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Abstract: The morphology and crystal structure of the precipitates in Mg—7Gd—3Y—1Nd—1Zn—0.5Zr (wt.%) alloy with
fine plate-like 14H-LPSO structures aged at 240 °C were investigated using transmission electron microscopy (TEM)
and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). Fine plate-like
14H-LPSO structures precipitate after heat treatment at 500 °C for 2 h, and S-type phases precipitate after the alloy is
aged at 240 °C. The long-period atomic stacking sequence of 14H-LPSO structures along the [0001], direction is
ABABCACACACBABA. After being aged at 240 °C for 2 h, the f-type phases are the ordered solution clusters,
zig-zag GP zones, and a small number of f’ phases. The peak hardness is obtained at 240 °C for 18 h with a Brinell
hardness of 112, the S-type phases are ' phases and local RE-rich structures. After being aged at 240 °C for 100 h, the
[S-type phases are f’, | and f'r phases. ' phases nucleate from the zig-zag GP zones directly without " phases, and
then transform into £, phase by f'—f'r—p; transformations. The Zn not only can form LPSO structure, but also is the
constituent element of ) phases. LPSO structures have a certain hindrance to the coarsening of 8’ and f; along {0001),.
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limit widespread applications of magnesium alloys.

1 Introduction

Magnesium and its alloys, the lightest
structural material, have attracted increasing
attention in aerospace, automotive, aircraft and 3C
(computer, communication and consumer electronic
product) industries and so on [1-3]. However, the
poor mechanical properties and corrosion resistance

It has been reported that Mg—Gd—Y-based alloys
exhibits ultra-high strength [4—6]. Addition of Zn
into Mg—Gd—Y-based alloys can form LPSO
structure, which usually exhibit high strength, high
ductility and high creep-resistance [7—10].

Many magnesium alloys can achieve their
excellent mechanical properties via age hardening.
The precipitation sequence of Mg—Gd(—Y) during
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isothermal ageing has been proposed as follows:
o-Mg super-saturated solid solution (S.S.S.S) —
ordered G.P. zones — f" (Mg;Gd) — f' (Mg,Gd)—
S Mg3Gd) — S (MgsGd) [11]. However, ZHENG
et al [12] considered that the existence of reported
p" structure is doubted in Mg—Gd-Y alloy.
ZHANG et al [13] reported a detailed precipitate
evolution in Mg—Gd alloy without " super-
saturated solid solution (S.S.S.S.) — ordered solute
clusters — GP zones — S’ — f'; + tail-like hybrid
structures — f; — f. The precipitate at peak ageing
stage was /' phase [14,15].

LPSO structure can strengthen the alloys
without sacrificing the ductility [16]. LPSO
structure can exhibit different polytypes, 10H [17],
14H [18], 18R [18] and 24R [19], among which
14H and 18R structures have been most frequently
observed in Mg—Gd—Y—Zn alloys [6—8]. Probable
transformation sequence of LPSO precipitate plates
in the a-Mg matrix is: single building block —
various metastable LPSO building block clusters —
14H, and the probable transformation sequence
in the interdendritic LPSO structure is: 18R —
various metastable LPSO building block clusters —
14H [20].

The age hardening effect is depended on the
size, number density, morphology, orientation and
structure of precipitates. The strengthening effect of
LPSO structure depends sensitively on size and
morphology [9,10]. LI et al [21,22] proposed a
potentially effective approach, benefiting LPSO and
[’ phase, to develop new Mg—RE based alloys with
high strength, high ductility and high creep-
resistance. So far, only a few studies have addressed
the relationship between the LPSO and the fS-type
precipitates. ZHENG and CHEN [23] reported an
atomic-scale investigation into the spatial relations
and interactions between £’ phases and long-period
stacking ordered (LPSO) structure in Mg—10Gd—
5Y-2Zn—0.5Zr (wt.%) alloy. Therefore, there
remains a need for a systematic examination of the
relation of the LPSO and the fS-type precipitates.
Besides, Zn added into Mg—Gd—Y-based alloys can
form LPSO structure, but the effect of Zn on p-type
precipitates is not clearly revealed.

In previous study, the ageing-hardening curve
of Mg—7Gd—5Y—INd—-0.5Zr alloy has a long
period of peak plateau with high Brinell hardness
during 18—180 h, and the precipitate in peak ageing
stage was f' phase [15]. The elongation of the

as-extruded Mg—7Gd—-3Y—INd-1Zn—0.5Zr alloy
with the fine plate-like 14H-LPSO structures was
higher than that of the alloy without the fine
plate-like 14H-LPSO structures [24]. LIU et al [25]
proposed the schematic diagram of relationship
among the LPSO, ' and ;. This work provides an
atomic-scale structural analysis of the evolution of
LPSO and p-type phases. The effect of LPSO
structure on p-type phases aged at 240 °C of
Mg—7Gd—3Y-1Nd—1Zn—-0.5Zr alloy (wt.%) using
transmission electron microscopy (TEM) and high
resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)
is investigated.

2 Experimental

The Mg-7Gd-3Y—-INd—1Zn—0.5Zr (wt.%)
alloy was melted in an electrical resistance furnace.
The ingot was cut into 10 mm X 10 mm X 10 mm
small bulks that were homogenized at 525 °C for
48 h, and quenched into warm water at 30 °C. The
eutectic phase and LPSO structure formed during
the casting process and were dissolved into the
matrix during the solution-treatment at 525 °C for
48 h. Subsequently, the homogenized samples were
heated at 500 °C for 2 h to precipitate LPSO
structures, and then followed by ageing at 240 °C.
The hardness of the samples was measured by
Brinell hardness tester with a loading force of
612.5 N and dwelling time of 25 s. Thin foils
(3 mm in diameter) for TEM were prepared by
mechanical polishing (~50 pm) and then twin-jet
electro-polished in a solution of 3 vol.% perchloric
acid and 97 vol.% ethanol, at temperature from —30
to —40 °C and the current of 15 mA. Finally, the
foils were cleaned by the Gatan Precision lon
Polishing System (PIPS, GATAN 695) at —120 °C
for 30 min under low incidental angle and low
voltage. The bright field (BF), high-resolution
transmission electron microscopy (HRTEM) and
the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)
images of the precipitates in the over ageing stage
were analyzed by Tecnai G2 F20-TWIN
transmission electron microscope equipped with an
energy-dispersive  X-ray spectrometer (EDS),
operating at 200 kV. The atomic-scale HAADF-
STEM images of the S-type phases in aging stage

and over ageing stage were analyzed by
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JEM-ARM200F atomic resolution analytical
microscope equipped with a STEM Cs corrector
operating at 200 kV. The EDS elemental maps were
analyzed by JEOL Dual SDD attached to the
JEM-ARM200F.

3 Results and discussion

3.1 Heat treatment at 500 °C for 2 h

Figure 1(a) shows the bright filed (BF) TEM
image of the alloy and corresponding selected area
electron diffraction (SAED) pattern taken along the
[0001],, after heat treatment at 500 °C for 2h. As
shown in Fig. 1(a), there are no obvious diffraction
spots in the SAED pattern, and no any other
precipitate was observed from the BF image, which
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Fig. 1 Microstructures of Mg—7Gd—3Y—1Nd—1Zn—0.5Zr
alloy after heat treatment at 500 °C for 2 h: (a) Bright
filed (BF) image and corresponding SAED pattern from
[0001],; (b) HAADF-STEM image and corresponding
SAED pattern from [1 150]0,

indicates that no f-type phases precipitate.
Figure 1(b) shows HAADF-STEM image and
corresponding SAED pattern taken along the
1 150]0!. Viewed from [1 1§O]a, there are many
nanoscale fine plate-like LPSO  structures
precipitating along the base surface (0001), as
marked by white arrows. Corresponding SAED
pattern (insert in Fig. 1(b)) indicates that the fine
plate-like precipitates are of 14H-LPSO structures,
where thirteen extra diffraction spots are observed
between (0000), and (0002),.

3.2 Hardness response

The Brinell hardness value of as-homogenized
alloy is 78, and the Brinell hardness value of the
alloy after heat treatment at 500 °C for 2 h is 86. A
large number of 14H-LPSO structures lead to
increased hardness after heat treatment at 500 °C
for 2 h. This is because 14H-LPSO structures are
harder than a-Mg matrix owing to higher contents
of Gd and Zn elements. Mg—7Gd—-3Y—1Nd—1Zn—
0.5Zr (wt.%) alloy shows a typical hardness
response while ageing at 240 °C, as presented in
Fig. 2. Initially, the hardness increases slowly, and
increases rapidly after 240 °C for 2 h. And the peak
hardness is obtained at 240 °C for 18 h with a peak
hardness of 112, which is higher than that the
sample (106) aged at 240 °C directly [25]. Besides,
there is a long period of plateau during 30—200 h in
the over-ageing stage, rather than in the peak-
ageing stage. And the Brinell hardness of the
plateau is lower than that of the sample aged
at 240 °C directly, which can be attributed to the
formation of LPSO structure that consumes RE
(Zn), and reduces the content of RE (Zn) in Mg
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Fig. 2 Ageing-hardening curves of Mg—7Gd—-3Y—1Nd—
1Zn—0.5Zr alloy aged at 240 °C
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matrix. The long period of plateau suggests that the
main strengthening phases precipitating in the alloy
have good thermal stability. In order to further
understand the precipitation behavior of the alloy
with fine plate-like LPSO structures in ageing
stage, the microstructures of the alloy were
analyzed in this study.

3.3 Ageing at 240 °C for 2 h

Figure 3 shows the atomic resolution HAADF-
STEM image of ordered solute clusters and zig-zag
GP zones (Fig.3(a)), and low-magnification
HAADF-STEM image of ' phases (Fig. 3(b)) from
[0001], aged at 240 °C for 2 h. Since the brightness
of individual atomic columns in HAADF-STEM
images approximates proportionally to the square of

rdered solute clusters

“EB//[0001]

Fig. 3 Microstructures of Mg—7Gd—3Y—-1Nd—1Zn—0.5Zr
alloy aged at 240 °C for 2 h with electron beam parallel
to [0001],: (a) Atomic resolution HAADF-STEM image
showing ordered solute clusters and zig-zag GP zones;
(b) HAADF-STEM image of ' phases

the averaged atomic number, each bright dot
represents a column rich in RE (Zn) atoms [26,27].
Figure 3(a) shows the existence of a large number
of ordered solution clusters (marked by yellow
arrows and yellow dotted circles) of different
compact forms and zigzag Guiniere Preston (GP)
zones (marked by red dotted circles). In addition to
the single hexagonal ring structure (marked by
yellow dotted circles) containing six bright contrast
dots, many short-range ordering structure (marked
by yellow arrows) containing 1-5 RE (Zn) atom
columns are observed. All the short-range ordered
structures containing 1-6 RE-rich atom columns
can be classified as ordered solute clusters [26].
Meanwhile, a small amount of zig-zag arrays with
the habit planes parallel to {1100}, are observed
(marked by red dotted circles). These zig-zag arrays
are considered to be prismatic GP zones [26]. The
zig-zag arrays are consistent with f’ structure, and
the single zig-zag array is a repetitive unit in S’
structure. S’ phases (marked by red arrows) are
observed in Fig. 3(b), so it is assumed that ' can
nucleate from the zig-zag arrays directly without S"
phase. The ordered solution clusters, zig-zag GP
zones, and a small number of ' phases have little
strengthening effect, so the Brinell hardness doesn’t
increase after the alloy is aged at 240 °C for 2 h in
Fig. 2.

Figure 4 shows the HAADF-STEM images,
SAED pattern and HRTEM image of Mg—7Gd—
3Y-1INd—1Zn—0.5Zr (wt.%) alloy aged at 240 °C
for 2 h along the [1 150]0{ . There are many
nanoscale fine plate-like 14H-LPSO structures,
with corresponding SAED pattern shown in
Fig. 4(b). Figure 4(c) shows the enlarged
HAADF-STEM image of Fig. 4(a). It can be seen
that LPSO structure consists of diverse numbers of
building blocks of four close-packed layers with
bright contrast, and the building blocks are
separated by diverse numbers of a-Mg layers in
different types of metastable LPSO structure [20].
The bright contrast of the building block is due to
the enrichment of RE (Zn) atoms. EDS analysis
results show that the composition of the 14H-LPSO
structure (Point A in Fig. 4(b)) is 87.90Mg—
3.58Gd—2.67Y—0.57Nd—5.28Zn (at.%), and the
composition of the a-Mg matrix (Point B in
Fig. 4(b)) is 97.67Mg—1.36Gd—0.72Y—0.25Nd
(at.%). Compared to a-Mg matrix, the contents
of Gd, Y, Nd and Zn are higher in 14H-LPSO
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Fig. 4 Microstructures of Mg—7Gd—3Y—1Nd—1Zn—0.5Zr alloy aged at 240 °C for 2 h with electron beam parallel to
1 IEO]Q: (a) Low-magnification HAADF-STEM image; (b) Corresponding SAED pattern of Fig. 4(a); (c) Enlarged
HAADF-STEM image of Fig. 4(a); (d) HRTEM image; (e) Corresponding Fast Fourier Transform (FFT) pattern of
Fig. 4(d); (f) Profile of Zone 1 in Fig. 4(d); (g) Enlarged HRTEM image of Zone 2 in Fig. 4(d)

structure, especially Zn content. The composition of
the LPSO structure is confirmed to be
Mg»(Gd,Y,Nd)Zn, or Mg, ,REZn. Figure 4(d)
shows a low-magnification HRTEM image of the
LPSO structure, and the corresponding Fast Fourier
Transform (FFT) pattern is shown in Fig. 4(e).
Figure 4(f) shows the profile of Zone 1 in Fig. 4(d).
The 14H unit cell contains 14 layers of closely
packed planes, with a height of 3.705 nm along the
packing direction, as shown in Figs. 4(f, g). An
enlarged HRTEM image of Zone 2 is shown in
Fig. 4(g). A long-period atomic
sequence along the [0001], direction is
ABABCACACACBABA, with “ABCA” and
“ACBA” in the opposite direction, which is
consistent with that of 14H in Mg—Y—Zn alloy [18].

stacking

3.4 Ageing at 240 °C for 18 h
Figure 5 shows the HAADF-STEM image,
SAED pattern and HRTEM image of Mg—7Gd—

3Y-INd—1Zn—-0.5Zr (wt.%) alloy aged at 240 °C
for 18 h, taken with the incident electron beam
parallel to [0001], and [1 IEO]Q, respectively. As
shown in Fig. 5(a), bamboo-like fine precipitates
uniformly disperse within the alloy with three
variants (marked by red arrows), and the mid-rib
planes of three variants are parallel to (1 150)0‘,
(1510)0[, and (5110)0‘, respectively. These three
variants of the precipitates are related to each other
by 120° rotation around [0001],. The length of
precipitates is 5—15nm along (1 150)(1 , and
6—21 nm along (IOTO)a , and the length-to-width
ratio is 0.8-2.8. Corresponding SAED pattern
shown in Fig. 5(b) can be indexed consistently
according to the base-centered orthorhombic
(b.c.0.) structure with lattice parameters of a=0.64
nm, b=2.22 nm and ¢=0.52 nm, which indicates that
the fine precipitates are f' phases [15]. The
orientation relationship between S’ phase and a-Mg
is (100),//(1120),,, [0001],// [001]4, and the habit
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[0001],; (b) Corresponding SAED pattern of Fig. 5(a); (c) Low-magnification HAADF-STEM image and
corresponding SAED pattern from [1120],; (d) Enlarged HAADF-STEM image from [1120],

plane is parallel to {1 150}{1. Meanwhile, tail-like
structure protrusions (marked by blue arrows)
located at the ends of the £’ phases are observed,
which are also reported in Mg—Gd—Zn [28],
Mg—-Gd—Ag—Zr [29] alloys. Tail-like structure
protrusions are local RE-rich structures, consisting
of multiple hexagonal ring structures, and nucleate
from ordered solute clusters.

Figures 5(c,d) show the HAADF-STEM
images of the LPSO structure, and corresponding
FFT pattern is shown in the inset of Fig. 5(c), with
the incident electron beam parallel to [1 150](1. In
addition to 14H-LPSO structure, there are obvious
diffracted spots of S’ phases in the corresponding
SAED pattern in Fig. 5(d). The S’ phase (marked by
red arrows) is still bamboo-like in the [1 150]{1
direction, and the length of £’ phases is 20—50 nm
along (0001),. At the same time, none of ' passes
through the LPSO structure, as shown in the white
dotted circle in Fig. 5(d), so LPSO structure has a
certain hindrance to the coarsening of 5".

The alloy reaches its peak hardness when
ageing at 240 °C for 18 h. LPSO structure, largely
dispersed ' phases and local RE-rich structures
take the major role in hardening the alloy. In the
under-ageing stage, the increase in Brinell hardness
in Fig. 2 is caused by the nucleation and growth of
[’ phases and local RE-rich structures. The reason
why the peak hardness is obtained at 18 h, while
peak-ageing plateau appears without an obvious
peak ageing at 240 °C directly (Fig.2), remains
unclear.

3.5 Ageing at 240 °C for 100 h

Figure 6 shows the BF and HAADF-STEM
images of the alloy aged at 240 °C for 100 h, and
the incident electron beam is parallel to [0001],.
After 100 h ageing, the majority of the precipitates
are ' (marked by red arrows) and £, (marked by
yellow arrows) phases, as shown in Figs. 6(a, b).
The overlapped diffraction pattern inserted in
Fig. 6(a) shows that the orientation relationship
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between the f’ phases and the matrix does not
change during ageing. A single £’ phase has a
bamboo-like shape approximately 10—26 nm wide
along the (1 150)0[ direction and approximately
12-36 nm long along the (IOTO)a direction,
which is larger than that of the alloy aged at 240 °C
for 18 h. As shown in Fig. 6(b), f; phase with
clearly higher contrast than the S’ precipitate is
observed, indicating that f; has a higher RE (Zn)
content than f'. A single [, precipitate has a
parallelogram shape with approximately 10—55 nm
along the longer diagonal line and approximately
5-20 nm along the shorter diagonal line.

To identify the structure of ' and f;, atomic
resolution HAADF-STEM images from [0001], are
shown in Figs. 6(c, d). The images show many
bright dots inside the precipitates. Each bright dot
represents a column rich in RE (Zn) atoms. These
RE (Zn)-rich atomic columns constitute the array of
zig-zag in the opposite directions in S’ phases.
Based on the analysis result of atomic resolution

HAADF-STEM image (Fig. 6(c)), the red rectangle
shows a unit cell of f’ with actual lattice parameters
of @=0.68 nm and »=2.26 nm. The fundamental unit
of the plate-like f; phase (marked by yellow
diamond in Fig. 6(c) has a diamond shape,
composed of bright dots at its four corners. At the
same time, the apexes of zig-zag arrays (marked by
orange broken line) in the small particle between
coarsened f' and f; phases (shown in Fig. 6(c))
between two coarsened S’ phases (shown in
Fig. 5(d)) are in the same direction, indicating that
the small particle is the S phase, as reported in
Mg—-Gd [30] and Mg—Gd—Ag—Zr [29] alloys.
The p'r phase has an orthorhombic structure, with
lattice constants of ¢=0.64 nm, b=1.14 nm and
¢=0.52 nm [31]. The orange rectangle in Fig. 6(d)
shows unit cell of #'+ with actual lattice parameters
of a=0.72 nm and 5=1.07 nm. The distance between
two adjacent zig-zag arrays is about 1.1 nm, which
is completely coherent with the matrix, as shown by
the orange dotted circle. As shown in Fig. 6(d), S
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phase distributes between two S’ phases, which
suggests that the A% phase forms due to the
coarsening of the S’ phase. Some weak dots can be
observed at the interface between the S+ and p,
phases (as shown in the orange dotted circle in
Fig. 6(c), indicating that the f’r phase provides a
preferential nucleation site for f,.

To distinguish the chemical nature of ' and S,
phases, EDS elemental maps of Mg—7Gd-3Y-
INd—1Zn—0.5Zr (wt.%) alloy aged at 240 °C for
100 h are shown in Fig. 7. The results indicate that
the Gd, Y and Nd elements are obviously enriched
in ' and f, and Zn element is obviously enriched
in B phase. Compared with ' phase, f; phase has a
higher concentration of Gd, Nd and Zn. The fact
that Zn element is enriched in f; phase was also
reported in Mg—Gd—-Y—Zn alloys [32]. And
HONMA et al [32] think that Zn addition will
enhance the precipitation of the f; phases, and Zn
additions assist in the formation of f§; phase [32].
[ phase was observed in Zn-free Mg—RE
alloys [11—13], so Zn is not a required constituent
element for 5, phase.

EDS analysis results show that the
composition of the S’ phase (Point C in Fig. 6(b))
is 87.78Mg—7.14Gd-3.02Y—1.4Nd-0.63Zn (at.%),

the composition of the f; phase (Point D in
Fig. 6(b)) is 77.92Mg—10.87Gd—-3.36Y—3.49Nd—
4.36Zn (at.%), and the composition of the a-Mg
matrix (Point E in Fig. 6(b)) is 99.07Mg—0.57Gd—
0.34Y (at.%). B’ phase is mainly composed of Mg,
Gd, Y and Nd elements, and has a small amount of
Zn, so the composition of S’ phase is conformed to
be Mg;RE. f; phase mainly consists of Mg, Gd, Y,
Nd and Zn elements, and compared to the S’ phase,
the contents of Gd, Y, Nd and Zn are increased. The
composition of f; phase is roughly in accordance
with Mg;(RE,Zn). The Mg matrix is composed
entirely of Mg elements and contains a small
amount of Gd and Y elements.

Figure 8 shows the HAADF-STEM images
and SAED pattern of Mg—7Gd-3Y—-1Nd—1Zn—
0.5Zr (wt.%) alloy aged at 240 °C for 100 h along
the [1 150]05. The microstructure of the alloy
contains S’ (marked by red arrows), f; (marked by
yellow arrows), and 14H-LPSO (marked by white
arrows). Many metastable LPSO building block
clusters (marked by black arrows) are observed in
Fig. 8(a), and these metastable LPSO building
block clusters form during ageing at 240 °C, which
will transform into 14H-LPSO structures [20]. £’ is
still bamboo-like, and g, is elongated. The lengths

Fig. 7 EDS elemental maps of Mg—7Gd—3Y—1Nd—1Zn—0.5Zr alloy aged at 240 °C for 100 h
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magnification HAADF-STEM image of 14H-LPSO structures; (b) Corresponding SAED pattern of Fig. 8(a);
(c, d) HAADF-STEM images of 14H-LPSO structures and 4" and f; phases

of f" and f, in the [0001], direction are 40—130 nm
and 20—120 nm, respectively. ' and f; phases
uniformly distribute in the matrix, while the LPSO
structures distribute along the base (0001),. As
shown in Figs. 8(c, d), both " and f; do not pass
through the LPSO structures, and the LPSO
structure has a certain hindrance to the coarsening
of " and f,. Some S’ and S, phases pass the LPSO
structure at the end of LPSO viewed from |[1 150](1 ,
as shown in the white dotted circle in Fig. 8(d), of
which the reason may be that they are at different
heights along [1 150]0[.

After ageing at 240°C for 100h, the
precipitates are f', i, f’r and metastable LPSO
building block clusters. The Brinell hardness of this
stage is lower than that of the sample aged at
240 °C for 100 h directly (Fig. 1), which can be
attributed to the fact that the formation of LPSO
structure consumes RE (Zn), reducing the content
of RE (Zn) in Mg matrix and resulting in a decrease
in f-type phases such as f”and f,. The alloy has a

long period of plateau during 30—200 h in the
over-ageing stage. Mg—7Gd—5Y—-1Nd-0.5Zr [15]
and Mg—7Gd-3Y—-1Nd—1Zn—0.5Zr [25] alloys also
have a long period of peak plateau. The long period
of plateau suggests that the main strengthening
phases precipitated in the alloy have good thermal
stability [15,25].

4 Conclusions

(1) Fine plate-like 14H-LPSO structures
formed after 500 °C for 2 h become coarsened and
some metastable LPSO building block clusters
precipitate when being aged at 240 °C. The long-
period atomic stacking sequence of 14H-LPSO
structures along the [0001], direction is
ABABCACACACBABA.

(2) p-type phase precipitates when the alloy is
aged at 240 °C. After ageing at 240 °C for 2 h, the
precipitates are the ordered solution -clusters,
zig-zag GP zones, and a small number of 5’ phases,
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which have little strengthening effect. After peak
ageing at 240 °C for 18 h, the precipitates are S’
phases and local RE-rich structures, which take the
major role in hardening the alloy. After ageing at
240 °C for 100 h, the precipitates are ', 1 and £
phases.

(3) The ordered solution clusters and zig-zag
GP zones form directly from super saturated solid
solution, and they will transform into £’ phases and
local RE-rich structures, respectively. The
formation of the f’r phases is supposed to be the
result of the coarsening of the S’ phases. S phases
provides a preferential nucleation site for ; phases.

(4) The Zn can not only form LPSO structures,
but also is the constituent element of f; phase. The
compositions of the 14H-LPSO structures, f’ and f,
phases are conformed to be Mg;,REZn, Mg,RE and
Mg;(RE,Zn), respectively. LPSO structures have a
certain hindrance to the coarsening of £’ and p,
along (0001),.
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2 14H-LPSO £##) Mg-7Gd-3Y-INd-1Zn—-0.5Zr &%
7 240 °C BRI FZ P AT HFRRERL

§5 7]‘(5(],] 1,2,3,4’ #i:\i_:’f% 1,2,3,4’

xR0, FARES,

A s 1,234
F Ay 0

OB, HWES, B ERAC, BERS

I AWRHEERE R AR B KA G4 )8 i 7Rl e, Jb5t 100088;
2. Hbr (b)) IR RA R, JE5T 100088;
3. b A E BT AR, A5 100088;
4. A8 M ERA AR, JE3T 100088;
5. At i B SLIEB RS T # R A R A F], b5t 101100;
6. A LR ARG TP AR AR A G4m0 R & T E K E L=, dbat 101407

1 E: @il TEM 5 HAADF-STEM i R #i4 14H-LPSO £5#4 ) Mg—7Gd—3Y—1Nd—1Zn—0.5Zr (B35, %)
BB AE 240 °C I RO FE AT AR TS AN SR AR SR AT o IR 14H-LPSO Z5#47E 500 °C. 2 h KIS FE P i
Mg BIAT A E 240 °C B il FE A AT . 14H-LPSO 45 #4 ¥ [0001], 77 [ A & 7 HE 3 0 7 R
ABABCACACACBABA. 240 °C B3 2 hivf, g A NE P EVERIR. < FT% GP X A2/ g4H. 240 °C
IF 2% 18 h ik BIEAE, AHRLHIAT IRBEREAE Y 112, B BUMT AR BAHAIRE0 'S RE 454, 240 °C BF 2 100 h i, B %Y
FrHAEA B B B BHAARGIT BB 7 GP XM, RGBT f'—pr—p HAEW pi . Zn N
AMUET L AR LPSO £544, 1 &5 g MHBITE M. LPSO Z5HBHAS BRI By AHHE(0001 ), A4

KR BEA 4 WG FrHM; KEWESE T (LPSO) 45#; HAADF-STEM
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