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Abstract
The present work deals with microstructure and mechan-
ical properties of Mg–xGd–yNd (x = 10, 15; y = 2, 5)
ternary alloys. Hardness, tensile, and compressive prop-
erties are measured on the as-cast alloys and the alloys
after solid solution treatment (T4 state). The hardness,
tensile yield stress (TYS), and ultimate tensile stress
(UTS) are increased with increasing amount of alloying
elements for both as-cast and T4 state. The elongation
(El) of alloys is lower with higher Nd content. The
compressive properties of all studied alloys are increased
by T4 treatment. With increasing of alloy concentration,
both compressive yield stress (CYS) and ultimate com-
pressive stress (UCS) of alloys are enhanced, but the
compressibility is decreased. Intermetallic compounds
which appear along the grain boundary are reduced after
T4 treatment for alloys with 2% Nd. However, large
amount of intermetallic compounds with high Nd
concentrations remains on the grain boundary of Mg–
xGd–5Nd alloys.
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Introduction

Magnesium and its alloys as one of lightest weight structure
materials have good casting and recycling properties with low
cost [1–3]. On the other hand, the applications of Mg and its
alloys still limited, due to their defects or performance defi-
ciency [4]. The improvement of mechanical properties of Mg
alloys is becoming of key importance and challenge.

The mechanical properties of Mg alloys can be greatly
improved by adding rare earth elements (RE) [5, 6], such as
Gd and Nd, which meet the higher demands for certain
applications. Gd and Nd have different solid solubility in Mg
alloy, which are 4.41 and 0.63 at.% at eutectic temperature,
respectively [7, 8]. Wang et al. reported that the addition of
Gd to Mg–5Y–3Nd–Zr–xGd alloys caused a great
improvement in mechanical properties at both room and
elevated temperature. The UTS of alloy with 4 wt% Gd
reached 200 MPa at 225 °C [9]. The research on the
extruded Mg–6Gd–2.5Y–xNd–0.6Zr alloys by Guan et al.
has shown that Nd enhanced the mechanical properties of
Mg alloys, and the UTS of Mg–6Gd–2.5Y–1Nd–0.6Zr alloy
after ageing improved 70–350 MPa [10].

The influence of alloy element content of Mg–Gd and
Mg–Nd binary alloys on mechanical properties has been
systematically reported in the previous studies [11, 12]. The
present work deals with mechanical behaviors of Mg–Gd–
Nd ternary alloys. Mg–xGd–yNd (x = 10, 15; y = 2, 5)
ternary alloys were prepared by permanent mould direct chill
casting method. The microstructure and the mechanical
properties of those alloys at room temperature were analysed
in as-cast and after solution treatment (T4).

Experimental Procedures

Materials

Mg–xGd–yNd (x = 10, 15; y = 2, 5) ternary alloys were
investigated in this study. The cast processing was reported
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in the previous publication [11]. The chemical compositions
of all alloys were analyzed by A PerkinElmer, 7300 DV
inductively coupled plasma atomic emission spectrometer
(Table 1). All alloys were heat-treated at 530 °C for 8 h (T4
state). The billets were quenched in water (18 °C) immedi-
ately after the heat treatment.

Experimental Techniques

The metallographic specimens for microstructural observa-
tions were etched in a solution of 8 g picric acid, 5 mL acetic
acid, 10 mL distilled water, and 100 mL ethanol after
mechanical polishing. A FEI Quanta 450 (FEI Company,
Hillsboro, USA) scanning electron microscope (SEM)
equipped with energy-dispersive X-ray (EDS) analyzer was
further used to observe the microstructure at an accelerative
voltage of 20 kV. EDS was used to analyze the compositions
of different phases with a minimum live time of 50 s. The
X-ray diffraction (XRD) measurements were performed using
a 18-kW D/max-2550 diffractometer (40 kV, 450 mA) with
CuKa1 radiation (k = 0.15406 nm), at a step size of 0.02° and
a step time of 0.2 s, the Pearsons crystal database was used for
XRD results analyzing.

Vickers hardness, tension and compression tests were
measured on the as-cast and T4 state alloys. The specimens
for hardness tests were prepared by grinding with silicon
carbide emery paper up to 2500 grid. The hardness mea-
surement was carried out using a Vickers hardness testing
machine (Karl Frank GmBH) with a load of 5 kg and a dwell
time of 10 s [13]. An average of ten measurements was
made for each specimen to ensure the reproducibility of
results. Tension and compression tests were performed at
room temperature using a Zwick 050 testing machine (Zwick
GmbH & Co., KG, Ulm, Germany) according to DIN EN
ISO 6892-1 [14] and DIN 50106 [15], respectively. Tensile
specimens had a 30 mm gauge length, 6 mm diameter, and
threaded heads. The compressive specimens were cylinders
of height of 16.5 mm and diameter of 11 mm. Both tension
and compression tests were done under a strain rate of
1 � 10−3 s−1. Three parallel specimens were taken for each
group.

Results and Discussion

The SEM images of as-cast and T4 state Mg–Gd–Nd ternary
alloys are shown in Fig. 1. A large amount of continuous
equiaxed dendrites is present in the Mg matrix because of Gd
and Nd segregation during the non-equilibrium solidification
process for as-cast alloys. The amount of intermetallic phase
is increased with increasing of alloys concentration. After T4
treatment, only few intermetallic phases remain in the alloy
with 10 wt% Gd (Fig. 1a, c). It is obviously that less inter-
metallic phase is observed in Mg–15Gd–2Nd (Fig. 1b) and
Mg–15Gd–5Nd alloys (Fig. 1d); the part of the intermetallic
phases is dissolved in the Mg matrix. The intermetallic phases
in Mg–15Gd–5Nd alloys remain continuous distribution.

Figure 2 shows the typical SEM graphs of the microstruc-
ture and EDS analysis for Mg–xGd–5Nd alloys. The distri-
butions of Gd and Nd differ in different zones. Some of white
particles are observed in Fig. 2a, c, d (Point 3), a very regular
blocky shape, chosen as examples that are extremely rich in Gd
(around 20–40 at.%). For as-cast alloys (Fig. 2a, c), little Gd
and Nd (around 1 at.%) are observed in the Mg matrix (Point
1), but high Gd and Nd content (around 8 at.%) are observed at
intermetallic zone with network shape (Point 2). After T4
treatment (Fig. 2b, d), the alloy element contents both in matrix
and precipitates are increased to above 2 and 10 at.%,
respectively. The element distributions are easier observed
from the EDS mapping images corresponding to the SEM
images. The Gd concentration in blocky-shape phase is
extremely high, which was proved to be GdH2 precipitate [16].

The XRD phase analysis of the as-cast and T4 state alloys
is shown in Fig. 3a, b, respectively. The result shows that the
intermetallic phases in Mg–Gd–Nd ternary alloys are
Mg5Gd and Mg41Nd5. The amount of Mg5Gd phase
decreases after T4 treatment, especially for alloys with 10 wt
%Gd–Nd. This result also agrees with EDS mapping anal-
ysis, which is shown in Fig. 2b. The Gd randomly dis-
tributes in both matrix and intermetallic phase areas
compared with as-cast alloy (Fig. 2a). On the other hand, the
Mg5Gd phase remains in Mg alloys with 15 wt% Gd after
solid solution treatment. Due to the low solid solubility of
Nd in Mg, the diffraction peaks of Mg41Nd5 phase in both
as-cast and T4 state alloys are high.

Table 1 Chemical composition
of studied alloys

Alloys Elements content (at.%)

Gd Nd Mg

Mg–10Gd–2Nd 1.62 0.34 98.04

Mg–10Gd–5Nd 1.61 0.92 97.47

Mg–15Gd–2Nd 2.60 0.45 96.95

Mg–15Gd–5Nd 2.59 1.04 96.37
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The hardness test results of as-cast and T4 state alloys are
presented in Fig. 4. The hardness values increase from 70 to
95 kg mm−2 with increasing of alloy elements. The solid
solution treatment has little effect on the hardness of Mg–
Gd–Nd ternary alloys, especially for alloys with 10 wt% Gd.

Figure 5a, b presents the tensile and compression prop-
erties of Mg at room temperature, respectively. The yield
strength increases 80 and 45 MPa with increasing alloying
element content for as-cast and T4 state alloys, respectively.

The tensile and compressive yield strength (TYS and CYS)
of Mg–10Gd–2Nd alloy are increased after T4 treatment.
However, the TYS and CYS are decreased by T4 treatment
for other three studied alloys with higher alloy concentra-
tion. For as-cast alloys, the ultimate tensile strength
(UTS) increases from 182 to 249 MPa and the ultimate
compressive strength (UCS) increases from 280 to 387 MPa
with increasing alloying element concentration. Here, the
ultimate strength is the maximal strength during the whole

As-cast T4 state

(a)

(b)

(c)

(d)

Fig. 1 SEM images of as-cast
and T4 state Mg–Gd–Nd ternary
alloys: a Mg–10Gd–2Nd, b Mg–
10Gd–5Nd, c Mg–15Gd–2Nd,
and d Mg–15Gd–5Nd
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Fig. 2 SEM images of Mg–Gd–
Nd ternary alloys and EDS
analysis result: a as-cast
Mg–10Gd–5Nd, b T4 state
Mg–10Gd–5Nd, c as-cast
Mg–15Gd–5Nd, and d T4 state
Mg–15Gd–5Nd alloys

82 Y. Xu et al.



strain range. After T4 treatment, both UTS and UCS are
slightly increased. The maximum tensile elongation to fail-
ure for those alloys is observed for Mg–10Gd–2Nd after T4
treatment, and the average value is 3%. The alloys with 5%

Nd have lower tensile elongation. The alloying elements
have limited effect on compressibility of Mg alloys, and the
compression rates decrease about 3% with rising of alloying
element concentration. T4 treatment greatly improves the
compressibility of Mg–Gd–Nd ternary alloys. The maximum
compression rate raises to 22% for Mg–10Gd–2Nd alloy.

The additions of Gd and Nd have positive effects on the
mechanical properties, such as hardness, yield strength, and
ultimate strength. The previous investigations have shown
that the solid solutes and intermetallic phases enhance the
mechanical properties of metallic materials. The atomic
radius follows the sequence of Mg (160 pm) < Gd
(180 pm) � Nd (182 pm) [17]. The difference in the atomic
radius can cause lattice distortion and results in strengthening
the alloys due to the solid solution strengthening. Addition-
ally, hard intermetallic phases act as obstacles to dislocation
motion. Moreover, dislocation can shear or cut softer inter-
metallic phases which increasing the dislocation density and
the strength of materials. In this case, the yield strength is
decreased by T4 treatment which reduces the concentration
of intermetallic phases. However, the fracture earlier occur-
red on the interface between the matrix and the intermetallic
phases, so that the ultimate strength and ductility of T4 state
materials are higher than that of as-cast alloys.

Fig. 3 XRD patterns of a as-cast and b T4 state Mg–Gd–Nd ternary alloys
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Fig. 4 Hardness test result of as-cast and T4 state Mg–Gd–Nd ternary
alloys
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Summary

The microstructure and mechanical properties at room tem-
perature of as-cast and T4 state Mg–Gd–Nd ternary alloys are
studied. Large amount of continuous dendrites distributes on
the grain boundary in all as-cast alloys. The majority of
intermetallic phases in Mg–xGd–2Nd alloys is dissolved in
Mg matrix, and the content of intermetallic phases is
decreased in Mg–xGd–5Nd alloys after T4 treatment. Both
Gd and Nd enhance the hardness, yield strength, and ultimate
strength of Mg alloys. The T4 treatment decreases the yield
strength and increases the ultimate strength and ductility of
alloys due to the reducing of intermetallic phases.
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