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Abstract: Tensile test of the as-cast Mg−6Zn−2Er alloy was conducted at room temperature. The results indicate that the alloy is 
inclined to failure when the strain reaches 5.6%. The coarse secondary phases are responsible for the failure, especially for the 
Mg3Zn3Er2 phase (W-phase). It is indicated that the existence of the W-phase activates the stress concentrations due to the incapacity 
of W-phase for the load transfer, which results in the void at the inner of the W-phase. In comparison, the interface between the 
matrix and the secondary phase is stable. In conclusion, the characters of the secondary phases with respect to size, distribution, 
morphology and type, play an important role in the plastic deformation behavior of the alloy. 
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1 Introduction 
 

Magnesium alloys regarded as a light-weight 
structure material have received a great attention because 
of their good capabilities, such as high specific strength, 
good damping capacity and recycle. Importantly, the 
magnesium resource is abundant, which can meet the 
needs in aircraft, railway and automotive industries in 
future. One of the most important magnesium alloys is 
Mg−Zn binary alloy which is cheap and progressive. 
Unfortunately, the alloy has inferior mechanical 
properties so that it is not used as a structure material 
directly. In order to improve the mechanical properties of 
the Mg−Zn binary alloys, alloying with other elements is 
customarily adopted [1−6]. The rare earth (RE) is often 
added to the Mg−Zn-based alloys in order to improve the 
tensile properties, plastic formability and creep resistance 
[7−10]. As expected, the addition of RE obviously 
improves the mechanical properties of the Mg−Zn alloys 
resulting from precipitation hardening, refinement of 
microstructures and solid solution strengthening [11,12]. 

It is well known that three kinds of ternary phases 
were observed in Mg−Zn−RE (RE stands for Y or Gd, 
etc) alloys, i.e. Mg3Zn6RE phase (I-phase), Mg3Zn3RE2 
phase (W-phase) and Mg12ZnRE phase (LPSO structure) 

[13,14]. Both of the I-phase and the LPSO structure play 
an important role in improving the mechanical properties, 
except for the W-phase [15−21]. It was reported that the 
yield tensile strength of the Mg−Zn−Y−Zr alloys ranged 
from 150 to 450 MPa at room temperature depending on 
the content of the I-phase [22]. However, the W-phase 
which leads to a large fall in mechanical properties 
usually precipitates together with the I-phase during 
solidification [10,23−25]. Although lots of works 
concentrating on effects of I-phase on mechanical 
properties and on how to design an alloy mainly 
containing the I-phase without the W-phase have been 
done, few works on an interface between matrix and 
secondary phases (I-phase or W-phase) during plastic 
deformation at room temperature have been referred. 
Therefore, it is important to investigate the 
transformation of the interfaces and the secondary phases 
in order to find the failure mechanisms of the alloy 
containing both of the I-phase and the W-phase. 

In our laboratory, both of the I-phase and the 
W-phase have been found in the Mg−Zn−Er alloys with 
Zr-free. On the basis of our previous work, we chose an 
alloy with a nominal composition of Mg−6Zn−2Er as a 
studied alloy. In this work, more attention was paid to 
investigate the interface between the matrix and the 
secondary phases (I-phase and W-phase) together with 
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the characteristic of the I-phase and W-phase during the 
tensile test by transmission electron microscopy. 
 
2 Experimental 
 

The Mg−6Zn−2Er alloys were produced from 
high-purity Mg (99.5%), high-purity Zn (>99.9%) and 
Mg−20Er (mass fraction, %) master alloy in an electric 
resistance furnace at about 750 °C under a protective 
atmosphere. At about 720 °C, the melting in a graphite 
crucible was poured into an iron mold with dimensions 
of 40 mm×100 mm×150 mm. Specimens for the tensile 
test were made into dog bone-like with size of 5 mm in 
gauge diameter and 25 mm in gauge length. Tensile test 
was conducted on a uniaxial tensile testing machine at a 
speed of 1 mm/min. 

Phase analysis was conducted by X-ray 
diffractometry (XRD). The microstructures of the alloy 
were observed on an optical microscope (OM), scanning 
electron microscope (SEM) equipped with an energy 
dispersive spectroscope (EDS) and transmission electron 
microscope (TEM) with selected area electron diffraction 
(SAED) pattern and EDS. Specimens for TEM 
observation, including the specimen cut from the cast 
alloy directly and the specimen cut near the fracture of 
the tensile test specimen, were prepared by argon ion 
milling technique. 
 
3 Results 
 
3.1 Microstructure 

Figure 1 shows the XRD pattern of the 
Mg−6Zn−2Er alloy. It is suggested that the alloy is 
mainly composed of α-Mg solid solution together with 
the I-phase and the W-phase. The RE elements have a 
similar character that adding them to Mg−Zn alloys leads 
to the formation of the I-phase and the W-phase. Both the 
I-phase and the W-phase were observed in the Mg−Zn−Y, 
Mg−Zn−Gd and Mg−Zn−Er series alloys. The mass ratio  
 

 

Fig. 1 XRD pattern of as-cast Mg−6Zn−2Er alloy 

of Zn to RE influences the formation of these ternary 
phases [9,11,26]. XU et al [24] reported that the 
formation of the I-phase and the W-phase was closely 
related with the mass ratio of Zn to Y. When the mass 
ratio ranged from 1.1% to 4.8%, both of the I-phase and  
W-phase precipitated together. According to the previous 
researches [9,10], the phase compositions of the 
Mg−6Zn−2Er mainly are composed of the I-phase and 
W-phase, which agrees well with the XRD results. 

Figure 2 shows the microstructure of the 
Mg−6Zn−2Er alloy. The alloy is composed of dendrites 
of the α-Mg matrix and lots of eutectics coexisting with 
some tiny particles in the matrix, as shown in Figs. 2(a) 
and (b). The SEM images suggest that the eutectics in 
island morphology distribute along the boundaries 
consecutively. In addition, some of the particles with a 
globose morphology are found both at boundaries and in 
matrix, as shown in Figs. 2(c) and (d). 

Figure 3 shows the SEM image of the Mg−6Zn−2Er 
alloy and the EDS results of the secondary phases. 
Figure 3(a) indicates that three areas labeled as A, B and 
C, respectively, were tested by EDS. Figure 3(b) shows 
the EDS result of the area A. It is indicated that the 
composition of the spherical particles within the matrix 
is Mg−34.67%Zn−5.96%Er (mole fraction). Its Zn-to-Er 
mass ratio is closed to that of the I-phase. Moreover, as 
seen in Figs. 3(c) and (d), the EDS results of the areas B 
and C indicate that the compositions of the compounds 
tagged with areas B and C are Mg−24.88%Zn−11.28%Er 
and Mg−6.78%Zn−2.96%Er, respectively, and the 
Zn-to-Er mass ratio is adjacent to that of the W-phase. 
Therefore, we found that the W-phase mainly locates at 
dendrite boundary, and is considered the dominating 
secondary phase in the alloy. However, the content of the 
I-phase is smaller compared with the W-phase. 

TEM observation was carried out to confirm the 
existence of the W-phase and I-phase of alloy. Figure 4 
exhibits the W-phase and corresponding SAED pattern of 
alloy. The coarse W-phase mainly locates at boundary 
continuously which leads to inferior mechanical 
properties greatly. Figure 5 shows the I-phase and its 
corresponding SAED pattern and EDS result. Two types 
of the I-phase were observed. One with the composition 
of Mg−62.32%Zn−11.36%Er located at boundary is in 
large size, and the SAED pattern suggests that it has 
two-fold symmetry, as shown in Figs. 5(a) and (d); the 
other is a spherical particle which has its own two-fold 
symmetry. As suggested above, the distribution and 
morphology of the I-phase are different from those of the 
W-phase. 
 
3.2 Mechanical property  

Tensile test was carried out at room temperature. 
The UTS and YTS of the Mg−6Zn−2Er alloy are about 



Ke LIU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3193−3199 

 

3195
 

 

 

Fig. 2 OM images with bright field (a) and dark field (b) and SEM images (c, d) of as-cast Mg−6Zn−2Er alloy 
 

 
Fig. 3 SEM image (a) of Mg−6Zn−2Er alloy and corresponding EDS results of points A (b), B (c) and C (d) in Fig. (a), respectively 
 
198 and 110 MPa, respectively. Compared with the 
as-cast Mg−6Zn alloy, the UTS and YTS are 
approximately improved by 28 MPa and 47 MPa, 
respectively. However, the elongation of the 
Mg−6Zn−2Er alloy is lower than that of the Mg−6Zn 
alloy. The elongation of the Mg−6Zn−2Er alloy is 5.6%, 
and that of the as-cast Mg−6Zn alloy is 6.4%. The 

addition of 2.0% Er to the Mg−6Zn alloy leads to a 
precipitation of Mg−Zn−Er ternary phases, especially the 
W-phase. As a result, the Mg−6Zn−2Er alloy is inclined 
to failure early during the tensile test. 
 
3.3 Failure mechanism 

Figure 6 shows SEM images of the typical fracture 
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Fig. 4 TEM image and corresponding SAED pattern ( ]111//[B ) 
of Mg−6Zn−2Er alloy 
 

 
Fig. 5 TEM image of I-phase located at boundary and 
corresponding SAED pattern with two-fold symmetry (a), 
I-phase observed in matrix with spherical morphology (b), 
corresponding EDS result of I-phase (c) and corresponding 
SAED pattern of spherical I-phase with two-fold symmetry (d) 

 

 
Fig. 6 SEM images of typical fracture surfaces of 
Mg−6Zn−2Er alloy at low magnification (a) and at high 
magnification obtained by SE (b) and BSE (c), respectively 
 
surface of the Mg−6Zn−2Er alloy after tensile test. 
Figure 6(a) displays the intergranular fracture surface at 
lower magnification, which includes a few of lacerated 
ridges, lots of cleave planes and some cracks. It is 
considered to be a typical quasi-cleavage fracture mode. 
However, it is found that the secondary phase is crushed 
under the effect of the stress during deformation. 

Figure 7 shows the TEM images of the W-phase 
obtained from the specimen after tensile test. Some 
cracks go across the W-phase and extend to the matrix. 
However, no obvious crack is found at the interface 
between the W-phase and the matrix. This indicates that 
the W-phase itself is easier to crack, but the interface 
between the matrix and the W-phase is stable during 
deformation at room temperature. 

Figure 8 shows the TEM images of the I-phase 
obtained from the specimen after tensile test. The broken 
I-phase with a rectangular morphology was observed in 
the fractured alloy. This rectangular I-phase was 
destroyed during deformation, and a tiny crack was also 
detected. However, the interface between the I-phase and  
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Fig. 7 TEM images and corresponding EDS results of W-phase observed from fractured as-cast Mg−6Zn−2Er alloy after tensile test: 
(a), (b) Broken W-phase in alloy; (c), (d) Corresponding EDS results of broken W-phases in Figs. (a) and (b), respectively 
 

 
Fig. 8 TEM images and corresponding SAED pattern of I-phase observed from fractured alloy after tensile test: (a) I-phase and 
corresponding SAED pattern with five-fold symmetry; (b) HRTEM image of I-phase, and tiny crack observed at inner of I-phase as 
well as stable interface between I-phase and matrix 
 
the matrix is stable and no crackle is found. On all 
accounts, the cracks may be raised from the inner of the 
coarse secondary phases, and the interface of the 
matrix/secondary phases is stable. 
 
4 Discussion 
 

The factors that influence the plastic failure of the 
alloy at room temperature mainly include the 
microstructures of the grains and the secondary phases. 
Furthermore, the secondary phases usually play a key 
role in plastic deformation, especially for the 
intergranular phases. Generally, the dislocations move 
along the closely packed plane in the matrix during 

deformation. The long dislocation line is pinned by the 
mass points or foreign substances, then turns into short 
dislocation lines and dislocation loops, resulting in 
dislocation multiplication. Moreover, the dislocations 
continue motioning until come up against the boundaries. 
Generally, the existence of the coarse secondary phases 
which are distributed at boundaries retards the movement 
of the dislocations and the stress is not enough to activate 
the dislocations to transfer across the boundaries. As a 
result, the dislocations are piled up around the coarse 
secondary phases at the boundaries, which improves the 
mechanical properties greatly. Although the secondary 
phases lead to improvement of the mechanical properties, 
including tensile strength, hardness and creep resistance, 
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the stress concentrations will be introduced at the 
interface of matrix and secondary phases or at the inner 
of the secondary phase. If the coarse secondary phases 
are not apt to harmonize with the plastic deformation, the 
void nucleation will happen under the stress 
concentrations. 

As stated above, the W-phase is thought as the 
dominating secondary phase in the alloy. Moreover, most 
of the W-phases observed in Mg−6Zn−2Er alloy are 
distributed along the dendrite grain boundaries. The 
dislocations have not ability to bypass or cut through the 
big compounds. Furthermore, it was reported that the 
W-phase with a cubic structure had a noncoherent 
boundary with matrix [15,27]. As a result, the W-phase 
does not effectively transfer the load to the matrix via 
harmonizing with plastic deformation. The stress 
concentration around the W-phase is introduced by the 
plastic deformation. In addition, the W-phase is easy to 
be brittle. Consequently, the W-phase will be broken to 
release the stress concentration. The void at the inner of 
the W-phases is considered to be a crack core during 
deformation at room temperature. 

The distribution and morphology of the I-phase in 
the Mg−6Zn−2Er alloy are different from those of the 
W-phase, as shown in Fig. 5, which is suggested that the 
generative mechanism of the I-phase is special. On the 
whole, the size and content of the I-phase are smaller 
than those of the W-phase, as shown in Fig. 3. Especially, 
the I-phase is just like to precipitate as a block or 
spheroid shape, but the W-phase usually precipitates as 
an island shape which attracts the stress concentrations 
greatly and is easy to be broken. It makes sure that the 
failure of the alloy is attributed to the W-phase. However, 
as shown in Fig. 8, the I-phase with a long rectangle 
shape is also broken during deformation. The 
phenomenon is coincident with the common sense. As 
reported, the quasicrystal is isotropic and has a special 
quasiperiodic ordered lattice structure, the structure of 
which determines that the I-phase is so fragile that it is 
not appropriate to be used as structural materials directly 
[28,29]. 

Furthermore, the interface between the matrix and 
the secondary phases (including W-phase and I-phase) is 
well. There is no obvious crack along the interface 
boundary of the matrix/secondary phase. In other words, 
the void is easier to form at the inner of the coarse 
compounds than in the matrix [30]. In conclusion, the 
crack cores are mainly concentrated at the inner of the 
secondary phase, especially at the inner of the W-phase. 
It should be noted that the type, morphology, content, 
distribution and size of the secondary phases have 
important effects on the mechanical properties. As 
suggested in our investigation, if we produce a 
Mg−6Zn−2Er alloy, in which the main secondary phase 

has a small size and a sphere shape, the plastic 
deformation behavior of the alloy will be improved. 
Moreover, if the Mg−6Zn−2Er alloy mainly includes the 
I-phase with a special morphology and distributing 
dispersedly, and mechanical properties of the alloy will 
be further improved greatly. The type, morphology and 
distribution of the secondary phase can be controlled by 
adjusting the solidification process and the heat treatment 
process. 

 
5 Conclusions 

 
The addition of Er improves the strength of the 

alloy but is harmful to the elongation obviously. The 
W-phase and I-phase are observed in the Mg−6Zn−2Er 
alloy. However, it is obviously found that the volume 
fraction of the W-phase is higher than that of the I-phase. 
The size, distribution, morphology and noncoherent 
boundary with matrix of the W-phase decide that the load 
does not transfer from one matrix to another matrix 
during plastic deformation at room temperature. As a 
result, dislocations will be piled up around the W-phase 
and the stress concentrations occur. Under the stress 
concentrations, the void will be first present at the inner 
of the W-phase. 
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铸态 Mg−6Zn−2Er 合金的室温拉伸失效机制 
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摘  要：在室温条件下进行了铸态 Mg−6Zn−2Er 合金的室温拉伸试验。结果表明，该合金的断裂伸长率为 5.6%。

粗大的第二相，特别是粗大的 Mg3Zn3Er2 相(W 相)是合金失效断裂的主要原因。这表明 W 相不能有效地实现应力

的传递，导致自身内部有裂纹产生。比较可知，合金的基体与第二相间的界面比较稳定，没有裂纹产生。因此，

合金第二相的尺寸、分布、形貌和类型显著地影响合金的塑性变形行为。 

关键词：Mg 合金；Mg−Zn−Er 合金；微观结构；力学性能；W 相；裂纹；塑性变形 
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