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Abstract: The microstructure and mechanical properties of Mg-4.5Gd-2.6Nd-0.5Zn-0.5Zr, a novel magnesium cast alloy, were 

investigated. The microstructure of the as-cast experimental alloy is determined to be composed of near-equiaxed α-Mg, Mg

12

(Nd, 

Gd), and Mg

3

Gd phases. After optimizing the heat treatment parameters, the YS, UTS, and A values reach 205 MPa, 325 MPa, and 

4.0% at room temperature, and 145 MPa, 245 MPa, and 18.5% at 250 

o

C. The strengthening mechanism of this alloy was also 

investigated. The fracture surfaces of Mg-4.5Gd-2.6Nd-0.5Zn-0.5Zr during tensile tests demonstrate that brittle fracture occurs at 

room temperature, and ductile fracture occurs at 250 

o

C accompanied by appearance of many dimples and tear ridges. 
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As one of the lightest current structural materials, 

magnesium alloys containing heavy rare earths (Mg-RE) have 

been applied in aerospace and automobile industries

[1-3]

. 

However, the low strength and poor heat resistance of 

traditional magnesium alloys at high temperatures seriously 

limits their application in important industrial fields such as 

aviation, aerospace, military equipment, and automobiles

[4]

. 

Strengthening magnesium alloys by introducing rare earths 

can be accomplished by a variety of methods, including 

secondary-phase (eutectic compounds) strengthening, solid 

solution strengthening, fine crystal strengthening, dispersion 

strengthening, and aging precipitation

[5]

. Moreover, the solid 

solution, aging, and diffusion strengthening in magnesium by 

rare earth elements is more effective than in aluminum 

alloys

[6,7]

. Strengthening by alloying with rare earths is an 

important method to improve the heat resistance and 

mechanical properties of magnesium alloys at high tempe- 

ratures. The addition of multivariate rare earth composites is 

an effective method to strengthen rare earth alloys

[8,9]

. Mg-Nd 

alloys have very attractive application prospects in aerospace, 

automotive racing, and electronics industries because of their 

excellent mechanical properties, thermal stability, and casting 

performance. Gd has a more significant strengthening effect on 

magnesium alloys compared with Nd. Zn is an inexpensive 

alloy element, and magnesium alloys containing trace amounts 

of it possess excellent solid solution strengthening and age 

hardening effects. Referring to the ZM6 (Mg-Nd-Zn-Zr) alloy 

of China, we choose the Mg-4.5Gd-2.6Nd-0.5Zn-0.5Zr 

designed to study its microstructure and mechanical properties 

and also to develop a new high-strength heat-resistant 

magnesium cast alloy 

1  Experiment 

The elemental composition (wt%) of the test alloy was: Gd 

4.2~4.7, Nd 2.5~3.0, Zn 0.4~0.7, and Zr 0.4~0.6, with the 

remainder composed of Mg. Alloy smelting was carried out 

under the protection of RJ-4 flux in a 12 kg resistance crucible 

furnace. The alloy was prepared from 99.99% Mg, 99.99% Zn, 

Mg-30%Gd, Mg-30%Nd, and Mg-30%Zr (wt%) master alloys. 

The melt was poured into a steel mold and pre-heated to 200 

°C to form a tensile test bar at 750 

o

C by gravity casting. The 

results of the chemical composition analysis showed that the 

test alloy was composed of 4.5 Gd, 2.6 Nd, 0.5 Zn, and 0.5 Zr 

(wt%). The solid solution treatment of the alloy was carried 
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out in a quenched hot-air circulation furnace with a ±2 ºC 

temperature fluctuation, protected by FeS atmosphere. 

Samples were first heated to 350 ºC and held for 30 min, and 

then raised to the solution-treatment temperature of 510, 520, 

or 530 °C until a specified time and then quenched in water at 

60~80 °C. The quenching transfer time did not exceed 15 s. 

Alloy aging was carried out in an electric oven at 200, 225, 

and 250 ºC. 

Hardness testing of alloys was performed using a PH600 

Brinell hardness tester. According to the minimum and 

maximum values, the average value of the remaining 3 

hardness points was used as the final test result. All tensile 

tests were carried out on a CSS-1120 tensile testing machine 

equipped with an electric resistance furnace with a fully- 

enclosed chamber at 25~300 °C. The alloy microstructures 

were observed using an Olympus PM-G3 optical microscope 

(OM) and a JEOL JSM-5800 scanning electron microscope 

(SEM). X-ray diffraction (XRD) was performed on an X'Pert 

Pro MPD X-ray diffractometer. Microstructural examination 

was performed using a Sirion 200 field emission scanning 

electron microscope (FESEM), equipped with an Oxford 

energy-dispersive X-ray spectrometer (EDS). Transmission 

electron microscope (TEM) observations were performed 

using a JEM2100F operated at 200 kV. 

2  Results and Discussion 

2.1  Microstructure of the as-cast alloy 

Fig.1a shows the microstructure of the as-cast experimental 

alloy, which is composed of approximately equiaxed α(Mg) 

grains and eutectic compounds at the grain boundary with a 

discontinuous netted lamellar eutectic phase. The SEM image 

of the as-cast test alloy in Fig.1b suggests the alloy mainly 

contains two intermetallic phases, i.e. the network-shaped 

phase (marked by point A), and a blocky phase (marked by 

point B) along the grain boundary. In addition, the white 

dotted phase (marked by point C) in the α(Mg) grains can be 

indexed to be α(Zr). The typed particle were frequently 

observed in Mg-RE-Zn systems and have been reported to be 

Zr-rich particles or Zn-Zr compounds

[10,11]

. 

The TEM images of precipitates within grains of the as-cast 

alloy are presented in Fig.2. The blocky phase, marked as 

point B in Fig.1b, appears to be composed of rod-shaped 

precipitates at high magnification in Fig.2a. According to the 

SAED pattern shown in Fig.2b, the dotted phase can be 

indexed to Mg

12

(Nd, Gd) with a bcc structure. The network- 

shaped phase, marked as point A in Fig.1b, is composed of 

network-shaped precipitates in the high magnification image 

in Fig.3a. The SAED patterns of network-shaped precipitates 

are shown in Fig.3b, and the network-shaped phase can be 

indexed to the Mg

3

Gd phase with fcc structure

[10,11]

. 

2.2  Microstructure of the solution-treated alloy  

Based on the solution-treated temperature of the ZM6 alloy, 

solution treatment temperatures of 515, 520, and 530 ºC were 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Optical micrograph (a) and SEM image (b) of the as-cast 

alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  TEM bright field image (a) and SAED pattern (b) of the 

blocky precipitates within the α-Mg matrix 

 

selected. After solution treatment at 515 ºC for 16 h (Fig.4a), 

some block phases form along the grain boundaries, as well as 

many fine α-Mg matrix precipitates. However, the average grain 

size increases to about 80 µm, which suggests that 515 

o

C for 16 

h is insufficient for complete dissolution of the eutectic mixture. 
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Fig.3  TEM bright field image (a) and SAED pattern (b) of the 

needle-like precipitates within the α-Mg matrix 

 

After solution treatment at 520 

o

C for 12 h (Fig.4b), signi- 

ficantly fewer block phases are observed along the grain 

boundaries, together with much more fine precipitates 

compared with solution treatment at 515 

o

C for 16 h. Therefore, 

520 

o

C for 12 h is also insufficient to complete the dissolution 

of the eutectic mixture. After solution treatment at 530 

o

C for 8 

h (Fig.4c), all block phases are dissolved into the α-Mg matrix, 

with an average grain size of 55 µm. Further increasing the 

solid solution time to 10 h (Fig.4d) causes the grains to 

obviously coarsen, and the block phases decompose to fine 

block phases along the grain boundary. Therefore, the most 

suitable solid solution treatment of the alloy is determined to be 

530 

o

C for 8 h. 

2.3  Age hardening response  

Fig.5 shows the age hardening curves for the alloy aged at 

205, 225, and 250 ºC. The specimen aged at 205 ºC exhibited a 

peak hardness (HB) of 1050 MPa after aging for 16 h. When 

aged at 225 ºC, a maximum hardness of 980 MPa was obtained 

after 4 h, while a peak hardness of 920 MPa was obtained only 

after 1.5 h when aging at 250 ºC. The most suitable aging 

condition of the alloy was confirmed to be 205 ºC for 16 h. The 

microstructure of the experimental alloy treated at 205 ºC for 16 

h in Fig.6a has obvious grain boundaries and cuboid compounds 

with sizes of approximately 0.5~3.0 µm, which appear as gray 

spots. More fine precipitates are observed to be uniformly 

distributed within the α(Mg) grains and along the grain 

boundaries than in the as-cast studied alloys. However, they 

contain fewer fine precipitates than the solution-treated sample, 

which has an average grain size of about 35 µm. 

Fig.6a shows the SEM image of Mg-4.5Gd-2.6Nd-0.5Zn- 

0.5Zr alloy aged at 205 ºC for 16 h. After the alloy was aged, 

the grain boundary became more obvious than the as-cast  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Optical micrographs of solution-treated alloy with different heat treatments: (a) 515 ºC for 16 h, (b) 520 ºC for 12 h, (c) 530 ºC for 8 h, 

and (d) 530 ºC for 10 h 
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Fig.5  Hardness as a function of aging temperature for the solution- 

treated alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  SEM images of the alloy aged at 205 ºC for 16 h 

 

alloy. The precipitated cuboidal phase along grain boundaries 

were determined to be Mg

12

(Nd, Gd). In addition, it was found 

that the clusters of precipitates are distributed within some 

α(Mg) grains and along grain boundaries, as shown in Fig.6a. 

The magnified SEM image in Fig.6b shows that the precipitates 

make up of the bright needle-like phases with different 

orientations. It was reported that the needle-like phases are 

Zn

2

Zr

3

[12]

. Moreover, some dark rod-shaped precipitates are 

distributed within some α(Mg) grains.  

2.4  Mechanical properties 

The mechanical properties, including the ultimate tensile 

strength (UTS), yield strength (YS), and elongation (A) of the 

as-cast (F), solution-treated (T4), and peak-aged (T6) alloy at 

room temperature presented in Fig.7 show that the as-cast alloy 

has inferior mechanical properties. The UTS, YS, and A of the 

as-cast alloy are 195 MPa, 115 MPa, and 8.0%, respectively. 

After solution treatment, the UTS, YS, and A are 234 MPa, 128 

MPa, and 11.0%, respectively, which indicates good 

strengthening and ductility. The UTS, YS, and A of the alloy are 

325 MPa, 205 MPa, and 4.0% in the peak-aged specimen at 

room temperature. It is worth mentioning that the experimental 

alloy in the aging condition exhibits a much higher tensile 

strength and better ductility than WE43

[6]

 (4.2 wt% Y, 4.0 wt% 

RE, 0.5 wt% Zr) at 250 ºC

[7]

, as shown in Table 1.  

2.5  Fracture behavior 

The SEM micrographs of the fracture behavior of the T6 

experimental alloy after tensile tests at room temperature are 

shown in Fig.8a. The alloy exhibits some dimples, cleavage 

planes, and white cuboid-shaped residual phases containing 

many micro-cracks. EDS results show that the composition of 

the white cuboid-shaped residual phase is Mg-6.10Nd- 

1.22Gd-0.12Zn, indicating it has a similar composition to 

Mg

12

(Nd, Gd), in agreement with Fig.8c. This explains why the 

alloy has poor elongation during room temperature tensile tests. 

The SEM micrographs of fracture features of the T6 treated 

alloy after tensile test at 250 ºC are shown in Fig.8b. The 

fracture surfaces of the experimental alloy contains more 

dimples and tear ridges than at room temperature, as well as a 

higher elongation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Mechanical properties of the experimental alloy at room 

temperature 

 

Table 1  Tensile properties of the peak-aged Mg-4.5Gd-2.6Nd- 

0.5Zn-0.5Zr and WE43 alloy 

Material 

Test 

temperature/°C 

YS/ 

MPa 

UTS/ 

MPa 

A/ 

% 

20 205 325 4.0 

Mg-4.5Gd-2.6Nd- 

0.5Zn-0.5Zr 

250 145 245 18.5 

20 165 250 2.0 

WE43

[6]
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Fig.8  Tensile fracture morphologies of the T6 experimental alloy at room temperature (a) and 250 ºC (b); EDS analysis 

of the cuboid-shaped phase (c) 

 

3  Conclusions 

1) The microstructure of the as-cast Mg-4.5Gd-2.6Nd- 

0.5Zn-0.5Zr (wt%) alloy is composed of an α(Mg) matrix, 

Mg

12

(Nd, Gd) eutectic phases, Mg

3

Gd phase, and α(Zr) 

particles within the α(Mg) matrix. 

2) For the experimental alloy, the optimum solid solution 

condition of the alloy is confirmed to be 530 ºC for 8 h. 

3) The Mg-4.5Gd-2.6Nd-0.5Zn-0.5Zr alloy exhibits inter- 

granular fracture at room temperature. 

4) The UTS, YS, and A of the alloy in the T6 are 325 MPa, 

205 MPa, 4.0% at room temperature and 245 MPa, 145 MPa, 

and 18.5% at 250 ºC, respectively. It is worth mentioning that 

the experimental alloy exhibits a much higher tensile 

strengthen and better ductility than WE43 at room temperature 

and 250 ºC. 
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