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Abstract 

In order to develop high strength Mg-Gd-Y-Zn alloys, key experiments coupled with CALPHAD (CALculation of PHAse Diagrams) 
calculations were carried out in the current work to provide critical understanding of this important alloy system. Three Mg-10Gd-xY-yZn 
( x = 4 or 5, y = 3 or 5, wt.%) were mapped on Mg-Gd-Y-Zn phase diagrams for phase equilibria and microstructure investigation. Electron 
microscopy was performed for phase identification and phase fraction determination in as-cast and solution treated conditions. In all three 
alloys, the major phases were Mg-matrix and long period stacking order (LPSO) 14H phase. With ST at 400 and 500 °C, the phase fraction 
of LPSO 14H increased, particularly the fine lamellar morphology in the Mg matrix. The as-cast and 400 °C Mg10Gd5Y3Zn samples 
had Mg 5 (Gd,Y) present. At 500 °C, Mg 5 (Gd,Y) is not stable and transforms into LPSO 14H. The Mg10Gd5Y5Zn alloy included the W- 
Phase, which showed a reduction in phase fraction with solution treatment. These experimental results were used to validate and improve 
the thermodynamic database of the Mg-Gd-Y-Zn system. Thermodynamic calculations using the improved database can well describe the 
available experimental results and make accurate predictions to guide the development of promising high-strength Mg-Gd-Y-Zn alloys. 
© 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 

The effects of rare earth (RE) elements on the microstruc-
ure and mechanical properties of Mg alloys have been ex-
ensively investigated [1 , 2] . Of these effects, the formation of
ong period stacking ordered (LPSO) phases has provided an
nteresting avenue for designing new alloys for lightweight,
igh strength applications [1 , 3 , 4] . LPSO phases form in Mg
lloys containing a transition metal (TM) with a smaller
tomic radius than Mg, such as Zn; and RE elements with
arger atomic radii, such as Y and Gd. The LPSO phase
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tructure is typically composed of alternating hexagonal close
acked (HCP) Mg layers and RE/TM-enriched face centered
ubic (FCC) layers [3 , 5 , 6] . The RE and TM atoms cluster
long the basal plane to form enriched layers and result in a
eduction in the stacking fault energy for the lattice. The en-
ichment of these layers produces a stacking fault with local
CC lattice, which is a building block for the LPSO structure
7] . The type of LPSO structure that forms depends on the
umber of HCP Mg layers sandwiched between these building
locks. The most common LPSO phases, 14H and 18R, have
hree and two Mg layers, respectively, between the building
locks [5 , 7] . The morphology and type of the LPSO phase
epend on the composition and thermomechanical processing
f Mg alloys [8–15] . Two predominant morphologies are ob-
erved in most alloys: a blocky morphology (18R or 14H) at
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Table 1 
Composition of the three alloys used in this study (determined using ICP 
and OES). 

Alloy Mg (wt.%) Gd (wt.%) Y (wt.%) Zn (wt.%) 

Mg10Gd4Y3Zn 82.98 10.4 3.62 3.00 
Mg10Gd5Y3Zn 81.73 10.57 5.25 2.45 
Mg10Gd5Y5Zn 79.95 10.2 4.74 5.1 
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the grain boundaries usually formed during solidification and
a fine lamellar morphology (14H) extending through the Mg
matrix usually formed during subsequent heat treatment. 

In addition to the LPSO phases discussed above, there are
several other phases observed in the Mg-Gd-Y-Zn alloy sys-
tem. The first is Mg 5 Gd, the equilibrium β-phase that forms
as part of a well-studied precipitation sequence for Mg-Gd
system [5 , 9 , 14 , 16–18] . The metastable precursor phases in
the β precipitation sequence have been observed at the grain
boundaries or, with sufficient Gd content, as fine precipitates
in α-Mg grains [1 , 19–21] . One of the precursor phases in
this sequence, β1 , is Mg 3 RE. This phase has the same Heusler
structure type as the W-phase (Mg 3 Y 2 Zn 3 ) [22 , 23] , which has
led to some confusion in proper identification and differenti-
ation of these two phases in literature. Both Mg 3 RE and the
W-phase have a Fm ̄3 m structure with the RE atoms occupying
the 4a sites and Mg atoms occupying the 4b sites [10 , 14 , 24] .
The difference between the phases comes from the occupancy
of the 8c sites. Mg 3 RE primarily has the 8c occupied by Mg
atoms, while the W-phase has (Mg + Zn) atoms occupying the
8c sites with a ratio of 1:3 [14 , 25] . Both phases have some
solid solubility of Zn and some REs, so the W-phase may be
a subset of the Mg 3 RE phase solid solubility region. Thus,
more investigation is needed to clarify these phases in Mg
alloys. 

The W-phase is of interest because it is brittle and has
limited adhesive strength with the Mg matrix [14 , 26] . Thus,
it does not provide strengthening in cast alloys and can serve
as a stress concentration site upon loading. The W-phase has
been observed to start dissolving or transforming with solu-
tion treatment (ST) [14 , 27] . Mg 3 RE has not been reported to
provide much strengthening, but it has also not been reported
to exhibit the same stress concentration effects as the W-
phase. Mg 3 RE has been reported to transform into the LPSO
14H and Mg 5 RE with solution treatment [10 , 16 , 21 , 24 , 28] . It
is unclear if the W-phase transforms into the LPSO 14H phase
or dissolves into Mg solution. No observations of the trans-
formation of the W-phase into Mg 5 RE have been reported.
Gröbner et al. reported both the W-phase and Mg 3 RE to be
present in an Mg 60 Gd 20 Zn 20 (at%) alloy [24] . The W-phase
and Mg 3 RE present a different morphology and z-contrast
from each other in scanning electron microscopy [24] . Typ-
ically, the W-phase exhibits a fishbone-like or eutectic mor-
phology and Mg 3 RE has a blocky or globular morphology
(when not in fine precipitate form) [10 , 14 , 16 , 24 , 26 , 27 , 29 , 30] .

In a previous paper [31] , two available CALPHAD (CAL-
culation of PHAse Diagrams) software packages, Thermo-
Calc (with TCMG5 database) and Pandat (with PanMg 2021
database), were used to investigate the phase equilibria and
microstructure of three Mg-Gd-Y-Zn alloys. The predicted
phases were generally consistent with those observed in the
samples, but the predicted phase fractions were not always
consistent with experimental results. Particularly, the LPSO
14H phase fraction predictions differed from experiments by
> 20 vol% in some cases. This discrepancy may come from
either experimental uncertainty or inaccurate thermodynamic
simulation. Therefore, it is necessary to obtain more reli-
ble experimental data and further improve thermodynamic
escription of the Mg-G-Y-Zn system at the Mg-rich region. 

In this work, we investigate the as-cast and heat-treated
icrostructures of three Mg-Gd-Y-Zn alloys with electron mi-

roscopy. The experimental results are then used to improve
he CALPHAD calculations of LPSO 14H and other phases
n the alloy system. This research will provide fundamental
nderstanding in phase equilibria and microstructure for alloy
evelopment in this critical alloy system. 

. Experimental methods and thermodynamic modeling 

Three alloy compositions, as shown in Table 1
nd designated as Mg10Gd4Y3Zn, Mg10Gd5Y3Zn and
g10Gd5Y5Zn, were prepared using commercially pure Mg,

n, Gd, and Y in a 34 kg (75 lb)-capacity furnace with a
neumatic shear mixer. The alloy compositions were initially
elected in an attempt to maximize the LPSO 14H phase
raction in a critical region of the Mg-Gd-Y-Zn phase dia-
ram with promising mechanical properties. When discrepan-
ies were found between the CALPHAD prediction and ex-
erimentally measured phase fractions, the solution treatment
emperatures were selected to clearly differentiate to phase
egions in which each alloy composition existed and confirm
hase stability. These alloys were used to provide experimen-
al data to improve thermodynamic models in the system for
hase equilibria calculations. 

Each composition was cast into a steel permanent mold
o make 18 x 18 x 10 cm (7 

′′ x7”x4”) plates which were
ectioned for testing and analysis. Alloy chemistry ( Table 1 )
as determined through a combination of inductively cou-
led plasma (ICP) and optical emission spectroscopy (OES)
echniques. As-cast samples were mounted in Bakelite. Ad-
itionally, samples were vacuum encapsulated in borosilicate
lass, solution treated (ST) at 400 and 500 °C for 24 h in a
ox furnace, water quenched, and subsequently mounted in
poxy for scanning electron microscope (SEM) analysis. An
dditional Mg10Gd5Y5Zn sample was ST at 500 °C for 24 h
ollowed by another 24 h at 400 °C. 

Samples were polished following standard metallography
rocedures up to 0.05 μm colloidal silica. SEM analysis was
erformed using a FEI Apreo FEG microscope with EDAX
ctane Elect energy dispersive spectroscopy (EDS) capabil-

ties. EDS spot and mapping analysis was performed using
EAM software at 15 kV and 1.6 nA. Area fraction analysis
as performed using 10 SEM images, collected at 10 kV

nd 500x from each sample, using ImageJ software. The
hase fraction measurements obtained from this method are
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Fig. 1. SEM backscatter electron images of the Mg10Gd4Y3Zn composition in the (a) as cast, (b) solution treated at 400 °C 24 h, and (c) solution treated 
at 500 °C 24 h conditions. Examples of the blocky and lamellar LPSO phase are labeled with red arrows and the RE-rich oxide are labeled in yellow (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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n area%, but can be approximated as vol% based on the
uantitative metallography standards established by Delesse
32] . The relatively uniform nature of bulk microstructures
nd the large sample size used for the area% measurement
s assumed to account for the irregular shape of the phases.
ALPHAD outputs predicted phase fractions in mol%; these
redictions must be converted to vol% for comparison with
he phase fraction measurements from electron microscopy.
he unit cell volume and the number of atoms per unit cell
f each phase was found in literature [23 , 33 , 34] . These were
hen used to calculate the molar volume, V m 

, for each phase.
he vol% of phase i could be calculated using the following
quation. 

 ol % i = 

V m i ∗m ol % i 

V tot 
(1) 

Where V m i is the molar volume of phase i, mol % i is the
redicted mol fraction of phase i , and V tot is the total volume.

Samples for transmission electron microscopy (TEM) anal-
sis were mechanically thinned to ∼60 μm using a Fischione
odel 100 dimple grinder. Further thinning and perforation of
EM specimens was conducted using a Fischione model 1010

on mill. Conventional TEM imaging and diffraction were per-
ormed using a FEI Tecnai TF20 microscope operating at an
ccelerating voltage of 200 keV. Atomic resolution high angle
nnular dark field (HAADF) scanning transmission electron
icroscopy (STEM) was carried out on a Thermo Scientific

robe-corrected Themis Z S/TEM microscope operating at
00 keV. 

CALPHAD simulations was done using Pandat software
35] and PanMg 2021a database which was updated for Mg-
n-Y-Gd quaternary system. Since the focus of this work
as on the Mg-rich region of this and this quaternary sys-

em and all constituent binary systems have been well estab-
ished, thermodynamic models for the ternary systems (Mg-
n-Gd, Mg-Zn-Y, and Mg-Gd-Y) were not updated. Valida-

ions show that the current thermodynamic descriptions for
he Mg-Zn-Gd [36] and Mg-Gd-Y [37] ternary systems pro-
ide reasonable predictions. The previous thermodynamic de-
cription of Mg-Zn-Y ternary system was based on the ex-
erimental data of Refs. [38 , 39] . Recently, new experimental
esults and thermodynamic modeling were published for the

g-Y-Zn ternary system [40 , 41] . Thermodynamic modeling
rom Xu et al. [40] is a general thermodynamic model for all
PSO phase polytypes and described the phase as Mg x (E s ,
g) 6 (E l , Mg) 8 . In this model, E s and E l are elements with

maller and larger atomic radii than Mg, respectively. The
PSO polytype can be set based on the value of x. Since

he number of Mg layers present between the RE and TM
nriched layers is different for each polytype (e.g. three Mg
ayers in 14H and two layers in 18R), the number of Mg
toms in the structure (x) can be used to differentiate these
olytypes. In addition, the general model presented by Xu
t al. [40] also extended the homogeneity range of each ele-
ent in the phase. Ruan et al. [41] also published new phase-

quilibrium data of the Mg-Zn-Y ternary system. Their ex-
erimental data are comparable to those in Ref. [40] and used
n the current work for thermodynamic optimization. In the
resent work, the solubility range of LPSO 14H is introduced
sing a model of Mg 70 (Mg,Gd,Y) 8 (Mg,Zn) 6 , which is similar
o the model used in [40] . The improved thermodynamic de-
cription is not only in agreement with the experimental data
sed in [38 , 39] , but also agree well with the new experimental
esults in [40 , 41] . 

The preliminary description of the Mg-Zn-Y-Gd quaternary
ystem is then obtained via extrapolation. However, calcula-
ions using this extrapolated quaternary database cannot well
escribe the experimental data obtained in the current work
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Fig. 2. SEM backscatter electron images of the Mg10Gd5Y3Zn composition 
in the (a) as cast, (b) solution treated at 400 °C 24 h, and solution treated at 
500 °C 24 h conditions. Examples of the blocky and lamellar LPSO phase 
are labeled with red arrows and Mg 5 (Gd,Y) are labelled with black arrows 
(For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article). 
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for the Mg-Zn-Y-Gd quaternary alloys. Further optimization
is then performed on this preliminary description on the basis
of the key experimental data of the current work. 

3. Results and discussion 

3.1. Microstructure 

SEM analysis of the Mg10Gd4Y3Zn samples can be seen
in Fig. 1 . Three phases can be observed in the three condi-
tions (as-cast, heat-treated at 400 and 500 °C): a dark matrix
phase, a medium gray blocky phase at the grain boundaries,
and a small bright cuboidal phase. A fine lamellar phase is
also observed in the matrix. Based on EDS analysis, the dark
matrix phase is the α-Mg matrix. The medium gray phase
at the grain boundaries and the fine lamellar phase in the
grains are consistent with an LPSO phase (indicated by red
arrows in Fig. 1 ). The bright cuboidal phase is stable in all
three conditions and does not exhibit a morphological change
at the ST temperatures. Based on this observation and the
EDS results with strong O, Gd, and Y signals, the cuboidal
phase is assumed to be a RE-rich oxide (marked by yellow
arrows) formed during casting. As a result, this phase is not
considered with the present CALPHAD predictions. There is
generally little change between the as-cast ( Fig. 1 a) and ST
conditions ( Fig. 1 b and c), with the exception of an increase
and thickening of the fine lamellar LPSO 14H observed in
the matrix in the ST samples. 

In the Mg10Gd5Y3Zn samples ( Fig. 2 ), an additional
phase can be observed in the as-cast and 400 °C samples.
In the as-cast state ( Fig. 2 a), this additional phase is blocky
and located interspersed in the blocky LPSO 14H phase. In
the sample ST for 24 h at 400 °C ( Fig. 2 b), the morphology
becomes more globular and the phase fraction is reduced. Af-
ter ST at 500 °C for 24 h ( Fig. 2 c), this phase is no longer
bserved. Based on EDS analysis, the Mg:RE ratio was ∼5:1
at%), indicating this phase is consistent with Mg 5 (Gd,Y).
his is further supported by its transformation into the LPSO
4H phase during ST at 500 °C, based on the CALPHAD
esults presented below. As with the Mg10Gd4Y3Zn sample,
here was also an increase in phase fraction and thickening
f the lamellar LPSO 14H in the matrix with ST. 

The higher Zn-content alloy, Mg10Gd5Y5Zn, also exhib-
ted a bright phase in addition to the α-Mg matrix, LPSO
4H, and RE-rich oxide phase ( Fig. 3 ). The LPSO 14H phase
n the Mg10Gd5Y5Zn alloy was further characterized using
EM and STEM. Fig. 4 a and b are low magnification and
tomic resolution HAADF-STEM images, respectively, of the
PSO 14H phase within the magnesium matrix. Fig. 4 c and d
re low magnification and atomic resolution HAADF-STEM
mages, respectively, of the bulk LPSO 14H phase. The RE-
ich phase has a fish-bone like morphology that is different
rom the Mg 5 (Gd,Y) phase observed in the Mg10Gd5Y3Zn
amples. In the as-cast condition ( Fig. 3 a), this bright phase is
ound either in contact with or in gaps between the LPSO 14H
hase. EDS analysis suggests the Mg:Y:Zn ratio as ∼3:2:3
at%). The morphology and composition are consistent with
he W-phase (reported by Luo et al. as Mg 31 Zn 45 Gd 24 , at%)
14] . 

Fig. 5 shows the characterization of the W-phase in the as-
ast Mg10Gd5Y5Zn alloy using TEM/STEM imaging. Fig. 5 a
s a bright field TEM image of the W-phase, with its corre-
ponding selected area diffraction along [111] zone axis given
n Fig. 5 b. The lattice parameter of the W-phase measured us-
ng the electron diffraction pattern is about 0.708 nm, which
s close to the value (0.6848 nm) previously reported for W-
hase [25] . Figs. 5 c and d are HAADF-STEM images of the
-phase at low magnification and atomic resolution, respec-

ively. The chemical composition of the W-phase was mea-
ured using EDS in STEM mode and the result was inserted
n Fig. 5 c. A previous study indicated that Y and Gd could
ubstitute for each other in the W-phase [42] . The atomic ra-
io of Mg, (Gd,Y) and Zn in Mg10Gd5Y5Zn is close to 3:2:3,
hich is consistent with the previously reported stoichiometry

or W-phase [42 , 43] . Thus, the phase observed in this work
s W-phase (Mg 3 Y 2 Zn 3 ) and not Mg 3 RE as reported in some
tudies [14 , 44] . 

With ST of the alloy samples at 500 °C for 24 h ( Fig. 3 c),
he W-phase fraction decreases and the phase morphology be-
omes more globular and disconnected. With the ST at 400 °C
or 24 h ( Fig. 3 b), there is no obvious change in the W-phase
orphology or phase fraction in comparison to the as-cast

tate. Equilibrium calculations, shown in Table 2 , indicated
hat the W-phase should show a reduction in phase fraction
t 400 °C, similar to the observations at 500 °C. This indi-
ates that the kinetics of the W-phase dissolution may be slow
t 400 °C or the phase is more stable than expected. To fur-
her investigate these hypotheses, an additional two stage ST
f 500 °C for 24 h was conducted and followed by 400 °C
or 24 h ( Fig. 3 d). With the two-stage ST, the reduction in W-
hase fraction and morphology change observed in the 500 °C
or 24 h sample was evident again. This supports the hypoth-
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Fig. 3. SEM backscatter electron images of the Mg10Gd5Y5Zn composition in the (a) as cast, (b) solution treated at 400 °C 24 h, (c) solution treated at 
500 °C 24 h, and (d) two-stage solution treated at 500 °C 24 h followed by 400 °C 24 h conditions. Examples of the blocky and lamellar LPSO phase are 
labeled with red arrows and W-phase are labelled with black arrows (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article). 

Table 2 
CALPHAD modeling phase fractions of Mg-Zn-Y-Gd alloys under Scheil and equilibrium conditions. 

Alloy Scheil Equilibrium at 500 °C Equilibrium at 400 °C 

14H 

(vol%) 
W 

(vol%) 
Mg 5 (Gd,Y) 
(vol%) 

14H 

(vol%) 
W 

(vol%) 
Mg 5 (Gd,Y) 
(vol%) 

14H 

(vol%) 
W 

(vol%) 
Mg 5 (Gd,Y) 
(vol%) 

Mg10Gd4Y3Zn 22.8 0 2.3 24.5 0 0 25.1 0 0 
Mg10Gd5Y3Zn 19.8 0 4.7 21.5 0 0 21.8 0 2.0 
Mg10Gd5Y5Zn 26.2 1.6 1.4 35.7 0.6 0 36.8 0.5 0 

Table 3 
Experimental phase fraction measurements Mg-Zn-Y-Gd alloys under as-cast and heat-treated conditions. 

Alloy As-cast Heat treatment:500 °C, 24 h Heat treatment:400 °C 24 h 

14H 

(vol%) 
W 

(vol%) 
Mg 5 (Gd,Y) 
(vol%) 

14H 

(vol%) 
W 

(vol%) 
Mg 5 (Gd,Y) 
(vol%) 

14H 

(vol%) 
W 

(vol%) 
Mg 5 (Gd,Y) 
(vol%) 

Mg10Gd4Y3Zn 32.7 0 0 30.2 0 0 30.1 0 0 
Mg10Gd5Y3Zn 24.1 0 1.7 22.5 0 0 25.0 0 1 
Mg10Gd5Y5Zn 42.4 2.0 0 43.9 1.6 0 44.7 2.8 0 
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sis that the W-phase is less stable at 400 °C, but that the dis-
olution kinetics are slower at 400 °C than at 500 °C. Once
gain, ST also increased the phase fraction and thickened the
amellar LPSO 14H in the matrix. 

.2. Phase fraction measurements and CALPHAD modeling 

Table 3 shows the experimentally measured phase fractions
o be compared with Pandat predictions ( Table 2 ) of the three
nvestigated alloys under different conditions. See the Experi-
ental and Simulation Methods section for further discussion

f phase fraction unit comparison and conversion. 
Scheil simulations are often used to represent the solid-

fication of alloys and to predict the phases in the as-cast
icrostructure [39] . In this work, the Scheil simulation re-
ults show that the Mg 5 (Gd,Y) phase is expected to form in
ll three alloys, while it was only experimentally observed in
he as-cast microstructure of the Mg10Gd5Y3Zn alloy. This
s likely due to fact that solid-state diffusion did occur during
he casting process of these alloys, as opposed to the Scheil
ssumption of no solid-state diffusion. Such diffusion pro-
otes the formation a large amount of 14H phase, suppressing
g 5 (Gd,Y) phase. Therefore, there is insufficient RE accumu-

ated at the end of solidification to form the Mg 5 (Gd,Y) phase
or Mg10Gd4Y3Zn and Mg10Gd5Y5Zn alloys. The experi-
entally observed Mg 5 (Gd,Y) phase in Mg10Gd5Y3Zn alloy

s also less than Scheil simulated results. 
In our previous work, the LPSO 14H phase in the Mg-Zn-

-Gd system was modeled as a line compound with a com-
osition of Mg 70 (Y,Gd) 8 Zn 6 based on the crystal structure
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Fig. 4. STEM characterization of LPSO 14H phase in the as-cast microstruc- 
ture of alloy Mg10Gd5Y5Zn: (a) low magnification and (b) atomic resolution 
HAADF-STEM image of LPSO 14H phase in magnesium matrix, (c) low 

magnification and (d) atomic resolution HAADF-STEM image of bulk LPSO 

14H phase. LPSO 14H phase is present as a fine lamellar phase in the matrix 
and a blocky phase at the grain boundaries. 

Fig. 5. Characterization of the W-phase (Mg 3 Y 2 Zn 3 ) in the as-cast 
Mg10Gd5Y5Zn alloy: (a) bright field TEM image, (b) selected area diffrac- 
tion along [111] zone axis of the W-phase, (c) HAADF-STEM image of 
W-phase with the inserted EDS composition measurement of the W-phase, 
and (d) atomic resolution HAADF-STEM image of the W-phase. 
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f the phase. This phase was a stoichiometric phase in the
g-Zn-Y and Mg-Zn-Gd ternary sub-systems. The predicted

hase fractions for LPSO 14H were considerably lower ( ∼20
ol%) than the measured fractions [31] . In the present work,

he LPSO 14H phase is modeled as Mg 70 (Mg,Y,Gd) 8 (Mg,Zn) 6 
ith some solid solubility range based on recently published

xperimental results [40 , 41] . As a result, the stable composi-
ion of LPSO 14H phase in both ternary systems are slightly
hifted from the stoichiometric composition of Mg 70 M 8 Zn 6 

 M = Y or Gd). The calculated results from the improved
odeling agree better not only with the experimental data

n literature [40 , 41] , but also the experimental results in this
ork. 
Fig. 6 represents the phase fraction vs temperature re-

ationships of the three alloys under equilibrium condition
ased on the improved phase descriptions and model cali-
ration. The calculated phase relationships agree well with
he experimental results under different heat treatment con-
itions. For Mg10Gd4Y3Zn alloy ( Fig. 6 a), only (Mg) and
4H phases are stable from 350 °C to solidus temperature,
hich is supported by the microstructure of the as-cast sam-
le, 400 and 500 °C heat treated samples. For Mg10Gd5Y3Zn
lloy ( Fig. 6 b), which contains about 1.5 wt.% Y more than
g10Gd4Y3Zn, the Mg 5 (Gd,Y) phase appears as a stable

hase when the temperature is lower than 426 °C, and only
Mg) + 14H are stable phases at 500 °C. In the experimen-
al results, the Mg 5 (Gd,Y) phase in the as-cast sample and
00 °C heat treated samples but is not observed in the 500 °C
eat treated sample. It should be noted that Mg 5 (Gd,Y) is pre-
icted for the Scheil model but is not observed in the as-cast
amples. It is likely that slower cooling during casting re-
ulted in enough diffusion in the solid which deviates from
he Scheil conditions. Therefore, not all the predicted phases
ay be present in the as-cast exists condition. Beside the

Mg) and LSPO 14H phases, the W-phase is predicted as a
table phase with a small phase fraction in Mg10Gd5Y5Zn
lloy as shown in Fig. 6 c, which is consistent with the ex-
erimental observation of the W-phase being present in all
g10Gd5Y5Zn samples after different heat treatments. The

alculated phase fractions of the three alloys at different tem-
eratures are in fairly good agreement with experimental ob-
ervations. These results are on average only 5 mol% less
han the experimental results according to Eq. (1) . 

In order to explore the impact of Y and Zn contents in Mg-
n-Y-Gd alloys with high Gd content, two vertical sections
f Mg-10Gd-5Y- x Zn and Mg-10Gd-3Zn- x Y have also been
alculated as shown in Fig. 7 . For Mg-10Gd-5Y- x Zn alloys,
hen the Zn content is increased from 0 to about 5 wt.%, the

Mg) + 14 H two-phase region expands at elevated tempera-
ures, and the W-phase becomes stable in the alloys with Zn
ontent higher than 5 wt.%. According to the calculation for
g-10Gd-3Zn- x Y alloys, not only the stability of 14H phase

s affected by the intermixing of Gd and Y on specific sublat-
ice but also the stability of W-phase. The W-phase becomes

ore stable than LPSO 14H phase in the composition range
f 0.5 wt.% < Y < 1.5 wt.%, either of which is being in
quilibrium with (Mg) phase. The LPSO 14H phase is sepa-
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Fig. 6. Predicted equilibrium mole fraction vs. temperature for the three investigated alloys: (a) Mg10Gd4Y3Zn; (b) Mg10Gd5Y3Zn; and (c) Mg10Gd5Y5Zn. 

Fig. 7. Vertical sections of Mg-Gd-Y-Zn system: (a) Mg-10Gd-5Y-xZn; and (b) Mg-10Gd-3Zn-xY. 
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ated into two discontinuous regions, Gd-rich LPSO 14H (the
tomic percentage of Y is close to zero) when Y < 0.5 wt.%
nd Gd and Y intermixing LPSO 14H (the atomic percent-
ges of Gd and Y are close to equal) when Y > 1.5 wt.%.
he Mg 5 (Gd,Y) phase is always stable at temperature lower

han 300 °C. 

. Conclusions 

Microstructural analysis and CALPHAD modeling were
sed to quantitatively understand the phase equilibria of three
g-Gd-Y-Zn alloys in as-cast and solution treatment (ST)
onditions. All three alloys were primarily composed of the
g matrix and LPSO 14H phase. The lamellar LPSO 14H
as found to thicken and increase in volume fraction with ST

n each alloy. In the Mg10Gd5Y3Zn alloy, the Mg 5 (Gd,Y)
hase was also observed in the as-cast and 400 °C condi-
ions but is not stable at 500 °C. In the Mg10Gd5Y5Zn al-
oy, a fishbone-like RE-rich phase was observed. This RE-rich
hase was identified using TEM/STEM analysis as the W-
hase and not the Mg 3 RE. ST of this alloy demonstrated that
he phase fraction of the W-phase was reduced at 500 and
00 °C but does not completely transform. Based on these
esults, the thermodynamic models in Pandat database have
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been improved to provide more accurate phase predictions for
the important Mg-Gd-Y-Zn system. Specifically, there was a
significant improvement in the quantitative LPSO 14H phase
predictions due to model improvement, which is within an
average of 5 mol% of experimental results. 
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