#-Li phase is complete and DRX
in a-Mg phase is incomplete. As Sn content is
increased, the volume fraction of DRXed oa-Mg
grains is increased and the average grain size of

DRXed a-Mg grains is decreased.

(3) The increase of Sn content leads to
continuous increase in strength but decrease in
ductility for as-cast Mg—8Li—3Al—(1,2,3)Sn alloys.
Hot extrusion improves the tensile properties of
Mg—8Li—3Al1-(1,2,3)Sn alloys and Mg—8Li—3Al-
28n alloy exhibits the best tensile properties. The
improvement in tensile properties after hot
extrusion is attributed to further grain refinement,
strong basal texture and crush of Li,MgSn phase.
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