
Computational Thermodynamic Model for the
Mg-Al-Y System

S. Al Shakhshir and M. Medraj

(Submitted October 15, 2005; in revised form November 16, 2005)

The ternary Mg-Al-Y system was thermodynamically modeled based on the optimization of the
binary subsystems Mg-Al, Mg-Y, and Al-Y using the CALPHAD approach. Mg-Al data was
taken from the COST507 database, whereas the other two binary systems were reoptimized in
this work. The liquid phase was described by a Redlich-Kister polynomial model, and the
intermediate solid solutions were described by a sublattice model. Ternary interaction param-
eters were introduced to enable the best representation of the experimental data while consid-
ering the occurrence of the ternary compound Al4MgY. The constructed database is used to
calculate and predict thermodynamic properties, binary phase diagrams of Al-Y and Mg-Y, and
liquidus projections of the ternary Mg-Al-Y. The calculated phase diagrams and the thermo-
dynamic properties are in good agreement with the corresponding experimental data from the
literature. Sixteen ternary four-phase-equilibria invariant points were predicted in the Mg-Al-Y
system: seven ternary eutectic points, eight ternary quasi peritectic points, and one ternary
peritectic point. Further, fifteen three-phase-equilibria invariant points were determined: eight
saddle points and seven binary eutectic points.

Keywords Al-Y system, Al4MgY, compound, Mg-Al based
alloys, Mg-Al-Y phase diagram, Mg-Y system, ther-
modynamic modeling

1. Introduction

Magnesium alloys have been selected as candidates for
automotive, aerospace, and aircraft applications because
they are the lightest structural materials when compared
with aluminum and iron.[1] Adding yttrium or rare-earth
elements is one possible efficient method to improve the
mechanical properties of Mg-Al-based alloys because it in-
creases the corrosion, creep, and ignition resistance.[2-6] Pre-
cipitation of intermetallic or solid solution phases by Y
addition to Mg-Al alloys is the reason behind improving the
mechanical properties.[2,3] Therefore a complete knowledge
of the phase diagram and thermodynamics of the ternary
Mg-Al-Y system is essential for a better understanding of
this system.

The Mg-Al-Y system has not been studied in its entirety.
The goal of this work is to establish a complete thermody-
namic description of this ternary system, which should in
turn contribute to the effort of building a multicomponent
thermodynamic database for Mg alloys. The resulting data-
base will not only enable the calculation of the Mg-Al-Y
phase diagram, but also will make possible the tracking of
individual alloys, during heat treatment or solidification by
calculation of phase distributions and phase compositions.

This clearly will enable a better understanding of the Mg-
Al-Y alloys and thus alloy development of new ones. To
create an accurate thermodynamic model of a ternary sys-
tem, it is necessary first to have thermodynamic descriptions
of the three constituent binaries. Al-Y and Mg-Y systems
were reoptimized in this work, and Mg-Al was taken from
COST507.[7] A CALPHAD approach was used to build the
Mg-Al-Y database. The reliability of the developed data-
base is verified by comparison with the experimental data
from the literature.

2. Analytical Description of the Thermodynamic
Models Used

2.1 Unary Phases

The Gibbs energy function 0Gi
�(T) � Gi

�(T) − Hi
SER,

used for the elements i (i � Al, Mg, and Y) in the phase �
is:

0Gi
��T � = a + bT + cT lnT + dT 2 + eT 3 + fT −1 + gT 7 + hT −9

(Eq 1)

where 0Gi
�(T) represents the Gibbs energy of the pure ele-

ment, Gi
�(T) is the Gibbs energy of the pure element in its

standard state, Hi
SER [the molar enthalpy of the stable ele-

ment reference (SER)] is at 25 °C and 1 atm, and T is the
absolute temperature. The values of the coefficients a to h
are taken from the SGTE compilation of Dinsdale.[8]

2.2 Stoichiometric Phases

The Gibbs energy of binary stoichiometric phases is:

G� = xi
0Gi

�1 + xj
0Gj

�2 + �Gf (Eq 2)
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where xi and xj are mol fractions of elements i and j, which
are given by the stoichiometry of the compound, 0Gi

�1 and
0Gj

�2 are the respective reference states of elements i and j,
and �Gf is the Gibbs energy of formation per mol of atoms
of the stoichiometric compound:

�Gf = a + bT (Eq 3)

The parameters a and b are obtained by optimization
using both the phase equilibria and thermodynamic data.

2.3 Disordered Solution Phases

The Gibbs energy of a disordered solution phase is:

G� = xi
0Gi

� + xj
0Gj

� + RT�xilnxi + xjlnxj� + exG� (Eq 4)

where � denotes the phase of interest and xi, xj denote the
mol fraction of component i and j, respectively. The first
two terms on the right hand side of Eq 4 represent the Gibbs
energy of the mechanical mixture of the components, the
third term is the ideal Gibbs energy of mixing, and the
fourth term is the excess Gibbs energy, which is described
by a Redlich-Kister polynomial[9] in this work:

exG� = xi.xj �
n=0

n=m

nLi,j
� �xi − xj�

n (Eq 5)

nLi,j
� = an + bn × T (Eq 6)

where an and bn are model parameters to be optimized in
terms of experimental equilibrium and thermodynamic data.

2.4 Solid Solution Phases

The Gibbs energy of an ordered solution phase is:

G = Gref + Gideal + Gexcess (Eq 7)

Gref = � yi
lyj

m . . . . yk
q 0Gi:j:. . . . k (Eq 8)

Gideal = RT �
l

fl �
i

yi
l lnyi

l (Eq 9)

Gexcess = � yi
lyj

l yk
m �

�=0

�L�i,j�:K × �yi
l − yj

l�� (Eq 10)

where i, j, . . . k represent components or vacancy. l, m, and
q represent sublattices. yi

l is the site fraction of component i
on sublattice l. fl is the fraction of sublattice l relative to the
total lattice sites. 0G(i:j:..k) represents real or hypothetical
compound energy. L(i,j) represent the interaction parameters
that describe the interaction within the sublattice.

This general compound energy formalism (CEF) was
used to describe the binary solid solutions �Mg-Y, �, and �
in the Mg-Y binary system, and the ternary solid solu-
tion Al4MgY (�) in the ternary Mg-Al-Y system using the
PANDAT package.[10] The 0G(i:j:..k) and L(i,j) parameters of �

were adjusted by trial and error to fit the experimental data
obtained by Odinaev and Ganiev.[11]

3. Experimental Data Evaluation

The first step of thermodynamic modeling and optimi-
zation is collecting and classifying the experimental data
from the literature. Basically any type of experimental data
pertinent to Gibbs energy can be used as an input for the
thermodynamic modeling and optimization process. Typi-
cally, experimental phase diagram and thermochemical
(e.g., enthalpy of mixing, activity, etc.) results are the data
used for this purpose and can be collected from the litera-
ture.[12] Crystallographic data are also used because they are
essential for Gibbs energy modeling of the long range or-
dered phases. The crystallographic information is mainly
used for deciding the number of sublattices and the type of
species that should be assigned on these sublattices, as will
be discussed later. The second step is categorized under
critical evaluation of the collected data. This evaluation
eliminates the inconsistent and the contradictory experimen-
tal data.

3.1 Al-Y Binary System

3.1.1 Al-Y Phase Diagram Data. Savitiskii et al.[13]

were the first to investigate the Al-Y system using metal-
lographic and thermoanalytical measurements. They re-
ported the formation of the peritectic intermetallic com-
pound Y2Al5 at 1355 °C. A second compound was noticed
and it was designated as YyAlx. Snyder[14] studied the Al-Y
system by thermal analysis, x-ray diffraction (XRD), and
metallographic analyses. He reported, with ±5 °C accuracy,
the liquidus, two congruent compounds Al2Y and Al2Y3,
which melt at 1485 and 1100 °C, respectively, and three
incongruent melting compounds Al3Y, AlY, and AlY2. In
this work, it was found that the eutectic reactions in the
Al-rich and Y-rich regions take place at 640 and 960 °C,
respectively. Further, the eutectic reaction L ↔ Al2Y3 +
AlY takes place at 1088 °C. The peritectic reactions for
Al3Y, Al2Y, and AlY2 take place at 980, 1130, and 985 °C,
respectively. Lundin et al.[15] investigated this system by
microstructural observations and x-ray methods and re-
ported a phase diagram. Their results are in general agree-
ment with Snyder[14] except in the following points: the
solid solubility of Y in Al was less than 0.1 wt.% at the
eutectic temperature and the YAl3 peritectic reaction takes
place at 1355 °C instead of 980 °C as reported by
Snyder,[14] knowing that the accuracy of the reported tem-
perature by Lundin et al.[15] was ±10 °C. Drits et al.[16]

investigated the Al-rich region using thermal analysis and
microstructural studies. Their results were also in good
agreement with Snyder[14] and Lundin et al.[15] Further,
Gschneidner et al.[17] assessed the Al-Y phase diagram
based on the work of Lundin et al.[15] and Snyder.[14] They
reported that �Y phase melts at 1522 °C and yttrium
undergoes an � ↔ � allotropic phase transformation at
1478 °C. Kripyakevich studied the Y-Al system by thermal
analysis and reported the existence of another intermetallic
compound Al4Y.[18] However, Rongzhen et al.[19] found

Section I: Basic and Applied Research

232 Journal of Phase Equilibria and Diffusion Vol. 27 No. 3 2006



that this compound does not exist in the Al-Y binary system
when they investigated the Al-Y-Sn isothermal section at
room temperature by XRD, differential thermal analysis
(DTA), optical microscopy (OM), electron microscopy
(SEM/EDS), electron spectrum and electron probe micro-
analysis (EPMA) techniques. Lingmin et al.[20] investigated
the isothermal section of Al-Y-Sb at 527 °C by XRD with
the aid of DTA, OM, and SEM. They confirmed the exis-
tence of Al3Y, Al2Y, AlY, Al2Y3, and AlY3. They reported
AlY3 instead of AlY2, which contradicts Snyder,[14] Lundin
et al.,[15] and Rongzhen et al.[19] On the other hand,
Chelkowsski et al.[21] found that the maximum solubility of
Y in solid (Al) was less than 100 ppm using electrical and
magnetic measurements and x-ray tests. Saveteskii et al.[13]

found that the solubility of Y in Al is approximately 0.8
at.% Y at the eutectic temperature, and it was estimated to
be less than 0.035 at.% Y at 300 °C. Richter et al.[22] iden-
tified the Y5Al3 compound as a D88 structure with Mn5Si3
prototype using transmission electron microscopy (TEM)
and XRD. They reported that Y5Al3 is a metastable com-
pound and should not appear in the phase diagram. A trans-
formation of Al3Y from � to � was noticed by Bailey[23] at
645 °C; however, the two different phases � and � were not
confirmed by Raggio et al.,[24] or by Lingmin et al.[20]

3.1.2 Thermodynamic Data. The heat of mixing and
the partial enthalpies were measured by Esin et al.[25] and
Ryss et al.[26] calorimetrically at 1600 °C. The values re-
ported in these two articles show a discrepancy, although
they have common coauthors. This is caused by the diffi-
culty in dealing with the Al-Y system experimentally be-
cause the reaction becomes more exothermic with adding
yttrium. The partial Gibbs energy of yttrium was measured
by Kobber et al.[27] at 527 °C using the electromotive force
(emf) method. However, it was reported that the composi-
tion was not known for certain measured values of the par-
tial Gibbs free energy in the range between 33 and 50% Y.
Partial Gibbs energies and the heat of mixing were deter-
mined by Zviadadze et al.[28] using the vapor pressure tech-
nique. Their results show a discrepancy with the measure-
ments of Esin et al.[25] and Ryss et al.[26] In this work, the
experimental data of the partial Gibbs energy were not used
in the optimization process because the results from the
literature are contradictory and some compositions were not
determined.

The heats of formation of Al3Y, Al2Y, and AlY were
determined calorimetrically by Snyder,[14] Gröbner et
al.,[29] and Timofeev et al.,[30] whereas Bronze et al.[31] used
an emf method to measure the heat of formation of the AlY
and Al2Y compounds.

Kobber et al.[27] determined the activities of Al at 527 °C
using the EMF technique. Petrusheveskii and Ryss[32] re-
ported the activity of Al and Y at 1600 °C using the values
obtained for heat of mixing by Ryss et al.,[26] whereas Ku-
lifeev et al.[33] obtained the activities by measuring the par-
tial vapor pressures of Al above Al-Y solid alloys.

The experimental results for the phase diagram obtained
by Snyder[14] and Gscheidner et al.[17] were used in the
optimization of the Al-Y system, because they are consis-
tent with each other. However, the experimental data of
Lundin et al.[15] were not used, due to the high error range

in the reported temperature. Moreover, the heat of mixing
obtained by Esin et al.[25] was used in the optimization
process of this system because it was consistent with the
other thermodynamic data such as the activities reported by
Petrusheveskii and Ryss.[32] These experimental data were
enough to optimize the model parameters of the system.

3.2 Mg-Y Binary System

3.2.1 Mg-Y Phase Diagram. Sviderskaya and Padezh-
nova[34] used thermal analysis to study the Mg-rich region
in Mg-Y alloys. A solid solution of Y in Mg was predicted
and they noticed the existence of the Mg24Y5 compound in
the Mg rich region. Gibson and Carlson[35] investigated the
Mg-Y system using thermal, microscopic, and x-ray tech-
niques. Their work accorded with Sviderskaya and Padezh-
nova.[34] Three compounds; Mg24Y5, Mg2Y, and MgY were
formed peritectically at 60, 41, and 21.5 wt.% Mg and rep-
resented by �, �, and �Mg-Y, respectively. The decomposi-
tion temperatures had been measured as 605, 780, and
935 °C, respectively. A eutectic reaction was identified at
74 wt.% Mg and 567 °C, and a eutectoid reaction associated
with an allotropic transformation in Y at 11 wt.% Mg and
775 °C. The maximum solid solubility of Y in Mg was
around 9 wt.% Y at 567 °C. Mizer and Clark[36] investigated
the Mg-rich region using thermal analysis and metallogra-
phy. They found that the maximum solubility of Y in solid
Mg was approximately 12.6 wt.% Y at the eutectic tem-
perature 565.5 °C. This work shows good agreement with
Sviderskaya and Padezhnova[34] and Gibson and Carl-
son.[35] Besides, Massalski[37] assessed the Mg-Y phase dia-
gram using the experimental work in the literature and had
to adjust his results to comply with the results of Svider-
skaya and Padezhnova[34] in the Mg-rich region. Smith et
al.[38] found using XRD that Mg24Y5 and MgY have tan-
gible homogeneity ranges, as shown in Table 1. The Mg2Y
phase was predicted as intermetallic compound by Carl-
son,[35] Mizer and Clark,[36] and Smith et al.[38] These re-
sults do not agree with Flandorfer et al.[39] who used XRD,
OM, and EPMA to study the Ce-Mg-Y isothermal section at
500 °C. From their experimental work, the range of homo-
geneity of the Mg2Y was obtained, as shown in Table 1.

The crystal structures of �, �, and �Mg-Y were investi-
gated using XRD by Smith et al.[38] They reported that
�Mg-Y has CsCl structure, �-phase has MgZn2 structure, and
�-phase has �-Mn structure. Further, the crystal structure of
� was studied again in 2004 by Zhang et al.[40] using TEM.
They reported the same crystal structure as found by Smith

Table 1 Homogeneity ranges of the �, �, and
�Mg-Y phases

Phase

Temperature
range,

°C

Range of
homogeneity,

at.%Y Reference

�Mg-Y, MgY <935 48-50 38
�, Mg24Y5 <605 13-16 38
�, Mg2Y <780 33.2-34.2 39
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et al.,[38] but with one difference in the occupying atoms of
the 2a Wyckoff position. Zhang et al.[40] reported that this
position was occupied by an Mg atom, however Smith et
al.[38] reported that this position was occupied by 0.25 at.%
Mg and 0.75 at.% Y. The work of Zhang et al. [40] is more
precise than Smith et al.[38] because they used a much more
advanced experimental technique for predicting the crystal
structure. Therefore these results will be used in the current
research. The crystallographic data will be discussed later un-
der the modeling section of these phases.

3.2.2 Thermodynamic Data. Agrawal et al.[41] mea-
sured the enthalpy of mixing of liquid Mg-Y alloys in the
Mg-rich region calorimetrically at different temperatures.
The maximum composition attained was 21.8 at.%Y at
747 °C. Agrawal et al. extrapolated the values of the heat of
mixing over the remaining composition range using the as-
sociation model. Fabrichanya et al.[42] calculated the heat of
mixing of Mg-Y liquid alloys. These calculations showed
good agreement with Agrawal et al.[41] Activities of Mg and
Y were measured by Gansen et al.[43] using the vapor pres-
sure technique. These results are in agreement with the mea-
sured activities of Mg by Ipser and Gansen[44] using the
same method. Both results are consistent with the activities
calculated by Fabrichanya et al.[42]

Smith et al.[38] measured the enthalpies of formations
using differential acid solution calorimetry and vapor pres-
sure measurements. The heat of formation of Mg24Y5 was
measured by Smith et al.[38] and found consistent with the
calculated value by Ran et al.[45] However, the other inter-
mediate compounds showed fair agreement between Smith
et al.[38] and Ran et al.[45] This is caused by the difficulties
in measuring the heat of formation when the Y content
increases because the reactions become more exothermic.
Also, Y has a high melting point compared with Mg, and
this leads to sublimation of Mg during fusion of the met-
als.[41] Fabrichanya et al.[4] calculated the heat of formation,
and their results showed a reasonable agreement with the
one measured by Smith et al.[38] and with the experimental
data obtained calorimetrically by Payagi et al.[46]

The experimental data for the Mg-Y phase diagram ob-
tained by Sviderskaya and Padezhnova,[34] Massalski,[37]

and Smith et al.[38] were quite enough to optimize the Mg-Y
binary system. The experimental thermodynamic data were
in agreement with the current calculations.

3.3 Mg-Al Binary System

The binary Mg-Al system has already been thermody-
namically evaluated by COST507 project[7] in an effort to
build a multicomponent Mg data base. In the current work,
the Mg-Al system is taken from this database because it is
in agreement with the experimental data in the literature,
and the models used and the number of parameters for each
phase are consistent with the current treatment of the other
two binary systems.

This system has two terminal solid solutions, hcp-Mg
and fcc-Al; two intermetallic compounds, Al30Mg23 and
Al140Mg89; and a nonstoichiometric compound, �Mg-Al. The
line compound Al30Mg23 is stable only in the temperature
range of 250-410 °C. Two congruent melting compounds
are identified: �Mg-Al melts at 464 °C and Al140Mg89 melts

at 452 °C. The first eutectic reaction is identified in the
Mg-rich region at 30 at.% Mg and 435 °C, the second
eutectic reaction is between �Mg-Al and Al140Mg89 at 58
at.% Mg and 448 °C, and the third one is in the Al-rich
region at 64 at.% Al and 450 °C.

3.4 Mg-Al-Y Ternary System

Drits et al.[47] investigated the Mg-Al-Y system using
DTA, microscopy, and micro x-ray spectrum analysis. Their
investigations showed that the �, �Mg-Al, and Al2Y are in
equilibrium with hcp-Mg phase in four different regions in
the phase diagram. Zarechnyuk et al.[48] studied this system
experimentally in the range of 0-33 at.% Y at 400 °C using
XRD, microstructure, and chemical analysis. They con-
firmed the results obtained by Drits et al.[47] Zarechnyuk et
al.[48] detected for the first time the existence of a �
(Al4MgY) ternary compound. This compound was in equi-
librium with Al3Y, Al2Y, Al3Mg2, and fcc-Al in four dif-
ferent regions in the phase diagram. It was reported that the
ternary Al4MgY compound has the MgZn2 crystal structure
type. The crystallographic data will be addressed during the
modeling process of this phase. Odinaev and Ganiev[11]

used XRD, metallographic analysis, and DTA to construct
the liquidus surfaces and to determine the characteristic
points in the Al-Mg-Al2Y section.[11] They confirmed the
existence of the �-phase detected by Zarechnyuk et al.[48]

They reported the primary solidification region of �-phase
and showed that this phase melts congruently at 780 °C.
Odinaev et al.[49] constructed the Mg-Al-Y isothermal sec-
tion at 400 °C over the entire composition range using mi-
crostructural analysis and XRD. In this work, the existence
of the �-phase was confirmed. Also, the existences of ex-
tensive solid solubility between the intermetallic com-
pounds were observed along 33.3 at.% and 50 at.% Y sec-
tions. It is worth mentioning that the existence of such
extensive solid solutions was not observed by Zarechnyuk
et al.[48] and Odinaev and Ganiev.[11] The results of Odinaev
et al.[49] were not included in the current work because the
phase boundaries in the composition range of 33.3-100 at.%
Y were determined based on analogy with the phase equi-
libria in the Al-Mg-(La, Ce, Pr, and Nd) ternary systems.

4. Results and Discussion

4.1 Al-Y Binary System

In 1989, Ran et al.[50] calculated the Al-Y system. They
used 5-Redlich-Kister polynomial terms for the liquid
phase; however, the results did not agree with the experi-
mental results of the integral heat of mixing and partial
activities. In 1995, Gröbner et al.[29] reoptimized the system,
also, with 5-Redlich-Kister polynomial terms for the liquid
phase to be used in the extrapolation of Al-Y-C ternary
system. In this work, the AlY compound was considered as
a congruent melting compound; this disagrees with the ex-
perimental data from the literature.[14,15,19] Further, this
model does not reproduce the experimental thermodynamic
data reported in the literature except for the heats of forma-
tion of the intermetallic compounds. Thus, this system was
reoptimized in the current work.
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4.1.1 Phase Diagram. The selected experimental phase
diagram and enthalpy of mixing of liquid Al-Y alloys,
which were discussed in Sec. 3, were used to optimize the
thermodynamic model parameters for all the phases in the
Al-Y binary system. To maintain the consistency with other
systems, and with the COST507 project,[7] no lattice stabil-
ity values were added to the Gibbs energy expressions ob-
tained from the SGTE database[8] for the pure components,
cph-Mg, fcc-Al, cph-Y, and bcc-Y.

In the current work, the Al-Y system was optimized and
calculated using three Redlich-Kister terms for the liquid, as
shown in Table 2. In general, a simpler model with fewer
parameters is preferred to the more complicated ones. The
model-calculated phase diagram of the Al-Y system in re-
lation to the experimental results from the literature is
shown in Fig. 1. This figure shows good agreement with the
published experimental data.

4.1.2 Thermodynamic Data. The calculated heat of
mixing, shown in Fig. 2(a), illustrates good agreement with
the experimental data obtained by Esin et al.[25] and Ryss et
al.,[26] except in the 0.33-0.55 composition range where the

experimental data shows a negative deviation from the cal-
culated values; however, both have the minimum point at
the same composition. This deviation is not only between
the calculated and the experimental data; it can also be seen
between the experimental results of Ryss et al.[25] and Esin
et al.,[26] as shown in Fig. 2(a). This discrepancy is probably
caused by the difficulty in obtaining accurate measurements
in this region, due to the existence of the high melting Al2Y
compound (Tm � 1475 °C). However, the work of Zvia-
dadze et al.[28] shows a large discrepancy with the current
calculation as well as with the earlier work of Ryss et al.[25]

and Esin et al.[26] This discrepancy is probably due to the
fact that the vapor pressure experimental technique used by
Zviadadze et al.[28] is less accurate than the calorimetric
experimental technique used by the two earlier investiga-
tions.[25,26]

The calculated activities are shown in Fig. 2(b), where
good agreement with Petrusheveskii and Ryss[32] can be
observed. However, the activity measured by Kulfieev et
al.[33] shows poor agreement with the current calculations.
This is due to the systematic error, which is attributed to
using different techniques in activity measurement.[51] The
calculated partial heats of mixing of Al and Y show good
agreement with other experimental data (Fig. 2c).[24,25] A
slight positive deviation is noticed in the calculated data
over the experimental results. Nonetheless, the trend is simi-
lar. However, the experimental partial heats of mixing of Al
and Y obtained by Zviadadze et al.[28] show poorer agree-
ment with the calculated partial heat of mixing and contra-
dict other experimental work.[24,25]

Figure 2(d) shows good agreement between the calcu-
lated heats of formation obtained in this study and the ex-
perimental results[29,31] already reported. On the other hand,
the heats of formation of Al2Y, Al3Y, and AlY measured by
Snyder[14] are more negative than the calculated ones. This

Table 2 Optimized model parameters for the liquid
and intermetallic compounds in the Al-Y system

Phase Terms a, J/mol b, J/molK

Liquid L0 −160,876.360 5.000
L1 −32,000.000 7.560
L2 32,000.000 −6.530

Al3Y �Gf −39,727.972 8.036
Al2Y �Gf −50,410.046 10.230
AlY �Gf −48,074.303 11.536
Al2Y3 �Gf −45,347.395 12.364
AlY2 �Gf −38,200.000 10.568

Fig. 1 Calculated Al-Y phase diagram with experimental results from the literature
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higher negativity is caused by employing the estimations of
Miediema et al.[52] to calculate the heat of formations of the
three intermetallic compounds in the work of Snyder.[14]

The calculated heat of formation of the most stable inter-
metallic compound Al2Y shows excellent agreement with
the results of Baily[23] and Gröbner et al.,[29] as shown in
Fig. 2(d).

4.2 Mg-Y Binary System
In 1988, Ran et al.[45] calculated the Mg-Y phase dia-

gram using optimized parameters of phase equilibria and
thermodynamic data. In this work, �-phase was considered
stoichiometric. However, Flandorfer et al.[39] had reported a
range of homogeneity for this compound. The assessment of
the thermodynamic data from the related literature such as

the heat of mixing, activities, and partial Gibbs energy was
not discussed by Ran et al.[45] In 2003, Fabrichanya et al.[42]

recalculated the Mg-Y system using both phase equilibria
and thermodynamic data in the optimization process. They
used a sublattice model, and they reproduced the homoge-
neity ranges of �, �, and �Mg-Y. Their calculations showed
good agreement with the phase diagram and the thermody-
namic data from the related literature. Although they repro-
duced the homogeneity ranges of �, �, and �Mg-Y phases in
their calculation, they did not consider the crystallographic
data for �, �, and �Mg-Y phases in the modeling process.
Besides, they modeled the �Mg-Y phase using at least 10
parameters that can result in unpredictable calculations for
the higher order systems. Therefore, this system was re-
optimized in the current work.

Fig. 2 Calculated thermodynamic properties of the Al-Y system compared with experimental data from the literature: (a) heat of mixing
of Al-Y liquid, (b) activities of Al and Y, (c) partial enthalpy of mixing Al and Y, and (d) enthalpy of formation of the stoichiometric
compounds
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4.2.1 Phase Diagram. In the current work, the Mg-Y
system was reoptimized using the experimental phase equi-
libria data and employing a Redlich-Kister description of
the liquid, hcp-Mg, and �-Y phases, and the general com-
pound energy formalism (CEF) or sublattice model for the
�, �, and �Mg-Y phases (Table 3).

The calculated phase diagram shows good agreement
with the experimental data from the literature (Fig. 3). This
figure shows that the calculated ranges of homogeneities are
also consistent with experimental data.

4.2.2 Thermodynamic Modeling of the �, �, and
�Mg-Y Phases. As a first approximation of the Mg-Y sys-
tem, the �, �, and �Mg-Y phases were modeled as linear
compounds using the stoichiometric model. Once a satis-
factory thermodynamic description of each phase, espe-
cially the liquid phase, was obtained, these phases were
remodeled as solid solutions using the sublattice model.
This was done gradually, starting with the highest melting
temperature �Mg-Y phase and ending with the lowest melt-
ing temperature �-phase. This is because the highest melting
temperature compound has more effect on the thermody-
namic description of the other phases. Hari Kumar et al.[53]

and Hari Kumar and Wollants[12] mentioned that attention
should be given to the crystallographic information and the
solubility range of the phase during the optimization of the
sublattice model parameters.

Thermodynamic Modeling of the �Mg-Y Phase. The crys-
tal structure data of the �Mg-Y intermediate solid solutions
was obtained by Smith et al.[38] and listed in the Pearson
handbook[54] (Table 4).

The coordination numbers shown in Table 4 were ob-
tained in this work. The coordination number is defined as the
number of closest neighbor similar and dissimilar atoms
around the atom of interest.[53] This number is determined
from the substructure of each atom drawn by the PowderCell
software[55] using the available crystallographic data (Fig. 4).

Based on the crystallographic data of �Mg-Y phase, there
are two atoms at different sites in the unit cell with the same
point of symmetry and different coordination number
(Table 4). To obtain an intermediate phase that has an ideal
stoichiometry, two sublattices are needed, and each sublattice
is occupied by only one constituent species. In other words,
the direct sublattice model based on the crystallographic
data of the �Mg-Y phase requires consideration of only two
sublattices: one occupied by Mg and the other by Y.

�Mg�1: �Y�1

This model does not represent the homogeneity range of
�-phase obtained by Smith et al.[38] To achieve the devia-
tion from stoichiometry, it is necessary to allow mixing of
atoms in one or more sublattices. For the phases that have a
relatively narrow range of homogeneity like �Mg-Y the mix-
ing is performed by “defects,” which may be vacancies or
antistructure atoms (i.e., atoms at lattice sites belonging to
the other kind of atoms in the ideal structure).[12,53] Based
on that, the mixing of Y atoms as antistructure atoms in Mg
sublattice and vacancies (Va) in Y sublattice are the defects
considered in this model. Therefore, the model takes the form:

�Mg%, Y�1: �Y%: Va�1

Here the % denotes the major constituent of the sublattice.
This model covers the whole composition range. Therefore,
this satisfies the homogeneity range requirement for �Mg-Y

phase obtained by Smith et al.[38] as 0.48 	 XY 	 0.5. Thus,
the Gibbs energy per mole of formula unit of MgY is given
by Eq 11:

Gm
MgY = yMg

I yY
II 0GMg:Y

MgY + yMg
I yVa

II 0GMg:Va
MgY

+ yY
I yY

II 0GY:Y
MgY + yY

I yVa
II 0GY:Va

MgY

+ RT�0.5 �
i=Mg

Y

yi
Ilnyi

I + 0.5 �
i=Y

Va

yi
IIlnyi

II�

+ yMg
I yY

I �yY
II 0LMg,Y:Y

MgY + yVa
II 0LMg,Y:Va

MgY �

+ yY
II yVa

II �yMg
I 0LMg:Y,Va

MgY + yY
I 0LY:Y,Va

MgY � (Eq 11)

where, i is the species inside the sublattice. yI
Mg, yI

Y is the
site fraction of sublattice I. yY

II, yII
Va is the site fractions

of lattice II. 0GMgY
Mg:Y, 0GMgY

Mg:Va,
0GY:Y

MgY, 0GMgY
Y:Va,

0LMgY
Mg,Y:Y,

0LMgY
Mg,Y:Va,

0LMgY
Mg:Y,Va, and 0LMgY

Y:Y,Va are the model parameters
that were optimized using the CEF with the experimental
data shown in Table 3 using the PANDAT program.[10]

Table 3 Optimized Redlich-Kister model parameters
for all the phases in Mg-Y system

Phase Terms a, J/mol b, J/molK

Liquid L0 −40,917.970 22.830
L1 −18,685.230 10.240
L2 1,076.670 −6.050

Hcp-Mg L0 −11,718.260 7.490
L1 −4,305.600 2.430
L2 −7,236.360 2.000

�-Y L0 −28,199.320 13.490
L1 −2,005.000 1.500

�, Mg24Y5 G (Mg:Mg:Mg) 48.930 0.000
G (Mg:Y:Mg) −208.621 0.000
G (Y:Y:Mg) 206.900 −0.103

�, Mg2Y G (Mg:Mg:Mg) 600.000 0.000
G (Mg:Y:Mg) −2,956.667 −0.017
G (Y:Y:Mg) 1,333.333 0.000
G (Y:Mg:Mg) −1,666.667 54.340
L (Mg, Y:Mg:Mg; 0) −5,000.000 336.160
L (Mg, Y:Y:Mg; 0) −7,816.920 20.440
L (Mg:Mg, Y:Mg; 0) −3,910.068 3.470
L (Y:Mg, Y:Mg; 0) −5,000.000 336.440

�Mg-Y, MgY G (Mg:Y) −9,675.000 1.210
G (Mg:Va) 5,000.000 0.000
G (Y:Y) −2,895.780 10.750
G (Y:Va) 13,500.000 17.500
L (Mg, Y:Y; 0) 15,000.000 16.000
L (Mg, Y:Va; 0) 15,000.000 15.000
L (Mg:Y, Va; 0) −5,000.000 7.000
L (Y:Y, Va; 0) −5,000.000 7.000
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Table 4 Crystal structure and lattice parameters of �Mg-Y phase

Phase Crystal data Atoms WP(a) CN(b) PS(c)

Atomic position

X Y Z

�Mg-Y, MgY Structure type, C1Cs Mg 1a 14 m3̄m 0 0 0
Pearson symbol, cP2 Y 1b 14 m3̄m ½ ½ ½
Space group, Pm3̄m
Space group No., 221
Lattice parameter, nm, a � 0.3810
Angles: � � 90°, � � 90°, � � 120°

(a) WP, Wyckoff position, (b) CN, coordination number, and (c) PS, point symmetry. Source: Ref 54

Fig. 3 Calculated Mg-Y phase diagram with experimental results from the literature

Fig. 4 Substructure of (a) Y and (b) Mg atoms in �Mg-Y unit cell with the coordinator number (CN)
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Thermodynamic Modeling of the �-Phase. The �-phase
was modeled in the same way as the �Mg-Y phase.

�Mg%, Y�29: �Y%, Mg�10: �Mg�19

the maximum homogeneity range of 0.13 	 XY 	 0.16 at
545 °C reported by Smith et al.[38] is included by the range
of this model that covers 0 	 XY 	 0.672. Based on this
model, an equation similar to that of �Mg-Y can be estab-

lished by taking into account the new number of sublattices
and the new site fractions.

Thermodynamic Modeling of the �-Phase. Similarly, the
�-phase was modeled and the resultant mode is:

�Mg%, Y�6: �Y%, Mg�4: �Mg�2

This model covers the 0 	 XY 	 0.833 composition range.
This range includes the homogeneity range of 0.332 	 XY

Fig. 5 Calculated thermodynamic properties compared with the experimental data from the literature: (a) heat of mixing of Mg-Y liquid,
(b) activities of Mg and Y, (c) partial Gibbs energy of Mg and Y, and (d) enthalpy of formation of the stoichiometric compounds
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	 0.342 reported by Flandorfer et al.[39] Based on the es-
tablished number of sublattices and the site fractions, the
�-phase was modeled and the model parameters were opti-
mized (Table 3).

4.2.3 Thermodynamic Properties of the Mg-Y Sys-
tem. Figure 5(a) shows that the calculated heat of mixing is
in good agreement with the experimental results of Agrawal
et al. [41] The calculated activity of Mg in Mg-Y liquid has
a slight negative deviation from the experimental values
reported by Zhang and Kelly[40] and Agrawal et al.[41] (Fig.
5b). The experimental values of Y activity are not available
in the literature; therefore, comparison was not possible.
The calculated partial Gibbs free energy of Mg and Y in
Mg-Y liquid is in good agreement with the experimental
results of Zarechnyuk et al.[48] (Fig. 5c). Figure 5(d) shows

the calculated heat of formation of the intermediate com-
pounds in the Mg-Y system in relation to experimental re-
sults from the literature. Good agreement between the cal-
culated and the experimental data is noticed. The �Mg-Y

phase, reported by Pyagai et al.[46] has a negative value
twice that in this work and that obtained by Smith et al.[38]

The measurements of Smith et al.[38] were more accurate
than those of Pyagai et al.[46] This is because Smith et al.[38]

used both calorimetric and vapor pressure techniques that
produced consistent results. However, Pyagai et al.[46] used
the calorimetric technique only. The value obtained in the
current work lies between these two results but closer to that
of Smith et al.[38]

4.3 Mg-Al-Y System

A self-consistent thermodynamic database for the Mg-
Al-Y system has been constructed by combining the ther-
modynamic descriptions of the three constituent binaries;
Al-Y, Mg-Y, and Mg-Al, along with the thermodynamic
properties of the ternary compound � (Al4MgY), which
have been assessed in this work.

4.3.1 Thermodynamic Modeling of �-phase. The ter-
nary solid solution � (Al4MgY) was modeled using the CEF
with the experimental data of the primary solidification re-
gion reported by Odinaev and Ganiev[11] using DTA. The
sublattice model was determined in the same way as �Mg-Y.
The resultant model for the �-phase is:

Table 5 Ternary interaction parameters with the
�-phase parameters

Terms a, J/mol b, J/molK

L0 (Mg, Al, Y) −150,000.000 0.000
L1 (Mg, Al, Y) −180,000.000 0.000
G (Al:Mg:Y) −4,166.667 1.401
G (Al:Al:Y) −3,500.000 0.883
G (Al:Y:Mg) −4,333.333 0.733
L (Al, Mg, Y:Al:Mg;0) −96,000.000 4.000

Fig. 6 Calculated Al-M-Y ternary phase diagram with invariant points: (�) experimental liquidus isotherms and (�) primary solidification
region for �-phase[11]
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�Al%, Mg, Y�9: �Al, Mg%, Y�1.6: �Mg, Y%�1.4

This model gives good agreement with the primary solidi-
fication region obtained by Odinaev and Ganiev[11] and pro-
vides homogeneity in the composition range of 0 	 XAl 	
0.877, 0 	 XY 	 1, and 0 	 XMg 	 1, which covers the
Al4MgY compound. Based on the established model for
�-phase, the optimized parameters are listed in Table 5.
Three G and one L parameters were used to reproduce the
experimental primary solidification region of �-phase.

To obtain better agreement with the experimental liq-
uidus isotherms, two ternary interaction terms were added to
the description of the liquid phase. These parameters are
listed in Table 5. The resulting ternary phase diagram in
comparison with the experimental results from the literature
is shown in Fig. 6.

The ternary phase diagram of the Mg-Al-Y system was
obtained in detail by projecting liquidus lines from isother-
mal sections at 100 °C temperature step on the Gibbs tri-
angle. In this system, 16 ternary four-phase-equilibria points
are determined: seven ternary eutectic points, eight ternary
quasi peritectic points, and one ternary peritectic point
(Table 6). Moreover, it involves fifteen ternary three-phase-
equilibria points: eight saddle points, and seven binary eu-
tectic points (Table 7). Also, good agreement can be seen in
Fig. 6 between the calculated isothermal lines and the ex-
perimental values from the literature.

The calculated primary solidification region for the
�-phase shows good agreement with the report of Odinaev
and Ganiev.[11] However, the calculated melting point of
this compound is 1085 °C, which is much higher than
∼780 °C obtained by Odinaev and Ganiev.[11] This contra-
diction is due to the fact that the liquidus around �-phase
was predicted to be higher than what reported by Odinaev
and Ganiev.[11] Such a low liquidus in this region is very
difficult to reproduce due to the high enthalpies and quite

normal entropies of formation of the binary Al-Y interme-
tallic phases Al3Y, Al2Y, AlY, Al2Y3, and AlY2. These high
liquidus temperatures were observed by other researchers
who studied similar systems (i.e., Mg-Al-RE).[56-58] Fur-
ther, the existence of Al4Y, not included in this work but
considered by Odinaev and Ganiev,[11] may have contrib-
uted to this inconsistency. It is worth emphasizing that the
most recent work[14,15,19] on Al-Y did not consider Al4Y to
be a stable phase in this system. Moreover, it is difficult to
compare the calculated invariant reactions in this work with
those of Odinaev and Ganiev[11] due to their acceptance

Table 7 Calculated three-phase equilibria points and
their reactions in the Al-Mg-Y system

Calculated invariant points

No. Reaction T, °C Type

Composition,
at.%

Al Mg Y

1 Liquid ↔ � + fcc-Al 613.9 S1 92.6 3.8 3.6
2 Liquid ↔ Al2Y + � 1088.6 S2 75 10 15
3 Liquid ↔ Al140Mg89 + � 432 S3 63.5 34.3 2.2
4 Liquid ↔ � + �Mg-Y 439.3 S4 54.8 42.4 2.8
5 Liquid ↔ Al2Y + cph-Mg 625 S6 3.8 94.9 1.3
6 Liquid ↔ Al2Y + � 547.6 S8 8.2 74.3 17.5
7 Liquid ↔ � + AlY 549.8 S9 10.4 66 23.6
8 Liquid ↔ Al2Y3 + �Mg-Y 730.7 S10 13.3 34 52.7
9 Liquid ↔ AlY2 + cph-Y 967.3 e1 26 0 74

10 Liquid ↔ AlY + Al2Y3 1087.4 e2 43 0 57
11 Liquid ↔ Al-fcc + Al3Y 640 e3 97.5 0 2.5
12 Liquid ↔ fcc-Al + Al140Mg89 449.3 e4 63.8 36.2 0
13 Liquid ↔ Al140Mg89 + �Mg-Y 450 e5 59.6 40.4 0
14 Liquid ↔ �Mg-Y + cph-Mg 430.3 e6 31.7 68.3 0
15 Liquid ↔ cph-Mg + � 558.4 e7 0 91.6 8.4

Table 6 Calculated four-phase equilibria points and their reactions in the Al-Mg-Y system

Calculated invariant points

No. Reaction T, °C Type

Composition, at.%

Al Mg Y

1 Liquid ↔ � + Al3Y + fcc-Al 612.8 E1 93 3 4
2 Liquid ↔ fcc-Al + Al140Mg89 + � 431.4 E2 65.2 32.7 2.1
3 Liquid ↔ Al140Mg89 + � + �Al-Mg 430.5 E3 61 36.7 2.3
4 Liquid ↔ �Mg-Y + Al2Y + cph-Mg 419.6 E4 37.6 60.4 2
5 Liquid ↔ Al2Y + cph-Mg + � 538.5 E5 3.3 85.6 1.1
6 Liquid ↔ Al2Y + � + AlY 817.5 E6 11 68 21
7 Liquid ↔ Al2Y3 + �Mg-Y + cph-Y 727 E7 12.7 31.4 55.9
8 Liquid + Al2Y ↔ � + Al3Y 969.1 U1 83.4 4.7 11.9
9 Liquid + � ↔ �Mg-Y + Al3Y 434.6 U2 50 47 3

10 Liquid + Al3Y ↔ �Mg-Y + Al2Y 693.8 U3 37.6 60.4 2
11 Liquid + � ↔ � + AlY 549.7 U4 10.3 65.6 24.1
12 Liquid + Al2Y3 ↔ AlY + � 575.3 U5 12.3 59.6 28.1
13 Liquid + �Mg-Y ↔ � + Al2Y3 652 U6 11 50.7 38.3
14 Liquid + �-Y ↔ �Mg-Y + cph-Y 771.4 U7 10.1 34.7 55.2
15 Liquid + AlY2 ↔ Al2Y3 + cph-Y 908.7 U8 23 8 69
16 Al2Y + � ↔ Liquid + Al3Y 531.6 P 51.4 43 5.6
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of Al4Y. Nevertheless, reasonable agreement has also
been achieved with the experimental work of Drits et al.[47]

(Fig. 7). Figure 7 shows that the experimental data of Drits
et al.[47] have boundaries at higher temperatures than
those calculated, especially in the regions where the �-phase
exists. This is due to the high melting point of �-phase
(633 °C) reported by Drits et al.[47] However, this was
evaluated as 614 °C in the current work, which is in good
agreement with Smith et al.[38]

For a better understanding, the ternary Al-Mg-Y liquidus
surface is drawn in three dimensions, with the temperature

color key, from the evaluated thermodynamic model using
GRAPHIS software[59] (Fig. 8). The light grey color ex-
presses the high-temperature range, and the dark gray
presents the low-temperature range, as shown in the legend
of this figure.

5. Conclusions

The phase relations and thermodynamic descriptions of
the Al-Y and Mg-Y systems were obtained using optimiza-

Fig. 7 Calculated vertical sections for 80 wt.% Mg compared with experimental data, 0-20 wt.% Al[47]

Fig. 8 Liquidus surface of the Al-Mg-Y system in 3D with color key indicating the temperature range
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tion with the phase equilibria and thermodynamic experi-
mental data from the literature. A consistent set of thermo-
dynamic parameters were obtained in this work. These
parameters were used to calculate the Mg-Al-Y phase dia-
gram. The calculated results were compared with the ex-
perimental data, and good agreement has been achieved.

One ternary nonstoichiometric compound was included
in the assessment of the Mg-Al-Y ternary system. The
Gibbs energy of this ternary compound was evaluated using
a sublattice model, and to obtain good agreement with the
experimental liquidus isotherms, two ternary interaction pa-
rameters were added to the description of the liquid phase.

Good agreement with the experimental data has been
achieved for the calculated binary systems and for the ther-
modynamic properties of the binary phases. This was ex-
tended to calculate liquidus isotherms, the primary solidifi-
cation region of �-phase, and a vertical section for the
ternary Mg-Al-Y system.

The predicted invariant points in the Mg-Al-Y system
were sixteen ternary-four phase equilibria points: seven ter-
nary eutectic points, eight ternary quasi peritectic points,
and one ternary peritectic point. Further, fifteen ternary-
three phase equilibria points were determined: eight saddle
points and seven binary eutectic points.
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