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The effects of Cerium (Ce) addition on microstructures and mechanical properties of
hot-extruded AZ61 alloy were investigated. It is found that Ce refines Mg17Al12 particles and
brings about precipitation of a new rod-like phase that is identified as Al4Ce by X-ray
diffraction. During hot deformation, Al4Ce particles can refine dynamic recrystallized grains
by impeding grain growth. For Ce additions up to 1.0 wt%, the recrystallized grain size
decreases; When Ce addition is more than 1.0 wt%, grain size increases inversely. Strength
and elongation of extruded or annealed specimens at room temperature increase along
with Ce addition up to 1.0 wt%, then decrease. Optimal mechanical properties are
correspondent to 1.0 wt% Ce addition. C© 2004 Kluwer Academic Publishers

1. Introduction
Magnesium alloys are the lightest metallic structural
materials with high specific strength. They are likely
to be applied in such industries as automotive, railway
and aerospace [1]. However, strength of magnesium is
generally lower compared with aluminum and ferrous
alloys. The ductility of magnesium is not good either be-
cause of its h.c.p structure [2]. These disadvantages are
substantial obstacles against their utilities in antecedent
applications. To meet the property demands of such
applications, magnesium alloys with high mechanical
properties must be developed. As one of the most fun-
damental and effective methods, alloying with elements
like Ca and rare earth metals have been frequently prac-
ticed. It has been proved that rare earth (RE) metals are
beneficial to the mechanical properties of magnesium
alloys without affecting other properties [3, 4]. Con-
ventionally, the purposes of rare earth element are to
refine grains, and thus to improve the mechanical prop-
erties. Wang [5] suggests that RE can increase the yield
strength of Mg alloys. Mukai [6] suggests that the duc-
tility in WE43 alloy can be improved by RE addition.
Objective alloys in these researches have all been cast-
ing magnesium alloys. Up to now, few studies have been
conducted about the effects of RE on microstructures
or properties of wrought magnesium alloys.

In this work, we prepared several kinds of alloys by
adding different amounts of Ce into a wrought magne-
sium alloy, viz. AZ61. We clarified the effects of Ce
addition by studying and comparing the microstructure
and mechanical properties of as-cast, annealed and hot-
extruded alloys.

2. Experimental procedure
Four kinds of alloys (Table I) were prepared by adding
different amount of Ce into melt of commercial AZ61
alloy. Alloys were melted in a milled steel crucible
under protection of a mixed shield gas composed of
SF6(1 vol.%) and CO2 (BAL). At 750◦C, the melt was
purged for about 5 mins. After purging, the melt was
held for 15 min so that inclusions could settle to the melt
bottom. The melt was then poured into a steel mold to
make ingot of �90×150 mm. Solution processes were
conducted at 400◦C for 10 h. Hot extrusion was carried
out at 350◦C to make long rods of �15 mm. We used
an extrusion ratio of 10:1. Some rods were annealed at
320◦C for 1 h. Tensile specimens had a 5-mm diam-
eter and 66-mm gage length. Tensile tests with strain
rate of 5 × 10−4 s−1 were performed at room tempera-
ture. Microstructure was analyzed by OM (Optical Mi-
croscopy, LEICA MEF4M), SEM (Scanning Electron
Microscopy) and EPMA (Electron Probe Micro Ana-
lyzer, JCXA-733). Phase analyses were conduced by
means of a D/MAS-IIIA X-ray diffractometer (XRD).
The specimens for observations were etched with 4%
HNO3 in alcohol.

3. Results
3.1. Effect of Ce on microstructures

of as-cast alloys
Fig. 1 shows the microstructure of the alloys with differ-
ent content of Ce. As Fig. 1a shows, the microstructure
of the Alloy I, i.e., the conventional AZ61 alloy is com-
posed of the primary α(Mg) matrix, and a secondary
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T ABL E I Chemical compositions of the experimental alloys

Alloy no. Ce Al Zn Mn Fe Cu Ni Mg

I 0.0 5.546 1.008 0.33 0.012 0.004 0.0015 Bal
II 0.5 5.504 1.009 0.33 0.012 0.004 0.0015 Bal
III 1.0 5.582 0.9163 0.31 0.012 0.004 0.0015 Bal
IV 1.5 5.415 0.9604 0.32 0.012 0.004 0.0015 Bal

phase that exists in two kinds of morphologies, i.e., a
discontinuous network of coarse particles along grain
boundaries, and many spherical particles that distribute
both inside grains and at grain boundaries. In Alloy III,
i.e., the alloy with 1.0% Ce (Fig. 1b), there is much
less secondary particles and the particle size becomes
much smaller. Beside some spherical particles can be
observed either in grains or along grain boundaries (Mn
enrich), there are still some rod-shaped precipitates at
grain boundaries. However, when the Ce addition was
increased from 1.0 to 1.5%, precipitation of secondary
particles increased again, and the size of particles be-
came much larger.

Figure 1 The optical micrographs of as cast alloy: (a) Alloy I, (b) Alloy
III, and (c) Alloy IV.

Figure 2 SEM image of as cast alloys: (a) Alloy I, (b) Alloy III, and (c)
Alloy IV.

Fig. 2a is the SEM image of the secondary phase in
Alloy I. It is well known that this phase is Mg17Al12,
which has a bcc crystal structure of β (Mn) type and
a lattice parameter 1.054 nm [7]. When Ce was added
into AZ61 alloy, β particles were refined. From the fact
that there were much less β particles in Alloys II and
III, it could be concluded that Ce suppressed precip-
itation of the β phase to a large extent. However, as
Fig. 2b and c suggest a new kind of secondary par-
ticles that have different morphology and distribution
characteristics from β precipitate in the Ce-containing
alloys. These particles generally have rod-like shape
and do not have an obvious tendency to distribute in
grains [8]. Further, when the Ce content is in the range
from 0.5 to 1.0%, as that in Alloy III, these parti-
cles are very fine. With increasing the content of Ce,
both size and amount of these particles increase. When
the Ce content is 1.5%, the particles become a little
coarse.

Figs 3 and 4 show the results of XRD analysis and
EPMA analysis respectively of as-cast Ce-containing
alloys. From XRD spectrum, it can be concluded
that Ce-containing alloys have three kinds of phases,
i.e., magnesium matrix (i.e., α), Mg17Al12 (β) and
a new phase as Al4Ce [9, 10]. EPMA study proves
that the chemical composition of the new phase is
Ce:20.18%, Al:79.12%, Zn:1.70%. That can be de-
fined as Al4Ce which is in correspondence with XRD
analysis.
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Figure 3 X-ray result of Alloy III.

Figure 4 SEM image and distribution of Ce in as cast Alloy III.

3.2. Effects of solution treatment on
microstructures of the alloys

Fig. 5 shows the optical microstructure of the alloys
that were solutionized at 400◦C for 10 h. When there
is no Ce addition, as Alloy I (Fig. 5a), almost all sec-
ondary particles were dissolved into magnesium ma-
trix. In contrary, there are still secondary particles in
the Ce-containing alloys even after solution heat treat-
ment. Thus, it can be concluded that solution at this
temperature can only cause dissolution of the β parti-
cles, but cannot affect the precipitation morphology of
Al4Ce.

Above conclusions from optical observations were
further proved by SEM observations and EPMA anal-
yses on both Alloy I and Alloy III, as shown in Fig. 6.
The fact that Al4Ce could not be dissolved into mag-
nesium matrix suggests that it has high solid solution
temperature and it is stable under high temperature
[9].

3.3. Effects of Ce on microstructures
during hot deformation

Fig. 7 shows typical microstructures with different con-
tents of Ce after hot extrusion at 350◦C. Apparently,
recrystallization occurred in both alloys because the
hot extrusions temperature were above the recrystal-
lization temperature of 250◦C [2]. As shown in the fig-
ures, recrystallization made the grains become fine and
equiaxed. Further, the grain size of the Ce-containing
alloy (Fig. 7b) is much smaller than the alloy without
Ce addition (Fig. 7a). Thus, it can be concluded that Ce
can bring about better grain-refining effect on AZ61
alloy.

As Fig. 8 shows, best grain-refining effect can be ob-
tained when the content of Ce is 1.0%. When the con-
tent of Ce is over 1.0%, grain size increases again. This
phenomenon may be explained by the following mech-
anisms. The thermodynamically stable Al4Ce can act
as nuclei for dynamic recrystallization (DRX) when the
alloys are hot extruded. When Ce content is lower than
1.0%, the precipitation of the Al4Ce phase increases
along with the increase of Ce content, but growth or
coalesce of Al4Ce particles cannot occur. Therefore,
the number of nuclei of DRX grain increases and in
turn brings about better DRX refinement.

When the content of Ce exceeds 1.0% (e.g., 1.5%),
Al4Ce particles are likely to grow and coalesce with
neighbor particles. This can greatly decrease the num-
ber of particles. Since Al4Ce particles act as nuclei of
DRX grains, growth and coalesce of them can cause
serious loss of nuclei. Thus, the DRX refining effect of
Al4Ce is greatly weakened and grain size increases. As
Fig. 8 shows, optimal DRX grain refining effect can be
obtained at 1.0%Ce addition.

When the hot-extruded alloys were annealed at
320◦C for 1 h, grain growth occurred, as shown in
Fig. 9. For example, the grain sizes for both Alloy
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Figure 5 The optical micrographs of solution treatment: of (a) Alloy I and (b) Alloy II.

Figure 6 SEM image of the solution treatement: (a) Alloy I, (b) Alloy III, (c) Alloy IV, and (d) Ce distribution in Alloy III.

Figure 7 The optical micrographs of hot extrusion: (a) Alloy I and (b) Alloy III.

I and Alloy III after hot extrusion are 19.7 and 13.2
µm respectively. After annealing, the grain sizes for
Alloy I and Alloy III are 23.3 and 16.3 µm. The
grain growth rates of the alloys seem to be same as
shown in Fig. 8. Thus, it can be concluded that the
grain growth in Ce-containing alloys seem to be that
in AZ61 alloy, and Ce takes a little function during
annealing.

3.4. Effects of Ce addition on mechanical
properties

Fig. 10 shows the effect of Ce addition on the room
temperature mechanical properties of the AZ61 alloy.
Compared to the AZ61 alloy, the tensile strength and
yield strength show a little increase with a suitable Ce
addition. At Ce content of 1.0%, the tensile strength
and yield strength have a maximum value of 302.0
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Figure 8 The relationship between grain size and Ce content.

and 180.0 MPa respectively. As Ce content is 1.5%,
the tensile strength and yield strength decrease obvi-
ously. Similarly, the elongation has a maximum when
Ce content is 1.0%. Extra Ce content leads to a decrease
in strength and elongation. After annealing, the tensile
strength and yield strength somewhat decreases, but
elongation increases. At Ce content of 1.0%, the elon-
gation reaches a maximum value of 16.5%, whereas
the elongation has a minimum value at Ce content
of 1.5%. It is concluded that the effect of Ce on the
tensile strength is not very obvious after hot extru-
sion or annealing, but the yield strength is increased
by Ce addition less than or equal to 1.0% after hot
extrusion.

4. Discussion
4.1. Effect of Ce on microstructures
The AZ61 alloy is composed of primary α(Mg) solid
solution of aluminum in magnesium and the inter-
metallic compound β(Mg17Al12), of which the eutec-
tic isothermal temperature is 433◦C [11]. When Ce is
added to AZ61, it is possible to form Al-Ce and Mg-Ce
compound. This is dependent on its chemical activity
and the capability of reaction with other elements like
Al or Mg. Because it has positive electronic character-
istics with both Al and Mg, Ce is likely to react with Al

Figure 9 The optical micrographs of hot extrusion after annealing at 320◦C: (a) Alloy I and (b) Alloy III.

in priority. Based on the Al-Ce binary phase diagram
[12], Al4Ce can be formed when Ce content is less than
60%. XRD and EPMA analyses of the Ce-containing
alloys proved the precipitation of the needle-like A4Ce
particles in these alloys (Figs 1 and 2). As a result, much
Al is bounded by Al4Ce, and the amount of Al for for-
mation of the β phase (Mg17Al12) is decreased. There-
fore, the precipitation of β particles is suppressed by the
formation of Al4Ce. When the alloys are solutionized,
thermodynamically unstable phases will dissolve into
α matrix, like β (Mg17Al12). However, A4lCe cannot
be dissolved because it is stable at the process temper-
ature. Therefore, the morphology of Al4Ce can hardly
be changed by general annealing treatment.

4.2. Effect of Ce on dynamic
recrystallization

As is well known, dynamic recrystallization occurs
in common magnesium alloys during hot deformation
[13]. Under the hot extrusion conditions in this work,
DRX completed in the AZ61 alloy because the process
temperature is above the recrystallization temperature
[2]. Microstructure observations indicate that fine DRX
grains exist in the extruded AZ61 alloy and the grain
size is about 20 µm.

When Ce of suitable content is added to AZ61, it
brings about precipitation of an extra phase, i.e., Al4Ce.
The Al4Ce particles can be broken and dispersed in
magnesium matrix. These dispersed Al4Ce particles
play an important role in recrystallization. Firstly, ther-
mally stable Al4Ce3 intermetallics with a relatively high
melting point can pin grain boundaries and impede
grain growth during hot deformation. Secondly, con-
centrated strain in the vicinity of Al4Ce particles can
introduce sites of high dislocation density and large
orientation gradient (particle deformation zone). Such
sites are ideal for nucleation of recrystallized grains. It
is known that a particle deformation zone may extend
to a distance of even one diameter from the surface
of the particles and may be disoriented by tens of de-
grees from the adjacent matrix. In these deformation
zones, second phase particles can stimulate nucleation
of DRX grains [14]. Thus, nucleation of recrystalliza-
tion can be promoted by Ce addition in AZ61 alloy. As
a result, the grains of the alloys with 1.0%Ce addition
are finer than that of the AZ61 alloy, and the size is
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Figure 10 The mechanical properties of Alloy I–IV: (a) the tensile
strength, (b) the yield strength, and (c) the elongation.

about 13.5 µm. Certainly, better grain-refining effect
brings about improvement of both strength and ductil-
ity. However, when there is too much Ce, e.g., 1.5%,
coarsening of Al4Ce particles can decrease number of
nucleation sites which cause cleavages on surround-
ing matrix. Therefore, mechanical properties will be
affected.

5. Conclusion
(1) When Ce is added to AZ61, rod-like Al4Ce

particles precipitate both inside grains and at grain

boundaries. Ce seriously suppresses the precipita-
tion of Mg17Al12 particles. Ce refines Mg17Al12
particles in as-cast alloys. High Ce content (>1.0
wt pct) can lead to formation of coarse Al4Ce
particles.

(2) Hot extrusion brings about grain refinement in
all kinds of alloys. Ce has a refining effect on DRX
grains. When the content of Ce is lower than 1.0%, the
Ce-containing alloys have smaller grains than AZ61.
When the content of Ce is higher than 1.0%, the size of
DRX grains increases again.

(3) Ce addition brings about improvement in both
strength and ductility of the hot-extruded alloys when
its content is lower than 1.0%. When there is 1.5%
Ce, the strength and ductility decrease largely. The al-
loy with 1.0%Ce has optimal mechanical properties.
The improvement of mechanical properties by Ce ad-
dition is ascribed to the grain-refining effect during
DRX.
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