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Abstract 

The paper reports on the atomic investigation about β phase in Mg96 Gd2 Y1 Ni1 alloy by using the first-principles study and the high- 
angle annular dark-field scanning transmission electron microscope (HAADF-STEM) corrected by atomic Cs. By using HAADF-STEM, the 
rectangular β phases were observed in the underage and peak aging stages in Mg96 Gd2 Y1 Ni1 alloy. The β phase could be precipitated from 

the previously precipitated β phase, and the β phase grew in steps when it was precipitated. A special transition structure of three atomic 
layer thicknesses was first observed at the edge of the β phase and the structure of this interface is probably as the β/Mg1 interface for the 
analysis of thermodynamic characterization and electronic characterization. The β’ phase and the βH structure were precipitated only at the 
edge of the length directions of the β phase. The β’ phase continues to grow into a β phase directly without the formation of β1 phase, 
resulting in an increase in the length of the β phase, which is discovered for the first time. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium alloys have been widely used in industry due
o their low density, high specific strength and good recy-
lability [1] . However, the strength of the magnesium alloy
s insufficient, especially the property of high-temperature
trength, which limits its application. The addition of rare
arth and transition metal elements to magnesium alloys can
nhance the mechanical properties of magnesium alloys [2] .
specially the Mg-Gd-Y alloys have attracted much attention
ue to their high high-temperature strength and good creep re-
istance [3] . Researches on alloys such as Mg-Gd-Y-Mn and

g-Gd-Y-Zn have been very thorough [4 , 5] . However, little
s known about interfaces and growth trends of precipitated
hases in the Mg-Gd-Y-TM (transition element: Ni, Mn or
n) alloy. 
∗ Corresponding author. 
E-mail address: steelboy@sjtu.edu.cn (B. Chen). 
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rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
In recent years, the atomic structure and aging precipi-
ation sequence of magnesium alloys have been deeply ex-
lored by atomic resolution high angle annular dark-field
canning transmission electron microscopy (HAADF-STEM).
he aging precipitation sequence of the Mg-Gd-Y alloy is

eported to be: SSSS → GP zone (zigzag) → β ′ ′ (Mg3 Gd,
cp, DO19) → β ′ (Mg7 Gd, cbco) → β1 (Mg3 Gd, fcc)→ β

Mg5 Gd, fcc) [6] . However, the β ′ ′ phase did not appear in
he aging process in our previous studies [7] . What’s more,
here is scarcely atomic-scale study of the microstructure and
rowth of the β phase, like directly grown from the β ′ phase
ithout the formation of the β1 phase, which reveals a new
rowth of the β phase. 

In this study, the atomic-scale Cs-corrected HAADF-
TEM was used to characterize the microstructure and
rowth of the β phase precipitated during the aging of
g96 Gd2 Y1 Ni1 alloy. Moreover, the interface between β

hase and Mg matrix along the growth direction is also an-
lyzed by the first principle method. The results deepened
ur understanding of the microstructure and growth of the β
hase. 
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 
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. Experimental procedures 

In this experiment, the Mg96 Gd2 Y1 Ni1 alloy (subscript
epresents the atomic ratio) was prepared from pure Mg
99.99%), pure Ni (99.99%), Mg-25 Y, and Mg-25 Gd master
lloy (wt%). The solution treatment was carried out at 500 °C
or 8h, quenched in water at ∼20 °C and then samples were
sothermally aged at 200 °C. 

The samples for HAADF-STEM observation were pre-
ared by the electrolytic twin-jet polishing using an elec-
rolytic double sprayer model MTP-1A. Then the samples
ere polished and thinned by using Gatan’s Precision Ion
olishing System II model 695. The HAADF-STEM char-
cterization was proceeded on JEM-ARM200F, which was
quipped with a Cs probe corretor and a cold field gun. The
cceleration voltage was 200kV. The camera length was set
o 8cm, resulting in a collection angle of 68-280 mrad. 

. Computational details 

The lattice structure, stability and transformation process
re calculated with the Vienna Ab initio Simulation Pack-
ge (VASP) software which has the DFT framework [8 , 9]
nd projector augmented wave potentials [10] . The electronic
haracterization is calculated by CASTEP software [11] . The
eometry optimizations of these precipitate structures were
erformed with exchange-correlation functional of the gen-
ralized gradient approximation (GGA) of the exchange-
orrelation potential in the form of Perdew-Burke-Ernzerhof
PBE) [12] , which will cause the micro-displacement of
toms. The energy cut-off for the plane wave is 300 eV which
s verified by the convergence test. The valence configurations
re: Gd- 4f7 5s2 5p6 5d1 6s2, Mg- 2p6 3s2. The Brillouin
ones are sampled with the k-point vectors of 2 × 2 × 1 for
he bulk, which is also evaluated by the convergence test. 

. Experimental results and modeling 

.1. Experimental results 

After the aging treatment of Mg96 Gd2 Y1 Ni1 alloy for 4h
nd 53h, it is found that the rectangular β phases are precip-
tated in the magnesium matrix. The β phase is often present
n as-cast alloys and, in addition, often appears as an equilib-
ium phase later in the aging stage. However, in this study,
he β phase is present at the aged 4 h sample. The reason
ay be that the β phase already exists in the matrix at the

ery early stage according to Fig. 1 (a)-(c) because of the in-
ufficient solution and disperses in the matrix [13 , 14] . Then,
he concentration of solute atoms at the grain boundary is
uch higher, resulting in a faster precipitation rate. 
Fig. 1 (a), (b) and (c) are HAADF-STEM images observed

long the [112̄ 0 ]Mg direction of the as-cast, aged 4h and 53h
amples, respectively, and it can be found that the β phases
recipitate along the surface of cylinder precipitate. It can
e seen from Fig. 1 (b) that the β phases are staggered and
re perpendicular to each other. Comparing Fig. 1 (b) and (c),
t can be found that the β phases in the aged 4h and 53h
amples are all rectangular, but the β phases in the aged 53h
ample are more elongated. In addition to this, there is a kind
f blocky β phase with low contrast, but as the aging time
ncreases, the shape and size don’t change significantly due
o the much larger volume of the β phase compared with
ther precipitate phases. After a rough statistical calculation,
he average length of the β phase of Fig. 1 (b) is 0.175 μm,
nd the average length of the β phase of Fig. 1 (c) is 0.341
m (In Fig. 1 , only the lengths of the β phase of several

ypical lengths are indicated). The length of the β phase in
he sample aged 53h sample is significantly increased. The
hange in width is negligible. It can be found from the study
y Nie et al. that the more elongated cylindrical precipitate
auses a greater increase in the critical resolved shear stress
CRSS), which leads to an increase in alloy strength [15] . 

It can be seen from Fig. 2 (a) and Fig. 2 (b) that the β

hases are distributed in different directions. The atoms in
he circle at A in Fig. 2 (a) are enlarged to obtain Fig. 2 (c).
ccording to Fig. 2 (c), the β phase having a lower luminance

n the upper right corner is a new β phase that is precipitated
rom the β phase in the lower-left corner. The new β phase
recipitates from the old β phase, and the direction changes.
he angle of change is approximately 125 ° so that the β

hases are dispersed in different directions in the alloy. It can
e seen from Fig. 2 (c) that there is a step between the new

phase and the old β phase, and it can be inferred that the
ew β phase grows in the step when it is precipitated. 

The composition of the β phase with the Energy Disper-
ive Spectrometer (EDS) result (along the red in Fig. 2 (a))
an be determined as Mg5 Gd. As in previous work [16] ,
he β phase was determined to have a fcc structure, a lat-
ice parameter of ∼2.2 nm, and the orientation relationship
f (110)β //[0001]Mg , (1̄ 12)β //[ 11̄ 00]Mg and (11̄ 1 )β //[112̄ 0]Mg .
or Fig. 2 (c), the orientation relationship between β phase and
g matrix is (110)β //[0001]Mg . The atomic model of Mg5 Gd

bserved along the (110)β direction is shown in the lower
ight corner of Fig. 2 (c). The Mg atoms have been removed
or convenience of observation. The number next to the Gd
toms represents the number of Gd atoms superimposed at
his position. The higher the number of Gd atoms, the higher
he brightness of the HAADF-STEM image. 

The atoms in the circles at B in Fig. 2 (b) are enlarged to
btain Fig. 2 (d). There is an outwardly convex “step” on the
eft side of the β phase. The “step” is enlarged to obtain the
AADF-STEM image in the upper right corner of Fig. 2 (d).

f the solute atoms at the “step” continue to precipitate, a new
phase will precipitate. 
Fig. 2 (d) is further enlarged to obtain Fig. 2 (e). As can be

een from Fig. 2 (e), β’ phase and βH 

structure precipitate at
he edge of β phase. Since the concentration of Gd atoms in
he β phase is higher than the concentration of Gd atoms in
he β’ phase, the β’ phase can precipitate from the β phase.
here are atomic models of the βH 

structure and β’ phase (red
toms represent Gd atoms and yellow atoms represent mag-
esium atoms) in the upper right corner of Fig. 2 (e). Zheng
ingxu et al. believed that the βH 

structure was probably one
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Fig. 1. (a), (b) and (c) show the distribution of β phase in the as-cast, 4 h and 53 h samples, respectively (observed along the [112̄ 0 ]Mg direction). 
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f the nucleation methods of precipitates, but it played a small
ole in the whole precipitation process [17] . According to the
toms marked by the yellow dotted frame in Fig. 2 (e), it can
e found that the atomic structures of the triangles and the
arallelograms alternately appear at the edge of the β phase.
he triangle consists of three Gd atoms, and the parallelo-
ram consists of four Gd atoms. This special structure of the
dge of the β phase has a thickness of approximately three
tomic layers (0.66 nm). In order to reduce the interfacial
nergy, this special structure is formed at the boundary. This
tructure has not been reported so far. 

Fig. 2 (f) shows the β phase observed along the [112̄ 0 ]Mg 

irection. For Fig. 2 (f), the orientation relationship between β

hase and Mg matrix is (11̄ 1 )β //[112̄ 0]Mg . The atomic model
f Mg5 Gd observed along with the (11̄ 1 )β direction is shown
n the upper right corner of Fig. 2 (f). There is a transition zone
f about three atomic layer thicknesses between the β phase
nd the Mg matrix, and the thickness is 0.67 nm, which is
arked with a yellow dotted frame in Fig. 2 (f). This transition

one corresponds to the special structure at the edge of the
phase in Fig. 2 (f). 
The atoms at C in Fig. 2 (b) are enlarged to obtain Fig. 2 (g).

ig. 2 (g) is similar to Fig. 2 (e). It can be found that the β’
hase and the βH 

structure appear only at both ends of the
phase. Further, as can be seen from Fig. 1 , as the aging

ime is extended, the β phase has only a significant change
n length. It is speculated that the growth of the β phase is
elated to the β’ phase. The β’ phase is precipitated from
oth ends of the β phase, and then the β’ phase grows into
 β phase, whereby the length of the β phase increases. 

To further prove that the β phase mainly grows along the
ength direction, the interface structure between the β phase
nd the Mg matrix is studied. According to Fig. 2 (e), along
he length extension direction of the β phase, the β phase is
ordered by the long diagonal (( 11̄ 0)β) of the "parallelogram"
tructure marked by the blue lines in Fig. 3 (a). According to
ig. 3(d), it can be found that only a small part of the mag-
esium atoms in the matrix are coherent with the magnesium
toms in the β phase. Along the length extension direction
f the β phase, the lattice misfit of the β phase and the ma-
rix is large, and the interface energy is high. Meanwhile, the
ucleation and growth of precipitated phases easily occur in
he energy concentration area, which provides the impetus for
’ phase transition. Therefore, it’s easy to precipitate the β’
hase. According to Fig. 2 (d), in the width direction of the β
hase, the cross-section taken by the short diagonal ((001)β)
f the "parallelogram" structure (marked by the blue lines
n Fig. 3 (e)) intersects the substrate. According to Fig. 3 (h),
he matrix magnesium atom is semi-coherent with the mag-
esium atom in the β phase, the lattice misfit is small, the
nterface energy is low, the interface is relatively stable, and
t is difficult to continue growing. 
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F matrix and the EDS result of the phase β; (c) the new β phase precipitates from 

t rectly from the old β phase to form a step; (e) and (g) the β’ phase and the βH 

s d along the surface of cylinder precipitate (4 h). ((a)–(e) and (g) are all observed 
a or interpretation of the references to color in this figure, the reader is referred to 
t

ig. 2. (a) and (b) the β phases are distributed in different directions in the 
he old β phase, and the direction changes; (d) the new β phase extends di
tructure are precipitated at both ends of the β phase; (f) β phase is observe
long the [0001]Mg direction,(f) is observed along the [112̄ 0 ]Mg direction) (F
he web version of this article). 
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Fig. 2. Continued 
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.2. The modeling procedure 

Because it is hard to observe magnesium atoms accurately,
here are 14 possible hypotheses of the β/Mg interface, which
as different staggered positions shown in Fig. 4 . The part
f β interface is cut along ( 11̄ 1 ), while the part of the Mg
ig. 3. (a) The long diagonal line of the "parallelogram" structure marked with b
he magnesium atomic plane of the matrix attached to the atomic plane in (b); (b
parallelogram" structure marked with blue lines is taken to obtain a cross-section
onnected to the atomic plane in (f); (f) and (g) are superposed to obtain (h) (Fo
eferred to the web version of this article). 
atrix is along (112̄ 0). In Fig. 4 (a), the Gd atoms in the
g matrix are in the right part of the hexagonal structure,
hich is marked by a red square, as the β/Mg1 interface.
nd the cluster of Gd atoms across the interface together form

he combined structure of the rhombus and triangle, which is
hown in Fig. 2 (e). Analogously, the Gd atoms in the Mg
lue lines is taken to obtain a cross-section of the atom shown in (b); (c) is 
) and (c) are superimposed to obtain (d); (e) the short diagonal line of the 
 of the atom shown in (f); (g) is the atomic plane of the magnesium matrix 
r interpretation of the references to color in this figure legend, the reader is 
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Fig. 3. Continued 
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atrix are in the left part of the hexagonal structure, which
s also marked by a red square, as the β/Mg2 interface in
ig. 4 (b). However, the Gd atoms from the left view in the
art of the Mg matrix have three atomic layers, which are
arked with positions (A1, B1, C1) in Fig. 4 (c) and (A2,
2 and C2) in Fig. 4 (d). Therefore, the arrays of Gd and
g atoms in the single line have 7 types, 111, 122, 112,

21, 211, 212 and 221 (number 1 instead of the Gd atom,
umber 2 instead of the Mg atom), in each structure. They
orrespond to layer1_1 ∼layer1_7 in the β/Mg1 interface and
ayer2_1 ∼layer2_2 in the β/Mg2 interface. 

. The calculation discussion 

.1. The separate energy 

The symbol, Wsep , is utilized to measure the difficulty of
he interface separation and then evaluate the interface stabil-
ty. Generally, Wsep is the energy generated by separating the
nterface into two parts. Wsep is calculated as [18] : 

sep = Eβ + EMg − Einter f ace 

A 

(1) 

here Eβ , EMg are the total energies of the Mg5 Gd, Mg bulk
n the upper part and the other part of the interface. Einterface 

s the energy of the interfacial structure. A is the interfacial
rea of the contact surface. Wsep is calculated by universal
inding energy relation (UBER) [19] . The most stable struc-
ure has the largest absolute peak value. Thereby, these peaks
ill be compared with the corresponding relaxed structures

o evaluate the possibility of existence. 
Fig. 5 is the separation energies of these three structures.

he separation energy of layer1_1 of the β/Mg1 structure
absolute value: 2.89 J/m2 ) is a bit higher than other layers.
imilarly, layer2_1 (absolute value: 2.74 J/m2 ) is also higher

han others in the β/Mg2 structure. The results show that the
tructure with the single-element atomic line may be more
table than others because different atomic arrangements de-
rease the system order which makes the system structure un-
table. Therefore, Layer1_1 and Layer2_1 are the most stable
tructure in each interface. 

Fig. 6 shows the two interfaces ( β/Mg1 and β/Mg2 ) after
elaxation, which are the most stable ones in every structural
roup. The thickness of this three-layer has changed from
.66 Å to 6.82 Å in the β/Mg1 interface, while shortened from
.48 Å to 7.07 Å in the β/Mg2 interface. And the thickness
f the β/Mg1 interface is more similar to the atomic thickness
n Fig. 2 (e) than the β/Mg1 interface. The results show that
he interface has the trend combined together and the bands
f the interface in the β/Mg1 interface may be stronger than
ther interfaces. 
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Fig. 4. Three possible structures: (a): β/Mg1 structure; (b): β/Mg2 structure; (c): the left view of β/Mg1 structure; (d) the left view of β/Mg2 structure (For 
interpretation of the references to color in this figure, the reader is referred to the web version of this article). 

Fig. 5. The separation energies (Wsep ) of (a) different β/Mg1 structures; (b) different β/Mg2 structures. 
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.2. Interfacial energy 

The interfacial energy is the structural energy of the in-
erface between β and Mg matrix, which can evaluate the
tability of the interfacial structure. The interface energy is
iven by thermodynamic equilibrium [20 , 21] : 

= Eslab − NMg μ
slab 
Mg − NGd μ

slab 
Gd 

2A 

(2) 
here Eslab is the structural energy of the relaxed interface, A
s the area of the cross-section interface, Ni and μi 

slab are the
umber and chemical potential of each atom i in the interface
tructure, respectively (i = Mg or Gd). 

While the chemical potential of bulk structure can be de-
cribed as the total chemical potential of each atom, the chem-
cal potential balances between the bulk and interface are
iven as: 

bulk 
Mg5 Gd = 5 μslab 

Mg + μslab 
Gd (3)
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Fig. 6. The relaxed structures of the interface (a): β/Mg1 , (b): β/Mg2 . 

Table 1 
The different interfacial free energies. 

Interface Eslab /eV NMg NGd A(Å2 ) γ /J • m − 2 

β/Mg1 −536.33 268 39 355.04 442.35 
β/Mg2 −533.82 268 39 354.10 443.77 
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Table 2 
The Mulliken population. 

Interface ion s p d f total charge 

β/Mg1 Mg1 1.07 7.04 0 0 8.11 −0.11 
Gd1 2.48 6.35 1.21 7.77 17.81 0.19 
Mg2 1.02 7.13 0 0 8.15 −0.15 
Gd2 2.33 6.26 1.4 7.77 17.76 0.24 
Mg3 1.08 7.04 0 0 8.12 −0.12 
Gd3 2.48 6.36 1.19 7.76 17.78 0.22 
Mg4 1.02 7.38 0 0 8.4 −0.4 
Gd4 2.36 6.26 1.33 7.77 17.72 0.28 
Mg5 1.02 7.38 0 0 8.4 −0.4 
Gd5 2.35 6.25 1.33 7.77 17.71 0.29 

β/Mg2 Mg6 0.99 6.97 0 0 7.96 0.04 
Gd6 2.45 6.34 1.33 7.75 17.88 0.12 
Mg7 0.99 6.96 0 0 7.95 0.05 
Gd7 2.47 6.38 1.31 7.7 17.86 0.14 
Mg8 1.05 6.86 0 0 7.91 0.09 
Gd8 2.4 6.48 1.5 7.74 18.13 −0.13 
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bulk 
Mgmat rix 

= μslab 
Mg (4)

The final interface energy can be expressed as: 

= Eslab − NGd μ
bulk 
Mg5 Gd −

(
NMg − 5NGd 

)
μbulk 

Mgmat rix 

A 

(5) 

After comparing interfacial energies of different structures
n Table 1 , the β/Mg1 interface has a lower free energy
442.35 J/m−2 ) than the interface β/Mg2 (443.77 J/m−2 ),
hich indicates that the β/Mg1 interface is more stable than

he other one. Therefore, it will probably be the possible
tructure of the layer compared with the β/Mg2 interface.
oreover, the energy of this slab is also lower than the
g5 Gd matrix (-177.09eV), which means there is an en-

rgy gradient in this interface with three atomic layer thick-
esses. Therefore, the formation of the interface will be more
ossible. 

.3. Electronic characterization 

The property of the interface structure always depends on
he bonding strength, which greatly affects the phase stabil-
ty. The bonding strength of these interfacial structures can
e reflected through electronic characterization analysis, such
s the charge density difference, the Mulliken population and
he partial density of states (PDOS). The charge density dif-
erence shows the difference in charge transfer between inter-
aces, which will reveal the possible area of bond existence
nd then analyze the bonding strength. The Mulliken popu-
ation is used to evaluate the charge transfer among atoms.
herefore, the bond strength of the interface will be analyzed
y the difference of charge transfer between atoms and the
hange of bond length. The PDOS will indicate the classifi-
ation of bonds intuitively. The overlap density of bonds will
lso reflect the bonding strength indirectly by bond distribu-
ion analysis. 

Fig. 7 shows the charge density difference of interfacial
tructures. In Fig. 7 (a), the positions of Gd and Mg atoms
re marked in the image of charge density difference, which
eveals that there are lots of charge transfers in the interface
/Mg1 . The atoms in the corresponding positions lost elec-

rons if the color of spots is red (Gd), and get electrons if
lue (Mg). Therefore, some ionic bonds will form between the
toms. However, the light color of atoms in the correspond-
ng positions reveals that the bonds formed in the interface
/Mg2 are different from the interface β/Mg1 in Fig. 7 (b).
g atoms almost have the green color, while Gd atoms have

he color of light red. And the area of red color is smaller
han the interface β/Mg1 . The results reveal that there may
e some metallic bonds formed between Mg and Gd atoms
round the interface. 
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Fig. 7. The charge density difference of interfaces (a): β/Mg1 ; (b): β/Mg2 (For interpretation of the references to color in this figure, the reader is referred to 
the web version of this article). 

Fig. 8. The PDOS of interfacial structures (a): β/Mg1 ; (b): β/Mg2 . 
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Table 2 shows the Mulliken population of these two inter-
aces. The β/Mg1 interface has 5 groups of ion pairs, which
ndicates that Mg atoms will absorb electrons to become neg-
tive ions, while Gd atoms lose electrons to become positive.
herefore, the bonds between every group in the β/Mg1 inter-

ace will probably be ionic bonds. The population between the
econd group (Mg2 and Gd2) is -0.42 and the length changes
rom 2.72 to 2.598, which reveals that the bond may be more
table and the interface has the tendency to approach each
art. However, the interface β/Mg2 just has 3 groups of ion
airs. Different from the interface β/Mg1 , most of the Mg
toms formed bonds in the β/Mg2 interface will also lose
lectrons to become positive ions, while the Gd atoms also
et electrons lost by other atoms. And there is just one group
f ions with positive and negative ions. Therefore, bonds be-
ween bonding atoms will probably metallic bonds with weak
onic bonds. The largest population of them is 0.16 and the
ond length changes from 3.112 to 2.964, which will also
onfirm it as the metallic bond. Moreover, the total charge
ransfer of ionic groups in the interface β/Mg2 (Mg8/Gd8:
.21) is smaller than the interface β/Mg1 (Mg5/Gd5: 0.69)
nd the largest population of bonding atoms in β/Mg2 is also
maller than β/Mg1 , which means that the bond in β/Mg1 is
tronger than that in β/Mg2 . 
c  
The PDOS of the possible interfaces with different atomic
tructures is shown in Fig. 8 . The result indicates hybridiza-
ion styles of different atomic levels. In Fig. 8 (a), the hybrid
rea of Mg and Gd is almost in the range of -7eV ∼ 2eV,
nd these overlapping areas will reveal the formation trend of
onds. The p band of Mg overlaps the p and d bands of Gd
n the range of -2eV ∼ 2eV, which shows strong ionic bonds
ay form in this structure. Moreover, the overlapping peaks

f Mg-s, Mg-p, Gd-p and Gd-d in the range of 1eV ∼ 2eV
rove the metallic bonds formed. Therefore, the bond of the
/Mg1 interface is a combined bond of the strong ionic bond
ith the weak metallic bond. 
For the β/Mg2 interface in Fig. 8 (b), the p band of Mg

lso overlaps the p and d band of Gd in the range of -2.5
V ∼ 2eV, and the overlapping peaks are concentrated in the
ositive part. The results prove that the compound bond of the
trong metallic bond with the weak ionic bond will dominate
he interface. 

. Conclusions 

Based on the analysis from atomic scale and the first prin-
iple study, the process of β phase growth and the hypothesis
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f resultant β/Mg interfaces ( β/Mg1 and β/Mg2 ) have been
tudied. The results indicate that: 

1) The rectangular β phase precipitates along the surface of
the cylinder precipitate. The β in the aged 53h sample
is more elongated than in the aged 4h sample, which
strengthens the alloy. 

2) The β phase can be precipitated from the previously pre-
cipitated β phase, and the direction changes. The angle of
change is approximately 125 °. The β phase grows in steps
when it is precipitated. 

3) At the edge of the β phase, there is a transition structure
having a thickness of about three atomic layers, which
consists of alternating triangles (three Gd atoms) and par-
allelograms (four Gd atoms). And the hypothesis of atomic
structure is probably as the β/Mg1 interface, which is more
stable than other structures for the largest Wsep , lowest in-
terface energy and the combined bonds of the ionic bond
with the weak metallic bond. 

4) β ′ phase and βH 

structure precipitate only at the edge of
the length directions of β phase. The β’ phase continues
to grow into a β phase directly without the β1 phase so
that the length of the β phase increases. 
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