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Abstract: The influence of trace Y on the microstructure evolution and mechanical properties of Mggo- Y. (x=0.25,
0.75, 1.5, 3, 4, 5, at.%) alloys during solidification process was investigated via molecular dynamics (MD) simulations.
The results show that the Mg, Y, alloys are mainly characterized by a face-centered cubic (FCC) crystal structure;
this is different from pure metal Mg, which exhibits a hexagonal close packed (HCP) structure at room temperature.
Among these alloys, Mggg,5Y 075 has a larger proportion of FCC cluster structures, with the highest fraction reaching
56.65%. As the content of the Y increases up to 5 at.% (MgosY s alloy), the amount of amorphous structures increases.
The mechanical properties of the Mgo Y, alloys are closely related to their microstructures. The Mggy»5Y 75 and
Mgy;Y; alloys exhibit the highest yield strengths of 1.86 and 1.90 GPa, respectively. The deformation mechanism of the
Mg-Y alloys is described at the atomic level, and it is found that a difference in the FCC proportion caused by different
Y contents leads to distinct deformation mechanisms.
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There are three requirements for biomedical Mg

1 Introduction

Magnesium (Mg) and its alloys have attracted
much attention owing to their low density, high
specific strength, and high stiffness [1-3]. Because
of to their suitable mechanical properties, Mg-based
alloys can be used for implants in biomedical
applications. More specifically, the elastic modulus
of Mg-based alloys is close to that of human bones,
which is believed to diminish the “stress-shielding
effect” when implanted in the human body [4,5].

alloys [6—8]. Firstly, Mg alloys should exhibit
appropriate mechanical properties, either as bone
substitutes or scaffold materials, which ensure the
stability and functionality over time after the
implantation. Secondly, Mg alloys should have a
suitable degradation performance, as a high
degradation rate of Mg implants will result in a
premature loss of the mechanical properties,
numerous hydrogen bubbles, and alkalization in the
vicinity of the implant. Thirdly, Mg alloys should
be biocompatible or nonbiotoxic.
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Two problems should be considered when
using Mg alloys as biomaterials. On the one hand,
the mechanical and degradation properties of Mg
alloys are often improved by alloying suitable
elements [9]. On the other hand, the content of
heavy metals and rare-earth elements (REEs) in the
human body gradually increases with the implant
degradation. For example, REEs tend to accumulate
in the bones and kidneys [10], posing a threat to
human health. Therefore, the chemical composition
of biomedical Mg alloys should be as simple as
possible, and the additional metal content should
be as small as possible (dealloying or micro-
alloying) [3,11]. It is a big challenge to decrease the
content of added heavy metals while maintain
satisfactory mechanical properties and a sufficiently
low degradation rate in the design of Mg alloys.

Mg has low ductility and poor formability at
room temperature because its hexagonal close
packed (HCP) structure has few slip systems and
specific (cta) dislocation slip characteristics [12].
Element alloying is one of the effective methods
to improve the material properties, such as
mechanical properties, degradation and anticorrosion
performance [13,14]. At present, commonly used
alloy elements for biomedical Mg alloys include Al,
Ca, Li, Zn, Zr, Sr, Mn and REEs [15,16]. Among
them, REEs have attracted more attention because
of their ability to greatly enhance the ductility of
Mg alloys [17]. Moreover, adding trace amounts of
REEs can significantly improve the mechanical
strength of alloys. STANFORD et al [18]
demonstrated that adding 0.1 wt.% of REEs could
improve the ductility by weakening the texture of
Mg alloys. Yttrium (Y) is a typical REE that has
been demonstrated to be able to significantly
improve the comprehensive performance of Mg
alloys [19,20]. SANDLOBES et al [21] found that a
high proportion of pyramidal {(c+a) slips appeared
during the tensile deformation of a cold-rolled
Mg—3wt.%Y alloy at room temperature, and the
addition of Y could improve the plasticity of the Mg
alloy by nearly a factor of five, compared with that
of pure Mg, without loss of strength.

Although the effects of the addition of trace
elements on the structure and properties of the alloy
1s well known, the mechanisms behind these effects
have not been systematically investigated; however,
this information is important for the development of
new Mg alloys. With the increased computing

ability of giant computers, it has become easier to
study the microscopic structure of alloys and, in
particular, its evolution during deformation process.
The molecular dynamic (MD) simulations [22,23]
were performed to reveal the evolution mechanisms
of the microstructure and the mechanical properties
of the alloys during the solidification processes, and
some analytical tools were used to better present the
results from the MD simulations. In this work, MD
simulations were used to study the influence of the
Y content on the Mg alloys.

In order to investigate the effect of trace
amounts of Y on the microstructure and mechanical
behavior of Mg—Y alloys during solidification, the
solidification processes of the Mgjop— Y, (x=0.25,
0.75, 1.5, 3, 4, 5, at.%) alloys were studied via MD
simulations at a cooling rate of 0.01 K/ps. The
structure evolution and mechanical properties were
analyzed in terms of the system energy, pair
distribution function (PDF g(r)), cluster-type index
method (CTIM), and visualization analysis at the
atomic level. These results will provide a deep
understanding of the relationship between the
microstructure and the mechanical properties of
Mg-Y alloys.

2 Simulation conditions and methods

MD simulations of the Mgjp—Y, (x=0.25,
0.75, 1.5, 3, 4, 5, at.%) alloys were performed by
employing large-scale atomic/molecular massively
parallel simulator (LAMMPS) [24]. The embedded-
atom model (EAM) potential was adopted to
describe the interaction among atoms; this potential
was developed by PEI et al [25], and its accuracy
and efficiency have been proven in extensive
published work [26,27]. The potential can be
written as [25]

Etotzz ¢(”,, )""ZF(”I') (D

where n,=)" p(r;;) , and ¢(r), p(r) and F(n;) are the
J

pair, density and embedding functions, respectively.
The simulation was performed using three-
dimensional (3D) periodic boundary conditions
(PBCs) with a time step of 1fs and isothermal
isobaric (NPT) ensemble [28]. After 80000 atoms
(e.g, the Mgoy75Y 025 alloy contains 79800 Mg
atoms and 200 Y atoms) were randomly generated
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in a cubic box at a pressure of 0 GPa, the system
was isothermally relaxed for 2ns at 1400 K to
obtain an equilibrium liquid. The system was then
cooled down to 100 K at a cooling rate of 0.01 K/ps
under the NPT ensembles. At each selected
temperature, all the relevant information was
recorded for each atom.

In order to investigate the mechanical behavior
of the Mg-Y alloys, the uniaxial tension in the
alloys was simulated at a constant strain rate of
1.0x10%s™" along the z-axis at a temperature of
100 K for each solidified sample. Furthermore, the
relevant information for each atom in the system
was recorded at each selected strain.

3 Results and discussion

3.1 Microstructure evolution
3.1.1 Energy—temperature curve analysis

For a cooling system, the energy versus
temperature (E—7) curve can describe the evolution
of the microstructure. An abrupt decrease in the
E-T curve indicates a phase transition, whereas a
smooth transition corresponds to a vitrifying
process.

From the E—T curves of the six alloys with
different compositions (Fig. 1), it can be seen
that three alloys (Mgo75Y 025, Mgo925Y 075, and
MgossY1s) exhibit a sudden decrease in £ at almost
the same temperature (around 450 K). This is the
typical indicator of the occurrence of crystallization
in metals, which denotes an important structural
change or a phase transition. For the Mgo;Y; and
MgosY, alloys, E—T curve exhibits a continuously
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Fig. 1 Potential energy as function of temperature (E—T
curve) for six alloys with different compositions during
solidification

decreasing trend over a certain range, which means
that the phase transition lasts longer. Additionally,
for the alloy containing 5.0 at.% Y atoms, the
continuous transition indicates that this alloy is
mainly transformed into amorphous structures
during solidification.

3.1.2 PDF analysis

It is well known that the structure factor S(q)
can be obtained from the X-ray diffraction patterns,
and the PDF (g(r)) can be obtained from S(g). Both
S(q) and g(r) are usually used to validate the
simulation results.

Both crystalline and amorphous structures can
be identified by analyzing the shape and position of
the peaks on the g(r) curve. For example, a set of
sharp and intense peaks indicate the formation of a
crystalline structure, while a split second peak on
the g(r) curve is the characteristic of an amorphous
structure. The PDF curves of the six alloys are
shown in Fig.2 in the temperature range from
1400 to 100 K with a data point interval of 100 K.

It can be seen from Fig.2 that, with the
decrease in temperature, all the first peaks on the
g(r) curve become sharper and more intense,
indicating that the probability of forming ordered
structures has increased. In the higher-temperature
region of 1400—500 K, the metal alloys are in a
liquid state, the g() curves (which are shown in
blue in Fig. 2) show wider 1st and 2nd peaks and
valleys, and the intensity of each peak changes
slightly. In the lower-temperature region of
400—100 K, the g(r) curves (which are shown in
black in Fig.2) exhibit the features typical of
crystallization for Mg Y, (x=0.25, 0.75, 1.5, 3, 4,
at.%) or vitrification for MgysYs. For the first five
g(r) curves at 100 K, the positions and intensities
of the peaks are very similar, which means that
their final crystal structures are also analogous.
Additionally, for the MgosYs alloy, only the second
peak of the g(r) curve is split into two, indicating
that an amorphous structure is formed at 100 K.
3.1.3 CTIM analysis

Though the g(r) curves can be used to
accurately analyze the one-dimensional structures,
they cannot describe and discern 3D cluster
structures. To deeply understand the crystallization
of Mg—Y alloys at the atomic level, the CTIM-3
was employed; this method was proposed by LIU
et al [29-31] based on the work of QI and
WANG [32]. This method can be used to
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quantitatively describe almost all types of local
clusters formed in the simulation system. In the
CTIM-3, the cluster is composed of a central atom
and its surrounding bonded atoms, and it is
represented by nine integer indices (N, 1441, 11551,
Mice1, Nid21, Mi422, Nisal, Nia31, Niz21), Where N is the
coordination number of the central atom, and the
following eight integers denote in turn the numbers

of the 1441, 1551, 1661, 1421, 1422, 1541, 1431
and 1321 H—A bond-types, through which the
surrounding atoms are bonded to the central
atom [33].

Using the CTIM-3, several important basic
clusters are obtained, as presented in Fig. 3. The
face-centered cubic (FCC), body-centered cubic
(BCC), and icosahedron (ICO) basic clusters could
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Fig. 2 g(r) curves at several selected temperatures for six Mg—Y alloys: (a) Mg 75Y¢.25; (b) Mg9925Y¢.75; (¢) Mgos5Y .55

(d) Mgo7Y3; (e) MgosY4; () MgosYs
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Fig. 3 Three basic clusters in system: (a) FCC basic cluster (12 00 0 12 0 0 0 0) with center atom represented by 13;
(b) BCC basic cluster (14 6 0 8 0 0 0 0 0) with center atom represented by 22311; (c) ICO basic cluster (12012000 0
0 0) with center atom represented by 63741
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be represented by (12000120000), (146080
0000),and (120120 0 0 0 0 0) respectively, as
shown in Figs. 3(a—c).

The evolution of the major clusters in the six
alloy systems is shown in Fig. 4, including all
clusters with content exceeding 1% during the
process. It can be seen that a few clusters are still
present in the six systems at the initial temperature
of 1400 K. As the temperature decreases, the
numbers of ICO and defect-ICO (1311020000
0)(1208000220)(142840000 0) clusters
increase slightly. As the temperature drops to the
transition temperature 7., for all Mg—Y alloys
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except for the MgosYs alloy, the numbers of both
the HCP and FCC crystal clusters increase
remarkably, accompanied by the appearance of
defect-FCC (1100070004)(1200091002)
or defect-HCP (12 0 0 0 4 4 2 2 0) clusters. At the
same time, the numbers of ICO and defect-ICO
clusters start to decrease. Among the different
systems, the FCC clusters reach the maximum
content of 56.65% in the Mggg,5Y 75 alloy at 100 K.
In the MgysYs alloy, the numbers of the main
clusters decrease below 7, and their content
becomes relatively low. Few crystal structures
are found in the MgoysY5 alloy, which means that a
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Fig. 4 Content of main basic clusters during solidification process: (a) Mgog75Y 0255 (b) Mgo9g25Y 0755 (€) MgossY 155

(d) Mgo7Y3; () MgosYs; (f) MgosY's
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long-range order structure is not formed. That is to
say, the MgosYs alloy has an amorphous structure.
These results are consistent with the g(») curves.
Furthermore, it can be seen from Fig. 5 that the Y
atoms are evenly distributed in the matrix in all
Mg-Y alloys.

3.1.4 Visualization analysis

To directly visualize the spatial distribution of
the clusters in the system, the microstructure
distribution is shown in Fig. 6.

Among the five alloys with the main crystal
structure, only the Mggg.75Y .25 alloy (Fig. 6(a))

Fig. 5 Snapshots of Y atom distribution for six Mg—Y alloys at 100 K: (a) Mgo.75Y0.25; (b) Mgo925Y0.75; (¢) Mgosg5Y 155

(d) Mgo7Y3; () MgosY4; (f) MgosY's

Fig. 6 3D atomic Snapshots of six Mg_Y alloys at 100 K: (a) Mg99'75Y0_25; (b) Mg99'25Y0'75; (C) Mg98_5Y1_5; (d) Mg97Y3;
(e) MgosY4; (f) MgosYs (The red, green, blue, wathet blue, and gray balls denote the HCP, FCC, BCC, ICO, and other

atoms, respectively)
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exhibits a clear grain boundary (the continuously
arranged gray atoms are grain boundary atoms). In
the Mgoo25Y 075 (Fig. 6(b)) and Mgos5Y1 5 (Fig. 6(c))
alloys, most of the HCP cluster atoms are
interspersed in the FCC structures, and layered
structures are formed, which might be related to the
higher content of the FCC structure in the matrix.
In the Mgy;Y; (Fig. 6(d)) and MgoyY4 (Fig. 6(¢))
alloys, layers of HCP and FCC structures are
formed and interlaced with each other, which might
be due to the close content of the HCP and FCC
structures. In the MgosYs alloy (Fig. 6(f)), the atoms
are randomly arranged and no continuous
arrangement of the ICO atoms occurs, which is
typical of amorphous crystals. The 3D atomic
snapshots reveal that the microstructure of the six
Mg-Y alloys is greatly affected by the Y content,
and an amorphous structure is finally formed in the
MgysYs alloy at a cooling rate of 0.01 K/ps.

It is well known that the stable structure of
both Mg and Y at room temperature is the HCP
structure. In addition, long-period stacking ordered
(LPSO) structures have been experimentally found
in Mg—REE—TM (where TM represents a transition
metal) alloy systems [34,35]. Depending on the
tacking morphology, the LPSO structures are
named 6H, 10H, 14H, 18R, 24H, and so on. In
LPSO structures, atomic lattices are layered
following the arrangement of the HCP and FCC
structures. As an example, the intact stacking
sequence of the 14H LPSO structure is shown in
Fig. 7. It can be seen that the 14H structure consists
of five layers of HCP atoms separated by two layers
of FCC atoms. Most LPSO structures are composed
of a metastable phase, which in some cases may be
formed directly during the solidification process of
casting, while in other cases is precipitated from the
matrix via solid-phase transformation through high-
temperature heat treatment or hot extrusion [36,37].
Several studies have shown that rapid solidification

structures [38]. In the simulations, the cooling rate
is fast, and the scale is not sufficiently large to
clearly show grains and grain boundaries. Therefore,
there exist many FCC fault structures, but a
complete LPSO structure is not observed. Besides,
adding Y elements to pure Mg results in a change in
the local lattice energy, which promotes the
formation of the FCC stacking fault structure [39].
At present, no LPSO structure has been found in
binary Mg alloys. Additionally, upon addition of a
small Y content, a large proportion of FCC cluster
atoms appear in the Mg—Y alloys during rapid
solidification. It 1is believed that the rapid
solidification process might lead to the formation of
LPSO structures in binary Mg alloys; this topic
deserves future studies.

3.2 Mechanical properties
3.2.1 Stress—strain curve analysis

In order to investigate the effect of the Y
element on the mechanical properties of the Mg—Y
alloys, uniaxial tensile deformation tests were
performed after solidification. Figure 8 shows the
stress—strain curves of the six Mg—Y alloys under a
uniaxial tensile deformation at 100 K with a
constant strain rate of 1.0x10°s™. It can be seen
that the first five alloys (Mg Y. (x=0.25, 0.75,
1.5, 3, 4, at.%)) display similar behaviors. Firstly,
they pass through the elastic and plastic stages and
reach the yield limit. Then, they exhibit noticeable
serrated fluctuations on the stress—strain curves.
The elastic deformation phase usually corresponds
to dislocation nucleation and growth in the material;
on the other hand, the plastic deformation phase
corresponds to dislocation diffusion or slip in the
material. The turning point of each peak and valley
on the curve often corresponds to a structural
change in the material. Among the six alloys, for a
strain (&) of 0.058, both the Mgg15Y .75 and Mgg7Y3
alloys reach the yield limit (1.86 and 1.90 GPa,

is Dbeneficial for the generation of LPSO

ABABABACBCBCBC

respectively). Additionally, the yield strength (YS)

CAB ABA BAB ABA BAB ABA BAC ACB CBC BCB CBC BCB CBC BCA

F H H H H H F F H H H H H F
Fig. 7 Stacking sequence of 14H lattice (A, B, and C denote different atomic layers, while F and H denote the FCC and
HCP structures, respectively; According to convention, the perfect FCC lattice structure is described by the three-layer

atoms sequence ABCABC:--, while the perfect HCP lattice structure lattice is described by the two-layer atoms
sequence ABAB-**)
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Fig. 8 Stress—strain curves of six Mg—Y alloys under
uniaxial tensile deformation at 100 K with constant strain
rate of 1.0x10% s™

of Mgoo75Y02s and MgossY s alloys is relatively
low, which might be attributed to the presence of
more defect structures. For the MgysYs alloy, the
stress—strain curve is slightly different, and no
change is observed after reaching the yield limit,
which is typical of a standard amorphous curve.
Moreover, the amorphous structure is isotropic, and
no noticeable grain boundary or dislocation is found;
thus, the simulated stress—strain curve is relatively
smooth and accompanied by a shear zone. The
elastic modulus of Mg—Y alloys can be calculated
from the slope of the elastic deformation state on
the stress—strain curves. The elastic moduli of the
six Mg Yy (x=0.25, 0.75, 1.5, 3, 4, 5, at.%)
alloys are found to be 39.88, 46.94, 45.91, 47.90,
39.03, and 25.49 GPa, respectively. It is noted that
the MgogrsY7s and Mgy;Y3; alloys have a higher
elastic modulus.

3.2.2 Evolution of main clusters under strain

Figures 9 and 10 show the structure evolution
with strain and the atomic snapshots, respectively,
of the FCC and HCP clusters in the Mgy 25Y .75 and
Mgy;Y; alloys at different strains during uniaxial
tensile deformation.

From Fig. 8, it can be clearly observed that the
elastic deformation stages of the Mggo5Y 075 and
Mgy;Y; alloys are very similar, and a straight-line
section on the stress—strain curves can be found in
both cases for £<0.021. The proportion of the main
crystal clusters (FCC and HCP) is slightly changed.
However, some defect structures appear in the
alloys, marked by the blue ellipse in Figs. 10(a;—a3)
and 10(b,—b;), indicating the nucleation and growth

of dislocations at the grain boundary in the alloys to
counteract the strain. During the plastic deformation
stage for £0.021-0.058, the main changes in the
alloy should involve dislocation diffusion and slip.
It should be emphasized that the Mgoy,5Y (75 and
Mgy, Y; alloys exhibit quite different deformation
mechanisms. The FCC cluster is transformed into
the HCP cluster in the Mgoy»5Y (75 alloy, whereas
the HCP cluster is changed into the FCC in
the Mgo;Y5 alloy. The red HCP split-layer atoms,
as shown in Figs. 10(az;—as), demonstrate the
occurrence of dislocation diffusion or slip.
Additionally, Figs. 10(b;—bs) show that some red
HCP split-layer atoms are transformed into green
FCC atoms.
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Fig. 9 Evolution of main clusters with strain during
uniaxial tensile deformation: (a) Mgg»5Y¢.75; (b) Mgo7Y3

Nevertheless, the degree of structural change
inthe Mgy,Y; alloy is greater than that in the
Mgogos5Y 75 alloy. It is interesting to note that, at the
yield limits (&=0.058) of the two alloys, the
contents of the FCC structures in the Mggo25Y0.75
and Mgy;Y; alloys are very similar, namely 50.48%
and 51.61%, respectively. For £>0.058, it can be
seen that both the FCC and HCP contents increase
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Fig. 10 Atomic snapshots of Mgg925Y 075 (a) and Mgy;Y; (b) alloys at different strains during uniaxial tensile

deformation (The selected atomic cross section is the diagonal cut of a sample 4 A wide along the z-axis, and the

difference between the before and after photo is marked by circles; the red, green, blue, and gray balls denote the HCP,

FCC, BCC, and other atoms, respectively)

and then decrease, while the proportion of defect
structures increased slowly, and the total amount of
the FCC+HCP structures decrease slowly.

Through the combined inspection of Figs. 9
and 10(as, ag, bs, bg), it can be seen that the defect
structure in the matrix increases suddenly as a
consequence of a sudden drop in the stress.
Furthermore, the conversion from HCP to FCC
atomic layers is caused by dislocation slips. In the
serrated fluctuation stage, the location of the
turning point of each crest and trough on the
stress—strain curve is often related to a structural
change in the material. In this stage, the internal
deformation of the alloy might involve mainly
twinning and detwinning mechanisms [40] or
dislocation slips and diffusion. As an example, in
Figs. 10(a;, ag, by, bg), the turning points in the
Mgogo25Y 075 and Mgy, Y5 alloys are selected to show
the structural change. Marked parts illustrate the
presence of twinning and detwinning phenomena.

Moreover, it is worth noting that the overall content
of the FCC structure in the Mgy,Y; alloy increases,
and the final content reaches about 74%; on the
other hand, the content of the FCC structure in the
Mggo25Y 075 alloy does not significantly change
before and after the deformation.

According to the characteristics of stress—
strain curves and the atomic snapshots of the
Mgogo25Y 075 and Mgo;Y 5 alloys (Figs. 9 and 10), the
difference in the FCC contents corresponding to
different Y contents in the alloys is likely to be due
to different deformation mechanisms. The YS and
E values of the two alloys are close to each other,
but the evolution mechanism of the main crystal
clusters during the deformation process of the two
alloys is different. After deformation, the FCC
cluster becomes the main cluster in the Mgy, Y3
alloy, while no similar change occurs in the Mgoy;Y3
alloy. WEI et al [41] found that the addition of Y
into Mg alloys can lead to a decrease in the stacking



Wei LIU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 812823 821

fault energy. From this point of view, more stacking
faults in the Mgy;Y; alloy may be introduced during
the deformation process because of the addition of
more Y atoms. More FCC clusters and fewer defect
structures are present in the final matrix of the
Mgy, Y; alloy compared with the Mgoyo5Y 075
alloy. Moreover, the relaxation stress at the atomic
level is a powerful driving force for structural
transformations at the nanoscale [42,43]. The
change in the stress relaxation at the atomic level
caused by the different Y contents in the alloys
might be one of the reasons behind these
occurrences.

4 Conclusions

(1) The microstructure of the Mg Y,
(x=0.25, 0.75, 1.5, 3, 4, 5, at.%) alloys is greatly
affected by the Y content. The first five Mg—Y
alloys have a high degree of crystallization; on the
other hand, the FCC structure is the main cluster in
the Mgoo,5Y 075 alloy, reaching the highest content
of 56.65% in the final structure. However, the
MgysYs alloy possesses an amorphous structure. Y
content for driving the amorphous transformation is
in the range of 4-5at.% at a cooling rate of
0.01 K/ps.

(2) The uniaxial tensile deformation tests show
that, among the six alloys, the Mgyy,5Y¢7s and
Mgy;Y; alloys reach the highest yield strength
of 1.86 and 1.90 GPa, respectively, and elastic
moduli of 46.94 and 47.90 GPa, respectively, at a
constant strain rate of 1.0x10° s™ and under a strain
of 0.058.

(3) The relations between the mechanical
properties and the evolution of the microstructure
analyzed at the atomic level indicate that the FCC
structure plays a critical role in the solidification
process of Mg—Y alloys. Furthermore, the
difference in the FCC content caused by different
Y contents leads to different deformation
mechanisms.
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MESLRMXTIRILE & BRALRHLANFERER AR

x4, R xER, wikR, EERG, mikse?,
fFEhm Y KEES FFLS, !, K A

1. WIFE RS MPRlRRES TR, K 410082;
2. IR R MRS TREAERE, Kb 410082;
3. K%k BT ERERA TS, Kb 410003;
4. Kz Ry BN, T 710064;
5. WHLHE T RS MRS TR Fae LRt 7T, i/t 310018

1 E: XA T IEMDYBE R R Y IR Mgioo— Y, (x=0.25+ 0.75. 1.5+ 3. 4. 5, BE/RDE, %)
A G I FE R R SR S B e . 5 RRIA: Mg, Y, A STEEIR T FEEMS H M Mg 1) HCP 45
FIFTARE FCC MRS MgooasYors B a R EHRZHI FCC BIFREWM, SFEBmE A 56.65%. XY RFHI&E
BEINE] 5%(BE/R 73 HONS, 1E MgosYs & TR REE 2 ARG S o Mg Y, B4 I 122 AR 5 H B A A Z15% U)AH
K, MgooasYors Fl Mgy, Ys A& BA S M EIREREE, 43519 1.86 GPa #1 1.90 GPa. MJEF7K T3 #T Mgigo-. Y,
BETRMNE, RIAFY FEIEN FCC BN ER S SR EANFRIARIS.
EEEIR: BRE S AT BRESUEDS; J1 kR DAL
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