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Mg-Li alloys have been widely applied in various engineering scenarios due to the ultralight feature. One of the
key factors determining the applications of Mg-Li alloys is the strengthening methods, which have received much
attention. In this paper, a new Mg-7Li-2.6A1-0.4Si (all in wt.%) alloy was designed and produced to improve the
mechanical performance. The simultaneously outstanding mechanical strength and ductility have been

demonstrated by nano indentation and tensile test, including a yield strength of 192 MPa, tensile strength of 250
MPa and elongation of 22 %. Based on the microstructural features characterized by optical microscopy, scan-
ning electron microscopy and transmission electron microscopy, the excellent mechanical properties were
attributed to the precipitates and refined grain size. The fracture morphology was also uncovered to further
explain the good mechanical performance. Overall, this work yields a new Mg-7Li-2.6Al-0.4Si alloy with
excellent properties, which suggest its great potential for various applications.

1. Introduction

Magnesium (Mg) alloys, as the lightest metallic materials for struc-
tural applications, have attracted numerous interests in applications
involving automotive, aerospace, 3D products, etc., due to their benefits
of low density, high specific strength, large damping capacity, high
specific stiffness and good castability [1]. The majority of magnesium
alloy products are produced by casting processing, which usually results
in pieces with poor ductility and insufficient strength, inferior form-
ability, largely restricting the further expansion of the applications for
Mg alloys. To resolve these issues, one way is to adopt the deformation
techniques such as extrusion or rolling for alloy processing, which could
significantly improve the strength, ductility and toughness of the alloys
through grain/subgrain strengthening and dislocation density
strengthening [2-6]. Meanwhile, alloying with other elements has also
been an attractive way to improve the overall performance of Mg alloys.

Magnesium-Lithium (Mg-Li) alloys emerge as a more promising
material system among Mg alloys due to the super lightweight, relatively
high strength and good formability, which could overcome some of the
drawbacks for Mg alloys, while further reduce the density [7-12]. The
performance of Mg-Li alloys highly depends on the amount of Li being
added. Based on the Mg-Li phase diagram, Li solid solution of BCC
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B-phase coexists with Mg solid solution of HCP a-phase at room tem-
perature when the Li concentrations are in the range of 5-11 wt.% [13,
14], which could usually generate alloys with moderate strength and
good ductility. However, the formation of f-phase would scarify the
mechanical strength, which results in insufficient strength for some
application scenarios. Therefore, substantial research effort has been
made to strengthen Mg-Li alloys. Among various approaches, alloying
design and deformation processing have been recognized as effective
methods, and considerable research interest has been intrigued [15]. For
example, Xu et al. [16] designed a lithium-rich ultra-low density (1.4 g.
cm ) Mg-Li based alloy. Through a series of extrusion, heat treatment
and rolling processes, a solute nanostructure in the body-centered cubic
matrix was achieved, which results in the Mg-Li alloy with excellent
toughness and corrosion resistance. Han et al. [17] prepared ultra-fine
grained Al-Mg-Si alloys with different Mg/Si ratios by using extrusion
and cold drawing. It was found that the Mg/Si ratio could determine the
precipitate density as well as the inter-precipitate spacing, which further
affected the strength and electrical conductivity of the alloys. Gong [18]
studied the influence of extrusion pass on the microstructure and me-
chanical properties of Mg-12A1-0.7Si alloy through an equal channel
angular extrusion (ECAP) experiment. The size of the Mg,Si phase was
discovered to be around 2~3 pm after 8 times of ECAP processing. The
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Fig. 1. Mechanical tensile properties of annealed Mg-7Li and Mg-7Li-2.6Al-0.4Si alloys. (a) Engineering stress-strain curves of annealed Mg-7Li and Mg-7Li-2.6Al-
0.4Si alloys. (b) Tensile strengths and elongations of Mg-7Li and Mg-7Li-2.6Al-0.4Si alloys.

morphology was changed from the initial Chinese script shape to fine
granule polygonal shape, which tended to increase the strength and
elongation of the dispersed alloy. Alloying Al in Mg-Li based alloys could
lead to an enhanced mechanical strength through the precipitation and
solid solution strengthening [19], and alloying Si in Mg-Li alloys could
further improve the tensile strength [20]. However, these methods still
have some limitations, e.g., the deformation processing is usually
constituted by complex procedures, and the addition of Al could only
generate alloys with limited strength, and Si would bring in brittle Mg,Si
phase. Moreover, in most cases, we would like to obtain Mg-Li based
alloys with simultaneously good strength and ductility, while it is hard
to achieve this goal based on the current methodology.

The addition of Al-Si eutectic alloys has been demonstrated to be able
to dramatically improve the tensile strength of the dual Mg-Li based
alloys with a slightly reduced elongation [21]. Meanwhile, the burning
loss rate could also be largely reduced [22]. The purpose of this work is
to combine the deformation processing (casting + extrusion) with
alloying design to achieve a Mg-Li based alloy with improved strength
and ductility. A new Mg-Li based alloy, namely, Mg-7Li-2.6A1-0.4Si was
designed by adding Al-Si eutectic alloy into Mg-7Li. Through optical
microscopy (OM), scanning electron microscopy (SEM), electron back
scattered diffraction (EBSD) analyses, energy-dispersive X-ray spec-
troscopy (EDS), X-ray diffraction (XRD), transmission electron micro-
scopy (TEM), nano indentation and mechanical tensile test, the effect of
addition of Al-Si eutectic alloy and extrusion on the microstructure and
mechanical behavior of the newly developed alloy were investigated.
The underlying strengthening and toughing mechanism have also been
revealed.

2. Experimental methods
2.1. Sample preparation

The Mg-7Li and Mg-7Li-2.6Al-0.4Si alloys (all in wt.%, unless
otherwise stated) were prepared by magnetic-levitation, vacuum, and
high-frequency induction melting technique. Pure magnesium (>99.95
wt%), pure lithium (>99.95 wt%) and/or aluminum-silicon eutectic
were melted under an argon atmosphere initially, and then the melt was
rapidly casted into a water-cooled copper mold to form a cast rod with a
dimension of ®30 mm*60 mm. The ingot was then extruded once to
form a 6 mm*12 mm plate (extruded alloys). Subsequently, all the
specimens were annealed at 200 °C for 60 min (annealed alloys).

2.2. Mechanical testing

Tensile tests were conducted to evaluate the mechanical properties
of the materials. For tensile tests, the specimens having a gauge length of
25 mm, width of 5.7 mm and thickness of 1.5 mm were machined from
the annealed plates. The tensile test was performed on an electronic

universal testing machine (CMT5205, MTS Systems Corporation, US)
according to ASTM E8/E8M-2011 standard. The displacement rate was
set at 0.5 mm/min. In total, five tensile tests were repeated for each
sample condition to obtain good statistics of the results. The nano-
indenter NanoTest Vantage with a wide accessible loading range from
10 pN up to 30 N was adopted for the micro contact mechanics testing.

2.3. Microstructural characterization

The microstructures were examined by using an optical microscope
(DM-2700 P, LECIA, Germany), a scanning electron microscope (SEM,
JSM-7800 F, JEOL, Japan) equipped with an Oxford electron back-
scattered diffraction (EBSD) system and energy dispersive spectroscopy
(EDS), and a transmission electron microscope (TEM, JEOL-2100 F,
JEOL, Japan). The texture of the grains was characterized using EBSD
measurement with a step size of 3 pm. The specimens for microstructure
characterization were mechanically ground using silicon paper from
400# to 2000#, and etching with a reagent of 2.5 g picric +3 mL acetic
acid +21 mL ethanol was adopted to reveal the microstructure. For
preparation of the TEM samples, focused ion beam (FIB) polishing in a
TESCAN GAIA3 FIB-SEM was applied.

3. Results and discussions
3.1. Mechanical properties of the as-processed alloys

The mechanical properties of annealed Mg-7Li and Mg-7Li-2.6Al-
0.4Si alloys were depicted in Fig. 1. It is seen from Fig. 1(a) that Mg-
7Li-2.6A1-0.4Si alloy presents a simultaneously much larger tensile
strength and fracture strain. By further analyzing the data, the values of
ultimate tensile strength (UTS), yield strength (YS) and fracture elon-
gation (FE) were given in Fig. 1(b), which demonstrates that the addi-
tion of Al and Si leads to the increase in UTS, YS and elongation, from
168 MPa, 148 MPa and 11%-250 MPa, 192 MPa, and 22 %, respectively.
It is well known that the addition of Li could improve the ductility of Mg
alloys, while generate low-temperature instability and inferior strength
as well due to the formation of tender and ductile p-Li phase [23].
Although Al addition could improve the strength of Mg-Li alloys, the
strength of Mg-Li-Al alloys is still inferior to the conventional Mg alloys
such as the AZ series [24]. Our study demonstrated that the Al-Si
eutectic addition together with the deformation processing could
simultaneously largely improve the mechanical strength and ductility.
In previous study, Zhang et al. [25] fabricated a Mg-4Li-3(Al-Si) alloy
with a UTS of 249 MPa, while the elongation reaches 6.3 %, and they
also fabricated a Mg-12Li-3(Al-Si) alloy with an elongation of 26 %,
while the UTS reaches 173 MPa. Thus, it is difficult to obtain a Mg-Li
alloy with simultaneously good mechanical strength and ductility. The
results in this work are significant in many engineering applications.

Nanoindentation test has been adopted to characterize the
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Fig. 2. OM image and nanoindentation test results of the annealed Mg-7Li-2.6A1-0.4Si alloy.
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Fig. 3. Backscattered electron images and energy-dispersive X-ray spectroscopy results of annealed Mg-7Li and Mg-7Li-2.6A1-0.4Si alloys. (a-b) Backscattered
electron image of Mg-7Li alloy with different magnifications. (c-d) Backscattered electron image of Mg-7Li-2.6Al-0.4Si alloy with different magnifications. (e-g) EDS

results collected from the area marked by three dashed rectangles shown in (d).

mechanical behavior of the annealed Mg-7Li-2.6Al-0.4Si alloy at a
micro-level. As shown in Fig. 2, the alloys are constituted by two main
phases, the bright a-phase presents a higher strength and a larger
Young’s modulus, while the dark p-phase has a better plasticity, which is
consistent with other studies [13-15]. Based on the common sense, the
interface of a-phase and f-phase should exhibit mechanical properties
under the combination of these two phases, i.e., enhanced ductility and
reduced strength when compared to a-phase, and enhanced strength and
reduced ductility when compared to p-phase. However, the plot in Fig. 2
(b) reveals that the microstructure at the interface has simultaneously
enhanced strength and ductility when compared to p-phase, which
maybe correlated to the abnormal mechanical properties shown in
Fig. 1, and further analysis are needed to uncover the underlying
mechanism of this phenomenon.

3.2. Precipitation and grain refinement

In order to explain the outstanding mechanical properties of the
designed and as-processed Mg-7Li-2.6Al1-0.4Si alloy, different tech-
niques such as SEM, EDS, XRD and EBSD are adopted to characterize the
microstructural features.

Fig. 3 shows backscattered electron image and energy-dispersive X-
ray spectroscopy results of the annealed Mg-7Li and Mg-7Li-2.6A1-0.4Si
alloys. The pale grey areas were HCP-structured a-Mg phase while the

dark grey areas were BCC-structured f-Li phase. The precipitates with
white contrast were observed for Mg-7Li-2.6A1-0.4Si alloy (Fig. 3(c) and
Fig. 3(d)) while no precipitates were observed for Mg-7Li (Fig. 3(a) and
Fig. 3(b)). Thus, the precipitates were generated due to the addition of
Al and Si. These precipitates lie around the grain boundary of the alloy,
and the typical size of precipitates is about 1 pm. To reveal the detailed
information of these precipitates, EDS spot analysis were conducted on
three sampling areas, including the dark precipitated phase (site 1), the
bright precipitated phase (site 2), and the matrix (site 3). The Al content
in the dark precipitated phase was 25.91 % (Fig. 3(e)), indicating that
the precipitated phase was an aluminum-rich phase. The O content of
15.65 % demonstrates that the aluminum-rich phase was oxidized and
appeared to be dark black, as reported in Ref. [26]. For the white bright
precipitates shown in Fig. 3(f), the Al content was 0.31 % and the Si
content was 29.58 %, which means that the precipitated phase is a
Si-rich phase. It has been reported that the addition of Si in Mg alloys
could result in the formation of white bright Mg,Si precipitate phase
with fish-bone-shaped or Chinese-character-shaped [27], which is
similar as the information in this study. The bright Mg»Si phase was also
demonstrated as the only Si-rich phase in Mg-xLi-3(Al-Si) alloys [25],
further proving that Si-rich phase in this study should be Mg»Si. These
micro-sized fine Al-based and Si-based precipitates were mainly
dispersed around the grain boundary to reduce the grain size of the al-
loys, which could generate significant strengthening effect on the alloys
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Fig. 4. XRD patterns of annealed Mg-7Li and Mg-7Li-2.6Al1-0.4Si alloys.

[25]. For the matrix shown in Fig. 3(g), there are no precipitates formed.
The matrix has an Al content of 2.51 %, which could generate the effect
of solid solution strengthening in Mg matrix, as indicated in Ref. [28].

Fig. 4 shows the XRD patterns of as-annealed Mg-7Li and Mg-7Li-
2.6A1-0.4Si alloys. The diffraction results showed that for both alloys,
a-phase (LiMg4) and p-Li phase were present, which is consistent with
the features of Mg-Li alloys that the lattice changed from HCP to BCC
when the Li content exceeds 5.5 %. The missing of Li-phase in EDS is
because Li has the very low energy of characteristic radiation, not easy
to detect. Meanwhile, two other phases, namely AlLi and Al ¢sMgo.35

.|
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phases, were also observed in the designed Mg-7Li-2.6Al-0.4Si alloy,
which reveals the existence of AlLi phase and Alg ¢5sMgo.35 phase in the
dark precipitates as shown in Fig. 3(e). It was also reported in other
papers that the addition of Al could lead to remarkable age hardening of
Mg-Li alloys due to the formation of Al-Li and Mg-Al precipitates, for
which the visible precipitates are mainly dispersed at grain boundaries
[29]. Zhang et al. demonstrated that alloying with Al-Si eutectic caused
the formation of MgsSi and Mg-Al phase for Mg-4Li alloy [30], and
alloying with Al-Si eutectic cause the formation of different types of
Al-Li precipitates (AlsLi, AlLi and LizAly) and Mg,Si phase for Mg-xLi
alloys (x = 4, 8 and 12 wt.%) [25]. The diffraction peak of Mg»Si
phase was not observed due to the low Si content (0.4 %). As a result of
the low Si content, the coarse fish-bone-shaped or
Chinese-character-shaped Mg,Si phase was not formed, which ensures
the improvement of the strength and plasticity of the alloy. It has been
reported previously that the plasticity of the Mg alloys would be
significantly reduced if the Si content exceeds 0.6 % [31]. Thus, the
amount of Si should be controlled to be below 0.6 %. Our results
demonstrated that within this Si amount, fine MgySi, AlLi,
Alp ¢sMgo.35 precipitates could be generated, resulting in much
improved strength and ductility.

The EBSD grain orientation images and the grain size analysis for
Mg-7Li-2.6A1-0.4Si alloy are depicted in Fig. 5, in which the recrystal-
lized fractions are extracted from EBSD data based on the concept pro-
posed by Tarasiuk [32]. Fig. 5(a) shows that most of the grains were
close to the red color, which indicated a strong basal texture ((0001)
orientation). There are fine grains with size less than 10 ym and large
grains with size of 20—30 pm existing in the microstructure of
Mg-7Li-2.6A1-0.4Si alloy. Actually, the majority of grains have a grain
size of 2—3 pm, as shown in Fig. 5(b). The formation of fine grains in
Mg-7Li-2.6A1-0.4Si alloy is induced by the addition of Al and Si

No.of grains: 141
avg.size: 5.24

10 15 20

grain size (um)

25

Recrystallized Fraction

Recrystallized Substructured Deformed

Fig. 5. EBSD testing results of annealed Mg-7Li-2.6A1-0.4Si alloy. (a) Grain orientation image. (b) Grain size distribution. (c) Dynamic recrystallization distribution.

(d) Fraction of recrystallized grains.



Z. Zhao et al.

(a)

(b) Max=31.18

{0001}

Materials Today Communications 27 (2021) 102244

{1010}

Fig. 6. (0001) Pole figures of as-annealed Mg-7Li-2.6Al1-0.4Si alloy. (a) Pole figures. (b) Inverse pole figures.

elements. It is said the Al-Si eutectic alloy could promote the nucleation
of new grains, and the precipitated particles could hinder the growth of
grains as well [33]. From Fig. 5(b), it is also obvious that there are grains
at different size levels in Mg-7Li-2.6Al-0.4Si alloy, which contributes to
an average grain size of 5.24 pm. This fine grain-dominated mixed
crystal structure allows Mg-7Li-2.6Al-0.4Si alloy to maintain high me-
chanical strength while still having good elongation, and the addition of
Li makes the alloy lighter and denser. Fig. 5(c) shows the grain

orientation regarding to the dynamic recrystallization, where the red
areas represent deformed grains, the yellow areas represent substructure
grains, and the blue areas represent dynamic recrystallized grains. It is
seen that the deformed grains dominate in the as-processed
Mg-7Li-2.6Al-0.4Si alloy, while there are only a few recrystallized
grains appeared at the junctions of tiny grains. The frequency of each
type of grains as shown in Fig. 5(d) also indicates a small recrystallized
fraction. During the deformation and annealing process, the fine

/o

o

Fig. 7. HRTEM images of a spherical precipitate in the as-annealed Mg-7Li-2.6A1-0.4Si alloy. (a) The high-resolution image showing the phase. (b) The fast Fourier
transform (FFT) of the selected region in (a). (c) is the Mg-based [10,10] crystal band axis diffraction pattern obtained from the (b) spectrum. (d) The diffraction

pattern of the precipitated phase stripped from the b-map.
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Fig. 8. Energy-dispersive X-ray spectroscopy mapping results of the as-annealed Mg-7Li-2.6Al-0.4Si alloy. (a) SEM morphology. (b) Al element. (c) Mg element. (d)
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dispersed Mg-Si. Mg-Al and Al-Li precipitates could effectively pin the
grain boundaries of the a-Mg grains of Mg-7Li-2.6A1-0.4Si alloy, largely
restricting the grain recrystallization. It is because of this limited
recrystallization activity that the grains in Mg-7Li-2.6A1-0.4Si alloy can
be kept very fine. The deformed grains-dominated microstructure is also
related to the deformation processing, i.e., casting + extrusion, which is
important for the generation of enhanced mechanical properties.

The pole figures of the Mg-7Li-2.6A1-0.4Si alloy are shown in Fig. 6,
in which the projections of alloy on the (0001), (11-20) and (10—10)
crystal surface exponents are illustrated. The results indicated a strong
texture with a maximum intensity value of 31.18, and the maximum
value in the pole figure shifted from the basal towards the ED direction.
For Mg-xLi alloys, the texture is usually strong at basal plane with a
smaller maximum value [25,30]. The results of EBSD data indicate that
the addition of Al and Si changed the grain orientation and strengthened
the texture intensity of Mg-7Li.

In order to further study the precipitated phase in Mg-7Li-2.6A1-0.4Si
alloy, high resolution TEM (HRTEM) examination was performed at one
of the precipitates and the result is shown in Fig. 7. Fig. 7(a) shows the
diffracted pattern of the precipitate shown in Fig. 3(d), and Fig. 7(b) is
the corresponding fast Fourier transform (FFT) diagram of the selected
area of the rectangle frame. It can be seen from Fig. 7(b) that there are
two sets of spots, and the two sets of spots are separated to obtain the
Mg-based [10,10] crystal band axis diffraction (Fig. 7(c)) and the
diffraction of the new phase (Fig. 7(d)). For the newly generated phase,
the interplanar spacing of speckle in the two directions indicated by the
white line is 1.414 nm and 0.5087 nm, respectively. As we know that the
precipitates are constituted by phases made up by Mg, Al, Li. Si

elements. Among the suspected phases, the Al,Li3 was reported to have a
similar interplanar spacing of 1.42 nm (ICSD-Demo-ID: 57,951) {001}
(d(001)) =1.42 nm) [26]. Therefore, it is confirmed that the precipitates
have Al,Li3 Phase. The formation of Al,Li3 precipitate phase, as also
revealed in other study [25,34], could largely strengthen the
Mg-7Li-2.6A1-0.4Si alloy.

Fig. 8 presents the EDS mapping results of the precipitate shown in
Fig. 7. The precipitate has a size of around 500 nm with a near-spherical
shape, and Al is the main component. As we know that Li element is not
easily detected by EDS due to the lightweight, thus the precipitate is
suspected to be Al-Li phase, which is reasonable if we consider the re-
sults shown in Fig. 7. There are also fine rod-shaped Si precipitates at the
interface. These precipitates largely contribute to the improved strength
and ductility of the designed Mg-7Li-2.6A1-0.4Si alloy.

Therefore, the microstructural characterization results demonstrated
that the addition of Al-Si eutectic alloy into Mg-7Li and deformation
processing could result in the formation of different types of precipitates:
Mg,Si, AlLi, AlpLi3 and Alg ¢sMgo 35, and the grain refinement with an
average grain size of 5.24 pm as well, which all contribute to the
simultaneously improved strength and ductility.

3.3. Fracture morphology

To uncover the fracturing mechanism of the newly designed Mg-7Li-
2.6Al-0.4Si alloy, the crack morphology of Mg-7Li-2.6A1-0.4Si alloy is
depicted in Fig. 8, and the crack morphology of Mg-7Li alloy is used as a
comparison. Fig. 8(a—c) and Fig. 8(d-f) show the fracture features of Mg-
7Li and Mg-7Li-2.6Al1-0.4Si alloys, respectively. In Fig. 8(a), lamellar
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Fig. 9. Crack morphology of Mg-7Li and Mg-7Li-2.6Al1-0.4Si alloys under different magnifications. (a-c) Mg-7Li alloy. (d-f) Mg-7Li-2.6A1-0.4Si alloy.

tearing ridge fracture of the Mg-7Li alloy can be clearly observed, which
is induced by the large grains which are first dissociated and then
fractured under the stretching condition. Fig. 8(b) displays the structure
of the non-dissociation area of Mg-7Li alloy where there were dimples
shaped in BCC of B-phase, with an elongation of 11 %, as well as muscle
patterns in HPC of a-phase, with a tensile strength of 189 MPa. Fig. 8(c)
further presents the features of the muscle pattern in Mg-7Li alloy. For
Mg-7Li-2.6A1-0.4Si alloy, Fig. 8(d) shows an even fracture without a
noticeable lamellar tearing ridge. In Fig. 8(e), besides the dimples and
muscle patterns, the river-like transition between them is observed
forMg-7Li-2.6A1-0.4Si alloy. It is this dimple + muscle pattern + river-
like transition structure contributing to the good alloy plasticity as
well as high strength. Therefore, the Mg-7Li-2.6Al-0.4Si alloy was ul-
tralight with excellent comprehensive mechanical properties. Samples
of Mg-Li alloys with single a-phase and single p-phase have been pre-
viously reported [35-37]. In this study, for the first time, the dimple +
muscle pattern + river-like transition is identified as the key structure
responsible for producing the ultralight Mg-Li alloy with desirable me-
chanical properties (Fig. 9).

4. Conclusions

In this paper, a new Mg-7Li-2.6A1-0.4Si alloy has been designed and
fabricated. Based on the mechanical testing and microstructural char-
acterization, the simultaneously enhanced mechanical strength and
ductility were achieved for this newly designed alloy, and the underly-
ing strengthening and toughing mechanism were revealed.

1. The addition of Al-Si eutectic alloy leads to the significant increase
in ultimate tensile strength, yield strength and fracture elongation. The
UTS, YS and FE of as-annealed Mg-7Li-2.6Al-0.4Si alloy reached 250
MPa, 192 MPa, and 22 % respectively, which were much higher than the
corresponding values for as-annealed Mg-7Li alloy (168 MPa, 148 MPa
and 11 %, respectively).

2. The enhanced mechanical properties of Mg-7Li-2.6Al-0.4Si alloy
were attributed to the precipitates and refined grains. The precipitates
were demonstrated to include AlggsMgop.3s. AlLi. AlsLi; and MgaSi
phases. The mixed crystal structure, i.e., fine grain-dominated mixed
crystal structure with coarse grains allows the alloy to maintain high
strength while still having a good elongation.

3. The fracture morphology demonstrated a dimple + muscle pattern
+ river-like transition structure for Mg-7Li-2.6A1-0.4Si alloy, which is
important for the enhanced mechanical performance of the alloy.
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