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ABSTRACT

Due to their unique precipitation behavior, magnesium-rare earth (Mg-RE) alloys exhibit excellent
mechanical properties and decent thermal stability. In this work, a Mg-Gd-Y-Ag-Zr alloy was employed to
investigate the segregation and interfacial phase formation at grain boundaries after plastic deformation
and heat treatment. The interfacial phase was unequivocally investigated by aberration-corrected high-
angle annular dark-filed scanning transmission electron microscopy (HAADF-STEM) from three different
crystal directions and modeling, which reveals a hitherto unknown crystal structure (monoclinic:
6=139.1°, a=1.20 nm, b = 1.04 nm and c = 1.59 nm). Its orientation relationship with the Mg matrix is:
[101]//[1120],, [302]//[1010], and (010)//(0001),. Different from the precipitates in matrix, the size of the
interfacial phase was not sensitive to annealing temperature between 250 °C and 400 °C. Transformation
of twin boundaries to coaxial grain boundaries via multiple twinning led to the generation of many high
strain sites along the boundaries, which promoted the formation of the interfacial phase. The interfacial
phase was stable up to 400 °C, which was about 100 °C higher than the dissolution temperature of f’ and
Y" precipitates.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

age-hardening response and creep resistance [6,7].
Mg-Gd system alloys are a representative rare earth magnesium

Mg and its alloys possess unique properties including high
specific strength, good stiffness and excellent biocompatibility,
which make them attractive for aerospace, automotives, electronics
and biomedical applications [1—-3]. Two of the major limiting fac-
tors for the application of Mg alloys are their comparatively low
strength [4] and poor thermal stability [5]. In order to improve the
strength of Mg alloys at both room and elevated temperatures,
magnesium-rare earth (RE) alloys have been developed to improve
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alloys, known for their outstanding mechanical properties. Homma
et al. developed a Mg-Gd-Y-Zn-Zr alloy with an extraordinary high
tensile strength of 542 MPa [8]. Nie et al. also reported that after age
hardening the Mg-6Gd-2Zn-0.6Zr alloy could be made much
stronger than Mg-Al, Mg-Zn and Mg-Mn alloys [9]. The outstanding
mechanical properties of these Mg-RE alloys are mainly attributed
to the formation of the rare earth precipitates, such as the peak
aged B phase, which enhances the mechanical strength by blocking
dislocation slip [10,11]. The thermal stability of the precipitates is
much higher than that of grain boundaries (GBs), which helps with
improving thermal stability [5,12]. Particularly, rare earth pre-
cipitates are stable at high temperatures if the content of the rare
earth elements is sufficiently high [13], which makes them excel-
lent for improving the high-temperature mechanical properties
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[14,15].

In conjunction with rare earth elements, addition of Ag has also
been reported to significantly enhance the mechanical properties of
Mg-RE alloys [16—19]. Zhang et al. produced a Mg-15.6Gd-1.8Ag-
0.4Zr alloy with an outstanding ultimate tensile strength of
~423 MPa in the peak-aged condition [17]. It was also demonstrated
that the Mg-Gd-Y-Ag alloy exhibits much higher yield strength than
the Mg-Gd-Y alloy [18,19]. Recently, additional precipitation
strengthening in Mg-Gd-Ag alloy was achieved by the formation of
a unique basal plane phase, which coexists with ' phase during
aging treatment [20]. Zhu et al. reported that the basal plane phase
in the Mg-6Y-2Ag-1Zn-0.6Zr alloy, named as y", had an ordered
hexagonal structure (P6/mmm, a = 0.556 nm, ¢ = 0.424 nm), which
is different from the long-period stacking ordered (LPSO) phase
[21,22].

Although the strength of Mg alloys at both room and elevated
temperatures can be improved significantly by age hardening, the
ductility is usually sacrificed as a side effect. This is because the
inter-precipitate distance is usually only a few nanometers, e.g. in
those abovementioned Ag-containing Mg-RE alloys [16—22]. The
very small inter-precipitate distances of precipitates significantly
hinder dislocation slip and deformation twinning, thus resulting in
poor plasticity [23,24]. Consequently, replacing GBs and twin
boundaries (TBs) with interfacial phases through controlled
segregation was proposed to strengthen materials [25—27]. In
recent years, interfacial phases have attracted extensive attention
[28,29]. GBs and TBs have certain degrees of crystallographic dis-
registry [30,31], but phase transition as a combined result of
interfacial energy reduction and solute segregation can restructure
periodicity at GBs and/or TBs to form two-dimensional (2D) or
three-dimensional (3D) interfacial phases [32].

The interfacial phase is confined at the interface between matrix
grains, and has different structure and composition from the matrix
[32—34]. For example, Ag segregation in a Mg-alloy led to the for-
mation of a periodic spinal-shaped structure along the {1012}, TBs
and high-angle GBs [35]. It was also reported that interfacial phase
plays an important role in tuning the microstructural characteris-
tics and mechanical property [36—39]. However, there have been
two major challenges in the research field of interfacial phases:
First, it remains a challenge to determine the crystal strcutures of
interfacial phases due to their limited thicknesses, which makes it
difficult to observe them from three different crystal directions
under eletron microscope; Second, local strain variation on an
interface significantly affect the formation of interfacial phases, but
such effect is not yet understood. In addition, while it is known that
the nucleation and growth of precipitates in grain interior are very
sensitive to temperature, the temperature sensitivity of interfacial
phases is still unkown.

In this paper, we try to solve the first challenge by using an Mg-
Gd-Y-Ag-Zr alloy as a model material for a comprehensive study on
the formation mechanism of a novel interfacial phase formed at a
high-angle grain boundary. For the first time, the 3D lattice struc-
ture of an interfacial phase and its orientation relationship with the
matrix is determined using high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and Z contrast
intensity analysis from three independent directions. Detailed
analysis on the structures of grain boundaries and interfacial pha-
ses reveals that the formation of the interfacial phase is signifi-
cantly affected by the atomic mismatch on the interface. In
addition, we found that the thermal stability of the interfacial phase
is much higher than the precipitates in grain interior. We produce
an Mg-Gd-Y-Ag-Zr alloy having the nanoscale interfacial phase but
without precipitated in grain interior, by controlled deformation
and annealing. It is believed that interfacial phases are better for
improving the combination of mechanical property and thermal

stability than high density precipitates within grains [40—42]. This
work points to a new route to process Mg alloys with outstanding
mechanical properties.

2. Experimental methods

The alloy ingots were prepared by melting and mixing high
purity Mg and Ag (99.95%) metals with Mg-30Zr and Mg-25RE (wt.
%) (RE =Y and Gd) precursor alloys in an electric-resistant furnace
under a mixed atmosphere of CO, and SFg with a volume ratio of
49:1. The detailed ingot casting procedure can be found in Ref. [43].
The composition of the alloy was determined as Mg-10.4Gd-1.6Y-
2.0Ag-0.1Zr (wt. %) using an inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analyzer (Perkin-Elmer, Plasma
400). The as-cast ingots were solution treated at 500 °C for 12 h and
quenched to room temperature in hot water. Samples with a
dimension of 30 x 20 x 6 mm° were used as the starting material
for both cold rolling and hot rolling. Cold rolling was conducted at
room temperature, and the sample cracked on the edges at 30%
thickness reduction. On the other hand, samples for hot rolling
were heated at 450 °C for 10 min before each rolling pass, and then
rolled on a conventional hot roller with 0.1 mm thickness reduction
per pass and total rolling reduction of 70%. Post-rolling annealing
was performed at 250 °C, 300 °C, 350 °C, 400 °C and 450 °C. Each
annealing was done for at least 30 min.

Transmission electron microscopy (TEM) specimens were cut
from the rolling sheet and polished to a thickness of ~25 um.
Perforation by ion milling was carried out on a cold stage (—50°C)
with low angle (<3.5°) and low energy ion beam (<3 keV). Atomic-
resolution high-angle annular dark-field (HAADF) observation was
conducted in an aberration-corrected scanning transmission elec-
tron microscope (STEM) (FEI Titan G2) operated at 300kV. 3D
atomic structures were established using the software Crystal-
Maker. The symmetry of the proposed unit cell of the interfacial
phase was analyzed using the simulation software Materials Studio
7.0. HAADF-STEM image simulations of interfacial phase were done
using the software QSTEM. First-principles calculations were per-
formed using the Vienna Ab initio Simulation Package (VASP) with
the Perdew-Burk-Ernzerhof (PBE) generalized gradient approxi-
mation function [44].

3. Experimental results

Shown in Fig. 1 is a typical microstructure of the 70% hot rolled
Mg-Gd-Y-Ag-Zr alloy. Pronounced lamellar structures were
observed in grains. Previous investigations regarded them as
deformation twins, which shall have specific orientation with
respect to their parent grains [45]. In our material, three types of
lamellar structures were identified by using selected area diffrac-
tion as shown in Fig. 1d, e and f. Two typical deformation twins,
{1012}, and {1011}, twin, are found as shown in Fig. 1d and e,
which have angles of ~86° and ~125° between the twin {0001},
plane and the matrix {0001}, plane as viewed from the [1120],
zone axis, respectively. Additionally, there is another kind of
lamellar structure that had a unique orientation relationship with
the neighboring lamellar bands, as shown in Fig. 1f. The misori-
entation at the lamellar structure interface is 142°, which is not
equal to any TB misorientation angle. Therefore, this type of
lamellar structure is defined here as a lamellar band (LB) with a
unique orientation relationship in which the two neighboring LBs
share the same [1120], zone axis, the boundary between LBs is
therefore named coaxial grain boundary (CGB). This kind of coaxial
LBs is suitable for crystal structure analysis, because high-
resolution TEM images at both sides of boundary can be obtained
at the same time.
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Fig. 1. TEM images in the hot rolled Mg-Gd-Y-Ag-Zr alloy: (a) {1012}, twins; (b) {1011}, twins; and (c) LB, and the corresponding selected area diffraction patterns (d), (e) and (f),

respectively.

Due to strong segregation promoted by hot rolling, a very large
number of solute atoms are concentrated at the CGBs to form the
interfacial phase, as shown in Fig. 2a and b. The interfacial phase
shown in Fig. 2a may be similar to the appearances of some con-
ventional precipitates segregated at grain boundaries [46]. In
classical nucleation theory, a newly formed precipitate will grow
once it overcomes the nucleation barrier [47,48]. However, post
annealing at temperatures up to 350 °C only improved the homo-
geneity and crystallinity of the interfacial phase, and the size/width
of the interfacial phase shows no obvious growth (Fig. 2¢, d, e, f, g
and h). On the other hand, a high density of precipitates with sizes
of a few tens of nanometers as marked in Fig. 2c are formed in the
grain interior, after annealing at 250 °C and 300 °C for 30 min. Ac-
cording to the literature, the precipitates in grain interior are the /
phase and y" phase [21,22,49]. Fig. 2g and h are the HAADF-STEM
images of the sample annealed at 350 °C. While the interfacial
phase is still stable, the ' phase and y" phase in the grain interior
have disappeared. This indicates that the interfacial phase has
higher thermal stability than the ' and y" phases. In addition,
annealing at 400 °C and 450 °C was also carried out. The sample
annealed at 400°C exhibits the same morphology to the one
annealed at 350 °C. However, when the annealing temperature was
raised to 450 °C, significant recrystallization occurred, which led to
grain refinement, defects recovery and dissolution of interfacial
phase. Therefore, it is concluded that the interfacial phase is stable
up to at least ~400 °C.

The observed interfacial phase is not viable outside of the CGB
and TB regions, reflecting one of the important characteristics of
complexions [42]. However, this interfacial structure has a 3D
periodicity, which is different from complexions. Fig. 3a is an
HAADF-STEM image showing some interfacial phase (marked with
arrows) in the post annealed sample. The Z-contrast revealed many
precipitates with heavier solute atoms (bright contrast) within the

grain interior. Meanwhile, a large number of heavier solute atoms
are also segregated to the GBs and formed the interfacial phase as
marked by red, blue and green arrows; the marked regions of the
interfacial phase are enlarged in Fig. 3b, c and d, respectively. In
Fig. 3b, the interfacial phase has a unique ordered structure
composing of multiple segments of periodic spinal-shaped struc-
ture. The structure of the interfacial phase looks similar to the
segregated structure on the {1012}, twin boundary [35] which has
a spinal-shaped morphology. Fig. 3¢ and d indicate that the inter-
facial phase may expand to a larger area at a position with signif-
icant atomic distortion such as a triple junction. Fig. 3c
corresponding to the blue arrow marked region in Fig. 3a is a triple
junction where large stress concentration and atomic distortion is
expected. Fig. 3d shows another big ledge, although this area is not
a triple junction, the size of the interfacial phase is still larger than
these commonly observed in Fig. 2. It is suspected that this big
ledge was transformed from a residual primary {1012}, twin. It will
be discussed later that the strong strain field excreted from sur-
rounding boundaries assisted the complete structural transition.

4. Discussion
4.1. Formation mechanism of the interfacial phase along the CGBs

In order to explore the nature of the interfacial phase formed
along CGBs, detailed high-resolution transmission electron micro-
scopy (HRTEM) analysis on the CGBs and surrounding structures
have been conducted. A typical example is shown in Fig. 4a. The
CGB located by an arrow in the image, has a thickness of a few
atomic layers and creates a misorientation angle of 142°. Extensive
HRTEM analysis (including Fig. 2b, d, f and h, Fig. 3b and d) reveals
that along the CGB, there are many ledges of different sizes. Some
big ledges such as the one shown in Fig. 3d are formed at the corner
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Fig. 2. HAADF-STEM images showing interfacial segregation at the CGBs in the hot
rolled and post annealed Mg-Gd-Y-Ag-Zr alloy, obtained at the [1210], zone axis: (a),
(c), (e) and (g) are high-resolution images of the hot rolled, sample annealed at 250 °C,
300°C, 350°C, respectively; (b), (d), (f) and (h) are atomic-resolution images of the
truncated areas in (a), (c), (e) and (g), respectively.

adjacent to the {1012}, and {1011}, TBs, evidenced by the fact that
both corners marked in Figs. 3d and 4a are ~19.5°. The “1st Twin-
ning” region has a {1012}, twin relationship with one side of the
adjacent LB, and has a {1011}, twin relationship with another side
of the adjacent LB. Therefore, it is reasonable to propose that
consecutive twinning in the same area has re-oriented a part of the
grain twice to create the LB structure. As a result, the LB has a
general misorientation of 142° with the matrix (Fig. 1f). Fig. 4b—d
schematically illustrate the formation mechanism of the LB and the
142° CGB. Firstly, assuming that there is a grain that has the [1120],,
zone axis perpendicular to the page, and the basal plane is traced by
ablack line in Fig. 4b. When the grain is subjected to deformation, a

primary {1012}, twin forms. The {1012}, twin is distinguished by
blue atoms as shown in Fig. 4c. Further deformation leads to sec-
ondary {1011}, twinning in the primary twin. Thus, the upper part
of the grain marked by green atoms is re-oriented again by the
secondary twinning. If secondary twinning reaches the primary
twin boundary (TB), the primary TB can be distorted and trans-
formed into a CGB which is marked by colored yellow in Fig. 4d.
Meanwhile, many tiny residual parts of the primary {1012}, twin
are left along the CGB as large ledges (Fig. 3d). The residual “1st
Twinning” part enclosed by the {1012}, and {1011}, TBs could be
large as shown in Fig. 4a, then this region could be recognized as a
new grain of a high aspect ratio (Fig. 4d, the blue region).

Fig. 4a is a HAADF-STEM image, therefore the Z-contrast is
revealed. The bright atoms located along the GBs and TBs indicate
strong segregation at the boundaries. This makes us wonder if the
segregation and structuring are stress driven or thermal driven. In
order to clarify this issue, the cold rolled samples to 30% thickness
reduction are studied under HAADF-STEM observation. As shown
in Fig. 5a, similar to conventional GBs, the 142° CGB in the cold
rolled Mg-Gd-Y-Ag-Zr alloy are structurally incoherent, and the
CGB contains much less solute atoms evidenced by less bright
atoms than in Fig. 4a. Meshing is created in Fig. 5b (by connecting
the atomic positions shown in Fig. 5a.) to reveal the degree of
atomic distortions. This method is the Peak Pairs algorithm for
strain mapping from HRTEM images carried out in Ref. [50]. Obvi-
ously, atomic mismatch is mainly along the CGB. In addition, sig-
nificant atomic distortion is found in the truncated area in Fig. 5b
and magnified in the insert. A {1012}, TB is shown in Fig. 5c. Along
the TB, there is no obvious lattice reconstruction nor solute atoms
concentration, in comparison to Fig. 4a. Again atomic mismatch is
mainly along the TB as shown in Fig. 5d. Therefore, it can be
concluded here that the segregation and subsequent structuring of
the interfacial phase found in the hot rolled samples (Figs. 2, 3 and
4) is strongly promoted by thermal energy input. Clearly, the for-
mation of the interfacial phase along CGBs is energetically favor-
able. It lowers both the lattice strain and interfacial energy by
having less vacancies and broken bonds than conventional GBs.

4.2. Composition and lattice structure of the interfacial phase

Based on the HAADF-STEM images from Figs. 3 and 4, sche-
matics of the 2D lattice structures of the interfacial phase at the
primary {1012}, TBs and the CGBs are made in Fig. 6. The interfacial
phase formed along a primary {1012}, TB still possesses the twin
relationship, but some of the atoms are replaced by heavier ones as
shown in Fig. 4a. As schematically illustrated in Fig. 6a, the inter-
facial phase has a 2D symmetry with respect to the TB marked by
the yellow arrow pair. Red spheres represent heavy atoms and blue
spheres represent light atoms. For the interfacial phase formed
along the 142° CGB (Figs. 3d and 6b), it shares some common
feature with the TB phase that it has one half of the twin adjacent to
the matrix side. On the other side, the atoms are rearranged into a
new honeycomb structure as outlined by heavy atoms as shown in
Fig. 6b.

The novel interfacial phase manifested at the interface and triple
junction, as shown in Figs. 2, 3 and 4, is a result of phase transition
process involving multilayer segregation and restructuring [42]. In
order to achieve in-depth understanding of the specific interfacial
phase structure, it is necessary to know the elements of the inter-
facial segregation. Fig. 7 shows the energy-dispersive X-ray spec-
troscopy (EDS) analysis of segregated elements of the Mg-Gd-Y-Ag-
Zr alloy. Line scanning of EDS shows that the solute element en-
richments of at the boundaries are mainly Gd and Ag, while the
other two elements Y and Zr are hardly involved in interfacial
segregation. Therefore, the high brightness of atomic columns in
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Fig. 3. HAADF-STEM images showing the interfacial phase in the Mg-Gd-Y-Ag-Zr alloy post annealed at 250 °C (obtained at the [1210], zone axis): (a) a high resolution image; (b),
(c) and (d) are magnified views of the areas marked by red, blue and green arrows in (a), respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

the interfacial phase can be considered as Gd or Ag enriched col-
umns. Shown in Fig. 7a, there are many parallel lines inside of the
lamellar grain, which are probably dislocations or stacking faults
segregated with solute atoms (linear complexions [33]). High res-
olution EDS mappings were carried out to analyze interfacial
segregation (a very low voltage of 60keV was used for noise
reduction and radiation minimization) [51,52]. A typical result of
the EDS analysis is illustrated in Fig. 8, which indicates that Y and Zr
may be absent in the interfacial phase.

While segregation of Gd and Ag to TBs and GBs can be confirmed
with EDS analysis (Figs. 7 and 8) and a corresponding literature
[28], the tendency for segregation of Y and Zr to boundaries shall be
checked by the aid of first-principles calculations. Thus, first-
principles calculations were performed to estimate the segrega-
tion energy of Ag, Y, and Zr to {1012},, TBs in the Mg matrix. The
segregation energy is the difference in energy of a solute atom
between occupying a boundary site and occupying a grain interior
site. A supercell with 160 atoms (the model of supercell is provided
in the supplemental Figure S1) was used in the calculation. The
segregation energy at a {1012}, twin AEgg was calculated with the
formula:

AEseg = {[Ewin(Mg158X2) — Ewin(M8160)] — [Epuik(Mg158X2)
— Epui(Mg160)1}
(1)

Where E,;,(Mgq538X>) is the total energy of a supercell containing
two segregated TBs. We used X to substitute one Mg atom in every
TB (X =Ag, Y and Zr). Ey,in(Mg160) is the total energy of a pure Mg
supercell containing two non-segregated TBs. Ep,;,(Mg158X>) is the
total energy of a super-cell of Mg matrix, in which two segregated
Mg atoms are also substituted by X. Ep,,;x(Mg160) is the total energy
of a pure Mg matrix supercell without any segregation.

As listed in Table 1, the Ag atom has a negative energy value,
which indicates that Ag atoms are likely to segregate to {1012}, TBs,
complying with the EDS results (Figs. 7b and 8c). In contrast, the
segregation energies of Y and Zr are positive, indicating that they
are energetically unfavorable for segregation to TBs. Therefore, the
tendency for segregation of Y and Zr to TBs are negligible. In current
work, segregation have been found in both TBs and CGBs, it is
widely accepted that TBs possess much lower energy than other
types of GBs [53]. Therefore, the tendency for segregation to TBs
shall be the same for other types of GBs including CGBs. Thus, this
result complies with the experimental EDS result that Y and Zr are
hardly found at TBs and CGBs. Therefore, only Gd, Ag and Mg will be
considered with confidence in analyzing atomic occupancy in the
interfacial phase structure.

Fig. 9a, ¢ and e are the atomic-scale HAADF-STEM images of
interfacial phase viewed at the [1120],, [0001], and [1010], zone
axes, respectively. The brightness of the spots (corresponding to
columns of atoms) relates to the existence of atoms that are heavier
than Mg within the columns of atoms, i.e. heavier atoms appear
brighter. According to the EDS results in Figs. 7 and 8, the interfacial
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{1011} twinning

Initial grain

{1012} twinning

{1011} twinning

Fig. 4. Images of 142° CGB: (a) A HAADF-STEM image showing the correlation between the {1011}, twin, {1012}, twin and the 142° CGB (taken at the [1210], zone axis); (b), (c) and

(d) schematically elucidate the formation process of the 142° CGB.

phase is composed of three elements, Gd, Ag and Mg. Careful
analysis of the periodic intensities of the atomic columns from the
HAADF-STEM images obtained at three different zone axes in-
dicates that the atomic arrangements are periodic. As shown in
Fig. 9, the periodicity of the atomic arrangement is short (one or
two spots only) in all three directions and the variation of atomic
brightness along each of the [1120],, [0001], and [1010], directions
is binary. Therefore, it is inferred that each column contains no
more than two types of alloying elements, in a near 1:1 ratio. It is
known that Gd (64)>Ag(47) in terms of atomic number, and both of
them are larger than Mg(12). Gd has the highest atomic number
among all possible elements in the alloy, thus the brightest col-
umns should contain Gd atoms. The column contains only a-Mg
matrix atoms should show the lowest Z-contrast. Magnified images
and corresponding Z-contrast integrations of atomic columns are
shown in Fig. 9b, d and f. The intensities of segregated atomic
columns are compared to the benchmark brightness of a-Mg col-
umn which are marked by green arrows. In three different zone
axes, atomic columns with four different levels of intensity that are
brighter than the a-Mg column are observed. Four different in-
tensity peaks are marked by red, purple, yellow and blue arrows.
According to equation (2) [54], the intensity of atomic columns in a

HAADF image is approximately proportional to the square of the
atomic number Z.

e472dQ
16(4meoEo)?sin® §

(2)

0 =

where ¢ is scattering cross section, f is scattering semi-angle, Q is
solid angle, e is electron charge, Z is atomic number, ¢ is the
dielectric constant and Ej is energy of the electrons.

Table 2 lists five possible candidates of composition that may
lead to the periodic undulation of brightness in HAADF-STEM im-
ages. It is initially proposed that the possible atomic columns are Gd
rich column, Gd&Ag rich column, Gd&Mg rich column, Ag rich
column, Ag&Mg rich columns and ¢-Mg rich column, and their
brightness are in a descending order. The intensity values calcu-
lated by equation (2) indicate that the brightness of Gd&Mg rich
column is very close to, but slightly higher than, the Ag rich column.
The brightness of the two columns will be further discussed in
conjunction with the experimental results later.

There are totally six column-compositions to match five
intensity-levels. It is reasonable to deduce that the brightest atomic
column I marked in Fig. 9d and f should be Gd rich column or
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a meshed image of a 142° CGB; (c) a HAADF-

)
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Ag-Zr alloy: (a) a HAADF-STEM image and

Gd-Y-

TB in a cold rolled Mg

CGB and a {1012},
TB

STEM image and (d) a meshed image of a {1012},

Fig. 5. Typical atomic structures of a 142°

the primary {1012}, TB and (b) the 142° CGB.

)

a

(

Fig. 6. Schematic illustrations of the 2D atomic arrangement of the interfacial phases along

clearly that the red dotted line goes through spots with second

lowest Z

, there will not be enough choices of

Gd&Ag rich column; otherwise

blue arrows). The second lowest Z-contrast shall

contrast (

Col-
which corre-

levels. Meanwhile,

compositions to match the five intensity-
umn I in Fig. 9d is parallel to the [0001],

correspond to an Ag rich column or Ag&Mg rich column. Thus, the
Column I parallel to the [0001],, direction shall at least contain Ag or

direction

sponds to the direction along the red dotted line in Fig. 9b. It is
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Fig. 7. EDS analysis of the interfacial segregation in the annealed Mg-Gd-Y-Ag-Zr alloy: (a) a HAADF-STEM image of a band structure enclosed by two 142° CGBs; (b) Line scanning

EDS.

: (b)

Fig. 8. EDS chemical mapping of the interfacial phase in the Mg-Gd-Y-Ag-Zr alloy: (a) the HAADF-STEM image and the corresponding (b) Gd-Ka; (c) Ag-Ka.; (d) Y-Ka.; (e) Zr-Ka; and

(f) Mg-Ka distributions.

Table 1

Estimated segregation energies of Ag, Y and Zr atoms at {1012}, twin boundaries.
Mg155Ag, MgissY> Mg158Zr,
—0.489eV 0.146 eV 0.2445 eV

Mg. Since only Gd rich column or Gd&Ag rich column are possible,
it can be deduced that Column I is the Gd&Ag rich column. Because
the brightness from the Column I to the Column V is in a
descending order, Candidate 5 in Table 2 shall be the correct choice
of compositions. For candidate 5 in Table 2, Column II (purple) is
determined as Gd&Mg rich column, and Column III (yellow) is the

Ag rich column. As mentioned earlier, the brightness of Gd&Mg rich
column is very close to the Ag rich column. In order to prevent
observation errors, attention has been paid very carefully to Fig. 9b
and d. Column Il marked by a pink circle in Fig. 9b is parallel to the
[1120],, direction which corresponds to the direction along the blue
dotted line in Fig. 9d. Column II can not be the Ag rich column,
because the blue dotted line in Fig. 9d goes through an a-Mg rich
column marked by a green circle. Therefore, the choice of Candidate
5 is justified by both calculation and experiment.

The elemental compositions in the atomic columns with
different Z-contrast have been analyzed for [1120],, [0001], and
[1010],, zone axes. 3D atomic model and corresponding projections
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Fig. 9. Atomic resolution STEM images of the interfacial phase in the annealed Mg-Gd-Y-Ag-Zr alloy: (a) An HAADF-STEM image taken at the [1120],, zone axis and (b) integration of
the STEM intensity of the atomic columns; (c) an HAADF-STEM image taken at the [0001] ,, zone axis and (d) integration of the STEM intensity of the atomic columns; and (e) an
HAADF-STEM image taken at the [1010], zone axis and (f) integration of the STEM intensity of the atomic columns.
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Table 2
Possible compositions of the bright atomic columns deduced from HAADF-STEM images taken at [1120],, [0001],, and [1010], zone axes.

Intensity Candidate 1 Candidate 2 Candidate 3 Candidate 4 Candidate 5

[ (red) Gd Gd Gd Gd Gd&Ag

Il (purple) Gd&Ag Gd&Ag Gd&Ag Gd&Mg Gd&Mg

1II (yellow) Gd&Mg Gd&Mg Ag Ag Ag

IV (blue) Ag Ag&Mg Ag&Mg Ag&Mg Ag&Mg

V (green) o-Mg a-Mg a-Mg a-Mg a-Mg

in the three directions are established and shown in Fig. 10. Based
on the crystal model in Fig. 10a, the HAADF-STEM simulation is
performed (as inserted in Fig. 9a, c and e). The simulation shows a
good agreement with the HAADF-STEM results in the [1120],,
[0001], and [1010], zone axes. The stacking order of atoms in some
columns with the same Z-contrast is different, such as Column II
and VI as shown in Figs. 9b and 10a. Thus, the symmetry of the unit
cell of the interfacial phase is more complex than that shown in the
HAADF-STEM images. Simulation software (Materials Studio 7) is
employed to help resolve the symmetry and determine the space
group. The space group of the 3D atomic model is determined to be
C2/m. Fig. 10b—d shows the 2D models of interfacial phase in
[1120],, [0001], and [1010], zone axes, respectively. The atomic
columns with the same composition but different atomic stacking
orders are distinguished in Fig. 10b—d. Firstly, it is easy to find out
the mirror symmetries in the projections of [1120],, and [1010],,
zone axes (the symmetry planes are drawn in the figures) in Fig. 10b
and d. However, there is no mirror symmetry in the projection of
[0001],, direction, in which only a twofold rotation axis is marked in
Fig. 10c. It is known that both the (1120), and (1010), planes are
perpendicular to (0001),, plane. Based on the rules for the unit cell
determination [55], the most possible unit cell of the interfacial
phase should be a monoclinic structure. It is also verified by the

Materials Studio 7 software.

From the above information, the 3D unit cell of the interfacial
phase formed along CGBs is established and shown in Fig. 11a. The
red, green and yellow spheres represent the Gd, Mg and Ag atoms,
respectively, which are distributed in C2/m space group. Thus, the
interfacial phase is proposed as a monoclinic structure with
6=139.1°, and its lattice parameters are a = 1.20 nm, b = 1.04 nm
and c¢=159nm. The stoichiometry of interfacial phase is
Mg4GdAgs. As shown in Fig. 11b, its orientation relationship with
the Mg matrix is: [101]//[1120], [302]// [1010],, and (010)//
(0001),.

Based on above results and analysis, it is concluded that Ag
played an important role in the segregation and restructuring of the
interfacial phase along the CGBs. The possible reasons are
explained below. Firstly, the solubility of Ag in Mg decreases rapidly
with decreasing temperature. In addition, the solubility of Ag in Mg
is lower than 0.2% at 250 °C. Therefore, there is a large driving force
for Ag to segregate to the interfaces. Secondly, the atomic radius of
Ag is 0.144 nm, which is smaller than Mg (0.160 nm) and Gd
(0.180 nm). It is easy for Ag to diffuse into interface and help with
interfacial phase transition. Thirdly, if a small Ag atom and a large
Gd atom pair up, their average radius is very close to that of the Mg
matrix. Meanwhile, if an ordered structure is formed with
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Fig.10. Symmetry analysis of the proposed lattice of the interfacial phase: (a) a 3D atomic model of the interfacial phase, (b)—(d) 2D projections of the interfacial phase in [1120],,
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Fig. 11. The proposed crystal structure of the interfacial phase in Mg-Gd-Y-Ag-Zr alloy: (a) the proposed unit cell in which the red, green and yellow spheres represent the Gd, Mg
and Ag atoms, respectively; (b) a schematic showing the orientation relationship between interfacial phase and the Mg matrix. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

coordination of the Ag atoms and Gd atoms, the overall strain en-
ergy for the alloy system can be reduced. This may be the primary
reason for the formation of the ordered interfacial phase observed
along the CGBs. Fourthly, GB have high densities of defects that
kinetically assist with the diffusion of alloy elements.

The comparatively low energy-state of the interfacial phase
combined with the solute drag effect is beneficial for improving the
thermal stability of the interfaces/CGBs at elevated temperatures
up to 400 °C as shown in Fig. 2 [56,57]. The interfacial phase can
effectively delay the dynamic recovery process and increase
dislocation storage capacity by exerting strong pinning effect to the
boundaries [56,58] and dislocations [33]. This is beneficial for
sustaining high temperature strength of the material. However, the
mechanical properties of the material are determined by three
major microstructural features [30,59,60]: (1) boundaries including
GBs and TBs, (2) precipitates and (3) solid solution. As shown in
Fig. 2, the density of precipitates, the concentration of solute atoms
in the matrix and the segregation at the boundaries are changing
with temperature. It is difficult to deduce experimentally the sole
effect of interfacial phase on mechanical properties. Thus, a
comprehensive research with series of carefully designed experi-
ments are required to explore the total benefit of the interfacial
phase for mechanical properties of Mg-RE alloys.

5. Conclusions

A thermally stable interfacial phase formed uniformly along all
142° CGBs was found in a Mg-Gd-Y-Ag-Zr alloy. The formation
mechanisms of the CGB formation and the subsequent interfacial
phase were clarified. The crystal structure of the novel interfacial
phase was unequivocally determined by HAADF-STEM and crystal
modeling. The key findings are summarized as follows:

(1) The size of the interfacial phase is strictly confined by the size
of the strain field along a CGB. The interfacial phase is formed
to relieve shear stress and is more stable (up to 400 °C) than
precipitates in grain interior

(2) Ag plays a critical role in the formation of the interfacial
phase. Ag segregation to TBs leads to a unique structure with
a spinal-shaped segment character. Ag segregation to the
142° CGB leads to an interfacial phase that expands from the
spinal-shaped phase (primary {1012},, TB). Pronounced Ag
segregation is due to the small atomic radius of Ag. When the

structure is ordered in coordination with large Gd atoms and
small Ag atoms, the lattice strain and the number of va-
cancies can be reduced, leads to a lowered interfacial energy.
The low energy nature of the CGB with the interfacial phase
leads to higher stability.

(3) The interfacial phase formed along CGBs has a monoclinic
(8 =139.1°) structure with a stoichiometry of Mg4GdAgs. Its
lattice parameters are a=120nm, b=104nm, and
c=159nm, and its space group is C2/m. Its orientation
relationship with the Mg matrix is: [101]//[1120],, [302]//
[1010], and (010)// (0001)y,.
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