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Abstract—The goal of this work was to study phase equilibria in the La,O;—SrO—ZrO, system, which is a
promising base for high-temperature ceramics and materials with unique optical, electrochemical, and cata-
lytic properties. Thermodynamic modeling of phase equilibria in this system was carried out using the
NUCLEA database and GEMINI2 (Gibbs Energy Minimizer) software. One polythermal and thirteen isother-
mal sections of the La,0;—SrO—ZrO, phase diagram were calculated in the temperature range 600—3023 K. The

! data on La,0;—SrO—ZrO, phase equilibria were discussed with reference to information avail-
able on the binary systems. The modeled phase relations in the ternary system under study cor-
relate completely with the phases existing in the eempenent binary systems. The temperature evolution of the
phase relations and boundaries of single-phase, two-phase, and three-phase areas in the system were consid-
ered. Four ternary eutectic points were identified at 2039 K, 2105 K, 2120 K, and 2351 K.

Keywords: phase equilibria, composition—temperature diagrams, CALPHAD, thermodynamic modeling,

NUCLEA database
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INTRODUCTION

The La,0;—SrO—Zr0O, system is part of multicom-
ponent systems on the basis of which high-entropy
complex oxides with a perovskite structure can be pre-
pared [1—3]. Having widely variable chemical compo-
sitions, such compounds have a unique combination
of physical and chemical properties, such as high-tem-
perature stability, chemical durability, and promising
optical, electrochemical, magnetic and catalytic char-
acteristics [3]. It is for this reason that high-entropy
perovskite oxide systems are offered numerous areas of
application. For example, multicomponent per-
ovskites containing lanthanum and strontium were
considered as thermal barrier coatings [4], oxygen car-
riers in catalytic chemical looping reforming [5, 6],
oxygen storage and transport materials [7], high-tem-
perature proton conductors [8], electrode materials
[9] for solid oxide fuel cells [ 10] and anodes in lithium-
ion batteries [11].

For the successful synthesis and application of
these materials, information is needed on phase equi-
libria in systems on which materials design is based.
However, an i in the number of components
adds much difficulty to an experimental study of a
multicomponent phase diagram. In this regard, of par-
ticular relevance is an option to calculate phase equi-

libria in a multicomponent system based on detailed
data on binary systems and individual information on
phase relations in a multicomponent system. There is
no doubt that modeling of multicomponent phase dia-
grams is impossible without a preliminary research
and optimization of phase equilibria in systems with a
smaller number of components. This makes relevant
calculations of phase equilibria in the La,0;—SrO—
Zr0, system as part of multicomponent oxide systemss
whieh are of significant interest for materials design. It
must be emphasized that we have not retrieved any
piece of information in the literature on the La,O;—
SrO—ZrO, ternary phase diagram, while the relevant
binary systems have been studied, Available data on
phase relations in the La,0,—SrO, La,0,—Zr0O, and
SrO—ZrO, binary systems will be briefly discussed
below in the Section “Calculation Methods™.

There is a wide variety of methods for calculating
multicomponent phase equilibria, as shown, for
example, by Shestakov and Grachev [12]. It should be
mentioned that authors of this work participated in the
development of a semiempirical method for calculat-
ing liquidus temperatures in multicomponent systems
based on the liquidus temperatures in the
binary systems [13]. The geometric method for assem-
bling spatial computer models of isobaric phase dia-
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MODELING OF PHASE EQUILIBRIA IN THE La,e;—SrO—ZrO, SYSTEM

grams from surfaces and phase areas deserves special
mention [14—17]. The advantage of this approach is its
ability to take into account all topological features of
the phase diagram, including predictions of all possi-
ble invariant phase transformations, based on scarce
available information about phase relations in, e.g.,
compenent binary systems and primary crystallization
surfaces in the multicomponent system [14] using the
Gibbs phase rule and the Palatnik—Landau eentaet

i [18]. The assembly-of computer
models of phase diagrams enables one to reliably inter-
pret and resolve contradictions in experimental phase
equilibria data by a reasoned selection of the most cor-
rect information or by design of several versions of the
phase diagram [17, 19].

Currently, the most common for calcula-
tions of phase equilibria is CALPHAD (CALculation
of PHAse Diagrams), [20, 21]. GAERPHADB, makes it
possible to develop a unified and consistent model for
the physicochemical description of the system based
on all available information on phase relations, ther-
modynamic properties, and other characteristics (mag-
netism, electrical conductivity). The resulting model
should contain optimized concentration and tempera-
ture dependences of the Gibbs energy and their deriv-
atives for all phases of the system under study, to be
used in g phase transformations, microstructure
evolution, energies of metastable states, viscosity, and
diffusion in multicomponent materials [21].

For the CALPHAD saethed, to operate success-
fully, it is necessary to use special thermodynamic
databases and models that describe the various ther-
modynamic functions of systems in accordance with
experimental values. The development of thermody-
namic databases and-medels-has required significant
efforts of large research groups, as a result of which the
ThermoCalc [22], MTData [23], FactSage [24], and
NUCLEA |25, 26] software packages were created. In
recent years, the Atemig Energy Agency of the Orga-
nization for Economic Cooperation and Develop-
ment has been working to create the most modern
thermodynamic database, namely TAF-ID (Thermo-
dynamics of Advanced nuclear Fuels—International
Database), designed to solve nuclear energy problems
and eliminate deficiencies identified over four decades
of using existing databases [27]. Even in the most
developed databases, however, experimental informa-
tion on phase equilibria and thermodynamic proper-
ties gathered by Russian research groups over the past
few decades is represented to an insufficient extent.
Experimental data on the thermodynamic properties
of inorganic systems determined in Russia by high-
temperature mass spectrometry [28] over the past forty
years, is only 10% included in international databases,
and for hafnium oxide systems, for example, #-§ not
mentioned at all. These facts indicate the need to cre-
ate a National Thermodynamic Database for calculat-
ing phase equilibria of multicomponent systems and
materials at high temperatures, taking into account the
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unique information accumulated recently by Russian
scientists. The implementation of this idea will require
the development of independent software and a new
optimization of the entire array of available data using
advanced models.

Therefore, the goal of this work was to study phase
equilibria in the La,0;—SrO—ZrO, system in terms of
the CALPHAD approach using the NUCLEA data-
base. The tasks to be fulfilled included: the calculation
of selected isothermal sections of the phase diagram of
the system under consideration, in order to enable us
to trace how phase relations in the system change with
increasing temperature; calculation of the La,Zr,0,—
SrZrO; polythermal section between the compounds
of greatest practical relevance; and consideration of
the results of calculations with reference to extant data
on phase equilibria in the eempenent binary systems.

CALCULATION METHODS

Phase equilibria in the La,0;—SrO—ZrO, system
were calculated using the NUCLEA database and
GEMINI2 (Gibbs Energy MINImizer) software [25,
26]. The NUCLEA database was designed for calcula-
tions of phase equilibria and the thermodynamic
description of systems of interest for the analysis of
accident scenarios at nuclear reactors. Subsequently,
however, this database has proven itself to solve a
wider range of problems and has been successfully
used for considering phase relations in various multi-
component systems [25, 29]. The software has been
used to calculate isothermal and polythermal sections
of phase diagrams for the Al,0;—Si0,—ZrO, [19, 30]
and Zr—C—O0 [31] systems; the authors of this paper
participated in that work.

The NUCLEA database [25, 26] is based on the
optimization of experimental data on phase equilibria
and thermodynamic properties gathered in more than
300 binary and ternary systems. The database stores
this information in the form of concentration and
temperature dependences of the Gibbs energy of all
studied phases. In order to calculate phase equilibria,
one has-to-minimize the total Gibbs energy of the sys-
tem using the GEMINI2 calculation medule, The
total Gibbs energy of the system is eensideredinrela—
tien to the selected states of the basic eempo—
nents of the systems; and is calculated as the sum of the
Gibbs energies of individual phases, also referred to
the standard states of the basic eempenents, Stoichio-
metric ideal gas mixtures, and condensed
solutions are distinguished among the phases. When
calculating the Gibbs energy of a eempeund referred
to the standard state of the eempeound, one considers
the Gibbs energy of formation of the from
its basic in the standard states a set con-
ditions; and takes into account the Gibbs energies of
conversion of the basic from their sta—
tienary states to the forms in which they exist in the
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compound (lattice stabilities). The temperature-
dependent Gibbs energies of eempeunds and transfor-
mations of basic are described by an
equation that includes the powers of the variable-tem—
perature from minus ninth to seventh, the natural log-
arithm of temperature, and the product of tempera-
ture by its natural logarithm.

To model the thermodynamic properties of con-
densed solutions, a generalized lattice model with an
option to introduce several sublattices (a sublattice
model) is used [32]. The Gibbs energy of a condensed
solution consists of the Gibbs energies of standard
substances, Gibbs energy of ideal mixing, excess Gibbs
energy, and in some cases, energies of magnetism and
ordering. Standard, substances are recognized by con-
sidering all possible permutations i1, the various sub-
lattices and then assuming that each sublattice is com-
pletely filed with only one component. The Gibbs
energy of ideal mixing is determined through the
atomic fractions of components in the sublattices. The
excess Gibbs energy is related to the interaction
parameters of the components, which depend on the
composition according to the Redlich—Kister polyno-
mial [33] in the case of binary interactions and as a
first-order polynomial of the component atomic frac-
tions in the sublattice in the case of triple interactions.
The specific expressions used for the concentration-
dependent excess Gibbs energy and interaction
parameters depend on the number of sublattices in the
model. In general, up to four model sublattices can be
used to describe the excess Gibbs energy of a solution,

but the parameters eftriple-interactions-are taken into

account only for one- and two-sublattice models.

The GEMINI2 allows you to extrapolate the ther-
modynamic description available in the database to
systems that were not taken into account when the
seftwarg was developed. In this way, it is possible to
calculate phase equilibria for a wide range of systems
containing phases comprising twenty elements, includ-
ing lanthanum, strontium, oxygen, and zirconium nec-
essary for this work. However, NUCLEA is a closed
database; that is, it does not allow users to make changes
and additions. One consequence is the impossibility to
calculate phase equilibria in systems that contain
chemical elements other than those twenty elements
taken into account in the database. In addition, it makes
a problem to update the initial data set for calculations,
especially when new, more reliable experimental results
appear covering wider temperature ranges.

For the correct interpretation of the phase equilib-
ria in the La,0;—SrO—ZrO, system calculated here,
we will consider available information on phase dia-
grams of La,0,—SrO, La,0;—ZrO, and SrO—ZrO,

binary systems.

The La,0;—SrO phase diagram has been studied in
several works, summarized by Lopato [34] and by
Grundy et al. [35] (Fig. 1). No intermediate com-
pounds were noticed in the system at 1173 [36] and
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1373 K [37, 38]. Schulze and Miiller-Buschbaum [39]
identified the intermediate compound La,Sr;0q
within the narrow temperature range 2133—2173 K.
Huang et al. [40] prepared a La,SrO, phase by solid-
phase technology with anneals at temperatures above
1673 K5 and mentioned that they had not checked
whether this phase had a homogeneity area; but failed
to prepare the compound La,Sr,0s. According to
Lopato [34] and Grundy et al. [35], two compounds
exist in the La,0;—SrO system: La,Sr;0,4 with a zero
homogeneity exten and a nonstoichiometric com-
pound, called the B phase, containing ca. 25—35 mol
% strontium oxide. La,Sr;0, is stable at temperatures
above 1773 K [34] or 1737 K [35] and melts incongru-
ently at 2133 K [34, 35]. The 3 phase is stable at tem-
peratures above 1813 K [34] or 1850 K [35] and melts
congruently at 2373 K [34, 35]. The phases corre-
sponding to the terminal oxides dissolved the second
component: a higher solubility of SrO in La,O; (more
than 20 mol % SrO) against less than 5 mol % La,0,
in SrO. Two eutectic points were found in the La,0;—
SrO system: the crystallization of La,0; and the 3
phase at 2253 K and 27 mol % SrO [34] or at 2363 K
and 25 mol % SrO [35], and the crystallization of
La,Sr;0, and the § phase at 2103 K and 55 mol % SrO
[34] or 53 mol % SrO [35]. Thus, the greatest contra-
diction is with the La,-O; + 3 phase — L (L stands for
melt) eutectic, the temperature of which in published
works is differentiated by more than 100 K.

The NUCLEA database uses only Lopato’s phase
equilibria data [34] in the optimization of the La,0;—
SrO phase diagram. However, as Fig. 1 shows, the
optimized phase equilibria in the NUCLEA database
slightly differ from the documented results referred to
above. Both compounds of the system are considered
as having no homogeneity extents; the 3 phase is for-
mulated as La,SrO;. La,Sr;0y is stable at temperatures
above 1777 K and melts incongruently at 2131 K.
La,SrO; is stable in the temperature range 1814—2370 K,
above which it melts congruently. SrO is also consid-
ered as a compound of constant composition, and
La,0; can dissolve up to 21 mol % SrO. In addition,
La,O; polymorphism is not taken into account;
instead, the only cubic polymorph of lanthanum oxide
is considered at all temperatures until melting. Eutec-
tics have the coordinates 2349 K and 28.9 mol % SrO
for La,0; and La,SrO; selidifieation, and 2096 K and
51.4 mol % SrO ) La,SrO; and La,Sr;0, selidifieation,
Therefore, the LazO3 + La,SrO; — L eutectic tem-
perature (2349 K) in NUCLEA is closer to Grundy
et al.’s results [35] (2363 K) than to Lopato’s [34]
(2253 K), while the eutectic composition (28.9 mol %
SrO), on the contrary, is closer to Lopato’s [34] value
(27 mol % SrO). When considering data that were cal-
culated using the NUCLEA database, it is advisable to
be cautious about the results of modeling phase equi-
libria involving La,SrO,; and SrO; the database treats
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Fig. 1. La,O3;—SrO phase diagram reproduced by courtesy of (a) Lopato [34], (b) Grundy et al. [35], and (c) the NUCLEA data-

base [25].

these compounds as compounds with a zero homo-
geneity extent, which contradicts previously pub-
lished studies.

The La,0;—Zr0O, phase diagram has been studied
repeatedly [41, 42] (Fig. 2). The existence of an inter-
mediate compound in the La,0;—Zr0O, system, which
is lanthanum zirconate La,Zr,0; with the pyrochlore
structure and a homogeneity of 28—41 mol %
La,0;, was found experimentally [41]. La,Zr,0; melts
congruently at 2560 K. A noticeable solubility of ZrO,
in La,05 polymorphs and of La,0O; in fluorite cubic
zirconium oxide (more than 20 mol % La,0;) was
observed. The La,0; solubility in tetragonal ZrO,
does not exceed 3 mol % [41]. A cubic solid solution
was observed in the concentration range between
La,Zr,0, and La,0; at temperatures above 2223 K;
this solution was referred to as a bixbyite La,O;-base

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 69

solid solution [41], although this structure is known
only for those lanthanide oxides that are in the lantha—
nide series after promethiums; and not for La,05 [43].

The experimental study of the phase diagram of the
La,0;—Zr0, phase diagram with subsequent optimi-
zation by the CALPHAD methed, found in Wang
et al.’s paper [42] and reproduced in Fig. 2b, con-
firmed the formation of pyrochlore La,Zr,0, having a
far narrower homogeneity extent of 31.8—34.6 mol %
La,0; and melting at 2556 K. The solubility of La,0;
in cubic ZrO, did not exceed 20 mol %, and in tetrag-
onal zirconium dioxide it was less than 1 mol %. The

i in the concentration range
between La,Zr,0; and La,0; has the fluorite ZrO,
structure, as Wang et al. believed [42]. More recent
studies of phase equilibria in the Al,0;—La,0;—Zr0O,
system [44] showed that, for the best fit of the opti-
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Fig. 2. La,03—ZrO, phase diagram reproduced by courtesy of (a) Andrievskaya [41], (b) Wang et al. [42], (c) Fabrichnaya et al.

[44], and (d) the NUCLEA database [25].

mized description of binary and ternary systems, it is
advisable to abandon the idea of the homogeneity
region in the concentration range between La,Zr,0,
and La,0;, replacing it with equilibrium between
La,Zr,0,- and La,0;-base solid solutions (Fig. 2c).

The NUCLEA database uses older experimental
results [45] for the optimization of phase equilibria in
the La,0;—ZrO, system. Modeling of the phase dia-
gram of the system under consideration in the
NUCLEA database (Fig. 2d) gave the following
results: the existence of lanthanum zirconate melting
congruently at 2554 K; dissolution of ZrO, in La,0;,
which is considered to have only one polymorph, to
form a solid solution in the range 71.2—100.0 mol %
La,0;; and dissolution of La,O; only in cubic ZrO, up

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 69

to 10.1 mol % La,0;. Instead of the homogeneity
region in the concentration range between La,Zr,0,
and La,0; noted in [41, 42], the NUCLEA database
assumes the formation of the compound La,ZrOs with
a zero homogeneity extent, Therefore, inconsistencies
may arise between the phase equilibria in the La,O;—
SrO—Zr0O, system calculated using the NUCLEA
database and by more advanced approaches as regards
the La,Zr,0; and La,ZrOs homogeneity regions,
La,0O; solubility in tetragonal ZrO,, and the existence
of La,O; polymorphs.

Phase relations in the STO—ZrO, system were stud-
ied [46—49]. There is disagreement about the number
of compounds formed in this system. Traverse and
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Fig. 3. SrO—ZrO, phase diagram reproduced by courtesy of (a) Gong et al. [49] and (b) the NUCLEA database- NUCEEA [25].

Foex [46] found three intermediate compounds: SrZrO;,
Sr,Zr0,, and Sr;Zr,0;; the last two melted incongru-
ently, while SrZrO; melted congruently at 3023 K.
The existence of four compounds in this system was
also documented: SrZrO;, Sr,ZrO,, Sr;Zr,0,, and
S1,Z1,0,, [47—49]. Gong et al. [49], along with exper-
imentally studying phase equilibria, made optimiza-
tion in terms of the CALPHAD approach. They
showed that SrZrO; melts congruently at 2917 K,
while Sr,ZrO,, Sr;Zr,0;, and SryZr;0,, melt incon-
gruently at 2532, 2690, and 2736 K, respectively
(Fig. 3a). The optimization of phase equilibria in the
SrO—-ZrO, system in NUCLEA was according to
experimental data obtained by Traverse and Foex [46]
and by Noguchi et al. [47], taking into account only
three compounds, as in [46] (Fig. 3b). According to
NUCLEA, Sr;Zr,0; is formed at 2289 K by the reac-
tion between SrZrO; and Sr,ZrO,, as opposed to
Gong et al. [49], who preved, the stability of Sr;Zr,0;
at lower temperatures-experimentally. In NUCLEA,
Sr,ZrO,4 and Sr;Zr,0, melt incongruently at 2507 and
2521 K, respectively. The congruent melting tempera-
ture of SrZrO; is 3023 K. Thus, the SrO—ZrO, phase
diagram modeled in NUCLEA differs significantly
from Gong et al.’s most reliable work [49] both in the
number of compounds formed in the system and in the
Sr;Zr,0; formation temperature and melting tem-
peratures.

No documents concerning phase equilibria in the
La,0;—SrO—Zr0O, ternary system have been found,
which emphasizes the novelty of our work. As noted
above, the limitations of the pioneering calculations
carried out in this work using the NUCLEA database
may include:
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— Only one La,0O; polymorph is considered;

— The components are not dissolved in SrO and in
tetragonal ZrO,;

— The homogeneity regions in the La,0;—SrO and
La,0,—ZrO, system are considered as the stoichio-
metric compounds La,SrO; and La,ZrOs;

— Pyrochlore La,Zr,0;-base solid solution does
not exist;

— One of the compounds (St1,Zr;0,,) in the STO—
Zr0, system does not exist; and

— There are errors in optimization of the liquidus
in the StO—Zr0O, system and in the temperature range
of existence of the compound Sr;Zr,0;.

To solve these and other problems of the computa-
tional study of the La,0;—SrO—ZrO, phase diagram, it
would be advisable in the future to carry out a new study,
both experimentally and using databases and software
that would allow users to change and update data.

RESULTS AND DISCUSSION

First, let us dwell on isothermal sections of the
La,0;—SrO—ZrO, phase diagram calculated using the
NUCLEA database [25, 26] at increasing temperature
and a constant external pressure equal to 1 atm. At
temperatures below 646 K, four three-phase equilibria
involving phases of constant composition were
observed in the isothermal sections of the phase dia-
gram: La,O; + SrO + Sr,ZrO,, La,0; + La,Zr,0; +
Sr,ZrO4, La,Zr,0, + SrZrO; + Sr,ZrO,, and
La,Zr,0, + SrZrO; + m-ZrO, (Fig. 4a), where
m-Zr0, is monoclinic zirconium oxide. At 646 K, two
three-phase equilibria change: instead of La,O; +
La,Zr,0, + Sr,ZrO, and La,Zr,0, + SrZrO; +

No.3 2024


User
Вычеркивание

User
Вставить текст
O

User
Вставить текст
carried out 

User
Вычеркивание

User
Вставить текст
showed experimentally

User
Вычеркивание

User
Вычеркивание

User
Вставить текст
systems

User
Вычеркивание

User
Вставить текст
based

ihsca
Вычеркивание

ihsca
Линия

ihsca
Линия

ihsca
Записка
T, K


400

S %
) TR
~N (<]
so 0.5 ’{\;
o 0. <.
5 LayZs0; + 12103 + sszrop\0-4 %
7

03 + LayZryO7 + SrpZrOy

L21203 + SI‘O + SrzZrO4
1 1

VOROZHTSOV et al.

(b)

St0 o 0.1 0.2 0304 0.5 06 0.7 080910Lao351‘0 0 0.1 02 0304 05 06 0.7 0.8 0.9 1.0 La,0,

La,05; mole fraction

La,05; mole fraction

Fig. 4. Isothermal sections of the La;03—SrO—ZrO, phase diagram calculated in this work using the NUCLEA database [25] (a)

up to 646 K and (b) at 647 K.

Sr,ZrO,4, the isothermal section features equilibria
La,O05 + SrZrO; + Sr,ZrO, and La,0; + La,Zr,0, +
SrZrO; (Fig. 4b). Consequently, up to 646 K, there
was a two-phase equilibrium involving lanthanum
pyrozirconate and strontium orthozirconate, which
disappeared as temperature increased to-ake-placete,
two-phase equilibrium involving lanthanum oxide and
strontium metazirconate, which was not observed at
lower temperatures. This evolution of phase equilibria
may be called a quasi-peritectoid rearrangement,

La,Zr,O,; + 2Sr,ZrO, = La,0; + 4SrZrO;, (1)

in which the La,Zr,0,—Sr,ZrO, stable diagonal
changes to La,0;—SrZrO; as temperature rises. Simi-
lar quasi-peritectoid rearrangement was discovered
earlier [19, 30] when the phase diagram of the Al,O;—
Si0,—Zr0O, system at 1328.54 K was calculated using
the NUCLEA database. It may be assumed that the
discussed change in phase equilibria is not a property
of the system under study; but a calculation error. As
mentioned above in the section “Calculation Meth-
ods”, the calculation of phase equilibria in the CAL-
PHAD approach is based on the optimized depen-
dences of the Gibbs energies of all phases formed in
the system. Phase relations and thermodynamic prop-
erties in the systems under consideration, as a rule,
have been determined at higher temperatures. Conse-
quently, Gibbs energies are extrapolated to calculate
the phase diagram at low temperatures, at which
extrapolation errors in optimized temperature-depen-
dent thermodynamic properties may appear due to the
similarity of the Gibbs energies in various sets of phases.

As temperature increases further, the monoclinic
zirconium oxide transforms to the tetragonal poly-
morph at 1478 K; the homogeneity region of the
La,0;-base solid solution expands; and accordingly,
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the two-phase fields of lanthanum oxide and samar-
ium zirconates also expand (Fig. 5a). At 1777 K, the
compound La,Sr;0, is formed in the La,0;—SrO sys-
tem. It is for this reason that, instead of one three-
phase equilibrium La,O; + SrO + Sr,ZrO,, two three-
phase equilibria, namely, La,Sr;Oy + SrO + Sr,ZrO,
and La,0; + La,Sr;04 + S1,Zr0O,, appear on the cal-
culated +778XK—isothermal section of the La,O;—
SrO—ZrO, phase diagram, (Fig. 5b). In addition, the
La,0; + La,Zr,0, two-phase field emerges as the
homogeneity extent; of the La,0;-base solid solution
increases. That is why hereafter La,0 will be under-
stood as a lanthanum oxide-base solid solution.

At 1813.5 K, the second compound (La,SrO,) is
formed in the La,0;—SrO system. However, the cal-
culated +8H4J—isothermal section of the La,O;—
SrO—ZrO, phase diagram, (Fig. 6a) does not feature
this compound. This may be due to ealeulatien-errors
inthe minimum total Gibbs energy of the system when
polynomial-fitted concentration- and temperature-
dependent thermodynamic properties are used. At
1815 K, the formation of the compound La,SrO; is
manifested in the replacement of La,O; + La,Sr;04 +
Sr,ZrO, equilibrium by La,SrO;, + La,Sr;0, +
Sr,ZrO, and La,0; + La,SrO; + Sr,ZrO, three-phase
equilibria, as shown in Fig. 6b.

The La,0;—SrO system has the lowest-tempera-
ture binary eutectic in the ternary system under con-
sideration, corresponding to the of two
intermediate compounds (La,SrO; and La,Sr;O,) at
2096 K. The calculated 2100—K-isothermal section of
the La,0;—SrO—ZrO, phase diagram, (Fig. 7a) indi-
cates that the ternary eutectic point should have a
lower temperature. The first ternary eutectic in the
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MODELING OF PHASE EQUILIBRIA IN THE La,e;—SrO—ZrO, SYSTEM

(a) T=1500K

401

(b) T=1778K

(

Sr0 ¢ 01020304050607080910L%o3&0 0 0102030405060708\0910Lazo3

La,O5; mole fraction

La,O5; mole fraction

Fig. 5. Isothermal sections of the La,03—SrO—ZrO, phase diagram calculated in this work using the NUCLEA database [25]
at (a) 1500 and (b) 1778 K: (1) LaySr3Og + SrO + Sr,ZrQy, (2) Lay,O3 + La,Sr30q + Sr,ZrO4 and (3) LayO3 + SrZrO5 + SryZrOy.
Gray lines correspond to tie-lines connecting the compositions of coexisting phases in two-phase equilibria.

(a) T=1814 K

(b) T=1815K

0

: 0
Sr0 010203040506070&0910Lao Sr0 0 010203040506070@0910L%03

LayO3 + SrpZrOy
La,0O5 mole fraction

La,0; mole fraction

Fig. 6. Isothermal sections of the La,0;—SrO—ZrO, phase diagram calculated in this work using the NUCLEA database [25] (a)
at 1814 K: (/) LaySr30g + SrO + Sr,ZrOy, (2) Lay,O5 + LaySr309 + SrpZrOy, and (3) La,O3 + SrZrO5 + Sr,ZrOy; and (b) at 1815 K:
(]) La4Sr3O9 + SrO + SI'221'O4, (2) La4SrO7 + La4Sr3O9 + Sl‘zZI‘O4, (3) L3.203 + La4SrO7 + Sr22r04, and (4) L3.203 + SrZrO3 +
Sr,Zr0Oy,. Gray lines correspond to tie-lines connecting the compositions of coexisting phases in two-phase equilibria.

La,0;—SrO—ZrO, system appears at 2039 K, which is
57 K lower than the eutectic temperature in the binary
system, and corresponds to four-phase equilibrium of
La,SrO,, La,Sr;0,, S1,Z1r0,4, and the melt containing
44.9 mol % La,0;, 50.5 mol % SrO, and 4.6 mol %
ZrO, (Table 1).

Figure 7a features a homogeneous melt area at 2100 K,
two-phase and mel—inveolving—three—phase flelds
numbered /—9, a homogeneous La,0;- b&se solid
solution field, and the phase fields involving %hqsolid
solution numbered /0—13. Special attention should be
paid to the homogeneousg zirconium oxide-base fluo-
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rite solid solution (F—ZrO,, ) field. According to the
values optimized in NUCLEA, the transition between
the tetragonal and fluorite phases in individual ZrO,
occurs at 2650 K. However, strontium and lanthanum
oxides help stabilize the fluorite solid solution F—
ZrOy,, at lower temperatures (below 2100 K). Fields
14— 16 in Fig. 7a refer to equilibria involving F—ZrO,, .

The next section of the La,0;—SrO—ZrO, phase
diagram shown in Fig. 7b was the 2432-¥K-section cal-
culated assuming that the compound La,Sr;0, in the
La,0;—SrO system melts incongruently at 2131 K.
Indeed, Fig. 7b does not feature phase equilibria
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Fig. 7. Isothermal sections of the La,O3;—SrO—ZrO, phase diagram calculated in this work using the NUCLEA database [25] at
2100 K (a): (1) L + SrO + S1,ZrOy, (2) L + S1,ZrOy, (3) L + StZrO5 + Sr,ZrOy, (4) L + SrZrO3, (5) L + LaySrO; + SrZrO3, (6)
L+ SrO, (7) L+ LaySr30qg + SrO, (&) L + La,Sr30q, (9) L + LaySrO5, (10) LayO3 + LaySrO4, (11) LayO5 + LaySrO; + SrZrO3, (12)
La,O3 + SrZrO3, (13) La,O3 + LayZr,O7 + SrZrO;, (14) LayZr,O; + SrZrO3 + F—ZrO,,,, (15) StZrO5 + F—ZrO,,,, and
(16) StZrO5 + F—ZrOy,, + +-ZrO,,,; and (b) at 2132 K: (7) L1 + SrO + Sr,ZrOy, (2) L1 + SrpZrOy4, (3) L1 + SrZrO; +
Sr,Z10y, (4) L1 + StZrO5, (5) L1 + LayO3 + SrZrO3, (6) L1 + SrO, (7) L1 + LaySrO4, (8) L1 + La,05 + LaySrO4, (9) L1 + La, 03,
(10) Lay0O3 + LaySrOy, (11) LayO3 + SrZrO3, (12) L2 + LayO3 + SrZrOs, (13) L2 + SrZrO3, (14) L2 + La,03, (15) L2 + LayZr,04
+ SrZrOg, (16) L2 + LayZr,05, (17) L2 + La,03 + LayZr,05, (18) LayZryO; + StZrO3 + F—ZrO,4 ., (19) SrZrO3 + F—
210y, + t-Z1rOy, (20) StZrO3 + F=ZrO,,,, (21) LayZr,07 + F—Zr0,,, and (22) F—ZrO,,,. Gray lines correspond to
tie-lines connecting the compositions of coexisting phases in two-phase equilibria.

involving La,Sr;0,. A specific feature of the 2132k
section, is the appearance of a second homogeneous
melt field, denoted in Fig. 7b as L2. Phase fields /—9
refer to equilibria involving the first melt L1, and fields
12— 175 to equilibria involving L2.

The look of the 2132K-isothermal section suggests
the existence of two more eutectic points in the system
under study. One eutectic corresponds to the homoge-
neous melt field L2, and the other is in the region-sus—
pended between the fields L1 + SrZrO; (field 4 in
Fig. 7b), L1 + La,SrO; (field 7), and L1 + La,0;,
(field 9). Indeed, a more detailed consideration of
phase equilibria in these regions makes it possible to
identify invariant equilibria:

La,0; + La,Z1,0; + SrZrO; — L2 2)

at 2105 K and a eutectic melt composition of 49.3 mol
% 1.a,05, 17.0 mol % SrO, and 33.7 mol % ZrO,; and

La,O; + La,SrO, + SrZrO; — L1 A3)

at 2120 K and a melt composition of 52.4 mol %
La,0;, 34.1 mol % SrO, and 13.5 mol % ZrO, (Table 1).

As temperature increases further, the compounds
La,ZrOs (T= 2208 K) and Sr;Zr,0, (T = 2289 K) are
formed in the La,0;—ZrO, and SrO—ZrO, systems,
respectively. The 2290-K—isothermal section of the
La,0;—SrO—-ZrO, phase diagram features phase
equilibria involving these compounds: there are three
fields involving La,ZrOs (L + La,ZrO5 + La,Zr,0,
(field §), L + La,ZrOs (field 9), and L + La,O5 +
La,ZrOs (field 10)-inFig—8a) and two three-phase
equilibria involving Sr;Zr,0; (L + Sr,ZrO, + Sr;Zr1,0,
(field 3 in Fig. 8a) and L + SrZrO; + Sr;Zr,0; (field 4)
inFHig—8a). There is one more feature: melt fields L1
and L2, marked in Fig. 7, are here united into one sin-
gle-phase area extending from the La,0;—SrO binary
system to the maximum ZrO, percentage, equal to
45.7 mol %. In addition, there are no equilibria with
the melt at 2290 K in the concentration areas unless

Table 1. Eutectic point coordinates in the La,0;—SrO—ZrO, system calculated using the NUCLEA database

Equilibrium T, K mol %
La,O; SrO Zr0,
La,SrO; + La,Sr;09 + S1,ZrO, — L 2039 44.9 50.5 4.6
La,05 + La,Zr,05 + SrZrO; — L 2105 49.3 17.0 33.7
La,O5; + La,SrO; + SrZrO; —» L 2120 52.4 34.1 13.5
La,Zr,O; + StZrO; + F—ZrO,,, — L 2351 15.7 14.8 69.5
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MODELING OF PHASE EQUILIBRIA IN THE La,e;—SrO—ZrO, SYSTEM
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Fig. 8. Isothermal sections of the La,0;—SrO—ZrO, phase diagram calculated in this work using the NUCLEA database [25] (a)
at 2290 K: (/) L+ SrO + Srp,ZrOy, (2) L + S1yZrOy, (3) L + S1yZrO4 + Sr3Zr,07, (4) L + StZrO5 + Sr3Zr,04, (5) L + S1Zr0O;,
(6) L+ LaQZr207 + SrZrO3, (7) L+ La22r207, (8) L+ La22r05 + LaZZr207, (9) L+ LaQZrOS, (]0) L+ La203 + LazerS, (11)
L+ La,03, (/2) L + La,03 + LaySrO, (13) L + La,SrO5, (/4 L + SrO, (15) La,Zr,O7 + SrZrO3 + F—ZrO,.,, (16) StZrO5 +
F—ZrOyy4,, (17) LayZr,O; + F=ZrO,,, and (18) F-ZrO, ,; and (b) at 2370 K: (/) L1 + SrO + Sr,ZrOy, (2) L1 + Sr,ZrOy,
(3) L1+ SrZZrO4 + Sr3ZrzO7, (4) LI+ SI‘ZI'O:; + SI‘3ZT207, (5) L1+ SrZrO3, (6) L1+ LaZZr207 + SI'ZI'O:;, (7) L1+ LaZZrZO7,
(8) L1 + La,0s3, (9) L1 + 810, (10) L2 + LayZr,05 + SrZrOg, (11) L2 + SrZrO3, (12) L2 + S1ZrO5 + F—Zr0,,,, (13) L2 + F—
ZrOy,,, (I14) L2 + LayZr,O;7 + F—ZrO,,,, (15) L2 + La,Zr,05, (16) StZrO3 + F-ZrO,.,, (17) La,Zr,0; + F—ZrO,,,, and
(18) F—ZrO,.,. Gray lines correspond to tie-lines connecting the compositions of coexisting phases in two-phase equilibria.

the ZrO, percentage is lower than in the La,Zr,0,—
SrZrO; concentration section.

The 2370-K—isothermal section of the La,O;—
SrO—ZrO, phase diagram has the following specific
features: there is no equilibria involving La,ZrOs or
La,SrO; because of them melting incongruently and
congruently, respectively, at 2320 and 2370 K; the melt
field contacts the La,0;—ZrO, binary system; and one
more homogeneous melt field (L2) with-emerges with
the ZrO, pereentage higher than along the La,Zr,0,—
SrZrO; concentration section. Homogeneous melt
field L2 corresponds to the quaternary eutectic point
La,Zr,0, + StZrO; + F—ZrO,,, — L2 in the system
under consideration at 2351 K and a melt composition
of 15.7 mol % La,0;, 14.8 mol % SrO, and 69.5 mol %
710, (Table 1). It is for the first time that a two-phase
field of the fluorite ZrO,-base solid solution (F—
Z1r0,,,) and melt appears on the calculated sections.

A further rise in temperature leads to sequential
melting of phases in binary systems. The incongruent
melting of Sr,ZrO, and Sr;Zr,0; occurs At 2507 and
2521 K, respectively. For this reason, the 2522-sec-
tion of the La,0;—SrO—ZrO, diagram, does not fea-
ture phase equilibria involving these strontium zir-
conates (Fig. 9a). However, melt-involving two-phase
equilibria survive with SrO (field / in Fig. 9a), StZrO;
(field 2), F—ZrO,., (field 4), La,Zr,0; (field 5), and
La,O; (field 6), as well as StZrO; + F=ZrO,,  equilib-
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ria (field 7) and equilibria-of cubic and tetragonal zir-
conium exide-base—solid—selutions. Still further
increase in temperature leads to melting of La,Zr,0,
and the disappearance of L + La,Zr,0; equilibrium
on the 2554-¥K-section, (Fig. 9b). On the 2587k iso-
thermal section of the La,0;—SrO—ZrO, phase dia-
gram, (Fig. 9c), in addition to the disappearance of the
homogeneous La,0; field and the L + La,0; field
because of lanthanum oxide melting at 2586 K, there
are no three-phase fields and there is no SrZrO; + F—
Zr0,,, equilibrium because of the melt area touching
the SrO—Zr0O, binary system in the range from SrZrO;
to ZrO,. Thus, only two-phase equilibria with the melt
exist at temperatures below; 2587 K in the system under
consideration; these are equilibria involving strontium
oxide, strontium metazirconate, and the fluorite zir-
conium oxide-base solid solution. In addition, stable
are the F—ZrO,,, homogeneous field and F—ZrO,,, +
t-Z10,,, two-phase equilibrium; the latter will exist
until the individual tetragonal zirconium oxide trans-
forms to the cubic phase at 2650 K.

In view of the importance of the compounds
La,Zr,0; and SrZrO; in various fields of modern
materials science [4, 8, 10], a polythermal section of
the La,0,—SrO—Zr0O, phase diagram was calculated
for the La,Zr,0,—SrZrO; concentration section, as
shown in Fig. 10. This polythermal section belongs to
the simplest eutectic type without solid solutions.
Apparently, the absence of solid solutions in this poly-
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(a) T=2522K 0,

Sr00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 La,04
La,O5; mole fraction

(c) T=2587K

VOROZHTSOV et al.

ZI'Oz
(b) T=2554K

Sr00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 La,04
La,O5; mole fraction

1 1 1 1 1 0

SrO00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 La,O;4
La,05; mole fraction

Fig. 9. Isothermal sections of the La;,0;—SrO—ZrO, phase diagram calculated in this work using the NUCLEA database [25] at
(a) 2522 K: (/) L+ Sr0O, (2) L + SrZrOs, (3) L + StZrO3 + F—ZrO,., (4 L + F—ZrO,,,, (5) L + La,Zr,04, (6) L + La,03,
(7) StZrO3 + F—ZrO,. ,, and (8) F—ZrO,,; (b) at 2554 K: (/) L + SrO, (2) L + SrZrOs, (3) L + SrZrO3 + F—ZrO,,,, (4) L +
F-ZrO,4,, (5) L + Lay03, and (6) F—ZrO,.; and (c) at 2587 K: (1) L + SrO, (2) L + StZrOs5, (3) L + F—ZrO,, ,, and (4

F—ZrO,,,. Gray lines correspond to tie-lines connecting the compositions of coexisting phases in two-phase equilibria.

thermal section, at least on the side of lanthanum
pyrozirconate, flows from the assumption adopted in
the NUCLEA database about the zero homogeneity
regions of intermediate compounds in the La,O;—
Zr0O, and SrO—ZrO, binary systems, while according
to more recent literature data described in the “Calcu-
lation Methods” section, lanthanum pyrozirconate
has a nonzero homogeneity region and can form solid
solutions. For this reason, the determination of stron-
tium oxide solubility in La,Zr,0; is an interesting sci-
entific problem for future experimental studies.

The La,Zr,0,—SrZrO; section calculated in this
work (Fig. 10) is a quasi-binary section; that is, the
compositions of all phases involved in two-phase equi-
libria lie on this section, and there are no fields of
three-phase equilibria over the entire range of tem-
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peratures studied. Therefore, the point in Fig. 10 that
corresponds to equilibrium La,Zr,0; + SrZrO; — L at
2387 K and a melt composition of 22.8 mol % La,0;,
15.8 mol % SrO, and 61.4 mol % ZrO,, is a eutectic
point in the La,Zr,0,—SrZrO; quasi-binary system
and an analogue of a saddle point in the La,0;—SrO—
710, ternary system, i.e., a point with the highest liq-
uidus temperature on the primary crystallization path
between the second and fourth eutectics from Table 1
and with the lowest liquidus temperature on the path
between La,Zr,0, and SrZrO; (Fig. 10). This becomes
more obvious if we consider Fig. 8b, from which it
flows that the eutectic is formed in the La,Zr,O,—
SrZrO; quasi-binary system when homogeneous melt
fields L1 and L2 come in contact on the La,Zr,O,—
SrZrO; concentration section, and L1 + La,Zr,0, +

No.3 2024


User
Вычеркивание

User
Вставить текст
VOROZHTCOV

ihsca
Вставить текст
Необходим пробел.
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Fig. 10. Polythermal section La;Zr,0;—SrZrO5 of the La,03—SrO—ZrO, phase diagram calculated in this work using the

NUCLEA database [25].

SrZrO, (field 6) and L2 + La,Zr,0, + SrZrO; (field
10) equilibria disappear.

CONCLUSIONS

In this work, the phase diagram of the La,O;—
SrO—Zr0O, system has been studied by calculating
fourteen sections using the NUCLEA database [25,
26]. No information has been retrieved in the literature
on phase equilibria in the La,0;—SrO—ZrO, ternary
system, so our results are the first attempt to study
phase relations in this system, which is promising for a
wide range of relevant applications in mate-
rials science. The results of modeling of the La,O;—
SrO—ZrO, phase diagram have been compared to
available data on the constituent binary systems.
Potential problems in the calculations have been iden-
tified, including those arising from the forbiddance to
the user to make changes to the NUCLEA database in
order to revise the initial data set used in the modeling
and take into account the results of new studies of
phase relations and thermodynamic properties.
Therefore, it would be expedient in future to use the
CALPHAD approach to consider phase equilibria in
the La,0;—SrO—Zr0O, system, with a mandatory pre-
liminary experimental study of phase equilibria and
thermodynamic properties in this ternary system at
high temperatures.
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