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Abstract: Microstructure evolution of the cast Mg−9Gd−2Er−0.4Zr alloy during solid solution treatment at temperature of 460−  
520 °C for 3−12 h was investigated by using optical microscope (OM), scanning electron microscope (SEM) and transmission 
electron microscope (TEM). The results indicated that the grain size and the shape of second phase were obviously changed with 
time and/or temperature going on. At 460 °C for 3 h, the morphology of the Mg5(GdEr) phase was changed into fragmentized island 
morphology and the volume faction of the phase decreased. After solution solid treatment at 460 °C for 6 h, the Mg5(GdEr) phase 
was already completely dissolved, but some cuboid-shaped RE-rich phase precipitated. As the temperature increased, the morphology 
of the Mg5(GdEr) phase was transformed into the same morphology as that at 460 °C for 6 h. It was suggested that the microstructure 
evolution of the alloy during the solid solution treatment was concluded as follows: Mg5(GdEr) eutectic phase→Gd/Er atom 
diffusing into matrix→spheroidic Mg5(GdEr) phase→cuboid-shaped RE-rich phase→grain boundary immigration. 
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1 Introduction 
 

As a result of the stricter requirement on greenhouse 
gas emission and fuel economy, magnesium alloys 
exhibit remarkable advantages to the automotive 
industries due to the combination of low density and high 
specific strength [1]. However, magnesium alloys are 
limited to some extent due to the lower strength. Thus, 
developing a new kind of Mg alloys with high 
mechanical performance is a significant issue [2−5]. 

Recently, it was found that the addition of other RE 
(Dy, Nd and Y) elements into the Mg−Gd based alloys is 
an effective way to improve strength and creep resistance 
of the Mg alloys at elevated temperatures [6−9]. The 
equilibrium solid solubility of Gd is relatively high in the 
Mg matrix and drops abruptly with lowering temperature 
[10,11]. So, it will easily lead to the formation of fine 
metastable precipitates during aging treatment, which is 
beneficial to improve mechanical properties. However, 
published contributions concerning the effects of solid 
solution treatment on the microstructure evolution and 
mechanical properties of the Mg−Gd−Er alloys are 

limited. 
Recently, the solution behavior of the 

Mg−15Gd−5Y−0.5Zr alloy from 500 °C to 540 °C was 
studied by GAO et al [12]. They found that the 
continuous network-like Mg5(GdY) phase decomposed 
into fragmentized phase and some cuboid-shaped 
compounds with a composition of Mg2Y3Gd2 
precipitated after solution solid treatment. It is suggested 
that the evolution of microstructure from as-cast to 
cast-T4 state involved α-Mg solid solution + Mg5(GdY) 
eutectic phase→α-Mg solid solution + spheroidic 
Mg5(GdY) phase→α-Mg supersaturated solid solution + 
cuboid-shaped compound Mg2Y3Gd2. LI et al [13] 
reported that the eutectic compounds in the 
Mg−10Gd−3Y−1.2Zn−0.4Zr alloy dissolved gradually 
into the matrix with time prolonged during heat 
treatment at 773 K, and a new type of 14H LPSO and 
FCC structured cuboid-shaped RE-rich phases come into 
being. 

As mentioned above, the microstructure evolution 
of the cast Mg−9Gd−2Er−0.4Zr alloy after solid solution 
treatment at the temperatures of 460−520 °C for 3−12 h 
was investigated. 
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2 Experimental 
 

The alloy ingot with a nominal composition (mass 
fraction, %) of Mg−9Gd−2Er−0.4Zr was prepared. High 
purity Mg(>99.95%), Mg−30Gd(mass fraction, %) 
master alloy, Mg−30Er (mass fraction, %) master alloy 
and Mg−30Zr (mass fraction, %) master alloy were 
melted in a graphite crucible under mixed atmosphere of 
N2 and SF6 with a volume ratio of 20:1 in an electric 
resistance furnace. The melt was stirred to ensure the 
homogeneity, then held at 770°C for about 30 min and 
finally cast into a permanent mould to obtain ingots with 
dimensions of 33 mm×100 mm×100 mm. The ingot was 
cooled down in air atmosphere. The specimens for solid 
solution were machined from the bulk as-cast ingot. The 
specimens were solution treated at temperatures of 460− 
520 °C for 3−12 h, as listed in Table 1, and then 
quenched into cold water. 
 
Table 1 Solution treatment conditions in the present study 

Temperature/°C Time/h 

460 3 6 12 

490 3 6 12 

520 3 6 12 

 
The chemical compositions of the alloy were 

determined by an X-ray fluorescence (XRF) analyzer 
(Magic PW2403), as shown in Table 2. The phase 
compositions of the alloy were analyzed by X-ray 
diffraction (XRD, D8 ADVANCE) measurement in the 
scanning range of 20°−80° with 0.02° step size. The 
optical microscope (OM, ZEISS AXIO Imager A2), 
scanning electron microscope (SEM, HITACHI S−450) 
and transmission electron microscope (TEM, JEM-2100, 
JEOL) equipped with energy dispersive spectroscopy 
(EDS) were used to observe the microstructure of the 
alloys. The OM and SEM specimens were sliced from 
the same position of each casting. They were polished 
and etched with a solution of 5% nitric acid (volume 
fraction)+ethyl alcohol. The TEM specimens were 
prepared by electro-polishing and finally ion beam 
milling. The electro-polishing of the samples was 
conducted in a solution of 20% nitric acid and 80% 
methanol, using a liquid nitrogen cold region to prevent 
heating. The ion beam milling was performed at an 
incident angle less than 10°. 
 
Table 2 Chemical compositions of investigated Mg−9Gd− 
2Er−0.4 alloy (mass fraction, %) 

Gd Er Zr Mg 

9.3 1.8 0.4 Bal. 

 
3 Results and discussion 
 
3.1 Microstructure of as-cast alloy 

The OM, SEM, TEM and corresponding SAED and 
EDXS results of the as-cast Mg−9Gd−2Er−0.4Zr alloy 
are shown in Fig. 1. The results indicate that the alloy is 
mainly composed of α-Mg and the network-like 
secondary phase which decorates the grain boundaries 
[14,15]. The compositions of network-like secondary 
phases are determined to be approximately Mg5(GdEr) 
phase by energy diffraction patterns (EDXS), as shown 
in Fig. 1(f) and Table 3. The structure of the network-like 
secondary phases is identified by zone-axis selected area 
electron diffraction (SAED), as shown in Figs. 1(d) and 
(e), to be a complex structure with a large cubic cell [16]. 

 
Table 3 EDXS results of network-like secondary phases in 
as-cast Mg−9Gd−2Er−0.4Zr 

Element w/% x/% 

Mg 33.86 76.84 

Gd 63.55 22.30 

Er 2.59 0.86 

Total 100.00  

 
3.2 DSC Study of as-cast alloy 

The determination of the solution treatment 
temperature of the alloy was based on the DSC heating 
curves. Figure 2 shows the DSC curves of the 
Mg−9Gd−2Er−0.4Zr alloy from 200 °C to 700 °C at a 
scanning rate of 10 K/min. It is shown that the DSC 
heating curve contains two endothermic peaks. One is at 
554 °C which is close to the temperature of formation of 
Mg5Gd phase according to the equilibrium phase 
diagram of the Mg−Gd alloy. The other is at 644 °C 
which is close to the melting temperature of α-Mg 
according to the equilibrium phase diagram of the 
Mg−Gd alloy. This is coincided with the result in Refs. 
[17−19]. Therefore, the solution treatment temperatures 
of the Mg−9Gd−2Er−0.4Zr alloy were selected as 460, 
490 and 520 °C. 
 
3.3 X-ray diffraction study of as-cast and as-solution 

treated alloy 
The XRD patterns of the as-cast and as-solution 

treated Mg−9Gd−2Er−0.4Zr alloy are presented in Fig. 3. 
The result indicates that the as-cast alloy is composed 
mainly of α-Mg together with β-phase (Mg5(GdEr)) 
phase. The as-solution treated alloy is composed mainly 
of α-Mg, but the Mg5(GdEr) secondary phases were 
dissolved into matrix after solution treatment at 460 °C 
for 6 h. 
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Fig. 1 OM (a), SEM (b) and TEM (c) images of network-like secondary phases in as-cast Mg−9Gd−2Er−0.4Zr alloy and 
corresponding SAED patterns (d, e) and EDX result (f) 
 

 

Fig. 2 DSC heating curves of Mg−9Gd−2Er−0.4Zr alloy from 
200 °C to 700 °C (scanning rate: 10 K/min) 

 
Fig. 3 XRD patterns of Mg−9Gd−2Er−0.5Zr alloy: (a) As-cast; 
(b) As-solution treated (460 °C for 6 h) 
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3.4 Microstructure of as-solution treated alloy 
The microstructures of the as-solution treated alloy 

at different temperatures are shown in Fig. 4. The results 
indicate that the grain size and the shape of the second 
phase are obviously changed with time and/or 
temperature going on. At 460 °C for 3 h, the morphology 
of the Mg5(GdEr) phase transformed into fragmentized 
island morphology and the volume fraction of the phase 
decreased, as shown in Fig. 4(a). After solid solution 
treatment at 460 °C for 6 h, the Mg5(GdEr) phase was 
completely dissolved, but some cuboid-shaped phases 
precipitated as time went on, as shown in Fig. 4(c). At 
the same temperature, the change of the morphology of 
the alloy has the same result with different time, as 
illustrated in Figs. 4(d) and Fig. 4(g) [12,20]. 

The SEM and TEM images of alloys are shown in 
Fig. 5. The SEM image of the as-solution treated alloy 
presents some cuboid-shaped compound with the size of 
0.5−3 μm, as shown in Fig. 5(a). By the energy 
dispersive X-ray spectrometry, the composition is 
determined to be RE-rich compound and the mole ratio 
of Mg to Gd to Er is equal to 14.18:51.06:34.76, as 
shown in Fig. 5(e) and Table 4. Figure 5(b) shows TEM 
image of the cuboid-shaped phase and Figs. 5(c) and (d) 
show the corresponding two zone-axis SAED patterns. 

The structure of the cuboid-shaped particles is identified 
as face-centered cubic (FCC) with a=0.56 nm [12,13]. 
According to the study, it is indicated that the 
cuboid-shaped RE-rich phase with a FCC crystal 
structure has been reported by several researchers, but 
the formation mechanism and effects on mechanical 
properties of the phases are still under investigation. 

 
Table 4 EDXS results of cuboid-shaped compound in alloy 
after solution treatment at 460 °C for 6 h 

Element w/% x/% 

Mg 2.43 14.18 

Gd 56.59 51.06 

Er 40.98 34.76 

Total 100.00  

 
4 Conclusions 
 

1) Microstructure evolution of the cast Mg−9Gd− 
2Er−0.4Zr alloy after solid solution treatment at the 
temperatures of 460−520 °C for 3−12 h was investigated. 

2) After solid solution treatment at 460 °C for 6 h, 
the Mg5(GdEr) phase was completely dissolved, but 

 

 
Fig. 4 Effects of solution time and solution temperature on microstructure of Mg−9Gd−2Er−0.4Zr alloy: (a) 460 °C, 3 h; (b) 460 °C,  
6 h; (c) 460 °C, 12 h; (d) 490 °C, 3 h; (e) 490 °C, 6 h; (f) 490 °C, 12 h; (g) 520 °C, 3 h; (h) 520 °C, 6 h; (i) 520 °C, 12 h 
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some cuboid-shaped RE-rich phase precipitated. 

3) The evolution of the microstructure from as-cast 
to as solid solution state involved Mg5(GdEr) eutectic 
phase→Gd/Er atom diffusing into matrix→ spheroidic 
Mg5(GdEr) phase→cuboid-shaped RE-rich phase→grain 
boundary immigration. 
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固溶处理中 Mg−9Gd−2Er−0.4Zr 合金的组织演变 
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摘  要：利用 OM、SEM 和 TEM 研究了固溶处理过程中 Mg−9Gd−2Er−0.4Zr 铸造镁合金的微观组织演变，其固

溶处理温度和时间范围分别为 460~520 °C 和 3~12 h。结果表明，随着固溶时间的延长和(或)温度的升高，合金的

晶粒尺寸和第二相形态均有显著变化。当固溶温度和时间分别为 460 °C 和 3 h 时，Mg5(GdEr)相的体积分数降低

并转变为破碎的岛状。当固溶温度和时间分别为 460 °C 和 6 h 时，Mg5(GdEr)相已经完全溶解，但是析出了少量

的立方状富 RE 相。随着固溶温度的升高，Mg5(GdEr)相的形貌演变与固溶温度 460 °C 和时间 6 h 时的相似。在

固溶处理过程中合金的组织演变为：Mg5(GdEr)共晶相→Gd/Er 原子向基体扩散→类球形 Mg5(GdEr)相→立方状富

RE 相→晶界迁移。 

关键词：Mg−Gd−Er−Zr 合金；组织演变；固溶处理；共晶相 
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