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Abstract: Minor Dy element was added into a Mg—4Y—3Nd—0.4Zr alloy, and its effects on the microstructure and the mechanical
properties at elevated temperatures were investigated. Scanning electron microscope (SEM) and transmission electron microscope
(TEM) were used to observe the microstructures. The results indicated that the as-cast eutectic and isolated cuboid-shaped Mg—RE
phases were MgsRE and Mg;RE,;, respectively, and distributed mainly along grain boundaries. After a solution treatment, the
eutectic MgsRE phases were dissolved into the matrix, whereas the Mg;RE;; compound still remained. After peak aging, fine
Mg—RE phases were precipitated homogeneously within the matrix of the alloys containing Dy. Dy addition can result in a
significant improvement in the tensile strength at both room and elevated temperatures, and a slight decrease in the elongation.
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1 Introduction

Magnesium alloys have found applications in many
industries due to their light mass and other attractive
characteristics [1,2]. However, their limited mechanical
properties at elevated temperatures, especially their poor
creep resistance, have seriously restricted their industrial
use.

In recent years, there has been an increasing interest
in the development of high strength and light mass
magnesium alloys for application at elevated
temperatures. Despite tremendous efforts over the last
two decades, currently the Mg-rare earth (RE) alloys are
the only magnesium alloy system that can offer adequate
creep resistance for applications at temperatures above
200 °C [3]. Among them, the most creep-resistant
commercial magnesium alloys developed to date, are
those based on alloying with yttrium (Y) and neodymium

(Nd), designated as WE43 (4%Y—3.0%RE—0.5%Zr) and
WES4 (5%Y—4%RE—-0.5%Zr) by Magnesium Elektron
Ltd., UK. The elevated temperature strength of these
alloys is achieved essentially via precipitation hardening.
The microstructural evolution and mechanical properties
of WE commercial alloys have been well documented
[4—6]. They are adequate for long-term service at
temperatures up to 250 °C under stressed conditions. A
few studies conducted in Japan and China have
suggested that the properties of magnesium alloys can be
further improved using alloys based on the Mg—Gd and
Mg-Dy systems [7-9]. Both Gd and Dy are less
common RE elements. Their solubility limits in a-Mg
are 23.5% and 25.8%, respectively. LI et al [10]
investigated the microstructure and mechanical
properties of as-cast Mg—Gd—Zn alloy, and indicated that
this alloy had excellent ultimate tensile strength and
yield strength at room temperature. WANG et al [11]
reported the effect of Gd addition ranging 2%—4% on the
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microstructure and mechanical properties of as-cast
Mg—5Y—3Nd—1.0Zr alloy, and found that the mechanical
properties were improved at both room temperature and
250 °C. Dy has an identical atomic radius and physical/
chemical properties with Gd. Therefore, it is expected
that Dy addition would also improve the mechanical
properties of Mg—Y—Nd alloys.

The present study is to investigate the effect of a
minor addition of Dy on the microstructures and
mechanical properties of WE43 alloy, aiming to further
improve its performance at elevated temperatures.

2 Experimental

The four alloys based on Mg—4Y—3Nd—0.4Zr were
investigated. The raw materials were 99.9% Mg, 99.9%
Y, 99.5% Dy, Mg—30%Nd master alloy and a
Mg—33.3%Zr master alloy. The magnesium alloys were
prepared in a boron nitride-coated mild steel crucible in
an electrical resistance furnace under a cover gas mixture
of 98%CO0,+2%SFs during melting. The magnesium
ingot was melted in the steel crucible firstly, and then
pure Y and Dy were added at 720 °C. Mg—Nd and
Mg—Zr master alloys were added at 750 °C. After
stirring, the melt was held at 780 °C for 30 min to ensure
the complete dissolution of all alloy elements. RJ5 flux
(main compositions: 24%—-30% MgCl,, 20%—26% KClI,
28%—31% BaCl,, 13%—15% CaF,, and 8% NaCl+CaCl)
was used as a refining agent. Following this procedure,
the melts were cast into a sand mould at a pouring
temperature of 740 °C.

The nominal chemical compositions were Mg—
4%Y-3.2%Nd-0.4%Zr,  Mg—4%Y-3.2%Nd-1%Dy—
0.4%Zr, Mg—4%Y—-3.2%Nd—2%Dy—0.4%Zr, Mg—
4%Y—3.2%Nd—3%Dy—0.4%Zr, hereafter denoted as
WN, WN-1, WN-2 and WN-3, respectively. The
chemical compositions of the alloys measured by
inductively  coupled plasma  atomic  emission
spectroscopy are given in Table 1.

Table 1 Chemical compositions of investigated alloys (mass
fraction, %)
Alloy Y Nd Dy Zr Mg
WN 3.92 3.12 0.0 0.45 Bal.
WN-1 4.06 2.95 0.96 0.42 Bal.
WN-2 3.90 2.92 1.93 0.48 Bal.
WN-3 3.86 3.05 3.04 0.44 Bal.

The castings were solution treated at 525 °C for 8 h,
and quenched in 50 °C water, followed by peak aging at
250 °C for 12 h. Metallographic samples were cut from
both as-cast and heat-treated castings, and then mounted
in cold-setting epoxy resin for microstructural
observation. All samples were ground initially with SiC

paper down to a 1200 grit grade, followed by polishing
with 6 um and 1 pum diamond suspensions and finally
with colloidal silica suspension. The samples were
etched by acetic-picral etchant (5 mL acetic acid, 4.2 g
picric acid, 10 mL H,O and 50 mL ethanol). The
structures of both the as-cast and heat-treated samples
were examined using an Olympus BH-2 optical
microscope, a FEI Sirion scanning electron microscope
(SEM) operating at 20 kV, and a PHILLIPS CMI12
transmission electron microscope (TEM) operating at
120 kV. For TEM analysis, disks with 3 mm in diameter
were cut from the as-cast and heat-treated castings and
ground to a thickness of 70 um. The thin foils selected
for TEM observation were electropolished in a solution
(100 mL absolute ethanol, 15 mL 2-butoxyethanol, 3 mL
acetic acid, 17.5 g sodium thiocyanate) at —35 to —55 °C
with current of 25—30 mA. Before observation, the foils
were cleaned by Gatan 691 device using a low energy Ar
beam at 253 K. A quantitative energy dispersive
spectroscopy (EDS) was then conducted on the thin foil.

Tensile specimens with gauze section of 1.6 mm x
5 mm were cut from the heat-treated castings. The tensile
tests at room and elevated temperatures were carried out
on a Gleeble-1500D Instron electronic universal
materials testing machine with an initial strain rate of
1x107s " at temperatures up to 300 °C. Prior to testing,
the samples were heated at 1 K/s from ambient
temperature to the selected temperature, followed by a
holding period of 300 s to ensure the uniformity of the
temperature. Fractured surface morphologies of failed
samples were examined by FEI Sirion SEM.

3 Results and discussion

3.1 As-cast microstructures

Zirconium is a potential grain refiner for
magnesium alloys that contain little (impurity level) or
no Al, Mn, Si, Fe, Ni, Co, Sn and Sb because zirconium
can form stable and high melting-point compounds with
these elements [12]. At a high Zr level of 0.4%, the grain
morphology transforms into a distinct rosette-like
structure with a dramatic reduction in grain size. There
exist Zr particles and Zr-rich cores in the grains, as
shown in Fig. 1(a), and the Zr-rich core structure and its
line scanning results are given in Figs. 1(b) and (c),
respectively. It should be pointed out that many grains
contain several particles or Zr-rich cores, as shown in
Fig. 1(a) by the arrows.

The SEM images of the WN alloy and its
Dy-containing variants are shown in Figs. 2(a)—(d). The
average grain size is ~50 pum for all alloys, indicating
that the addition of Dy has negligible effect on grain size.
When the melt solidifies from a high temperature, a-Mg
phase with limited solution of RE forms firstly, then
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Fig. 1 SEM image showing Zr particles and Zr-rich cores in
WN alloy: (a) WN alloy; (b) Zr-rich core; (c) Zr distribution

other phases such as the eutectic precipitates and
intermetallics, form as the temperature decreases.

Owing to the very low solubility of RE in the Mg
matrix, the RE elements tend to be concentrated in the
eutectic phase along grain boundaries, as shown in
Fig. 2. With increasing Dy addition, the amount of
Mg—RE eutectic phase increases gradually. Figures 2(e)
and (f) are higher magnification images of Figs. 2(a) and
(d), respectively. The morphology of eutectic Mg—RE
phase is bone-shaped and transfers to a bulky eutectic
with increasing Dy element. In addition to the eutectic
Mg—RE phase, there are a few fine rectangular-shaped
Mg—RE phase particles that display a brighter contrast
than the eutectic Mg—RE phase, occurring in close
association with the eutectic phase, as indicated by the

arrows in Figs. 2(e) and (f). The Mg—RE with a bright
contrast phase within the eutectic phase implies that
these Mg—RE particles may act as the nucleation sites of
the eutectic phase during solidification [13].

TEM images of the WN alloy are shown in Fig. 3.
An image of the eutectic compound together with some
fine rectangular intermetallic particles is shown in
Fig. 3(a), and their corresponding selected area electron
diffraction (SAED) patterns are given in Figs. 3(b) and
(c), respectively. The SAED patterns indicate a face-
centered cubic crystal (FCC) structure with ¢=2.244 nm
for the eutectic compound, and the fine rectangular phase
near the divorced eutectic compound also has an FCC
structure (0=0.519 nm).

The EDS analyses in TEM are shown in Fig. 4. The
typical average chemical composition of the bone-shaped
eutectic compound is approximately 82.38%Mg—
4.83%Y—-12.79%Nd, as shown in Fig. 4(a), indicating
that the eutectic phase is the MgsRE phase, in which the
RE is a mixture of Nd and Y elements. The mole ratio of
Nd:Y in the bone-shaped eutectic precipitates is ~2.65:1.
Comparing with the results of the eutectic phase
observed in the Mg—Y—Nd alloy by APPS et al [14], the
eutectic phase is suggested to be stoichiometry of
Mgs(Yo2sNdg 7). Near the large divorced -eutectic
compound, there are a few fine rectangular particles with
a size of ~0.2 um, as shown by arrows in Fig. 2(e). The
relatively small size of the rectangular intermetallic
compound is likely to contain significant information
from the surrounding matrix, resulting in more diluted
compound for analysis than the true composition. Their
compositions are determined to be approximately
16.48%Mg—71.08%Y—-12.44%Nd from the EDS
spectrum analysis using the extrapolation technique
described by LORIMER et al [15], as shown in Fig. 4(b).
This implies that its stoichiometry is near Mg;RE,;,
where RE represents a mixture of RE elements in the
mole ratio of Y:Nd=5.5:1, suggesting a stoichiometry of
Mg;3(Y 144Nd36).

A TEM image of eutectic compound and fine
rectangular intermetallic particles is shown in Fig. 5(a),
and their corresponding SAED patterns are given in
Figs. 5(b) and (c) for the WN-2 alloy. The SAED
patterns indicate an FCC crystal structure with a lattice
parameter of «=2.244 nm for the eutectic compound, and
the structure of the fine rectangular phase near the
eutectic compound is also an FCC crystal structure with
a lattice parameter of a=0.519 nm.

The EDS analyses for the as-cast WN-2 alloy in
TEM are shown in Fig. 6. The typical average content of
the bone-shaped eutectic compound is approximately
84.82%Mg—4.67%Y—9.7%Nd—0.81%Dy as shown in
Fig. 6(a) which corresponds to MgsRE, where RE is a
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Fig. 2 SEM images of as-cast WN alloys: (a) WN; (b) WN-1; (c¢) WN-2; (d) WN-3; (e) Enlarged image of (a); (f) Enlarged image
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Fig. 3 TEM BF image and corresponding SAED patterns of WN alloy: (a) TEM image of WN; (b) SAED pattern of eutectic phase in

A; (c) SAED pattern of rectangular phase in B
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Fig. 4 Concentration of Y and Nd in different phases of WN alloy: (a) In eutectic phase; (b) In rectangle phase (Bone-shaped eutectic

phase is Mgs(Y(,8Ndg 72) and rectangular phase is Mg3(Y144Nd,))

mixture of Y, Nd and Dy. The mole ratio of the RE
elements in the bone-shaped eutectic precipitate is
~Y:Nd:Dy=6:13:1, suggesting a
Mgs(Y3NdgesDyoos). The fine rectangular phase
possesses  approximately  14.8%  Mg—59.8.%Y—
11.24%Nd—-14.16%Dy, as shown in Fig. 6(b) determined

stoichiometry of

by the extrapolation technique, indicating that its
stoichiometry is near Mg;RE,;, where RE is a mixture of
RE elements of Y, Nd and Dy. The mole ratio of the RE
elements present in the rectangular precipitate is
~Y:Nd:Dy=12.0:2.2:2.8, suggesting a stoichiometry of
Mg;3(Y 12Nd;2Dy» 5).
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Fig. 5 TEM BF image and corresponding SAED patterns of WN-2 alloy: (a) TEM of WN-2; (b) SAED pattern of eutectic phase in 4;

(c) SAED pattern of fine rectangular phase in B
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Fig. 6 Content of Y, Nd and Dy in different phases of WN-2 alloy: (a) In eutectic phase; (b) In rectangle phase (eutectic phase is
likely Mgs(Yo3NdgsDyo.05) and rectangular phase is Mgz(Y,Nd,» Dy, 5))

The eutectic MgsRE is rich in Nd element and the
rectangular phase is rich in Y element. There is no
change in phase structure and lattice parameters for the
WN alloy by addition of Dy except the increased volume
fraction of Mg—RE phase.

3.2 Microstructures of heat-treated Mg alloy

The alloys were solution treated at 525 °C for 8 h.
After solution treatment, the MgsRE eutectic phase,
distributed along the grain boundaries in the as-cast
samples, is dissolved completely into the matrix. The 8 h
solid solution treatment at 525 °C enables the significant
grain hexagonalization. The average grain size after heat
treatment is (60+£6) um, slightly higher than that of the
as-cast alloy due to some fine grains amalgamating.
However, the composition, morphology and structure of
the rectangular Mg;RE,; phase remained unchanged,
suggesting its higher thermal stability, as shown by the
arrows in Fig. 7. After aging, the Mg—RE phases
precipitate uniformly. TEM images for peak-aged
samples are shown in Fig. 8, indicating that the addition
of Dy can favor the formation of finer and uniform

precipitated Mg—RE phases.

3.3 Effect of Dy on mechanical properties at elevated
temperature

The mechanical properties at elevated temperatures
up to 300 °C are summarized in Table 2. The tensile
strengths of Dy-containing WN variants increase
gradually with the increasing Dy addition. 3% Dy
addition results in increase in tensile strength of the
WN-3 alloy by 17.5%, 38% and 45% at room
temperature, 250 °C and 300 °C, respectively. Even at
300 °C, the tensile strength can reach up to 252 MPa,
whereas, the elongation to failure decreases.

The elevated temperature strength of WE alloys is
achieved essentially via precipitation hardening. The
precipitated sequence in Mg—Y-Nd alloys is the
formation of £', " and f phase particles, depending upon
aging temperature [6,7]. The metastable phase f’ has a
D019 crystal structure (hexagonal, a=0.642 nm, c=
0.521 nm). The intermediate phase B"” has a base-
centered orthorhombic structure (¢=0.640 nm, b=
2.223 nm, ¢=0.521 nm), and the equilibrium phase f
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Fig. 8 Bright-field TEM images of peak-aged alloys: (a) WN; (b) WN-2

Table 2 Tensile mechanical properties at both room and elevated temperature for WN alloys

RT 250 °C 300 °C
Alloy 09,/MPa o,/MPa /% 00,/MPa o,/MPa /% 09,/MPa o,/MPa /%
WN 175 272 6.5 146 216 12.8 135 173 24
WN1 204 302 5.8 178 273 10.4 159 224 19.8
WN2 210 307 5.0 193 292 9.8 176 238 12.6
WN3 215 315 4.5 202 305 8.8 185 252 10.8

is face-centered cubic (¢=2.223 nm). Under peak aging
at 250 °C, the precipitate mainly consists of ' phase [6].
The effects of alloying elements on the mechanical
properties of the alloys have been found to be related to
the volume fraction and type of intermetallic phases [16].
There is no change in the type of precipitate after Dy
addition to the WE43 alloy, but the total mass fraction of
Mg—RE precipitated phases in the Dy-containing alloys
is higher than that in the WN alloy due to the higher
content of RE elements, as shown in Fig. 8. On one hand,
the solubility of RE is decreased by multi-rare earth
element additions, resulting in an enhanced amount of
precipitates even with the same addition amount. The

strength of alloy is increased by inhibiting the movement
of grain boundaries and pinning up dislocations at the
elevated temperature. On the other hand, an increased
amount of second phase is expected to generally
decrease the elongation to fracture by providing
nucleation sites for voids and micro-cracks. This is the
reason why 3% Dy addition results in a slight decrease in
elongation.

4 Conclusions

1) The as-cast microstructures of the WN alloy and
its Dy-containing variants consist of primary a-Mg phase,
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bone-shaped eutectic MgsRE and rectangular Mg;RE,;
phases. The amount of precipitated Mg—RE compounds
increases with Dy addition without the formation of new
phases. After solution treatment, the eutectic MgsRE is
completely dissolved into the matrix, while rectangular
Mg;RE;; compounds remains, indicating that the
Mg;RE; has excellent thermal stability.

2) Dy addition improves the mechanical properties
of WN alloy significantly at both room and elevated
temperatures, especially at the elevated temperature. At
300 °C, an increase of 45% in tensile strength is obtained
after 3% Dy addition, which is attributed to the enhanced
amount of precipitates.
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