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Abstract In this article, the as-cast microstructures and

mechanical properties of the Mg–4Y–1.2Mn–0.9Sc and

Mg–4Y–1.2Mn–1Zn (wt%) magnesium alloys are investi-

gated and compared. The results indicate that the Sc-con-

taining alloy is mainly composed of a-Mg and fine particle-

like Mg24Y5, Mn12Y, and Mn2Sc phases, while the

Zn-containing alloy mainly consists of a-Mg and coarse

Mg12YZn phases with a continuous network. Furthermore,

the grains of the Zn-containing alloy are relatively finer

than those of the Sc-containing alloy. In addition, the

Sc-containing alloy exhibits relatively higher tensile

properties at room temperature and 300 �C than the

Zn-containing alloy. However, the creep properties at

300 �C and 30 MPa for 100 h for the Sc-containing alloy

are relatively lower than those for the Zn-containing alloy.

Introduction

At present, the development of new magnesium alloys

is becoming increasingly important due to the potential

saving in weight when compared to 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 devel-

opment of elevated temperature magnesium alloys is nec-

essary 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 com-

ponents. Previous investigations indicated that magnesium

alloys based on the Mg–Sc system exhibited interesting

properties [2, 3], and it was further found that the additions

of Mn and Y to Mg–Sc alloys could improve the creep

resistance substantially [4, 5]. For example, the quaternary

Mg–Y–Mn–Sc alloys are considerably superior to WE

alloys (Mg–Y–Nd–Zr) and exhibit high creep resistance at

high temperatures over 300 �C [5, 6]. However, due to the

expensive scandium, the application of the Mg–Y–Mn–Sc

alloys is limited. Therefore, the research of replacing

expensive scandium by cheap alloying elements for the

Mg–Y–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 [7], it is inferred that Zn is the

possible less expensive alternative to Sc in the Mg–Y–Mn–

Sc alloys. But up to now, the investigation whether Sc in

the Mg–Y–Mn–Sc alloys can be replaced by Zn, which is

very scarce in the literature. Although Smola et al. [7]

found that the Mg–4Y–1Mn–1Zn alloy exhibited higher

creep properties than the Mg–4Y–1Mn–1Sc alloy, the

corresponding information about the comparison of

microstructures and mechanical properties for the two

alloys, is not reported in detail. Due to the above men-

tioned-reasons, the present study investigates and compares

the as-cast microstructures and mechanical properties of

the Mg–4Y–1.2Mn–0.9Sc and Mg–4Y–1.2Mn–1Zn mag-

nesium alloys.
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Experimental procedures

The nominal compositions (wt%) of the experimental

alloys investigated in this study are Mg–4Y–1.2Mn–0.9Sc

(1# alloy) and Mg–4Y–1.2Mn–1Zn (2# alloy). The exper-

imental alloys were prepared by adding pure Mg and Zn

([99.9 wt%), and Y, Sc, and Mn were, respectively, added

in the form of Mg–17 wt% Y, Mg–2.91 wt% Sc, and Mg–

4.38 wt% Mn master alloys made by Hunan Rare Earth

Metal & Material Institute in China. The experimental

alloys were melted in a crucible resistance furnace and

protected by the RJ-2 flux additions (45 wt% MgCl2 ?

37 wt% KCl ? 8 wt% NaCl ? 4 wt% CaF2 ? 6 wt%

BaCl). In order to decrease the melting loss of Y and Sc,

the pure Mg, pure Zn, and/or Mg–Mn master alloy were

first melted, and then when the melt temperature was

around 740 �C, the Mg–Y and/or Mg–Sc master alloys

were added into the melt of the experimental alloys. After

held at 740 �C for 60 min, the melts of the experimental

alloys were homogenized by mechanical stirring at

300 rpm and then poured into a permanent mould which

was coated and preheated to 200 �C in order to obtain a

casting. The specimens as 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 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, the differential scanning calorimetry

(DSC) was carried out by using a NETZSCH STA 449C

system equipped with platinum–rhodium crucibles. Sam-

ples weighted around 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 solutionized samples of the experi-

mental alloys were etched in 8% nitric acid solution in

distilled water and a solution of 1.5 g picric acid, 25 mL

ethanol, 5 mL acetic acid, and 10 mL distilled water,

respectively, 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 mea-

sured from each elongation–time curve and averaged over

three tests.

Results and discussion

Comparison of microstructures

Figure 2 shows the XRD results of the as-cast alloys. As

shown in Fig. 2, the Sc-containing alloy is mainly com-

posed of a-Mg, Mg24Y5, Mn12Y, and Mn2Sc phases, sim-

ilar to the Mg–5Y–1Mn–0.3Sc permanent moulding alloy

[8] and the Mg–4Y–1Mn–1Sc squeeze casting alloy [5].

Furthermore, it is found from Fig. 2 that the Zn-containing

alloy mainly consists of a-Mg phase and Mg12YZn phase

(a long-period 18R modulated structure [9]). Actually, the

formation of the phases in the as-cast alloys may be pre-

liminarily explained by the DSC results. 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 curves,

corresponding to the a-Mg matrix melting and the eutectic

reaction, respectively. Furthermore, it is observed from

Fig. 3 that the onset and peak temperatures of the matrix

solidification for the two alloys are similar. However, the

onset and peak temperatures of second phase transforma-

tion for the Sc-containing alloy are higher than those for

the Zn-containing alloy. Based on the Mg–Y, Y–Mn, Mg–

Y–Mn, and Mg–Mn–Sc phase diagrams [3, 10, 11] and
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Fig. 1 Configuration of the samples used for the tensile and creep

tests (unit:mm)

Table 1 Actual compositions of the experimental alloys, wt%

Experimental alloys Y Mn Sc Zn Mg

1# (Mg–4Y–1.2Mn–0.9Sc) 3.66 1.08 0.78 – Bal.

2# (Mg–4Y–1.2Mn–1Zn) 3.69 1.11 – 0.92 Bal.
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combined with the investigation of Grobner et al. [12], it is

preliminarily inferred that during the solidification of the

Mg–4Y–1.2Mn–0.9Sc alloy the primary a-Mg phase and

Mn2Sc phase first nucleate and grow until the temperature

falls to about 567 �C where a binary eutectic reaction

(L1 ? a-Mg ? Mg24Y5) occurs. Then, along with the

temperature decrease the solid solubilities of Y and Mn in

the a-Mg solid solution decrease thus results in the solid

state precipitation of the Mg24Y5 and Mn12Y. Accordingly,

the final microstructure mainly consists of a-Mg, Mg24Y5,

Mn12Y, and Mn2Sc phases. As for the Mg–4Y–1.2Mn–

1Zn (wt%) alloy with the Y/Zn atomic ratio of 2.94,

its solidification process is possibly similar to the Mg–

(2–3)Y–1Zn (at.%) alloys reported by Chen and Feng et al.

[9, 13]. During the solidification the primary a-Mg phase

first nucleates and grows until the temperature falls

to about 540 �C where a binary eutectic reaction

(L1 ? a-Mg ? Mg12YZn) occurs. Accordingly, the final

microstructure is mainly composed of a-Mg and Mg12YZn

phases.

Figure 4 shows the SEM images of the as-cast alloys.

In Fig. 4, the second phases are identified according to

the XRD and EDS analysis. As shown in Fig. 4a, b, the

second phases in the Sc-containing alloy mainly exhibit

particle-like shapes, and distribute both at the grain

boundary and inside the grains. Furthermore, it is observed

from Fig. 4c, d that the Mg12YZn phases in the Zn-con-

taining alloy distribute along the grain boundaries and

mainly exhibit continuous network. In addition, although

the Mg24Y5 phase is not identified in the XRD results of the

Zn-containing alloy, a small quantity of the Mg24Y5 phase

with particle-like shape is still observed to locate in the

Mg12YZn phase (Fig. 4d).

Figure 5 shows the optical images of the as-cast and

solutionized alloys. It is observed from Fig. 5a, b that the

primary a-Mg phases in the two alloys mainly display a

dendrite configuration. Furthermore, it is found from Fig. 5

that the primary a-Mg phases in the Zn-containing alloy are

relatively finer than those in the Sc-containing alloy,

indicating that the Zn-containing alloy has relatively finer

grains than the Sc-containing alloy. This is further con-

firmed from Fig. 5c, d which shows the solutionized

microstructures of the two alloys. The average grain sizes

for the Sc and Zn-containing alloys are 324 and 186 lm,

respectively. According to the investigations of Fang et al.

[14], during solidification the formation of the Mn2Sc in

the Mg–RE–Mn–Sc alloys possibly induces a constitu-

tional 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 nucleants in the melt are more likely

to survive and be activated in the constitutional underco-

oling zone, as reported by Lee et al. [15]. Obviously, the

above analysis indicates that the Mg–4Y–1.2Mn–0.9Sc

alloy seems to should have finer grains than the Mg–4Y–

1.2Mn–1Zn alloy. However, as shown in Fig. 5, the con-

trary results are observed. According to the information

from Fig. 4a, c, it is found that the volume fraction of the

second phases in the Sc-containing alloy is far less than

that in the Zn-containing alloy, indicating that besides

forming a small quantity of the second phases, the elements

of Y and Sc in the Sc-containing alloy mainly dissolve into

the a-Mg matrix. Oppositely, the elements of Y and Zn in

the Zn-containing alloy mainly form the second phases
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distributed at grain boundaries, which is further confirmed

by the EDS analysis. The EDS results of the Zn-containing

alloy show that the composition (at.%) of areas A (the

matrix), B (the Mg12YZn phase) and C (the Mg24Y5 phase)

in Fig. 4d are Mg–0.46Y–0.57Mn–0.25Zn, Mg–4.35Y–

0.27Mn–4.73Zn, and Mg–12.6Y–1.18Mn–1.59Zn, respec-

tively. Obviously, Y and Zn elements in the Zn-containing

alloy mainly distribute at the grain boundaries, which

possibly leads to the Y and Zn enrichments and then

induces the constitution undercooling at the solidification

interface front during solidification. Based on the above

analysis, it is preliminarily inferred that the reason why the

Zn-containing alloy has finer grains than the Sc-containing

alloy, is possibly related to the formation of the Mg12YZn

phase distributed at the grain boundaries for the Zn-con-

taining alloy. However, this needs to be further confirmed.

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-containing alloy has relatively higher tensile properties

at room temperature and 300 �C than the Zn-containing

alloy, the creep properties at 300 �C and 30 MPa for 100 h

for the former are relatively lower than those for the latter. It

is well known that the presence of fine and uniform phases

distributed along the grain boundaries is easier to act as an

effective straddle to the dislocation motion thus improving

the properties of engineering alloys [16]. Apparently, the

coarse continuous Mg12YZn phases in the Zn-containing

alloy will give a detrimental effect on the tensile properties.

(a)

(c)

Element Weight% Atomic% 
Mg K 61.48 84.63 
Mn K 1.93 1.18 
Zn K 3.11 1.59 
YK 33.48 12.60 

Mg

Y
Zn

Zn
Mn

Y Y

(f) 
Mg

(e) Element Weight% Atomic% 
Mg K 75.60 90.64 
Mn K 0.51 0.27 
Zn K 10.61 4.73 
YK 13.28 4.35 

Zn

Mn

Zn

Y
Y

(d)

Mg12YZn 

B 

Mg24Y5

C 

A 

(b)

Mn2Sc 

Mg24Y5

Mn12Y 

Fig. 4 SEM images of the as-cast alloys: a, b 1# alloy; c, d 2# alloy; e EDS results of position B in d; f EDS results of position C in (d)
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Although the Zn-containing alloy has relatively finer grains

than the Sc-containing alloy, the presence of these coarse

Mg12YZn phases with a continuous network possibly pro-

mote the initiation and propagation of cracks and leads to an

adverse effect on the tensile properties. This can be further

confirmed from Figs. 6 and 7. Figures 6 and 7 show the

SEM images of tensile fractographs and optical images of

longitudinal sections for the as-cast alloys failed in the

tensile tests at room temperature, respectively. As shown in

Fig. 6, a number of cleavage planes and steps are present,

and some river patterns can also be observed in the tensile

fracture surfaces of the experimental alloys, indicating that

the tensile fracture surfaces of the two alloys have mixed

characteristics of cleavage and quasi-cleavage fractures.

However, it is observed from Fig. 7 that, different from the

Sc-containing alloy, the tensile rupture of the Zn-containing

alloy occurs along the grain boundaries, and as reported by

Luo et al. [17], the cracks seem to preferentially initiate and

propagate at interior of the coarse Mg12YZn phase instead

of the interface between the Mg12YZn particle and a-Mg

matrix due to that the Mg12YZn phase has the axis-to-axis

orientation with magnesium matrix, and thus results in the

relatively poor tensile properties of 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 [18]. Since

the grain size of the Zn-containing alloy is smaller than that

of the Sc-containing alloy, the difference in the grain

size can not explain the higher creep properties of the

Zn-containing alloy than the Sc-containing alloy. The dif-

ference in the creep properties for the two alloys is possibly

related to other reasons. Figure 8 shows the SEM images of

Fig. 5 Optical images of the as-cast and solutionized alloys: a, c 1# alloy; b, d 2# alloy

Table 2 Tensile and creep properties of the as-cast alloys

Experimental alloys Tensile properties Creep properties

Room temperature 300 �C 300 �C and 30 MPa for 100 h

UTS/MPa YS/MPa Elong./% UTS/MPa YS/MPa Elong./% Total creep

strain/%

Minimum creep

rate/910-9 s-1

1# alloy 194 (4.2) 176 (3.6) 3.6 (0.27) 129 (3.1) 112 (2.9) 17.0 (0.96) 0.343 (0.11) 9.52 (0.21)

2# alloy 182 (3.7) 166 (2.9) 2.8 (0.31) 115 (3.2) 108 (3.3) 14.2 (0.78) 0.312 (0.08) 8.67 (0.18)

Note The data in the bracket is the standard error
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the Sc and Zn-containing solutionized alloys. It is observed

that, after solid solution heat treatment at 520 �C for 12 h,

many remanent second phases are clearly observed in the

Sc and Zn-containing alloys, indicating that the structure

stability at high temperatures for the two alloys is very high

thus leads to the high creep properties of the two alloys

(Table 2). However, it is further found from Fig. 8 that the

volume fraction of the remanent second phases in the

Zn-containing solutionized alloy is more than that in the

Sc-containing solutionized alloy, and in the Zn-containing

solutionized alloy some coarse remanent second phases

with a continuous and/or quasti-continuous networks still

distribute along the grain boundaries. Since the creep

resistance properties of magnesium alloys are mainly

related to the structure stability at high temperatures, the

Zn-containing alloy exhibits relatively higher creep prop-

erties than the Sc-containing alloy. Based on the above

analysis, it is preliminarily inferred that the higher creep

properties of the Zn-containing alloy than the Sc-contain-

ing alloy are possibly related to the different initial as-cast

microstructures of the two alloys. However, this needs to

be further confirmed.

In addition, it is well known that the high creep prop-

erties for Mg–RE–Mn–Sc alloys are mainly caused by the

dense dispersion of fine Mn2Sc particles and then an aging

treatment is commonly necessary to the Mg–RE–Mn–Sc

alloys in order to produce a fine dispersion of Mn2Sc phase

[19]. Therefore, although the above results indicate that the

as-cast creep properties of the Sc-containing alloy are

lower than those of the Zn-containing alloy, one question

whether the creep properties after an aging treatment for

the Sc-containing alloy are also lower than those for the

Zn-containing alloy, still remains. This question is a sub-

ject for further study in our group.

Conclusions

The as-cast Mg–4Y–1.2Mn–0.9Sc alloy is mainly com-

posed of a-Mg and fine particle-like Mg24Y5, Mn12Y and

Mn2Sc phases, while the as-cast Mg–4Y–1.2Mn–1Zn alloy

mainly consists of a-Mg and coarse Mg12YZn phase with

a continuous network. Furthermore, the grains of the

Zn-containing alloy are relatively finer than those of the

Sc-containing alloy. In addition, the Sc-containing alloy

exhibits relatively higher tensile properties at room tem-

perature and 300 �C than the Zn-containing alloy. How-

ever, the creep properties at 300 �C and 30 MPa for 100 h

Fig. 6 SEM images of the tensile fractographs for the as-cast alloys tested at room temperature: a 1# alloy; b 2# alloy

(a)

L
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d 
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ct
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n 

Fracture surface

(b)

Fracture surface

Fig. 7 Optical images of longitudinal sections for the as-cast alloys failed in tensile test at room temperature: a 1# alloy; b 2# alloy
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for the Sc-containing alloy are relatively lower than those

for the Zn-containing alloy.
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