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Abstract: The grain refinement effect and related strengthening of alloying element Sb on as-cast 
Mg-5Y-3Sm-0.8Ca (wt.%) alloy were investigated by microstructure observation, theoretic 
calculation and tensile tests. The results showed that Mg3Sb2 phase with high melting point is formed in 
the alloy after Sb addition. Mg3Sb2 phase can become the effective heterogeneous nucleation core of 
α-Mg matrix, and refine the grain size and improve the microstructure of the alloy. It causes the grain 
refinement strengthening and enhances the tensile strength of the alloy. When the content of Sb 
addition is 0.5%, the tensile strength of the alloy at room temperature is 234MPa. It can be a basis for 
developing light structural magnesium materials. 

Introduction 
As the lightest metallic structural materials and “green engineering materials of 21st century”, 
magnesium alloys have the advantages of low density, high specific strength/stiffness, excellent 
damping effect and good recycling potential, and have been widely used in the fields of automobile 
manufacturing and electronic industry [1-4]. However, the mechanical properties of traditional 
magnesium alloys are unsatisfactory, which has been the main factor of limiting the further wider 
application of magnesium alloys. It is important and necessary to find a basis for developing light 
weight and high strength magnesium alloys. 

Magnesium-RE (rare earth elements) alloys are interesting materials since they have excellent room 
and high temperature mechanical properties [5]. It is believed that Y is the most effective rare earth 
element to improve the properties of magnesium alloys [6]. Sm is one of important rare earth elements, 
and has the maximum solubility in Mg among light rare earth elements. It has been found that 
simultaneous addition of Y and Sm is significantly effective to increase the mechanical properties of 
magnesium alloys [7-10]. 

A recently developed as-cast Mg-5Y-3Sm-0.8Ca (wt.%) alloy exhibits attractive strength at room 
temperature [11]. In order to further enhance its strength properties, alloying element Sb is introduced 
in this work. The grain refinement effect and related strengthening of Sb on as-cast Mg-5Y-3Sm- 
0.8Ca alloy are investigated. It is hoped to provide a reference for the development of new type 
magnesium alloys. 

Experimental 
The compositions of tested alloy were designed as Mg-5Y-3Sm-0.8Ca-(0.5, 1.0)Sb (wt.%). Pure 
metallic Mg (99.95 wt.%), Sb (99.50 wt.%) and Mg-25 wt.% Y, Mg-25 wt.% Sm and Mg-25 wt.% Ca 
master alloys were used as raw materials. 

All the raw materials were baked at 200  to dry before the melting started. The alloys were melted ℃
in an induction furnace with an Al2O3 crucible under the protection atmosphere of 99 vol.% CO2 and 1 
vol.% SF6. The melt was heated to 750 , and was poured into a metallic mold. The specimens were℃  
obtained after machining. 

The phase analysis was performed by D8 Advance X-ray diffract meter (XRD) and Jade 5.0 
software. The microstructure was observed and the grain sizes were measured by Olympus optical 
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microscope (OM). The planar mismatch degree was determined by theoretic calculation. The tensile 
tests were carried out at a strain rate of 1mm/min in an AG-I 250kN precision universal material test 
machine at room temperature. 

Results 
The XRD patterns of as-cast Mg-5Y-3Sm-0.8Ca-(0.5,1.0)Sb alloys are shown in Fig. 1. The results 
show that the microstructure of as-cast alloys consists of α-Mg matrix, Mg24Y5, Mg41Sm5, Mg2Ca and 
Mg3Sb2. It can be seen that Mg3Sb2 phase with high melting point is formed in the alloy after Sb 
addition. 
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(a) 0.5%Sb                                              (b) 1.0%Sb 

Fig. 1 XRD patterns of as-cast Mg-5Y-3Sm-0.8Ca-(0.5,1.0)Sb alloys 
 

The microstructure of as-cast Mg-5Y-3Sm-0.8Ca-(0.5,1.0)Sb alloys is shown in Fig. 2. It can be 
seen that Sb addition has an important effect on the microstructure of Mg-5Y-3Sm-0.8Ca alloy. 

The microstructure of Mg-5Y-3Sm-0.8Ca-0.5Sb alloy is shown in Fig. 2a. It can be seen that there 
are a lot of secondary phases in the alloy when the content of Sb addition is 0.5%. Most of the 
secondary phases are particles. They distribute homogeneously and dispersedly in the matrix. It can 
enhance the mechanical properties of the alloy. 

The microstructure of Mg-5Y-3Sm-0.8Ca-1.0Sb alloy is shown in Fig. 2b. It can be seen that its 
microstructure is similar to that of the alloy with 0.5%Sb, but some secondary phases are larger in size 
and become big bulk shape. It may damage the mechanical properties of the alloy. 

Compared with that of the alloy with 1.0% Sb, the microstructure of the alloy with 0.5% Sb has two 
significant features: (1) The grains of the alloy are more uniform and their average sizes are decreased 
from 100µm to 60µm. (2) The secondary phases are finer particles and their distributions are more 
uniform and dispersed. The microstructure will be helpful to the strength properties of the alloy. 

  
(a) 0.5%Sb                                              (b) 1.0%Sb 

Fig. 2 Microstructure of as-cast Mg-5Y-3Sm-0.8Ca-(0.5,1.0)Sb alloys 
According to the work by Bramfitt [12], the mathematical model of the two-dimensional lattice 

mismatch degree is: 
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where (hkl)s is the low-index plane of the matrix, and [uvw]s is the low-index direction in (hkl)s; (hkl)n 
is the low-index plane in the nucleation core, and [uvw]n is the low-index direction in (hkl)n; d[uvw]s and 
d[uvw]n are the atomic space along [uvw]s and [uvw]n; θ is the angle between [uvw]s and [uvw]n. 
Bramfitt’s research showed that one criterion for heterogeneous nucleation is that the mismatch degree 
δ of nucleation plane should be less than 15%. 

Table 1 shows the matching parameters between the low-index plane of Mg3Sb2 and α-Mg. Mg3Sb2 
is in hcp structure, a=0.457nm, c=0.723nm. And α-Mg is also in hcp structure, a=0.321nm, c=0.521nm. 
By calculation, the mismatch degree δ is 5.4%, 6.9% and 6.7% respectively between Mg3Sb2 phase and 
α-Mg, which is less than 15%. Therefore, Mg3Sb2 can become the heterogeneous nucleation core of 
α-Mg matrix, and refine the grain size of as-cast Mg-Y-Sm-Ca alloy. 
 

Table 1 Calculation values of planar mismatch degree δ between Mg3Sb2 and α-Mg 
Matching interfaces [ ]shkl  [ ]nhkl  nm][d s]uvw[  nm][d n]uvw[  θ [º] δ 

(0001)Mg3Sb2‖(0001)α-Mg 
[1
—

21
—

0] [1
—

21
—

0] 0.963 0.914 0 
5.4% [2

—

110] [2
—

110] 0.963 0.914 0 
[1
—

1
—

20] [1
—

1
—

20] 0.963 0.914 0 

(11
—

00)Mg3Sb2‖(11
—

00)α-Mg 
[1
—

1
—

20] [1
—

1
—

20] 0.963 0.914 0 
6.9% [112

—

1] [112
—

1] 1.836 1.710 0 
[0001] [0001] 1.563 1.446 0 

(112
—

0)Mg3Sb2‖(112
—

0)α-Mg 
[1
—

100] [1
—

100] 1.668 1.584 0 
6.7% [1

—

101] [1
—

101] 2.286 2.144 0 
[0001] [0001] 1.563 1.446 0 

 
The mechanical properties of as-cast Mg-5Y-3Sm-0.8Ca-(0.5,1.0)Sb alloys are shown in Table 2. It 

can be seen that, with the increase of Sb content, the tensile strength of the alloys at room temperature 
decreases. When the content of Sb addition is 0.5%, the tensile strength is high, 234MPa. When the 
content of Sb addition is 1.0%, the tensile strength is lower, 214MPa. Compared with that of the alloy 
with 1.0% Sb, the strength of the alloy with 0.5% Sb is enhanced by 20MPa. These are consistent with 
the results of microstructure observation. It also can be seen that the change of the elongation is similar 
to that of the tensile strength. Mg-5Y-3Sm-0.8Ca-0.5Sb alloy can be a basis for developing light 
structural magnesium materials. 

 
Table 2 Mechanical properties of as-cast Mg-5Y-3Sm-0.8Ca-(0.5,1.0)Sb alloys 

Alloy Tensile strength [MPa] Elongation [%] 
0.5%Sb 234 4.0 
1.0%Sb 214 3.5 

 
In Mg-Y-Sm-Ca-Sb alloys, Mg3Sb2 phase is one of the main strengthening phases at room 

temperature. It has a high thermal stability and its melting point is 1228 oC. The solubility of alloying 
element Sb in Mg is very low and almost zero. In this work, the main reason for Sb to improve the 
mechanical properties of Mg-Y-Sm-Ca alloys at room temperature should be attributed to the effective 
grain refinement strengthening. 

It follows that Sb plays an important role in strengthening Mg-Y-Sm-Ca-Sb alloy. When the content 
of Sb addition is suitable, the mechanical properties of Mg-Y-Sm-Ca-Sb alloy can be improved by the 
grain refinement strengthening mechanism. When the content of Sb addition is excessive, the grain 
refinement strengthening effect may be impaired and the mechanical properties of Mg-Y-Sm-Ca-Sb 
alloy may be weakened. 
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Conclusions 
Mg3Sb2 phase with high melting point is formed in as-cast Mg-5Y-3Sm-0.8Ca alloy after 0.5% and 
1.0% Sb addition. Mg3Sb2 phase can become the effective heterogeneous nucleation core of α-Mg 
matrix, and refine the grain size and improve the microstructure of Mg-5Y-3Sm-0.8Ca alloy. It causes 
the grain refinement strengthening and enhances the tensile strength of the alloy. When the content of 
Sb addition is 0.5%, the tensile strength of the alloy at room temperature is 234MPa.  It can be a basis 
for developing light structural magnesium materials. 
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