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Abstract: The Mg-6.5Gd-1.3Nd-0.7Y-0.3Zn alloy ingot and sheet were prepared by casting and hot extrusion techniques, and the 
microstructure, age hardening behavior and mechanical properties were investigated. The results show that the as-cast alloy mainly 
contains α-Mg solid solution and compounds of Mg5RE and Mg24RE5 (RE=Gd, Y and Nd) phases. The grain size is refined after hot 
extrusion, and the Mg5RE and Mg24RE5 compounds are broken during the extrusion process. The extruded alloy exhibits remarkable 
age hardening response and excellent mechanical properties in the peak-aging state. The ultimate tensile strength, yield strength and 
elongation are 310 MPa, 201 MPa and 5.8% at room temperature, and 173 MPa, 133 MPa and 25.0% at 300 ˚C, respectively. 
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1 Introduction 
 

As the lightest structural metallic material, 
magnesium alloys are attractive for aeronautical and 
automotive industry applications[1]. The magnesium 
products are commonly fabricated by casting, die-casting 
and thixo-tropic molding. However, their low strength, 
formability and poor heat resistance at elevated 
temperatures restrict these alloys being extensively used. 
It has been found that the magnesium alloys containing 
rare earth (RE) elements possess excellent specific 
strength, such as the popular commercial WE and QE 
type alloy systems[1−2]. Their good elevated 
temperature performance makes the service conditions 
reach to 200−250 ˚C. Recently, Mg-Gd base alloy system 
becomes remarkable among Mg-RE alloys[3−6]. It has 
been reported that the Mg-Gd-Nd[7] and Mg-Gd-Y-Zr[8] 
alloys show superior mechanical properties at elevated 
temperatures to those of conventional heat resistant 
magnesium alloys, including WE54 alloy. Wrought 

Mg-RE alloys including extrusions, forgings and rolled 
sheets have been developed by thermo-mechanical 
processing such as hot extrusion and hot rolling, which 
have advantages over lower cost, higher strength and 
toughness in cast forms[4, 6]. HOMMA et al[9] reported 
that the extraordinary high strength extruded 
Mg-Gd-Y-Zn-Zr alloy exhibits high performance at 
peak-aging condition to that of the super Duralumin. It is 
valuable to develop high performance Mg-Gd base alloy 
system through thermo-mechanical treatment followed 
by aging. 

In previous work, the influence of the addition of Y 
and Nd on the structures and mechanical properties of 
cast Mg-Gd based alloys was studied[5]. The results 
indicate that Y element mainly enhances the ductility and 
Nd element promotes the age-hardening response. When 
the mass ratio of Nd to Y is 2:1, the alloy exhibits 
excellent balance of strength and elongation. In this work, 
the alloy with an actual composition of Mg-6.5Gd- 
1.3Nd-0.7Y-0.3Zn was prepared by hot extrusion 
technique to eliminate the casting porosities. And the  
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microstructure, age hardening behavior and mechanical 
properties were investigated. 
 
2 Experimental 
 

Alloy ingot with an actual composition of 
Mg-6.5Gd-1.3Nd-0.7Y-0.3Zn (mass fraction, %) was 
prepared from high purity Mg (99.9 %), Zn (99.9 %) and 
Mg-20RE (RE=Gd, Y and Nd) master alloys in an 
electric-resistant furnace under an anti-oxidizing flux 
protection. The ingot in diameter of 80 mm was 
homogenized at 520 ˚C for 10 h followed by quenching 
into hot water at about 60 ˚C, and then was hot extruded 
into sheet with dimensions of 80 mm×2 mm on the cross 
section. The extrusion ratio was 311׃ and the extrusion 
temperature was 410 ˚C. Following extrusion, aging 
treatment was carried out at 200 ˚C in a silicone oil bath. 
The microstructures were characterized using an optical 
microscope and scanning electron microscope (SEM). 
The hardness of the alloy was measured by a Vickers 
microhardness (HV) Tester (FM-70) with a loading force 
of 0.245 N and a holding time of 15 s. Uniaxial tensile 
tests were carried out using a WSM-50KB universal 
testing machine at room and elevated temperatures under 
a strain rate of 1.11×10−3 s−1.  
 
3 Results and discussion 
 
3.1 Microstructure 

Fig.1 shows the microstructures of Mg-6.5Gd- 
 

 

Fig.1 Microstructures of as-cast (a) and as-extruded (b) 
Mg-6.5Gd-1.3Nd-0.7Y-0.3Zn alloy 

1.3Nd-0.7Y-0.3Zn alloy in as-cast and as-extruded 
conditions. In Fig.1(a), the as-cast alloy exhibits 
rosette-shaped grains, and the grain size is about 100 µm. 
Furthermore, some black eutectic phases are observed 
along the grain boundary. The microstructure of 
as-extruded alloy with fine equiaxed grains indicates that 
dynamic recrystallization occurred during hot extrusion 
process, as shown in Fig.1(b). The mean grain size of the 
as-extruded alloy estimated by linear section is less than 
10 µm. 

SEM image of the as-extruded alloy is shown in Fig. 
2. Lots of irregular-shaped particles distribute in the 
matrix. The EDS analysis of random selected particles 
indicates that these particles are mainly RE rich particles. 
Referring to the composition of the eutectic phases in the 
as-cast condition[5], it can be concluded that the RE rich 
particles are the remained eutectic phases of Mg5RE and 
Mg24RE5 that are broken into small particles during the 
extrusion process[6]. 

Fig.3 shows the XRD patterns of the alloys in 
different conditions. It exhibits that the alloys in different 
 

 

Fig.2 SEM image of as-extruded Mg-6.5Gd-1.3Nd-0.7Y-0.3Zn 
alloy 
 

 
Fig.3 XRD patterns of as-cast (a), as-extruded (b) and 
peak-aged Mg-6.5Gd-1.3Nd-0.7Y-0.3Zn alloy (c) 
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conditions are mainly composed of α-Mg solid solution 
and second phases of Mg5RE and Mg24RE5. The results 
are consistent with the EDS analysis of the as-extruded 
alloy specimen. However, the metastable phase formed 
during aging process is hardly detected because of the 
small volume fraction and the limited particle size. 
 
3.2 Mechanical properties 

The age hardening curve of as-extruded alloy aged 
at 200 ˚C is shown in Fig.4. The test surface is parallel to 
the extrusion direction. It is found that the alloy exhibits 
a rapid age-hardening respond at the initial stage of aging 
until it reaches the peak hardness of HV106, which takes 
time of 48 h. After that, the hardness keeps stable in a 
relatively long range and then drops gradually as a result 
of over-aging. 

Fig.5 shows the representative stress—strain curves 
of the as-extruded and peak-aged alloys both along the 
ED (extrusion direction) and TD (transverse direction) of 
the sheets. In the as-extruded condition, it is clear that in 
the ED the alloy exhibits superior elongation both at 
room and elevated temperatures, while in the TD the 
alloy reveals higher yield strength. After aging treatment, 
large improvement of strength is observed in the 
peak-aged alloy. Meanwhile, the elongation reduces 

significantly and the mechanical anisotropy along the ED 
and TD is still obvious. The mechanical properties of the 
as-extruded alloy are mainly related to work hardening 
and fine grain strengthening effects. For the peak-aged 
alloy, the improvement of mechanical properties is 
mainly attributed to the fine β′ precipitates[5, 10]. The 
β′-phase precipitating on the prismatic planes, which 
exhibits semi-coherent structure with α-Mg matrix, could 
effectively block the basal dislocation slip[8, 11]. NIE 
and MUDDLE[12] indicated that precipitates on prismatic 
 

 
Fig.4 Age-hardening curve of as-extruded alloy at 200 ˚C 

 

 

Fig.5 Stress—strain curves of as-extruded alloy specimens tensioned along ED (a) and TD (b), and peak-aged alloy specimens 
tensioned along ED (c) and TD (d) 
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or pyramidal planes are most favorable for the high 
strength of Mg-based alloys. At room temperature, the 
ultimate tensile strength (UTS), tensile yield strength 
(YS) and elongation (ε) of the peak-aged alloy are 310 
MPa, 201 MPa, 5.8% and 335 MPa, 238 MPa, 3.5%, 
corresponding to the ED-tensioned and TD-tensioned 
specimens. With increasing the test temperature, the 
tensile strength declines gradually. While at 300 ˚C, the 
peak-aged alloy still shows a fine combination of 
strength and elongation. The UTS, YS, and ε are 173 
MPa, 133 MPa, 25% and 175 MPa, 154 MPa, 8.1%, 
corresponding to the ED-tensioned and TD-tensioned 
specimens. The results reveal that the alloy possesses 
good heat resistance. Moreover, it can be seen that 
changes in the shape of the stress—strain curves with 
increasing temperature are obvious. The alloys display a 
strong strain hardening behavior at room temperature. 
While at 250 ˚C the strain hardening rate becomes 
relatively low, and it declines nearly to zero when the 
temperature increases to 300 ˚C. Such a steady state 
deformation occurring at 300 ˚C may be a dynamic 
balance between hardening and softening processes. This 
means that there is a dynamic balance between storage of 
dislocations leading to hardening and annihilation of 
dislocations resulting in softening[13]. And at 
temperatures of 200 ˚C or above, the activity of 
non-basal slip systems facilitates the softening process. 

Fractographies of the ED-tensioned and 
TD-tensioned as-extruded alloys at room temperature are 
shown in Fig.6. It is found that the ED-tensioned alloy  
 

 
Fig.6 Typical tensile fracture surfaces of as-extruded 
Mg-6.5Gd-1.3Nd-0.7Y-0.3Zn alloy at RT: (a) ED-tensioned; (b) 
TD-tensioned 

exhibits predominant ductile fracture features of coarse 
dimples. And the second-phase particles distribute 
randomly on the fracture surface. Compared with the 
ED-tensioned alloy, there are many particles enriched 
bands along ED on the fracture surface. The 
second-phase particles can effectively hinder dislocation 
and grain boundary sliding during deformation process. 
On the other hand, the interface between the intermetallic 
particle and the matrix is weak, providing the opening 
site of a micro-crack[14−15]. The excessive particles 
aligned parallel to the ED act as sites for stress 
concentration and cavities nucleation, which accelerates 
the failure of the TD-tensioned alloy. Moreover, like 
many as-rolled Mg alloy sheets, a basal texture is formed 
in the as-extruded sheet, and the mechanical anisotropy 
can be influenced by the texture distribution as well[16]. 
 
4 Conclusions 
 

1) The Mg-6.5Gd-1.3Nd-0.7Y-0.3Zn alloy is mainly 
composed of α-Mg solid solution and secondary phases 
of Mg5RE and Mg24RE5 (RE=Gd, Y, Nd). 

2) The mechanical properties of the as-extruded 
alloy are mainly related to work hardening and fine grain 
strengthening effects. And great improvement of 
mechanical properties is observed in the peak-aged alloy. 

3) Mechanical anisotropy is obvious, which is 
mainly attributed to the difference of second-phase 
particles arrangement in the ED and TD. 
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