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Abstract: The microstructure and mechanical properties of Mg-10.1Gd-3.74Y-0.25Zr (mass fraction, %) alloy (GW104 alloy) cast
by metal mould casting (MMC) and lost foam casting (LFC) were evaluated, respectively. It is revealed that different forming modes
do not influence the phase composition of as-cast alloy. In the as-cast specimens, the microstructures are similar and composed of
o-Mg solid solution, eutectic compound of a-Mg+Mg,4(Gd, Y)s and cuboid-shaped Mgs(Gd, Y) phase; whereas the average grain
size of the alloy produced by metal mould casting is smaller than that by lost foam casting. The eutectic compound of the alloy is
completely dissolved after solution treatment at 525 °C for 6 h, while the Mgs(Gd, Y) phase still exists after solution treatment. After
peak-ageing, the lost foam cast alloy exhibits the maximum ultimate tensile strength of 285 MPa, and metal mould cast specimen 325
MPa at room temperature, while the tensile yield strengths of them are comparable. It can be concluded that GW104 alloy cast by
lost foam casting possesses similar microstructure and evidently lower mechanical strength compared with metal mould cast alloy,

due to slow solidification rate and proneness to form shrinkage porosities during lost foam casting process.
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1 Introduction

Magnesium alloys containing heavy rare earth
elements, such as Gd and Y, are of high strength and low
density, which make them be very attractive as structural
materials in the aerospace and racing automotive
industries where mass saving is of great value[1-2]. The
equilibrium solid solubility of Gd in Mg is relatively
high (4.53% in mole fraction, or 23.49% in mass fraction
at 548 °C) and decreases exponentially with the decrease
of temperature (0.61% in mole fraction or 3.82% in mass
fraction at 200 °C). Thus, the Mg-Gd based alloys are
prone to form supersaturated solid solution during the
solidification, and the new strengthening precipitates
would readily form by suitable aging treatment, which
makes Mg-Gd alloys be ideal systems for precipitation
hardening[3]. While Y and Zr added to Mg-Gd binary
alloy will help to increase aging effect and to refine the
grains[4]. Previously developed Mg-Gd-Y-Zr alloys
exhibit higher specific strength at both room and
elevated temperatures and better creep resistance than
WES54 and QE22[5].

Currently, casting is still the main industrial forming
method for magnesium alloys. Although magnesium
alloys have been applied widely in aerospace,
automobile and tele-communication industries, the lag of
research and development on casting technology is still a
bottleneck for their further application[6]. As is well
known, lost foam casting (LFC) is a cost-effective,
environment-friendly vital option to the conventional
casting process for production of near-net shape castings
with high quality. And the LFC process is widely
employed by the automotive industry for making engine
components[7]. Up to now, research of LFC has
primarily concentrated on aluminum alloys, cast iron and
steel[8—11], while little has been reported on magnesium
alloys. It is anticipated that the combination of the
lightest structural magnesium alloys with LFC process
will bring a bright future for magnesium applications,
especially in forming components with thin-wall,
complex geometry, tight tolerance and smooth as-cast
surface.

In the present work, a typical Mg-Gd-Y-Zr alloy
(GW104) was cast by metal mould casting and lost foam
casting, respectively. The as-cast microstructures, ageing
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response and mechanical properties of the alloys at room
temperature were studied comparatively in order to
expose the differences between the two casting processes
and discuss the reliability of lost foam casting process on
Mg-Gd-Y-Zr alloy castings production.

2 Experimental

2.1 EPS pattern preparation

The foam material used in the lost-foam process is
expanded polystyrene (EPS) with a density of 20 kg/m’.
The foam was cut into different shapes by a foam cutting
machine, and then assembled into a block shaped model,
as shown in Fig.1. The model was then coated with a
hydrated graphite blacking and the coating thickness was
approximately 1 mm. Vacuum (30 kPa) assistance was
employed during the casting procedure. Fig.1 illustrates
the experimental set up for vacuum assisted mould
filling.

Fig.1 Experimental set up for vacuum assisted mould filling:
1—Quartz sand; 2—Permeable coating; 3—EPS pattern;
4—Sandbox; 5—Vacuum sucker

2.2 Alloy smelting, casting and heat treatment

The Mg-Gd-Y-Zr alloy was prepared by melting
high pure Mg (>99.95%), Gd (>99%), Y (>99%) and
Mg-30Zr (mass fraction, %) master alloy in an electric
resistance furnace at 780—800 °C under protection of an
RJ6 flux. The melt was poured firstly into a block shaped
EPS pattern at about 780 °C, and then poured into a mild
steel mould preheated to 250 °C. The -chemical
composition of the ingots was determined to be
Mg-10.10Gd-3.74Y-0.25Zr (mass fraction, %) or
Mg-1.61Gd-1.11Y-0.07Zr (mole fraction, %) by using
inductively  coupled plasma  atomic  emission
spectroscopy (ICP-AES). Specimens cut from the cast
ingots were solution treated at 525 °C for 6 h, quenched
into water at about 25 °C and then subsequently aged at
225 °C for various periods of time.

2.3 Microstructure and mechanical property
The constituent phases of the alloy under different

conditions were identified by X-ray diffractometry (XRD)
(Rigaku D/max 2400 X-ray diffractometer) with Cu K,
radiation. Microstructures were observed by optical
microscope (OM) and scanning electron microscope
(SEM, Philips XL30 ESEM-FEG/EDAX). Samples for
optical microscopy were etched in a solution of 5%
(volume fraction) HNO; in ethanol after mechanical
polishing to reveal grain boundaries. The mean grain size,
d, was measured by the linear intercept method using the
equation, d = 1.74 L, where L is the linear intercept of
grain size determined by optical microscopy. No
chemical etching was applied to specimens for SEM
investigations. Compositions of phases were analyzed by
energy dispersive X-ray spectrometry (EDS).

Vickers hardness testing was performed using 4.9 N
load with a holding time of 15 s. The samples for tensile
tests with a gauge length of 10 mm, width of 3.5 mm and
thickness of 2 mm were cut by an electric-sparking
wire-cutting machine from cast ingots. Tensile tests were
conducted at room temperature with an initial strain rate
of 10° s' on a universal testing machine. Four
specimens were used for each test condition to ensure the
reliability of data.

3 Results and discussion

3.1 Microstructures of Mg-Gd-Y-Zr alloy

The microstructures of the as-cast and
solution-treated alloys are shown in Fig.2. It can be seen
clearly that as-cast microstructures of Mg-Gd-Y-Zr
alloys prepared by metal mould casting and lost foam
casting are similar, with a network of eutectic compound
distributing along the grain boundaries. Whereas the
average grain sizes of the alloys cast by metal mould
casting and lost foam casting are 108 um and 216 pm,
respectively. The grain coarsening of the lost foam cast
alloy is supposed to be caused by the slow solidification
rate during casting process. And the microstructures of
both the alloys are mainly composed of a-Mg solid
solution, eutectic compound of a-Mg+Mg,4(Gd, Y)s and
cuboid-shaped Mgs(Gd, Y) phase, as can be seen in
Fig.3(a), which is similar with previous study by HE et
al[5]. After solution treated at 525 °C for 6 h the eutectic
compound of the alloy was completely dissolved, while
the Mgs(Gd, Y) phase still exists after solution treatment,
as shown in Fig.3(b).

The XRD patterns of as-cast alloys are shown in
Fig.4(a). It can be confirmed that the phase constituents
of LFC and MMC GW104 alloys are basically the same.
The a-Mg peaks and some Mgy (Gd, Y)s peaks are
observed in the alloys, which is consistent with the above
microstructure observation. However, the Mgs (Gd, Y)
phase formed during the casting process is hardly
detected because of the small volume fraction and the
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Fig.2 Microstructures of Mg-Gd-Y-Zr alloy: (a) As-cast MMC alloy; (b) As-cast LFC alloy; (c¢) Solution-treated MMC alloy;

(d) Solution treated LFC alloy

8 -Mg solid solution

Fig.3 SEM images of LFC Mg-Gd-Y-Zr alloy: (a) As-cast sample; (b) Solution treated sample

limited particle size. After solution treatment, the Mgy,-
(Gd, Y)s peaks disappear, as shown in Fig.4(b), which
is in agreement with the microstructure shown in
Fig.3(b).

3.2 Age hardening response

Figure 5 shows the hardness curves of the
Mg-Gd-Y-Zr alloys during aging treatment at 225 °C. As
can be seen, the two alloys have similar age hardening
response. Prior to aging, the initial hardness of the
solution treated alloy is around HV72. During the aging
treatment, the hardness starts to increase rapidly after an
incubation period of about 1 h and then reaches the peak
hardness of HV120 at about 24 h; while further aging

leads to a rapid decrease in hardness due to coarsening of
the precipitates[12].

3.3 Mechanical properties

The typical tensile stress—strain curves of GW104
alloys under different conditions are shown in Fig.6.
Compared with MMC specimens, the mechanical
properties of LFC specimens are relatively low. The
mechanical properties of GW104 alloys cast by metal
mould casting and lost foam casting are listed in Table 1,
in which we can see that the ultimate tensile strength
(UTS) and fracture elongation (EL) of LFC specimens
are remarkably lower than those of MMC
specimens, while the tensile yield strengths (TYS) of the



764 LI Ji-lin, et al/Trans. Nonferrous Met. Soc. China 21(2011) 761-766

(a)
+— a-Mg
* — Mgy, (Gd, Y)s
* 8
Metal mould casting
*
L
bt Le l
A A
1 1 1 L 1

L
30 40 S50 60 70 80 90
200(°)

(b)
+— a-Mg

Lost foam casting
*

*
~l1:ol:

. . . . Metallmoula casting

30 40 50 60 70 80 90
26/(%)

Fig.4 X-ray patterns of Mg-Gd-Y-Zr alloy in as-cast and

solution treated conditions
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Fig.5 Aging hardening curves of Mg-Gd-Y-Zr alloy at 225 °C

specimens are comparable. This is in accordance with the
previous research in aluminum castings[13].

According to the Hall-Petch relationship, the TYS
of an alloy can be approximated as

oys=ootkd 12 )

where oy is the tensile yield strength, & is the Petch
parameter, and d is the mean grain size.

As for Mg-Gd-Y-Zr alloy, a k value of 188
MPa-um'? taken from a previous study[14] was used in
this study. So the difference of TYS between LFC alloy
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Fig.6 Typical nominal stress—strain curves of Mg-Gd-Y-Zr
alloy under various conditions: (a) As-cast; (b) Solution treated;
(c) Peak-aged

and MMC alloy can be calculated as
Aoy=kd,"*—kd, "*=188%(108*-216""%)=5.3 MPa (2)

where d| and d, are the mean grain sizes of MMC and
LFC specimens, respectively.

The results are in accordance with the experimental
results, as listed in Table 1.

While the remarkable differences of the UTS and
elongation between LFC and MMC specimens are most
probably caused by the high porosity content in
LFC specimens. Because the porosities in the alloy will
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Table 1 Mechanical properties of Mg-Gd-Y-Zr alloy produced
though different methods

MMC specimen LFC specimen

UTS/ YS/ EL/ UTS/ YS/ EL/
MPa MPa % MPa MPa %

As-cast 222 165 64 194 162 5.6
Solution-treated 219 144  11.6 202 136 93
Peak-aged 325 268 5.1 285 265 43

Temper

induce stress concentration, the stress concentration close
to the porosities will initiate micro-cracks, while high
density of micro-cracks will surely accelerate the fracture
and reduce the ultimate tensile strength[15]. This may be
approved by the fact that shrinkage porosities were
detected on tensile-ruptured surfaces of EPC specimens
shown in Fig.7, while no such defect was observed on
tensile-ruptured surfaces of MMC specimens. So it is of
great importance to reduce the content of porosities in
lost foam coatings in order to improve their tensile
strength.

Fig.7 SEM porosity on

shrinkage
tensile-ruptured surface of LFC Mg-Gd-Y-Zr alloy

image showing

4 Conclusions

1) The Mg-Gd-Y-Zr alloys (GW104 alloy) prepared
by metal mould casting and lost foam casting have
similar microstructures composed of a-Mg solid solution,
eutectic compound of a-Mgt+Mgy(Gd, Y)s and
cuboid-shaped Mgs(Gd, Y) phase, but the grain size of
MMC specimens is much smaller than that of LFC
specimens.

2) The age hardening responses of the two alloys
are basically the same. Both the LFC alloy and the MMC
alloy reach their peak hardness after being aged at 225
°C for 24 h.

3) Due to the larger grain size, the tensile yield
strength of peak-aged LFC Mg-Gd-Y-Zr alloy (265 MPa)

is slightly lower than that of MMC alloy (268 MPa).
While the ultimate tensile strength of LFC Mg-Gd-Y-Zr
alloy (285 MPa) is rather lower than that of MMC alloy
(325 MPa), which may be caused by the high porosity
content in LFC alloy.
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