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Abstract: The phase equilibria and compositions in Mg-rich side at 300 °C were investigated in Mg−Zn−Ca ternary system through 
the equilibrated alloy method by using scanning electron microscopy, electron probe microanalysis, X-ray diffraction and 
transmission electron microscopy. The results show that two ternary compounds T1 and T2 can be in equilibrium with the Mg-based 
solid solution in Mg−Zn−Ca system. T1 phase is a linear compound with the composition region (molar fraction) of 15% Ca, 
20.5%−48.9% Zn and balanced Mg at 300 °C. Its hexagonal structure parameters decrease with increasing Zn content, i.e. 
a=0.992−0.945 nm, c=1.034−1.003 nm. T2 phase has hexagonal structure with the composition region of 26.4%−28.4% Mg, 
63.2%−65.5% Zn and 7.1%−8.4% Ca. At 300 °C, the solubility of Zn in the Mg-based solid solution increases for the addition of Ca, 
the maximum solubility of Zn is 3.7%. Three-phase fields consisting of α-Mg+Mg2Ca+T1, α-Mg+T1+T2, α-Mg+T2+MgZn and 
MgZn+T2+Mg2Zn3 exist in the Mg−Zn−Ca system at 300 °C. 
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1 Introduction 
 

Alloying is the most effective method to modify the 
microstructures and properties of the structural Mg-based 
alloys. Zn addition to the magnesium alloy could result 
in the age-hardening [1−3]. Addition of Ca with low 
density and cost could increase the ignition temperature 
of the molten magnesium alloy due to the formation of 
the stable oxidization layer [4−5]. Specially, the ternary 
addition of Ca to the Mg-Zn alloys is more effective for 
the improvement of the mechanical properties [6−10]. 

As early as in the 1930s, research on the 
Mg−Zn−Ca system began. But till the 1960s, the partial 
isothermal section of the Mg−Zn−Ca system at 335 °C 
was obtained by CLARK [11]. Due to the limitation of 
the experimental methods and conditions, the 
information about the compounds and phase equilibria 
was not reliable. Recently, the Mg−Zn−Ca system has 
been thermodynamically assessed to develop a 
thermodynamic database for the further refinement of 
existing Mg-based alloys and the development of new 

ones. Because of the contradicting experimental data, the 
thermodynamic description of Mg−Zn−Ca system is not 
satisfied and the reliability of the calculated phase 
diagram need to be improved further [12−14]. 

Searching for the effective strengthening phases is 
the main aim of the magnesium alloy design. The 
solubility of compounds in the Mg-based solid solution 
and relative phase equilibrium relationships are the base 
of alloy design. Although ZHANG et al [15] reported the 
solubility range and crystal structure of the compound 
Ca3MgxZn15−x at 335 °C, there was limited information 
about the phase equilibria with Mg-based solid solution 
in the Mg−Zn−Ca system. 

The solid-state phase equilibria between the 
Mg-based solid solution and the compounds are more 
important to understand the microstructure of 
Mg−Zn−Ca based alloys and to design appropriate aging 
processing. There is an eutectic reaction 
L⇔ α-Mg+Mg7Zn3 at 340 °C in the Mg-rich corner of 
Mg−Zn binary system[1]. Therefore, the purpose of the 
present work is to determine the phase equilibria at 300 
°C in Mg-rich side of Mg−Zn−Ca system by means of the  
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equilibrated alloy method. It is expected to provide more 
reliable thermodynamic parameters by using these 
equilibrium phase compositions to better understand the 
relationships among composition, microstructure and 
mechanical properties of Mg−Zn−Ca based alloys. 
 
2 Experimental 
 

According to the Mg−Zn, Mg−Ca binary systems 
and some results of Mg−Zn−Ca ternary system [1, 11], a 
series of Mg−Zn−Ca alloys, Mg80Zn10Ca10 (nominal 
composition in molar fraction, %, so-called Zn10Ca10, 
the same as follows), Mg70Zn17Ca13, Mg53Zn32Ca15, 
Mg64Zn26Ca10, Mg50Zn40Ca10, Mg50Zn45Ca5 and 
Mg33Zn62Ca5 in the Mg-rich side, were designed in order 
to include all the compounds in equilibrium with the 
Mg-based solid solution. All the samples were prepared 
by using the high pure Zn (>99.999%), Mg (>99.99%) 
and Ca (>99.9%). The melting process was performed in 
the graphite crucible in an induction furnace under the 
protection of high pure Ar atmosphere. The mass of each 
ingot was about 30 g. All the samples cut from the ingots 
were wrapped with Ta foils and sealed in a quartz tube 
under vacuum of 10−2 Pa, then kept at 300 °C for 500 h, 
and finally quenched in water. 

The phase constituents of heat-treated alloys were 
determined by X-ray diffractometer (XRD, Siemens 

D5000) with Cu Kα radiation, operating at a voltage of 
40 kV and a current of 40 mA. The microstructure 
observation was carried out on SSX−500 scanning 
electron microscope with a voltage of 20 kV. The 
compositions of equilibrium phases in the alloys were 
analyzed on Shimadzu EPMA−1600 electron probe 
microanalyzer. The high pure Mg, Zn and CaCO3 were 
used as standard samples. Thin foils for transmission 
electron microscopy were prepared by ion beam thinning 
and then examined on Tecnai G2 20 operating at 200 kV. 
 
3 Results and discussion 
 
3.1 Relative phase equilibria with linear compound T1 

at 300 °C 
Among the alloys with Zn to Ca molar ratios of 1−4, 

the alloys Zn10Ca10 and Zn40Ca10 are in three-phase 
equilibrium; the alloys Zn17Ca13, Zn32Ca15 and 
Zn26Ca10 are in two-phase equilibrium at 300 oC. The 
equilibrium phase compositions in the alloys are listed in 
Table 1. It could be seen that the ternary compounds 
existing in these 5 alloys separately are with different Zn 
contents of 20.5%−48.9% (molar fraction, the same as 
follows) and almost the same Ca content (~15%). This 
characteristic of phase composition suggests that the 
ternary compounds mentioned above should belong to 
the same linear compound. 

 
Table 1 Equilibrium phase constituents and compositions in Mg−Zn−Ca system at 300 °C 

α-Mg Mg2Ca T1 
Specimen 

x(Mg)/% x(Zn)/% x(Ca)/% x(Mg)/% x(Zn)/% x(Ca)/% x(Mg)/% x(Zn)/% x(Ca)/%

Zn10Ca10 99.4 0.5 0.1 68.9 1.4 29.7 64.3 20.5 15.2 

Zn17Ca13 98.7 0.9 0.4    62.6 23.0 14.4 

Zn32Ca15 98.1 1.6 0.3    52.4 32.9 14.7 

Zn26Ca10 98.9 1.0 0.1    44.2 41.3 14.5 

Zn40Ca10 97.3 2.5 0.2    37.2 48.9 13.9 

Zn45Ca5 96.2 3.7 0.1       

Zn62Ca5          

T2 MgZn Mg2Zn3 
Specimen 

x(Mg)/% x(Zn)/% x(Ca)/% x(Mg)/% x(Zn)/% x(Ca)/% x(Mg)/% x(Zn)/% x(Ca)/%

Zn10Ca10          

Zn17Ca13          

Zn32Ca15          

Zn26Ca10          

Zn40Ca10 28.4 63.2 8.4       

Zn45Ca5 26.4 65.5 8.1 50.5 48.0 1.5    

Zn62Ca5 27.6 65.3 7.1 48.2 50.5 1.3 37.4 61.8 0.8  
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The microstructure of the Zn10Ca10 alloy in 
three-phase equilibrium at 300 °C is shown in Fig. 1(a). 
The crystal structure of the ternary compound with 
composition of 64.3Mg-20.5Zn-15.2Ca (so-called T1 
phase) in the Zn10Ca10 alloy was analyzed by selected 
area electron diffraction (SAED) of transmission electron 
microscopy (TEM). The SAED pattern of [ 2423 ] zone 
axis of T1 phase is shown in Fig. 1(b), which suggests 
that T1 phase has hexagonal structure. Its structure 
parameters determined by XRD (Fig. 1(c)) are a=0.992 
nm and c=1.034 nm. 
 

 

Fig. 1 Equilibrium microstructure of alloy Zn10Ca10 held at 
300 °C (a), SAED pattern of [ 2423 ] zone axis of T1 phase (b) 
and corresponding XRD pattern (c) 
 

Besides the diffraction peaks caused by T1 phase, 
there also exist the diffraction peaks caused by Mg and 
Mg2Ca in the XRD pattern (Fig. 1(c)). Therefore, besides 

the binary compound Mg2Ca, the ternary compound T1 
could also be in equilibrium with the Mg-based solid 
solution. 

The equilibrium microstructures and corresponding 
XRD patterns of the alloys Zn17Ca13, Zn32Ca15 and 
Zn26Ca10 after equilibrium treatment at 300 °C are 
shown in Fig. 2. These alloys are in two-phase 
equilibrium. The diffraction peaks of Mg could be 
indexed, and all the other diffraction peaks could be 
indexed with hexagonal structure. The hexagonal 
structure parameters decrease continuously with the 
increase of Zn content in the ternary compounds. The 
structure parameters of the ternary compound with the 
composition of 62.6Mg-23.0Zn-14.4Ca in the alloy 
Zn17Ca13 are a=0.984 nm and c=1.028 nm; but those of 
the ternary compound with the composition of 
44.2Mg-41.3Zn-14.5Ca in the alloy Zn26Ca10 decrease 
to a=0.951 nm and c=1.007 nm. 

In the alloy Zn40Ca10 with three-phase equilibrium 
at 300 °C (Fig. 3(a)), the composition of the grey phase 
is 37.2Mg-48.9Zn-13.9Ca. Its hexagonal structure 
parameters are a=0.945 nm and c=1.003 nm determined 
by XRD (Fig. 3(b)). 

So, the hexagonal structure parameters of the 
ternary compounds change continuously, i.e. 
a=0.992−0.945 nm, c=1.034−1.003 nm. 

Considering the characteristics of the composition 
and structure, it could be confirmed that the ternary 
compound T1 mentioned above is a linear compound. It 
could be in equilibrium with Mg-based solid solution in 
the composition range of ~15%Ca, 20.5%−48.9%Zn and 
balanced Mg. This broad two-phase region (α-Mg+T1) 

should be helpful for the alloy design. 
 
3.2 Structure of T2 phase and relative phase equilibria 

The ternary compounds in the Mg−Zn−Ca alloys 
reported before are almost in the composition range of T1 
phase [16−19]. Besides the black Mg solid solution and 
grey phase T1, a white phase with the composition of 
28.4Mg-63.2Zn-8.4Ca exists in the alloy Zn40Ca10 after 
equilibrium treatment at 300 °C (Fig. 3(a)). It should be 
another ternary compound, so-called T2. SAED pattern of 
the [ 0121 ] zone axis of T2 phase is shown in Fig. 3(c). 
It suggests that T2 phase also has hexagonal structure. 
The hexagonal structure parameters determined by XRD 
analysis are a=1.475 nm and c=0.879 nm (Fig. 3(b)). 

According to the morphology (Fig. 3(a)), it can be 
deduced that T2 phase could form through the peritectic 
reaction with T1 phase. It has been confirmed further that 
two ternary compounds in equilibrium with Mg-based 
solid solution exist in Mg-rich side of Mg−Zn−Ca 
system. The melting temperature of T1 phase is higher 
than that of T2 phase. T1 phase is the pre-formed phase 
during solidification from liquid. 
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Fig. 2 Microstructures and corresponding XRD patterns of alloys Zn17Ca13 (a, b), Zn32Ca15 (c, d), Zn26Ca10 (e, f) after 
equilibrium treatment at 300 °C 
 

The equilibrium microstructures and corresponding 
XRD patterns of the alloys Zn45Ca5 and Zn62Ca5 at 
300 °C are shown in Fig. 4 and Fig. 5. In the alloy 
Zn45Ca5 (Fig4. (a)), the composition of the black phase 
is 96.2Mg-3.7Zn-0.1Ca, the composition of the grey 
phase is 50.5Mg-48.0Zn-1.5Ca, and that of the white 
phase is 26.4Mg-65.5Zn-8.1Ca. It has been confirmed by 
the XRD analysis (Fig. 4(b)) that the black phase is Mg 
solid solution, the grey phase is MgZn and the white one 
is T2 phase. 

In the alloy Zn62Ca5 (Figs. 5(a) and (b)), the black 
phase is MgZn with the composition of 48.2Mg- 

50.5Zn-1.3Ca, the grey phase is Mg2Zn3 with the 
composition of 37.4Mg-61.8Zn-0.8Ca, and the white one 
is T2 phase with the composition of 27.6Mg-65.3Zn- 
7.1Ca. 

It could be seen that besides the Mg solid solution 
and T1 phase, T2 phase could be in equilibrium with 
MgZn and Mg2Zn3. The composition range of T2 phase is 
relatively narrow. 
 
3.3 Partial isothermal section of phase diagram of 

Mg−Zn−Ca system at 300 °C 
The partial isothermal section of phase diagram of 
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Fig. 3 Equilibrium microstructure of alloy Zn40Ca10 held at 
300 °C (a), corresponding XRD pattern (b) and SAED pattern 
of [ 0121 ] zone axis of T2 phase (c) 
 
Mg-rich side in Mg−Zn−Ca system at 300 °C has been 
constructed according to the above experimental data and 
is shown in Fig. 6. 

It is shown that the maximum solubility of Zn in 
Mg solid solution is 3.7% in the Mg−Zn−Ca ternary 
system at 300 °C, whereas the maximum solubility of Zn 
is 2.4% in Mg−Zn binary system [1]. The maximum 
solubility of Ca in the Mg solid solution at 300 °C is 
relatively low, but the addition of Ca increases the 
solubility of Zn in Mg-based solid solution, which should 
affect the solid solution strengthening of the element Zn 
in the Mg matrix. 

 

 

Fig. 4 Microstructure (a) and XRD pattern (b) of alloy 

Zn45Ca5 after equilibrium treatment at 300 °C 

 

 
 
Fig. 5 Microstructure (a) and XRD pattern (b) of alloy 
Zn62Ca5 after equilibrium treatment at 300 °C 
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Fig. 6 Isothermal section of Mg-rich side in Mg−Zn−Ca ternary system at 300 °C 

1.4% Zn can dissolve in the binary compound 
Mg2Ca, and the solubility of Ca in the MgZn phase is 
1.5%. 

When the Zn to Ca atomic ratio is between 1.1 and 
3.1, T1 phase could be in equilibrium with Mg-based 
solid solution. The Ca2Mg6Zn3 and Ca2Mg5Zn5 [11] 
should correspond to one composition in the range of T1 
phase, separately. 

When the Zn to Ca atomic ratio is larger than 3.1, T2 
phase can form in Mg-based solid solution. Because of 
more Zn addition needed, T2 phase is seldom found in 
Mg−Zn−Ca alloys. Maybe this is the reason why the 
existence of T2 phase is doubtful. It is easy for T1 phase 
to form in the Mg-based alloys because of its broad 
composition range. But, the T1 phase with different 
compositions can not be judged correctly, without 
knowing about the characteristics of the linear compound 
T1. 

The two-phase field composed of T1 and α-Mg is 
broad and the two-phase field (T2+α-Mg) is narrow. The 
three-phase fields consisting of α-Mg+Mg2Ca+T1, 
α-Mg+T1+T2, α-Mg+T2+MgZn and T2+MgZn+Mg2Zn3 
exist in Mg-rich side of Mg−Zn−Ca system at 300 °C. It 
can provide more possibilities for the strengthening 
phase design. 
 
4 Conclusions 
 

1) There exist two ternary compounds T1 and T2 in 
equilibrium with Mg-based solid solution in Mg-rich side 
of the Mg−Zn−Ca system at 300 °C. T1 phase is a linear 

compound with hexagonal structure. Its structure 
parameters decrease with the increase of Zn content. The 
compositon range of T2 phase is narrrow. T2 phase has 
also hexagonal structure and the parameters are a=1.475 
nm and c=0.879 nm. 

2) The solubility of Zn increases to 3.7% for the 
ternary addition of Ca in Mg-based solid solution, 
although the solubility of Ca in Mg-based solid solution 
is relatively low. 

3) The three-phase fields consisting of α-Mg+ 
Mg2Ca+T1, α-Mg+T1+T2, α-Mg+T2+MgZn and MgZn+ 
T2+Mg2Zn3 exist in Mg-rich side of Mg-Zn-Ca system at 
300 °C. 
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Mg−Zn−Ca 系富 Mg 侧三元化合物及 
其 300 °C 固态相平衡 

 
李洪晓, 任玉平, 马倩倩, 蒋 敏, 秦高梧 
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摘  要：采用合金平衡组织结构分析法，利用扫描电镜组织观察、电子探针定量成分分析以及 X 射线衍射和透射

电子衍射结构分析，对 Mg−Zn−Ca 系富 Mg 区域 300 °C 的相平衡关系及平衡相成分进行研究。结果表明：300 °C

时，2 个三元化合物 T1和 T2都可与 Mg 基固溶体相平衡。T1相是一个线性化合物相，成分为 15% Ca(摩尔分数)，

20.5%~48.9% Zn，余量为 Mg。T1相为六方晶体结构，晶格常数为：a=0.992~0.945 nm, c=1.034~1.003 nm，随 T1

相中 Zn 含量的增加而减少。化合物 T2 相也是六方结构，成分为 26.4%~28.4%Mg，63.2%~65.5%Zn 以及

7.1%~8.4%Ca。300 °C 时，Zn 在 Mg 基固溶体中的溶解度随 Ca 的加入而增大，最大溶解度达到 3.7%。在 Mg−Zn−Ca

系中 300 °C 等温截面相图的富 Mg 区域存在着三相区α-Mg+Mg2Ca+T1, α-Mg+T1+T2, α-Mg+T2+MgZn 和 

MgZn+T2+ Mg2Zn3。 

关键词：Mg−Zn−Ca 系；三元化合物；结构；成分；相平衡 
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