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Abstract In this paper, the effects of Ce, Sn and Gd
additions on the as-cast microstructure and mechanical
properties of Mg—3.8Zn-2.2Ca (wt%) magnesium alloy are
investigated and compared. The results indicate that adding
1.0 wt% Ce, 1.0 wt% Sn or 1.0 wt% Gd can effectively
refine the grains of the Mg—3.8Zn-2.2Ca alloy, and the
refinement efficiency of Ce addition is relatively high, fol-
lowed by the additions of Sn and Gd, respectively.
Accordingly, the tensile properties of the as-cast Mg—
3.8Zn-2.2Ca alloy are improved by the additions of Ce, Sn
or Gd, with the improvement resulting from the Ce addition
being best and followed by the additions of Sn and Gd,
respectively. In addition, adding 1.0 wt% Ce, 1.0 wt% Sn or
1.0 wt% Gd to the Mg—3.8Zn-2.2Ca alloy can also improve
the creep properties of the as-cast alloy. Among the Ce-, Sn-
and Gd-containing alloys, the creep properties of the Sn- and
Gd-containing alloys are similar but lower than that of the
Ce-containing alloy.

Introduction

Magnesium alloys are the lightest structural alloys com-
mercially available and have great potential for applications
in automotive, aerospace and other industries. At present,
the widely used magnesium alloys are from the Mg—Al
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series alloys, such as AZ91 and AM60 alloys, but their
structural applications are limited by a poor strength and
corrosion resistance at elevated temperatures [1]. Therefore,
improving the strength and the corrosion and creep resis-
tance at elevated temperatures has become a critical issue
for possible application of magnesium alloys in hot com-
ponents. In recent years, efforts have been made to develop
new high-strength and creep-resistant magnesium alloys
based on the Mg—Zn—Ca system for the following reasons
[2-10]: (1) Zn can enhance the age-hardening response and
improve the castability, and has several stable intermetallics
with Mg; (2) Ca not only behaves as a grain refiner but also
can improve the corrosion resistance and form a stable
Mg,Ca compound with Mg; (3) Zn and Ca together with Mg
may form the stable intermetallic compound Ca,MggZns.
To date, some mechanical properties have been reported for
the Mg—Zn—Ca alloys. For example, Gao et al. [11] reported
that the tensile and creep properties of Mg—1Zn—1Ca—-0.6Zr
(Wt%) alloy are superior to magnesium alloy AZ91, and
the addition of 1 wt% Nd to this alloy leads to further
improvements in yield strength and creep resistance.
Somekawa and Mukai [12] found that the as-extruded Mg—
1.8Zn—-0.3Ca (at%) alloy shows a good balance of yield
strength and plane-strain fracture toughness, and these are
higher than those of conventional wrought magnesium
alloys. Levi et al. [4] reported that the Mg-3.2Zn—-1.6Ca
(Wt%) alloy can show a clear age-hardening response dur-
ing an aging treatment as well as during exposure to ele-
vated temperatures. Ortega et al. [13] investigated the
tensile fracture behavior of the age-hardened Mg—1Zn-1Ca
alloy, and found the precipitates formed in the aged alloy
are beneficial to improve the mechanical properties of the
alloy at elevated temperatures. In addition, some investi-
gations about the microstructure and properties of rapidly
solidified Mg—Zn—Ca alloys have been reported [14-17].
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Though the above-mentioned studies have been carried
out to develop high-strength and creep-resistant Mg—Zn—Ca
magnesium alloys, these works mainly focus on the micro-
structural characterization and age-hardening behavior of a
limited number of Mg—Zn—Ca alloys. The investigations of
the tensile and creep properties of Mg—Zn—Ca alloys and the
potential for further improvement in strength and creep
performance via further alloying/microalloying additions
are very scarce in the literature. For these reasons, the present
work investigates and compares the influence of Ce, Sn and
Gd additions, all of which have been successfully used to
improve the mechanical properties of other magnesium alloy
systems [18-24], on the as-cast microstructure and
mechanical properties of Mg-3.8Zn-2.2Ca (wt%) alloy
(previously reported by Qian and Das [25]).

Experimental procedures

The Mg-3.8Zn-2.2Ca alloys containing Ce, Sn or Gd were
prepared from pure Mg, Zn and Sn (>99.9 wt%), and Mg—
19wt%Ca, Mg—29wt%Ce and Mg-25wt%Gd master alloys.
The experimental alloys were melted in a resistance furnace
and protected by a flux addition. After the Ce, Sn and Gd
were added to the melt at 740 °C, the melt was homogenized
by mechanical stirring and held at 740 °C for 20 min before
pouring into a permanent mould which was coated and
preheated to 150 °C in order to obtain a casting as shown in
Fig. 1. The tensile and creep specimens as shown in Fig. 2
were fabricated by linear cutting from the casting. For
comparison, the ternary Mg—3.8Zn-2.2Ca alloy was also
cast, machined into the same dimensions and tested under
the same conditions as the above-mentioned samples. Fur-
thermore, specimens were subjected to an annealing treat-
ment (300 °C/12 h + 450 °C/12 h, water cooled) in order
to clearly reveal the grain boundaries. Table 1 lists the actual
chemical compositions of the experimental alloys, which
were inspected by inductively coupled plasma spectroscopy.

In order to analyze the solidification behavior of the
experimental alloys, differential scanning calorimetry
(DSC) was carried out using a NETZSCH STA 449C
system. Samples weighing approximately 30 mg were
heated in a flowing argon atmosphere from 30 to 700 °C
for 5 min before being cooled down to 100 °C. The heating
and cooling curves were recorded at a controlling speed of
15 °C/min.

The as-cast and heat-treated samples were etched with an
8% nitric acid distilled water solution, and then examined
by using an Olympus optical microscope and JEOL/JSM-
6460LV scanning electron microscope (SEM) operated at
20 kV. The grain size was measured by the standard linear
intercept method using an Olympus stereomicroscope.
The phases in the experimental alloys were analyzed by
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Fig. 2 Size of the samples used for tensile and creep tests (in mm)

Table 1 Actual compositions of experimental alloys (wt%)

Experimental alloys Zn Ca Ce Sn Gd Mg

1# alloy 3.69 205 - - - Bal.
(Mg-3.8Zn-2.2Ca)

2# alloy 371 211 089 - - Bal.
(Mg-3.8Zn-2.2Ca-1.0Ce)

34# alloy 3.66 2.12 - 090 - Bal.
(Mg-3.8Zn-2.2Ca-1.0Sn)

4# alloy 3.67 2.08 - 0.88 Bal.

(Mg-3.8Zn-2.2Ca-1.0Gd)

D/Max-1200X type X-ray diffraction (XRD) operated at
40 kV and 30 mA.

The tensile properties of the as-cast experimental alloys
at room temperature and 150 °C were determined from a
stress—strain curve. The tensile specimens tested at 150 °C
were heated in a bisected resistance furnace with the
temperature controlled to within +2 °C and protected by
CO, atmosphere. The ultimate tensile strength (UTS),
0.2% yield strength (YS) and elongation to failure (Elong.)
were obtained based on the average of three tests. The
constant-load tensile creep tests of the as-cast experimental
alloys were performed at 150 °C and 50 MPa for 100 h.
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Creep specimens were heated in a bisected resistance fur-
nace with the temperature controlled to within £2 °C and
protected by CO, atmosphere. Creep strain was measured
by extensometers which were attached directly to the sur-
faces of specimens. The total creep strain and minimum
creep rates of the experimental alloys were respectively
measured from each elongation versus time curve.

Results and discussion

Comparison of as-cast microstructure

Figure 3 shows the XRD results of the as-cast alloys. It is
found from Fig. 3 that the ternary Mg-3.8Zn-2.2Ca alloy
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Fig. 3 XRD results of the as-cast experimental alloys
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is mainly composed of o-Mg, Mg,Ca and Ca,MggZn;
phases. Furthermore, it is found that the additions of
1.0 wt% Ce, 1.0 wt% Sn and 1.0 wt% Gd to the Mg—
3.8Zn-2.2Ca alloy lead to the formation of the extra phases
of Mg;,Ce, CaMgSn and MgsGd, respectively. The XRD
results may be further confirmed by the DSC results of the
as-cast experimental alloys. Figure 4 shows the DSC
cooling curves of these alloys. All the curves are similar,
with three main peaks at about 610, 430 and 400 °C,
respectively, corresponding to the «-Mg matrix solidifica-
tion and second phase transformations. Based on the
Mg-Zn—Ca ternary phase diagram and combined with the
previous investigations [4, 26, 27], it is inferred that during
the solidification of the experimental alloys the primary
o-Mg phase first nucleates and grows until the temperature
falls to about 430 °C where a binary eutectic reaction
(L - a-Mg + Mg,Ca) occurs and then at about 400 °C a
second binary eutectic reaction (L — o-Mg + Ca,MggZn3)
occurs rather than a ternary eutectic reaction (L —
o-Mg + Mg,Ca + CayMggZns) since the Zn/Ca atomic
ratio of the residual liquid is more than 1.2 [27]. Accord-
ingly, the final as-cast microstructures of the experimental
alloys mainly consist of a-Mg, Mg,Ca and Ca,Mg¢Zn;
phases. Furthermore, it is found from Fig. 4 that a peak at
about 505 °C is uniquely observed in the cooling curve of
the Sn-containing alloy. This possibly corresponds to the
formation of the CaMgSn phase, which is a typical pre-
cipitate in the Mg-Sn—Ca system alloys and has been
described in detail in Refs. [18, 28].

Figure 5 shows the as-cast microstructures of the
experimental alloys. It is observed that the primary o-Mg
phases in the alloys are dendritic in nature, and the dendrite
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Fig. 4 DSC cooling curves of the as-cast experimental alloys: a 1# alloy; b 2# alloy; ¢ 3# alloy; d 4# alloy
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Fig. 5 Optical images of the
as-cast experimental alloys:
a 1# alloy; b 2# alloy;

c 3# alloy; d 4# alloy

arm spacing and grain size of the ternary Mg—3.8Zn-2.2Ca
alloy are relatively large. However, with additions of
1.0 wt% Ce, 1.0 wt% Sn and 1.0 wt% Gd, not only do the
dendrite arm spacing and grain size of the alloys decrease,
but there is a trend toward a more equiaxed structure
especially in the Ce- and Sn-containing alloys. Figure 6
shows the solutionized microstructures of the experimental
alloys. It is observed that these microstructures comprise
a-Mg grains and some undissolved intermetallic particles
both inside the grains and between the grains. Furthermore,
it is found from Fig. 6 that the «-Mg grains in the Ce-, Sn-
and Gd-containing Mg—3.8Zn-2.2Ca alloys are finer than
those in the Mg—3.8Zn-2.2Ca alloy. As shown in Fig. 6a,
the «-Mg grains in the Mg—3.8Zn-2.2Ca alloy have an
average size of 234 um. However, as shown in Fig. 6b and
¢, the additions of 1.0 wt% Ce and 1.0 wt% Sn to this alloy
lead to significant grain refinement and a more uniform
grain size, typically 71 and 82 pum in average size. Com-
pared with the additions of 1.0 wt% Ce and 1.0 wt% Sn,
the grain refinement efficiency of adding 1.0 wt% Gd is
relatively poor (132 pm in average size). In addition, the
obvious equiaxed trend observed in Fig. 5 for the primary
o-Mg phases in the Ce- and Sn-containing alloys are also
further confirmed in Fig. 6b and c. The above-mentioned
results indicate that adding 1.0 wt% Ce, 1.0 wt% Sn and
1.0 wt% Gd to the Mg-3.8Zn-2.2Ca alloy can refine the
grains of the alloy, and the refinement efficiency of the Ce
addition is higher than that of the Sn and Gd additions.

@ Springer

Figure 7 shows the SEM images of the as-cast micro-
structures, which are comprised of x-Mg grains and a
continuous and sparse distribution of intermetallic particles
along grain boundaries and within grains, respectively.
Combining the XRD and EDS results, the intermetallic
compounds are identified as Ca,MgeZn;, Mg,Ca, Mg;,Ce
and MgsGd phases mainly distributed at the grain bound-
aries, and small amounts of Ca,MgeZn; present within
grains. Furthermore, it is observed from Fig. 7 that parts of
the continuous Ca,MgeZn; ternary phases are interrupted
by the Mg,Ca phases, which was also reported for other
Mg—Zn—Ca alloys [4, 27]. Moreover, it is shown in Fig. 7b
that adding 1.0 wt% Ce to the Mg-3.8Zn-2.2Ca alloy
causes an interesting microstructural change to the eutectic.
The morphology of Ca,Mg¢Zn; changes, in part, from
initial continuous blocks to fine particles. However, the
reason for the morphologic change of Ca,Mg¢Zns phases
in the Ce-containing Mg—3.8Zn-2.2Ca alloy is not clear
and further investigation needs to be considered. With the
addition of Sn, the Ca,Mg¢Zn; phase seems to become
coarser and more continuous in nature, and the CaMgSn
phase, with a rod- and/or needle-like morphology, is found
to mainly distribute at grain boundaries and within grains.

Comparison of mechanical properties

The tensile properties of the as-cast experimental alloys,
including ultimate tensile strength (UTS), 0.2% yield
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Fig. 6 Optical images of the
solutionized experimental
alloys: a 1# alloy; b 2# alloy;
c 3# alloy; d 4# alloy

Fig. 7 SEM images of the
as-cast experimental alloys:
a 1# alloy; b 2# alloy;
c 3# alloy; d 4# alloy

strength (YS) and elongation (Elong.), are listed in Table 2. 1.0 wt% Ce, 1.0 wt% Sn and 1.0 wt% Gd to the Mg—
It is observed that the tensile properties of the quarternary  3.8Zn-2.2Ca alloy can improve both the tensile strength
alloys at room temperature and 150 °C are higher than  and elongation of the alloy. This situation is possibly
those of the base ternary alloy, indicating that adding  related to the grain refinement of the Ce-, Sn- and
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Table 2 Tensile properties of the as-cast experimental alloys at room temperature and 150 °C

Experimental alloys Room temperature 150 °C

UTS (MPa) YS (MPa) Elong. (%) UTS (MPa) YS (MPa) Elong. (%)
1# alloy 123.8 (4.1) 96.7 (2.9) 2.4 (0.21) 1109 (3.3) 87.0 (1.6) 5.8 (1.01)
2# alloy 146.1 (3.8) 119.2 2.7) 3.5 (0.15) 132.6 (2.9) 108.7 (1.4) 9.9 (1.12)
3# alloy 134.3 (2.9) 117.8 (3.2) 3.0 (0.17) 121.2 (1.8) 104.4 (2.0) 7.8 (0.98)
44 alloy 130.6 (3.1) 1142 (2.1) 2.9 (0.15) 117.5 (2.0) 102.9 (2.2) 7.1 (1.02)

The data in the bracket is the standard error

Gd-containing Mg—-3.8Zn-2.2Ca alloys. Furthermore, it is
observed from Table 2 that among the Ce-, Sn- and Gd-
containing Mg-3.8Zn-2.2Ca alloys the tensile properties of
the Ce-containing alloy at room temperature and 150 °C
are the highest, followed by the Sn- and Gd-containing
alloys, respectively, which is possibly related to the dif-
ferent grain refinement efficiencies of Ce, Sn and Gd
additions in Mg—3.8Zn-2.2Ca alloy. In addition, although

Fig. 8 SEM images of tensile
fractographs for the as-cast
experimental alloys tested at
room temperature: a 1# alloy;
b 2# alloy; ¢ 3# alloy;

d EDS results of position C
in c; e 4# alloy

the Sn addition exhibits similar grain refinement efficiency
in Mg-3.8Zn-2.2Ca alloy with the Ce addition, the ulti-
mate tensile strength and elongation of Sn-containing alloy
at room temperature and 150 °C are relatively lower than
those of the Ce-containing alloy. As shown in Fig. 7, the
Ca,MgeZn; phases in the Sn-containing Mg—3.8Zn-2.2Ca
alloy seem to be more coarse and continuous than those in
the other Mg—3.8Zn-2.2Ca alloys, and the CaMgSn phases
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at grain boundaries and within grains in the alloy mainly
exhibit a rod- and/or needle-like morphology. Therefore, it
is inferred that the difference of Sn- and Ce-containing Mg—
3.8Zn-2.2Ca alloys in the tensile properties is possibly
related to the CaMgSn and Ca,Mg¢Zn; phases in the Sn-
containing Mg-3.8Zn-2.2Ca alloy. Actually, the above-
mentioned results may be further confirmed from Figs. 8, 9,
and 10. As shown in Fig. 8, a number of cleavage planes
and steps are present, and some minute lacerated ridges can
also be observed in the localized areas of the tensile fracture
surfaces, indicating that all the tensile fracture surfaces have
mixed characteristics of cleavage and quasi-cleavage frac-
tures. Therefore, it is inferred that the addition of 1.0 wt%
Ce, 1.0 wt% Sn or 1.0 wt% Gd to the Mg-3.8Zn-2.2Ca
alloy does not significantly change the fracture mode.
However, the fracture surface of the Mg—3.8Zn-2.2Ca alloy
exhibits relatively large cleavage-type facets (arrow ‘A’ in
Fig. 8a). On the other hand, the cleavage-type facets in the
fracture surfaces of Ce-, Sn- and Gd-containing Mg-3.8Zn—
2.2Ca alloys especially the Ce-containing alloy are rela-
tively small. Furthermore, it is observed that the fracture
surface of Sn-containing Mg-3.8Zn-2.2Ca alloy contains
some small cracks possibly associated with the CaMgSn
phase (arrows ‘B’ in Fig. 8c). In addition, it is also observed
from Figs. 9 and 10 that, although the tensile rupture of the
as-cast experimental alloys occurs along inter-granular
boundary, the cracks seem to easily extend along the
interfaces between continuous Ca,MggZn;, needle-like
CaMgSn particles and a-Mg matrix for 1#, 3# and/or 4#

Fig. 9 Optical images of
longitudinal sections for the (a)
as-cast experimental alloys
failed in tensile test at room
temperature: a 1# alloy;

b 2# alloy; ¢ 3# alloy; d 4# alloy

[ Load direction

Fracture surface

alloys (arrow ‘A’ in Fig. 9a, c, d). It is well known that the
initiation of microcracks can be greatly influenced by the
presence and nature of the second phase. A common situ-
ation is for the particle to be cracked during deformation.
Resistance to cracking is improved if the particle is well
bonded to the matrix. The dispersion of second phase par-
ticles is easily cut by the dislocations, then there will be
planar slip and relatively large dislocation pile-ups will
occur. This will lead to high stress, easy initiation of mi-
crocracks and brittle behavior [29]. Small and spherical
particles are more resistant to cracking. Obviously, the
continuous Ca,MggZn; and/or needle-like CaMgSn parti-
cles in the 1#, 3# and 4# alloys are easily fractured. How-
ever, this needs further confirmation.

Figure 11 shows the creep curves of the as-cast experi-
mental alloys at 150 °C and 50 MPa. The total creep strain
and minimum creep rate for 100 h are summarized in
Table 3. As reference, the total creep strain and minimum
creep rate of the AE42 and AZ91 alloys at 150 °C and
50 MPa for 100 h are also listed in Table 3. It is found from
Table 3 that the Ce-, Sn- and Gd-containing Mg—3.8Zn—
2.2Ca alloys have higher creep properties than the AZ91
alloy while the creep properties of all the as-cast experi-
mental alloys are lower than those of the AE42 alloy. Fur-
thermore, it is found from Fig. 11 and Table 3 that adding
1.0 wt% Ce, 1.0 wt% Sn and 1.0 wt% Gd to the Mg—3.8Zn—
2.2Ca alloy can improve the creep properties of the alloy.
Since the creep properties of magnesium alloys are mainly
related to the structure stability at high temperatures, the

e
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Fig. 10 Optical images of
longitudinal sections for the
as-cast experimental alloys
failed in tensile test at 150 °C:
a 1# alloy; b 2# alloy;

c 3# alloy; d 4# alloy
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Fig. 11 Tensile creep curves of the as-cast experimental alloys at
150 °C and 50 MPa

improvement of creep properties for the Mg—3.8Zn-2.2Ca
alloy by Ce, Sn and Gd additions are possibly related to the
precipitation of Mg;,Ce, CaMgSn and MgsGd with rela-
tively high thermal stability, respectively. In addition, it is
also observed from Fig. 11 and Table 3 that among the Ce-,
Sn- and Gd-containing Mg—3.8Zn-2.2Ca alloys the creep
properties of the Sn- and Gd-containing alloys are similar
but lower than those of the Ce-containing alloy. The possible
reason for the difference in the creep properties for the Ce-,
Sn- and Gd-containing Mg—3.8Zn-2.2Ca alloys will be
discussed in the following section.

@ Springer
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Table 3 Creep properties of the as-cast experimental alloys at
150 °C and 50 MPa for 100 h

Experimental Total creep Minimum creep
alloys strain (%) rate (X 1078 s_l)
1# alloy 1.02 2.83

2# alloy 0.32 0.90

34# alloy 0.41 1.14

44 alloy 0.44 1.22

AEA42 alloy [1] ~0.14 ~0.39

AZ91 alloy [1] ~0.85 ~2.36

Discussion

The above-mentioned results indicate that adding 1.0 wt%
Ce, 1.0 wt% Sn and 1.0 wt% Gd can effectively refine the
grains of Mg-3.8Zn-2.2Ca alloy and thus lead to an
improvement of tensile properties of the alloy. Figure 12
shows the X-ray mapping results for the Ce-, Sn- and Gd-
containing Mg-3.8Zn-2.2Ca alloys. It is observed that the
Ce, Sn and Gd elements mainly distribute at the respective
grain boundaries. Therefore, it is inferred that the above
observed grain refinement of Ce-, Sn- and Gd-containing
Mg-3.8Zn-2.2Ca alloys is possibly related to the Ce, Sn
and Gd enrichment of the liquid during solidification,
which induces a constitution undercooling at the solidifi-
cation interface front, thus accelerating the growth of
secondary dendrites and refining the grains. In addition, it
is reported [18-20] that the Mg;,Ce, CaMgSn and MgsGd
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Fig. 12 X-ray mapping results
for the 2—4# as-cast
experimental alloys

compounds, which have high melting points and heat
resistance, can restrain the growth of o-Mg at the high
temperatures, consequently the grains are further refined.
In spite of the above-mentioned analysis, the reason for the
observed difference of Ce, Sn and Gd addition in the grain
refinement of Mg-3.8Zn—-2.2Ca alloy is not clear. Further
investigation still needs to be considered.

In addition, the above-mentioned results also indicate
that the creep properties of the Ce-, Sn- and Gd-containing
Mg-3.87Zn-2.2Ca alloys are different. The creep properties
of the Sn- and Gd-containing alloys are similar but lower
than that of the Ce-containing alloy. The reason for the
difference in the creep properties is possibly related to the
variation in microstructural features. One significant
microstructural factor is grain size. It is generally accepted
that the rate of dislocation creep tends to decrease with

4*aloy

increasing grain size due to a lowered contribution of grain
boundary sliding [30]. Since the grain size of the Ce- and
Sn-containing alloys is similar and relatively smaller than
that of the Gd-containing alloy, the grain size effect cannot
explain the difference in the creep properties. Obviously,
the difference in the creep properties is possibly related to
other factors. It is well known that the increase in creep
resistance of Mg—Al based alloys containing rare earths is
caused by the suppression of the formation of the Mg,,Al,,
phase which tends to be unstable at elevated temperature,
and there is also the solid solution strengthening and pre-
cipitates that can pin grain boundaries to prevent grain
boundary sliding [1]. As shown in Fig. 7, there is an
obvious difference in the morphology of the eutectic par-
ticles for the Ce-, Sn- and Gd-containing Mg—3.8Zn-2.2Ca
alloys. The eutectic particles of Ce-containing alloy are a
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more intimate mixture while the eutectic particles of the
Sn- and Gd-containing alloys are a continuous divorced
structure. Therefore, it is inferred that the difference in the
creep properties for the Ce-, Sn- and Gd-containing Mg—
3.8Zn-2.2Ca alloys is possibly related to the strengthening
effect of eutectic particles.

Although the above-mentioned results indicate that
adding 1.0 wt% Ce, 1.0 wt% Sn and 1.0 wt% Gd to the
Mg-3.8Zn-2.2Ca alloy can effectively improve the tensile
and creep properties of the as cast alloy, a question remains
as to whether these additions influence the age-hardening
response of the alloy, since the ternary composition
belongs to a typical age hardenable system. Therefore,
further research is also needed to optimize the amount of
Ce, Sn and Gd additions and understand their effects on the
tensile and creep properties and age-hardening behavior of
the Mg-3.8Zn-2.2Ca alloy.

Conclusions

(1) Adding 1.0 wt% Ce, 1.0 wt% Sn or 1.0 wt% Gd can
effectively refine the grains of the Mg—3.8Zn-2.2Ca
alloy, and the refinement efficiency of Ce addition is
relatively high, followed by the additions of Sn and
Gd, respectively. Accordingly, the tensile properties
of the as-cast Mg—3.8Zn—2.2Ca alloy are improved by
the additions of Ce, Sn or Gd, with the improvement
resulting from the Ce addition being best and fol-
lowed by the additions of Sn and Gd, respectively.

(2) Adding 1.0 wt% Ce, 1.0 wt% Sn or 1.0 wt% Gd to
the Mg-3.8Zn-2.2Ca alloy can improve the creep
properties of the as-cast alloy. Among the Ce-, Sn-
and Gd-containing alloys the creep properties of the
Sn- and Gd-containing alloys are similar but lower
than that of the Ce-containing alloy. The difference in
the creep properties for the Ce-, Sn- and Gd-
containing alloys is possibly related to the strength-
ening effect of eutectic particles rather than the effect
of grain size.
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