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Abstract: The microstructure, the content of compounds, mechanical properties and fracture behavior of high vacuum die casting
Mg—8Gd—3Y—0.4Zr alloy (mass fraction, %) under T4 condition and T6 condition were investigated. The microstructure for the
as-cast Mg—8Gd—3Y—0.4Zr alloy mainly consists of a-Mg and eutectic Mg,4(Gd,Y)s compound. After solution treatment, the eutectic
compounds dissolve massively into the Mg matrix. The main composition of solution-treated alloys is supersaturated a-Mg and
cuboid-shaped phase. The T4 heat treated samples have increasing cuboidal particles with the increase of heat treatment temperature,
which turn out good mechanical properties. The optimum T4 heat treatment for high vacuum die cast Mg—8Gd—3Y—0.4Zr alloy is
475 °C, 2 h according to microstructure results. The optimum ultimate strength and elongation of solution-treated
Mg—8Gd—3Y—0.4Zr alloy are 222.1 MPa and 15.4%, respectively. The tensile fracture mode of the as-cast, and T6 heat treated alloys

is transgranular quasi-cleavage fracture.
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1 Introduction

Magnesium and its alloys are the lightest structural
alloys developed so far and have great potential for
lightweight applications, ranging from portable
electronic devices to automobile parts. High pressure
die-casting (HPDC) is a dominant processing route to
produce magnesium components due to its excellent
productivity for the manufacture of complex, thin-walled,
and near net shape parts [1].

During the die-casting process, the injection stroke
can cause a jet of molten metal to hit the far end of the
mold cavity and then splash backward. This produces
highly turbulent conditions, and introduces a large
amount of air, which mixes the lubricants and volatile
fumes into the casting. This kind of entrapped gas in the

alloy melt will not only lead to decreased mechanical
properties, but also bring about gas porosity in the
casting, which will blister upon solution heat treatments
at high temperatures. It is well known that evacuation of
the die cavity is an effective method to produce
high-quality castings free of defects associated with
cavity gases. Super vacuum die-casting (SVDC), as a
special variant of the HPDC process using a vacuum
level of below 6 kPa, has been developed to produce
high-integrity — parts with improved monotonic
mechanical properties as reported for AZ91 alloy [2,3].
Further studies [4-6] also showed improved fatigue
strength and corrosion resistance of SVDC castings
compared with conventional HPDC samples.

It has been demonstrated that rare earth metals (RE)
are the most effective elements to improve the strength
of magnesium especially [7]. Among different kinds of
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Mg—RE alloys [8—12], Mg—Gd—Y system is one of the
most promising candidates due to its rapid age-hardening
response and very good thermal stability of the main
strengthening phase up to 250 °C. Many investigations
related to the microstructure and mechanical properties
of the Mg—Gd-Y system have been reported [13—15].
According to XU’s research results [16], the Mg—Gd—Y
alloy with the ratio of x(Gd)/x(Y)~8/3 shows excellent
mechanical properties, as it is cast or heat treated.
Therefore, Mg— 8Gd—3Y—0.1Zr alloy is a research focus
in this work.

However, few systematical research reports on heat
treatment process of Mg—8Gd—3Y—0.4Zr alloy obtained
by SVDC with respect to microstructures, mechanical
properties and fracture behavior analysis were found.
The present work aims at optimizing heat treatment
process of super vacuum die-cast Mg—8Gd—3Y—0.4Zr
(named as GW83K) and investigating its corresponding
microstructure, mechanical properties at room
temperature and fracture behavior with various analysis
methods.

2 Experimental

GWS83K (Mg—7.97Gd—2.56Y—0.29Zr, mass fraction,
%) alloy was used in the SVDC experiments (TOYO,
BC-350V5), and the alloy was melted and injected into
the mold at 983 K (710 °C) with the temperature of the
mold at 473 K (200 °C). The vacuum level of the casting
process was kept at about 6 kPa using the VDS vacuum
system.

Referred to HE [17] and XU’s [16] former research
results and Mg—Gd—Y ternary phase diagram, the
solution heat treatment conditions were determined to be
723, 748, 773 K (450, 475, 500 °C) for 2, 4, 6 h
separately followed by water quenching and then part of
the solution-treated samples were aged at 498 K (225 °C)
in oil bath.

The microstructures of as-cast and heat-treated
samples were observed using optical microscope (OM,
Zeiss, Axio Observer Al), scanning electron microscopes
(SEM, JEOL, JSM-7600F and Hitachi, SU-6600). The
OM and SEM samples were mechanically polished and
then etched in a picric acid 2,4,6-trinitrophenol solution.
The quantitative analysis of the chemical compositions
of the phases in the microstructure was performed using
energy dispersive X-ray spectrometer (EDS) equipped on
the SEM. Phase compositions were scanned by X-ray
diffraction. Tensile properties tests of the alloys were
performed at the initial strain rate of 5x107* s™' referred
to GB/T2008—2002 using cylindrical specimen with
marked dimension of 15 mm in gauge length, 2 mm in
thickness and 3.5 mm in width on Zwick/Roell Z020

tensile machine at room temperature. The fracture
surface and profiles were analyzed by SEM as well.

3 Results and discussion

3.1 Microstructure of as-cast alloy

The microstructure of the as-cast GW83K alloy by
OM analysis is shown in Fig. 1(a). The microstructure of
the as-cast GWS83K alloy consists of coarse a-Mg
dendrites and network eutectic compounds. The eutectic
compounds mainly distribute at grain boundaries. The
grain size of the alloy is not uniform with some of them
under 10 pm and some of them over 20 pm.

Figures 1(b)—(d) show the secondary electron SEM
images and EDS element point results of the as-cast
sample. It can be seen that Gd and Y elements are mainly
concentrated on the compounds which are along the
grain boundaries. However, the Mg element is not rich in
this area. The EDS of point A shows that the contents of
Gd and Y elements which are concentrated on the grain
boundaries are 20.0% and 3.63% (mass fraction),
respectively. This results are about two times those of
point B.

Figure 2 shows the corresponding XRD pattern of
the as-cast GW83K alloy. According to the XRD results,
the alloy contains two different phases: a-Mg phase and
the ecutectic phase consisting of Mgy (Gd,Y)s.
Corresponding to the SEM and EDS results, it can be
identified that the eutectic compounds which are
concentrated along the grain boundaries consist of
Mgy(Gd,Y)s. This result is consistent with HE’s
research [17], which shows that the Mgy(Gd,Y)s phase
is a body-centered cubic structure and a=11.2 A.

3.2 Microstructure of solution-treated alloys

Figure 3(a) shows an optical micrograph of the
solution treated alloy at 773 K (500 °C) for 6 h, from
which it can be seen that almost all the eutectic
compounds in the as-cast sample have been dissolved
into the matrix after solution treatment. Gd and Y atoms
dissolve into the
supersaturated solid solution. Moreover, some unevenly
distributed small granular black dots are observed along
grain boundaries and inside the grains. Figure 3(b) shows

magnesium matrix and form

the magnified SEM image of these black dots in a
solution treated (500 °C, 6 h) GW83K alloy. It can be
seen that these dots have cuboid shape.

Figure 4 presents EDS point results of the cuboid-
shaped phases in the alloys solution treated at 723 K
(450 °C), 748 K (475 °C) and 773 K (500 °C) for 6 h,
respectively. It can be seen that the cuboid-shaped dots
are rich in Gd and Y elements while lack of Mg element.
This is consistent with HE’s results [17], which identifies
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Fig. 1 Optical (a) and SEM (b) images of as-cast GW83K alloy, and EDS results of point A (c) and point B (d)
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Fig. 2 XRD pattern of as-cast GW83K alloy
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that the cuboid-shaped phases have face-centered cubic
structure and lattice constant is 5.6 A. The mass fractions
of Gd element in the alloys solution treated at 723 K
(450 °C) and 748 K (475 °C) are lower than those
observed in the alloy solution treated at 773 K (500 °C)
for 6 h. The high solution temperature brings increasing
growth of cuboid-shaped phase. Figure 5 shows the
cuboid-shaped phases in the SEM image marked by
Image Pro software in red color. Table 1 shows the

Fig. 3 Microstructure (a) and SEM image of black dots (b) in
solution-treated (500 °C, 6 h) GW83 alloy
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Fig. 4 EDS point results of cuboid phases in different solution
treated GW83 alloys: (a) 450 °C, 6 h; (b) 475 °C, 6 h; (c) 500
°C,6h

quantity and area of the cuboid-shaped phases in the
solution-treated alloy detected by Image Pro software. It
presents that the area of cuboid-shaped phases increases
with the increase of the solution temperature. This
identifies that solution temperature has an effect on the
growth of cuboid phases.

Figure 6 shows the optical micrographs of the
solution treated alloys with various temperatures and

Fig. 5 SEM image of GW83 alloy solution-treated at 773 K
(500 °C) for 6 h (a) and corresponding Image Pro detected
result (b)

Table 1 Quantity and area of cuboid-shaped phases in different
solution-treated GW83 alloys

. Quantity of Area of  Average area of
Solution-treated . . .
. cuboid-  cuboid-shaped cuboid-shaped

condition ) 5
shaped phases phases/cm phase/mm

723K, 6 h 2265 247.62 10.93

748 K, 6 h 2574 325.27 12.64

773K, 6 h 1796 318.66 17.74

holding time. It can be seen that samples solution treated
at the same temperature tend to have increasing grain
sizes with increasing the holding time. Samples solution
treated at 723 K (450 °C) obtain inhomogeneous grain
sizes. Some grains are able to grow and some of them are
still small. This is due to the low solution temperature
which is not able to give enough activation energy for
entire grain growth. According to the desired outcome of
having a microstructure with a small grain size and few
remnant second phases, an optimal solution condition
could be selected. An average grain size of (29.38+2) um
in the alloy could be achieved after being solution treated
at 748 K (475 °C) for 2 h. This is the optimal solution
condition because the grain size maintains small, and
most of the grains are homogeneous with few remaining
eutectic compounds.
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Fig. 6 Optical micrographs of solution-treated samples with different temperatures and holding time: (a) 723 K, 2 h; (b) 723 K, 4 h;
(¢) 723K, 6 h; (d) 748 K, 2 h; (e) 748 K, 4 h; (f) 748 K, 6 h; (g) 773 K, 2 h; (h) 773 K, 4 h; (i) 773 K, 6 h

3.3 Mechanical properties

Table 2 gives the tensile properties of the as-cast
alloy and solution treated alloys under different solution
conditions. It can be seen that the elongation of the
solution-treated alloy increases but the yield strength (Y'S)
and ultimate tensile strength (UTS) decrease compared
with those of the as-cast alloy. This can be explained that
the eutectic compounds presented in the as-cast alloy are
mostly dissolved into the matrix during the solution

Table 2 Tensile properties of as-cast GW83 and solution-
treated alloys at different temperatures and holding time

Heat treatment Yield Ultimate tensile Elongation/
condition  strength/MPa  strength/MPa %
As cast 194.8 236.8 7.3
723K,2h 165.7 208.5 9.0
723K, 4h 147.6 216.0 14.0
723K,6h 160.0 216.3 11.6
748K, 2 h 1443 210.0 10.8
748K, 4 h 154.8 216.6 13.1
748K, 6 h 149.0 214.4 12.0
773K, 2h 150.0 2132 11.7
773K, 4h 152.4 224.4 15.8
773K, 6h 155.8 222.1 154

treatment, which reduces barriers to dislocation slip. It
can be observed that the elongation and UTS values have
an increasing trend for those samples solution treated at
high temperature but with the same holding time.
Samples solution treated at 773 K (500 °C) for 6 h obtain
high elongation of 15.4% and high UTS of about 222.1
MPa. This is due to the increasing dissolution of eutectic
compounds with increasing solution temperature, which
breaks the matrix phase and changes the brittleness of the
alloy.

Table 3 gives tensile properties of all the solution
treated GW83 alloys after aging treatment at 498 K
(225 °C) for 16 h. It can be observed that yield strengths
of alloys is improved by 22.5-90.9 MPa after T6
treatment. The maximum yield strength of T6-treated
alloys is 240.9 MPa and that of T4-treated alloys is 165.7
MPa. The improvement of yield strength is related to the
precipitation process of T6 treatment, which is a—p"—f
(Mg5Gd: FCC) [16]. The precipitation of " phase in
peak-aging process is the main reason for improving the
yield strength.

3.4 Fractography
Figure 7 shows the fracture surfaces of the tensile
specimens of the GW83K alloy in different conditions. It
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Table 3 Tensile properties of all solution-treated GW83K
alloys after peak-aging treatment at 498 K (225 °C)
Solution-treated Yield Ultimate tensile Elongation/

condition strength/MPa strength/ MPa %

723K,2h 217.6 269 8.0
723K, 4h 237.2 251.8 2.1

723K, 6h 209.9 215.7 1.5
748 K,2h 217.2 241.9 3.4
748 K, 4 h 210.3 261.8 10.8
748 K, 6 h 209.5 246.3 5.4
773K,2h 240.9 274.8 7.2
773K, 4h 174.9 226.9 7.7
773K, 6h 192.2 233 4.4

Cleavage plane

Fig. 7 Typical SEM images showing fracture surfaces of tensile
samples: (a) As-cast; (b) Solution-treated at 773 K (500 °C) for
6 h; (c) T6-treated at 498 K (225 °C) for 16 h

is observed that there are some cleavage planes, evident
tearing ridges and a few dimples in the fracture surfaces
of as-cast alloy. Comparatively, there are mainly
cleavage planes and tearing ridges observed in the
fracture surfaces of solution-treated alloy. The eutectic
compounds have been dissolved after solution treatment,
the cleavage planes become wide and river patterns with
small steps are well developed. Figure 7(c) shows the
fracture surfaces of the tensile specimens of the GW83K
alloy T6-treated at 498 K (225 °C) for 16 h. It can be
seen that there are increasing secondary cracks which are
close to the main cracks (the secondary cracks are
marked by white arrows in the images). This indicates
that the fracture mode of solution-treated alloy is
transgranular cleavage fracture while the fracture mode
of as-cast alloy and T6-peak-aging alloy is trangranular
quasi-cleavage fracture.

4 Conclusions

1) The microstructures for the SVDC-cast Mg—
8Gd—3Y—0.4Zr alloy mainly consist of a-Mg and
eutectic Mg,4(Gd,Y)s compound. After solution treatment,
the eutectic compounds dissolve massively into the Mg
matrix. The main composition of solution treated alloys
is supersaturated a-Mg and cuboid-shaped phase.

2) The ductility of the solution treated alloy is
improved significantly compared with that of the as-cast
alloy. Samples solution treated at 773 K (500 °C) for 6 h
obtain comparatively high elongation of about 15.4%
and UTS of about 222.1 MPa. This is due to the
increasing production of small cuboid-shaped phase in
the alloy.

3) Taking grain growth and remnant second phases
into consideration, an average grain size of (29.384+2) pm
in the alloy could be achieved after being solution treated
at the optimum condition of 748 K (475 °C) and 2 h.
Compared with the T4 samples, the YS of the T6 sample
increases, which is influenced by the precipitation of "
phase.

4) The fracture mode of solution treated alloy is
transgranular cleavage fracture while the fracture mode
of as-cast alloy and T6-peak-aging is trangranular
quasi-cleavage fracture.
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