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Abstract: The phase equilibria and compositions at the Mg-rich corner of the Mg−Zn−Al ternary system at 335 °C were systemically 
investigated through the equilibrated alloy method by using X-ray diffraction (XRD) and scanning electron microscopy (SEM) 
assisted with energy dispersive spectroscopy of X-ray (EDS). It is experimentally testified that the α-Mg solid solution is not in 
equilibrium with the Mg32(Al, Zn)49 (τ) ternary intermetallic compound or q quasicrystalline phase, but only in equilibrium with one 
ternary intermetallic compound Al5Mg11Zn4 (φ). The whole composition range of the φ phase was also obtained at 335 °C, i.e., 
52.5%−56.4% Mg, 13.6%−24.0% Al, 19.6%−33.9% Zn (mole fraction). The solubility of Al in the MgZn phase is remarkably more 
than that in the Mg7Zn3 phase, and the maximum is about 8.6% Al. Aluminum and zinc are simultaneously soluble in the α-Mg solid 
solution. 
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1 Introduction 
 

The Mg−Zn−Al ternary phase diagram is of 
theoretical and technical importance for the 
Al−Zn−Mg−Cu series Al alloys (7XXX) and AZ or AM 
series Mg alloys. The phase equilibria of Al-rich corner 
have been mainly focused in the earlier studies, and 
successfully applied in the optimization of composition 
and process of 7XXX series Al alloys [1]. However, 
there are only three isothermal sections at 300−335 °C at 
Mg-rich corner of Mg−Zn−Al ternary system [2−6]. It 
was believed that there exist two ternary compounds of 
Mg32(Al,Zn)49 (τ) and Al5Mg11Zn4 (φ) in equilibrium 
with the α-Mg solid solution [2−5]. However, it is 
worthwhile to note that the τ compound is completely 
surrounded by the MgZn or φ phase in the 
microstructures of the treated alloys consisting of α-Mg+ 
MgZn+τ or α-Mg+φ+τ phases, according to the results 
obtained at 300 or 320 °C by REN et al [3,4]. Because 
there is no contiguity between the τ compound and α-Mg 
phase in these treated alloys, it is doubtful whether the 
relationship is in equilibrium. In addition, the α-Mg/τ 
phase equilibrium relationship at 335 °C is determined 
by LIANG et al [5], only using one alloy treated for 240 

h. It is thought that the annealing time is too short to 
achieve the phase equilibrium relationship in the treated 
alloy because the τ compound is surrounded by the 
MgZn or φ phase by the peritectic reaction [3,4]. On the 
other hand, it is believed by PETROV [6] that there is 
quasicrystal phase (q), not τ intermetallic compound in 
equilibrium with the α-Mg solid solution at 335 °C 
except for these compounds mentioned above, according 
to the results of TAKEUCHI and MIZUTANI [7]. The 
quasicrystal phase is stable in the Al15Mg44Zn41 alloy 
held at 360 °C for 5 h or heated from room temperature 
to 380 °C by means of differential scanning calorimeter 
at the rate of 10 °C/min. Unfortunately, the kinetics of 
phase transformation is neglected because the annealing 
time is so much short or the heating rate is relatively fast. 
Therefore, it is necessary to take longer annealing time at 
certain temperature to certify the stability of the 
quasicrystal phase in the Mg−Zn−Al ternary system. 

Recently, the ZA series Mg alloys have been 
increasingly focused due to better heat resistant property 
than AZ series Mg alloys [8−14]. Moreover, it is 
believed that the strengthening phases mainly include τ, 
quasi-crystalline, φ and MgZn compounds [11,13]. 
However, it is worth noting that the amount and size of 
the τ phase gradually decrease with the extent of the  

                       
Foundation item: Projects (50901017, 51171043, 51271053) supported by the National Natural Science Foundation of China, Project (20090042120008) 

supported by the Doctoral Program Foundation of Institutions of Higher Education of China; Project (2011BAE22B04-2) supported by  
National Key Technology R&D Program of China during the Twelfth Five-Year Plan Period 

Corresponding author: Gao-wu QIN; Tel: +86-24-8369-1565; E-mail: qingw@smm.neu.edu.cn 
DOI: 10.1016/S1003-6326(14)63483-X 



Yu-ping REN, et al/Trans. Nonferrous Met. Soc. China 24(2014) 3405−3412 

 

3406 

annealing time in the ZA73 Mg alloy treated at      
325 °C [12]. It thus implies that the τ intermetallic 
compound is possibly not in equilibrium with the α-Mg 
solid solution at this temperature in the Mg−Zn−Al 
ternary system. On the other hand, the quasicrystal phase 
is metastable and transforms into the τ intermetallic 
compound when annealed at 220 °C [14]. Therefore, it is 
necessary to systematically determine the phase 
equilibria at the Mg-rich corner of Mg−Zn−Al ternary 
system, particularly the phase equilibrium relationship 
with the α-Mg solid solution. Considering the kinetics of 
phase transformation and the liquid phase formed at 340 
°C in the Mg−Zn binary system [15,16], the isothermal 
section at the Mg-rich corner of the Mg−Zn−Al ternary 
system at 335 °C was detailly investigated by means of 
the equilibrated alloy method, in order to better 
understand the relationship between the composition, 
microstructure, process and mechanical property in the 
ZA series Mg alloys. 
 
2 Experimental 
 

Twenty-two desired alloys with nominal 
compositions of Mg80Al20, Mg70Al25Zn5, Mg70Al20Zn10, 
Mg60Al25Zn15, Mg70Al15Zn15, Mg70Al12Zn18, Mg60Al13- 
Zn27, Mg60Al8Zn32, Mg60Al10Zn30, Mg60Al1Zn39, 
Mg60Al2Zn38, Mg60Al4Zn36, Mg60Al6Zn34, Mg70Al1Zn29, 
Mg70Al2Zn28, Mg80Zn20, Mg70Zn30, Mg60Zn40, 
Mg50Al25Zn25, Mg50Al20Zn30, Mg50Al33Zn17, Mg55Al30- 
Zn15 were prepared by using high purity Mg (99.99%, 
mass fraction), Al(99.99%), and Zn (99.999%). These 
alloys were melted in a high purity graphite crucible in 
the argon atmosphere by using an induction furnace, then 
the samples were cut from the ingots and held at (335±2) 
°C for 1200 h or 3648 h, and finally quenched by water. 

The phase constituents of the treated alloys were 
determined by X-ray diffraction (XRD) on a Philips 
PW3040/60 diffractometer with Cu Kα irradiation, with a 
voltage of 40 kV and a current of 40 mA as well as a 
scanning rate of 3 (°)/min. The microstructures and 
compositions of the treated Mg−Zn−Al alloys were 
analyzed by scanning electron microscopy with the 
assistance of energy dispersive spectroscopy of X-ray 
(SEM-EDS) on a HITACHI S3400N under an 
accelerating voltage of 20 kV. 
 
3 Results and discussion 
 

Because the Mg7Zn3 phase is stable only at the 
temperatures of 325−340 °C [15,16], three Mg−Zn 
binary alloys were prepared and treated at 335 °C. 
Figures 1 and 2 show the microstructures and XRD 
patterns of the Mg80Zn20 and Mg60Zn40 alloys treated at  

 

 
Fig. 1 Back scattering electron image (a) and XRD pattern (b) 
of Mg80Zn20 alloy held at 335 °C for 1200 h 
 

 

Fig. 2 Back scattering electron image (a) and XRD pattern (b) 
of Mg60Zn40 alloy held at 335 °C for 1200 h 
 
335 °C for 1200 h, respectively. By the SEM-EDS and 
XRD analysis, the treated Mg80Zn20 alloy is composed of 
the α-Mg solid solution and Mg7Zn3 compound (Fig. 1). 
Similarly, the Mg60Zn40 alloy consists of the MgZn and 
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Mg7Zn3 compounds (Fig. 2). The corresponding 
equilibrium phase constituents and compositions of the 
two treated alloys are listed in Table 1. The composition 
range of the Mg7Zn3 phase is 30.7%−32.5% Zn (mole  
 
Table 1 Equilibrium phase constituents and compositions in 
Mg−Zn−Al system at 335 °C 

Equilibrium phase 
composition  

(mole fraction)/% Alloy Equilibrium phase 
constituent 

Mg Al Zn 
α-Mg 93.6 6.4 − Mg80Al20 γ 63.0 37.0 − 
α-Mg 93.3 4.7 2.0 Mg70Al25Zn5 γ 61.6 30.6 7.8 
α-Mg 92.0 5.1 2.9 
φ 56.2 23.9 19.9Mg70Al20Zn10 
γ 61.1 29.2 9.7 

α-Mg 91.2 5.7 3.1 
γ 61.4 29.3 9.3 Mg60Al25Zn15 
φ 56.4 24.0 19.6

α-Mg 92.5 3.8 3.7 Mg70Al15Zn15 φ 54.6 19.9 25.5
α-Mg 93.0 2.9 4.1 Mg70Al12Zn18 φ 53.5 16.1 30.4
α-Mg 93.7 2.1 4.2 Mg60Al13Zn27 φ 52.5 13.6 33.9
α-Mg 92.8 2.2 5.0 
φ 53.6 14.0 32.4Mg60Al8Zn32 

MgZn 50.7 8.6 40.7
α-Mg 93.9 2.0 4.1 
MgZn 49.8 8.2 42.0Mg60Al10Zn30 
　φ 52.9 13.6 33.5
α-Mg 94.8 0.4 4.8 Mg60Al1Zn39 MgZn 47.9 1.5 50.6
α-Mg 94.4 0.6 5.0 Mg60Al2Zn38 MgZn 48.5 2.2 49.3
α-Mg 94.1 1.3 4.6 Mg60Al4Zn36 MgZn 48.0 4.5 47.5
α-Mg 92.8 1.9 5.3 Mg60Al6Zn34 MgZn 48.5 6.4 45.1
α-Mg 95.1 0.4 4.5 Mg70Al1Zn29 MgZn 47.4 1.3 51.3
α-Mg 94.7 0.7 4.6 Mg70Al2Zn28 MgZn 49 2.7 48.3
α-Mg 95.9 − 4.1 Mg80Zn20 Mg7Zn3 69.3 − 30.7
α-Mg 95.1 − 4.9 Mg70Zn30 Mg7Zn3 69.2 − 30.8

Mg7Zn3 67.5 − 32.5Mg60Zn40 MgZn 46.6 − 53.4
　φ 53.6 21.5 24.9Mg50Al25Zn25 
　τ 43.2 23.5 33.3
　φ 53.3 18.8 27.9Mg50Al20Zn30 
　τ 42.5 20.0 37.5
　φ 54.1 27.8 18.1
　τ 44.4 30.5 25.1Mg50Al33Zn17 
　γ 58.7 32.5 8.8 
　γ 60.4 29.8 9.8 Mg55Al30Zn15 
　φ 54.7 24.9 20.4

fraction) at 335 °C. Therefore, it is experimentally 
testified that there does exist the Mg7Zn3 phase rather 
than the Mg51Zn20 phase in the Mg–Zn binary system 
[15,16]. At the same time, it also implies that the 
annealing temperature should remain at 335 °C. 

As one of the most important strengthening phases, 
the τ intermetallic compound or quasicrystalline phase  
(q) in equilibrium with the α-Mg solid solution is of 
technical and theoretical importance for the ZA series 
Mg alloys. If the τ or q phase is in equilibrium with the 
α-Mg solid solution, there exist two three-phase regions 
consisting of α-Mg+φ+τ(q) and α-Mg+τ(q)+ MgZn at the 
Mg−Zn side [2−6]. Figure 3 shows the backscatter 
electron (BSE) images and X-ray diffraction patterns of 
the Mg60Al10Zn30 alloy treated at 335 °C for 1200 and 
3648 h. By SEM-EDS analysis, the dark, gray and light 
phases correspond to the α-Mg solid solution, φ and 
MgZn compounds (Figs. 3(a) and (b)), respectively, 
which are also confirmed by XRD analysis results   
(Fig. 3(c)). The compositions of the corresponding 
equilibrium phases are listed in Table 1. It shows that 
there exists a three-phase region composed of α-Mg, φ 
and MgZn phases at the Mg-rich corner of the 
Mg−Zn−Al ternary system. Therefore, it suggests that 
the τ or q phase is not practically in equilibrium with the 
α-Mg solid solution, i.e., metastable in the as-cast ZA 
series Mg alloys. 

In order to further confirm the result mentioned 
above, both Mg60Al13Zn27 and Mg60Al8Zn32 alloys were 
also held at 335 °C for 1200 and 3648 h, respectively. 
Their microstructures and X-ray diffraction patterns are 
illustrated in Figs. 4 and 5, respectively. The treated 
Mg60Al13Zn27 alloy consists of τ, φ compounds and α-Mg 
solid solution according to the SEM-EDS analysis result. 
However, the τ intermetallic compound is not identified 
by XRD analysis in the Mg60Al13Zn27 alloy treated for 
1200 or 3648 h, as shown in Fig. 4(e), since the volume 
fraction of the τ phase is lower than 5% (Figs. 4(a) and 
(c)). The τ phase is completely surrounded by φ, and 
does not contact with α-Mg solid solution (Figs. 4(a)− 
(d)), which is similar to the results obtained at 300 or  
320 °C [3,4]. Moreover, the τ phase almost disappears 
and no new phase forms with the increase of the 
annealing time from 1200 h to 3648 h, as shown in Figs. 
4(a)−(d). It means that the τ phase may be completely 
eliminated when the annealing time is much more than 
3648 h, and then, it is also believed that the τ phase is not 
in equilibrium when treated at 300 or 320 °C for 720 h 
[3,4]. Therefore, it is experimentally certified that the τ 
compound should be metastable, and the equilibrium 
phase constituents are the α-Mg solid solution and φ 
compound in the treated Mg60Al13Zn27 alloy. This also 
indirectly supports the result obtained in the treated 
Mg60Al10Zn30 alloy. Finally, the equilibrium compositions 
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Fig. 3 Back scattering electron images and XRD patterns of 
Mg60Al10Zn30 alloy held at 335 °C for different time: (a) 1200 h; 
(b) 3648 h; (c) XRD patterns 
 
of the α-Mg and φ phases are listed in Table 1. 

The Mg60Al8Zn32 alloy consists of the dark and light 
phases when held for 1200 h (Fig. 5(a)). A very small 
amount of new gray phase forms with the extension of 
the annealing time to 3648 h (Fig. 5(b)), so that it may 
not be detected by XRD analysis, as shown in Fig. 5(c). 
By SEM-EDS analysis, the dark, light and new gray 
phases are the α-Mg solid solution, MgZn and φ 
intermetallic compounds, respectively. It implies that 
there does exist a three-phase region consisting of α-Mg, 
MgZn and φ phases. Their equilibrium compositions are 
also listed in Table 1. The result directly confirms that 
the τ or q phase should be metastable in the ZA series Mg 
alloys, which is consistent with the result obtained in the 
treated Mg60Al10Zn30 alloy. Therefore, it can be 
concluded that τ or q phase is indeed not in equilibrium 

 

 

Fig. 4 Back scattering electron images and XRD patterns of 
Mg60Al13Zn27 alloy held at 335 °C for different time: (a), (b) 
1200 h; (c), (d) 3648 h; (e) XRD patterns 
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Fig. 5 Back scattering electron images and XRD patterns of 
Mg60Al8Zn32 alloy held at 335 °C for different time: (a) 1200 h; 
(b) 3648 h; (c) XRD patterns 
 
with the α-Mg solid solution at 335 °C. Thereby, it is 
also necessary to recognize the role of the τ or q phase in 
improving the heat resistant property of the as-cast ZA 
series Mg alloys. 

The rest of the Mg−Zn−Al alloys treated at 335 °C 
for 1200 h are also analyzed by XRD and SEM-EDS. 
There are two kinds of alloys consisting of two or three 
phases. The BSE image and XRD pattern of the treated 
Mg60Al1Zn39 alloy are shown in Fig. 6. The equilibrium 
phase constituents are composed of α-Mg and MgZn 
phases. At the same time, there also exist α-Mg and 
MgZn phases in the treated Mg60Al2Zn38, Mg60Al4Zn36, 
Mg60Al6Zn34, Mg70Al1Zn29 and Mg70Al2Zn28 alloys. It 
can be also determined that the equilibrium phase 
constituents are α-Mg+φ phases in the Mg70Al12Zn18 and 
Mg70Al15Zn15 alloys, α-Mg+γ phases in the Mg70Al25Zn5 
alloy, φ+τ phases in the Mg50Al20Zn30 and Mg50Al25Zn25 

alloys and γ+φ phases in the Mg55Al30Zn15 alloy, 

 

 
Fig. 6 Back scattering electron image (a) and XRD pattern (b) 
of Mg60Al1Zn39 alloy held at 335 °C for 1200 h 
 
respectively. Figure 7 shows typical microstructure and 
pattern of the treated Mg70Al20Zn10 alloy, which is 
located in three-phase region composed of α-Mg, γ and φ 
phases. Moreover, the equilibrium phase constituents of 
the treated Mg60Al25Zn15 alloy are also composed of the 
α-Mg, φ and γ phases. Similarly, it can be obtained that 
the equilibrium phase constituents are γ+φ+τ in the 
treated Mg50Al33Zn17 alloys. The equilibrium phase 
compositions in these treated alloys mentioned above 
were all determined by SEM-EDS, as listed in Table 1. 

Based on the equilibrium phase compositions listed 
in Table 1, the isothermal section of Mg-rich corner at 
335 °C is consequently constructed in the Mg−Zn−Al 
system, as shown in Fig. 8. There exist four intermetallic 
compounds such as γ, φ, MgZn and Mg7Zn3 in 
equilibrium with the α-Mg solid solution, while there is 
not equilibrium relationship between the τ or q phase and 
α-Mg phase, which is completely different from the 
presently accepted results [2−6]. Moreover, the 
composition range of φ ternary compound is also 
determined, i.e., 52.5%−56.4% Mg, 13.6%−24.0% Al, 
and 19.6%−33.9% Zn (mole fraction). It shows that the φ 
phase is not the linear intermetallic compound, different 
from the calculated result obtained by LIANG et al [5] or 
PETROV et al [6]. It is suggested by the calculated  
result that the Mg contents in the φ compound remain 
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Fig. 7 Back scattering electron image (a) and XRD patter (b) of 
Mg70Al20Zn10 alloy held at 335 °C for 1200 h 
 
constant, and the Zn or Al compositions change to some 
extent. It was probably convenient to construct the 
thermodynamic model of the φ compound and calculate 
the relative phase equilibria. The solubility of Al in the  

MgZn phase is remarkably more than that of Mg7Zn3 

phase, i.e., the maximum of the former reaches 8.6% Al 
(mole fraction) at 335 °C, while the latter is almost zero. 
This is probably the reason why there is completely the 
MgZn phase, not the Mg7Zn3 phase in equilibrium with 
the α-Mg solid solution in the isothermal section at   
335 °C calculated by LIANG et al or PETROV et al [6]. 
Moreover, the solubility of Al in the γ phase is around 
37% (mole fraction), equilibrated with α-Mg phase in the 
Mg−Al binary system, which is obviously different from 
the earlier result [17], and consistent with the result 
obtained recently by our group by means of the diffusion 
couple technique [18]. At the same time, the solubility of 
Zn in the γ compound is also very large, and the 
maximum is about 9.7% Zn (mole fraction). 

Al and Zn are simultaneously soluble in the α-Mg 
matrix, and the solubility of Zn increases due to the Al 
addition. It inevitably affects the solid solution strength 
of the Zn solute in the α-Mg matrix [19]. On the other 
hand, the Mg−Zn based Mg alloy is one of the important 
precipitation strengthening systems, their precipitation 
behaviors have been extensively studied during the aging, 
such as Mg−Zn−Cu [20], Mg−Zn−Sn [21], etc. However, 
the effect of Al on the precipitation behavior of the 
Mg−Zn based alloys is not still paid attention, such as 
the sequence, composition and structure of the 
metastable phases, etc. Most studies were focused on the 
strengthening role of the second phases such as τ, MgZn, 
quasicrystalline and φ phases in the ZA series Mg  
alloys [8−13]. Obviously, the thermal stability of the τ  

 

 
Fig. 8 Isothermal section of Mg-rich corner in Mg−Zn−Al ternary system at 335 °C 
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intermetallic compound or q quasicrystalline phase is not 
better than that of the γ phase, according to our result. 
Therefore, the strengthening role of Al and Zn in the 
α-Mg matrix should be largely noted, in particular for the 
precipitation strengthening during the aging, in order to 
better understand the fact that the creep-resistant 
property of ZA series Mg alloys containing the τ or q 
phase is better than that of AZ series Mg alloy. 

On the other hand, it is necessary to re-assess the 
thermodynamical data of Mg−Zn−Al ternary system 
according to the results obtained in this work, including 
the thermodynamical models, stability and composition 
ranges of the non-stoichiometric compounds such as φ 
and τ, and binary compounds such as γ, MgZn and 
Mg7Zn3, in particular for the thermodynamical 
description of the α-Mg solid solution. Finally, it can 
thermodynamically provide the accurate and reliable data 
for the composition design, optimization of heat 
treatment and process of the Mg−Zn−Al based Mg alloys, 
particularly for the precipitation behavior of the α-Mg 
matrix during the aging. At the same time, the role of τ 
intermetallic compound or q quasicrystalline phase 
should be recognized in the as-cast ZA series Mg alloys, 
particularly for the dissolution behavior during the 
homogeneous or solid solution treatment and the 
precipitation behavior during the aging at lower 
temperatures. Finally, it can be revealed why the 
heat-resistant property of the ZA series Mg alloys is 
improved, compared to the AZ series Mg alloys, so that 
the fundamental information can be provided for 
designing the new type of the creep-resistant Mg-based 
alloys. 
 
4 Conclusions 
 

1) The isothermal section of Mg-rich corner in 
Mg−Zn−Al ternary system at 335 °C is constructed. 
There are three-phase regions composed of α-Mg+φ+γ, 
α-Mg+φ+MgZn, α-Mg+MgZn +Mg7Zn3 at the Mg-rich 
corner. 

2) It is experimentally testified that there indeed 
does not exist the equilibrium relationship between the τ 
intermetallic compound or q quasicrystalline phase and 
α-Mg solid solution, completely different from the 
currently accepted result. Therefore, it is necessary to 
clarify the mechanism of heat resistance in the ZA series 
Mg alloys containing the τ or q phase. 

3) Aluminum and zinc are simultaneously soluble in 
the α-Mg solid solution, and the solubility of Zn in the 
α-Mg matrix increases due to the Al addition. It suggests 
that it should be of practical importance to further 
investigate the effect of Al content on the precipitation 

behavior in the ZA series Mg alloys. 
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Mg−Zn−Al 三元系富镁角 335 °C 等温截面 
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摘  要：采用平衡合金法，利用 X 射线衍射、扫描电镜及能谱分析，系统地研究了 Mg−Zn−Al 三元系富镁角 335 

°C 的平衡相组成及其成分。从实验上证实，α-Mg 固溶体并不与 Mg32(Al,Zn)49 (τ)三元金属间化合物或 q 准晶相平

衡，而仅与一个三元化合物 Al5Mg11Zn4 (φ)相平衡。获得了 φ相在 335 °C 的整个成分范围，即：52.5%~56.4% Mg、

13.6%~24.0% Al、19.6%~33.9% Zn(摩尔分数)。Al 在 MgZn 相中的固溶度远大于在 Mg7Zn3相中的固溶度，其最

大值可达 8.6%Al(摩尔分数)。Al 和 Zn 可以同时固溶在 α-Mg 固溶体中。 
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