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Abstract: The microstructure and mechanical properties of extruded Mg−2.5Zn−0.5Y alloy before and after annealing treatments were in-
vestigated. The as-extruded alloy exhibits a yield tensile strength (YTS) of 305.9 MPa and an ultimate tensile strength (UTS) of 354.8 MPa, 
whereas the elongation is only 4%. After annealing, the YTS and UTS decrease to 150 MPa and 240 MPa, respectively, and the elongation 
increases to 28%. Interestingly, the annealed alloy maintains an acceptable stress level even after a much higher ductility is achieved. These 
excellent mechanical properties stem from the combined effects of fine α-Mg dynamic recrystallization (DRX) grains and a homogeneously 
distributed icosahedral quasicrystalline phase (I-phase) in the α-Mg DRX grains. In particular, the superior ductility originates from the co-
herent interface of I-phase and α-Mg and from the formation of the secondary twin {101 1}–{101 2}(38°<1 2 10>) in the tension twin 
{101 2}.   
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1. Introduction 

Magnesium alloys have attracted a great deal of attention, 
especially in the aircraft and modern automobile fields, be-
cause of their high strength-to-density ratio, good ma-
chinability, and good damping behavior [1]. However, the 
moderate strength and limited ductility of Mg at room tem-
perature, which are consequences of its hexagonal 
close-packed (HCP) structure [2], hinders its broader appli-
cation. The addition of elemental Zn can effectively refine 
the grain size and improve the strength of Mg alloys [3]. 
Alloying with rare earth (RE) elements is another effective 
method to improve the strength and ductility of Mg because 
RE elements can form some intermetallic phases with Mg 
and refine the grain size through changing the crystallization 
surroundings [4−6]. The co-addition of Zn and Er or Y, in 
particular, results in the formation of quasicrystals with an 
unusual quasiperiodic lattice structure and unique properties 
in Mg alloys [2,7−8]. In such cases, more attention has been 
devoted to the icosahedral quasicrystalline phase (I-phase) 

reinforced Mg-based alloys [9−13].  
The mechanical properties of the I-phase-containing Mg 

alloys have been reported to depend primarily on the vol-
ume fraction of the I-phase and their degree of dispersion 
[9]. However, most reported Mg alloys with excellent me-
chanical properties were fabricated through special ap-
proaches. For example, the MgZn3.3Y0.43 alloy fabricated by 
powder metallurgy and hot extrusion processes exhibits a 
yield stress of 410 MPa with an elongation of 12% [14]. 
Recent research has shown that a yield strength of 381.45 
MPa and an ultimate tensile strength of 438.33 MPa were 
obtained in Mg96Y3Zn1 alloy processed by extrusion and 
equal-channel angular pressing (ECAP) [15]. 

Hence, the development of a conventional method for 
improving the mechanical properties of these alloys effi-
ciently is of interest. In this study, the Mg−2.5Zn−0.5Y al-
loy fabricated by conventional casting and hot extrusion ex-
hibits excellent mechanical properties. The higher strength 
and excellent ductility are ascribed to the refined dynamic 
recrystallization (DRX) grains and fine intermediate phases 
obtained by hot-extrusion and annealing treatments. More-
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over, the secondary twin {1011}–{1012}(38°<1 2 10>) that 
developed during the tensile process plays an important role 
in improving the plasticity of the alloy. 

2. Experimental 

The Mg−2.5Zn−0.5Y (wt%) alloy was prepared from 
pure Mg, pure Zn, and Mg−Y master alloys using a graphite 
crucible in an electric resistance furnace under the protection 
of a cover gas. All of the raw materials were cleaned and 
dried before being placed into the graphite crucible. The 
melt was maintained at 700°C for 10 min and then cast into 
a 200°C graphite mold with the protection of an anti-oxidiz-
ing flux and was subsequently allowed to cool under open 
atmosphere.  

Portions of the cast ingots were extruded at 380°C with 
an extrusion ratio of 12.75:1 and at an extrusion rate of 1 
mm/s. The specimens for microstructural observation and 
tensile tests were cut parallel to the extrusion direction (ED). 
The microstructures were observed by optical microscopy 
(OM) using an Olympus GX71 optical microscope. Phase 
identification was performed by X-ray diffraction (XRD) on 
an instrument equipped with a Cu Kα radiation source. The 
mechanical properties were tested using a MTS Landmark 
electro-hydraulic servo testing system. The tensile speci-
mens with a gauge length of 15 mm and a gauge diameter of 
4 mm were machined from the extruded bar to make the 
tensile axis parallel to the ED. The fracture surfaces were 

observed by scanning electron microscopy (SEM) using an 
electron microscope operated in secondary-electron mode. 
The I-phase/α-Mg interfaces were observed by transmission 
electron microscopy (TEM) on a JEM-2000EX transmission 
electron microscope. The micro-texture was analyzed using 
electron backscatter diffraction (EBSD) to investigate the 
effect of annealing treatments on the microstructural evolu-
tion of the alloy. 

3. Results and discussion 

3.1. Microstructure 

The microstructures of the as-cast Mg−2.5Zn−0.5Y al-
loys are shown in Fig. 1. The granular intermediate phases 
(the dark points) are distributed homogenously in α-Mg (the 
white area), as shown in Fig. 1(a). The morphology of the 
intermediate phases differs from that previously reported 
[9,12], possibly because of the different quantities of Zn and 
Y or the different cooling rate used in the present work. The 
intermediate phases with granular morphology improve the 
properties of this alloy. Zhang et al. [16] observed that ex-
cellent mechanical performance could be obtained with a 
Mg−Zn−Y alloy prepared by precipitating spherical inter-
mediate phases via the addition of Mn. The morphology of 
the intermediate phases is evident in the SEM image in Fig. 
1(b). Insert A shows the detailed morphology of a typical 
intermediate phase. The average size of the intermediate 
phases is approximately 10 µm. 

 
Fig. 1.  Microstructures of as-cast Mg-2.5Zn-0.5Y alloy: (a) optical microstructure and (b) SEM image (insert A is a 
high-magnification image of one intermediate phase).  

The microstructures of the extruded and annealed speci-
mens are shown in Fig. 2. The as-cast α-Mg dendritic struc-
ture develops large aggregates distributed homogeneously 
along the extruded direction after hot extrusion. Extensive 
mechanical (deformed) twins are observed in the banding 
α-Mg grains. The large α-Mg grains are caused by partly 

DRX, and the twins are related to the severe plastic defor-
mation during hot extrusion. The intermediate phases also 
become finer and still distribute homogenously in α-Mg (see 
the black points in Fig. 2(a)). These deformed twins and the 
fine intermediate phases may contribute to the mechanical 
properties of the Mg−2.5Zn−0.5Y alloy. 
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As shown in Figs. 2(b)–2(d), the α-Mg grains are evi-
dently refined after the annealing treatment at 425°C. The 
average size of the α-Mg grains is approximately 40 µm af-
ter the annealing treatment at 425°C for 10 min. 20% of the 
α-Mg grains exist as twins, which indicates that this anneal-
ing temperature is not sufficient to release the deformed 
twins within 10 min. Deformed twins disappear when the 
annealing time is increased to 15 min, and the α-Mg grains 

are more even. However, when the annealing time is in-
creased to 20 min, some annealing twins appear and the 
α-Mg grains tend to grow. The tensile test results show that 
the specimen annealed at 425°C for 15 min exhibits good 
performance. An annealing temperature of 425°C and an 
annealing time of 15 min are the optimal annealing condi-
tions for Mg−2.5Zn−0.5Y alloy to obtain even grains and 
good mechanical properties. 

 
Fig. 2.  Microstructures of as-extruded and annealed Mg−2.5Zn−0.5Y alloy: (a) as-extruded, (b) annealed at 425°C for 10 min, (c) 
annealed at 425°C for 15 min, and (d) annealed at 425°C for 20 min. 

3.2. Mechanical properties  

Fig. 3 shows the tensile strain−stress curves of the 
as-extruded and annealed Mg−2.5Zn−0.5Y alloy. The ulti-
mate tensile strength (UTS) and yield tensile strength (YTS) 
of the as-extruded alloy reach 354.8 MPa and 305.9 MPa, 
respectively, whereas the elongation is only 4%. The UTS 
and YTS of the annealed alloy are approximately 240 MPa 
and 150 MPa, respectively, whereas the elongation can 
reach 28%. Interestingly, the annealed alloy maintains an 
acceptable stress level even after achieving a much higher 
ductility. These excellent mechanical properties stem from 
the combined effects of fine α-Mg DRX grains and a ho-
mogeneously distributed I-phase in the α-Mg DRX grains, 
as shown in Fig. 4. The I-phase exhibits good thermal stabil-
ity during the annealing process. Thus, after the annealing 

treatment, the homogenous distribution of the I-phase in the 
α-Mg DRX grains would still provide a substantial 
strengthening effect for the Mg alloys. However, the re-
markably enhanced ductility after the annealing process 
suggests that the bonding nature of the interface between the 
I-phase and the α-Mg matrix is strong. Bae et al. [8] con-
firmed this viewpoint by establishing the orientation rela-
tionship of atomic-scale bonding between the I-phase and 
the hexagonal Mg matrix using high-resolution TEM. The 
SEM micrographs of the fracture (see Fig. 5) reveal more 
uniform dimples in the fractured surfaces of the annealed 
alloys (Figs. 5(b)−5(d)) than in the fractured surfaces of the 
extruded alloy (Fig. 5(a)). This improved uniformity sug-
gests that the I-phase might contribute to the enhancement 
of ductility because of its coherent characteristic with the 
α-Mg matrix.  
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Fig. 3.  Tensile strain–stress curves of as-extruded and an-
nealed Mg−2.5Zn−0.5Y alloy. 

 
Fig. 4.  TEM micrograph of the interface between the I-phase 
and α-Mg (the inset shows the SAED pattern of the I-phase). 

In addition, the formation of the secondary twin 
{101 1}−{101 2}(38°<1 2 10>) significantly improved the 
plasticity of the alloy. As shown in Fig. 6(a), some twins are 
distributed in the grain, others are across the grain, and some 
twins form in some of the other twins. The tension twin 
{101 2}(86°<1 2 10>) indicated by the blue line and the 
contraction twin {1011}(56°<1 2 10>) indicated by the yel-
low line were identified using the EBSD technique, as 
shown in Fig. 6(b). As shown in Fig. 6(c), another twin ex-
ists according to the disorientation angle map: the secondary 
twin {1011}−{1012}(38°<1 2 10>) formed in the tension 
twin {1012} during the tensile test, which may significantly 
improve the plasticity of the alloy. In addition, the low-angle 
grain boundary (see the peak in the misorientation angle at < 
10° in Fig. 6(c)) indicates the dislocation glide during the ten-
sile test. Furthermore, the fact that the tension twins and the 
contraction twins formed interactively, coordinately induc-
ing the formation, also effectively improves the elongation. 

4. Conclusions  

(1) The as-extruded Mg−2.5Zn−0.5Y alloy exhibits ex-
cellent strength and poor plasticity. The ultimate UTS and 
YTS of the alloy can reach 354.8 MPa and 305.9 MPa, re-
spectively, whereas the elongation is only 4%. The UTS and 
YTS decrease to 240 MPa and 150 MPa, respectively, and  

 
Fig. 5.  SEM fractographs of tensile specimens: (a) as-extruded, (b) annealed at 425°C for 10 min, (c) annealed at 425°C for 15 min, 
and (d) annealed at 425°C for 20 min. 
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the elongation increases to 28% after the annealing treat-
ment.  

(2) The excellent mechanical properties of the annealed 
Mg−2.5Zn−0.5Y alloy is ascribed to fine α-Mg grains, a 
fine quasicrystalline I-phase distributed homogeneously in 
the α-Mg matrix, the coherence of the I-phase and α-Mg, as 
well the formation of the secondary twin {1011}–{1012} 
(38°<1 2 10>) in the tension twin {1012} during the tensile 
test. 
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