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Microstructure and tensile properties of Mg—Li—Al—Zn based alloys
with Ce addition
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Abstract: Mg—5Li—3A1-2Zn—xCe (x=0-2.5; mass fraction, %) alloys were prepared by casting, and heat treatments of
homogenization at 300 °C and solid solution at 370 °C were carried out. The microstructure and tensile properties of as-cast alloys
and their evolutions after solid solution were investigated. The results show that with the increase of Ce content, Al,Ce/Al;Ce
precipitates are formed and the alloys mainly consist of a—Mg, Al,Ce, Al;Ce and AlLi phases, and the amount of AlLi and Al-Ce
intermetallics decreases after solid solution. The content and morphology of the second phases have important effects on the
mechanical properties of the alloys; the alloy with 1.0%Ce content exhibits excellent tensile strength. The tensile strength and
elongation of Mg—5Li—3Al-2Zn—0.5Ce alloy is remarkably improved by the solution strengthening effect because of the addition of

Ce.
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1 Introduction

Due to the increasing demand for lighter
components, Mg—Li alloys with optimum combination
of low density and noteworthy ductility have interested
many engineers and scientists for over half a century [1].
As the lightest structural materials with useful strength,
Mg-Li system assumes potential applications in
aerospace and automobile fields [2,3]. Mg is a HCP
metal with a density of 1.74 g/cm’ and has poor
formability. The addition of Li to Mg alloys lowers the
density from 1.74 g/cm® to 1.3—1.6 g/cm’, and results in
the HCP structure of the matrix being replaced by the
BCC structure, improving low temperature formability of
Mg alloys [4,5]. However, Mg—Li alloys exhibit
limitations of relatively low tensile properties, which
inhibits wider use of the alloys [6].

Mg-Li alloys with Li content lower than 5.7% form
a single a phase. f§ phase will be formed if the Li content
is above 5.7% [7]. The focus of the present investigation
is only on the alloys possessing o phase with the addition

of 5% Li. In the recent years, how to improve the
mechanical properties of Mg alloys has been the main
objective of many studies. The strengthening methods,
such as grain refinement and formation of fine secondary
phase particles, have been applied to improving the
mechanical properties of Mg—Li alloys through adding
various the third elements. At present, several ternary
Mg-Li—X (where X=Al, Zn, Zr, Ag, Th, Si) alloys have
been developed [1,8]. As the third elements, X and Zn
have excellent potentials to further strengthen Mg—Li
alloys because of the formation of intermetallic particles
and suitable solid solubility in o phase [9—11]. From the
results of the previous studies [12—14], RE elements,
with certain special characteristics, are well known for
their positive effects in Mg alloys.

Based on the background mentioned above, the
based alloy in this study is designed as LAZ532 which
has a nominal composition of Mg—5Li—3Al-2Zn, and an
interesting combination of preferable strength and
moderate ductility. As the effects of La-rich RE and
mischmetal additions in the LAZ532 alloy have been
analyzed [2,12], this work is to study the effects of Ce
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addition (ranging from 0 to 2.5%) and heat treatment on
the microstructure and tensile properties of the alloy.

2 Experimental

The as-cast alloys were prepared from commercial
purity Mg, Li, Al, Zn and Mg—18.67%Ce master alloy,
in a vacuum induction melting furnace under the
protective argon atmosphere. After heating at about 730
°C for 40 min, the melt was finally cast into a steel mold.
The chemical compositions of the ingots were analyzed
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,
%)

Mass fraction/%
Li Al Zn Ce Mg
Mg—5Li—3Al-2Zn 5.16 322 224 -  Bal
Mg—5Li—3A1-2Zn—-0.5Ce 5.00 3.01 226 0.56 Bal

Mg—5Li-3Al-2Zn-1.0Ce 5.00 3.00 2.14 0.90 Bal
Mg—5Li-3Al-2Zn-1.5Ce 4.61 3.26 2.02 141 Bal
Mg—5Li-3Al-2Zn-2.0Ce 5.02 3.61 223 1.89 Bal
Mg—5Li-3Al-2Zn-2.5Ce 4.78 3.40 2.03 231 Bal

Alloy

The obtained alloys were homogenized at 300 °C
for 24 h in a vacuum furnace. Some specimens were heat
treated at 370 °C for 12 h and then quenched in water.
After grinding and polishing, the samples for microscopy
observation were etched for 3—10 s with a solution of 2%
(volume fraction) nitric acid in alcohol. The
microstructure of alloys was observed on an optical
microscope (OM) and scanning electron microscope
(SEM) equipped with an energy dispersive spectrometer
(EDS). The phase structure was identified by X-ray
diffraction using Cu K, radiation operating at 40 kV and
40 mA. The uniaxial tensile tests were performed on a
universal testing machine at room temperature with an
initial strain rate of 1.33x107 s~'. The fracture surface of
the alloys was also observed by SEM.

3 Results and discussion

3.1 Microstructures of alloy

The microstructures of the solid-solution treated
alloys are shown in Fig. 1. All of the alloys with 5% Li
present a single o-Mg phase structure. Abundant
particles visible in Fig. 1(a) are situated inside grains and
at grain boundaries. Some maculaes, just like the ones
marked by the frame, may be oxidation holes formed
during heat treatment. With the addition of 0.5% Ce, the
occurrence of a number of short rod-like precipitates in

the alloy is observed, which becomes more distinct in
Fig. 1(c) for numerous scattered rod-like phase can be
found in the matrix. With increasing the Ce content, the
amount of precipitates increases as expected.
Furthermore, in Fig. 1(f), there are some irregularly
shaped massive particles. The grain size of the alloys
presents no significant variation with different Ce
additions.

Figure 2 shows the XRD patterns of the alloys
homogenized at 300 °C for 24 h. The based alloy is
composed of a-Mg matrix and AlLi phase. Additional
peaks of Al,Ce phase appear after adding 0.5% Ce, as
shown in Fig. 2(b). With increasing Ce content further,
other peaks of Al;Ce phase can be found in the spectra.
However, the AlLi peaks weaken gradually with Ce
addition, which may be attributed to the formation of
Al—Ce phase consuming some Al atoms.

The evolution of the phase compositions of the
alloys after solution treatment was analyzed by XRD and
the results are shown in Fig. 3. Compared with the
homogenized alloys, a-Mg and Al,Ce/Al;Ce phases are
identified in the solution treated alloys; the AILi peaks
which present in the homogenized alloys disappear after
solution treatment. In more details, the peak intensity of
Al—Ce phase in solution treated alloys decreases to some
extent, and only some weak characteristic peaks can be
detected. The XRD analysis reveals that the Al-Ce
phases will be formed arising from Ce addition, which
results in the decrease of the amount of the AlLi phase.
The solution treatment leads to a decomposition of AlLi
phase. A certain amount of Al—Ce phases also dissolve
during the heating progress despite of the high thermal
stability of them, forming a solid solution with a-Mg
matrix. Figure 4 shows the EDS results of the two
morphological compounds in LAZ532—-1.5Ce alloy. The
EDS analysis indicates that the polygonal compound and
rod-like compounds are both enriched in Mg, Al, and Ce
elements, the atomic ratios of Al and Ce in the two types
of compounds are 2.5 and 3.85 respectively. The later
one contains more Mg and Al, which suggests that there
are relatively low content of Al—Ce phase precipitated.
The EDS results further verify that the addition of Ce to
LAZ532 alloy causes the formation of Al-Ce phase.
From XRD analysis, they can be identified as Al,Ce on
AlsCe.

According to the previous investigations on the
effects of RE in Mg alloys, adding Ce to the studied
LAZ532 alloy only causes the new Al-Ce phase forming,
without forming other phases regarding to Mg—Ce and
Mg—Al-Ce. The possibility of compound forming
between two elements can be estimated by the
electronegativity differences. The larger electronegativity
differences between two elements responds to the easier
formability of compound. The Al atoms preferentially
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Fig. 1 Optical micrographs of solid-solution treated LAZ532—xCe alloys: (a) x=0; (b) x=0.5; (c) x=1.0; (d) x=1.5; (e) x=2.0; (f) x=2.5
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Fig. 2 XRD patterns of homogenized LAZ532—xCe alloys:
(a) x=0; (b) x=0.5; (c) x=1.0; (d) x=1.5; () x=2.0; (f) x=2.5

interact with Ce atoms to form the Al,Ce/Al;Ce because
the electronegativity difference between them is
relatively large [15]. During the solidification, the Ce
elements commonly concentrate on the solid/liquid
interface due to its equilibrium distribution coefficient
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Fig. 3 XRD patterns of solid-solution treated LAZ532—xCe

alloys: (a) x=0.5; (b) x=1.5; (c) x=2.0

K<1 and low solid solubility in a-Mg matrix, providing
the obstacle for the diffusion of other elements. When the
ratio of Al to Ce at the vicinity of the interface reaches
the specific value, the Al-Ce phase is formed. In
addition, the previous studies [16,17] reported that the
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Element w/%  x/%
Mg 13.39 13.36
Al 16.77 15.08
Zn 0.35 0.13
Ce 34.39 596
Ce
Ce
Ce
-+ 6 8
ElkeV
Element w/%  x/%
Mg 31.84 28.98
Al 13.77 11.29
Zn 2.76 0.93
Ce 18.57

Fig. 4 EDS results of solution treated LAZ532—1.5Ce alloy: (a), (a") Polygonal compound; (b), (b") Rod-like compound

Nd addition influences the sorts of the Al-Nd phase.
From the XRD results in the present study, when the Ce
content is no less than 1%, the Al;Ce peak is apparently
observed in the spectra. Therefore, it can be drawn that
increasing Ce addition promotes the Al;Ce formation in
this investigation.

The reasons for the unnoticeable grain refinement
due to the Ce addition can be deduced as follows. Firstly,
the constitutional supercooling arising from the
concentration of elements on the solid/liquid interface
improves the nucleation, and the particles generated
around the grain boundaries can restrain the grain growth
during solidification. These two factors are favorable for
fine grains forming. Secondly, it is reported that the
relative grain size (RGS) model proposed by EASTON
and STJOHN [18] can predict the capacity on grain
refinement coming from solute content:

/P
mc
d =1-| 10 1

RGS [mlco —ATCJ M

where dpgs is the relative grain size; m; is the gradient of
the liquidus slop; ¢, is the concentration of the solute;
AT, is the maximum constitutional under cooling and
AT=mco(k—1)/k; P is the supercooling parameter and
P=1-k (k is the partition coefficient for the solute).
Al-Ce phase, which belongs to the cubic structure or
hexagonal structure with lattice parameters greatly
different from those of Mg, has no contribution to the
heterogeneous nucleation. Conversely, it consumes a

large number of Al atoms and facilitates the RGS moving
to the higher value, and XIAO et al [19] revealed that the
Ce has a dramatic effect on grain size at low addition.
However, it is possible that the AILi phase formed in this
study also plays an important role in grain refinement.
For the 0.5%Ce alloy, the formation of AlLi phase is
greatly restrained and the amount of precipitates is
relatively low. As a result, the excellent refined structure
is not obtained. From the analysis mentioned above, the
interaction of positive and negative factors results in no
noticeable difference in grain size after Ce addition.

3.2 Tensile properties

The tensile properties of the homogenized and solid
solution treated alloys at room temperature are displayed
in Figs. 5 and 6. Figure 5 reveals that, for the
homogenized alloys, the tensile strength is essentially
improved with increasing the Ce content up to 1%,
where the alloy reaches the highest value of 218.54 MPa.
After heat treatment, the tensile strength is initially
enhanced but reduced when the Ce addition exceeds 1%.
The 0.5%Ce-containing alloy obtains the optimal tensile
strength of 233.05 MPa which is increased by almost
27% compared with that of the homogenized state alloy.
Figure 6 shows that the similar trend is obtained on the
elongation of the alloys. It is noted that the elongation
exhibits a large elevation at relatively high Ce additions
in homogenized state. This may be attributed to the
excess of Al addition which is better for the elongation in



WU Li-bin, et al/Trans. Nonferrous Met. Soc. China 22(2012) 779-785 783

250

Hl Homogenized
JSolution treated
200+
£
z
= 15pH
;nI:)O
=
g
-
o 100H
7
=
o]
© 50
° & & & & & do
k¥ w k¥ o L]
oD [aa] [aa] [as Wan o [aa]
o o] o]
42 4n 42 4a 42 4%
s 3° 3 37 3 5
Alloy

Fig. 5 Tensile strength of studied alloys
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Fig. 6 Elongation of studied alloys

this study. After heat treatment, the alloy with 0.5% Ce
has the best elongation of 18%.

It is known that Ce element has poor solid
strengthening effect due to its limited solid solubility in
o-Mg matrix [20]. In this study, it mainly precipitates as
the form of Al,Ce/Al;Ce compound during solidification.
On one hand, these hard precipitates distributed in grains
and at grain boundaries are expected to have a strong
effect on strengthening the a-Mg matrix by hindering the
movement of dislocations and the sliding of the grain
boundaries, which contributes to enhancing the tensile
strength. On the other hand, when adding high Ce
content, the formation of Al-Ce phases consumes a large
number of Al atoms and decreases the solute content in
matrix, which leads to the reduction of solid
strengthening effect. In addition, the Al—-Ce phase also
becomes relatively coarse with high Ce addition and, as a
result, the strengthening effect provided by them is

compromised. These can be considered the main reasons
accounting for the decrease of the tensile strength with
high Ce additions. After heat treatment, the AILi phase is
almost dissolved due to the accelerated diffusion and the
solid solution forms with a-Mg matrix. However, the
Al—Ce phase with high thermal stability remains in the
alloy. Thereby, the effects of solution strengthening and
precipitate strengthening can be obtained simultaneously,
thus the tensile strength of the 0.5%Ce-containing alloy
with relatively high AlLi content is largely improved.
The strengthening mechanism of the elongation
improvement after heat treatment is similar to that of the
tensile strength and is mainly due to the increased solute
atoms in the matrix. The change in axial ratio c/a of the
matrix, caused by solutes, such as Al, Li in this
investigation, leading to a solid—solution softening on the
nonbasalslip planes [21], contributes to a pronounced
elongation.

3.3 Fracture analysis

The typical fracture surfaces of the alloys in both
homogenized and solution treated states are shown in
Fig. 7. Generally, the fracture of Mg alloys is brittle
through the patterns of cleavage and quasi-cleavage
because of the HCP structure of a-Mg [22]. From Fig.
7(a), it can be seen that the failure surface of the
homogenized LAZ532-0.5Ce alloy consists of cleavage
planes and steps, which belongs to the cleavage fracture.
The similar fracture pattern is observed in the
homogenized LAZ532—-1.0Ce alloy. The difference is
that there are more distinct ductile dimples on the surface
of LAZ532—1.0Ce alloy. In Fig. 7(b) for the solution
treated LAZ532—0.5Ce alloy, there are lots of ductile
dimples attibuted to the plastic frature located on failure
surface, corresponding to the great improvement of the
elongation compared with the alloy in homogenized state.
Moreover, the feature of cracked particles lying in the
dimples indicates that cracks initiate on the second phase
due to the stress concentration.

4 Conclusions

1) The homogenized LAZ532 alloy is composed of
a-Mg and AlLi phases. With increasing Ce content, the
rod-like and spherical Al,Ce/Al;Ce phases are formed
and distributed at grain boundaries or inside grains. After
heat treatment, the AlLi phase is decomposed to a-Mg
matrix while the Al,Ce/Al;Ce phases almost remain in
the alloy owing to their high thermal stability. Moreover,
the grain refining effect of Ce additions is not obvious in
this study.

2) The tensile strength and elongation of the alloy
increase with the Ce content increasing, and the
1.0%Ce-containing alloy obtains the excellent values of
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Fig. 7 SEM fractographs of LAZ532—xCe alloys before (a, ¢) and after (b, d) solution treatment: (a), (b) x=0.5; (c), (d) x=1.0

218.54 MPa and 15.36%, respectively. The solution
treatment can further enhance the tensile properties,
which is related to the solution strengthening effect. The
best tensile properties are obtained for the solution
treated LAZ532—-0.5Ce alloy with tensile strength of
233.05 MPa and elongation of 18%, respectively.

3) Fracture analysis reveals that the homogenized
LAZ532—0.5Ce alloy shows the cleavage fracture. The
addition of 1.0% Ce causes pronounced plastic character
as a number of dimples appear. Solution treatment makes
the failure of the LAZ532—0.5Ce alloy tend to be mixed
fracture.
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