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Abstract: Zirconium and rare earth element cerium were added in magnesium and magnesium alloys to study their different grain
refinement mechanisms. The results show that zirconium has an obvious refinement effect on the cast grain of magnesium and its
alloys without the alloy element Al because the crystal structure of zirconium is the same as magnesium matrix, and the lattice
parameters are close to magnesium. Zirconium can decrease the grain size of magnesium from 150 to 20 pm. The rare earth cerium
also has a grain refinement effect on Mg and Mg-Al alloy. The cerium atoms tend to remain in the liquid rather than solidify with the
solvent atoms magnesium at the solid-liquid interface. The liquid constitutional undercooling can provide a heterogeneous crystal
nucleation. The grain is refined from 200 pm to 40—80 pm. These two elements have different grain refinement mechanism on Mg
alloy. The mechanism of zirconium is that it acts as the nuclei of a-Mg. But the mechanism of cerium is that it increases the liquid
constitutional undercooling that can provide a heterogeneous crystal nucleation for the alloy.

Key words: Mg alloy; grain refinement; zirconium; cerium

1 Introduction

Magnesium and magnesium alloys have a low
density, good specific strengthen and excellent recycling
capabilities so that they are attractive materials for using
in a wide range of structural applications recently[1—2].
Controlling of the microstructures of magnesium alloy,
especially the grain size, is a key factor for the use of
the uniform fine grains of
magnesium matrix are preferred for improving both the

magnesium because

cast and the wrought abilities of magnesium alloys[2].
Many researches have proved that the strength and
ductility of the grain refinement magnesium alloys
increase obviously. Therefore, finding an effective grain
refining method and studying the grain refinement
mechanism play an important role in producing high
quality magnesium alloys[3] Some researches have been
done on the grain refinement of magnesium alloys during
the casting processing[2—4]. For example, rapid cooling
and stirring of the solidifying melt effectively refine the
grain structure in some high-pressure die casting
processing. Superheating of the magnesium alloy melt,

which was used extensively in the past for grain refining,
is probably by the formation of heterogeneous nuclei
FeCl; precipitates[4—5]. And
compounds such as Al4C; probably act as grain nuclei to

some intermetallic
refine the magnesium alloys. Zirconium additions have
been the dominating grain refining method for many
magnesium alloys without Al due to the zirconium-rich
precipitates acting as nuclei for the a-Mg grains[5—9]. In
the present work, the rare earth element cerium also has
an effective grain refinement on pure magnesium,
Al-containing and non Al-containing magnesium alloys.
The grain refinement mechanism of cerium was
discussed and compared with that of zirconium.

2 Experimental

The experimental materials include pure magnesium,
ZK60 (Mg-6%Zn) alloy and AZ31 (Mg-3%Al) alloy.
The cerium or zirconium added in the experimental
alloys was used for the Mg-20%Ce or Mg-35%Zr master
alloys. Zirconium was added in magnesium at about
0.7% to ensure the refinement effect of zirconium
precipitates act as the nuclei of a-Mg grains. But it can
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not be added in Mg-3%Al alloy because the reaction of
aluminum and zirconium would create an Al;Zr phase
that weakens the heterogeneous nuclei of zirconium in
magnesium matrix. The cerium can be added in pure
magnesium, Mg-6%Zn alloy and Mg-3%Al alloy with
contents of 0.4%, 0.8% and 1.2%, respectively. The
experimental alloys were melted by the protection of flux
at 760—800 ‘C and were cast into iron mould with a
diameter of 50 mm. And the microstructures of the ingot
specimens were observed using Polyvar-MET optical
microscope with a VSM2000 quantitative analysis
system and KYKY2800 SEM.

3 Results and discussion

3.1 Grain refinement of zirconium in magnesium

The microstructures of zirconium added in pure
magnesium are shown in Fig.1. It can be seen that the
grain sizes of magnesium decrease greatly with the
addition of zirconium, as shown in Figs.1(a) and (b).
Zirconium can decrease the grain of Mg from about 150
pm to about 20 um. Many globular nuclei exist in the
center of a-Mg matrix. With a SEM analysis of the
nuclei (Fig.2), it is found that such particles are pure
zirconium. Zirconium has a hexagonal close-packed

Fig.1 Microstructures showing effect of zirconium on grain
refinement of magnesium: (a) Grains of magnesium without

zirconium; (b) Grains of magnesium with zirconium

=1

0 2 4 6 8 10
Energy/keV

Fig.2 SEM image(a) of zirconium as nuclei in magnesium
grains and EDS pattern(b)

(HCP) crystal structure with the lattice parameters
a=0.323 nm and ¢=0.514 nm. The crystal structure of
zirconium is the same as magnesium and the lattice
parameters are very close to those of magnesium
(a=0.320 nm, ¢=0.520 nm)[10]. Furthermore, the Mg-Zr
binary phase diagram is a peritectic reaction at the
Mg-rich end. Therefore, zirconium is an optimal grain
refinement to a-Mg matrix.

3.2 Grain refinement of rare earth cerium in pure
magnesium, ZK60 and AZ31 alloy

Compared with its effective grain refinement in
pure magnesium, zirconium hardly has the refinement
influence in Mg-Al system alloy, such as AZ31 alloy. But
it is found that the rare earth cerium has the refinement
effect. Different contents of cerium (0.4%, 0.8% and
1.2%) were added in pure magnesium and the
morphologies of the ingots are shown in Fig.3. The pure
magnesium has obvious pillar shape grains but they will
change to refined equiaxed grains with the addition of of
cerium[8].

According to the Mg-Ce phase diagram, MgyCe
compound is formed with the addition of cerium in
magnesium. Such MgyCe phase can not act as the
nuclei of magnesium matrix because it is a eutectic
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Fig.3 Grain refinement of cerium in pure magnesium: (a) Pure
magnesium; (b) Mg-0.4%Ce; (c) Mg-0.8%Ce; (d) Mg-
1.2%Ce

compound and its crystal structure and lattice parameters
are different from that of magnesium. So the cerium
must have another grain refine mechanism. Based on the

Mg-Ce phase diagram, the maximum solubility of
cerium in Mg is less than 0.5%. So, the small amounts of
cerium as the solute elements profoundly affect the
solidification of alloy. On freezing, the cerium atoms
tend to remain in the liquid rather than solidify with the
solvent atoms magnesium at the solid-liquid interface.
The freezing point of liquid decreases because the
cerium atoms were enriched ahead of a freezing
solid-liquid interface. With a DTA measure of the
solidification behavior of alloy, the maximum freezing
temperature decreases in the liquid is 37.1-51.5 K (Table 1).
And the liquid constitutional undercooling can provide a
heterogeneous crystal nucleation for the alloy[11—-14].
The grain refinement of cerium in magnesium can
also be shown in ZK60 alloy and AZ31 alloys. In ZK60
alloy, the grain size decreases from 120 to 50 um with
1.2%Ce (Fig.4). And in AZ31 alloy, the grain size
decreases from about 200 um to 40—80 um with 0.8%Ce
(Fig.5). The grain mechanism of cerium in such two
alloys is the same as in pure magnesium. But some new
phases will form in magnesium alloy such as Al,Ce
compound in AZ31 alloy and can enhance the
super-cooling effect in these alloys[9, 15—16].

Table 1 Temperature difference of liquid and solid in super-cooling zone

Solidification rate/

Liquid temperature/

Solid temperature/ Temperature difference/

Specimen s K K K
Pure Mg 20 923.2 - -
Mg-0.4%Ce 20 923.2 889.0 342
Mg-0.8%Ce 20 911.7 874.2 37.5
Mg-1.2%Ce 20 889.5 838.0 51.5

Fig.4 Grain refinement of cerium in Mg-6%Zn alloy: (a) Mg-6%Zn alloy; (b) Mg-6%Zn-0.8%Ce alloy
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4 Conclusion

1) Zirconium has an effective grain refinement on
the cast grain of Magnesium and its alloys without the
alloy element Al because its crystal structure is the same
as magnesium matrix and the lattice parameters are close
to magnesium.

2) 0.7% zirconium can decrease the grain of Mg
from about 150 pm to about 20 pm. The rare earth
cerium (0.4%—1.2%)also has a grain refinement effect on
Mg, Mg-Al and Mg-Zn alloy because it can improve the
super-cooling degree ahead the solid grain growth front
and lead to the grain refining from 200 um to 40—80 pm.

3) Zirconium and cerium has different grain
refinement mechanisms so they should be added to
different alloys.
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Fig.5 Grain refinement of cerium in Mg-3%Al alloy: (a) Mg-3%Al alloy; (b) Mg-3%Al-0.8%Ce alloy
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