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The microstructure and mechanical properties of Mg-8Li and Mg-8Li-3Al
(wt.%) alloys have been investigated. Addition of Al to Mg-8Li alloy results in
precipitation of Al-Li phase in the as-rolled Mg-8Li-3Al alloy. The ultimate
tensile strength and yield strength of Mg-8Li-3Al alloy reach 238 MPa and
198 MPa, as compared with 147 MPa and 126 MPa for Mg-8Li alloy, repre-
senting increases of � 62% and � 57%, respectively. These enhanced
mechanical properties can be ascribed to precipitation strengthening by Al-Li
phase and the orientation of a-Mg phase and b-Li phase. The grains in Mg-8Li-
3Al alloy obtained via deformation processing are mainly composed of sub-
structured grains, so the strength of the alloy is improved while maintaining
high plasticity.

INTRODUCTION

Magnesium (Mg) alloys have received extensive
attention because of their beneficial features of high
specific strength, high specific stiffness, and good
castability, making them promising for applications
in many fields such as transportation and aero-
space.1–3 It is noted that the majority of Mg alloys
products have been fabricated via casting so far.
However, further enhancement of their mechanical
properties (strength, ductility, toughness, etc.) is
essential to extend their specific applications in
transport tool components, personal electronic
devices, and biodegradable medical implants.4–12

In recent years, deformation processing has been
demonstrated to be a highly effective method to
enhance the above-mentioned mechanical proper-
ties of Mg alloys.13 Thus, wrought Mg alloys,
especially Mg-Li alloys, are attracting increasing
attention due to their outstanding lightweight
nature and excellent deformation properties.14–18

Mg normally shows relatively poor deformability
at room temperature due to its intrinsic hexagonal
close-packed (HCP) structure along with limited slip
systems.19,20 An efficient method to improve the

deformability and ductility of Mg is to form Mg-Li
alloy by adding body-center cubic (BCC)-structured
Li.21,22 When the Li content is less than 5.5 wt.%,
Mg-Li alloy retains the HCP crystal structure of Mg
due to the formation of solid solution of Li in a-Mg.23

The microstructure of Mg-Li alloy transforms from
a single-phase to a double-phase structure including
HCP-structured a-Mg and BCC-structured b-Li
when the Li content lies between 5.5 wt.% and
11 wt.%, and further to single-phase BCC-struc-
tured b-Li when the Li content exceeds 11 wt.%.24

Because of the more active slip systems and lower
strength of BCC-structured b-Li in comparison with
HCP-structured a-Mg, Mg-Li alloy with double-
phase structure commonly shows improved
deformability and ductility but decreased
strength.22 Therefore, for Mg-Li alloy, it is also
necessary to enhance its strength for practical
applications.

Addition of other elements have been proved to be
an effective method for enhancing the strength of
Mg-Li alloy. For instance, addition of Al-Si eutectic
alloy to Mg-8Li alloy can improve its strength by
formation of Mg2Si phase.25 Al addition can result
in significant age hardening of Mg-Li alloy by
formation of AlLi and Mg17Al12 precipitates.26 All
the cited works indicate the great influence of Al(Received February 22, 2021; accepted May 20, 2021;
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addition on the properties of Mg-Li alloy and have
enhanced our understanding of Mg-Li alloy. More-
over, many scholars have reported that alloying and
deformation strengthening can comprehensively
improve the mechanical properties of alloys.27,28

However, few studies have elucidated the deforma-
tion behavior and microstructural change of Mg-Li
alloy on addition of Al, where characterization of the
grain orientation is required to correlate the
microstructural change, e.g., grain orientation, with
the deformation mechanism.

The aim of this study is to investigate the effect of
Al addition on the microstructural change and
deformation behavior of Mg-8Li alloy. To achieve
this, the microstructures were examined by scan-
ning electron microscopy (SEM) and transmission
electron microscopy (TEM). Tensile tests were car-
ried out to determine the mechanical properties of
Mg-8Li and Mg-8Li-3Al alloys. The microstructures
and mechanical properties of Mg-8Li and Mg-8Li-
3Al alloys were compared and are discussed.

EXPERIMENTAL PROCEDURES

The magnetic-leviation, high-frequency induction
melting technique was used to prepare Mg-8Li and
Mg-8Li-3Al alloys (all in wt.% unless otherwise
stated). Pure magnesium, pure lithium, and/or
aluminum were melted under Ar atmosphere ini-
tially, then cast into a water-cooled copper mold
(U30 mm 9 60 mm). The ingot was cut into round
plates with size of U30 mm 9 10 mm, then
annealed at 300�C for 60 min. The heat-treated
sample was rolled into a 1.6-mm-thick sheet after
eight rolling passes with a � 20% thickness
decrease in each pass. The rolls (U130 mm) were
preheated to 150�C and maintained at this temper-
ature during the rolling process using an internal
resistance wire heating coil. Subsequently, all the
rolled specimens were annealed at 150�C for
60 min.

The microstructures were examined by SEM
(JSM-7800F, JEOL, Japan) equipped with an
Oxford electron backscattered diffraction system,
and TEM (JEOL-2100F, JEOL, Japan). The texture
of the grains was characterized by electron
backscatter diffraction (EBSD) measurement with
a step size of 3 lm. The samples for SEM and EBSD
characterization were prepared by using an ion
milling apparatus (CP, IB-19530, JEOL). The ion-
polished sample had an area of 8 mm 9 4 mm in
the rolling direction. For TEM observation, the
sample was ion-milled in a Leica EM RES102
machine.

Tensile tests were conducted to evaluate the
mechanical properties of the materials. For tensile
tests, specimens having a gauge length of 15 mm,
width of 3 mm, and thickness of 1.5 mm were
machined from the rolled plates. The tensile tests
were performed on an electronic universal testing
machine (CMT5205, MTS Systems Corporation, US)

based on the ASTM E8/E8M-2011 standard. The
displacement rate was 0.5 mm/min. In total, five
tensile tests for each sample condition were
repeated to obtain good statistics of the results.

RESULTS AND DISCUSSION

The typical engineering stress–strain curves for
Mg-8Li and Mg-8Li-3Al alloys are displayed in
Fig. 1. Table I summarizes the mechanical proper-
ties of Mg-8Li and Mg-8Li-3Al alloys. The ultimate
tensile strength (UTS) of Mg-8Li and Mg-8Li-3Al
alloys was found to be 147 MPa and 238 MPa,
respectively. Each experiment was performed under
different conditions of factor proportions.29 The
yield strength (YS) of the Mg-8Li and Mg-8Li-3Al
alloys was determined to be 126 MPa and 198 MPa,
respectively. The data show that the tensile
strength of the two-phase Mg-8Li alloy is signifi-
cantly improved by the addition of 3% Al, while the
elongation remained at a relatively high level. The
results presented in Table I indicate that addition of
3% Al improved the comprehensive mechanical
properties of Mg-8Li-3Al alloy. The fracture elonga-
tion (FE) of Mg-8Li-3Al alloy (25.5%) showed a little
decline in comparison with that of Mg-8Li alloy
(38.0%). The UTS and YS were improved by � 62%
and � 57%, respectively, as compared with those of
Mg-8Li alloy.

To reveal the reason for the enhanced tensile
properties of Mg-8Li-3Al alloy, its microstructural
change and deformation behavior were investi-
gated. Figure 2 shows SEM images of as-rolled
and annealed Mg-8Li and Mg-8Li-3Al alloys. It is
clearly seen that both alloys possessed a dual-phase
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Fig. 1. Typical engineering stress–strain curves of as-rolled and
annealed Mg-8Li and Mg-8Li-3Al alloys.

Table I. Mechanical properties of as-rolled and
annealed Mg-8Li and Mg-8Li-3Al alloys

Alloy UTS (MPa) YS (MPa) FE (%)

Mg-8Li 147 126 38.0
Mg-8Li-3Al 238 198 25.5

Effect of Al Addition on Microstructure and Tensile Properties of Mg-8Li-3Al Alloy 2559



microstructure, in which the black–gray structure is
b-phase30 while the gray–white one is a-phase.
Comparing Fig. 2a with Fig. 2c, it can be seen that
there are a lot of white precipitates in Mg-8Li-3Al
alloy, but no precipitates in Mg-8Li alloy. The white
precipitates are Al-Li phase according to a previous
report.31 To further observe the structure of the
alloy, Fig. 2b and d shows enlargements. It is
obvious that there are no precipitates in Mg-8Li
alloy, but precipitates in Mg-8Li-3Al alloy. As
shown in Fig. 2e and f, energy-dispersive spectrom-
etry (EDS) elemental analysis revealed that the
white precipitate in the b-phase is Al-Li phase with
high Al content of 90.6 wt.%. At the same time, one
can see that there are more precipitates in the b-
phase structure. The precipitation strengthening
mechanism of Al in single a-phase alloy and single
b-phase alloy has been reported by Liang et al.2 and
Xu et al.,32 respectively. It is concluded that the
solid-solution strengthening effect of Al and the

second-phase strengthening of Al-Li compounds are
responsible for the precipitation strengthening of
Al.

To further analyze the morphology of phases and
examine the detailed structure within the phases in
Mg-8Li-3Al alloy, the sample was observed by TEM.
Figure 3 shows TEM images of white granular
precipitates region in Fig. 2d. The light-grey parti-
cle in Fig. 3a contains two black cores with size of
100 nm to 200 nm. For each small black core, there
is a circular arc line surrounding it, suggesting a
typical Frank–Read (F–R) dislocation increment
mechanism.33 Figure 3b shows the selected-area
diffraction (SAED) pattern of the precipitate parti-
cle, revealing [01�11] band axis diffraction of HCP
structure. These results suggest that the particle
and the two cores were pinned by the formation of
the dislocation loops around them, thus causing a
stress zone due to the pinning effect. According to
dispersion strengthening theory and dislocation
theory,34,35 when the size of the precipitate phase

Fig. 2. SEM images of as-rolled and annealed (a, b) Mg-8Li and (c, d) Mg-8Li-3Al alloys. (e) Enlarged SEM image of Mg-8Li-3Al alloy and (f)
corresponding EDS point elemental contents of a white precipitate indicated in (e). White arrows in SEM images indicate the rolling direction.
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decreases to the nanoscale, the precipitates can not
only improve the strength of the alloy but also
maintain its good plasticity. Figure 3c shows a
schematic of the Frank–Read (F–R) dislocation
increment mechanism, revealing several edge dis-
locations formed in the deformation processing,
which are blocked in the process of motion and
precipitation, playing a strengthening effect on Mg-
8Li-3Al alloy.34

The microstructure and grain orientation of as-
rolled and annealed Mg-8Li-3Al alloy are shown in
Fig. 4. The red regions represent a-phase grains,
and the twin structures are clearly identified in
those regions. According to previous study,33 a-
phase has HCP lattice structure and exhibits rela-
tively poor plastic deformability. Twining structures
are frequently observed within the a-phase grains.24

As seen in Fig. 4a, the orientation of a-phase is close
to the [0001] direction, indicating that the basal

Fig. 3. TEM image (a) and SAED pattern (b) of as-rolled and annealed Mg-8Li-3Al alloy. The white ovals show the dislocations in (a). (c)
Schematic illustration of dislocation increment mechanism of Mg-8Li-3Al alloy.

Fig. 4. Grain orientation mapping (a) and quantification of grain frequency as a function of orientation angle (b) of as-rolled and annealed Mg-8Li-
3Al alloy. (c) Orientation angle distribution.
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texture is relatively strong. The b-phase is mostly
green and yellow, indicating that the b-phase
orientation experienced a large deflection in the
matrix, being predominantly inclined to [�12�10]
orientation. In addition, it can be observed from
the inside of the red regions that the sizes of the a-
phase grains present a bimodal characteristic with
different orientations (Fig. 4b). This is due to the
strength discrepancy between the a- and b-phase
and their different rotation during rolling process-
ing.24 It can be seen from Fig. 4c that the grains are
mainly small-angle grains, indicating significant
strengthening and toughening of Mg-8Li-3Al
alloy.35

Figure 5 shows the recovery, recrystallization,
and grain size distribution of as-rolled and annealed
Mg-8Li-3Al alloys, in which the blue regions are
recrystallized, the red regions are deformed, and the
yellow regions are the substructure having coherent
interface. It can be seen in Fig. 5a that the
substructure regions account for the largest area,
the recrystallized regions are localized, and the
deformed regions are mainly distributed around the
grain boundary. This indicates that recrystalliza-
tion had just occurred, and the grains were mainly
in the substructure state. The red deformed grains
are mainly distributed along the large-grain bound-
aries. As b-phase is easily oxidized and not easily
characterized by EBSD, only the HCP a-phase is
presented in this figure. Due to the limited slip
system, the deformation of magnesium alloy with
HCP structure can be adjusted by a twinning
mechanism during rolling at room temperature.34

The b-phase with BCC lattice structure has
relatively low strength but good plasticity.34 There-
fore, the b-phase and a + b phase interface regions
provide the major plastic deformation during roll-
ing, and the a-phase provides less plastic deforma-
tion. Recrystallization occurs when the severe
deformation reaches the critical recrystallization
strain. The recrystallized grains are equiaxed and
relatively small, which improves the plastic defor-
mation capacity of the material. No twins are
observed in the large deformation region of BCC
phase, because there are more slip systems of BCC
structure than hcp phase, and plastic deformation is
more likely to be initiated by more slip systems.35 As
a result, twinning is suppressed and no twins are
observed in the b-phase. The blue region is formed
due to the recrystallization process. Due to the large
number of dislocations accumulated in the large
deformation process, the deformation energy
increases. In the subsequent heat treatment, both
static recovery and static recrystallization took
place simultaneously. Meanwhile, recrystallization
occurs in the more deformable local regions that are
composed of a- and b-phase, while most of the other
regions are static recovery. As shown in Fig. 5b, the
ratios of recrystallized, substructured, and
deformed grains are 9%, 66%, and 25%, respec-
tively. The 66% substructured grains and 25%
deformed grains could respectively ensure the good
strength and improved plasticity of Mg-8Li-3Al
alloy.25 The grain size distribution of Mg-8Li-3Al
alloy is shown in Fig. 5c, indicating quite a high
ratio of grain diameters less than 10 lm, in

Fig. 5. EBSD analysis of as-rolled and annealed Mg-8Li-3Al alloy: (a) different types of grains in the alloy; blue, yellow, and red color represent
recrystallized, substructured, and deformed grains, respectively; (b) frequency of recrystallized, substructured, and deformed grains; (c) grain
size distribution (Color figure online).
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accordance with the finding of the small size of
recrystallized and deformed grains from Fig. 5a,
where the small size of deformed grains is attrib-
uted to deformation and the small size of recrystal-
lized grains is ascribed to the fast deformation rate,
resulting in the lack of growth of these grains.36

Figure 6 shows the pole figure, inverse pole
figure, and Schmid factor for as-rolled and annealed
Mg-8Li-3Al alloy. It can be seen from this figure that
a strong basal texture (0001) is formed in the alloy

after rolling, indicating that more basal slips
occurred during deformation. It is difficult for other
slips to initiate because their critical shear stresses
are much larger than those of basal slips.22 In the
pole figure, the maximum pole intensity is 34.24,
and the minimum is 0.00. Meanwhile, in the reverse
pole figure, the maximum pole intensity is 10.47 and
the minimum is 0.01. This reveals that sliding on
the basal plane for b-phase of Mg-8Li-3Al alloy is
responsible for the deformation mechanism during

Fig. 6. EBSD analysis of as-rolled and annealed Mg-8Li-3Al alloy: (a) pole figure, (b) inverse pole figure, and (c) Schmid factor.
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the rolling process, while for the a-phase sliding on
the basal plane and twinning coexist and are
responsible for the deformation behavior.

CONCLUSION

Mg-8Li and Mg- 8Li-3Al alloys were fabricated
via deformation processing and their microstructure
and mechanical properties fully investigated. It is
proved that addition of 3% Al to Mg-8Li greatly
enhanced its tensile mechanical properties, with an
improvement of � 62% and � 57% in the UTS and
YS, respectively. This improvement can be attrib-
uted to precipitation strengthening by Al-Li phase
and the orientation of a-Mg phase and b-Li phase.
The grain size and orientation of the a-Mg phase are
not uniform because the different mechanical prop-
erties of the a-Mg phase and b-Li phase lead to
uneven force during the rolling. In the case of Mg-
8Li-3Al alloy, the grains obtained by the deforma-
tion mainly consist of substructured grains, so that
the strength of the alloy is improved while main-
taining high plasticity.
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