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Abstract: The microstructure observation, macrotexture analysis, and tensile test were conducted to investigate the
effect of extrusion ratio on the microstructure, texture, and mechanical properties of Mg—8Li—6Zn—2Gd alloy. The
results show that the as-homogenized Mg—8Li—6Zn—2Gd alloy consists of a-Mg, f-Li, MgLiZn, I-phase, and W-phase.
After hot extrusion, eutectic /-phase is broken into fine particles, while #W-phase maintains massive shape. Both a-Mg
and f-Li matrices undergo dynamic recrystallization (DRX), and their grains gradually refine with increasing extrusion
ratio. For a-Mg matrix, the weakening of basal texture and the strengthening of prismatic texture after hot extrusion are
due to the activation of non-basal slip. For f-Li matrix, the appearance of obvious a and y fiber textures after hot
extrusion is associated with the dynamic recovery (DRV) and DRX. The tensile strength and elongation of the alloy are
simultaneously improved by hot extrusion, and the best comprehensive mechanical properties are achieved when
extrusion ratio is 16:1.
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1 Introduction

With the rapid development of aerospace
industry and the intensification of energy shortage,
the demand for lightweight structural materials in
various industrial fields is becoming increasingly
urgent. Mg—Li alloy is the lightest metal structural
material with a density of 1.25-1.65 g/cm?, and it is
1/4—1/3 lighter than common Mg alloy and 1/3—1/2
lighter than Al alloy, exhibiting a great development
potential in lightweight, energy conservation, and
emission reduction [1]. Moreover, Mg—Li alloy has
high specific strength, excellent damping, weak
anisotropy, and incomparable plastic deformation
ability, showing a good application prospect in the
fields of aerospace, military, and 3C industry [2].

However, compared with Al alloy, Ti alloy, and
common Mg alloy, the low strength of Mg—Li alloy
intensely restricts its wide application.

Alloying, as an effective way to enhance the
mechanical properties of alloy, mainly realizes alloy
strengthening by the solid solution of alloying
elements in the matrix and the formation of second
phases. Previous researches have revealed that Zn
and several rare earth (RE) elements (such as Y,
Gd, Er, and Nd) are simultaneously added into
Mg alloy to form Mg—Zn—RE ternary phases,
such as W-phase (Mgs;ZnsRE,, face-centered cubic
structure), /-phase (MgsZngRE, icosahedral quasi-
crystal structure), and LPSO phase (Mg2ZnRE,
long-period stacking ordered structure), and the
precipitation of these phases depends on the
Zn/RE ratio [3—5]. Among them, /-phase has special
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symmetry and maintains good coherent orientation
relationship with a-Mg matrix, which effectively
hinders the dislocation movement and shows a good
room-temperature strengthening effect [6]. More-
over, [-phase has excellent thermal stability below
440 °C and thus exhibits a good high- temperature
strengthening effect [6]. Recently, it has been
reported that adding Zn and several RE elements
(such as Y and Gd) into Mg—Li alloy enables the
introduction of /-phase which can significantly
improve the mechanical properties and corrosion
resistance of the alloy [7—13]. Furthermore, the
formation of /-phase remains largely unaffected by
variation in the Li content. XU et al [8—10]
introduced /-phase into Mg—6Li and Mg—8Li alloys
by adding Zn and Y with a Zn/Y mass ratio higher
than 5, and the results showed that the formation of
I-phase could suppress the Li diffusion from fS-Li
to a-Mg and improve the thermal stability of f-Li,
which could in turn effectively enhance the alloy
strength at room and elevated temperatures. LI et al
[11,12] introduced [-phase into Mg—4Li and
Mg—14Li alloys by adding 6 wt.% Zn and 1 wt.% Y,
and the results revealed that the formation of
I-phase could weaken the grain texture and increase
the tensile strength of as-extruded Mg—4Li and
Mg—14Li alloys from 163 to 240 MPa and from 111
to 168 MPa, respectively. ZHANG et al [13]
introduced /-phase into Mg—9Li alloy by adding Zn
and Gd with a Zn/Gd mass ratio of 3, and the
results illustrated that the highest strength of
230.9 MPa was achieved in as-extruded Mg—9Li—
9Zn—3Y alloy and the improvement in tensile
strength was mainly attributed to the existence of
broken /-phase and the grain refinement. However,
the literature on the /-phase reinforced Mg—Li alloy
is still very limited.

Hot extrusion is a most common deformation
method in the production of Mg alloys. Its stress
state is three-dimensional compressive stress, which
can effectively refine alloy grains, improve strength,
and maximize the plasticity of alloy. This is
particularly important for Mg alloys with poor
plastic deformation capability. Extrusion ratio is a
parameter that measures the amount of deformation
during the hot extrusion process, and its selection
directly determines the final structure and
performance of products. If extrusion ratio is too
large, the extrusion process may be blocked due to
excessive extrusion pressure, which may prevent

the extrusion process from proceeding normally and
even damage the mold. If extrusion ratio is too
small, it is not conducive to obtaining products with
uniform structure and performance. Therefore, an
appropriate extrusion ratio is crucial in ensuring
uniform microstructure and alloy performance.
However, the suitable extrusion ratio for /-phase
reinforced dual-phase Mg—Li alloy needs to be
verified.

Herein, Mg—8Li—6Zn—2Gd alloy was prepared
to introduce /-phase, and the effect of extrusion
ratio on the microstructure, texture, and mechanical
properties of the alloy was investigated to explore
the appropriate extrusion ratio for obtaining the
optimal mechanical properties.

2 Experimental

The alloy (Mg—8Li—6Zn—2Gd) used in this
work was prepared by melting pure Mg ingots
(>99.99 wt.%), pure Li particles (>99.9 wt.%), pure
Zn ingots (>99.99 wt.%), and Mg—Gd (30 wt.%)
master alloy in a vacuum induction furnace under
the protection of pure argon atmosphere. After
mixing and holding at 750 °C for 10 min, the melt
was poured into the preheated stainless steel
container with a diameter of 80 mm and naturally
cooled to room temperature. The obtained ingots
were homogenized at 300 °C for 12 h, followed by
hot extrusion at 260 °C with extrusion ratios of 10:1,
16:1, and 23:1 to get cylindrical bars, respectively.

The chemical composition of alloy was
determined by an inductively coupled plasma
optical emission spectroscope (ICP-OES), and the
obtained results are listed in Table 1. Phase
composition was obtained with a D/Max 2500
X-ray diffraction (XRD) using monochromatic
Cu K, radiation, and the scan ranged at 20 values
from 15° to 80° with a constant scan rate of
8 (°)/min and a step size of 0.02°. The microstructure
was observed with an optical microscope (OM,
XJP—-6A), an electron probe microanalyzer (EPMA,
JXA—-8230), and a scanning electron microscope
(SEM, Quanta—200) equipped with an energy
dispersive  X-ray spectroscope (EDS). The
specimens for OM observation were mechanically
polished and then etched with a metallographic
etchant prepared with 1 g oxalic acid, 1 mL acetic
acid, 1 mL nitric acid, and 200 mL deionized water.
Texture was analyzed by an X-ray diffractometer
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(D8 discover), and the specimens for texture
analysis were mechanically polished and then
etched with the metallographic etchant for 4—6 s to
remove surface residual stress. Tensile tests were
conducted with an electronic universal testing
machine (MTS—858) at a displacement rate of
1 mm/min. The tensile specimens were machined
from the as-extruded bars along the extrusion
direction, and their dimensions were determined
according to the National Standard GB/T 228.1—
2010, with a diameter of 6 mm and a gauge length
of 30 mm.

Table 1 Chemical composition of Mg—8Li—6Zn—2Gd
alloy (wt.%)

Li Zn Gd Mg
8.02 5.98 1.85 Bal.

3 Results and discussion

3.1 Microstructure

Figure 1 shows the XRD patterns of as-
homogenized and as-extruded Mg—8Li—6Zn—2Gd
alloys. It can be clearly seen that as-homogenized
Mg—8Li—6Zn—2Gd alloy is composed of a-Mg,
p-Li, MgLiZn (face-centered cubic structure), W-
phase (face-centered cubic structure), and /-phase
(icosahedral quasicrystal structure). The coexistence
of W-phase and /-phase has also been observed in
previous researches on Mg—Li—Zn—Y alloys [8,9]
and Mg—Li—Zn—Gd alloys [13]. After hot extrusion,
the phase composition of the alloy does not change,
but some diffraction peaks of W-phase and /-phase
are slightly more obvious.
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Fig. 1 XRD patterns of as-homogenized (a) and as-
extruded (b—d) Mg—8Li—6Zn—2Gd alloys with different
extrusion ratios of 10:1 (b), 16:1 (c), and 23:1 (d)

Figure 2 shows the SEM micrographs of
as-homogenized Mg—8Li—6Zn—2Gd alloy observed
at different magnifications. From low magnification
microstructure shown in Fig. 2(a), the as-homogenized
Mg—8Li—6Zn—2Gd alloy is a typical dual-phase
Mg-Li alloy composed of a-Mg matrix and f-Li
matrix, which is consistent with the XRD results
shown in Fig. 1. Light-gray a-Mg phase exists in
the alloy in block and long-strip shapes, and dark-
gray f-Li phase fills in the space between a-Mg
phases. Besides, a large number of spherical
particles are distributed in S-Li matrix and along the
a-Mg/f-Li phase interface, and some fishbone-like
eutectic structures and massive phases can be
observed in a-Mg matrix as well as along the
a-Mg/B-Li phase interface.
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Fig. 2 SEM micrographs of as-homogenized Mg—8Li—
6Zn—2Gd alloy
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From the high magnification microstructure
shown in Figs. 2(b) and (c), the contrast of eutectic
phase and massive phase is brighter than that of
spherical particle phase, which means that the
eutectic phase and massive phase contain elements
with larger atomic number. In order to identify
these second phases, EDS analysis was carried out
and the results are listed in Table 2. As shown in
Fig. 2(c), the massive phases marked by Point 4
and Point £ mainly contain Mg, Zn, and Gd, and
their Zn/Gd molar ratios are close to 1.5. The
eutectic phases marked by Point B and Point C
mainly contain Mg, Zn, and Gd, and their Zn/Gd
molar ratios are close to 6. The spherical granular
phase marked by Point D mainly contains Mg and
Zn but almost no Gd. Combined with the XRD
results and previous studies [10,14], the massive
phase, eutectic phase, and spherical granular phase
are confirmed to be W-phase (Mg3;Zn3Gd,), I-phase
(Mg3ZnsGd), and MgLiZn phase, respectively.
Therefore, the brighter contrast of massive phase
and eutectic phase is attributed to the existence of
Gd element with a large atomic number (Z=64). As
previously reported in Refs.[7,14], [-phase and
W-phase can be distinguished by their unique
morphologies in as-cast microstructure. That is,
the dendritic precipitate in fishbone-like eutectic
structure is /-phase, and the massive precipitate
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Fig. 3 EPMA images of as-homogenized Mg—8Li—6Zn—2Gd alloy

Table 2 EDS results of second phases marked by red
crosses in Fig. 2 (at.%)

Point in Fig. 2(c) Mg Zn Gd
A 88.67 6.88 4.45
B 86.85 11.32 1.83
C 89.21 9.28 1.51
D 82.44 17.55 0.01
E 90.71 5.53 3.76

1863

distributed along the phase interface or at the edge
of I-phase is W-phase [15,16]. The MglLiZn phase is
observed in the previous investigation of Mg—Li—
Zn—RE alloys, except for the granular MgLiZn
phase distributed in f-Li matrix and a-Mg/B-Li
phase interface, and the lamellar MgLiZn phase is
found in o-Mg matrix [8,10]. Herein, a small
amount of lamellar MgLiZn phase is distributed in
a-Mg matrix, but it is not very obvious.

Figure 3 displays the EPMA images of
as-homogenized Mg—8Li—6Zn—2Gd alloy. Clearly,
the granular MgLiZn phase with dark contrast
mainly contains Mg and Zn, and both the fishbone-
like eutectic /-phase and massive W-phase with
bright contrast mainly contain Mg, Zn, and Gd,
which are consistent with the EDS results in Fig. 2.
In addition, some massive W-phase can be found at

Mg level
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5179
4709
4239
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the edge of eutectic /-phase, and this W-phase
contains more Gd element and shows brighter
contrast compared with [-phase. As previously
reported [17], I-phase can be precipitated directly
from the melt through eutectic reaction (L—~ a-Mg +
I-phase), or obtained from the reaction of liquid
phase and W-phase through W-phase transformation
reaction (L + W-phase — a-Mg + I-phase). Therefore,
it can be observed that some W-phase and /-phase
are next to each other. Zn element is mainly

Extrusion direction

distributed in f-Li matrix because the solid
solubility of Zn in £-Li matrix (12.5 wt.%) is higher
than that of Zn in a-Mg matrix (6.2 wt.%). The
added Zn element partially forms MglLiZn phase,
I-phase, and W-phase, and the rest is mainly solid
dissolved in S-Li matrix.

Figure 4 shows the SEM micrographs of
as-extruded Mg—8Li—6Zn—2Gd alloy with different
extrusion ratios. After hot extrusion, both a-Mg
and f-Li phases are elongated along the extrusion

Cross-section

S S

Fig. 4 SEM images of as-extruded Mg—8Li—6Zn—2Gd alloy with different extrusion ratios of 10:1 (a, b), 16:1 (c, d),

23:1 (e, f)
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direction and distributed as banded structure, and
the banded structure becomes slender with the
increase of extrusion ratio. The granular MgLiZn
phase maintains its original morphology, the
fishbone-like eutectic /-phase is broken into fine
particles, and the massive W-phase is dispersed
more evenly after hot extrusion. Moreover, a kind
of threadlike phase can also be observed along the
grain boundaries of S-Li matrix in the as-extruded
alloys, and its morphology is similar to that of
the threadlike MgLi>Al phase in the as-extruded
Mg—Li—Al-Zn alloy [18,19]. It may be MgLiZn
phase precipitated from fA-Li matrix during hot
extrusion [20]. Therefore, it is evident that fS-Li
matrix undergoes DRX, and the grains are refined
remarkably. ImageJ software is used to measure the
average grain size of f-Li matrix. As the extrusion
ratio increases from 10:1 to 16:1, and 23:1, the
average grain sizes of f-Li matrix decrease
gradually and they are 6.35, 5.47, and 3.91 um,
respectively.

Figure 5 illustrates the OM images of the
as-homogenized and as-extruded Mg—8Li—6Zn—
2@Gd alloys. In order to observe the grains of a-Mg
matrix more clearly, the corrosion time is
accordingly prolonged, leading to the fuzzy grain
boundaries of S-Li matrix. It is mainly due to the

:'h !V” “DR\ ‘Tlalllz’a“

difference of corrosion resistance between a-Mg
matrix and f-Li matrix. After hot extrusion, the
a-Mg matrix changes from random distribution to
strip distribution along extrusion direction, and the
spacing between strip a-Mg matrix decreases with
increasing the extrusion ratio. When the extrusion
ratio is 10:1, some fine equiaxed grains and
elongated coarse grains can be found in a-Mg
matrix, indicating that incomplete DRX occurs in
a-Mg matrix during extrusion. With the increase of
extrusion ratio, the number of fine recrystallized
grains gradually increases, while the number of
elongated coarse grains gradually decreases.
However, when the extrusion ratio increases to 23:1,
there are still a few coarse deformed grains, which
indicates that the DRX of o-Mg matrix is
incomplete.

3.2 Texture

Figure 6 displays the orientation distribution
function (ODF) sections at ¢,=0° and ¢,=30° of
a-Mg matrix for as-homogenized and as-extruded
Mg—8Li—6Zn—2Gd alloys. In the as-homogenized
alloy, the texture of a-Mg matrix is formed mainly
by {0001}(2110) basal, {1120}(0001) and
{1010}(63310) prismatic texture components,
and the intensities of these texture components are

Fig. 5 OM images of as- homogemzed (a) and as-extruded (b—d) Mg—8L1 6Zn—2Gd alloys with different extrusion

ratios of 10:1 (b), 16:1 (c), and 23:1 (d)
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Fig. 6 ODF sections at ¢,=0° and ¢, =30° of a-Mg phase in as-homogenized (ai, a2) and as-extruded (bi—di, bo—d>)
Mg—8Li—6Zn—2Gd alloys with different extrusion ratios of 10:1 (bi, b2), 16:1 (ci, ¢2), and 23:1 (dy, d>)

close to each other. After hot extrusion, the
{0001}(2110) basal texture weakens gradually
with increasing the extrusion ratio, the
{1120}(0001) and {1010}(63310) prismatic
textures disappear and are replaced by the
{1120}(7079) and {1010}(2112) prismatic
textures. Moreover, the intensities of the
{1120}(7079) and {1010}(2112) prismatic
textures increase gradually with increasing
extrusion ratio and are stronger than that of
{0001}(2110) basal texture, which might be
related to the DRX behavior during hot extrusion.
As some literature [21,22] suggested, the {1010}
and {1120} prismatic textures result from the
uniaxial deformation and DRX during extrusion
process. As previously reported, texture analysis is
a power means to study the plastic deformation
mechanism and DRX nucleation mechanism of Mg
alloys [23]. Because deformation texture is the
result of the rotation and directional flow of grains
during plastic deformation, recrystallization texture
is caused by directional nucleation and selective
growth of crystal core during recrystallization. The
texture changes shown in Fig. 6 indicate that both
basal slip and prismatic slip are activated during

extrusion process and wherein prismatic slip
contributes more to the plastic deformation. The
reasons for texture evolution can be analyzed from
the following aspects. Firstly, alloying Li into Mg
alloy results in the increase of stacking fault energy
of a-Mg matrix and the decrease in the ¢/a ratio of
Mg lattice, which makes it easy for dislocation
slip to transfer from basal plane to non-basal
plane [24,25]. Additionally, the high temperature
of hot extrusion can sharply reduce the critical
resolved shear stress (CRSS) of prismatic slip [26].
The above reasons lead to prismatic slip becoming
the main deformation mechanism of a-Mg matrix in
this work, which is also the main reason why
Mg-Li alloy has incomparable plastic deformation
ability compared with common Mg alloy. Secondly,
the addition of Zn and Gd leads to the formation of
I-phase and W-phase in the alloy. They can act as
recrystallization nucleation during hot
extrusion to promote the DRX of a-Mg matrix and
inhibit the growth of recrystallized grains [12,27].
This recrystallization mechanism is called particle
stimulated nucleation (PSN) which can provide
more nucleating approaches for DRX texture and
weaken the basal texture [28]. Moreover, with

Ccores
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increasing the extrusion ratio (i.e. strain), more
dislocations are piled up around the second phases
or at the phase interfaces, and the Gibbs free energy
in the alloy may increase, which supply a greater
driving force for DRX [29]. Therefore, the fine
recrystallized grains of a-Mg matrix increase
gradually with increasing extrusion ratio. It has
been reported that fine grains with a grain size
smaller than 10 pm are beneficial to the activation
of non-basal slip, especially prismatic slip [30,31].
According to the above analysis, the grain
refinement caused by DRX also contributes to the
appearance of {1120}(7079) and {1010}(2112)
prismatic textures, and is the main reason for
enhancement of these prismatic textures with the
increase of extrusion ratio.

Figure 7 shows the orientation distribution
function (ODF) sections at ¢,=0° and ¢,=45° of
F-Li matrix in as-homogenized and as-extruded
Mg—8Li—6Zn—2Gd alloys. There is almost no strong
texture for the f-Li matrix in as-homogenized alloy,
showing a random texture distribution. According
to the texture distribution in Euler space for BCC
metals [32—34], obvious o fiber ({110)//extrusion
direction) and y fiber ({111}//normal direction) are
found on the ODF sections of f-Li matrix in
as-extruded alloys. With the increase of extrusion
ratio, the intensities of a fiber centered on
{100}(110), {111}(110), {331}(110) and y fiber

centered on {111}(110) increase gradually. Some
literature [32] suggests that a fiber and y fiber in
BCC metals are considered to be associated with
recovery and recrystallization, respectively. The
existence of strong a fiber means that the DRX
of f-Li matrix during hot extrusion is continuous
dynamic recrystallization (CDRX). Previous
research has illustrated that continuous dynamic
recrystallization occurs in f-Li matrix during hot
extrusion below 300 °C [19]. Due to the high
stacking fault energy, DRV is prone to occur in
[-Li matrix. The dislocations in the original
grains rearrange to form cellular structure (i.e.
subgrains), and then the adjacent subgrains merge
to convert low-angle grain boundaries into high-
angle grain boundaries, thereby achieving the DRX
nucleation of f-Li matrix. Moreover, the increase of
extrusion ratio leads to more dislocations and
higher Gibbs free energy, which promotes the
DRV and DRX of f-Li matrix. Therefore, strong o
fiber and y fiber appear in f-Li matrix after hot
extrusion and their intensities increase with
increasing extrusion ratio. In addition, {110}(110)
texture also appears after hot extrusion and its
intensity increases from 4.48 to 6.72 when the
extrusion ratio increases from 10:1 to 23:1. It has
been found that the {110}(110) texture in BCC
metals is related to DRX which appears in large
shear strain zone [35].
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Fig. 7 ODF sections at ¢,=0° and ¢,=45° of f-Li phase in as-homogenized (ai, a,) and as-extruded (bi—di, bo—d>)
Mg—8Li—6Zn—2Gd alloys with different extrusion ratios of 10:1 (bi, b2), 16:1 (ci, ¢2), and 23:1 (di, d>)



Yue-hua SUN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 833—845 841

3.3 Mechanical properties

Figure 8 displays the tensile stress—strain
curves of the as-homogenized and as-extruded
Mg—8Li—6Zn—2Gd alloys, and the corresponding
mechanical properties are listed in Table 3. The
ultimate tensile strength (UTS) and elongation ()
of the as-homogenized alloy are 185.8 MPa and
27.3%, respectively. Hot extrusion improves the
tensile strength and elongation of Mg—8Li—6Zn—
2Gd alloy at the same time. When the extrusion
ratio increases from 10:1 to 23:1, the UTS of the
alloy increases from 220.9 to 251.8 MPa, but the J
increases firstly and then decreases, and reaches the

maximum of 50.6% when the extrusion ratio is 16:1.

The improvement of mechanical properties is the
combined result of second phase strengthening,
grain refinement strengthening, and strain
hardening. Firstly, many studies [§—10] have shown
that introducing /-phase into Mg-Li alloy can
significantly improve the mechanical properties
of the alloy. The interface layer of a-Mg matrix
within 3—5 nm in thickness maintains a coherent
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Fig. 8 Tensile stress—strain curves of as-homogenized (a)
alloy and as-extruded (b—d) Mg—8Li—6Zn—2Gd alloys
with different extrusion ratios of 10:1 (b), 16:1 (c), and
23:1 (d)

Table 3 Mechanical properties of as-homogenized and
as-extruded Mg—8Li—6Zn—2Gd alloys

UTS/MPa o/%
Mean SD* Mean SD?*
As-homogenized 185.8 1.6 27.3 0.3
10:1 220.9 2.1 474 0.6
16:1 248.0 24 506 04
23:1 251.8 2.0 404 04

2 SD refers to the standard deviation from the mean value

State

As-

extruded

relationship  with  /-phase by periodically
introducing ledges and steps along the interface,
resulting in the rigid atomic bonding between a-Mg
matrix and /-phase [36]. After hot extrusion, the
I-phase in eutectic pockets is severely broken and
evenly distributed in o-Mg matrix, as shown in
Fig. 4. The tiny broken /-phase has a strong pinning
effect on grain boundaries, and no cracks are
observed at the a-Mg/I-phase interface. Therefore,
the existence and fragmentation of /-phase are
conducive to the strength and elongation of the
alloy. Moreover, as extrusion ratio increases, the
fragmentation degree of /-phase becomes severer
and the size becomes smaller, so that the pinning
effect on dislocations is better and the stress
concentration can be reduced. However, the
contribution of W-phase to mechanical properties is
very low due to its FCC structure and incoherency
between W-phase and alloy matrix [37]. And even it
is easy to cause stress concentration around
W-phase with a larger size during deformation,
leading to microcracks and fracture. Secondly, grain
refinement is considered to be the only method to
simultaneously improve the strength and elongation
of alloy. On the one hand, the second phases
(I-phase and W-phase) in the alloy induce
recrystallization nucleation and inhibit the growth
of recrystallized grains, resulting in a large number
of fine equiaxed recrystallized grains in the
as-extruded alloys. On the other hand, the stored
energy in the alloy increases with the increase of
extrusion ratio, which promotes DRX. Therefore,
the average grain sizes of a-Mg and pf-Li in
as-extruded alloys decrease with the increase of
extrusion ratio, and the result is an improvement in
both strength and elongation of the alloy. Thirdly, a
large number of dislocations entangle and
accumulate at grain boundaries and phase interfaces
after hot extrusion, and the dislocation density
increases with the increase of extrusion ratio,
resulting in strain hardening effect. However, fully
refined grains mean a decrease in the ability for
grains to store dislocations during stretching, which
is highly detrimental to the improvement of
plasticity. At the same time, higher grain-boundary
density means that more stress concentration areas
exist. It has been reported that the alloys with a
bimodal grain size distribution exhibit high strength
and high plasticity. The high strength mainly comes
from the high-density grain boundaries brought by
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grain refinement caused by recrystallization, while
high plasticity comes from the high potential for
storing dislocations in the non-recrystallized grain
boundary region [38,39]. Hence, strain hardening
usually leads to an increase in strength and hardness
but a decrease in elongation, which is also the main
reason for the decrease of elongation when the
extrusion ratio increases to 23:1. After hot extrusion,
the strong {1120}(7079) and {1010}(2112)
prismatic textures form in a-Mg matrix. These
textures mean that the basal planes of most grains
are not parallel or perpendicular to the extrusion
direction, but have an included angle of 26.6° and
60.1° with the extrusion direction. Therefore, the
texture hardening effect is very weak during the
tensile testing. As the extrusion ratio increases to
16:1, the alloy exhibits a higher tensile strength of
248.0 MPa and a maximum elongation of 50.6%.
After the extrusion ratio further increases to 23:1,
the strength of the alloy increases only slightly,
while the elongation decreases significantly. This
means that for Mg—8Li—6Zn—2Gd alloy, excellent
mechanical properties can be obtained by selecting
an extrusion ratio of 16:1. FENG et al [40] revealed

that the optimal extrusion ratio for Mg—8Li—3Al-
27Zn—0.5Y alloy was also 16:1.

Figure 9 displays the fracture morphologies of
as-homogenized and as-extruded Mg—8Li—6Zn—
2@Gd alloys. Clearly, the fracture morphologies of all
alloys are full of dimples, and some broken second
phases can be observed at the bottom of most
dimples, exhibiting typical ductile fracture
characteristic. Hot extrusion makes the dimples and
the particles distributed at the bottom of dimples
smaller, and the average size is the smallest when
the extrusion ratio is 16:1, which are consistent with
the mechanical properties shown in Fig. 8§ and
Table 3. The mechanism of ductile fracture in this
work is microvoid coalescence fracture. During the
tensile testing, many dislocations gather at the
interface between second phases or matrix and
o-Mg/f-Li phase interface. Due to the elastic-plastic
difference and incoherency orientation relationship
between matrix and second phases, many microvoids
come from the rupture of second phases, the
separation of second phases (W-phase and MgLiZn)
from matrix, and the separation of a-Mg/f-Li phase
interface. These microvoids gradually expand and

Fig. 9 Fracture morphologies of as-homogenized (a) and as-extruded (b—d) Mg—8Li—6Zn—2Gd alloys with different

extrusion ratios of 10:1 (b), 16:1 (c), and 23:1 (d)
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connect to each other to form microcracks, leading
to the final failure fracture.

4 Conclusions

(1) The as-homogenized Mg—8Li—6Zn—2Gd
alloy consists of a-Mg, f-Li, MgLiZn, I-phase, and
W-phase. After hot extrusion, a-Mg and f-Li matrix
phases are distributed as banded structures along
extrusion direction and undergo DRX. The eutectic
I-phase is broken into fine particles, while W-phase
maintains massive shape but its distribution is more
uniform. With increasing the extrusion ratio, the
fine equiaxed grains in a-Mg and f-Li matrixes
gradually increase and the grains are obviously
refined.

(2) For a-Mg matrix, as the extrusion ratio
increases, the {0001}(2110) basal texture
weakens gradually, and the {1120}(0001) and
{1010}(63310) prismatic textures disappear.
Moreover, the {1120}(7079) and {1010}(2112)
prismatic textures appear and their intensities
increase gradually. For f-Li matrix, o fiber, y fiber,
and {110}(110) textures are observed after hot
extrusion, and their intensities increase gradually
with the increase of extrusion ratio.

(3) The as-homogenized Mg—8Li—6Zn—2Gd
alloy has a UTS of 185.8 MPa and a ¢ of 27.3%.
After hot extrusion, both the UTS and ¢ of the alloy
are significantly improved, which is mainly
attributed to second phase strengthening, grain
refinement strengthening, and strain hardening. As
the extrusion ratio increases to 16:1, the alloy
exhibits the best comprehensive mechanical
properties with UTS of 248 MPa and ¢ of 50.6%.
When the extrusion ratio increases to 23:1, the UTS
increases slightly, but the J decreases significantly.
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