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• A new precipitation sequence, SSSS →
clusters/G.P. Zones → β′ (Mg7Y) → β′′/
βt′′ (Mg3Y), is observed in Mg-Y based
alloys.

• The βt′′ phase, which has a Mg3Y com-
position and a cbco structure, is in-situ
transformed from the β′ phase.

• The βt′′ phase is stable after long-time
exposure at elevated temperature.
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Mg-Y based alloys exhibit a promising combination of strength and deformability through tuning precipitation
and solute strengtheningmechanisms and tailoring the activity of non-basal dislocations. Understanding the pre-
cipitation sequence ofMg-Y based alloys and its dependence on Yttrium concentration in thematrix will provide
a guideline for fine tuning structure, morphology and distribution of precipitates in Mg-Y based alloys. In this
paper, we explore the precipitation behaviors of Mg-11Y (wt%) and Mg-11Y-1Al (wt%) alloys using
aberration-corrected scanning transmission electron microscopy, and rationalize the experimental observations
based on first-principles density functional theory calculations. The precipitation sequence during ageing at
225 °C is identified to be SSSS → clusters/G.P. Zones →β′ (Mg7Y) → β′′/βt′′ (Mg3Y). A novel βt′′ phase forms
through in-situ transformation from the β′ phase, which shares the same Mg3Y composition with D019-β′′
phase and exhibits the same cbco-structure as β′ phase in Mg-Y based alloys.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Precipitation strengthening mechanisms are widely applied for de-
velopment of high strength Magnesium (Mg) alloys [1]. Alloying with
other elements, such as zinc, aluminum or/and rare earth (RE) ele-
ments, has been demonstrated to significantly manipulate mechanical
properties of Mg alloys [1–4]. Particularly, RE addition can tailor defor-
mation modes [5] and tune precipitates with different phases [3,6,7].
As the lightest and cheapest heavy RE elements, Yttrium (Y) can
@sjtu.edu.cn (X. Zeng).

td. This is an open access article und
strengthen Mg alloys via precipitation hardening [8] and improve
deformability of Mg alloys via enhancing activity of non-basal disloca-
tions [9]. To date,Mg-Y based alloys containing long-period stacking or-
dered (LPSO) phase have drawn considerable attentions because they
can exhibit the highest yield strength (>600 MPa) among other Mg al-
loys [10]. Via high-resolution transmission electron microscopy
(HRTEM), such a unique LPSO phase has been confirmed to exhibit dif-
ferent polytypes, such as 14H [11] and 18R [11], which refer to different
stacking sequences along the (0002) basal plane.

Mechanical properties of Mg-Y based alloys are highly correlated to
distribution,morphology and phase structure of precipitates [1]. Under-
standing precipitation behavior and phase equilibria of Mg-Y based
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Chemical compositions of the studied Mg-Y and Mg-Y-Al alloys.

Alloys (wt%) Y Al Mg

Mg-11Y 11.21 0 Bal.
Mg-11Y-1Al 10.83 1.09 Bal.
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alloys at given temperatures will enable optimizing thermal treatment
processing. For Mg-Y based alloys, the β′ phase (Mg7Y) with a c-axis
base-centered orthorhombic structure (cbco, a= 0.64 nm, b= 2.24 nm,
c = 0.52 nm) is commonly accepted as a key strengthening phase be-
cause it forms on prismatic planes during ageing at lower temperatures
(≤250 °C) [1]. By usinghigh-angle annular dark-field scanning transmis-
sion electronmicroscopy (HAADF-STEM), Nishijima et al. [12] identified
that the Y atomswere ordered at certain zigzag sites with three distinct
variants. Unlike the β′ phase, the β phase (Mg24Y5, bcc, a = 1.13 nm)
was only observed during ageing at T ≥ 300 °C [13–15]. The precipitation
sequence of Mg-Y binary alloys was proposed to be SSSS→ β′→ β [16],
where SSSS is the abbreviation of “supersaturated solid solution”. How-
ever, no direct evidence supports the β′→ β transformation under iso-
thermal ageing [14]. In addition, first-principles density functional
theory (DFT) calculations indicate that the β′ and β phases are energet-
ically competitive [16].

Apart from the β′ and β phases, G.P. zones with short-range order-
ing of RE atoms in the form of zig-zag lines have been observed during
the early-stage decomposition of SSSS in several binary Mg-RE alloys
[17–20], but rarely characterized in Mg-Y alloys [21]. Although the
β′′ phase (Mg3RE) with a D019 structure (a = 0.64 nm, c = 0.52 nm)
has been reported in some binary Mg-RE alloys [22,23], it is clearly
observed with only 2–3 unit cells in size in a ternary Mg-Gd-Y alloy
[24]. Since the β′′ phase was not characterized in many binary Mg-
RE alloys, Nie et al. [21] suggested that the β′′ phase could be an un-
stable phase. Hence, the open questions are whether the G.P. zones
and β′′ phase form in Mg-Y alloys and how they are involved in pre-
cipitation process.

Precipitation is the product of “excess” alloying. Via controlling Y
concentration within the matrix of Mg-Y based alloys, the density
and uniformity of dispersing precipitates can be adjusted during iso-
thermal ageing. To explore precipitation behavior of Mg-Y based alloys,
we characterized precipitates in nominal Mg-11Y and Mg-11Y-1Al (wt
%) alloys using atomic-resolution HAADF-STEM, and rationalized our
findings based on DFT calculations. The Mg-Y-Al system is chosen for
this study because the addition of Al can refine the grain size dramati-
cally and introduce the 18R-LPSO phase with the excellent thermal sta-
bility [10,25–27], which can tune the distribution of precipitates and
inhibit the coarsening of precipitates during long-time exposure. In ad-
dition, the influence of LPSO phase on precipitation behavior in Mg-Y
based alloy is still unclear. Our work reveals an undiscovered precipita-
tion behavior that a novel βt′′ phase is identified to exhibit an in-situ
transformation from β′ phase. The precipitation sequence of Mg-Y
based alloys is thus identified as SSSS → clusters/G.P. Zones → β′
(Mg7Y) → β′′/βt′′ (Mg3Y). Our finding provides a guideline for fine
tuning structure, morphology and distribution of precipitates in Mg-Y
based alloys.

2. Methods

2.1. Specimen preparation

Mg-11Y (wt%) melts were firstly prepared in a BN-coated steel cru-
cible at 750 °C in a protective atmosphere of mixed CO2 and SF6 in dry
air by melting pure Mg ingot (99.5 wt%) and Mg-25Y (wt%) master
alloy. Then, 1.0 wt% pure Al ingot (99.9 wt%) was added into one of
the melts and isothermally held for 30 min before casting into a steel
model preheated at 200 °C. Thus, two alloys were made, with nominal
compositions of Mg-11Y and Mg-11Y-1Al, respectively. Chemical com-
positions of these two alloys measured by Inductive Coupled Plasma
Emission Spectrometer are listed in Table 1. In order to obtained
microstructurewith different LPSO amount and distribution, the casting
Mg-11Y-1Al alloy was homogenized at 550 °C for 16 h and 520 °C for
8 h, respectively, whereas the Mg-11Y alloy was homogenized at
525 °C for 16 h which the primary phases could be dissolved into the
matrix as much as possible followed by water quenching at ambient
2

temperature. Then, all the homogenized alloys were aged at 225 °C for
different time intervals ranging from 1 min to 100 days. Vickers hard-
ness tests were carried out with a 5 kg load holding for 15 s. For each
sample, the hardness was measured at eight different positions and an
average valuewas calculatedwith an error-bar.Metallographic samples
were cut from the ingots and examined by optical microscope (OM)
using a Zeiss Axioscope 5 machine. Energy dispersive X-ray Spectros-
copy (EDS) analyses were conducted in a Phenom ProX scanning elec-
tron microscope (SEM). The volume fractions of LPSO phase in
different Mg-Y-Al alloys were statistically estimated from several OM
images.

2.2. Transmission electron microscopy

TEM specimens were cut into foils with a height of ~0.8 mm and
thinned to a thickness of ~150 μm. Discs with 3 mm in diameter
were punched from the foils and further thinned to ~70 μm, followed
by twin-jet electro-polished in an ethanol solution with 4 pct
perchloric acid. Afterwards, the specimens were perforated in a
Gatan 695 ion-milling system with 1 KeV for 30 mins. HAADF-STEM
images were obtained using a JEOL-ARM200 microscope operating at
200 kV. All the HAADF-STEM images were processed by masking dif-
fraction spots in the fast Fourier transform and then back-transformed
using Gatan Digital Microscopy. Since the brightness of individual
atomic columns in HAADF-STEM images is proportional to the square
of the averaged atomic number, each bright spot represents a Y-rich
column herein.

Simulated HAADF-STEM images were obtained by JEMS software
based on the conventional multi-slice method [24], of which the
conditions are listed as follows: high voltage=200 kV, Cs=0mm, con-

vergence angle = 12.5 mrad, probe sampling= 0.05 A
:

/px, probe semi-
angle = 12.5 mrad, inner aperture = 90 mrad and outer aperture =
170 mrad.

2.3. DFT simulation

All DFT calculations are performed using the Vienna Ab initio Simu-
lation Package (VASP) [28–30].Weused the projector augmentedwave
(PAW) formalism [31–33]. For all calculations, the G-centered k-point
meshes with about 5000 k-points per reciprocal atom and a plane-
wave cutoff energy of 360 eV were adopted. The energy tolerance for
the electronic relaxations was set to be 10−6 eV per atom, and the
Hellmann-Feynman force tolerance for the ion relaxations was set to
be 0.01 eV/Å.

The convex hull of formation energy was calculated using the Alloy
Theoretic Automated Toolkit (ATAT) [34–36], where the formation en-
ergy of a binary compound AmBn, ΔHf (AmBn), is given by the difference
between the energy of AmBn and the composition-weighted average en-
ergies of the pure constituents in their ground state crystal structures:

ΔHf AmBnClð Þ ¼ E AmBnClð Þ− m
mþ nþ l

E Að Þ− n
mþ nþ l

E Bð Þ− l
mþ nþ l

E Cð Þ
ð1Þ

where E(AmBnCl), E(A), E(B) and E(C) are the DFT-calculated total energies
of the compound AmBnCl, constituents pure A, B and C in their equilibrium
crystal structures, respectively. In this paper, A, B and C represent Mg, Y
and Al, respectively.



Fig. 1. Optical micrographs of (a) Mg-11Y alloy after 525 °C-16 h homogenization; (b) Mg-11Y-1Al alloy after 520 °C-8 h homogenization; (c) Mg-11Y-1Al alloy after 550 °C-16 h
homogenization.

Fig. 2. EDS results of Y concentrationswithin thematrix of (a) 525 °C-homogenizedMg-11Y alloy; (b) 520 °C-homogenizedMg-11Y-1Al alloy; (c) 550 °C-homogenizedMg-11Y-1Al alloy,
respectively.
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3. Results

3.1. Precipitates in Mg-Y based alloys

Themetallographic results of theMg-Y alloy andMg-Y-Al alloy after
homogenized treatment are shown in Figs. 1a, b and c. After
Fig. 3. HAADF-STEM image (a) of fine 18R-LPSO lamellas in the matrix of the 520 °C-homogen
pattern shown in (b) and (c) shows the stacking sequence of 18R polytype.

3

homogenization at 525 °C for 16 h, the average grain size of ~200 μm
is obtained and no obviously precipitate exist in Mg-11Y alloy after so-
lution treatment, as shown in Fig. 1a. In contrast, the homogenized Mg-
11Y-1Al alloys in Fig. 1b (520 °C for 8 h) and Fig. 1c (550 °C for 16 h),
though share a smaller average grain size of ~40 μm, cannot completely
dissolve the LPSO and Al2Y phases into the matrix. In addition, the
ized Mg-11Y-1Al alloy, with the corresponding selected area electron diffraction (SAED)



Fig. 4. Ageing curves of the Mg-11Y and Mg-11Y-1Al alloys.
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volume fractions of LPSO phase in the 520 °C-homogenized and 550 °C-
homogenized Mg-11Y-1Al alloys are 17% and 6.5%, respectively.

The alloying elements within of thematrix were determined by EDS
analyses and the results are shown in Fig. 2, where the average Y
concentrations within the matrix were obtained based on each four in-
dividual tests, respectively. Compared with the Y concentration in bi-
nary Mg-11Y alloy (9.31 wt%), the Y concentration in the matrix is
decreased in ternary Mg-11Y-Al alloy, but a higher Y concentration is
obtained within the matrix of the 550 °C-homogenized Mg-11Y-1Al
alloy (7.54 wt%) than that of the 520 °C-homogenized Mg-11Y-1Al
alloy (5.82 wt%), which can be manipulated via controlling the volume
Fig. 5. HAADF-STEM images showing the precipitate features of (a-b) 525 °C homogenized Mg

(a) and (c) are viewed along 1120
h i

α, whilst (b) and (d) are viewed along [0001]α. The select
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fractions of LPSO phase during heat treatment. The LPSO phase in the
Mg-11Y-1Al was identified to exhibit an 18R polytype, with a stacking
sequence of ABCACACABCBCBCABAB shown in Fig. 3.

Emphasis of this study was laid on the precipitation behavior of the
Mg-Y based alloys during the ageing process. The ageing curves were
determined by measuring the HV after different ageing times. Fig. 4
presents the ageing curves of the Mg-11Y alloy at 225 °C after 525 °C-
homogenization, and Mg-11Y-1Al alloys at 225 °C after 520 °C-homog-
enization and 550 °C-homogenization, respectively. The HV of Mg-11Y
is higher than that of the Mg-11Y-1Al alloys after 1 h ageing, indicating
that the precipitation hardening is more pronounced in the Mg-11Y
alloy. Since the precipitation hardening of the 520 °C-homogenized
Mg-11Y-1Al alloy is insignificant, it is necessary to adjust the homogeni-
zation parameters to see whether a notable hardening effect can be
achieved during ageing. It is obvious that the 550 °C-homogenized
Mg-11Y-1Al alloy performs a much better precipitation hardening
than that of the 520 °C-homogenized Mg-11Y-1Al alloy.

To uncover the cause of different age hardening behaviors of the al-
loys, the precipitates at different ageing stages were carefully examined
by TEM. Figs. 5a and b show the coarse precipitates in the aged Mg-11Y
alloy after long-time exposure at 225 °C for 2400 h.With 1wt. pct Al ad-
dition, uniform 18R-LPSO lamellas were introduced in the casting Mg-
11Y-1Al alloy after homogenized at 520 °C for 8 h in Fig. 5c, which
could provide strong inhibitors for precipitate coarsening during long-
time ageing.

Although the formation of these LPSO lamellas significantly lower
the Y concentration within the matrix, reducing the density of precipi-
tates (Figs. 5c and d) and weakening the age-hardening effect (Fig. 4),
they can strongly inhibit the precipitate coarsening along [0001]
direction (Fig. 5c) and enable a much finer distribution of precipitates
in the Mg-11Y-1Al alloy (Fig. 5d) after ageing 225 °C for 2400 h.
-11Y and (c-d) 520 °C homogenized Mg-11Y-1Al alloys after ageing at 225 °C for 2400 h.

ed areas “1” and “2” are enlarged in Fig. 9d and e, respectively.



Fig. 6. HAADF-STEM images showing the distribution of precipitates in the Mg-11Y alloys aged at 225 °C for (a) 30 min, (b) 24 h and (c) 480 h, with the corresponding SAED patterns
shown in (d-f), respectively. The incident beam is parallel to the [0001]α zone axis.

Q. Zhu, Y. Li, Z. Ding et al. Materials and Design 202 (2021) 109570
When the casting Mg-11Y-1Al alloy was homogenized at 550 °C for
16 h, we obtained a lower volume fraction of LPSO phase and a higher
Y concentration within thematrix, leading to a higher Vickers hardness
in theMg-11Y-1Al alloy after long-time exposure at 225 °C. Therefore, it
is feasible to control themechanical properties viamanipulating the dis-
tribution of LPSO phases and Y concentrationwithin thematrix inMg-Y
based alloys.More importantly, somenewprecipitation phenomena are
observed in these Mg-Y based alloys. In order to explore precipitation
behaviors in these Mg-Y based alloys, we systematically characterized
phase structure and morphology of these precipitates and their evolu-
tion during ageing.

3.2. Precipitation behavior of binary Mg-11Y alloy

After ageing Mg-11Y alloy for 30 mins, Fig. 6a shows the low-
magnification HAADF-STEM image, no apparent precipitates are ob-
served. Fig. 6d shows the corresponding SAED pattern that indicates
the formation of D019-β′′ structures in the matrix. The enlarged
HAADF-STEM image in Fig. 7a further reveals that the D019-β′′ struc-
tures are presented as discretized clusters. When the ageing time was
increased to 24 h, a high density of β′ phase precipitates was obtained
in thematrix, as shown in Fig. 6b. These precipitates form afinenetwork
after ageing for 480 h, as shown in Fig. 6c. It is noticed that the SAEDpat-
tern in Fig. 6f show only the β′ phase, but the atomic resolution HAADF-
STEM image in Fig. 7d does suggest the appearance of βt′′ phase.

Fig. 7a shows a representative HAADF-STEM image of the Mg-11Y
alloy aged for 0.5 h after homogenizing at 525 °C for 16 h, with the inci-
dent beam parallel to [0001]α zone axis. At the very beginning stage of
ageing, some isolated solute clusters with a few Y-rich columns were
5

randomly distributed in the matrix. It is worth mentioning that these
clusters commonly comprise neighboring hexagons which correspond
to two unit cells of an ordered D019-β′′ structure, as further captured
by the SAED pattern in Fig. 6d. Such a finding indicates that the β′′
phase could be stable in the Mg-Y based alloys under certain circum-
stance. When the ageing time reached 2 h, the regular zig-zag shaped
mono-layer G.P. zones were commonly found in thematrix, with an or-
dered arrangement of Y-rich columns along the <1120>α direction, as
shown in Fig. 7b. With increasing the ageing time to 24 h, G.P. zones
were gradually evolved into the β′ phase. It is notable that the β′
phase at this peak-aged condition is made of three successive G.P.
zones, with two adjacent G.P. zones in opposite directions, as shown
in Fig. 7c. In addition, a strand of hexagons, which is usually interleaved
between the zig-zag rows of two β′ particles, is confirmed to be the
D019-β′′ phase. After ageing for 480 h, a novel phase (denoted as βt′′)
was transformed from the β′ phase, as shown in Fig. 7d. The βt′′ phase
looks like the D019-β′′ phase at the first glance. However, the arrange-
ment of hexagons in βt′′ phase is indeed different from that in D019-β′′
phase when viewing along [0001]α zone axis (as illustrated in Fig. 7e),
although the βt′′ phase exhibits the same Y concentration with the β′′
phase (Mg3Y).

In order to confirm the formation of such a novel βt′′ phase and de-
termine its structure, we extended the ageing time to 2400 h and fur-
ther characterized the structure in different viewing directions. Fig. 8a
shows a representative morphology of precipitates viewing along
[0001]α zone axis after ageing at 225 °C for 2400 h, and the Fig. 8b is
the corresponding enlargement in Fig. 8a. The contrast of Y atom col-
umns is uniform and exhibits identical distribution with that in
Fig. 8d, which confirms the formation of βt′′ phase. When the viewing



Fig. 7. HAADF-STEM images of the Mg-11Y alloys aged for: (a) 0.5 h; (b) 2 h; (c) 24 h; (d) 480 h; (e) schematic diagrams showing the different Y occupations of β′′ and βt′′ precipitates,
respectively. The viewing direction is parallel to [0001]α in this figure.
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direction is tilted to 1120
h i

α zone axis, the βt′′ phase usually exhibits a

“wheat-kernel” shape, as shown in Fig. 8c. The enlargement area in
Fig. 8d shows an unfrequent projection which provides more informa-
tion to establish the crystal structure of βt′′ phase.

3.3. Precipitation behavior of Mg-11Y-1Al alloy

For the Mg-11Y-1Al alloy, we also observed the β′ precipitates after
ageing. However, the density of β′ phase differs from that in theMg-11Y
alloy. With increasing the ageing time, the precipitate density of β′
phase in the 520 °C-homogenized Mg-11Y-1Al alloy (Fig. 5c and
d) was much lower than that of Mg-11Y alloy (Fig. 5a and b). Fig. 9a
shows thatmostβ′ precipitateswere connected by strands ofβ′′ precip-
itates emanating from their corners when the peak-aged condition was
achieved after peak-ageing for 240 h, while the βt′′ phase was rarely
found at this stage. When the ageing time was prolonged to 2400 h, a
sharp interface between β′ and βt′′ was captured in Fig. 9c enlarged
6

from the rectangular area in Fig. 9b, confirming the in-situ β′ → βt′′
transformation in the ternary Mg-11Y-1Al alloy. More importantly,
the selected area enlarged in the bottom left corner in Fig. 9c shows
that the β′ phase is in the transition process, where the diffusion trace
of Y atom columns can be clearly captured. Obviously, the projections
of β′ and βt′′ phases are different when the incident beam is parallel

to 1120
h i

α axis, where the βt′′ phase exhibits a much higher Y concen-

tration than that of the β′ phase (Fig.9d and f). However, it shares an
identical Y concentration with the β′′ phase when viewing along
[0001]α axis (Fig. 7e and 9c). It is worth mentioning that the
18R-LPSO phase can inhibit the coarsening of precipitates (Fig. 9d)
and vice versa (Fig. 9f), which will benefit for the performance of Mg-
Y based alloys during long-time exposure at elevated temperatures.
Fig. 10 illustrates unit cells of the β′, βt′′ and β′′ phases, showing the
same periodicity of the βt′′ and β′ phases in three primitive directions
(cbco, a=0.64 nm, b=2.24 nm, c=0.52 nm) and the same composi-
tion of the βt′′ and β′′ phases (Mg3Y).



Fig. 9. HAADF-STEM images of the Mg-11Y-1Al alloys (a) aged for 240 h with the electron beam parallel to [0001]α and (b-f) aged for 2400 h, with the electron beam parallel to (b-c)

[0001]α and (d-f) 1120
h i

α, respectively. (d) and (e) are enlarged from areas “1” and “2” in Fig. 3c, respectively, and (f) is an enlargement of selected area in (e). The difference

between β′, β′′ and βt′′ can be well distinguished from these images.

Fig. 8. HAADF-STEM images of the Mg-11Y alloys aged for 2400 h, with the electron beam parallel to (a-b) [0001]α and (c-d) 1120
h i

α, respectively.
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Fig. 10. Crystal structures of (a) β′; (b) βt′′; (c) β′′.

Fig. 11.HAADF-STEM images of the 550 °C-homogenizedMg-11Y-1Al alloy aged for 1200 h,with the incident beamparallel to the [0001]α axis: (a) an overviewof precipitate distribution;
(b) an enlargement region of (a); (c) and (d) are corresponding enlargements in (b), showing the co-existence of the β′, β′′and βt′′ phases.
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Since the Y concentration within the matrix of 550 °C-homogenized
Mg-11Y-1Al alloy is higher than that of 520 °C-homogenized Mg-11Y-
1Al alloy, the in-situ phase transformation from β′ toβt′′ is found clearly
in the 550 °C-homogenized Mg-11Y-1Al alloy aged for 1200 h (as
shown in Fig. 11), which is a bit “earlier” than that in the 520
°C-homogenized Mg-11Y-1Al alloy aged for 2400 h (Fig. 9c). But such
a phenomenon appeared in theMg-11Y alloy only consumed 480h dur-
ing ageing at 225 °C (Fig. 7d). Therefore, it is concluded that the increase
of Y concentrationwithin thematrix accelerates the formation of such a
unique βt′′ phase in Mg-Y based alloys during isothermal ageing.

4. Discussion

Based on the experimental observation, the ageing sequence of Mg-
Y based alloys at 225 °C should be:

SSSS ! clusters=G:P:Zones ! β0 Mg7Yð Þ ! β00=β00
t Mg3Yð Þ

In order to rationalize precipitation behavior of the Mg-Y based al-
loys, we characterize crystal structure of the novel βt′′ phase and calcu-
late the formation energies of related precipitate phases hereinafter.
8

4.1. Crystal structure of the βt′′ phase

According to the crystallographic features aforementioned in exper-
imental results, we proposed a cbco crystal structure for the βt′′ phase
(Fig. 10b), which has lattice parameters of a = 0.64 nm, b = 2.24 nm,
c = 0.52 nm and chemical composition of Mg3Y. We further examined
the cbco crystal structure of βt′′ phase by the HAADF-STEM simulation
and compared the result with that of the β′ phase. As illustrated in
Fig. 12, the simulated HAADF-STEM images of the βt′′ and β′ phases

viewing along [0001]α and 1120
h i

axes are all well matched with the

experimental images in Figs. 8b and d. The simulated electron diffrac-
tion patterns of the βt′′ and β′ phases are also attached at the top right
corners in the corresponding simulated HAADF-STEM images. If we
overlap the simulated electron diffraction patterns of βt′′with β′ view-

ing along [0001]α and 1120
h i

axes (as shown in Fig. 12e and f), respec-

tively, we will find out that the characteristic diffraction spots of βt′′
phase are all covered by those of the β′ phase. Considering the βt′′
phase is in-situ transformed from the β′ phase and can co-exist with
the β′ phase during long-time exposure at elevated temperatures, it is
hardly distinguished βt′′ from β′ in experiment only by SAED patterns.



Fig. 12. Simulated HAADF-STEM images and corresponding simulated SAED patterns of the βt′′ phase with the electron beam parallel to (a) [0001]α and (b) 1120
h i

α, and compare with

these of the β′ phase with the electron beam parallel to (c) [0001]α and (d) 1120
h i

α. The overlapped simulated SAED patterns of the β′ and βt′′ phases are enlarged in (e) [0001]α and

(f) viewing from 1120
h i

α axes, respectively. The spots in red represent the patterns for the βt′′ phase, which are totally covered by those for the β′ phase regardless of the intensity

difference.

Table 2
Formation energies of precipitates and comparative structures in Mg-Y system.

Structure β β′ β′′ βt′′ Mg3Y-1 Mg3Y-2 Mg5Y-1 Mg5Y-2

Energy
(eV/atom)

−0.08255 −0.07961 −0.10764 −0.10523 −0.05912 −0.06792 −0.05475 −0.05609
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Fig. 13. (a) a schematic diagram showing the in-situ β′→ βt′′ phase transformation process; (b)-(e) four representative structures proposed for comparing the formation energies with
that of βt′′ phase, where the compositions are Mg3Y and Mg5Y in (b)-(c) and (d)-(e), respectively.

Fig. 14. Convex hull of formation energies of structures in binaryMg-Y system. The green,
red, blue and teal symbols represent β, β′, β′′ and βt′′ phases, respectively, and the purple
symbols are many representative ordering structures above the convex hull
(i.e., thermodynamically unstable).
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And thismay be a key reasonwhy theβt′′ phase had been ignored in the
previous studies.

4.2. Formation energies of precipitates in Mg-Y based alloys

Using DFT calculations, we calculate the formation energies of these
precipitates and list the results in Table 2. It is noted that the β′′ and βt′′
phases not only share the same chemical composition, but also exhibit
much lower formation energies than other precipitates. As clearly
shown in Fig. 9c, an interface was formed when the β′ phase was in-
situ transformed into βt′′ phase. Hence, a schematic diagram is pro-
posed in Fig. 13a to understand the transformation process. The Y
atoms tend to gradually diffuse to the positions with relative lower en-
ergies during isothermal ageing, and the interface between β′ and βt′′
would exist till the transformation process is complete. Several possible
structureswith a composition ofMg3Y are also selected in order to com-
pare their formation energies with the novel βt′′ phase by using convex
hull simulation [37,38]. The result in Fig. 14 indicates that the βt′′ phase,
which has a close formation energy value with the β′′ phase, exhibits a
much lower formation energy value than the other Mg3Y-structures.
Two representative Mg3Y-1 and Mg3Y-2 structures with a higher
10
symmetry are illustrated in Fig. 13b and 13c for comparing the distribu-
tion of Y atoms with the βt′′ phase, respectively. In addition, the Y con-
centration of precipitate is increased during the in-situ β′ → βt′′
transformation, which raises a question spontaneously that whether
there is a possible metastable phase during the transformation. Since
the Mg5RE-structures have been reported in some Mg-RE systems [1],
we herein propose two representative high-symmetry structures in
Fig. 13d (Mg5Y-1) and 13e (Mg5Y-2) for comparison, and their corre-
sponding formation energies are listed in Table 2. The Mg5Y-structures
show higher formation energies than that of any precipitate observed
in Mg-Y based alloys, indicating it is impossible to form a Mg5Y-
structure during ageing in the in-situ β′ → βt′′ transformation.

The convex hull connecting the most stable phases with the same
compositions is shown as black solid line in Fig. 14. Although formation
energies of the β′′ (−0.10764 eV/atom) and βt′′ (−0.10523 eV/atom)
phases do not lie exactly on the convex hull, they share a very close for-
mation energy with the Mg3Y superstructure on the convex-hull
(−0.10785 eV/atom). Although the DFT calculation is conducted at
0 K, the β′′ and βt′′ phases formed during ageing at elevated tempera-
ture are still reasonable. With respect to the β phase (Mg24Y5) reported
in the literature [1,13], its formation energy is obviously above the con-
vex hull, suggesting that it is not energetically favorable in this case.
With increasing temperatures, vibrational entropy becomes significant,
and the β phase is predicted to be stable above 520 K [14]. This well ex-
plains why the β phase is not observed during ageing at 225 °C in our
paper. Moreover, such a β phase has not been observed experimentally
during ageing at temperatures lower than 300 °C [13,15].

As aforementioned, 1wt. pct Al addition does not alter the ageing se-
quence of Mg-Y based alloys. In order to investigate the effect of Al ad-
dition on the precipitation behavior during isothermal ageing in Mg-Y
based alloys thermodynamically, the formation energies of four precip-
itates (β, β′, β′′ and βt′′) with different Al substitutionswere calculated,
as shown in Fig. 15. And the lowest formation energy for each single Al
substitution is listed in Table 3. Specifically, the values listed in Table 3
refer to those of Al1 (substitution for Mg) and Al3 (substitution for Y)
for β, Al8 (substitution for Mg) and Al3(substitution for Y) for β′, Al2
(substitution for Mg) and Al4 (substitution for Y) for β′′, Al6 (substitu-
tion for Mg) and Al11 (substitution for Y) for βt′′, respectively. The re-
sults show that the Al atom prefers to substitute the Mg atom rather
than the Y atom in the four phases, and the β′′ and βt′′ always exhibit
a lower formation energies after the substitution. In addition, these pos-
sible substitutions would not change the precipitate structures, indicat-
ing that the Al addition had little impact on the precipitation behavior of
Mg-Y based alloys.



Fig. 15.Models of possible Al substitutions for Mg or Y characteristic sites in (a) β; (b) β′; (c) β′′; (d) βt′′. The balls colored with yellow, teal, pink and green represent atoms of Mg, Y, Al
substitution for Mg and Al substitution for Y, respectively. The Mg and Y atoms in these structures are considered to be replaced for only once at a time. The possible positions for the
substitutions in four structures are marked as “A1” to “Al12” in the corresponding figures.

Table 3
Formation energies of precipitates in the Mg-Y and Mg-Y-Al alloys.

β β′ β′′ βt′′

Binary(eV/atom) −0.08255 −0.07961 −0.10764 −0.10523
Al replace Mg atom(eV/atom) −0.08526 −0.80217 −0.10975 −0.10885
Al replace Y atom(eV/atom) −0.08125 −0.07812 −0.10596 −0.10398
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5. Conclusions

The aim of this work is to understand the precipitation behavior
in Mg-Y based alloys during isothermal ageing. Via combining
atomic resolution HAADF-STEM characterization with DFT calcula-
tions, an undiscovered precipitation behavior in Mg-Y based alloys
has been unveiled, and the main conclusions are summarized as
follows:

(1) The precipitation sequence ofMg-Y based alloys during ageing at
225 °C has been proved to be SSSS → clusters/G.P. Zones →β′
(Mg7Y)→ β′′/βt′′ (Mg3Y). A new phase named βt′′, which shares
the same chemical composition with the β′′ phase, forms
through in-situ transformation from the β′ phase. The DFT calcu-
lations rationalize the precipitation behavior, especially the for-
mation of βt′′ phase.
11
(2) Although the micro-alloying Al does not alter the precipitation
sequence of Mg-Y based alloys, the density and distribution of
precipitates can be controlled via tuning the volume fractions
of LPSO phase.

(3) The novel βt′′ phase, with the co-existence of β′, β′′ and LPSO
phases, exhibits a remarkable thermal stability after ageing at
225 °C for 2400 h.More importantly, the LPSO phase can strongly
inhibit the coarsening of precipitates during long-time exposure
at elevated temperature, and vice versa, which provides a much
more flexible strategy onmanipulating precipitation strengthen-
ing in Mg-Y based alloys.
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