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Abstract: Microstructures and mechanical properties of the Mg-6Gd-4Y (wt%) alloys with and without 1wt% Zn additions were

investigated. The results show that the as-cast microstructure of the Mg-6Gd-4Y alloy consist of @-Mg matrix and Mgy4(GdY)s

secondary phase. However, the as-cast microstructure of the Zn-containing Mg-6Gd-4Y-1Zn alloy consist of a-Mg matrix,
Mg»4(GdY)s secondary phase and Mg;,YZn; phase which has a 18R long period staking ordered (18R-LPSO) structure. After
extrusion a 14H-LPSO phase is found in the Zn-containing alloy which is distributed between the 18R-LPSO strips in the as

extruded microstructure. The formation mechanism of the 14H-LPSO phase is precipitation, and the reaction can be expressed as

‘a-Mg' — a-Mg+14H’. Zn content has no obvious effect on the precipitation of / series. Aged (T6 and T5 treatment) conducted on
both the Mg-6Gd-4Y alloy and the Mg-6Gd-4Y-1Zn alloy causes the formation of f’ precipitates. The T6-aged Mg-6Gd-4Y-1Zn
alloy exhibits high tensile strength combined with good ductility, and the values of the yield strength (YS), ultimate tensile strength
(UTS) and elongation are 309 MPa, 438 MPa and 6.8%, respectively. It is due to the coexistence of 18R-LPSO phase and finely
dispersed distribution of the 14H-LPSO phase and the S’ precipitates in the microstructure.
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At the beginning of this century, the finding on magnesium
alloys containing rare earth elements and a small amount of zinc
attracted great attention of academia as well as industries since
the mechanical properties of the alloys reached a higher level in
comparison with commercial magnesium alloys. The excellent
mechanical properties shown by the rapidly solidified powder
metallurgy (RS P/M) magnesium alloys seem to originate both
in grain refinement and a long period staking ordered structure
(LPSO) formed in microstructure of the alloys'".

A number of Mg-RE alloys containing a small amount of
Zn have been investigated for recent ten years. These
investigations have shown that the addition of a small amount
of Zn can not only regulate the aging precipitation structure of
Mg-RE alloy, but also form a long period ordered structure
phase in Mg-RE-Zn alloy under the condition of proper
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addition and processing conditions Moreover, the
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additions of Zn can be used to improve mechanical properties
due to the formation of long period stacking ordered (LPSO)
retard the
dislocations®. However, the formation conditions and the

structure  which can movement of the
transformation mechanism of the LPSO structure phase
appearing in the Mg-RE-Zn alloy system have not yet been
fully understood and unified. Some researchers found that
only the 18R-LPSO structure was formed in the as-cast
microstructure of Mg-Y-Zn alloy system. When the alloy was
heat-treated or thermally deformed at temperatures above 623
K, it was considered that the 18R-LPSO phase gradually
changed to the 14H-LPSO phase!"*"?. Liu et al'"*! investigated
the microstructural evolution of a 18R single phase alloy
during annealing at 773 K, and pointed out that the formation
of 14H phase in this alloy is not transformed from 18R phase,
and its formation mechanism could be explained as a-Mg' —
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o-Mg+14H. In addition, it has been found that 14H-LPSO
structure appears in the matrix of as-cast Mg-Gd-Zn alloy
system[M'”].

In the present work, the microstructures and mechanical
properties of the Mg-6Gd-4Y (GW64) and Mg-6Gd-4Y-1Zn
(GWZ641) alloys prepared by conventional casting and
extrusion have been investigated. The 18R-LPSO and
14H-LPSO structures have been found in the Zn-containing
(GWZ641) alloy, and high strength combined with relatively
good ductility has been obtained from the alloy after solution
treatment and aging. The formation and development of the
LPSO phases in the alloy and their strengthening mechanism
have been also studied.

1 Experiment

The alloy ingots with nominal composition of Mg-6Gd- 4Y
(Wt%) and Mg-6Gd-4Y-1Zn (wt%) were prepared using pure
Mg, Gd, Y and Zn stocks. Melting of the alloy was conducted
in a mild steel crucible under the protective gas of CO, and
SF¢ with the ratio of 100:1. After the alloying elements were
dissolved, the melt was held at 993 K for 10 min, and then
poured into a water cooled mold made of cast copper. The
cylindrical ingots with a diameter of 60 mm, were annealed
for homogenization at 783 K for 12 h, and then hot extruded at
603 K with extrusion ratio of 9:1. Some of the extruded rods
were solution treated (T4) at 793 K for 6 h and quenched into
cold water. Aging was conducted on both as- extruded and
solution treated specimens at 498 K.

Microstructural characterization was conducted in the cross
section of the processed zone by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Tensile tests were carried out
using the CMT-5105 tensile testing machine at a speed of 2
mm/min at room temperature.

2 Results and Discussion

2.1 Microstructure

Fig.1 shows XRD patterns of the as-cast specimens of
GW64 and GWZ641 alloys. The as-cast GW64 alloy consist
mainly of a-Mg solid solution together with Mg,4(GdY)s
secondary phase. However, the XRD results of the as-cast
alloy GWZ641 show that phase constituents includes a-Mg
solid solution, Mg,4(GdY)s and Mg;,YZn, secondary phases.

The microstructures of the as-cast specimens of GW64 and
GWZ641 alloys are shown in Fig.2a and 2b, respectively. It
can be seen that the as-cast GW64 alloy microstructure
consists of & dendrites and an interphase networks, which can
be identified as Mg,4(GdY)s according to the XRD pattern
shown in Fig.1a. But in GWZ641 alloy, some lamellae phase
is observed, which can be identified as Mg;,YZn; according
to the XRD pattern shown in Fig.1b.

Fig.3a and 3b show the TEM image of the Mg;,Y,Zn,
phase in as cast specimens of the GWZ641 alloy and the
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Fig.1 XRD patterns of the as-cast alloys
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Fig.2 SEM images of the as-cast alloys: (a) GW64 and (b) GWZ641

corresponding selected area electron diffraction (SAED)
pattern, respectively. The SAED pattern demonstrates that the
Mg,YZn, phase has a 18R-type structure. It shows that Zn
content is a necessary condition for the formation of 18R-
LPSO in the alloy studied.

Fig.4a and 4b show SEM micrographs of the as-extruded
alloys GW64 and GWZ641, respectively. It can be seen that
the Mgy, (GdY)s eutectic networks in the as-cast GW64 alloy
are destroyed and the broken particles are distributed along the
extrusion direction, and the Mg;,YZn; phases which has a
18R-LPSO structure in the as-cast GWZ641 alloy is stretched
along the direction of extrusion. It is evident that the matrix
grains in the as-extruded are very fine in comparison with that
in the as-cast microstructure (Fig.2), indicating recrystallization
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Fig.3 TEM image of the Mg;,YZn, phase (a) and corresponding
SAED (EB//[1120],) pattern (b) in the as-cast GWZ641 alloy
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Fig.4 SEM images of the as-extruded alloys: (a) GW64 and
(b) GWZ641

occurred during extrusion. However, there are no cracks large
enough to be observed within the kinked 18R-LPSO lamellas
or at the interface between 18R-LPSO phase and a-Mg matrix

(shown in Fig.4b), demonstrating excellent ductility of
18R-LPSO phase. In addition, much more fine lamellae can be
observed in as-extruded GWZ641 alloy microstructure, as
shown in Fig.4b.

The morphology details of the fine lamellae are revealed by
TEM observations. Fig.5a is the TEM bright field image taken
from the area of fine lamellae in the as-extruded specimen of
the GWZ641 alloy, and the corresponding SAED pattern taken
along [11 2 0] zone axis is shown in Fig.5b. Both of them are
identified as arising from the typical 14H-LPSO structure.

Grobner et al. investigated the occurrence and transfor-
mations of long-period stacking ordered structures 18R and
14H in as-cast and heat-treated Mg-Y-Zn alloys and
reported'” that the 18R structure is a stable equilibrium phase
that forms directly from the melt whereas the 14H cannot
form directly from the melt but forms in a solid-state
transformation. Grobner et al. found that the 18R is a stable
equilibrium phase that exists in the high temperature range
from 1026 K to 756 K, and that the 14H is an equilibrium
phase below 810 K. The 18R-LPSO phase is observed not
only in the rapidly solidified samples, but also in samples
produced by the conventional casting methods such as
permanent mold casting">'**"1. Combined with the 18R-
LPSO phase formed in the as-cast microstructure of
Mg-6Gd-4Y-1Zn alloy studied in the present work, it can be
concluded that the 18R-LPSO phase can be formed directly
from the liquid metal in a very wide range of cooling rates.

However, there is no unified view on the formation of
14H-LPSO phase of the ternary Mg-Y-Zn and quaternary
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Fig.5' TEM image (a) and corresponding SAED (B/[11 2 0],)
pattern (b) of the as-extruded GWZ641 alloy
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Mg-Gd-Y-Zn alloys after annealing at high temperature. It is
believed that the 14H-LPSO phase is converted from the
18R-LPSO phase formed in the as-cast state””'>'*** These
views can partly explain why the new formation of Mg-Y-Zn
alloy in the 14H layer and 18R have a specific orientation
relationship, but cannot reasonably point out the type of
18R—14H solid phase transitions and reaction equations. In
the present work, there are two types of LPSO structures of
14H and 18R in the microstructure of the extruded
Mg-6Gd-4Y-1Zn alloy (Fig.4b). And the volume fraction of
the Mg;,YZn; phase with 18R-LPSO structure is not reduced
compared with the as-cast microstructure (Fig.2b). In addition,
the 14H-LPSO phase in the Mg-6Gd-4Y-1Zn alloy is not only
formed around the 18R-LPSO phase, but randomly distributed
in the different positions of the a-Mg grains to nucleate and
grow gradually (Fig. 4b and Fig. 6b). Therefore, the
experimental results of the present work do not support the
view that the 18R phase is directly transformed into 14H
phase. It is considered that there is little possibility for the
direct conversion of 18R-LPSO to 14H-LPSO in the system.
The results of microstructure observation in the present work
support the precipitation mechanism for the formation of
14H-LPSO in the Mg-Gd-Y-Zn alloy, and the reaction can be
expressed as ‘a-Mg' — a-Mg + 14H’.

Fig.6a and 6b show the SEM images of peak-aged
specimens of the extruded-T6 alloys studied. In comparison
with the as extruded microstructure shown in Fig.4, it is found
that solid solution treatment of extruded GW64 and
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GWZ641 alloys at high temperature above 793 K results in
the dissolution of intermetallics into the matrix (Fig.6a and 6b)
and the precipitation of the 14H-LPSO phase through the
o-matrix grains (shown in Fig.6b). Meanwhile, 14H-LPSO
phase can be observed in the extruded-T6 GWZ641 alloy,
indicating the 14H-LPSO phase formed during solution
treatment is stable and remains in the microstructure of the
alloy after aging. Fig.6c and 6d are the TEM micrographs
taken from the GW64 and GWZ641 alloys after T6 aging
treatment, from which S’ precipitates can be observed.

Aging has also been conducted on as extruded specimens
(TS treatment) of the alloy without solid solution treatment.
Fig.7a and 7b show the SEM micrographs taken from T5
treated specimens of the GW64 and GWZ641 alloys,
respectively. In comparison with Fig.6, it is found that the
volume fraction of the 14H-LPSO phase in the GWZ641 alloy
is much lower in the T5 treated specimen than that in the T6
aged specimens, as shown in Fig.6b and Fig.7b~7d show the
TEM images taken from T5 aged specimens of the GW64 and
GWZ641 alloys. It can be seen that aging conducted (T6 and
T5 treatment) on both the Mg-6Gd-4Y alloy and the
Mg-6Gd-4Y-1Zn alloy caused the formation of £' precipitates.
Thus, Zn content has no obvious effect on the precipitation of
p series. Both 14H-LPSO phases and f’ precipitates exist in
the microstructure of the TS5 treated GWZ641 alloys (shown in
Fig.7d), but the volume fraction of the ' precipitates is lower
than that in the T6 treated specimens (shown in Fig. 6d).
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Fig.6  Microstructures of the peak-aged extruded-T6 alloy: (a) SEM image of GW64, (b) SEM image of GWZ641, (c¢) TEM image and SAED
pattern of ' phase in GW64, and (d) TEM image and SAED pattern of ' phase in GWZ641
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Fig.7 Microstructures of the peak-aged extruded-TS5 alloy: (a) SEM image of GW64, (b) SEM image of GWZ641, (c) TEM image and SAED
pattern of S’ phase in GW64, and (d) TEM image and SAED pattern of ' phase in GWZ641

2.2 Tensile properties

A comparison of the typical mechanical properties of the
two alloys in different states is listed in Table 1. Tensile tests
at room temperature reveal that the strengths and elongation of
as-cast Mg-6Gd-4Y and Mg-6Gd-4Y-1Zn alloys are relatively
low. However, both the strengths and ductility of the two
alloys are remarkably improved after extrusion, especially for
the GWZ641 alloy, as shown in Table 1. The values of UTS
and YTS of the GWZ641 alloy in the as- extruded condition
are about 342 and 232 MPa, respectively, with a good
elongation of 7.4%. Compared with the GWZ641 alloy in
as-cast condition, the UTS is improved by 206 MPa, and the
increment of YTS is 112 MPa. The increase in mechanical
properties after extrusion is mainly attributed to micro-
structure refining, which is the result of recrystallization
occurring during hot extrusion. Further improvement on
tensile properties is achieved by aging. Both TS and T6
treatments result in significant increase of both ultimate and

Table 1 Tensile properties of the Mg-6Gd-4Y and Mg-6Gd-
4Y- 1Zn alloy at room temperature

Alloys GWo64 GWZ641
state on/MPa 9o/ MPa  6/% o/MPa o9>/MPa  0/%
As-cast 124 102 2.5 136 120 2.2
Extruded 265 181 4.7 342 232 7.4
T6 303 212 4.0 438 309 6.8
TS 350 256 1.2 397 260 4.6

Note: T6, T5— peak-aged

yield strength and the highest ultimate strength of the two
alloys. High yield strength (309 MPa), high tensile strength
(438 MPa) combined with good ductility (6.8%) is obtained
from the GWZ641 alloy after T6 aging.

From this investigation, it can be seen that the tensile strength
and elongation of the extruded, TS treated and T6 treated
Mg-6Gd-4Y-1Zn alloy are higher than those of Mg-6Gd-4Y
alloy without Zn content. After T6 treatment, in particular the
tensile strength of GWZ641 alloy is 44.6% higher than that of
GWo64 alloy. It can be concluded that the LPSO phase plays an
important role in strengthening mechanisms for Mg-Gd-Y-Zn
alloys. Fig.8 is the TEM image of the Mg-6Gd-4Y-1Zn
specimen after tensile test. It can be seen that there are
many dislocations stacked around the 18R-LPSO and
14H-LPSO phase, indicating that the LPSO phase can
strengthen the alloy by preventing the dislocation movement.

In addition, most previous investigations show that the
improvement effect of T5 treatment on the mechanical
properties of Mg-RE(-Zn) alloy is better than that of T6
treatment. In the present investigation, strength of TS5 treated
Mg-6Gd-4Y specimen is higher than that of the T6 treated.
This is probably because of the unavoidable microstructure
coarsening occurring during solution treatment, which is prior
to aging for T6 treatment. However, the strengths and ductility
of the Mg-6Gd-4Y-1Zn alloy after T6-aging are higher than
that of the alloy after T5 aging, as shown in Table 1. It can be
seen that the volume fraction of both 14H-LPSO phase and /'
precipitates in the T6 treated specimen (Fig.6b and 6d) are
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Fig.8 TEM micrographs of 18R-LPSO (a) and 14H-LPSO (b)
structure in as-extruded GWZ641 alloy after tensile test

higher than that in the TS5 treated specimens (Fig.7b and 7d). It
was reported (by M. Yamasaki et al.”!) that formation of the
14H-LPSO occurred at a temperatures above 623 K, which is
much higher than aging temperature of T5 treatment (498 K)
in the present investigation. For T5 treatment, aging was
conducted on as-extruded alloy without prior solution treat-
ment;, hence, the volume fraction of 14H-LPSO was lower
than that in the T6 treated specimen. It is suggested that the
14H- LPSO phase not only enhances the tensile strength, but
also improves the deformation plasticity. In addition, as seen
for Table 1, the elongation for T5-treated GW64 alloy is lower
than that at the as-cast stage. However, the elongation for
T5-treated GWZ641 alloy which has the 14H-LPSO phase is
much higher than that at the as-cast stage. From this
investigation, it can be concluded that the coexistence of
18R-LPSO phase and finely dispersed distribution of the
14H-LPSO phase and the /' precipitates in the microstructure
achieves the ideal strengthening effect.

3 Conclusions

1) The as-cast microstructure of the Mg-6Gd-4Y alloy
studied consists of the Mg matrix and Mgy (GdY)s
secondary phase. However, the as-cast microstructure of the
Zn-containing Mg-6Gd-4Y-1Zn alloy consists of a-Mg matrix,
Mg,4(GdY)s secondary phase and Mg, Y Zn; phase which has
a 18R long period staking ordered (18R-LPSO) structure.

2) After extrusion the 14H-LPSO phase is found in the
Zn-containing alloy and distributed between the 18R-LPSO

strips in the as extruded microstructure. The formation
mechanism of the 14H-LPSO phase is precipitation, and the
reaction can be expressed as ‘a-Mg' — a-Mg + 14H’.

3) Zn content has no obvious effect on the precipitation of
series. Aging conducted (T6 and TS5 treatment) on both the
Mg-6Gd-4Y alloy and the Mg-6Gd-4Y-1Zn alloy causes the
formation of f’ precipitates.

4) The T6-aged Mg-6Gd-4Y-1Zn alloy exhibits high tensile
strength combined with good ductility, and the values of the
yield strength (YS), ultimate tensile strength (UTS) and
elongation are 309 MPa, 438 MPa and 6.8%, respectively. It is
due to the coexistence of 18R-LPSO phase and finely
dispersed distribution of the 14H-LPSO phase and the /'
precipitates in the microstructure.
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