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Effects of Sn on microstructure of as-cast and as-extruded Mg—9Li alloys
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Abstract: The effects of Sn addition on the microstructure of as-cast and as-extruded Mg—9Li alloys were investigated. The results
show that a-Mg, S-Li, Li,MgSn, and Mg,Sn are primary phases in the microstructures of the as-cast and as-extruded Mg—9Li—xSn
(x=0, 5; in mass fraction, %) alloys. Li,MgSn phase evolves from continuously net-like structure in the as-cast state to fine granular
in the as-extruded state. After the extrusion, Mg—9Li—5Sn alloy has finer microstructures. Li,MgSn or Mg,Sn compound can act as
the heterogeneous nucleation sites for dynamic recrystallization during the extrusion due to the crystallography matching relationship.
Extrusion deformation leads to dynamic recrystallization, which results in the grain refinement and uniform distribution. The
as-extruded Mg—9Li—5Sn alloy possesses the lowest grain size of 45.9 pm.
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1 Introduction

Magnesium—lithium (Mg—Li) alloys, which are
among the lightest metallic alloys, have some attractive
properties including low density, high specific strength
and good damping ability. Therefore, they have been
widely used in aerospace structural applications [1,2].
According to Mg—Li phase diagram [3], Mg—Li alloy
with 5%—11% Li exhibits a dual phase structure, which
is comprised of Mg-based a-phase (HCP) and Li-based
fS-phase (BCC).

The Mg—Li dual phase alloys show better ductility
[4] and lower strength. For example, yield strength and
elongation of the as-cast Mg—9Li alloy are 85 MPa and
46%, respectively [5]. In order to improve their strength,
many approaches have been used. Rapid solidification
[6,7], directional solidification [8] and equal channel
angular pressing (ECAP) [9] have been reported in
recent years. However, the complicated process, high
cost and strict technical requests limit their further

applications. Rolling and extrusion can improve

microstructure and mechanical properties mainly due to
the reduction of grain size caused by dynamic
recrystallization, but the improvement is limited [10,11].

Matrix composite reinforcement [5] and multi-
element alloying [12] can increase the strength, but
sacrifice lightness and ductility. Furthermore, Al and Zn
are the most widely used elements in multi-element
alloying. However, MgLi,Al and MgLiZn intermetallic
compounds will be formed and transformed to the
compounds with no strengthening effect on Mg—Li alloy.
The over-aging appears in Mg—5Li—3Al-2Zn alloy due
to the existence of Li,MgAl or LiMgZn [13]. Previous
works have shown that Sn has a good refinement effect
on Mg—7Zn—5Al based alloy [14] and Mg—5Li—3Al-
27Zn alloy [13]. But the matrix of these two alloys is
a-Mg, and as for the second alloy, over aging exists due
to the existence of Li,MgAl or LiMgZn.

In the present work, in order to develop new Mg—Li
alloy containing Sn, Mg—9Li—5Sn alloy is selected as the
experimental alloy. Based on the Mg—Li—Sn ternary
phase diagram [15], Li,MgSn will be formed in
Mg—9Li—5Sn alloys and is chemically steady. Through
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the examination of crystallography data based on the
edge-to-edge matching model [16], Li,MgSn has good
crystallography matching with a-Mg and f-Li and thus
has large potential to refine the microstructure consisting
of a-Mg and p-Li. So far, few literatures have reported
the effect of Sn addition on microstructure and the
mechanism of the grain refinement of Li,MgSn.

2 Experimental

The materials used in the experiment were
commercially pure Mg (99.9%), pure Li (99.9%), and
pure Sn (99.9%). Before melting, all the materials were
polished to remove surface oxide. The charging was
made according to the nominal chemical compositions,
Mg—9Li and Mg—9Li—5Sn. Then, they were put into a
steel crucible (90 mm in diameter and 250 mm in height)
and a vacuum induction furnace was used to melt the
charging under the protection of argon atmosphere. All
the chargings were heated to 730 °C until complete
melting, then held for 10 min and cooled down in the
furnace until complete solidification. Consequently, cast
ingots of 85 mm in diameter and 150 mm in height were
gained. The chemical compositions of the as-cast alloys
were measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and the results are
listed in Table 1.

Table 1 Chemical composition of as-cast alloys (mass fraction,
%)

Nominal composition

Actual composition
Mg—8.40Li
Mg—8.46Li—5.04Sn

Mg—-9Li
Mg—9Li—5Sn

The ingots were milled to 75 mm in diameter and
100 mm in height, and then were extruded with the
extrusion ratio of 27 at 250 °C. The microstructure
analysis and phase analysis were conducted with an
optical microscope (OM), scanning electron microscope
(SEM) with energy dispersive spectroscope (EDS), and
X-ray diffractometer (XRD). The grain size was
measured by the linear interception method at the centre
of the transverse sections.

3 Results and discussion

3.1 Microstructure of as-cast Mg—9Li—xSn alloys
Optical microstructures of the as-cast alloys, shown
in Fig. 1, are observed as typical dual-phase structure
Mg—9Li alloy, with the white blocky part for Mg-rich a
phase and the grey area for Li-rich £ matrix. In addition,
as for Mg—9Li—5Sn alloy, some unknown compounds
(dark area) exist and distribute in the as-cast alloy as

coarse net-like structure which means that these
compounds were formed at higher temperatures. From
the SEM image and EDS result of the as-cast
Mg—-9Li—5Sn alloy (Fig. 2), the majority of the
compounds (point A) are characterized as a large
quantity of coarse plate-like features. As for the chemical
composition, the Sn content is high and the mole ratio of
Mg to Sn is very close to 1, consistent with the mole
ratio of Mg to Sn in Li,MgSn. There are some other
compounds which are fine granular and locate in the
matrix such as point B, so it is possible that these
compounds were precipitated at lower temperatures. The
mole ratio of Mg to Sn in these compounds is found to
be more than 2, so the compound (point B) could be
Mg,Sn. According to Mg—Li—Sn phase diagram [15],
Li,MgSn is formed over 609 °C at which the alloy is at a
molten state and Mg,Sn is precipitated from the solid
f-Li phase below 550 °C. Therefore, the coarse plate-like
compound and the fine granular compound should be
Li,MgSn and Mg,Sn, respectively.

Fig. 1 Optical microstructures of as-cast alloys: (a) Mg—9Li
alloy; (b) Mg—9Li—xSn alloy

In order to further determine the phase composition,
XRD analysis was conducted and shown in Fig. 3. a-Mg
and fS-Li phases exist in these two alloys, and there are
also Li,MgSn and Mg,Sn in Mg—9Li—5Sn alloy. It is
difficult to distinguish peaks of the compounds
containing Sn because these two compounds have the
same lattice structure and possess very close lattice
constants, ay; sy =0.6764 nmand  ay, g, =0.6759 nm.
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Fig. 2 SEM image of as-cast Mg—9Li—5Sn alloy (a) and
corresponding EDS spectra of point 4 (b) and point B (c)

3.2 Microstructure of as-extruded Mg—9Li—xSn alloys

Although the obvious dual-phase structure cannot
be observed in optical microstructures of the as-extruded
alloys shown in Fig. 4, XRD results of the as-extruded
Mg—9Li—xSn alloys (Fig. 5) confirmed the existence of
o-Mg and f-Li phases in both two alloys. After the
extrusion, the grains of the Mg—9Li—xSn alloys are
refined markedly, characterized as homogeneous and
equiaxed, compared with the as-cast ones (see Fig. 1).
The grain size of the as-extruded Mg—9Li—5Sn alloy is
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¢+ — LiOH-H,O
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Fig. 3 XRD patterns of as-cast Mg—9Li—xLi alloy (LiOH-H,O
was observed in the XRD result because Li is highly chemical

activity and is easy to react with H,O during the sample
preparation. Basically, its existence does not disturb the
observation)

Fig. 4 Microstructure of as-extruded Mg—9Li alloy (a) and
Mg—9Li—5Sn alloy (b)

reduced to 45.9 um, which is much finer than that of the
as-extruded Mg—9Li alloy (84.2 pum).

Figure 6 and Table 2 show the SEM images and
EDS results of the as-extruded Mg—9Li—5Sn alloys.
Li,MgSn and Mg,Sn compounds become granular and
distribute  depressively due to the dynamic
recrystallization and extrusion stress during extrusion.



Bin JIANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 904—908 907

Mg

Li

Li,MgSn or Mg,Sn
¢+ — LiOH-H,0

[ 2

. L . Mg-9Li-58n $

©
Mg—GLu
P
1 L% 1 1 1 1

20 30 40 50 60 70 80 90
200(°)

Fig. 5 XRD patterns of as-extruded Mg—9Li—xLi alloys
(LiOH-H,O was also observed. Its existence does not disturb

the observation)

Fig. 6 SEM image of as-extruded Mg—9Li—5Sn alloys

Table 2 Corresponding EDS results of points in Fig. 6 for
as-extruded Mg—9Li—5Sn alloy

misfit (f;) is less than 10% between the particle and the
matrix. In addition, there should have one more pair of
CP planes containing the CP atomic rows which have
interplanar spacing (d-spacing) mismatch (f) less than
10%. This pair of CP planes are called matching planes.
Thus, the values of f; and fj can be used to evaluate the
relative grain refining potency of inoculated particles.
According to XRD results, three main close packed
planes of Li,MgSn or Mg,Sn, f-Li and a-Mg are
calculated and shown in Table 3.

Table 3 Three main close packed planes

a-Mg p-Li Li,MgSn or Mg,Sn
(1011) (110) 11
(0002) (200) (200)
1011) (210) (220)

Based on the calculation method [16], the matching
plane pairs to meet the E2EM requirement are listed in
Table 4. 1t a preferable
crystallography orientation relationship (OR) between
a-Mg or p-Li and Li;MgSn or Mg,Sn. Therefore,
Li,MgSn or Mg,Sn can serve as the grain refiner for

shows that there is
Mg—9Li—xSn alloys during extrusion.

Table 4 Mismatch values of potential matching planes for Li
and compounds (%)

Matching plane Mismatch value/%
(101 1) mg/(220)1i MgSn or Me,sn 2.47
(0002)ng/(220)1i,Mgsn or Me,n 8.20
(110) 1; /(220)1; mgsn or Mg, sn 3.57

Position w(Mg)/% w(Sn)/% Total/%
A 100.00 100.00
B 81.46 18.54 100.00

3.3 Mechanism of grain refinement of as-cast and

as-extruded Mg—9Li—xSn alloys

It has been reported that crystallographic matching
between the particles and the metal matrix determines
the grain refining efficiency of inoculated particles [17].
The edge-to-edge matching (E2EM) model is a simple
and effective way to checkout this matching and
comprehend the grain refinement mechanism [16]. In
general, effective heterogeneous nucleation sites need to
achieve the maximum atomic matching between particle
and matrix across the interface. To meet the demand, the
E2EM model shows that there should be at least a pair of
close-packed (CP) atomic rows which are -called
matching rows, and along which the interatomic spacing

As for the as-cast alloy, according to Mg—Li—Sn
ternary phase diagram [15], the procedure of
solidification of Mg—9Li—5Sn alloy is from Li,MgSn,
f-Li, and a-Mg, to Mg,Sn. The growth restriction factor
of Sn element in f-Li is almost zero by the calculation
method reported by EASTON and STJOHN [18]. Thus
as the solute element, Sn element has almost no
of as-cast
microstructure of Mg—9Li—5Sn alloy. Due to the
confirmed crystallography OR between Li,MgSn or
Mg,Sn and p-Li, Li,MgSn should have good grain
refinement effects on the as-cast microstructure of
Mg—9Li—5Sn alloy, although it is unclear because the
p-Li grains could not be shown in the optical
microstructure due to the phase boundary of f-Li and

contribution to the grain refinement

a-Mg. Mg,Sn is precipitated from o-Mg at lower
temperatures and thus it has no grain refinement effect
on the as-cast microstructure of Mg—9Li—5Sn alloy.
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4 Conclusions

1) Mg—9Li—xSn (x=0, 5 mass fraction in %) alloys
are mainly composed of a-Mg and f-Li, and Li,MgSn
and Mg,Sn also exist in the alloy containing Sn. After
the extrusion, microstructures of Mg—9Li—xSn alloys are
refined markedly, characterized as homogeneous and
equiaxed grains due to the dynamic recrystallization
during extrusion.

2) After Mg—9Li—5Sn alloy is extruded with the
extrusion ratio of 27 at 250 °C, Li,MgSn is changed as
fine granular from continuously net-like structure.
Li,MgSn or Mg,Sn phase has less than 10% mismatch
with both a-Mg and f-Li matrix calculated by
edge-to-edge matching model. Therefore, Li,MgSn or
Mg,Sn acts as heterogeneous nucleation site for a-Mg
and p-Li grains, and serves as a grain refiner for
Mg—9Li—5Sn alloy during extrusion.
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