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Effect of Ce addition on microstructure of Mg—9Li alloy
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Abstract: The as-cast and as-extruded Mg—9Li, Mg—9Li—0.3Ce alloys were respectively prepared through a simple alloying process
and hot extrusion. The microstructures of these alloys were investigated by optical microscope (OM), scanning electron microscope
(SEM), X-ray diffractometer (XRD) and energy dispersive spectrometer (EDS). The results indicate that Ce addition produces a
strong grain refining effect in Mg—9Li alloy. The grain size of the as-extruded alloy reduces abruptly from 88.2 um to 10.5 um when
the addition of Ce is 0.36%. Mg,,Ce is verified and exists inside the grains or at the grain boundaries, thus possibly pins up grain

boundaries and restrains the grain growth.
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1 Introduction

Mg—Li alloys are the lightest magnesium alloys [1]
and have much better plasticity than the general Mg—Al
or Mg—Zn alloys [2,3]. According to the Mg—Li phase
diagram, with Li content between 5% and 11%, BCC-
structured £ phase of Li solid solution will co-exist with
the HCP-structured o phase of Mg solid solution [4]. The
o phase exhibits moderate strength [5—7]. The f phase is
well known to exhibit good formability [8—10] but
possesses relatively low strength and work hardening
capacity [11,12]. Therefore, the strength of Mg-Li
binary alloys is relatively low. Grain refinement can
strengthen the alloy with the increase of strength and
plasticity. Minor element addition [13], which is
particularly suitable for mass production, is a simple and
economical method to refine the microstructure.
Compared with the addition of Nd, Ag [6,14] or Y [15]
into Mg—Li alloys, Ce is a cheaper RE element and has
shown strong potential to refine and strengthen Mg
alloys [16—18]. Moreover, many researches [19—23] have
indicated that Ce addition could not only refine the
grains of Mg—Li alloys, but also strengthen both a phase

and f phase of Mg—Li alloys through the formation of
Mg—Ce or Al-Ce intermetallic compounds. Hence, in
this work, Mg—9Li—0.3Ce alloy was prepared to examine
the effect of Ce on the microstructure of as-cast and
extruded Mg—9Li alloys.

2 Experimental

The materials used in this work were pure
commercial magnesium and pure commercial lithium.
Mg—20Ce master alloy was added into the alloys. In a
typical procedure, pure magnesium and pure lithium
blocks with or without addition of the master alloy were
placed in steel crucibles (90 mm in diameter, 250 mm in
height), respectively. Then, the crucibles were placed
into an induction furnace, followed by pumping the
furnace chamber to a vacuum state and inputting pure
argon as a protective gas. Subsequently, the crucibles
were heated to 700 °C until the charge was completely
molten and then isothermally held for 10 min, followed
by solidification and cooling of the melts with argon
protection to minimize the oxidation. Finally, cast ingots
(85 mm in diameter and 150 mm in height) were
obtained. The compositions of the as-cast alloys were
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measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The designed
compositions and measured results of all the alloys
prepared in the experiment are shown in Table 1.

Table 1 Chemical composition of experimental alloys (mass
fraction, %)

Alloy No.  Nominal composition Chemical composition
1 Mg-9Li Mg—8.61Li
2 Mg-9Li-0.3Ce Mg-9Li-0.3Ce

The extrusion was carried out at 250 °C and the
extrusion ratio was 27. Before extrusion, the cast ingot
was heat treated at 250 °C for 3 h. The Mg—9Li—0.3Ce
bars with a diameter of 16 mm were obtained. Here,
Mg-9Li alloy, as a reference sample, was prepared and
extruded using the same procedure.

The samples used for microstructure observation
were cut from the cast ingot or the as-extruded bar at the
same position. Microstructure was observed by optical
microscopy and scanning electron microscopy (SEM,

TESCAN VEGA). Before observation, the specimens
were polished and etched with an 4.0% etchant (volume
fraction). The grain size was measured by the linear
intercept method at the centre of transverse sections. The
phase in the alloys was identified by Rigaku D/max
2500PC using Cu K, radiation (1=1.5418 A) operating at
4 (°)/min and 10°-90° of 26.

3 Results and discussion

3.1 Grain size of Mg—9Li—0.3Ce alloy

Figures 1(a) and (b) show the optical
microstructures of as-cast Mg—9Li alloys without or with
Ce addition. The gray S phase and white a phase is
observed in all samples. Notable grain refinement occurs
with the addition of 0.36%Ce, which reduces the size of
the a phase greatly so that it could not be distinguished
from Fig. 1(b). The microstructures of the as-extruded
Mg—9Li alloys without or with Ce addition are presented
in Figs. 1(c) and (d). Equiaxed grains are observed. The
grain size was abruptly reduced from 88.2 to 10.5 pm
when the addition of Ce was 0.36%. It can be concluded

Fig. 1 Optical microstructures of alloys: (a) As-cast Mg—9Li alloy; (b) As-cast Mg—9Li—0.3Ce alloy; (c) As-extruded Mg—9Li alloy;

(d) As-extruded Mg—9Li—0.3Ce alloy
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that the addition of Ce in Mg—9Li alloy has a great
refinement effect on the microstructure of both as-cast
and as-extruded Mg—9Li alloys.

3.2 Characteristics of intermetallic compounds in
Mg-9Li alloys
The XRD patterns of the Mg—9Li and Mg—9Li—

0.3Ce alloys are demonstrated in Fig. 2. It reveals that
Mg-9Li alloy contains both a-Mg and f-Li. Meanwhile,
CeMg,, appears in the as-cast Mg—9Li— 0.3Ce alloys.
SEM images and micro-area chemical composition
analysis results of the as-cast and as-extruded alloys are
shown in Fig. 3 and Table 2, respectively. As can be
observed, the second phases locate within the grain or at

(a) v v — Li (b) v *+— Li
v — Mg N v — Mg
+ — LiOH-H,0 *— LiOH-H,0
*— CeMg,
i il b
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Fig. 2 XRD patterns of as-cast Mg—9Li alloy (a) and Mg—9Li—0.3Ce alloy (b) (LiOH-H,O was observed in XRD result, because Li is
highly chemical activity and is easy to react with HO during sample preparation, basically, its existence does not disturb observation

of CeMgu)

Fig. 3 SEM images of alloys: (a) As-cast Mg—9Li alloy; (b) As-cast Mg—9Li—0.3Ce alloy; (c) As-extruded Mg—9Li alloy;

(d) As-extruded Mg—9Li—0.3Ce alloy
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Table 2 EDS results at different positions in Fig. 3

Position in Fig. 3 x(Mg)/% x(Ce)/%

A 100 0

B 100 0

C 62.21 37.79
D 11.28 88.72
E 100

F 100

G 2.86 97.14
H 92.73 7.27

grain boundary. According to the EDS and XRD results,
the intermetallic compound in the as-cast or as-extruded
Mg—9Li—0.3Ce alloy is CeMg;,. Some of CeMg,
intermetallic compounds in the as-cast Mg—9Li—0.3Ce
look like granular, and most of CeMg;, intermetallic
compounds look coarse plate-like and locate at the grain
boundaries. After the extrusion, the CeMg;, compound
changes to fine granular and distributes evenly in the
as-extruded alloy due to the extrusion stress and dynamic
recrystallization. Firstly, the extrusion stress can break
the CeMg;, compounds into the smaller particles.
Secondly, the extrusion temperature is 250 °C, which is
much higher than the recrystallization temperatures of
the Mg—9Li—0.3Ce alloy and CeMg;, (about 70 °C and
84 °C, respectively).

3.3 Mechanism of grain refinement of Mg—9Li—0.3Ce

alloy

The addition of alloying elements to metallic
materials can refine the microstructure of the matrix,
through the growth restriction of the grains due to the
segregation power of solute elements in the matrix
[24,25] and/or through heterogeneous nucleation [26] of
the intermetallic compound on the matrix alloys.
According to Mg—Li binary phase diagram [27], the
solidification and cooling procedure of Mg—9Li alloy is
liquid—p-Li—p-Lita-Mg. The p-Li phase is crystallized
from Mg—9Li alloy melt at 591 °C, then the a-Mg phase
is precipitated from the S-Li phase at 580 °C. The melt
point of CeMg;, is about 621 °C according to the Mg—Ce
binary phase diagram [27], and the casting temperature is
700 °C, thus CeMg, cannot act as the heterogeneous
nucleation site of the f-Li phase during solidification. As
shown in Fig. 3 and Table 2, there is almost no Ce to be
dissolved into the f-Li, thus the growth restriction of the
grain is very limited. But, the as-cast CeMg;, compound
at the boundaries can refine the microstructure through
pinning up the boundaries although this role is limited.
On the other hand, during the process of the precipitation
of the a-Mg phase from the f-Li phase, the CeMg),
compound is possible to be the heterogeneous nucleation
site of the a-Mg phase. As shown in Fig. 3, after the

extrusion, the morphology of the CeMg;, compound
evolves from coarse plate-like to fine granular and the
CeMg;, compounds can act as the nucleation sites of
both the a-Mg phase and the p-Li phase during the
dynamic  recrystallization. Therefore, the grain
refinement of the as-cast or as-extruded Mg—9Li—0.3Ce
alloy is attributed to the CeMg;, compound.

The grain refinement effect of CeMg;, on the
as-cast or as-extruded Mg—9Li—0.3Ce alloy needs to
identify the crystallography orientation relationships
[26,28] between CeMg;; and a-Mg or p-Li. The
edge-to-edge match model developed by ZHANG et al
[29,30] is a simple and effective method to predict and
examine the orientation relationships between an
intermetallic compound and a metal matrix. As for this
model, when the crystallography mismatch of the close
or near close packed planes between the compound and
the metal matrix is less than 10%, some orientation
relationships exist. According to the crystallographic
database and X-ray powder diffraction data [31,32], three
close packed CeMg), planes are defined as (202), (002)
and (211), those of Mg as (1011), (0002) and (1010),
those of Li as (110), (211) and (200). Therefore, there are
nine pairs of potential matching planes between Mg and
CeMg,,, or between Li and CeMgi,. All the mismatch
values are listed in Table 3. There are one matching
plane pair between Li and CeMg;,, and three pairs

Table 3 Mismatches of potential matching planes for f-Li and
CeMgi,, a-Mg and CeMg),

Potential matching plane Mismatch/%
(110)./(202), 4.0
(110)./(002), 20.1
(110)/(211), 46.7
(211)1/(202), 80.1
(211)1/(002), 108
(211)/(211), 154.1
(200)./(202), 47.0
(200),,/(002), 69.8
(200)/(211), 107.5

(10T 1), /(202), 52
(1011),1,/(002), 21.5
(10T 1)y, /(211), 48.5
(0002)/(202), 0.96
(0002)g/(002), 14.4
(0002)yg/(211), 39.7
(1010),/(202), 7.1
(1010),/(002), 7.3
(10T0)y,/(211), 31.0

Note: t denotes CeMg)»
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between Mg and CeMg;, with less than 10% mismatch,
which shows that a crystallography orientation
relationship exists between Mg and CeMg;,, or between
Li and CeMg;,.

4 Conclusions

1) The microstructures of both as-cast and extruded
alloys are fined significantly. The size of the a phase
reduces greatly in the as-cast alloy and the grain size of
the as-extruded alloy is reduced from 88.2 pm to 10.5
pum when the addition of Ce is 0.36%.

2) As for the Mg—9Li—0.3Ce alloy, -Li, a-Mg and
CeMg, are identified as the three primary components.
The morphology of CeMg;; in the as-extruded
Mg—9Li—0.3Ce alloy evolves from coarse plate-like to
fine granular due to the extrusion stress and dynamic
recrystallization. CeMg, can refine the microstructure of
the alloy by the heterogeneous nucleation due to the
crystallography orientation relationship.
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