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Mg-Li alloy is the lowest density structural metal, which has great potential for
various industrial applications. Although Mg-Li alloy has excellent plasticity, it
has low strength and requires further strengthening. In this study, the grain size
of Mg-14 wt% Li alloy was refined to 15.7 pm by the addition of 6 wt% Sn, the
initial grain size of as-cast Mg-14Li alloy was 180 um. Furthermore, the grain
size of Mg-14Li-6Sn was further refined to 400 nm by the subsequent large
strain rolling (LSR). The yield strength of the ultra-fine grained Mg-14Li-6Sn
reached 160 MPa, and the elongation was not sacrificed but increased to 30%
compared with the as-cast alloy (14%). The microstructural evolution was
characterized by optical microscopy (OM), scanning electron microscope
(SEM) and transmission electron microscopy (TEM). The high ductility of the
ultra-fine grained Mg-14Li-6Sn is attributed primarily to the dynamic recovery,
and the increase in strength is mainly due to the grain refinement.
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1 Introduction

Magnesium alloy is the lowest density metallic structural material in the world, and
can be used in aerospace, military, transportation and other fields (Knochel, 2009; Pollock,
2010; Yin et al., 2020). However, the application of the magnesium alloy is limited due to
the poor plasticity at room temperature (Wu and Curtin, 2015; Wang et al., 2020a; Wang
etal., 2021). According to the Taylor criterion, five independent slip systems are required
for polycrystalline materials to undergo generally uniform deformation (Yoo, 1981). The
plastic deformation of magnesium alloys at room temperature is mainly provided by the
basal <a> slip (1/3 < 113>), while the basal <a> can only provide two independent slip
systems. The pyramidal < ¢ + a> dislocations have five independent slip systems (Groves
and Kelly, 1963; Kocks and Westlake, 1967; Xu et al., 2019). However, the critical shear
stress (CRSS) for < c+a> dislocations is 2.5 times higher than that for <a> dislocations
(Del Valle et al., 2006), and <c+a> dislocations are difficult to activate at room
temperature. Therefore, improving the slip ability of <c+a> dislocations plays an
important role in improving plasticity.
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With the addition of Li, the density of magnesium alloy is
further reduced, and the plasticity is increased (Abdullaev et al.,
2019; Jin et al., 2022). The addition of Li promotes the activation
of < ¢ + a > pyramidal slip. Through TEM dislocation analysis,
Agnew et al. (2001) found that the deformed Mg-4.8 wt% Li
sample contains more evenly distributed < ¢ + a > dislocations
than the pure Mg sample. Al-Samman deduced from texture
analysis that the < ¢ + a > pyramidal slip in Mg-Li alloys is
enhanced, and the alloys show great ductility (Al-Samman,
2009). For instance, the plasticity of Mg-16Li alloy can reach
more than 35% (Ji et al., 2020a). However, low strength and
instability are still the main factors restricting the development of
Mg-Li alloys (Wang et al., 2020b; Jin et al., 2020).

Traditionally, the strengthening of magnesium can be
achieved by ultra-fine grain (UFG) or nanocrystalline (NC)
grains (Yeh et al., 2004; Ji et al., 2020b; Wan et al,, 2020). For
the purpose of grain refinement, many severe plastic deformation
(SPD) methods have been used during the deformation
processing, (such as equal channel angular extrusion, ECAE;
accumulative roll bonding, ARB; or high pressure torsion, HPT).
Although these methods have been proven to produce relatively
small grains, such methods are not very suitable for commercial
production. In previous studies, Pérez-Prado et al. (2005),
Eddahbi et al. (2005) obtained the fine-grained strengthened
AZ31 alloy through LSR. The idea of LSR is to produce the largest
amount of deformation through the fewest rolling passes without
causing cracking. Compared with other processing methods
based on SPD, the advantages of LSR are simplicity and the
possibility of forming large parts (sheets) (Pérez-Prado et al,
2005).

For Mg-Li alloy with high Li content, the grains are generally
coarse, for example, the grain size of as-cast LA141 alloy is above
100 pum, and some of them even reach 600 um (Liu et al., 2008;
Ma et al., 2021). Therefore, obtaining the ultra-fine grained Mg-
Li alloy with high Li content has attracted much attention. In this
study, we successfully obtained an ultra-fine grained Mg-14Li-
6Sn alloy by LSR, investigated the influence of LSR on the
microstructural evolution and mechanical behavior of as-cast
alloy and discussed the strengthening mechanisms relative to
mechanical properties systematically.

2 Experimental processes
2.1 Alloy preparation

Two alloys with nominal compositions of Mg-14Li (wt%,
denoted as “L14” below) and Mg-14Li-6Sn (wt%, denoted as
“LT146” below) were prepared by melting pure metals,
(99.95 wt%), (99.90 wt%),
(99.90 wt%), in an induction melting furnace under the

magnesium lithium pure tin
ambient of argon gas. The ingots were melted at 720°C for

20 min in iron crucible. The melt was protected only by argon
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TABLE 1 Actual composition of the Mg-14Li and Mg-14Li-6Sn alloys
by mass fraction, % as determined ICP-MS.

Alloy Li Sn Mg
Mg-14Li 13.65 — Bal
Mg-14Li-65n 13.82 5.75 Bal

gas without flux. The melt was poured into a steel mold. The
density of the Mg-14Li and Mg-14Li-6Sn alloys was measured by
the Archimedes principle, 1.44 g/cm® and 1.52 g/cm’. The actual
composition of the alloy was determined by inductively coupled
plasma-mass spectroscopy (ICP-MS, Thermo Fisher Scientific
iCAP 7,400), and listed in Table 1.

2.2 Rolling process

The LT146 alloy was cut into 50 mm x 25 mm X 18 mm
plates for rolling. Then the plates were processed by LSR, with the
rolling speed of 628 cm/min, the rolling temperature of 230°C,
the heating time of the ingot prior to rolling was 5 min, and the
reduction of 80% by a single pass. Subsequently, water quenching
of the specimens was carried out to retain the as-deformed
microstructure. In order to investigate the deformation
mechanism of LSRed LT146 alloy, the LSRed sample was cold
rolled with 15% reduction at room temperature. In order to
eliminate the effect of residual dislocation after LSR, the LSRed
alloy was annealed at 150°C for 30 min before cold rolling.

2.3 Tensile tests

The tensile tests were conducted with the plate shape specimens
with gauge length and width of 18 and 3 mm, respectively, along the
rolling direction (RD). The tensile properties were tested on Instron
5,948 Micro-Tester with a Video Non-Contact Extensometer at an

initial tensile strain rate of 0.5 mm/min.

2.4 Microstructure characterization

The as-cast and as-rolled specimens were mechanically
polished and etched with a reagent consisting of 3% nitric
acid and 97% ethanol to analyze their microstructure by
optical microscopy (Leica DMI3000 M). TEM (FEI Talos
F200X G2) with an accelerating voltage of 200 kV was used to
the Thin TEM
characterization were prepared by mechanical polishing
(~40 um) followed by ion beam thinning (GATAN, PIPS II
695). SEM (Thermoscientific Apreo S Lovac) was also used to

characterize microstructure. foils  for

analyze the microstructure.
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FIGURE 1
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Microstructure of as-cast alloys. (A) Optical micrograph of the as-cast L14. (B) as-cast LT146. (C) SEM micrograph of as-cast LT146, (D) statistical

grain size distribution of as-cast LT146.

3 Results and discussion
3.1 Microstructures

3.1.1 Microstructure of as-cast L14 and as-cast
LT146 alloy

The microstructure of the as-cast L14 and as-cast LT146 alloys is
shown in Figure 1. The optical microstructure (OM) of the as-cast
L14 is shown in Figure 1A. The as-cast L14 alloy contains coarse
columnar grains with a primary dendrite arm space (DAS) of
approximately 180 pm. The average grain size was determined by
the mean linear intercept method. Figure 1B is OM of the as-cast
LT146. With the addition of Sn, the grains are refined, and the coarse
columnar grains are transformed into the fine equiaxed grains.
Figure 1C shows an SEM image of the as-cast LT146 alloy. A
large number of eutectic structures exist at the grain boundary, the
chemical formula of the second phase was MgLi,Sn/Mg,Sn (Zhang
et al,, 2021). The grain size distribution of the as-cast LT146 alloy is
given in Figure 1D, with an average grain size of 15.7 um. The coarse
columnar grains in the as-cast L14 alloy indicate that the grains only
grow in the direction of the primary crystal axis during the
solidification. However, the formation of the eutectic structure
prevents grain growth along the primary crystal axis direction,
allowing the grains to grow evenly in all directions. Therefore, the
grain of the LT146 alloy is greatly refined and equiaxed.

Frontiers in Materials

3.1.2 Microstructure of LT146-large strain rolling
alloy

Figure 2 shows the macro-optical photograph and SEM
micrographs of the LT146-LSR sample. After rolling with an
80% reduction, no cracks can be observed. Meanwhile, the
second phase at the original grain boundary shows a
discontinuous distribution along the rolling direction, with
some of the original coarse ones being broken into fine phases.

Figure 3A is a bright-field TEM image of the LT146-LSR
alloy. The fine grains are evenly distributed within the matrix,
which indicates that the matrix has undergone dynamic
recrystallization during the LSR. Statistics show that the size
of the recrystallized grain is approximately 400 nm.

The selected area electron diffraction (SAED) pattern is
shown as a ring pattern (Figure 3B), indicating that most of
the grains are randomly oriented and the grain boundary is a
type of the high angle grain boundaries (HAGBs). The
inhomogeneous deformation contrast of most grains
indicates that the ultrafine grains are generated by
deformation but have undergone recrystallization.
Figure 3C is a bright-field TEM image near the broken
second phase. It can be seen that some dynamic
recrystallised grains with a size of approximately 60 nm
are distributed on the surface of the second phase,
suggesting that both continuous dynamic recrystallization
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FIGURE 2

Macro and Microstructure of LT146-LSR sample. (A) The macro-optical photograph. (B) SEM micrograph.

FIGURE 3

TEM characterization of the LT146-LSR. (A) Bright-field TEM image of LT146-LSR alloy, (B) corresponding selected-area diffraction pattern, (C)

bright-field TEM image near the broken second phase.

and discontinuous dynamic recrystallization occurred during
the rolling process. Discontinuous dynamic recrystallization
is facilitated by the broken second phase providing nucleation
sites for recrystallized grains. The high temperature during
the rolling processes enhances the ability of dislocation
movement and cause continuous dynamic recrystallization.

Figure 4 shows typical dark-field TEM image of the
LT146-LSR sample under two-beam conditions, using
reflections at g = 0002. A large number of dislocations
have been generated in the matrix during the LSR.
According to the g ®© b = 0 invisibility criterion, these
dislocations should be < ¢ + a > (1/3 [113], 1/3 [113], 1/
3 [113]) or < ¢ > ([0001]) (Sandlobes et al., 2013). In crystal,
the line direction of the pure edge or screw dislocation is
perpendicular or parallel to the Burgers vector, while the
mixed dislocations are neither perpendicular nor parallel to
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the Burgers vector. Therefore, if the dislocation line is curved,
it must be a mixed dislocation containing both an edge
component and a screw component (Liu et al., 2019). The
dislocation lines in Figure 4 are curved (as shown by the red
dotted line), so they are mixed < ¢ + a > dislocation rather
than < ¢ > dislocations. In addition, no deformation twinning
was detected in the TEM analysis, mainly because the high
rolling temperature used in this study reduced the CRSS of < ¢
+ a > dislocations and therefore inhibited deformation
twinning (Oh-Ishi et al., 2009). It has been reported (Sakai
et al,, 2014) that the occurrence of dynamic recrystallization
(DRX) requires critical dislocation density and thermal
effects (Zareian et al., 2020). In addition, the large strain
deformation can efficiently inhibit the annihilation of
dislocations, thereby improving the work hardening effect
of the alloy, which facilitates the formation of high-density
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FIGURE 4

Bright-field TEM image detected from the LT146-LSR sample
under two-beam diffraction conditions of g = 0002.

FIGURE 5

>
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10.3389/fmats.2022.1050764

dislocations and provides conditions for the formation of
ultrafine-grained structures. With the higher volume fraction
of the second phase, there is a higher degree of the
the This

inhomogeneity increases the strain during the rolling

microstructure  heterogeneity  in alloy.
process (Kumar et al., 2011; Jin et al., 2015; Huang and
Logé, 2016), thereby increasing the dislocation density and
the
homogeneous microstructure. Therefore, the generation of
UEFG is attributed to the high < c+a> dislocation density and

rapid motion ability of dislocations. The non-cracking of the

providing necessary conditions for obtaining a

alloy after a single pass of 80% rolling is due to the activation
of a large number of <c+a> dislocations.

3.2 Mechanical properties

The true stress-true strain curves are shown in Figure 5A.
The corresponding mechanical properties data are listed in
Table 2. The yield strength of the as-cast L14 alloy is 67 MPa.
After the addition of 6 wt% Sn, the yield strength increases to

84 MPa, while the elongation decreases to 14%. With the

2000
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Mechanical properties. (A) True stress—true strain curve for as-cast L14, as-cast LT146 and LT146-LSR, (B) work hardening rate-true strain
curves of the as cast L14, (C) work hardening rate-true strain curves of the as cast LT146, (D) work hardening rate-true strain curves of the LT146-LSR.

Frontiers in Materials

05

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1050764

Jia et al.

10.3389/fmats.2022.1050764

FIGURE 6

SEM tensile fracture surfaces of (A) as cast L14, (B) as-cast LT146, and (C) LT146-LSR. The inserted of (B) is the corresponding backscatter SEM

image.

FIGURE 7
TEM images detected from the 15% deformed LT146-LSR
alloy.

decrease of grain size, the volume fraction of grain boundary
increases and dislocation sources decrease. In addition, the
smaller the grains, the shorter the slip distance of dislocations.
Thus the work hardening rate of as-cast Mg-14Li is higher than

Frontiers in Materials

that of as-cast Mg-14Li-6Sn alloy. The strength improvement is
mainly attributed to grain refinement. After the LSR, the yield
strength of the LT146-LSR alloy increases sharply to 160 MPa,
while the elongation does not decrease but increases to 30%. For
typical magnesium alloys such as Mg-Re and Mg-Ca alloys, the
yield strength will be higher than 400 MPa when the grain size is
refined to less than 1 um (Pan et al.,, 2018; Wan et al,, 2020).
However, the yield strength of the alloy with ultra-fine grains in
this study is much lower than this value. This indicates that the
Mg-Li alloy with high Li content has a lower k value than the
traditional magnesium alloys. The strength improvement of
UFGed magnesium alloys is achieved at the expense of
plasticity, and this is because as the grain size decreases to the
sub-micron level, the distance of dislocation movement also
decreases (Pan et al.,, 2018; Zhang et al.,, 2020). In this study,
however, it is the opposite that occurs. When the grain size of the
LT146-LSR alloy is refined to the sub-micron level, the plasticity
is not reduced but is greatly improved.

Figures 5B-D respectively show the work hardening rate-
true strain curves of as-cast L14, as-cast LT146, and LT146-

TABLE 2 Tensile properties of the L14 and LT146 at different states.

Materials Conditions YS (MPa) UTS (MPa) & (%)
L14 cast 67 99 21
LT146 cast 84 123 14
LT146 LSRed 160 — 30
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LSR alloys. As-cast L14 and as-cast LT146 experienced a
relatively long period of positive work hardening rate after
yielding. However, after yielding, the work hardening rate of
LT146-LSR decreased sharply to -34 MPa and remained at this
value until fracture. There is an inevitable connection between
the work hardening rate and the deformation mechanism.
More specifically, a high work hardening rate indicates that
more dislocations can be generated during the deformation,
thereby slowing the occurrence of necking and improving the
capability of uniform plastic deformation (Han et al., 2006).
When the work hardening rate decreases to zero, it indicates a
dynamic equilibrium between dislocation creation and
annihilation, that is, dynamic recovery takes place during
deformation. In this study, although the LT146-LSR alloy
has a work hardening rate below zero during plastic
deformation, it still has a greater elongation than the other
two alloys. This indicates that dynamic recovery occurs in the
early stage of plastic deformation, avoiding the occurrence of
local stress concentration.

Figure 6 shows the morphology of tensile fractures, which
vary considerably in different states. The fractures of the as-cast
L14 alloy are mainly composed of large and deep dimples, but the
dimples are not uniformly distributed (Figure 6A). This is mainly
because the local stress concentration tends to easily occur in the
coarse grains, thus providing nucleation sites for cracks. The
fractures of as-cast LT146 and LT146-LSR are mainly composed
of fine and homogeneous dimples Figures 6B,C, indicating
homogeneous deformation. The insert in Figure 6B shows the
corresponding backscatter SEM image. The presence of some
second phases at the bottom of each dimple indicates that the
fracture first occurs at the interface between the second phase and
the matrix, which reduces the elongation of the as-cast
LT146 alloy.

In order to investigate the mechanism of the dynamic
recovery, the annealed LT146-LSR alloy was cold rolled with
15% reduction, and then characterized the deformation.
Figure 7 is a bright-field TEM image of the 15% cold rolled
the

are

sample. In deformed structure, no high-density

dislocations found, and only low-angle

grain
boundaries formed by the rearrangement of dislocations are
identified. This that the of
dislocations during the deformation caused a dynamic

indicates rearrangement
recovery. Thus, until fracture. The dynamic recovery is
mainly controlled by dislocation climbing and cross slip,
the dislocation climbing occurs at high temperature, the
cross slip is the main deformation mechanism of deformed
Mg-Li alloy with high lithium content (Wu et al., 2010), When
the movement of a dislocation on the original slip plane is
blocked, it will be transferred from the original slip plane to
another slip plane intersecting with it to continue slipping.
Therefore, during the tensile test, the work hardening rate of
LT146-LSR remained at a stable value (-34 MPa) and the
LT146-LSR alloy has a high elongation.
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4 Conclusion

This paper investigates the microstructural evolution and
mechanical properties of the LT146 alloy processed by LSR at
230°C. The conclusions can be drawn as follows.

(1) The addition of 6 wt% Sn transforms the coarse columnar
grains of the as-cast Mg-14Li alloy into the fine equiaxed
grains with a size of 15.7 um. The yield strength increases
from 67 MPa to 84 MPa. However, the elongation decreases
due to preferential fracture at the interface of the matrix and
the second phase.

@]

~

LT146 alloy undergoes complete dynamic recrystallization
during LSR, and the grains are refined to 400 nm.

The yield strength and fracture elongation of the LT146-LSR
alloy are 160 MPa and 30%, respectively. Compared with the

3

as-cast LT146 alloy, the strength and plasticity are increased
by 1.9 times and 2.14 times, respectively.
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