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Abstract: The influence of mischmetal (lanthanum and cerium) on the microstructure and mechanical properties of
Mg-9Li-3AlI-xRE (x=0, 0.5, 1, 1.5, 2, wt%) alloys was investigated by optical microscope, scanning electron microscope (SEM)
with an energy dispersive spectroscope (EDS), and X-ray diffraction (XRD). In as-cast alloys, Al,RE phase is formed, the content
of Mgi7Al;; phase and the volume fraction of a-Mg phase decrease. In addition, a-Mg phase is refined and the mechanical
properties of Mg-9Li-3AI-xRE alloys are improved. However, with increasing mischmetal content, the size of AI.RE phase
increases and the mechanical properties decrease. In extruded alloys, Al,RE phase is broken into the particles of 1~3 um in the
S-Li matrix phase and o/f interphase. And the best mechanical properties are obtained for Mg-9Li-3Al-1.5RE alloy with a tensile
strength of 228.3MPa and elongation of 20.8%, increased by 88.6% and 197.4%, respectively, compared with as-cast Mg-9Li-3Al

alloy.
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Mg-Li alloy is one of the lightest metallic structural
materials™?. According to the Mg-Li binary phase diagram,
Mg-Li alloy possesses a-Mg (hcp) + -Li (bcc) phase duplex-
phase structures at room temperature with Li content between
5.7 wt% to 11.3 wt%!“. The bcc g-Li matrix phase is soft and
ductile, in which the hard a-Mg phase distributed uniformly®.
Thus the g-Li phase is beneficial to the ductility while a-Mg
phase is good for the strength. Hence, the dual-phase Mg-Li
alloys usually have better comprehensive mechanical
properties than the alloys with single phase (a-Mg or g-Li)®*!.
However, the mechanical properties of Mg-Li binary alloy is
relatively poor which hinder the application in industry®*.

Therefore, many methods have been explored for
improving the mechanical properties of Mg-Li alloys, such as
deformation strengthening, precipitation hardening and
alloying strengthening. Strengthening of Mg-Li alloys via the
introduction of alloying element represents an effective
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approach actively being studied and implemented. The
frequently used alloying elements include aluminum, zinc,
calcium and rare earths™ ¥, As the most common alloying
elements, Al and Zn can significantly improve the mechanical
properties of Mg-Li alloys due to the solution strengthening
and grain refinement 4%,

The mischmetal with lower cost than pure rare earth has
been commonly recognized as favorable additives in Mg
alloys™. The mischmetal have been found in various
naturally-occurring proportions, which is also called rare earth
mischmetal, Ce mischmetal (rich in Ce), or mischmetal (Mm,
rich in La and Ce)™. Owing to high thermal stability of mis-
chmetal compound, the addition of La and Ce can increase the
hardness, strength and corrosion-resistant of Mg alloys®?",
In related studies, Jain and Pettersella™™ * revealed that the
significant improvement in the high-temperature tensile creep
properties of Mg-Al alloys is due to the formation of the fine
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rod-like Al;;RE; compound having high thermal stability in
the alloys. Moreover, it was reported that the addition of Mm
improved slightly the corrosion resistance of AZ91 alloys
compared with the addition of Ca™®®!. However, the researches
about the effects of Mm on the microstructure and mechanical
properties of Mg-Li alloys are rarely reported. In this study,
the microstructure and mechanical properties of Mg-9Li-
3AI-xRE alloys were investigated.

1 Experiment

The alloy ingots with nominal composition of Mg-9Li-
3AI-xRE (x=0, 0.5, 1.0, 1.5, 2.0, wt%) in this study were
prepared from commercial pure Mg (99.9%), pure Li (99.9%),
pure Al (99.9%) and rare earth elements in a vacuum melting
furnace under the protection of argon atmosphere. Mischmetal
(Mm) with nominal composition of 45 wt% lanthanum and 55
wit% cerium were added to the melt at 953 K. The melt was
maintained at 953 K for 30 min to make sure that the RE
could be completely dissolved in the melt. Finally the melt
was further homogenized by mechanical stirring and poured
into a metal mold with a size of @90 mm>100 mm, which was
preheated at 523 K. The chemical composition of all as-cast
alloys was analyzed by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), and the results are shown
in Table 1. The as-cast specimens were machined from @90 to
@80 mm. A homogenizing treatment was carried out at 523 K
for 12 h and then the specimens were extruded at 523 K with
extrusion ratio of 32.

The specimens for microstructure observation, which were
cut from the same positions of both the initial ingots and
extruded samples, were polished and etched in a solution of 4
vol% nital. Microstructure observations were performed on
the optical microscope (Olympus), scanning electron
microscope (SEM, JOEL/JSM-6460LV) with an energy
dispersive spectroscope (EDS, Oxford). Moreover, the
constituent phase of the specimens was identified by X-ray
diffraction (XRD, D/IMAX-A). Tensile tests of all specimens
were conducted at room temperature on a CMT-5105 (SANS
Materials Analysis Inc., Shenzhen, China) tensile tester with a
crosshead speed of 0.5 mm/min.

2 Results and Discussion

2.1 Microstructure of Mg-9Li-3Al-xRE alloys

Fig.1 shows XRD patterns of as-cast alloys. Mg-9Li-3Al
alloy consists of a-Mg, p-Li and Mg,;Al, phases. After
adding RE, the AIRE intermetallic phase is formed in
Mg-9Li-3Al-xRe alloys. With the increase of RE content, the
diffraction peaks of Al,RE phase increase gradually, whereas
the diffraction peaks of Mg;;Al;, phase decrease. The formation
energy of intermetallic compound depends on the difference in
electronegativity of the two elements®®. Since the difference
in electronegativity between Al and RE (EN=0.5) is bigger than
that between Al and Mg (EN=0.2), thus rare earths are prone to

Table 1 Chemical compositions of the as-cast alloys (wt%)

As-cast alloys Li Al La Ce Mg
Mg-9Li 8.96 - - - Bal.
Mg-9Li-3Al 8.83 3.03 - - Bal.

Mg-9Li-3AI-0.5RE 8.92 3.04 023 024 Bal
Mg-9Li-3AI-1.0RE 8.76 293 047 044 Bal
Mg-9Li-3AIl-1.5RE 9.15 3.06 075 0.74 Bal.

Mg-9Li-3AI-2.0RE 9.12 298 099 098 Bal

a: Mg-9Li-3Al A--a-Mg
) ~p-Li
b: Mg-9Li-3A1-0.5RE
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Fig.1 XRD patterns of Mg-9Li-3Al-xRE alloys

react with Al. As a result, the Al,RE phase with high chemical
stability is more likely to be formed instead of pseudobinary
Mg-RE phase or pseudoternary Mg-Al-RE phase . With
increasing RE addition, the more Al,RE phases are formed,
which further suppress the formation of Mg;-Al;, phase %%,

The optical micrographs of the as-cast Mg-9Li-3AI-xRE
alloys are shown in Fig.2. It can be seen from Fig.2a that the
as-cast Mg-9Li alloy possesses a dual-phase microstructure,
consisting of a-Mg phase with petal-like shape distributed in
the g-Li matrix. After adding Al, some black particles are
found along the interfaces of a-Mg phase and g-Li matrix in
Fig.2b. A previous study indicated that the particles should
be Mgj/Al, phasesls]. Moreover, this conclusion can be
confirmed by Fig.1. With the addition of RE into Mg-9Li-3Al,
some rod-like and point-like intermetallic AI,RE can be
observed along the o/f interface and within g-Li matrix as
shown in Fig.2c~2f. Moreover, the number of rod-like phase
increases significantly and the morphology becomes more
continuous with increasing RE addition. Furthermore, when
the content of RE is excessive, the amount and the size of
a-Mg phase also can decrease, as shown in Fig.2. As the RE
content increases to 2.0 wt%, it can be seen that the volume
fraction of #-Li phase increases from 50.8 vol% to 64.7 vol%
according to Fig.3. The area percent (S;) of p-Li phase was
calculated by Image-Pro Plus™ for three times and the mean
values were calculated for different alloys. According to the
method of weighted mean, the volume fraction (V) of a-Mg is


javascript:void(0);
http://dict.cnki.net/dict_source.aspx?searchword=whereas
javascript:void(0);
javascript:showjdsw('showjd_0','j_0')

Li Yangmin et al. / Rare Metal Materials and Engineering, 2017, 46(7): 1775-1781 1777

Fig.2 Optical micrographs of the as-cast Mg-Li alloys: (a) Mg-9Li, (b) Mg-9Li-3Al, (c) Mg-9Li-3Al-0.5RE, (d) Mg-9Li-3Al- 1.0RE,

(e) Mg-9Li-3Al-1.5RE, and (f) Mg-9Li-3AI-2.0RE

evaluated using Eq.(1):

- (s,
T (5 (e @

where S, is the area percent of a-Mg phase, and Syge is the
area percent of Al,RE compounds.

Wu et al™@ discovered that the additions of Al and Y
restrained the a-Mg phase in the dual-phase Mg-8Li-(1,3)Al
alloy. The similar phenomenon that the eutectic pockets
(MgsZngY) prevented the homogenous diffusion of Li atom
during the solidification can be observed in Mg-6Li-6Zn-1.2Y
alloy™. 1t can be seen from Fig.3 that the volume fraction of
f-Li phase in Mg-9Li and Mg-9Li-3Al has no obvious change.
When the content of RE is 0.5 wt%, the volume fraction of
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Fig.3 Volume fraction of g-Li in as-cast Mg-Li alloys (a: Mg-9Li,
b: Mg-9Li-3Al, c: Mg-9Li-3Al-0.5RE, d: Mg-9Li-3Al-1.0RE,
e: Mg-9Li-3Al-1.5RE, f: Mg-9Li-3Al-2.0RE)
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Fig.4 SEM image (a) and EDS spectrum (b) of AI4,RE phase in
Mg-9Li-3Al-1.5RE alloy

[-Li phase begins to increase significantly. It suggests that the
Mg;-Al;, phase has little effect on the volume fraction of S-Li
phase, but the new rare earth compounds Al4RE, as well as
AlY and MgsZngY, have the same refineing effect that can
restrain the homogenous diffusion of Li and the growth of
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a-Mg phase. Fig.4 shows that the SEM and EDS result of
Al,RE phase in Mg-9Li-3Al-1.5RE alloy. The EDS results
combined with XRD analysis, confirm that the composition of
white blocky compounds is mainly Mg, Al, La and Ce. The
main reason for the presence of O is the oxidization of Mg-Li
alloy. The impurity element C was introduced by
graphite crucible. Since the solid solubility of La and Ce in
Mg matrix is only 0.14% and 0.09%, respectively, it is
possible that Mm can be as the heterogeneous nucleation for
phase refinement in Mg-Li alloy™. During the solidification
process, the solute atoms Mm are enriched in the front of the
S/L interface, and this could result in constitutional
supercooling and promotion of heterogeneous nucleation 2.
Otherwise, Based on Jiang’s ™ research of edge-to-edge
matching model, the low misfit and mismatch values between
Al,Ce and Mg suggest that Al,Ce is an effective grain refiner
for Mg alloys. And according to the XRD PDF
(#65-2678-Al,Ce, #65-2679-Al,La), Al,La and Al,Ce have the
same crystal structure as tetragonal with space group 14/mmm.
It can be known that the main reason that the size of a-Mg
phase decreased is the refinement of Al,RE.

In the present work, it indicates that mischmetal La/Ce has
bigger effect than Ce or La on the grain refinement of
Mg-Li-based alloy®®. The addition of mischmetal La/Ce can
interact and reduce the solid solubility in a-Mg phase, which
result in the enrichment of La and Ce in the solid-liquid
interface. The enrichment of La and Ce would lead to more
effective undercooling refining effect. Moreover, the size,
shape, quantity and distribution of secondary phases in the
alloy with added mischmetal La/Ce is different from that of

the alloy added La or Ce only. It can be seen that the
morphology of AI,RE particles is short rod-like and
point-like from Fig.2. However, the microstructure of as-cast
Mg-8Li-1Al-1Ce alloy is composed of a-Mg phase, g-Li
phase and long rod-like precipitated compound®. It
indicates that the secondary phases of the alloy with added
mischmetal La/Ce are finer and more uniform than those of
the alloy with added La or Ce separately. It can be more
effective on the grain- boundary strengthening. The same
phenomenon happened in Mg-5AI-Sr alloy. In as-cast
Mg-5Al-1Sr alloy, Al,Sr particles changed from coarse plate
at grain boundaries into fine polygonal or short rod with the
additions of titanium. Furthermore, the Al,Sr particles
distributed more uniformly and the amount of lamellar Al,Sr
phase was greatly decreased ™. Thus, the refinement effect
of mischmetal La/Ce is more obvious than that of single La
or Ce.

Fig.5¢c shows the optical micrographs of extruded Mg-9L.i-
3AI-1.5RE alloy along the extrusion direction. It can be seen
that the phases and intermetallic compounds in the extruded
alloys are much finer than that in as-cast alloys. After
extrusion, the size of a-Mg phases are refined from 150~200
um to 10~20 um. Moreover, the rod-like AI,RE phase is
broken into particles of 1~3 pwm and homogeneously
distributed in S-Li matrix and a/f interphase. It is conducive
to strength of S-Li matrix and further improves the mechanical
properties of the extruded alloys.

2.2 Mechanical properties of Mg-9Li-3AI-xRE alloys

Fig.6 shows the mechanical properties of as-cast and
extruded alloys at room temperature. The results show that the

Fig.5 Optical micrograph of as-extruded Mg-9Li-3AI-xRE alloys: (a) x=0, (b) x=0.5, (c) x=1.5, and (d) x=2.0
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Fig.6 Mechanical properties of Mg-Li alloys (a: Mg-9Li, b: Mg-
9Li-3Al, c: Mg-9Li-3Al-0.5RE, d: Mg-9Li-3Al-1.0RE, e: Mg-
9Li-3Al-1.5RE, f: Mg- 9Li-3Al-2.0RE)

as-cast and extruded Mg-9Li alloys possess better ductility
than other Mg-L.i alloys. The principal reasons are as follows:
Firstly, only the basal slip (0001) <11 2 0> plays the dominant
role during the deformation in a-Mg phase with hcp structure
at room temperature. However, the p-Li phase with bcc
structure has more active slip systems than a-Mg phase with
hep structure!® *1. The addition of Li leads to the reduction of
c/a axial ratio of the hcp lattice so that the sliding systems are
easy to activate ), such improving the deformability of
dual-phase Mg-Li alloy.

As shown in Fig.6, the extruded Mg-Li alloys have a
favorable combination of tensile strength and ductility. These
favorable properties are definitely related to special micro-
structure of dual phase in Mg-Li alloy, in which the soft S-Li
matrix provides good ductility; meanwhile the hard a-Mg
phase plays the load-bearing role. In fact, this microstructure
is similar to that of some kind of metallic composite. After
extrusion, the shape of a-Mg phase becomes long strip under
the compression stress along the extruding direction. It can be
seen that the extruded structures of all alloys exhibit fibrous
extruding texture, which are typical plastically deformed
structures, just like “fiber-reinforced composite”, as shown in
Fig.5.

According to Fig.6, the tensile strength of the Mg-9L.i alloy
increases from 115.2 MPa to 167.6 MPa, but the elongation
decreases from 32.2% to 26.3% after extrusion. The main
reason for the increment of the tensile strength of extruded
Mg-9Li alloy might be the uniform distribution of the fiber of
a-Mg phases in the g-Li matrix. Moreover, it can be seen that
the tensile strength of Mg-9Li-3AI-xRE alloy is improved
significantly compared with Mg-9Li alloy. The improvement
of tensile strength is mainly attributed to grain refinement
strengthening and second phase strengthening. First, the grain
size of Mg-9Li-3AI-xRE alloy is finer than that of Mg-9Li
alloy, so the tensile strength and elongation of
Mg-9Li-3AI-xRE alloy are enhanced by grain refinement

strengthening effect. On the other hand, as the second phase
particles, the AI,RE compounds are located at the o/
interphase and in the g-Li matrix. It is considered to be an
effective obstacle to grain boundary sliding and dislocation
motion in the vicinity of the grain boundaries during the
deformation. Compared with the as-cast alloys, the extruded
alloys have better comprehensive mechanical properties. It
indicates that extrusion plays an important role in the
improvement of mechanical properties.

The ultimate tensile strength of as-cast and extruded
Mg-9Li-3Al alloy is 119.6 MPa and 218.3 MPa, respectively.
Compared with Mg-9Li-3Al alloy, the ultimate tensile
strength of as-cast and extruded Mg-9Li-3AI-0.5RE alloy
reaches 159.7 MPa and 234.7 MPa, increased by 33.5% and
27.7%, respectively. When the content of RE is 1.5 wt%, the
Mg-9Li-3AI-1.5RE alloy represents the best comprehensive
mechanical properties. Compared with as-cast Mg-9Li-3Al
alloy, the ultimate tensile strength and elongation of extruded
Mg-9Li- 3AI-1.5RE alloy are 228.3MPa and 20.8% at room
temperature, increased by 88.6% and 197.4%, respectively.
The extrusion can result in grain refinement and the formation
of more grain boundaries. The former can make deformation
more uniform because the stress can be dispersed to the more
grains. And the latter can effectively hinder dislocation sliding
since it is difficult to go through grain boundaries for
dislocation. Thus extrusion can improve the plasticity and
strength. Moreover, the strain hardening in the process of
extrusion also can enhance the strength. When RE content
reaches to 2 wt%, the coarse Al,RE phase is formed, which is
a disadvantage for the mechanical properties, especially the
elongation.

As mentioned before, with the addition of Mm, the volume
fraction of S-Li phase increases and the strengthening effect of
a-Mg weaken. But the strength of Mg-9Li-3Al-xRE increases
since the Al,RE compounds are dispersed in g-Li matrix. It
indicates that the strengthening effect of the Mm can offset the
negative effect of the volume fraction reduction of a-Mg
phase. It is worth noting that the Mm is a favorable factor for
improving the strengthening and elongation.

2.3 Failure analysis and fractography

SEM images of tensile fracture surface of the extruded
Mg-9Li and Mg-9Li-3AlI-xRE alloys are shown in Fig.7,
which exhibit mixed characteristics of cleavage and ductile
fractures that belong to quasi-cleavage fracture. A large
number of plastic dimples and some cleavage steps can be
found on the fracture surface. With increasing the Mm content,
the size of dimples decreases sharply. Generally, smaller and
deeper plastic dimples can prove that as-extruded Mg-
9Li-3Al-1.5RE alloy possesses good ductility during the
tensile testing. When the content of Mm is 2 wt%, some
coarse Al,RE particles are observed at the bottom of the
dimples which maybe become the origin of cracks between
the second-phase and the matrix.
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Fig.7 Typical tensile fracture morphologies of as-extruded Mg-9L.i alloy (a) and Mg-9Li-3Al-xRE alloys: (b) x=0, (c) x=0.5, (d) x=1.0, (e) x=1.5,

and (f) x=2.0

3 Conclusions

1) Mg-9Li-3Al-xRE alloy consists of a-Mg, g-Li, Al,RE
and Mgj,Aly, phases. The AI,RE phase is mainly distributed at
the o/ interface and in f-Li matrix in as-cast alloys.

2) With increasing of the RE content, the a-Mg phase is
refined due to lower misfit and mismatch values between
Al,RE and Mg. After extrusion, the rod-like Al,RE phase is
broken into fine particles with approximately 1~3 pm.

3) The refinement effect of mischmetal La/Ce is more
obvious than single La or Ce.

4) When addition of RE reaches 2 wt%, the optimal tensile
strength and ductility are obtained simultaneously. Compared
with as-cast Mg-9Li-3Al alloy, the strength and elongation
reach 228.3 MPa and 20.8% at room temperature, increased
by 88.6% and 197.4%, respectively.
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