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1 Introduction
Magnesium (Mg) alloys have attracted considerable 
attention in the fields of aerospace applications owing 
to its excellent creep resistance, high specific strength 
and low density [1-4]. Nevertheless, such alloys are 
restricted for the poor heat-resistance and the low absolute 
strength. There is an increasing interest in rare earth (RE) 
containing Mg alloys due to their higher mechanical 
performance than conventional Mg-Al or Mg-Zn 
series alloys at room and elevated temperatures [5-8]. 
In this respect, Mg-Gd and Mg-Y alloy systems, 
such as Mg-Gd-Y-Zr [9], Mg-Gd-Y-Zn [10], Mg-Gd-Y-
Nd-Zr [11], Mg-Gd-Y-Zn-Zr [12], have been extensively 

Abstract: Microstructure, mechanical properties and phase transformation of a heat-resistant rare-earth (RE) 
Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y (wt.%) alloy were investigated. The as-cast alloy is composed of equiaxed 
α-Mg matrix, net-shaped Mg5RE and Zr-rich phases. According to aging hardening curves and tensile properties 
variation, the optimized condition of solution treatment at 520 °C for 8 h and subsequent aging at 204 °C
for 12 h was selected. The continuous secondary Mg5RE phase predominantly formed at grain boundaries 
during solidification transforms to residual discontinuous β-Mg5RE phase and fine cuboid REH2 particles after 
heat treatment. The annealed alloy exhibits good comprehensive tensile property at 350 °C, with ultimate tensile 
strength of 153 MPa and elongation to fracture of 6.9%. Segregation of RE elements and eventually RE-rich 
precipitation at grain boundaries are responsible for the high strength at elevated temperature. 

Keywords: heat-resistant magnesium alloy; rare earth; microstructure; phase transformation; tensile 
property; strengthening  

CLC numbers:  TG146.22                   Document code: A                   Article ID: 1672-6421(2023)04-289-10

*Xin-wang Liu
Male, born in 1982, Ph.D, Professor. His research interests mainly focus on 
as-cast microstructure refinement, strengthening, and phase transformation of 
magnesium, aluminum, titanium, and high-entropy alloys.

E-mail: liuxw@hust.edu.cn

**Kai Wang
E-mail: wangkai483@aliyun.com
Received: 2022-08-08;  Accepted: 2023-01-12

Microstructure and mechanical properties of a 
cast heat-resistant rare-earth magnesium alloy

researched. The addition of element Gd to Mg alloys 
leads to lattice distortion, which can appreciably 
enhance yield strength [13, 14]. On this basis, element Y 
addition will further strengthen the alloy [15]. In contrast 
to Gd or Y, Nd has a lower solubility of 3.6wt.% at the 
eutectic temperature, and element Nd addition in the 
Mg-Gd/Y based alloys can give rise to improvement of 
mechanical properties by enhancing the precipitation 
and dispersion strengthening [16, 17]. Besides, Zn 
element addition in Mg-Gd/Y based alloys leads 
to the formation of lamellar phases, which is able 
to enhance the resultant alloys by means of short-
fiber strengthening [18-20]. Grain refinement is also an 
important method to improve both the strength and 
ductility. For instance, Zr element is an effective grain 
refiner of Mg alloys by promoting heterogeneous 
nucleation and constitutional supercooling [21]. Hence, 
Mg-Gd-Nd-Y-Zr-Zn alloys are supposed to exhibit 
remarkable mechanical properties, which can be a 
promising candidate for producing high strength Mg 
alloys.

In general, complex Mg alloy components are 
fabricated by casting, one of the fundamental 
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techniques [14]. This process involves considerations such as 
melt cleanliness, castability, defect removal, and uniformity 
in microstructure, grain size and properties. Furthermore, 
numerous reports on heat treatment of cast Mg alloys [22-25] have 
shown that appropriate solid solution and aging processes can 
significantly improve mechanical properties by reducing casting 
defects and obtaining desired precipitates. Conventional T6 
heat treatment is considered to be effective in modifying the 
microstructure and mechanical properties of the as-cast WE43 
Mg alloy [26], but has no obvious effect on the WE43 Mg alloy 
obtained by selective laser melting [27]. Therefore, appropriate 
heat treatment conditions should be designed when developing 
new alloy systems, considering the unique microstructure 
of Mg alloys with different compositions or processed using 
different methods.

Although previous studies have investigated Mg-RE-Zn-Zr 
alloys containing certain RE elements, there is still a lack of 
detailed descriptions regarding alloys with hidh RE contents 
and theri high temperature performance. Additionally, there is 
a limited understanding of the strengthening mechanism and 
its implications for alloy properties. Therefore, a heat-resistant 
Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y (wt.%) alloy with 
high Gd and Nd content was chosen in the present study. An 
attempt was made in this study to describe the microstructure 
of this heat-resistant Mg alloy after heat treatment and assess 
its link to mechanical properties.

2 Experimental procedure
The as-cast Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y (wt.%) 
alloy was prepared by melting the commercial pure Mg ingot 
(> 99.9%), pure Zn particles (99.9%), and Mg-30Gd (wt.%), 
Mg-25Nd (wt.%), Mg-30Zr (wt.%), Mg-30Y (wt.%) master 
alloys under the mixture of CO2 and SF6 shielding gas. The 
actual chemical compositions were examined by X-ray 
fluorescence (XRF, a SHIMADZU XRF-1800 spectroscope). 
After melting pure Mg in an electric resistance furnace at 750 °C, 
pure Zn and master alloys pre-heated at 200 °C were added to 
the molten Mg. Then, the melt was poured into a cube copper 
mold pre-heated at 200 °C with dimensions of Φ70 mm×160 mm.
After being machined into 10 mm×10 mm×40 mm rectangular 
blocks, samples were heat treated at 520 °C for 8 h followed by 
quenching in water at 66 °C. Finally, the Mg-RE alloys were 
subjected to air cooling after aging at 204 °C for 1, 12, 36, 48, 
96, 120 and 160 h, respectively.

The samples for phase analysis and microstucture 
observation were cut by electric discharge machining (EDM) 
from the as-cast ingot and heat-treatment sheets and then 
ground with SiC adhesive papers to a grit size of 7 μm and 
polished with diamond suspension down to 1 μm. After 
mechanical polishing, constitution and microstructure of 
the alloys were investigated using X-ray diffraction (XRD) 
and scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) techniques. The XRD analysis 
was performed using a SHIMADZU XRD-7000S diffractometer 

using Cu Kα radiation (λ=1.54 Å) with the range of 10°-80° 
at a speed of 5°·min-1. Microchemical and morphological 
characterizations were conducted utilizing an FEI Quanta 
200 microscope operated at the back-scatter electron (BSE) 
and secondary electron (SE) modes equipped with an energy 
dispersive X-ray spectroscope (EDS) at an accelerating voltage 
of 20 kV, similar to our previous procedures [28]. The samples 
for SEM microstructure observation were chemically etched 
with a solution of ethanol and nitric with a volume ratio of 
24:1. Specimens for TEM analysis were ground down to foils 
with a thickness of about 50 μm using fine SiC papers, and 
discs with a diameter of 3 mm were punched out of the foils, 
followed by dimpling and finally ion milling. Finally, TEM 
investigations were performed using an FEI Tecnai G2 F30 
microscope operated at an accelerating voltage of 200 kV or 
300 kV.

Specimens for tensile tests were also cut by EDM and the 
tensile tests were performed on a SHIMADZU AG-100 kN 
testing machine at an engineering strain rate of 10-3 s-1 in air 
at 350 °C. The specimens were firstly put in the machine and 
heated to 350 °C and held for 5 min to get a uniform temperature 
distribution before the tensile testing. The Vickers hardness 
testing was performed on a HV-1000 microhardness tester.

3 Results
3.1 Microstructures
The microstructure of as-cast Mg-16.1Gd-3.5Nd-0.38Zn-
0.26Zr-0.15Y alloy shown in Fig. 1(a) exhibits typical 
equiaxed grains with an average grain size of about 50 μm. 
The SEM-BSE microstructures in Fig. 1(b) indicate that the 
alloy is composed of α-Mg matrix and three types of secondary 
phase: net-shaped phases denoted as Region 2, continuous ones 
in grain boundaries (GBs) as Region 3, and isolated phase in the 
interior of the matrix as Region 4. The elemental distribution of 
Fig. 1(b) is shown in Figs. 1(c-h). As can be seen, the as-cast 
alloy exhibits compositional fluctuation in tens of micrometer 
scale because of the solute redistribution during solidification. 
The primary grains are enriched in Mg and Gd, whereas GBs 
are enriched in Nd, and the secondary phases are Zr-rich, 
whereas Y and Zn are uniformly distributed, which can be 
distinguished from their contrasts.

The eutectic is composed of α-matrix and intermetallic 
compounds. For quantitative analysis, chemical compositions 
of different regions marked in Fig. 1(b) analyzed by EDS are 
listed in Table 1. The results indicate that the matrix is mainly 
composed of Mg, which is as same as the study of Ref. [29]. 
The GBs eutectic containing net-shaped phase (Region 2) and 
continuous phase (Region 3) is rich in RE, especially Gd and 
Nd. It has been reported that RE elements blend with each 
other in Mg-Gd-Y alloys, forming Mg5(Gd1-xYy) compound, 
which should be attributed to the similarity between the RE 
element [30]. Compounds in this work are similar to those of 
previous research [31-33], which could be identified as Mg5RE 
(RE=Gd, Nd, Y) phase, while Zn exists at solid solution state. 
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Fig. 1: Microstructures of as-cast Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y alloy: (a) representative SEM-BSE 
images with low-magnification; (b) high-magnification showing equiaxed α-Mg grains surrounded by 
eutectic structures of Mg5RE; (c-h) corresponding elemental EDS maps of Mg (c), Gd (d), Nd (e), Zr (f), 
Y (g), Zn (h), respectively 

(a) (b)

(c) (d) (e)

(f) (g) (h)

Table 1: Chemical compositions of selected regions in Fig. 1(b) of as-cast Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y 
alloy tested by SEM-EDS

Region
Composition (at.%)

Phase
Mg Gd Nd Zr Y Zn

1 98.49 0.97 0.54 - - - α-Mg

2 88.99 7.59 2.52 - 0.16 0.73 Mg5RE

3 90.81 5.11 2.48 0.08 0.23 1.29 Mg5RE

4 58.30 3.46 0.95 35.03 1.67 0.59 Zr-rich

Fig. 2: X-ray diffraction patterns of as-cast and aged 
Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y alloys

The isolated phase (Region 4) is composed of a large amount 
of Zr, which plays a role in heterogeneous nucleation and 
grain refinement [34]. The XRD pattern of the as-cast alloy in 
Fig. 2 shows peaks corresponding to α-Mg and Mg5RE phases. 
The results are consistent with the aforementioned chemical 
composition analysis of each phase. However, it should be 
noted that the phase enriched in Zr, not detected by XRD, 
indeed exists in the alloy. This is probably because of its small 
volume fraction and the limited particle size.

3.2 Aging response
Figure 3(a) shows the age-hardening curve of the solution 
treated alloys aged at 204 °C for different aging times. At 
the initial stages of the aging, the hardness increases with 
the increase of aging time until it reaches the peak hardness. 
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Fig. 3: Aging variations of Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y alloy after solution treatment and aging at 
204 °C for different durations: (a) hardness; (b) mechanical properties

However, the hardness gradually decreases as a result of over-
aging. The specimen aged at 204 °C for 48 h exhibits the 
highest hardness of 160.1 HV. Similar to conventional cast 
Mg-Gd series alloys [32], aging at about 200 °C leads to high 
hardness increment due to more substantial precipitation potential, 
but long time (~ 48 h) to reach peak-aged hardness because of 
slow diffusion of atoms, where the change trend of the hardness 
corresponds to the precipitation sequence of precipitates during 
aging. As reported by Peng et al. [30], the microstructure of 
Mg-12Gd-4Y-2Nd-0.3Zn-0.6Zr alloy at peak hardness aged 
at 225 °C is composed of Mg5RE and Mg24RE5 intermetallic 
compounds. Similar results were reported in WE-type and 
Mg-Gd-Y alloys [35], in which the metastable phase, identified 
as β′-Mg15RE3 

[36], was observed. The high age hardening 
response is mainly associated with the formation of metastable 
precipitates. The relationship between precipitates and the 

sequence of precipitation will be discussed in the next.
Figure 3(b) shows the variation of the tensile mechanical 

properties with aging time. Obviously, no distinct age 
strengthening response is exhibited at selected aging treated 
stage. The results are different from the Mg-7Gd-5Y-0.6Zn-
0.8Zr [37], whose tensile strength increased rapidly after 
aging time beyond 20 h, however, elongation of the alloys 
decreased significantly. Actually, both the yield strength (YS) 
and ultimate tensile strength (UTS) of Mg-16.1Gd-3.5Nd-
0.38Zn-0.26Zr-0.15Y alloy do not change drastically after 
aging for 1, 12 and 48 h, respectively, but the elongation 
(EL) to fracture achieves peak value after aging for 12 h. 
Overall, after aging annealing for 12 h, the alloy has better 
comprehensive properties. Furthermore, whether the above 
properties governed by the unique microstructure or not have 
been further studied.

(a) (b)

3.3 Aging precipitates
Figure 4 exhibits the SEM-BSE and TEM micrographs of the 
alloys after solid solution at 520 °C for 8 h and subsequently 
aging at 204 °C for 12 h. The continuous and net-shaped 
phases still can be observed. The XRD pattern of the aging 
alloy in Fig. 2 shows peaks corresponding to α-Mg and Mg5RE 
phases, which is similar to the as-cast alloy. Meanwhile, it is 
noteworthy that a newly cuboid-shaped phase precipitates from 
the α-matrix and distributes both at GBs and intragranular 
areas due to the diffusion of elements, as shown in Fig. 4(a). 

To ascertain the chemical composition of the second phases 
in the aged alloy, different regions in Fig. 4(b) were selected 
for SEM-EDS analysis. The results of Regions B and C listed 
in Table 2 indicate that the chemical compositions of phases at 
GBs are close to that of Mg5RE in as-cast alloy, which can be 
called β-Mg5RE. SEM-EDS line scanning marked by inserted 
line segments in Fig. 4(c) was conducted to estimate the level 
of elemental fluctuation of the precipitate particles and GB 
phase, and the results are shown in Figs. 4(d) and (e). The 
results suggest that the cuboid particles and eutectic phases are 
evidently enriched in Gd, but depleted in Mg. Selecting the 
most central point of cuboid particle in Fig. 4(c) to calculate 
the composition ratio, the contents of those elements except 

Y are in good agreement with Region D in Fig. 4(b), because the 
content of Y is too small to be measured precisely, however, 
both of them can be referred to as RE-rich cuboid phases.

This cuboid phase in Region D enriched in Gd and other RE 
might be REH2 reported in the similar Mg-Gd based alloys, 
where the decomposition of the Mg5RE intermetallic phase 
during a solution treatment is found to be the dominating 
mechanism of the cuboid phase formation [33, 38-40]. Chemical 
composition of such particle in Ref. [40] was determined 
by EDS analysis as 86.2at.% Gd and 13.8at.% Mg, which 
is close to that of the cuboid phase in our work (87.89at.% 
RE and 10.22at.% Mg). Furthermore, as indicated by the 
SAD pattern inserted Fig. 4(f), the cuboid particles has major 
crystallographic orientation similar to that in Ref. [40], which 
indicate a fcc structure. Therefore, considering that the alloy 
contains a variety of RE types, this cuboid phase can be 
identified as REH2 phase.

Figure 5(a) shows a TEM image of the REH2 particles and 
Figs. 5(b-g) show the corresponding EDS maps. At higher 
magnification, the particles enrich in RE elements (Gd, Nd, 
Y) and slightly lack in Mg. While elemental segregation of 
the other regions is not so evident. An essential difference 
of the elemental contents in the microstructure between 
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Fig. 4: SEM-BSE and TEM microstructure of Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y alloy after aging heat 
treatment: representative SEM-BSE images with low-magnification (a) and high-magnification (b); EDS 
lines scanning along the white lines in (c) and results displayed in (d) and (e); TEM microstructure of 
cuboid particles and corresponding SAD pattern inserted (f) 

(c) (d)

(e)

Table 2: Chemical compositions of selected regions in Fig. 4(b) of aged Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y 
alloy tested by SEM-EDS

Region
Composition (at.%)

Phase
Mg Gd Nd Zr Y Zn

A 96.71 2.52 0.53 0.15 0.09 - α-Mg

B 86.17 8.80 3.72 0.12 0.19 1.0 Mg5RE

C 84.89 9.49 4.12 0.20 0.15 1.15 Mg5RE

D 10.22 51.32 3.23 0.98 33.34 0.91 RE-rich

as-cast alloy and aging heat-treatment alloy positively proves 
the transition of phases. Furthermore, it should be noted that 
metastable precipitations formed in the aged alloys, and the 
precipitations are morphologically approximate to β″ and β′ in 
Ref. [41]. The β″ phase has a lenticular-shaped morphology, 
while the β′ has a discontinuous rod type according to Ref. [42]. 
Besides, it is reported that the precipitation in the Mg-Gd-
Y-Zn-Zr alloys aged at 210 °C generally proceeds with an 

order of Mg (S.S.S.S) → β″ (DO19) → β′ (bco) → β1 (fcc) [37]. 
When the sample is over-aged (~ 160 h), in order to minimize 
the shear strain around the β′ phase, rhombic β1 phase would 
precipitate invariably [37]. Considering that Mg-16.1Gd-3.5Nd-
0.38Zn-0.26Zr-0.15Y alloy has not been over-aged, it is highly 
possible that the lenticular-shaped phase and rod-type phase 
are β″ and β′, respectively.

(f)

(a) (b)
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Fig. 5: TEM and elemental EDS maps of aged Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y alloy: (a) cuboid particles; 
(b-g) elemental EDS maps of Mg (b), Gd (c), Nd (d), Zr (e), Y (f), Zn (g) in (a)

Fig. 6: Representative tensile engineering stress-strain 
curves of as-cast and after 12 h age-treated Mg-
16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y alloys at 350 °C

3.4 Mechanical properties
Figure 6 presents the representative high temperature tensile 
engineering stress-strain curves of the Mg-16.1Gd-3.5Nd-
0.38Zn-0.26Zr-0.15Y alloys under different states tested at 
350 °C. The tensile strength and elongation differ substantially 
from each state. It can be seen from Fig. 6 that the aged alloy 
exhibits enhanced properties than the as-cast alloy. The yield 
strength (YS), ultimate tensile strength (UTS) and elongation 
to fracture (EL) of the as-cast alloy are 102 MPa, 122 MPa 

and 1.7%, respectively. Subsequent aging treatment evidently 
strengthens the alloy, leading to YS of 139 MPa and UTS of 
153 MPa, and a significant improvement of the EL to 6.9%. 
The aged Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y alloy 
shows fairly better comprehensive high temperature tensile 
performance than Mg-13Gd-2Y-0.5Zr and Mg-15Gd alloys in 
Refs. [43, 44].

The fractographic analysis of the ruptured surfaces of 
tensile specimens was conducted to determine the fracture 
mechanism. Figure 7 shows the high-temperature tensile 
fracture morphologies of the alloys under as-cast and aging 
conditions. The fracture surface of the as-cast alloy indicates 
that the pores (remarked by red arrows) and cracks (remarked 
by blue arrows) in Fig. 7(a) can be associated with Mg5RE 
phase (remarked by white arrows) in Fig. 7(b). A close-up 
view inserted in Fig. 7(a) shows clear crack shape. It can 
be responsible for premature fracture during the tensile test 
and is consistent with very low EL of the as-cast alloy [45]. 
Conversely, for microstructures after aging heat treatment in 
Figs. 7(c) and (d), the fracture surface exhibits dimples-like 
features remarked by yellow arrows and particles remarked by 
orange arrows in Fig. 7(c). This suggests that the decohesion 
between the eutectic and the particle is contributing to a 
significant improvement of EL [44, 46].

(b) (c) (d)

(e)

(a)

(f) (g)
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Fig. 7: Tensile fracture SEM images of as-cast (a, b) and aged (c, d) Mg-16.1Gd-3.5Nd-0.38Zn-0.26Zr-0.15Y 
alloys at 350 °C: (a, c) SE mode; (b, d) BSE mode

(a) (b)

(c) (d)

where C0 is the initial concentration of the alloy, L  and  

S are the liquid and solid concentration at the solid/liquid 
interface, respectively, and k0 is the equilibrium partition 
coefficient. Equation (1) reveals the driving force for the 
diffusion-controlled growth is a monotonic increasing function 
of the liquid concentration at the solid/liquid interface during 
solidification.

In this work, the net-shaped Mg5RE secondary phase is 
formed during non-equilibrium solidification. When the 
temperature is descending to the eutectic point, the liquid phase 
approaches its eutectic composition due to k0<1 and negligible 
diffusivity in solid. Thus, a non-equilibrium eutectic structure 
is formed at GBs, which are generally the last solidification 
regions. Furthermore, with the increment of RE contents, 
their effect on crystal grain refinement is mainly attributed to 
constitutional supercooling [49]. The lattice parameters of the 
coarse eutectics enriched in RE and distributed along GBs are 
different from those of the α-Mg matrix, and there are phase 
boundaries between the two phases. Meanwhile, the eutectics 
with irregularly net-shape and sharp edge may cause stress 
concentration under loading [50]. Therefore, microcracks form 
in the eutectics, resulting in a low ductility of as-cast alloy. 
Actually, in metals and alloys, GBs and phase interfaces 
contain lots of defects such as dislocations and vacancies, 

4 Discussion
In the light of previous research [47, 48] on solidification, 
accumulated solutes would increase the driving force for 
the diffusion of the solute at the dendrite tip, and it has been 
suggested that the liquid concentration at solid/liquid interface 
can affect the supersaturation, Ω, as shown in Eq. (1):

along which the diffusion ocurrs easier and faster.
It is reported that [32] the net-shaped phases appeared at 

as-cast state were transformed to a spheroidized β-Mg5RE 
phase and a cuboid REH2 phase during the solid solution 
procedure. After subsequent aging heat treatment, the former 
is partly dissolved, but the latter is still remained owing to its 
high thermostability. The precipitation behavior of the REH2 
cuboid phase in this work is analogous to the cuboid GdH2 

[40] 
and DyH2 

[51], and the transformation process of the REH2 
phase is schematically illustrated in Fig. 8. In the initial stage, 
concaves and convexities are observed on the particles along the 
interface, indicating different stress status, as shown in Fig. 8(a). 
The adjacent RE atoms escape from the Mg5RE lattice along 
the direction marked by arrows and move by chance due to 
the interface tension. As a consequence, the RE atoms diffuse 
along the interfaces and come into the magnesium lattice 
at a new location, leading to the local decomposition and 
morphology discontinuity of the β-Mg5RE phase, as indicated 
in Fig. 8(b). Then, the atoms at the tip would move towards the 
middle, which makes the concaves hollow, and the convexities 
smoother. Over time, it is assumed that the smooth part of the 
particle keeps stable due to the homogenous diffusion along 
the interface. Meanwhile, near the concaves continuous 
net-shaped Mg5RE will be severed and the spheroidization of 
the sub-particles will continue, as shown in Fig. 8(c). Finally, 
the Mg5RE phase is partly dissolved, resulting in presence of 
some spheroidal β-Mg5RE phases and REH2 cuboid-shaped 
particles in aged alloys, as shown in Fig. 8(d).

The strengthening of high temperature tensile properties by 
aging heat treatment can be mainly ascribed to several aspects. 
Primarily, the high solid solution of the RE elements plays an 
important role in the enhancement of mechanical properties. 
The stress generated by larger RE elements atoms entering 
the Mg matrix during dissolution can roughen the slip plane 

(1)
L

SL

L
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Fig. 8: Simplified schematic drawing of transformation procedure of Mg5RE phase: (a) initial stage of 
phases; (b) concaves and necking of phase; (c) discontinuity and fragmentized of phase; (d) partly 
dissolved phase and residual Mg5RE and cuboid-shaped REH2. The arrow indicates the moving 
direction of RE atoms

(a) (b) (d)(c)

and impede dislocation movement, thus the resistance against 
dislocation motion is improved, leading to the increment of the 
yield strength. Generally, the spacing of dissolved atoms on 
the slip plane varies as C -1/2 (C is solid solution concentration). 
As a result, the dislocation yield strength increases with solute 
concentration [30]. Meanwhile, the existence of stable dispersed 
RE-rich precipitates in GBs can effectively hinder basal plane 
slip at elevated temperature due to their high melting point. 
The phases change their orientation to inhibit the deformation 
of α-Mg matrix at a certain temperature, especially at elevated 
temperatures [52]. Analogously, both the metastable β′ precipitate 
and REH2 exhibit semi-coherent structure with Mg matrix, 
which can effectively prevent sliding of basal plane [53, 54]. 
However, with the increase of aging time, the precipitates can 
change the semi-coherent crystal lattice, which decreases the 
strengthening effect. Furthermore, β′ metastable phase has also 
been identified in the decomposition sequence before β phases 
and is also considered as one of the strengthening precipitates, 
for instance, in Mg-4Y-2.25Nd-0.6Zr and Mg-7(Gd/Dy)-
2.25Nd-0.6Zr alloys [55, 56]. The improved mechanical properties 
are mainly ascribed to the coexistence of metastable β′ phases 
and REH2 particles precipitations, as well as the decrease of 
stable Mg5RE phase.

It is more important to note that elongation to fracture of the 
alloy after aging heat treatment has a remarkable increment 
from 1.7% to 6.9%. The high ductility mainly associates with 
fine precipitations phases. Mg with an HCP structure, has only 
basal slip system at low temperatures due to much higher critical 
resolved shearing stress (CRSS) in cylinder and conical slip. 
This slip system is active during plastic deformation, leading 
to poor ductility [57]. The fine β′ precipitates can effectively 
hinder dislocation gliding and would not induce serious stress 
concentration in the nearby phases to form micro-crack. 
The blending addition of RE elements distinctly ameliorates 
mechanical properties, which means large grains deform and a 
great number of dislocations entwisted at grain boundaries will 
improve the plasticity more effectively [57]. In other words, the 
precipitates distributed along GBs can hinder GBs of the alloy 
gliding and coordinate deformation between grains, which is 
conducive to improving the ductility of the aged alloys.

5 Conclusions
The microstructure and mechanical properties of Mg-16.1Gd-
3.5Nd-0.38Zn-0.26Zr-0.15Y alloy at as-cast and aged states 
were characterized and analyzed. The conclusions can be 
drawn as following:

(1) The as-cast microstructure mainly consists of equiaxed 
grains (α-Mg), net-shaped eutectic structure (Mg5RE) at GBs, 
and Zr-rich phase inside the grain. After aging heat treatment, 
the net-shaped eutectic structure Mg5RE is partly resolved, 
and the cuboid REH2 particles are formed at GBs, and a large 
number of metastable phases β′ are uniformly distributed at the 
interior of the Mg matrix.

(2) The tensile strength and elongation of as-cast alloy 
at 350 °C are 122 MPa and 1.7%, respectively. Aging heat 
treatment leads to an evidently enhancement in both strength 
and ductility to 153 MPa and 6.9%, respectively.

(3) The fracture mechanism and resultant morphology of the 
tensile samples depend on the content and shape of Mg5RE in 
the microstructure. For the as-cast alloy, the intercrystalline 
cracks and pores of the eutectic are accompanied by the 
large Mg5RE over the surface of rupture. The reduction of 
Mg5RE and existence of RE-rich precipitation is a key factor  
controlling the tensile properties of an aged alloy.
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