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Abstract: The phase equilibria and compositions in Mg-rich corner at 300 °C were determined in the Mg−Zn−Al ternary system 
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). The results show that there exist three three-phase regions consisted of 
α-Mg+Mg17Al12(γ)+Al5Mg11Zn4(φ), α-Mg+Mg32(Al, Zn)49(τ)+Al5Mg11Zn4(φ) and α-Mg+MgZn+Mg32(Al, Zn)49(τ), respectively. The 
intermetallic compounds in equilibrium with α-Mg phase all have large composition ranges, not appear to be linear. At the same time, 
both zinc and aluminum are soluble in the α-Mg solid solution, with which the compounds are in equilibrium. 
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1 Introduction 
 

ZA series Mg alloys have been increasingly paid 
much attention due to their good creep resistant property 
at elevated temperatures, which is better than that of AZ 
series Mg alloys such as AZ91D alloy [1−6]. However, 
the case is not well understood. ZHANG et al [2] 
reported that there were three types of strengthening 
phases, including MgZn, Mg32(Al, Zn)49(τ) and 
quasi-crystalline phases, but the stability of the MgZn 
phase was much lower than that of the Mg17Al12(γ) 
according to the Mg−Zn and Mg−Al binary systems 
[7,8]. On the other hand, the Mg−Zn based alloys are 
age-hardenable. However, the ZA series Mg alloys were 
directly formed by casting, and little work was studied 
on the solid solution and aging processing [9,10], 
because there was limited information about the phase 
equilibria and compositions in the Mg-rich corner of this 
ternary system, only two isothermal sections were 
experimentally determined at 335 and 320 °C [11−13]. 
ZHANG et al [9] argued that the phase constituents were 
α-Mg and τ phases in the as-cast ZA73 Mg alloy held at 
325 °C for 50 h, but the as-cast ZA73 Mg alloy was 
located in the single phase region of α-Mg solid solution 

according to the isothermal sections at 335 and 320 °C 
[11−13]. This means that the τ phase is metastable and 
should disappear at 325 °C with extension of time. 
VOGEL et al [1] argued that the quasi-crystalline phase 
was metastable and transformed to the equilibrium τ 
phase in the as-cast ZA85 Mg alloys annealed at 
170−220 °C. If this is true, the φ phase would disappear 
at certain temperature between 320 and 220 °C [10, 13]. 
Moreover, it is worthy noting whether the phase structure 
of ZA series alloys changes during the creep test above 
150 °C and how it affects the properties at elevated 
temperatures. Therefore, the isothermal sections of 
Mg-rich corner in this ternary system at different 
temperatures are both practically and theoretically 
important. However, the isothermal sections at lower 
temperatures cannot accurately be experimentally 
determined because of the kinetic limit. Although it is 
well predicted by the CALPHAD method, the more 
reliable phase equilibrium information and 
thermochemical data are required. Therefore, the purpose 
of the present work is to determine the phase equilibria 
and compositions in the Mg-rich corner at 300 °C in the 
Mg−Zn−Al ternary system in order to provide more 
experimental information for establishing the reliable 
thermodynamic database and for well understanding the 
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relationship between microstructure and properties of the 
current ZA series Mg alloys. 
 
2 Experimental 
 

The desired alloys were prepared using high purity 
Mg (99.99%), Al(99.99%) and Zn (99.999%). The 
nominal compositions are listed in Table 1. The 
Mg−Zn−Al alloy ingots were melted in a high purity 
graphite crucible in an argon protective atmosphere by 
using an induction furnace. The samples were cut from 
the ingots, held at 300 °C for 720 h and finally quenched 
by water. 
 
Table 1 Nominal compositions of designed alloys (molar 
fraction, %) 

Alloy Mg Al Zn 

Mg50Al20Zn30 50 20 30 

Mg50Al25Zn25 50 25 25 

Mg70Al15Zn15 70 15 15 

Mg70Al12Zn18 70 12 18 

Mg70Al5Zn25 70 5 25 

Mg70Al20Zn10 70 20 10 

Mg70Al25Zn5 70 25 5 

Mg60Al13Zn27 60 13 27 

Mg60Al8Zn32 60 8 32 

Mg50Al33Zn17 50 33 17 

Mg50Al10Zn40 50 10 40 

Mg50Al15Zn35 50 15 35 

Mg55Al30Zn15 55 30 15 

Mg60Al25Zn15 60 25 15 

 
The phase constituents of the treated alloys were 

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

The equilibrium phase constituents of all alloys held 
at 300 °C for 720 h were determined by means of 
scanning electron microscopy (SEM) and X-ray 
diffractometer (XRD). It can be found that there are two 
kinds of alloys consisted of three or two phases. Figure 
1(a) shows typical microstructure consisted of the dark, 
light and gray phases in the treated Mg70Al20Zn10 alloy, 

which is located in 3-phase region composed of α-Mg, γ 
and φ phases from XRD analysis (Fig. 1(b)). According 
to the principle of the backscattering electron (BSE) 
image, the dark, light and gray phases are α-Mg, φ and γ, 
respectively, as shown in Fig. 1(a). Similarly, it can be 
obtained that the equilibrium phase constituents are 
α-Mg+γ+φ, α-Mg+MgZn+τ, α-Mg+φ+τ and γ+φ+τ in the 
treated Mg60Al25Zn15, Mg50Al10Zn40 (or Mg60Al8Zn32), 
Mg50Al15Zn35 (or Mg60Al13Zn27) and Mg50Al33Zn17 alloys, 
respectively. 
 

 

Fig. 1 BSE image (a) and XRD pattern (b) of Mg70Al20Zn10 
alloy held at 300 °C for 720 h 

 
The BSE image of the treated Mg70Al15Zn15 alloy is 

shown in Fig. 2(a). There clearly exist dark and light 
phases in the alloy, the equilibrium phase constituents of 
which are α-Mg and φ phases from the XRD analysis 
(Fig.2 (b)). The dark and light phases are corresponding 
to the α-Mg and φ phases, respectively. It can be also 
determined that the equilibrium phase constituents are 
α-Mg+φ phases in the Mg70Al12Zn18 alloy, α-Mg+γ 
phases in the Mg70Al25Zn5 alloy, α-Mg+MgZn phases in 
the Mg70Al5Zn25 alloy, φ+τ phases in the Mg50Al20Zn30 
and Mg50Al25Zn25 alloys and γ+φ phases in the 
Mg55Al30Zn15 alloy, respectively. The compositions of 
the equilibrium phases in these treated alloys mentioned 
above were all determined by SEM-EDS, as listed in 
Table 2. 
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Fig. 2 BSE image (a) and XRD pattern (b) of Mg70Al15Zn15 
alloy held at 300 °C for 720 h 
 

The α-Mg solvus and isothermal section at 300 °C 
can be determined from the data in Table 2, as shown in 
Fig. 3. The superposed solubility of Zn or Al is more 
than that of the solely Al or Zn in the α-Mg solid solution, 
which is different from the systems containing two 
rare-earth metals of different subgroups and Mg−Sn−Y 
system, where the two elements are not synchronously 
soluble in the α-Mg solid solution[14]. This means that 
the solid solution strengthening can be improved in the 
AZ or ZA series Mg alloys. Compared with that at   
320 °C [13], there are still four intermetallic compounds, 
i.e, γ, φ, τ and MgZn, in equilibrium with the α-Mg phase. 
The φ phase is still stable at 300 °C and its solubility 
range can be also determined, i.e. 54.2%−57.0% Mg, 
14.9%− 26.9% Al and 18.3%−30.1% Zn, which is close 
to that at 335 and 320 °C [13, 15]. It implies that the 
composition range of the φ phase changes little with 
decreasing temperature from 335 to 300 °C. Zn and Al 
are largely soluble in the γ and MgZn intermetallic 
compounds, respectively, as well as the φ and τ phases. 
Therefore, it is necessary to study the partition ratio of 
the solute atom in the α-Mg matrix and second phase for 
well understanding the strengthening role of the Zn or Al 
elements in the AZ or ZA series Mg alloys. Also, the 
experiment results confirm that there is still the narrow 
α-Mg/(α-Mg+τ) phase boundary, which is not predicted 
by both LIANG et al and OHNO et al [12, 16]. 

Table 2 Equilibrium phase constituents and compositions at 
300 °C in Mg−Zn−Al system 

Molar fraction/% 
Alloy 

Equilibrium 
phase Mg Al Zn 

　φ 54.2 19.1 26.7 
Mg50Al20Zn30

　τ 42.8 21.1 36.1 

　φ 55.3 22.4 22.3 
Mg50Al25Zn25

　τ 43.8 24.9 31.3 

　φ 55.8 20.7 23.5 
Mg70Al15Zn15

α-Mg 95.1 2.8 2.1 

　α-Mg 95.1 2.0 2.9 
Mg70Al12Zn18

φ 55.3 17.2 27.5 

MgZn 52.4 6.8 40.8 
Mg70Al5Zn25

　α-Mg 95.7 1.3 3.0 

γ 62.1 29.8 8.1 

φ 57.0 23.8 19.2 Mg70Al20Zn10

　α-Mg 93.9 3.9 2.2 

　α-Mg 94.4 3.9 1.7 
Mg70Al25Zn5

γ 62.1 31.1 6.8 

φ 54.2 14.9 30.9 

τ 43.8 15.5 40.7 Mg60Al13Zn27

　α-Mg 94.8 1.7 3.5 

MgZn 51.3 7.9 40.8 

τ 44.5 14.5 41.0 Mg60Al8Zn32

　α-Mg 93.0 1.6 5.4 

γ 60.0 32.2 7.8 

φ 54.4 26.9 18.7 Mg50Al33Zn17

τ 47.5 29.1 23.4 

MgZn 50.5 7.9 41.6 

τ 43.8 14.5 41.7 Mg50Al10Zn40

　α-Mg 92.9 1.6 5.5 

φ 54.3 15.6 30.1 

τ 43.6 16.0 40.4 Mg50Al15Zn35

　α-Mg 93.9 1.8 4.3 

γ 60.9 31.4 7.7 
Mg55Al30Zn15

φ 56.3 25.4 18.3 

φ 56.6 24.5 18.9 

γ 62.1 29.9 8.0 Mg60Al25Zn15

　α-Mg 94.0 3.6 2.4 

 
At the same time, the main AZ or ZA series Mg 

alloys studied currently are shown in Fig. 3(a). Only 
AZ31 Mg alloy is located in the α-Mg single-phase 
region, and ZA82 and AZ61 Mg alloys are close to the 
quasi-single α-Mg phase. It is suggested that the second 
phases are gradually dissolved in the α-Mg       
matrix when the three alloys are isothermally treated or 
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Fig. 3 Solvus of α-Mg solid solution (a) and isothermal section 
of Mg-rich corner (b) in Mg−Zn−Al ternary system at 300 °C 
 
thermomechanically processed at 300 °C. Most other 
alloys are composed of two phases at 300 °C, i.e, ZA122 
and ZA142 alloys in the α-Mg+τ phase region, ZA102, 
ZA73, ZA74 and ZA104 alloys in the α-Mg+φ phase 
region, ZA64, AZ64 and AZ91 alloys in the α-Mg+γ 
phase region. There exist three alloys consisted of three 
phases at 300 °C, i.e, ZA75 and ZA85 alloys in the 
α-Mg+φ+γ phase region and ZA144 alloy in the 
α-Mg+φ+τ phase region. It implies that the intermetallic 
compounds would dissolve in the α-Mg matrix or 
transform to other compounds in these alloys when 
treated at 300 °C, and then the solute atoms would 
re-distribute, which inevitably affects the strengthening 
effect of the Zn or Al elements in these alloys. For 
example, the MgZn phase in the as-cast ZA122 and 
ZA142 alloys would transform to τ phase, in contrast, 
both τ phase in the ZA73 and ZA104 alloys and the quasi 
crystalline phase in the ZA74 alloy would transform to φ 
phase, according to the study by ZHANG et al [2]. For 

the ZA73 and ZA74 Mg alloys, the τ and quasi 
crystalline phases would dissolve in the α-Mg matrix 
when treated at 320 °C [13], and then the equilibrium 
phase τ and φ would precipitate when treated at 300 °C, 
respectively. Therefore, it is necessary to establish a 
series of the isothermal sections at different temperatures, 
particularly at lower temperatures, in order to well 
understand the strengthening mechanism of the solute 
atoms and the relationship between composition, 
microstructure, process and property of the ZA series Mg 
alloys. 
 
4 Conclusions 
 

1) The α-Mg solvus and isothermal section of 
Mg-rich corner at 300 °C are determined in the 
Mg−Zn−Al ternary system. 

2) There exist two ternary compounds τ and φ in 
equilibrium with the α-Mg solid solution, except for the 
binary compounds γ and MgZn. The composition range 
of the ternary φ phase is also obtained.  

3) The solubility of Zn and Al in γ, MgZn and α-Mg 
phases is large. In particular, the solubility of Zn in the 
α-Mg phases remarkably increases due to the Al addition 
when the α-Mg phase is in equilibrium with the MgZn 
intermetallic compound compared with the Mg−Zn 
binary system. 
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Mg−Zn−Al 三元系富镁角在 300 °C 的相平衡 
 

任玉平, 秦高梧, 裴文利, 李 松, 郭 运, 赵宏达 
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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，确定 Mg−Zn−Al 三元系富镁角 300 °C α-Mg

相平衡关系和相组成。结果表明：在富镁角存在 3 个三相区：α-Mg+Mg17Al12(γ)+Al5Mg11Zn4(φ), α-Mg+ 

Mg32(Al,Zn)49(τ)+Al5Mg11Zn4(φ)和 α-Mg+MgZn+Mg32(Al, Zn)49(τ)。与 α-Mg 相平衡的金属间化合物都具有很大的成

分范围，并非呈线性。同时 Zn 和 Al 都能够溶解在 α-Mg 固溶体中，使金属间化合物达到相平衡。 

关键词：Mg−Zn−Al 系；等温截面；固溶度；金属间化合物 
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