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The Mg-6.5Gd-2.5Dy-1.8Zn (wt.%) alloy with high strength and ductility was prepared by conventional
casting method. At room temperature, the as-cast alloy with 14H long period stacking ordered (LPSO)
structure exhibits an ultimate tensile strength of 276 MPa and elongation to failure of 10.8%, while they
are 392 MPa and 6.1% for the peak-aged alloy with basal plane stacking faults (SF). The results indicate that
the kinking of LPSO structure is beneficial for both work hardening and plasticity, and 14H LPSO structure
contributes more to the improvement of ductility while SF is more effective in increasing strength.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, magnesium alloys receive strong research interest
for applications to various structural components of automobiles
and aircrafts due to the increasing demands for weight reduction,
energy saving as well as environment protection [1]. At present, the
Mg-RE-RE,-based alloys represented mainly by Mg-Gd-Y-Zr are
the best high strength and heat resistant magnesium alloys pro-
duced by conventional methods [2-6]. However, due to the high
content of RE these precipitation hardening alloys increase their
strength at the expense of ductility in most cases [4,7,8]. For exam-
ple, the ultimate tensile strength of T6 state Mg-10Gd-5Y-0.4Zr
(wt.%) alloy at room temperature is above 300 MPa, while its elon-
gation is less than 3% [7]. The poor ductility is unfavorable to their
practical application. Therefore, it is important to develop high
strength magnesium alloys which also possess sufficient ductility.

Zn is one of the most important elements which can further
improve strengthening response of Mg-RE alloys [8-11]. Further-
more, recently the various types of the long period stacking ordered
(LPSO) structures, including 6H, 10H, 14H, 18R, 24R types, are
observed in the Mg-RE (-RE’)-Zn (RE=Y, Gd, Tb, Dy, Ho, Er, Tm)
system [12-32]. It is believed that these LPSO structures can play
an important role in the improvement of mechanical properties of
alloys [1,7,25-27]. Therefore, the Mg alloys containing LPSO struc-
ture are considered to be promising candidates for lightweight
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structural materials. In addition, the basal plane stacking faults (SF)
were also observed in as-cast Mgg7;Zn Y, (at.%) alloy [27], as-cast
Mg-10Gd-3Y-1.2Zn-0.4Zr (wt.%)[33] alloy and Mgg7Zn Gd, (at.%)
alloy aged at 573 K for 10 h [26], but the effect of SF on the mechani-
cal properties of these Mg alloys were rarely reported. On the other
hand, the first principle calculation was carried out to study the SF
in LPSO structure recently [33-36]. Based on the SF energy calcula-
tion, Datta et al. [33] reported that in an Mg-Zn-Y alloy Y stabilizes
the long periodicity, while its mechanical properties are further
improved due to Zn doping, and they also corroborated that an
increase in stacking periodicity can initiate activation of non-basal
slip in the system and thereby improve ductility of the alloy.

Now the Mg-Gd-based alloys are the typical magnesium alloys
with heat resistance and high strength. Considering that Dy ele-
ment has the similar radii and physical/chemical properties to that
of Gd, moreover, both of them can form LPSO structure with Zn [25],
therefore better mechanical properties may be achieved if a small
amount of Zn is added into Mg-Gd-Dy alloy. Bearing in mind all the
facts mentioned above, in this work a new Mg-6.5Gd-2.5Dy-1.8Zn
(wt.%) alloy fortified by LPSO structure or SF has been developed
by conventional casting method, and it exhibits high strength and
good ductility.

2. Experimental procedures

The alloy ingot with actual composition of Mg-6.5Gd-2.5Dy-1.8Zn (GDZ732,
wt.%) was prepared from commercial purity Mg, Zn, Mg-25 wt.% Gd and Mg-20 wt.%
Dy master alloys in an electric resistance furnace with a graphite crucible under
an anti-oxidizing flux. The alloying melt was homogenized at about 750 °C for 0.5 h.
Then, it was poured into a preheated (~200 °C) steel mould at approximately 720°C.
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Fig. 1. Microstructure of the as-cast sample: (a) OM image; (b), (c) and (d) SEM image; (e) TEM image of Mg;Gd-type compound and (f) corresponding SAED pattern; (g)

TEM image of 14H LPSO structure and (h) its SAED pattern.

The size of the ingot is 100 mm x 100 mm x 30 mm. Practical chemical composition
was determined by inductively coupled plasma atomic emission spectroscopy (ICP-
AES). The heat treatment sample was solution treated at 510°C for 10h and then
quenched into hot water at about 60 °C (T4), and a subsequent aging treatment was
preformed at 215°C and 315 °C, respectively.

The microstructure of as-cast and heat-treated alloys was investigated by opti-
cal microscope (OM), scanning electron microscope (SEM) equipped with an X-ray
energy-dispersive spectrometer (EDS), transmission electron microscopy (TEM).
The hardness measurement was carried out by Vickers hardness (Hv) tester, and the
test load and application time were 50¢g and 155, respectively. The specimens for
tensile test are dumbbell test pieces with the gauge size of 35 mm x 5mm x 3 mm.
The tensile tests were carried out using a standard tensile testing machine at room
and elevated temperatures under a strain rate of 8.33 x 104 s~1. The value of the
tensile tests in the study was the average of at least four measurements.

3. Results and discussion
3.1. Microstructure

Fig. 1(a) shows the optical micrograph of as-cast GDZ732 alloy.
At low magnification, it reveals that the as-cast alloy is mainly
composed of equiaxed dendrites and partially interdendritic eutec-
tics, which is the typical microstructure of casting-processed Mg
alloys with relatively low cooling rate. However, compared with
the microstructure of Mg-Gd-Dy alloy without Zn [37], the dra-
matic difference is that besides the dendrites, obviously additional
gray region occupies most a-Mg matrix.

Fig. 1(b)-(d) shows the SEM images of the as-cast GDZ732 alloy.
Four phases: a-Mg, island-like eutectic compound as [3-phase, fine
lamellae (see Fig. 1(b), corresponding to gray region in Fig. 1(a))

and very few amounts of cuboid-shaped phase (see Fig. 1(d)) can be
found. The fine lamellae uniformly distribute from grain boundaries
to the interior of a-Mg grains; these lamellae are orientated in one
direction within a grain (Fig. 1(b) and (c)), which suggests that the
lamellar phase has specific orientation relationship with the a-Mg
matrix. In addition, it is noted that some lamellae run through the
whole grain but some not, and the lamellae are scarce at the center
of some large size grains, which suggests the variation of chemical
composition in these grains. Chemical analyses by the EDS in SEM
mode reveal that the averaged compositions of the eutectic com-
pound are Mg-10.31+1.0Gd-2.85+1.0Dy-10.69 +1.0Zn (at.%),
therefore, the eutectic compound can be described as Mg3(Gd, Dy,
Zn). Fig. 1(e) and (f) shows the TEM micrograph of eutectic com-
pound and the corresponding selected area electron diffraction
(SAED) pattern with the electron beam parallel to the [11 1] zone,
respectively. The SAED pattern reveals that it is a Mg3 Gd-type com-
pound with a face centered cubic (fcc) structure. The lamellar phase
and cuboid-shape phase are too small to be determined by EDS in
SEM mode. Ding et al. [28] reported that the similar small cuboid-
shape particle is Gd17Mg3 in Mg-Gd-Zn alloy. In Fig. 1(g) and (h) the
TEM micrograph of lamellae and the corresponding SAED pattern is
shown with the zone axis of [2 11 0],, respectively. The SAED pat-
tern shows 12 extra spots divide the correlation length of (0002),,
(corresponding to (000, 14).pso), which identifies the lamellae as
14H LPSO structure.

Fig. 2(a)—(c) shows the comparative observation of the as-cast,
T4 treated and peak-aged (T6) samples at the same magnifica-
tion, respectively. After 10 h of solution treatment at 510°C, the
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Fig. 2. Optical images of the (a) as-cast, (b) T4 treated and (c) peak-aged (T6) samples; (d) magnified SEM image of the peak-aged sample.

dendrites and the lamellar 14H LPSO structure disappear and the
eutectics dissolve partly and are redistributed along the grain
boundaries. The dramatic change of microstructure can be observed
between the T4 state and the T6 state. As shown in Fig. 2(c), after
agingat215°Cfor 109 h(i.e. peak-aged state), a large number of dis-
persed precipitates appear in the matrix and the eutectics along the
grain boundaries dissolve further. At magnified SEM observation
(Fig. 2(d)), it reveals that plenty of fine needle-like precipitates are
distributed uniformly in the grains and orientated in one direction
within a grain; in addition, notice that some polygonal or quasi-
circular Mgz(Gd, Dy, Zn) eutectic compounds appear at the grain
inner and the number density of needle-like precipitates is higher
around them, indicating that their formation is closely related.

Fig.3(a)and (b) shows the TEM images of the needle-like precip-
itates. Note that besides the relatively long needle-like precipitates,
even more fine and dispersed needle-like precipitates with length
of 30-50 nm are observed in the matrix. Fig. 3(c) presents the dis-
location morphology between the needle-like precipitate and the
matrix. The high-resolution TEM (HRTEM) image in Fig. 3(d) and
SAED patterns with streaks between the diffraction spots along c-
axis in Fig. 3(e) and (f) confirm that the needle-like precipitates
mentioned above are basal plane stacking faults (SF).

In this study, the outstanding microstructure of as-cast
Mg-Gd-Dy-Zn alloy is the lamellar 14H LPSO structure within
a-Mg matrix formed originally during solidification as well as
Mg3Gd-type eutectic compound as the secondary phase. Accord-
ing to the research by Ding et al. [28], the formation mechanism
of LPSO is considered to be a nucleation-growing one. Note that
in the as-cast state the lamellar 14H LPSO structure is observed
from the dendrite boundary to the interior of dendrite as more
Gd, Dy and Zn atoms enrich in dendrite boundaries. However, it
is noticed that in the peak-aged state the SF tends to be dispersed
in the interior of grains. We speculate that the SF is formed in two
ways, that is, precipitation from supersaturated o-Mg matrix and

transformation from Mgs(Gd, Dy, Zn) eutectic compound phase
(see Fig. 2(d)).

It is well known that the Mg-Gd (-RE)-based alloys exhibit
a four-stage precipitation sequence during aging at about
200-250°C: a (ssss)— B” (D019 Mg3RE) — B’ (bco Mg 5RE3) — [34
(fcc)— B (fcc MgsRE), and the main strengthening phase of the
peak-aged alloy (T6 state) is 3’ metastable phase [8,38]. Recently,
in the Mg-Gd-Zn alloys Yamasaki et al. [26] proposed a three-
step precipitation sequence during aging at 200°C: « (ssss)— 3/
(orthor, Mg;Gd)— B (fcc, MgsGd) — B (fcc MgsGd). However, in
Mg-Gd-Dy-Zn alloy, the lamellar 14H LPSO structure disappears
during solution heat treatment at 510°C for 10h, while SF are
observed during the following peak-aging at 215 °Cfor 109 h. A sim-
ple precipitation sequence is proposed: o (ssss) — SF. We consider
that the SF is the preceding stage of formation of LPSO struc-
ture. HAADF-STEM observations by Yamasaki et al. [26] revealed
that Zn and Gd atoms concentrate in two atomic layers sandwich-
ing a SF in the Mg-Gd-Zn alloy. Suzuki et al. [39] suggested that
the SF energy in the Mg matrix decreases with the simultaneous
existence of Zn and Y. Based on the previous researches, as the for-
mation of SF from supersaturated a-Mg matrix in Mg-Gd-Dy-Zn
alloy, it appears to occur due to a diffusion-controlled process in
aging treatment where relatively high temperature and long time
allow the full diffusion of Gd, Dy and Zn atoms and subsequently
lead to minimum total energy in the systems, consequently, the SF
concentrating Gd, Dy and Zn atoms is formed. The detailed exper-
imental work of whole sequence is now in progress.Mechanical
properties

Fig. 4 shows the age hardening curves of the T4 treated alloy.
The obvious age-hardening response is exhibited at the aging tem-
peratures in GDZ732 alloy. The hardness of T4 treated alloy is 68
Hv, while the peak hardness of 142 Hv is obtained when aged at
215°C for 109 h (T6 state), which is 2 times higher than that of T4
treated alloy.
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Fig. 3. (a), (b) and (c) TEM images of SF in peak-aged sample; (d) HRTEM image of SF in peak-aged sample; (e) SAED pattern from the long needle-like SF; (f) SAED pattern

from the fine needle-like SF.

Fig. 5 shows the engineering tensile stress-strain curves of
GDZ732 alloy at room temperature (RT) and 250°C. The ten-
sile properties including ultimate tensile strength (UTS), tensile
yield strength (TYS), elongation to failure (¢) and work hard-
ening exponent (n) of GDZ732 alloys are shown in Table 1. As
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Fig. 4. Age-hardening response of solution treated samples.

Ref. [37], the tensile properties of Mg-8Gd-1Dy-0.4Zr (wt.%)
alloy are also listed. As shown, the Mg-Gd-Dy-Zn alloy in the
present work exhibits higher strength and elongation compared
with Mg-Gd-Dy-Zr alloy without Zn. In as-cast state, the GDZ732
alloy exhibits relatively high strength and good ductility, and
the values of UTS and ¢ are 276 MPa and 10.8% at RT, respec-
tively. T6 heat treatment could enhance the tensile strength of
GDZ732 alloy. Especially the UTS (392 MPa) and TYS (295 MPa)
of the peak-aged alloy are dramatically increased by more than
100 MPa at RT. Although the elongation decreases both at room
and elevated temperatures after T6 heat treatment, it also can
reach 6% at RT and 12% at 250°C. Moreover, by examining the
TYS, UTS and n, it is clear that the alloys exhibit considerable work
hardening.

It has been reported that the hardness value for different types
of LPSO structures (137 [19], 87 [21] and 161 [40]) is higher than
that of Mg matrix. Moreover, Mastsuda et al. [41] have reported
that the critical resolved shear stress of the basal plane increases
due to the formation of the LPSO structure. Thus, the LPSO struc-
ture can provide important strengthening sources in the alloy. In
this work, we show SEM observations (Fig. 6) of the longitudinal
section near the fracture of the as-cast GDZ732 alloy, which could
partly explains the high ductility and work hardening of alloys con-
taining LPSO structure. It can be seen that kink bands are formed in
the LPSO structure. In addition, there were no cracks large enough
to be observed within or around the kinked LPSO structure. These
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Fig. 5. The representative engineering stress-strain curves of GDZ732 alloy: (a) as-cast state; (b) peak-aged state.

Table 1
Mechanical properties of Mg-6.5Gd-2.5Dy-1.8Zn and Mg-8Gd-1Dy-0.4Zr alloys.
Alloy (wt.%) State uTs (MPa) TYS (MPa) £ (%) n
RT 250°CC RT 250°C RT 250°C RT 250°C
GDZ732 (this work) As-cast 276 240 145 130 10.8 3338 0.32 0.30
Peak-aged 392 247 295 152 6.1 12.0 0.22 0.27
Mg8Gd1Dy0.4Zr As-cast 210 187 131 116 5.7 79 / /
[37] Peak-aged 355 230 261 174 3.8 7.4 / /

Fig. 6. SEM images of the longitudinal section of fractured tensile specimens at (a) RT and (b) 250°C.

suggest that the LPSO structure causes no drastic change in nature
of metallic bonding of atoms [19]. Chino et al. [19] reported that no
microcracks were observed around the indentation at the matrix
region with the LPSO structure for the Vickers hardness tests, and
based on the above observation, they pointed out that one of the
features for LPSO structure is preservation in high ductility, which is
in general accordance with our experimental results (Figs. 5 and 6).
Furthermore, Shao et al. [27] investigated the deformation behav-
ior and corresponding microstructure evolution of a Mgg7Zn;Y>
(at.%) alloy with LPSO structure subjected to hot compression, and
reported that kinking of the LPSO structure itself as well as its trans-
plantation into the Mg matrix could afford considerable amount
of plastic deformation to the material, which is important for the
ductility of the alloy. They also pointed out that the Vickers micro-
hardness of kinked LPSO structure is much higher than that of LPSO
structure in as cast alloy, as a result of work hardening. Therefore,
we have reason to believe that kinking of the LPSO structure could
contribute to the work hardening whether during compression or
tension.

Tensile testing and microstructure observations show a signifi-
cant difference between the as-cast and peak-aged GDZ732 alloys.
The tensile ductility of as-cast alloy with 14H LPSO structure is

higher than that of the peak-aged alloy with SF, while the tensile
strength of the latter is much higher than that of the former. This
result suggests that compared LPSO structure with SF the former
benefits more to improving the ductility while the latter is more
effective in increasing strength.

4. Conclusions

The Mg-6.5Gd-2.5Dy-1.8Zn alloy with high strength and duc-
tility was prepared successfully by conventional metal mould
casting method. The lamellar 14H LPSO structure is observed
from dendrite boundary to inner in as-cast state, and SF forms
and disperses in the interior of grain in peak-aged state. The
ultimate tensile strength of 276 MPa and elongation to failure
of 10.8% are obtained from as-cast state at room temperature,
and the corresponding values are 392MPa and 6.1% for the
peak-aged state. The results suggest that deformation kinking
of LPSO structure is important for both the work hardening
and the plasticity, and 14H LPSO structure is more beneficial to
the improvement of ductility while SF contributes more to the
strength.
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