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Abstract: The as-cast microstructures and mechanical properties of Mg—3Ce—1.2Mn—0.9Sc and Mg—3Ce—1.2Mn—1Zn magnesium
alloys were investigated and compared. The results indicate that the Sc-containing alloy mainly consists of a-Mg, Mg;,Ce and Mn,Sc
phases, and the Zn-containing alloy is mainly composed of a-Mg and Mg;,Ce phases. The morphologies of the Mg;,Ce phases in the
two as-cast alloys are different. The Mg;,Ce phases in the Sc- and Zn-containing alloys mainly exhibit particle-like shapes and
continuous and/or quasti-continuous nets, respectively. Furthermore, the grains of the Sc-containing alloy are finer than those of the
Zn-containing alloy. In addition, the Sc- and Zn-containing alloys have similar as-cast tensile properties at room temperature and 300
°C. However, the Sc-containing alloy exhibits higher creep-resistant properties at 300 °C and 30 MPa for 100 h than the

Zn-containing alloy.
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1 Introduction

At present, the development of new magnesium
alloys is becoming increasingly important due to the
potential saving in mass compared with aluminum based
alloys. However, the creep properties of magnesium
alloys are limited by their low melting point which can
vary depending on the alloying content [1]. Hence, the
development of elevated temperature magnesium alloys
is necessary in order to compete with other light
constructional materials such as aluminum alloys and in
order to improve the temperature range of application of
magnesium  components. Previous  investigations
indicated that magnesium alloys based on the Mg—Sc
system exhibited interesting properties [2—4], and it was
further found that the addition of Mn and Ce to Mg—Sc
alloys could improve the creep resistance substantially [5,
6]. For example, the quaternary Mg—Ce—Mn—Sc alloys
are considerably superior to WE alloys and exhibit high
creep resistance at high temperatures over 300 °C [6, 7].

However, due to the expensive scandium, the
application of the Mg—Ce—Mn—Sc alloys is limited.
Therefore, the research of replacing expensive scandium
by cheap alloying elements for the Mg—Ce—Mn—Sc
alloys needs to be considered. Since Zn can form
intermetallic phases with Mg and/or RE as plates on
basal planes of a-Mg matrix and SMOLA et al [8] found
that the Mg—4Y—1Mn—1Zn alloy exhibited higher
creep-resistant properties than the Mg—4Y—1Mn—1Sc
alloy. It is inferred that Zn is the possible less expensive
alternative to Sc in the Mg—Ce—Mn—Sc alloys. However,
the available information whether Sc in the
Mg—Ce—Mn—Sc alloys can be replaced, especially the
information ~ concerning  the comparison of
microstructures and mechanical properties of the
Mg—Ce—Mn—Sc and Mg—Ce—Mn—Zn alloys, is very
scarce at present. Due to the above mentioned-reasons,
the present work is to investigate and compare the as-cast
microstructures and mechanical properties of the
Mg—3Ce—1.2Mn—0.9Sc and Mg—3Ce—1.2Mn—1Zn
magnesium alloys.
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2 Experimental

The nominal compositions (mass fraction, %) of the
experimental alloys investigated in this work were
Mg—3Ce—1.2Mn—0.9Sc (1* alloy) and Mg—3Ce—1.2Mn—
1Zn (2" alloy). The experimental alloys were prepared by
adding pure Mg, pure Zn, Mg—29%Ce, Mg—2.91%Sc
and Mg—4.38%Mn master alloys. The experimental
alloys were melted in a crucible resistance furnace and
protected by the RJ—2 flux additions (45% MgCl,+37%
KC1+8% NaCl+4% CaF,+6% BaCl,). After being held at
740 °C for 60 min, the melts of the experimental alloys
were homogenized by mechanical stirring and then
poured into a permanent mould which was coated and
preheated to 200 °C in order to obtain a casting. The
specimens shown in Fig. 1 were fabricated from the
castings for tensile and creep tests. Furthermore, the
samples of the experimental alloys were subjected to a
solution heat treatment (520 °C, 12 h+water cooling) in
order to clearly reveal the grain boundaries.

¢
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Fig. 1 Configuration of samples used for tensile and creep tests
(unit: mm)

The as-cast and solutionized samples of the
experimental alloys were respectively etched in an 8%
nitric acid solution in distilled water and a solution of 1.5
g picric, 25 mL ethanol, 5 mL acetic acid and 10 mL
distilled water, and then examined by an Olympus
optical microscope and JOEL JSM—6460LV type
scanning electron microscope equipped with Oxford
energy dispersive X-ray spectrometer (EDS) with an
operating voltage of 20 kV. The grain size was analyzed
by the standard linear intercept method using an
Olympus stereomicroscope. The phases in the
experimental alloys were also analyzed by
D/Max—1200X type analyzer operated at 40 kV and 30
mA.

The as-cast tensile properties of the experimental
alloys at room temperature and 300 °C were determined
from a complete stress—strain curve. Ultimate tensile
strength (UTS), 0.2% yield strength (YS), and elongation
to failure (Elong.) were obtained based on the average
value of three tests. Constant-load tensile creep tests
were performed at 300 °C and 30 MPa for creep
extension up to 100 h. The minimum creep rates of

experimental alloys were measured from each elongation
—time curve and averaged over three tests.

3 Results and discussion

3.1 Comparison of microstructures

Figure 2 shows the XRD results of the as-cast alloys.
In the Mg—3Ce—1.2Mn—0.9Sc alloy, two main phases
have been reported in Ref. [9]. One is identified as
Mn,Sc phase (hexagonal structure P6;/mme, a=0.5033
nm, ¢=0.8278 nm), and the other one is Mg;,Ce phase
(tetragonal structure ¢=1.033 nm, ¢=0.596 nm). As
shown in Fig. 2, the Sc-containing alloy is also mainly
composed of a-Mg, Mg;,Ce and Mn,Sc phases.
Furthermore, it is found from Fig. 2 that the
Zn-containing alloy is mainly composed of a-Mg and
Mg;,Ce phases, and the Mg—Zn phase which has been
reported in the Mg—2.0Ce—0.7Zn—0.7Zr alloy by WU
and XIA [10], is not identified in the alloy. The reason
might be related to one of the following two aspects: 1) a
small quantity of Mg—Zn phase formation is beyond
detection limit for the spectrum of X-ray; 2) similar to
the Mg—Zn—Y alloys [11], the Mg—Zn phase is not
formed since the relatively low Zn/Ce ratio of the
Zn-containing experimental alloy. Actually, the XRD
results may be further confirmed by the DSC results of
the as-cast alloys. Figure 3 shows the DSC cooling
curves of the as-cast alloys. It is found from Fig. 3 that
the DSC cooling curves of the two alloys are similar,
with two main peaks in the cooling
corresponding to the a-Mg matrix melting and the binary
eutectic reaction (L;—a-Mg+Mg;;,Ce), respectively.
Accordingly, the final microstructure of the two alloys
mainly consists of a-Mg and Mg;,Ce phases. As for the
Mn,Sc phase in the Sc-containing alloy, its formation has
been described in detail in Refs. [2, 12].

Figures 4 and 5 show the optical images of the
as-cast and solutionized alloys, respectively. It is
observed from Fig. 4 that the primary a-Mg phases in the
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Fig. 2 XRD results of as-cast alloys: (a) 1” alloy; (b) 2 alloy



YANG Ming-bo, et al/Trans. Nonferrous Met. Soc. China 22(2012) 53—59 55

T Exo @

=~ of 636.28 °C
2 580.16 °C |
= -1
)
b
T -3b
640.12 °C
_4 1 1 1 1 1
100 200 300 400 500 600 700
Temperature/°C
1
TExo (b)
0 -
-1F 637.10 °C
581.24 °C

Heat flow/(mW-mg™)
tD

—4r 643.96 °C

100 200 300 400 500 600 700
Temperature/°C

Fig. 3 DSC cooling curves of as-cast alloys: (a) 1% alloy; (b) 2*

alloy

two alloys mainly display a dendrite configuration.
Furthermore, it is found from Fig. 4 that the primary
0-Mg phases in the Sc-containing alloy are finer than
those in the Zn-containing alloy, indicating that the
Sc-containing alloy has finer grains than the
Zn-containing alloy. This is further confirmed from
Fig. 5 which shows the solutionized microstructures of
the two alloys. The average grain sizes for the Sc- and
Zn-containing alloys are 153 pm and 196 um,
respectively. Based on the Mg—Ce, Mg—Ce—Mn and
Mg—Mn—Sc phase diagrams [3, 13, 14] and combined
with the investigations of GROBNER and SCHMIO-
FETZER [12], during the solidification of the Mg—3Ce—
1.2Mn—0.9Sc alloy, the primary a-Mg phase and Mn,Sc
phase possibly first nucleate and grow until the
temperature falls to about 585 °C where a binary eutectic
reaction (L;—a-Mg+Mg,Ce) occurs. Obviously, the
crystallizing temperature of the Mn,Sc phase in the
Mg—3Ce—1.2Mn—0.9Sc alloy is much higher than that of
the eutectic phase (a-Mg+Mg,Ce). Therefore, the
formation of the Mn,Sc will possibly induce the
constitutional undercooling in a diffusion layer ahead of
the advancing solid/liquid interface, which restricts the
grain growth since the diffusion of the solute slowly
occurs. In addition, further nucleation also possibly
occurs in front of the interface because the nucleants in

the melt are more likely to survive and be activated in the
constitutional undercooling zone, as reported by LEE et
al [15] and FANG et al [16]. Based on the above analysis,
it is preliminarily inferred that the reason why the
Sc-containing alloy has finer grains than the

Zn-containing alloy, is possibly related to the formation
of the Mn,Sc phase in the Sc-containing alloy.

Fig. 5 Optical images of solutionized alloys: (a) 1* alloy; (b) 2*
alloy
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Figure 6 shows the SEM images of the as-cast
alloys. In Fig. 6, the second phases in the as-cast alloys
are identified according to the XRD and EDS results
(Table 1). As shown in Figs. 6(a) and (b), it is found that
the Mg;,Ce and Mn,Sc phases in the Sc-containing alloy
exhibit particle-like shapes, and the Mg;,Ce and Mn,Sc
phases mainly distribute at the grain boundary. In
addition, it is further observed from Figs. 6(c) and (d)
that the Mg;,Ce phases in the Zn-containing alloy mainly
exhibit continuous and/or quasi-continuous nets. Of
course, a small quantity of the Mg;;Ce phases with
particle-like shapes are also observed (Fig. 6(d)). Similar
to the distribution of the Mg;,Ce phases in the
Sc-containing alloy, the Mg;;Ce phases in the
Zn-containing alloy also distribute at the grain
boundaries. Although the above results indicate that Zn
in the Zn-containing alloy does not contribute to form
any other phases. It is found from Table 1 that parts of
Zn are located in the Mg;,Ce phase due to the strong
attraction effects of Ce element [17]. Therefore, the
Mg;,Ce phase in the Zn-containing alloy probably exists
in the form of the (Mg,Zn),,Ce intermetallic compound,
as reported by KEVORKOV and PEKGULERYUZ [18].
However, this needs to be further confirmed.

Table 1 EDS results of as-cast alloys

w(Mg)/ w(Ce)/ w(Mn)/ w(Sc)/ w(Zn)/ Total/
% % % % % %

Position

Ain

Fig. 6(b) 77.67 22.33 - - - 100
Bin

Fig. 6(b) 83.77 16.23 100
Cin 70.95 - 18.36 10.69 - 100

Fig. 6(b) ’ ’ ’
Ain

Fig. 6(d) 7891 17.31 3.78 100
Bin

Fig. 6(d) 80.89 19.11 100

3.2 Comparison of mechanical properties

The tensile properties including ultimate tensile
strength (UTS), 0.2% yield strength (YS) and elongation
(Elong.), and creep properties of the as-cast alloys are
listed in Table 2. It is observed from Table 2 that,
although the Sc- and Zn-containing alloys have similar
as-cast tensile properties at room temperature and 300 °C,
the Sc-containing alloy exhibits higher creep-resistant

Fig. 6 SEM images of as-cast alloys: (a), (b) 1* alloy; (c), (d) 2* alloy

Table 2 Tensile and creep properties of as-cast alloys

Tensile property Creep property at
Experimental At room temperature At 300 °C 300 °C and 30 MPa for 100 h
alloy Total cree Mini
o o P inimum creep rate/
UTS/MPa YS/MPa Elong./%  UTS/MPa YS/MPa  Elong./% strain/% 1078 ¢!
17 alloy 161 (3.1) 133(1.9) 3.1(0.25) 108 (2.1) 90(1.8) 16.0(0.89) 0.46(0.10) 1.27(0.39)
2" alloy 152(2.8) 130(2.7) 3.0(0.19) 101(2.2) 87(2.7) 15.6(1.02) 1.85(0.08) 5.14(0.41)

Note: The data in the bracket ate the standard error.
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properties at 300 °C and 30 MPa for 100 h than the
Zn-containing alloy. In general, it is accepted that the
rate of dislocation creep tends to decrease with
increasing grain size due to a lowered contribution of
grain boundary sliding [19]. Since the grain size of the
Sc-containing alloy is smaller than that of the
Zn-containing alloy, the difference in the grain size can
not explain the higher creep-resistant properties of the
Sc-containing alloy than the Zn-containing alloy. The
difference in the creep-resistant properties for the two
alloys is possibly related to other reasons. Figure 7
shows the SEM images of the Sc- and Zn-containing
solutionized alloys. It is observed from Fig. 7 that a
majority of the Mg;,Ce phases in the two alloys have
dissolved into the matrix after the solid solution heat
treatment at 520 °C for 12 h. However, it is found that
under the same solutionized conditions the amount of the
remanent Mg;,Ce phases at the grain boundaries for the
Sc-containing alloy seems to be relatively larger than
that for the Zn-containing alloy. In addition, many fine
and dispersed phases the grains of the
Sc-containing solutionized alloy, Mg;,Ce and Mn,Sc, are
also observed. However, similar phenomenon is not

inside

found inside the grains of the Zn-containing solutionized
alloy. Obviously, the stability at high temperatures for
the second phases in the Sc-containing alloy is possibly
higher than the Zn-containing alloy. Since the
creep-resistant properties of magnesium alloys are
mainly related to the structure stability at high
temperatures, it is preliminarily inferred that the higher
creep-resistant properties of the Sc-containing alloy than
the Zn-containing alloy are possibly related to the
different initial as-cast microstructures of the two alloys.
In spite of the above, the reason for the difference in the
creep-resistant properties of the Sc- and Zn-containing
alloys is not completely clear because some problems are
still remained. For example, whether the Mg;,Ce phases
in the Sc-containing alloy have really higher stability at
high temperatures than those in the Zn-containing alloy?
if yes, as shown in Fig. 6 and Table 1, whether the reason
is related to the different morphologies and compositions
of the Mg;,Ce phases in the two alloys? In addition,
although the above results indicate that the as-cast
creep-resistant properties of the Sc-containing alloy are
higher than those of the Zn-containing alloy, one
question whether the creep-resistant properties after an

Fig. 7 SEM images of solutionized alloys:
(a), (b) 1* alloy; (c) Local magnification
of area 4 in Fig. 7(b); (d), (e) 2* alloy
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aging treatment for the Sc-containing alloy are higher
than those for the Zn-containing alloy, still remains.
These questions are a subject for further study in our
group.

3.3 Comparison of fracture behaviour

Figure 8 shows the SEM images of tensile
fractographs for the as-cast alloys failed in tensile test at
room temperature. As shown in Fig. 8, a number of
cleavage planes and steps are present, and some minute
lacerated ridges can be observed in the localized areas of
the tensile fracture surfaces for the two alloys, indicating
that the tensile fracture surfaces of the Sc- and
Zn-containing alloys have mixed -characteristics of
cleavage and quasi-cleavage fractures. Figure 9 shows
the optical images of longitudinal sections for the as-cast
alloys failed in tensile test at room temperature. It is
observed from Fig. 9 that the tensile ruptures of the Sc-
and Zn-containing alloys occur along inter-granular
boundary. Therefore, it is preliminarily inferred that the
Sc- and Zn-containing alloys have similar fracture mode.
In spite of the above, a relatively obvious difference in
the fracture surfaces of the Sc- and Zn-containing alloys
is still observed from Fig. 8. As shown in Fig. 8, the
directivity of the cleavage planes in the fracture surface
of the Zn-containing alloy is more obvious than the
Sc-containing alloy. The reason is possibly related to the
different initial microstructures of the two as-cast alloys,
especially the different morphologies of the Mg;,Ce
phases in the two as-cast alloys.

Fig. 8 SEM images of tensile fractographs for as-cast alloys
tested at room temperature: (a) 1 alloy; (b) 2 alloy

Ay
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B

@ S/

Load direction

Fracture surface

Fig. 9 Optical images of longitudinal sections for as-cast alloys

failed in tensile test at room temperature: (a) 1 alloy; (b) 2"
alloy

4 Conclusions

1) The as-cast microstructure of the Mg—3Ce—
1.2Mn—0.9Sc alloy mainly consists of a-Mg, Mg;,Ce
and Mn,Sc phases, and the as-cast microstructure of the
Mg—3Ce—1.2Mn—1Zn alloy is mainly composed of a-Mg
and Mg ,Ce phases.

2) The morphologies of the Mg;,Ce phases in the
two as-cast alloys are different. The Mg;,Ce phase in the
Sc-containing alloy mainly exhibits particle-like shapes.
However, besides a small quantity of the particle-like
Mg;,Ce phases, the Mg;,Ce phases in the Zn-containing
alloy mainly exhibit continuous and/or quasti-
continuous nets. Furthermore, the Sc-containing alloy
has finer grains than the Zn-containing alloy.

3) In addition, although the Sc- and Zn-containing
alloys have similar as-cast tensile properties at room
temperature and 300 °C, the Sc-containing alloy exhibits
higher creep-resistant properties at 300 °C and 30 MPa
for 100 h than the Zn-containing alloy.
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