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Abstract
In this study, CALPHAD (CALculation of PHAse
Diagrams) modeling was used to design and optimize
Mg–Gd–Y–Zn alloys containing long period stacking
order (LPSO) phases. The selected compositions were
evaluated using scanning electron microscopy, energy
dispersive spectroscopy, and X-ray diffraction to identify
major phases and determine their area fractions. It was
seen in as-cast samples that a blocky LPSO 14H phase
formed at the grain boundaries while a filament-type
LPSO 14H formed in the Mg grains. As the rare earth
(RE) and Zn concentrations increased, eutectic Zn-rich
intermetallics and more of the RE-rich blocky LPSO
formed along grain boundaries. After annealing, an
increase in the Zn-rich intermetallic area fraction,
decrease in bulky LPSO area fraction, and increase in
filament-type LPSO were observed. In higher alloyed
samples, a Zn- and Y-rich phase was observed that was
not consistent with the predicted or reported phase. These
results indicate the present CALPHAD databases well
represent the LPSO 14H formation in the Mg–Gd–Y–Zn
system studied and can be used to tailor the microstruc-
ture to potentially improve the strength and ductility in
these alloys. Further investigation is needed to determine
if the existing reliably databases model the other
secondary phases.
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Introduction

As magnesium alloys become more widely used in structural
applications, there is a growing need for improvements in
strength and ductility for these alloys. In recent years, such
improvements in properties have been found in alloys con-
taining long period stacking ordered (LPSO) phases [1–4].
LPSO phases can form in Mg alloys that contain a smaller
atomic radius transition metal, such as Zn, and larger rare
earth elements (RE), such as Y and Gd, due to the reduction
in stacking fault energy caused by these alloying elements
[5–8]. The RE and Zn atoms cluster along the basal plane to
form enriched layers [9]. These layers form building blocks
with a local face centered cubic structure that is bounded by
Shockley partial dislocations [9]. The spacing and combi-
nation of these building blocks with the Mg lattice produce
several different LPSO structures, where the most frequently
observed are 14H and 18R. The difference between the two
phases is the number of Mg layers between the building
blocks: LPSO 14H has three layers and 18R has two [9, 10].

The LPSO phase in Mg alloys forms in two major mor-
phologies, depending on composition and thermomechanical
processing [8, 11–17]. The first morphology is a blocky
phase found at the grain boundaries. As the volume fraction
of LPSO increases, the blocky phase forms a network around
the a-Mg grains. The second morphology is a fine lamellar
phase located in the a-Mg grains. Improved strength and
ductility in LPSO-containing alloys come from the impe-
dance of dislocation motion and twin formation by the rel-
atively thick LPSO phases [8, 10, 13, 16, 18]. The LPSO
structure increases the critical resolve shear stress for basal
and prismatic slip, which provides strengthening and acti-
vates slip in other grains to improve ductility [11, 19]. As a
result, maximizing the phase fraction of LPSO could greatly
improve the mechanical properties of Mg alloys.

Previous researchers have developed criteria for the crit-
ical ratio of RE to Zn to produce LPSO phases, but as the
alloy systems become more complex it is more difficult to
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predict the resulting microstructures. A CALPHAD
(CALculation of PHAse Diagrams)-based approach [20]
provides an opportunity to quantitatively predict the phase
composition of these more complex alloys. In this work, the
available databases for two CALPHAD software packages,
Thermo-Calc and PANDAT, were evaluated to predict the
phases of three Mg–Gd–Y–Zn alloys, followed by experi-
mental validation.

Modeling and Experimental Methods

Equilibrium and Scheil calculations were conducted using
Thermo-Calc and PANDAT for several compositions in the
Mg–Gd–Y–Zn system to assess the predicted phase fractions
of LPSO and intermetallic phases. Three compositions,
shown in Table 1, were selected and cast for microstructural
analysis.

The alloys were prepared and cast by Terves LLC. The
raw materials (commercially pure Mg, Zn, Gd, and Y) were
melted in a 75 lb gas fired furnace with a pneumatic shear
mixer. A CO2 and SF6 gas mixture was used as a cover gas
in the furnace and applied to the mold riser to prevent oxi-
dation of the melt. The samples were cast into a
7″ � 7″� 4″ steel permanent mold. The castings were then
sectioned, annealed at 500° for 9 h and water quenched, and
mounted in Bakelite for scanning electron microscope
(SEM) analysis. Final alloy compositions (Table 1) were
determined using a combination of inductively coupled
plasma mass spectroscopy (ICP) and spark optical emission
spectroscopy (OES).

Samples were ground and polished to 0.05 µm colloidal
silica, and SEM analysis was performed using a FEI
Apreo FEG microscope with EDAX Octane Elect energy
dispersive spectroscopy (EDS) capabilities. EDS spot and
mapping analysis was performed using a TEAM software.

The area fraction of each phase was determined from ten
images from each sample using ImageJ. The samples were
then removed from the Bakelite mounts and polished to
1200 grit for X-ray diffraction (XRD) analysis. A Rigaku
MiniFlex 600 system with a Cu source and Ni filter set to
40 kV and 15 mA was used for phase identifications. The
Rigaku PDXL 2 software and literature data were used to
identify the XRD peaks.

Results and Discussion

CALPHAD Modeling

In order to appropriately model a multicomponent alloy
system with CALPHAD, there must be a reliable database
that represents all related binary and ternary systems. The
ternary systems included in the Thermo-Calc and PANDAT
databases are listed in Table 2. Both systems contain data for
the three ternary systems for the Mg rich corner, but PAN-
DAT also has the LPSO 10H phase defined in their database.
It should be noted that although both programs contain data
for the same ternary systems, they may be using different
datasets or computational methods. As a result, there will
likely be variations in the predicted results.

For each alloy, both equilibrium and Scheil calculations
were performed to represent the two extremes seen in cast
alloys. The Scheil calculation represents rapid cooling dur-
ing solidification, where diffusion can occur in the liquid but
not the solid. On the other hand, the equilibrium calculation
better represents alloys with very slow cooling during
solidification or after annealing heat treatment. The predicted
phases for the three alloys studied in this work can be seen in
Fig. 1.

For the compositional range, there were a total of seven
predicted phases between the two programs. The primary

Table 1 Compositions of the
three samples used in this study
(determined using ICP and OES)

Sample Mg (wt%) Gd (wt%) Y (wt%) Zn (wt%)

MC07 82.98 10.4 3.62 3.00

MC14 81.73 10.57 5.25 2.45

MC21 79.95 10.2 4.74 5.1

Table 2 Existing ternary
systems and LPSO phases present
in the Thermo-Calc TCMG5 and
PANDAT PanMg2018_
TH + MB databases

Thermo-calc PANDAT

Ternary systems Mg–Gd–Y
Mg–Gd–Zn
Mg–Y–Zn

Mg–Gd–Y
Mg–Gd–Zn
Mg–Y–Zn

LPSO phases LPSO_14H
LPSO_18R

LPSO_14H
LPSO_18R
LPSO_10H
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phase predicted for all compositions was the hexagonal close
packed (hcp) Mg matrix, as expected. In the case of the
LPSO phases, both programs predicted the presence of the
LPSO 14H phase. The LPSO 14H phase has been reported
as a very stable phase that can form both at the grain
boundaries and in the primary Mg grains [8, 11–17]. Also,
the LPSO 14H phase has been reported to transform from
other phases, and intragranular growth is driven by the dif-
fusion of Zn and the RE [8–12, 15, 16]. The increase in the
mole fraction of LPSO 14H between the Scheil and equi-
librium conditions predicted by both programs is consistent
with these previous findings.

Thermo-Calc also predicted 0.34 and 1.7 mol% of the
LPSO 18R for MC14 and MC21 samples, respectively, in
the Scheil condition (Fig. 1). In the equilibrium condition,
no LPSO 18R is predicted. Previous studies have found that
LPSO 18R forms at the grain boundaries during solidifica-
tion in Mg–Y–Zn and Mg–Gd–Y–Zn alloys [8, 21–23]. The
LPSO 18R transforms into 14H during annealing, and both
phases can exist simultaneously in the same grain [19]. Due
to the low predicted fractions and the deviations from the
Scheil condition seen in the as-cast samples, the LPSO 18R
phase may not be observable in this study.

PANDAT predicts a phase called RM3_W in the Scheil
condition for all three alloys that is defined as Mg0.25(Gd,
Y)0.25(Mg,Zn)0.5. Thermo-Calc also predicts a similar phase
called L12_RMGZN2, defined as Mg1(Gd,Y)1(Mg,Zn)2, for
the MC21 alloy in the Scheil condition. For similar com-
positions, there has been a reported Mg3(Gd,Y) phase [12,
17, 24–26] and a reported W–Mg3Y2Zn3 phase [8, 15, 17,
27, 28]. In their 2018 paper, Luo et al. discussed that the W–

Mg3Y2Zn3 phase had been misidentified as Mg3(Gd,Y) in
past studies [16]. Neither Thermo-Calc or PANDAT has the
W–Mg3Y2Zn3 phase in their databases, so it is possible that
these phases were not separately identified in either program.
For this study, the predicted mole fractions of the RM3_W

and L12_RMGZN2 phases are predicted in low amounts in
the Scheil condition and are not predicted in the equilibrium
condition (Fig. 1). As a result, they may not be observable in
this study. Future work will be needed to evaluate these two
phases in the databases.

In the Scheil and equilibrium conditions, both programs
predict the presence of a (Mg,Zn)5(Gd,Y) phase. This phase is
generally reported as the b phase and has been observed in a
wide range of LPSO-forming alloys [10, 11, 16, 24, 25, 29].
The mole fraction of (Mg,Zn)5(Gd,Y) is predicted to increase
between the Scheil and equilibrium conditions, which is
consistent with proposed precipitation sequences that have
(Mg,Zn)5(Gd,Y) as an equilibrium phase [26]. The final pre-
dicted phase is Mg24(Gd,Y)5. Both programs predict small
mole fractions of this phase in the Scheil condition and in the
equilibrium condition for MC14. Mg24(Gd,Y)5 has also been
reported as the b phase in some studies [8, 12, 25], as a result
the two phases will be referred to by their compositions in this
work. TheMg24(Gd,Y) 5 phase has been observed inMg–Gd–
Zn–Zr and Mg–Y–Zn–Zr alloys, but is predicted at relatively
low mole fractions in the present alloys.

The predicted mole fractions for each phase at the end of
solidification for the Scheil model and at room temperature
for equilibrium model were calculated in both programs
(Fig. 1). For the LPSO 14H phase, Thermo-Calc consis-
tently predicts a higher mole fraction. This is also true for the
(Mg,Zn)5(Gd,Y) phase. For the Scheil model, which more
closely represents the as-cast state, Thermo-Calc also pre-
dicts a higher mole fraction of the Mg24(Gd,Y)5 phase for
the three compositions. In the equilibrium calculation, which
more closely represents the annealed state, only MC14 is
predicted to have the Mg24(Gd,Y)5 phase, and PANDAT
predicts a larger mole fraction. The mole fraction of LPSO is
predicted by both programs to increase with annealing. This
prediction is consistent with the expected diffusion of
RE and Zn during annealing reported in literature [9, 16].

Fig. 1 Predicted phases and mole fractions of each phase in the (a) Scheil and (b) equilibrium conditions
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There is also a predicted increase in the mole fraction of the
(Mg,Zn)5(Gd,Y) phase with annealing as well.

Microstructural Analysis

The microstructure from SEM of the as-cast and annealed
samples can be seen in Fig. 2. The T1 detector used acts
similar to a backscatter detector and collects the high-energy,

low-angle electrons. As a result, Z-contrast can be used to help
identify phases. The dark, background phase was identified as
the primary Mg grains using EDS spot and mapping analysis.
Dark spots seen in the Mg grains, particularly in the as-cast
samples, are believed to be corrosion pits formed during
sample preparation. In all the samples, there is a small amount
of a small, bright rectangular phase. Upon EDS analysis, there
were highYandO signals,which aremost likely yttriumoxide
formed during the casting process.

Fig. 2 SEM images using a T1 (backscatter-like) detector for the as-cast and annealed conditions
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Fig. 3 Measured area fractions of the LPSO 14H and other secondary phases in the as-cast and annealed conditions

Fig. 4 XRD analysis of the as-cast samples
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The high area fraction medium grey phase seen in all of
the samples has a blocky morphology that becomes more
lamellar with annealing. EDS mapping of this phase indi-
cates it has a higher Y and Zn signal than the Mg matrix. As
the Gd concentration increases, EDS mapping shows that the
relative Gd concentration in the medium grey phase also
increases. This is due to the lower solubility of Y and Zn in
Mg and the higher solubility of Gd in Mg [30]. The area
fraction of the phase also increases with increased alloying,
with MC21 showing the largest area fraction of this phase
(Fig. 3). Based on the CALPHAD predictions, this phase is
most likely the LPSO 14H phase. This is supported by XRD
analysis (Figs. 4 and 5), which has Mg and the LPSO 14H as
the dominant phases.

After annealing, there is a small reduction in the mea-
sured xLPSO 14H area fraction (Fig. 3). One explanation
for this could be the formation of lamellar LPSO 14H in the
Mg grains that is not easily observable at the magnification
used for volume fraction measurements. At higher magnifi-
cation, small bright lamellar features can be seen extending
from the grain boundaries into the Mg matrix (Fig. 6). This
phase is in one orientation in each grain. The presence of this

lamellar phase increases with increased alloying and with
annealing, with the possible exception of the MC21 sample.
This phase is most likely LPSO 14H, and the increase in its
formation after annealing is consistent with the diffusion of
RE and Zn from the grain boundaries into the grains, as
reported in literature [8, 12–17, 27, 31]. As a result, there is a
decrease in the area fraction of bulky LPSO 14H at the grain
boundaries.

In the as-cast MC14 and MC21 samples, there is a bright
phase along the grain boundaries (Figs. 2 and 6). In the
MC21 sample, this phase has a eutectic morphology and
increases in area fraction in comparison with the lower alloy
MC14 sample. With annealing, the area fraction of the bright
phase is reduced in MC21 and is no longer observable in
MC14. Based on the CALPHAD analysis, this bright phase
is most likely (Mg,Zn)5(Gd,Y) or Mg24(Gd,Y)5 due to pre-
dicted mole fraction. EDS mapping of this phase indicates
there are relatively high Zn and Y concentrations and no
presence of Mg and Gd. In the as-cast MC14 sample, there
was some Gd signal in the EDS map for the bright phase.
Based on the high Zn content, this phase is unlikely to be
Mg24(Gd,Y)5. XRD analysis (Figs. 4 and 5) indicates that

Fig. 5 XRD analysis of the annealed samples
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Mg24(Gd,Y)5 and W–Mg3Y2Zn3 were either not present in
the alloys or not in large enough quantities to be observed.
Looking more closely at the CALPHAD predictions, the
(Mg,Zn)5(Gd,Y) phase has a composition consistent with
Mg5Gd, so it is unlikely to be the bright phase in the SEM
images. At this point, literature has not reported a Zn–Y
binary phase, and further analysis is needed for phase
identification.

For the LPSO 14H phase, the existing CALPHAD data-
bases evaluated in this study predict a high phase fraction
that is reasonable. The predicted increase of the LPSO 14H
phase with increased alloying and annealing was consistent
with both literature and microstructural analysis. In terms of
the other intermetallic phases, the predictive capabilities of
the model were less reliable. Part of this is due to the lower
predicted phase fraction of the intermetallics and partly due

Fig. 6 SEM images using a T1 (backscatter-like) detector for the as-cast and annealed conditions
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to the phase definitions in the database. The biggest dis-
crepancy is the prediction of the Mg5Gd phase and the
presence of a Zn- and Y-rich intermetallic phase in the
MC14 and MC21 samples. As a result, it was determined
that the existing CALPHAD databases evaluated in this
study can represent the LPSO 14H phase, but more evalu-
ation is needed for the other secondary intermetallic phases.

Conclusions

The existing databases for two CALPHAD programs,
PANDAT and Thermo-Calc, were evaluated for their pre-
dictive capabilities for LPSO-forming alloys in the Mg–Gd–
Y–Zn system. Three compositions were examined in the
as-cast and annealed conditions using SEM, EDS, and XRD
analysis. It was shown that the CALPHAD programs rea-
sonably predicted the presence of the LPSO 14H phase in
these alloys. The other phases predicted by the programs
were consistent with phases previously observed in the lit-
erature. The phases predicted by both programs were gen-
erally consistent with each other, although the mole fractions
of these phases were different. Unlike the LPSO 14H phase,
the other predicted phases were not observed during SEM
analysis. This is possibly due to low phase fractions for these
phases. Query ID=`̀ Q4'' Text=`̀ Please check whether the
edits made in the sentence ‘…with either the predicted
phases or reported phases’ convey the intended meaning.'' In
the higher alloy samples, there was a Zn- and Y-rich phase
that was not consistent with either the predicted phases or
reported phases. Based on these findings, it is concluded that
the existing CALPHAD databases are reliable for LPSO 14H
prediction for the Mg–Gd–Y–Zn system, but more work is
needed to improve the reliability of the other predicted
phases.
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