Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

i s
ELSEVIER Journal of the European Ceramic Society 28 (2008) 2363-2388

Phase equilibria in the refractory oxide systems of zirconia,
hafnia and yttria with rare-earth oxides

E.R. Andrievskaya

Institute of Materials Science Problems, National Ukrainian Academy of Sciences,
Krzhizhanovsky St. 3, Kiev 03142, Ukraine

Auvailable online 5 March 2008

Abstract

The systematic study of phase equilibria in the ternary systems HfO,(ZrO,)-Y,05;-Ln,0; has been first carried out. Phase reactions and crystal-
lization of ceramic alloys in the binary systems ZrO,—Ln,03, HfO,-Ln,03, Y,03-Ln,0; and phase equilibria in the series of ternary systems
HfO,-Y,03-Ln,03 and ZrO,—Y,03-Ln, 03 have been developed at high temperature. The most general regularities of the phase reactions in liquid
and solid states inherent in these systems have been considered dependent on lanthanide ion radii. Taking into account literature data and newly
developed results in binary and ternary systems, the analysis of the main regularities revealed in the constitution of phase diagrams, particularly
its dependence on lanthanide ionic radius, was carried out. It was shown that temperature and composition of eutectic reaction, temperature of the
pyrochlore phase decomposition, lattice parameters of solid solutions and other parameters of the binary phases linearly depend on ionic radius of
lanthanide. For the first time it has been found that the affiliation of lanthanide oxides to cerium or yttrium subgroups predetermines phase relations
in the systems and topology of the ternary phase diagrams. The data obtained are the basis for the novel prospective ceramic materials for both

structural and functional applications in energetic, medicine, nuclear industry, thermal barrier coatings, solid oxide fuel cells, etc.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Stabilized zirconia is a unique material for many extensive
applications: engineering ceramics, thermal barrier coatings,
ceramic implants, electroceramics, high-temperature magneto-
hydrodyhamic electrodes, fuel-cells, and oxygen sensors, etc.
This variety is grounded on use of combination of mechanical,
electrical, thermal and other properties.

The directionally solidified eutectic ceramic is one of the
most attractive kinds of advanced zirconia-based ceramic mate-
rials demonstrating a unique combination of properties like high
strength in combination with high fracture toughness. For oxide
systems based on zirconia and alumina, the bending strength of
2.3 GPa remaining stable up to 1200 °C and fracture toughness
of 4.3 MPam!2 (atroom temperature) were revealed if the eutec-
tics were crystallized in the ceramic matrices.'?> Top level of the
mechanical properties at room and high temperatures has been
demonstrated in the carbide—boride-based systems. Paderno’
has found that the directional solidified eutectic ZrB;—LaBg
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ceramics allows obtaining the high toughness ceramic material
with the fracture toughness of 20-25 MPa m!/? comparable with
one for some steels and metallic alloys. This progress invoked
new efforts in phase diagram research, under both equilibrium
and non-equilibrium conditions. Certainly, the precise definition
of the eutectic location is an important prerequisite for the direc-
tionally solidification work. It substantially depends on deviation
from equilibrium.

This overview is dedicated to the study of the phase
diagrams, phase equilibria in multicomponent ceramic com-
positions, especially those of them, which are close to the
eutectic points. To make this work more systematic, the phase
diagrams were studied in the series of the ternary systems
HfO,(ZrO;)-Y,»03-Ln; 03, where symbol Ln means rare-earth
metals. The overall purpose of the present research is the devel-
opment of phase equilibria in the ternary systems based on ZrO»,
or HfO; and oxides of the IIIB subgroup (Y>O3 and rare-earth
oxides (REO) such as La, Sm, Eu, Gd, Er) and properties of
the phases existing in these systems. Double-doped zirconia or
doped hafnia, the objects of ternary phase diagrams, which in
turn were not studied well. Our efforts for the last decade to
fill this space of knowledge resulted in the development of the
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ternary diagram. Thus, the present paper aims to show the main
phase relations in the binary and ternary compositions consid-
ered prospective for new materials.*%?

From the practical use viewpoint, these systems are worth
studying because of needs in new structural, functional ceramics
and advanced coatings. In many applications, the ternary solid
solutions of fluorite-type, C-type of the REO and intermediate
pyrochlore-type phase are the targeted materials. In some cases,
high strength of ceramics is necessary to combine with high ionic
conductivity or low thermal conductivity. Such a combination is
not attainable in a two-component solid solution, but becomes
realistic in three-component systems. Summary of current and
potential applications of ceramics based on the systems with
different lanthanides ZrO, (HfO,)-Y203-Ln; O3 is presented in
Table 1.

The phase relations in the ternary systems
HfO,-Y,03-Lny0O3 and ZrO,-Y;03-Lny0O3 were stud-
ies in the wide range of temperature and concentrations using
XRD, DTA in He at temperatures up to 2500 °C, thermal anal-
ysis in air (including solar furnace up to 3000 °C), petrography
and electron microscopy.33-87

REO selected are representatives of lanthanides from the
beginning, the middle and end of the raw. This allows deducing
the main regularities of constitution in the series of the ternary
diagrams HfO»(ZrO;)-Y,03-Ln;03. The comparison of the
phase diagrams based on zirconia and hafnia permits elucida-
tion the difference between the phase diagram constitution of the
systems included the components—crystallographic analogs but
differed by cation radius.

The crystallization of the alloys in the ZrO,
(HfO2)-Y,03-LnyO3 systems was investigated using the
data on liquidus and solidus surfaces. The crystallization
paths for the alloys and the schematics of the reactions were
constructed. The equilibrium phase diagrams have been
deduced.

Basic interest to this research originates from the diversity
of polymorphic modifications inherent to the mentioned oxides,
intermediate phases and solid solutions stable or metastable, as
well as from the effect of electronic structure and ionic radii
of lanthanides on phase stability and boundaries of phase fields.
The overview of general regularities in constitution of phase dia-
grams of the ternary systems HfO2(ZrO;)-Y>03-Lny O3 seems
to be logically starting from the analysis of the bounded binary
systems; then discuss several ternary systems and consider the
character of phase crystallization, and then introduce some
potential system for directional solidification study.

2. General characteristics and regularities of phase
reactions in the systems HfO,—Ln;03 and ZrO,;-Ln;03

Phase interaction of zirconia, hafnia and practically all lan-
thanide oxides (REO) (except Pm;0O3, CeO,) are thoroughly
studied in the temperature range from 1500 °C up to melting
2900 °C #37-60,63,65.67.68.88-221 At temperatures below 1500 °C
these systems are studied a little, because the diffusion mobility
is extremely low and the rate of solid solution and intermedi-
ate phase formation is infinitesimal. The phase diagrams of all

the mentioned systems belong to the limited solubility type of
diagrams. The main features inherent in these systems are poly-
morphism of REO, zirconia (hafnia) and intermediate phases as
well as aleovalent character of ion substitution in the majority
of solid solutions.>”-8222-226 onic or electronic charge carriers
compensate the excess charge on defects and this makes oxides
sensitive with respect to environment (i.e. phase transformations
become dependable on oxygen partial pressure).

The key feature of all solid solutions in these phase diagrams
is the prevalence of a steric factor over energetic. The linear
dependences of temperature—concentration coordinates versus
ionic radii of rare-earth elements were revealed for many phase
diagram elements. All phase diagrams of the binary systems
HfO,(ZrO;)-Lny 03 are of eutectic type (Figs. 1-4). The min-
imal liquidus temperature in the ZrO,(HfO;)-Ln; O3 systems
correspond to the reactions of eutectic type F+ X < L for lan-
thanide oxides of cerium subgroup and F + H < L—for yttrium
subgroup.

The coordinates (temperature and concentration) of eutectic
points vary linearly with effective ionic radius of lanthanide. The
temperature of reaction increases and the concentration of lan-
thanide oxide in eutectic point decreases with ion radius decrease
(Table 2, Fig. 5).

Note, that under effective ionic radius in solid solution of
substitution type Mej_,L.n,O, we understand the ratio of addi-
tivity: Reff =aRpn>t + (1 — x)RpMe*, where 4 is a concentration
in mol%, R is the cation radius. The linear approximation is
sufficient, taking into account low accuracy of temperature mea-
surement above 2000 °C, as well as the tendency for some oxides
to change oxidation degree in vacuum or inert gas medium. The
eutectic reactions in the systems with HfO, occur at temper-
atures 50—100 °C higher, than that in systems based on ZrO»,
which correspond to difference in melting points for pure hafnia
and zirconia (Table 2).

In the selected systems, the substitution-type solid solu-
tions are known to be formed by components and intermediate
phases. The substantial phenomenon in the solid solutions is
the non-stoichiometry. Thus, the solid solutions based on cubic
modifications of HfO»(ZrO,) form so called “defect fluorite”
structure.”?’ The substitution of hafnium or zirconium ions
by lanthanide ion leads to increased concentration of oxygen
vacancies—the defects compensating the lack of positive ionic
charge in the cation sublattice.?”® The formation of solid solu-
tions also occurs by substitution of lanthanide ion by hafnium
or zirconium ion, provided the electron compensation of excess
charge.%?

The model of substitution-type solid solution based on
MeO, (Me =Hf, Zr) can be presented by Kroger-Vink formula:
Me* |, Ln3*,0%"5_ (2. This formula seems to be correct for
all three types of solid solutions based on monoclinic (M), tetrag-
onal (T) and cubic (fluorite-type, F)—polymorphs of MeO,.
Additives of the REO markedly decrease temperatures of phase
transformations T < M and T < F in hafnia and zirconia. In the
series of phase diagrams, temperature of melting and solid-state
transformations directly depends on the ratio between ionic radii
of cations rys**/r ,>*. The solubility in the monoclinic phase,
as arule, does not exceed 2 mol%, and in the tetragonal it is less
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Table 1

High performance applications based on zirconia®’

Function Materials Applications
Electrical insulation 7r0;, Al,O3 IC circuit substrate

Ion-conductivity
Gd,03-CeOy

Chemical ceramics
oxides

Structural ceramics

Al TiOs,

Doped zirconia

anZrz 07, CaA1204

Biological ceramics
Thermal insulation
Neutrons absorption

B—A1203 . Y203—Zr02, CCOz,

7103, TiO,, CeOy, rare-earth

ZrO,(TZP), cordierite,

HfO,(ZrO,)-Y203(Euz03)

Solid electrolytes (sodium battery), oxygen
sensor, fuel cell membrane, gas generator,
membrane reactor

Chemical sensor, catalyst, catalyst support,
desiccant, gas, adsorption/storage
Automotive, heat exchangers, metal filters,
thermal barrier coatings, diesel port liners
Artificial valves for hearts

Refractory, TBC

Rods for nuclear reactors

than 5 mol% LnyO3. The fluorite-type solid solutions dissolve
up to 80 mol% REQ. The excess concentration of compensating
vacancies in the oxygen sublattice and presence of ions larger
than zirconium or hafnium ions, both promote transformation of
martensitic type in ZrO, and HfO, at temperatures lower than
1170 and 1830 °C in pure oxides, respectively. The effect of size
and charge of added ion on properties of solid solutions based
on monoclinic modifications of REO and ZrO, were studied by
Yoshimura et al. 179:229-231 [p the case of lanthanide oxides, the
lattice parameters of monoclinic ZrO» solid solutions dissolving
2mol%, Lny O3, varies linearly with ionic radius of lanthanide
(Fig. 6). The periods a, b, ¢ and volume of elementary cell
increase isotropically, and the angle of monoclinity decreases
with ion radius increase.

The solid solution based on tetragonal zirconia (T-ZrO3), suf-
fers transformation T = M at temperature on 400 °C lower than
in pure MeO,. Nonequivalence of sites in low-symmetrical lat-
tices (such as monoclinic and tetragonal) result in substantial
deformations of lattices and phase transformations stimulated
by doping. In the homogeneity field of T-ZrO,, the period
of elementary cell linearly depends on lanthanide ionic radius
(Fig. 7).\7%

The fluorite-type solid solution with cubic lattice is the most
stable in these systems and demonstrates maximal solubility
among them. The solubility limit of REO in F-HfO, (ZrO;)
depends on lanthanide ionic radius (Table 3). In the systems
Zr0,-Ln, 03, the lattice parameter d of the fluorite-type solid
solutions of the same concentration changes linearly with ionic

radius of lanthanide and can be approximated by empirical equa-
tion: 228,231

d =5.120 + [0.212(R.,>t — Rz*T) — 0.00231m

where m is the mol% of REO, Ry " and R,** are the radii
of corresponding ions. The calculated approximation fits the
experimental values of d.

Features of transformation from cubic to tetragonal phases
were investigated theoretically and experimentally by Kata-
mura et al.>!#215 The kinetics and mechanisms which control
the formation of fluorite solid solutions in the binary and
ternary systems were studied by Glushkova and Duran %6-232-234
They showed the competition between diffusion controlled
mass transport and nucleation of new phase when fluorite-

type solid solution transformed into the ordered pyrochlore-type
phases.

The solid solutions based on polymorphs of REO are also
of substitution type, where the electron-ionic compensation of
excessive charge takes place.5>23> In case of interstitial oxygen
ion, the compensation of positive charge occurs and correspond-
ing to the formula: Ln>*>_ Me**,0%~3,035,.

The solubility of hafnia or zirconia in hexagonal (A) and
monoclinic (B) modifications of REO is small. The widest
homogeneity field belongs to the solid solutions based on C-
type of REO. These solid solutions have cubic structure, the
derivative from the fluorite-type structure. For the lanthanides
of cerium subgroup, however, this phase was not revealed
in high-temperature fields of the phase diagrams, but low-
temperature fields were not studied yet because of extremely
slow diffusion activity and abnormally long duration of homog-
enization.

2.1. Intermediate phases in the systems
HfO2(ZrO2)-Ln203(Y203)

The analysis of existing data has revealed a considerable
similarity between binary systems based on hafnia and zirco-
nia. In the systems HfO»(ZrO;)-Ln,03(Y203), formation of
several intermediate phases were found: phases with crystalline
structure of the pyrochlore-type (Fd3m, stoichiometry formula
LnoHf>,07(LnyZr,07); a phase with hexagonal structure (R3,
formulated as LnaM3013), as well as the phases of perovskite-
type cubic structure with rthombic distortions (sD%ﬁ —Pbnm,
formulated as LnMeO3).

2.2. The pyrochlore-type phases

It is well known that the ionic conductivity of solid solu-
tions of fluorite-type passes through the maximum value, which
corresponds to the maximum concentration of the mobile
defects—anion vacancies, for instance. At high concentration
of dopant, the vacancies are turned for integration into slug-
gish clusters such as bi-, tri-vacancies, etc. The defect structure
enables to initiate rearrangement of the lattice as a whole,
ordering, and formation of new phase, as it was found in case
of ordering the pyrochlore-type solid solutions. This ordering
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Table 2

The coordinates of invariant points in the systems HfO,—Ln,O3 and ZrO,-Lny O3

LnyO3 Systems HfO,—Ln; O3 Systems ZrO,-Lny O3 58

Ionic radius, by Ref (nm) Composition Temperature of Composition of Temperature of Ref (nm) Composition Temperature of
Ahrrenius (nm) eutectic HfO, eutectic (°C) peritectic HfO, peritectic (°C) eutectic eutectic (°C)

(mol%) (mol%)

La 0.114 0.1014 35 2070 - - 0.10068 0.37 1980
77 233( 103

Ce 0.107 0.0983 30 - - - - - -

Pr 0.106 0.09816 28 2125 45 ~2200 0.09704 0.32 2100
75 242( 103

Nd 0.104 0.09698 27 2140 103 65 2450 0.0962 0.30 2120

~48 ~2270
Sm 0.102 0.09428 26 2240 122 67 2550 0.0945 0.25 2180
~52 ~2335

Eu 0.098 0.093 25 2150 13 0.0928 0.26 2130 1%

Gd 0.097 0.09282 22 2310 122 - - 0.09244 0.24 2260

Tb 0.093 0.09015 19 2300 122 ~30 ~2350 0.08955 0.23 2250

Dy 0.092 0.08934 19 2310 122 ~32 ~2390 0.08892 0.22 2280

Ho 0.091 0.08905 15 2340 154 ~31 ~2380 0.08866 0.18 2300

Y 0.092 0.08976 16 2400 154 ~30 2430 0.08976 0.16 2360

Er 0.089 0.08735 15 2360 154 ~30 ~2400 0.08702 0.18 2350

Tm 0.087 0.08574 14 2380 154 ~33 ~2460 - - -

Yb 0.086 0.08496 13 2430 154 ~35 ~2500 0.0848 0.15 2410

Lu 0.085 0.08416 - - 12 2510 154 - - -
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Fig. 1. Phase diagrams of the binary systems with hafnia and lanthanide oxides from lanthana to gadolinia: (a) HfO,-La,03,'9 (b) HfO,-Pr,03,'% (c)
Hf0,-Nd,03,'9 (d) Hf0,-Sm,03,'%2 (e) Hf0,-Eu, 03, (f) Hf0,-Gd,03;'?? () DTA in helium; (+) annealing and quenching technique, (@) thermal analysis in
air under solar furnace; () single-phase regions, () two-phase regions by the data of XRD and annealing and quenching.

occurs by the way of cation rearrangement, distributed in the
disordered solid solution of the fluorite-type and filling cites
in the pyrochlore lattice, as well as by the oxygen ion shift-
ing in the anion sublattice, i.e. by changing of the oxygen
ion’s coordination and abrupt decreasing of oxygen vacan-
cies concentration.”3¢ All these pyrochlore-type phases possess

wide homogeneity fields, but much narrower ones than fluorite-
type solid solutions. The deviation from stoichiometry in the
LnyHf,07 phase appears, when x ions of Hf** are substituted by
xions of Ln**. On substitution, the x/2 additional oxygen vacan-
cies are formed Lnpy Hf2_yO7_(x2). When the 4’ ions of Ln3*
are substituted by 4’ ions of Hf** the number of oxygen vacan-
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two-phase regions by the data of XRD and annealing and quenching.

cies in the anion sublattice of Lny_,Hf>,,07_(x2) decreases in
4//2.233 The pyrochlore-type phases demonstrate concentration
limits of stability, which are shown in Tables 4 and 5, Fig. 8.
The pyrochlore-type phases and their solid solutions are formed
by zirconia or hafnia with cerium subgroup of REO (from La
to Gd), while the REO of yttrium subgroup form disordered

solid solutions of fluorite type.>3” The thermodynamic stabil-

ity of the pyrochlore type compounds can be determined using
empirical rule, which identifies the ratio between ionic radii
R = (r**1a/r* ), which must be higher than 1.2. In accordance
with Colong,?®> the average ionic radii for the pyrochlore-
type phases can be approximately calculated by additive rule:
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Table 3
The solubility of components in the systems HfO,-Ln;03
Ln?* Ionic radius, by Ahrens (nm) Limit of solubility (mol%) Source
Py M T F X H A B C
La 0.114 27-40 2 5 15 15 12 10 - - 103
Pr 0.107 27-40 2 4 17/65 12 10 8 - - 103
Nd 0.104 27-39 2 3 18/63 11 9 5 - - 103
Sm 0.100 29-39 2 3 27/62 10 8 6 4 - 122
Eu 0.099 30-38 1.5 3 55 10 8 5 4 - 139
Gd 0.095 30-38 1.5 25 83/64 10 9 5 3. - 122
Tb 0.093 30-38 1.5 2.5 58 8 5 4 3 30 122
Dy 0.092 - 1.5 25 62 5 4.5 - 3 32 122
Ho 0.091 - 1 2.0 63 - 4 - 2 30 154
Y 0.092 - 1 2.0 57 - 3 - - 30 154
Er 0.089 - 1 2.0 60 - 3 - - 30 154
Yb 0.086 - 1 2.0 62 - 2.5 - - 35 154
Lu 0.085 - 1 2.0 60 - - - 40 154
Table 4
Properties of the LnyHf,07 phases58
Phase a (nm) —AH’¢ (kJ/mol) T (K) Dipes (g/cm3) TEC x 1076/°
LayHf,07 1.0776 - 2560 7.84 7.85
PrHf,07 1.0960 104 2610 7.90 9.13
Nd,Hf,07 1.0648 85 2730 8.11 9.27
SmyHf,07 1.0568 82 2760 8.20 10.60
Eu,Hf,O7 1.0540 - 2735 8.29 10.82
Gd,Hf,07 1.0502 41 2790 8.34 -
Table 5
Properties of the phases Ln2Zr20758
Phase a (nm) —AH®¢ (kI/mol) T (K) Des (g/lem?) TEC x 1076/°
LayZr, 07 1.0808 126.1 2160 5.89 9.129
PryZr, 07 1.0714 120.3 2220 6.14 5.65
Nd»Zr, 07 1.0668 111.0 2320 6.28 11.717
SmyZr, 07 1.0594 106.8 2350 6.48 10.733
EuyZr, 07 1.0554 80.0 2350 6.63 9.347
GdyZr, 07 1.0528 75.8 2450 6.69 11.519
R — 1.6
1
FMe = FHf,_,Ln, = 5[(2 — X)rdf + Xl

0.0

Fig. 8. Calculated scheme for determination of the homogeneity field size for

the phases of pyrochlore type in the systems HfO,—Ln,03.23

1
Me = Iyt = 512 - x')rin + X'l

R =

R =

=12

1.2

LE 2rin

rMe (2 —xD)rur + Xirin

3+

r]‘:ﬁ > 1.2 (for the pure pyrochlore phases)
R = Mve _ (2= X)rin + Xirme

rHf 2ruf

where R; is the ratio of average radii for ions taking
into account their substitution. The boundary value R =1.2
responds to two values of x; and x{. The results of cal-
culation are presented in Fig. 8. The boundary ratio is
correct for gadolinium hafnate but wrong for terbium hat-

nate.
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Fig. 9. The lattice parameter of the ordered phases LnyHf,O7 (@) LnyZr,O7 (O) (a) and melting temperatures corresponding to the compositions 33.3 mol% Lny O3

66.7 mol% ZrO, (b) vs. ionic radius of lanthanide.

The ordered phase LayZr,O7 is stable up to its melting tem-
perature, the Nd»Zr,O7 exists at approximately 2300 °C and
lower, while the Gd;Zr,O7 is stable at temperatures less than
1500°C.?3 In this series of pyrochlore-type hafnates and zir-
conates we found a linear increasing of their lattice parameters,
and linear decreasing of their melting temperatures with increas-
ing of ionic radius of Ln>* as shown in Fig. 9.

The most thermodynamically stable phase is the lanthanum
zirconate (hafnate), having minimal melting temperature in the
series Ln,Zr,O7(LnyHf>07) and the loosest lattice (the largest
lattice parameter). Lanthanides from the end of the series do not
form ordered compounds with pyrochlore-type lattice, because
the spatial factor is not appropriate to order ions in the lattice.
Recently the phenomenon of ordering/disordering was studied
in the pyrochlore phases by molecular static methods.?3%240 It
was shown, that the enthalpy of ordering quickly decreases with
ion radii increase in site B (B corresponds to Zr** and Hf*") and
decrease of Frenkel’s pair formation energy (oxygen vacancy
in the site 48f + interstitial ion in position 8a of the pyrochlore
lattice). This is clear, that the ionic and electronic conductivity
can be increased.?*!?4? This rule will be working in the ternary
systems, if high-enthalpy phases of pyrochlore would be doped
with disordering additives.

3. General characteristics and phase reactions in the
systems Lny;03-Y,03
Existing data 90243-256 and results of the present research
allow several conclusions concerning regularities in phase dia-
grams of the systems REO—yttria. In these systems, the solid
solutions based on polymorphous modification of REO were
found (Fig. 10). The fields of mutual solubility of components
in these systems are defined by steric factor, which in turn, is
defined by the size of cations and structure of REO. The coor-
dinates of invariant points in the phase diagrams of the systems
LnyO3-Y,03 are presented in Table 6 and Fig. 10.

The additives of Y03 to light lanthanides (LayO3, Pr; O3,
Nd;0O3) promote formation of the solid solutions based on B-

form of REO, which has not been found in pure oxides 223:225

In the systems with REO from the middle of the series (Sm»0O3,
Eu,03, Gdy03, Dy>03), the widening of homogeneity fields
was revealed for C-type of solid solutions. In the systems with
heavy REO, the solid solutions of C-type demonstrate unlimited
solubility in the wide range of temperature.?#6-247

High-temperature phase H is known in several REO and
yttria. In all studied systems, the continuous solubility in the
H-LnyO3 has been observed. Polymorphous modification X,
contrary to form H, was found for lanthanides of cerium sub-
group, and extension of the homogeneity fields for the X-phase
decreases from Lay O3 to Gd;O3. Solid solutions based on X- and
H-forms of REO cannot be quenched from high temperatures.

Equimolar compositions of REQ>? are able to be ordered and
intermediate phases of perovskite type remains stable if cation
radii difference is greater than or equal to 0.022 nm. Amid sev-
eral systems Ln,O3-Y;,0s3, this condition is satisfied for the
diagram La;03-Y,03, where this phase was definitely found
(LaYO3). However, as this ratio is equal to the boundary value,
the LaYOs is stable in solid state. In the other systems, the
LnYO3 were not found. In the ternary systems, the substitu-
tion of large size cation Ln3* by Zr** of smaller size can be a
reason for stabilization of LnYOj5.

3.1. Stability intermediate phases and prognosis phase
equilibria in the systems Ln; O3-Y>03

Following the regularities of constitution, one can forecast
the constitution of unknown six diagrams. Such a prognosis is
important for defining the surface topology of the liquidus sur-
face, because the elements of ternary diagrams situated close to
the bounded binary systems Ln,O3-Y»03, strongly contribute
to the topology of the liquidus surface, existence and position
of invariant points. Temperature of invariant points and extreme
points on liquidus curves, points on solidus, X = H transition
and solid-state reactions in the binary systems Ln,O3-Y,03
change linearly with lanthanides ionic radius (Figs. 11 and 12).
These dependences work the best for oxides of cerium sub-
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Table 6

The coordinates of invariant points for the systems Ln,O3-Y,03

Systems Tonic radius Ln>*, Coordinates of Coordinates of Coordinates of Coordinates of Coordinates of
by Ahrens (nm) peritectisc minimum on minimum X =2 H peritectoid eutectoid,

L+H=X,p liquidus H+C=B H=A+B,e

(eutectics, €) (peritectoid, p)

Y>03 (mol%) T(°C) Y,03 (mol%) T(°C) Y,03 (mol%) T(°C) Y,03 T(°C) Y,03 (mol%) T(°C)

(mol%)

La,03-Y,0;3 0.114 83 2310 (p) 2# 30 2215 35 1950 71 1900 45 1730
Pr,03-Y,03* 0.106 70 2354 (p) 21 2214 22 2093 67 2062 35 1934
Nd,03-Y,03 0.104 84 2370 (p) 30 2250 25 2120 51 1960 N/A N/A
Sm03-Y,03 0.100 60 2400 (p) 24 15 2290 10 2200 65 2200 30 2050
Eu03-Y,03 0.098 58 2370 (p) 248 10 2310 10 2250 58 2210 23 2160 (p)
Gdy03-Y,03 0.097 30 2390 (p) 24 10%* 2324% 5% 2254 65 2230 25 2180
Tby03-Y,03* 0.093 6* 2420 (p) - - - - - - - -
Dy;03-Y,03 0.092 - - - - - - 40 2230 246
Hoy03-Y,03* 0.091 - - - - - - 10 2240 - -
Ern03-Y,03 0.089 - - - - - - - - - -
Tm03-Y203 0.087 - - - - - - - - - -
Yb,03-Y,03 0.086 - - - - - - - - -
Luy03-Y,03 0.085 - - - - - - - - - -

Note: (*) calculated data.
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Fig. 11. Characteristic temperatures of invariant points in the binary systems
Ln;03-Y,03 as a function of lanthanide ionic radius.

groups, while for REO of yttrium subgroup one can observe
the deviations. These discrepancies originate from the various
polymorphs of oxides for cerium and yttrium subgroup. Note
the strait lines approximating the experimental points cross in
one point, corresponding to ytterbium. This is ytterbia, which
is the last one in the REO series, which crystallizes in more
than one polymorphous form (C- and H-forms of REO), it is
isomorphous with Y,03. In the lutetia we can find C-form
of REO only and, therefore, the only peritectic transformation
L+H S C is the probable reaction with liquid phase. The lin-
ear dependences (Figs. 11 and 12) allow predicting the phase
diagrams Nd>03-Y,03, PryO3—-Y,03 quite accurately. Based
on that the lanthanide oxides of yttrium subgroup demonstrate
full or almost full mutual solubility in yttria, the diagrams
of the systems YbyO3-Y,03, LuyO3-Y,03, TmpO3-Y;,03,
TbyO3-Y>203, HopO3-Y,03 simplified for prognosis and one
can expect their topology might be similar the topology of
earlier considered diagrams of the systems Dy;03-Y,0s,
Er,O3-Y,03.

In the binary systems LnyOz-Ln’;03, formation of the
chemical compound of ABO3 with the perovskite-type

41 @ LeH=X
80— < Min-Liquidus
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Fig. 12. Composition of invariant points in the binary systems LnpO3-Y,0O3 as
a function of lanthanide ionic radius for cerium subgroup.

Table 7
Temperatures of formation/decay of the perovskite-type phase (ABO3) in the
systems Lny03-Ln’,03%

A B

Y Ho Er Tm Yb Lu
La 1600 1700 1820 1955 2040
Ce - - - 1700 1900 2050
Pr - - - - 1500 1950
Nd - - - - - 1300

structure was observed. The Goldsmith tolerance factor
t=(Ra +Ro)/\/2(Rp + Ro) for the perovskite structure is in the
limits 0.75 <t < 1.0. This ratio is valid for the combination of
lanthanides listed in Table 7 and in Fig. 13.

Apparently, the perovskite-type phase in the series
Lny03-Y; 03 is stabilized in the lanthana-based systems. Mean-
while, the compound LnYO3 was shown to be more stable when
doped with zirconia or hafnia. Following tolerance factor, its
value is growing when effective ion radius in the site B decreases
due to substitution of these ions in part by smaller size ions
of Zr**or Hf**. The dissolution of zirconia in large amount is
impossible because of charge compensation. In Table 8 one can
find estimated tolerance factors for doped perovskites.

The calculation of the tolerance factor for the perovskite-
type phase, where cations are partially substituted by zirconium
or hafnium ions, allows estimation of their stability or proba-
bility to be formed. Fig. 14 shows the changes which happen
with minimal and maximal tolerance factors, when one of the
cations is substituted. Obviously, the equiprobable substitution
of cations gives the tolerance factor ¢, which is variable in the
range between maximal and minimal values. The calculation
revealed the difference in tolerance factor between zirconia and
hafnia is minimal (in the third figure). The substitution of the
praseodymium cations by zirconium or hafnium cations may
result in stabilization of PrYO3 on the “bottom threshold” of
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0.060 =

u;f//:
E o059l CcA/‘

b Pr & /./“.
La .-—-"./-‘ | 3

0058  Ce ._--0/. A b/V2
C proe——° > €

0.057 + : .
0.086 0.088 0.090

r,nm

Fig. 13. Dependence of lattice parameter for the perovskite-type phase LnYO3
versus lanthanide ionic radius.*’



Table 8

E.R. Andrievskaya / Journal of the European Ceramic Society 28 (2008) 2363-2388

Estimated stability of the perovskite-type phases LnYO3 doped with ZrO,

2377

No.

Formula of doped perovskite
phase/t =(Ra + Ro)/\/Z(RB +Ro)

Comment

Stoichiometric phase LnYO3

1

Substitution in the site A:

Lnlf)-ZI‘yYOL
— U=yrntyrztro o
gl V2ry+re) T 0.843

Substitution in the site B:
LnY,—yZryO3—_q1/2y)Ui+1r2y)
nh=——"0tlo 50843

Ion Zr** substitutes ion Ln3*. As
rz4+ < Ipg3+, than f; decreases with
increase of ZrO; concentration

Ton Zr** substitutes ion Y3*. As
Fy3+ > Fzua+, than 1 increases with
increase of Y,03 concentration

2= Dyt (—yry+r0) —

tolerance factor, 0.75, however, the equiprobable substitution of
both praseodymium and yttrium ions, this factor becomes lower
the formal threshold.

Thus, we suggest the perovskite-type phase PrYOs can
appear in the ternary systems HfO,(ZrO;)-Y203-PryO3. The
other REO do not form the phases of perovskite-type with
yttria because of the spatial limitations. For the lanthanides with
ionic radius smaller than one of yttrium ion (0.092 nm), the per-
ovskite formation is very probable, and, actually, the existence
of compounds ABO3 (A =La-Nd, B=Dy-Lu) has been con-
firmed experimentally. For the binary rare-earth perovskites, the
tolerance factor is going to be not less than 0.75.4

4. The regularities in constitution of liquidus, solidus
surfaces in the systems HfO,(Zr0,)-Y,03-Lny03

The above presented analysis of the high-temperature fields
of the binary bounded systems and experimentally studied
surfaces liquidus and solidus of the ternary systems, allow
predicting constitutions of liquidus and solidus for unstudied
systems in the series HfO»(ZrO;)-Y203-LnyO3. The liquidus
and solidus surfaces in the ternary systems are presented in
Table 9 and Figs. 15-17.

The spatial factor is the determinative one for the consti-
tution of these systems, in which the ionic type of chemical
bonding prevails: the larger is the difference between ionic radii
of components, the more complex is the topology of the phase

0.78 4

{a) __t—-—~1.——+_'t

vd-k—”k_'*_'_k_‘_‘.--‘
1‘*““{.-

diagram. Thus, the difference between ionic radii of zirconium
and REO is smaller, than that for hafnium and the same REOs
on 0.001 nm, but this is sufficient factor to get more complex
liquidus for the system based on HfO, compared to ZrO,-based
one. The constitution of liquidus and solidus of the ternary sys-
tem becomes simpler in the series from lanthanum to lutetium:
for the REO of cerium subgroup the liquidus is more complex
than that with REO of yttrium subgroup. In first case, many
eutectic- and peritectic-type reactions have been revealed, but
in the second one, invariant points have not been found. While
the lanthanide ionic radius decreases, the number of invari-
ant points decreases cymbately: from four points in case of
praseodymium oxide to O for all REO heavier than terbia. If
temperature of the peritectics and minima on liquidus surfaces
in the binary systems LnyO3—Y, O3 increases the temperature of
ternary invariant points, or ternary minima of melting temper-
atures on liquidus surfaces increases cymbately as lanthanide’s
radii became closure. The number of primary crystallization
fields on the liquidus surfaces and homogeneity fields on the
solidus surfaces decreases from six (praseodymium) to three
(lutetium). In the row from lanthanum to lutetium, the volume
of the fluorite-type phase substantially increases. Two homo-
geneity fields of the fluorite solid solutions, inherent in several
systems with REO of cerium subgroup, were found to increase
in size while ionic radius of lanthanide decreases. The field
of primary crystallization of X-phase gradually decreases and,
in accordance with bounded binary systems Ln,O3-Y»03, the
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Fig. 14. Goldsmith tolerance factor (f) for the phase LnYO3 doped with ZrO; (a) or with HfO; (b), vs. concentration of dopant (y).
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Table 9

The coordinates of invariant points of the ternary systems HfO»(ZrO;)-Y,03-Ln;03

System Composition, T, Reaction Composition, T, Reaction Composition, T, Reaction
nol % mol % mol %
0, | .05 | T 70, | .0, | T 70 [ Y0, |
Z10,-Y,03-Lay03 29 42 2250 L+FSPy+C 12 62 2200 LAH=X+C 24 24 2070  L+C=X+Py
Z1r02-Y03-Pr,05 22 38 2200 L+CSX+F 9 59 2330 L+H=X+C = o -
Z1r02-Y203-Nd120;3 21 36 2220 L+CSX+F 10 54 2300  L+H=X+C - - -
Zr02-Y:03-Smy0; 20 50 2330  LAHSXHF 17 69 2360
7Zr0,-Y,03-Euy 04 20 50 2340  L+CSH+F 20 40 2310 L+H=X+F - = = s
7Zr05-Y,05-Th,04 13 i 2230  LSX+C+H
7r0:-Y,03-Er;03 125 41 2330  min, LSC+H 18 39 2350 min, L+F=C
HfO. Y.0; T,°C Reaction HtO. Y.0; T,°C Reaction HfO, Y.0; T,°C Reaction

HfO,-Y>03-La,03 23 265 2040 LSX+Py+C 87 39 2230 L+F=Py+C 5) 66 2170 L+H=X+C
HfO,-Y>03-Pr;03 22 28  ~2070 LSX+Py+C 30 38 ~2240 L+F=Py+C 7 70 ~2200 L+H=X+C
HfO,-Y>03-Nd, 03 20 35 ~2200 LAFSC+X - - - - 10 62 ~2300 LAH=X+C
HfO,-Y,05-Smy0; 20 19 ~2260 L+FSC+X - - - - 11 55 ~2350 L+H=X+C
HfO,-Y,0;3-Eu0; 19 36 2330 LAHSXA+F 17 55.5 2360 L+C=H+F = = = =
HfO,-Y,0;-Gd-0; 14 18 ~2280 L+HSX+F 16 55 ~2360 L+C=H+F ~ - - -
HfO:-Y:03-Tb,0; 6 14 2280  LSX+C+H - - - - - - -
HfO,-Y,0;-Er,0;  10.5 455 2360 min, LSC+H 155 495 2380 min, L+F=C = 3 S &
HfO5-Y>05-Tm;05 11 40 2350 min, LSC+H 19.5 41 2400  min, L+F=C = - - -
Hf0,-Y>0;-Yb,0s 13 39 2370 min, LSC+H 20 52 2400  min, L+F=C

Note: experimental data are marked with gray.

fields of primary crystallization of H- and C-phases increase
at the expense of X-phase. Small homogeneity field of C-solid
solutions in the systems from the beginning of series becomes
dominating to the end, in particular, for the system with lutetium
(Table 10).

In the series from lanthanum-based to lutetium-based system,
the main feature of the phase transformations concerns increase
of melting temperatures and phase transformations in the solid
solutions and solid phase reactions. Thus, the difference in melt-
ing temperatures for the systems with lanthana is 720 °C (ZrO;)
and 760 °C (HfO;) whereas for the systems with erbia this dif-
ference is 370 and 460 °C for ZrO, and HfO,, respectively. This
fact denotes the decrease of merging energy for the oxides when
the solid solution is formed.

Comparing the ternary phase diagrams in the series
Zr0>—-Y,03-LnyO3 and HfO,-Y,03-Ln,O3 we can find
rich similarity between them. The differences in consti-
tution originate from the properties of HfO, and ZrO,.
The general regularities of constitution of the considered
ternary phase diagrams can be analyzed coming from the
analysis of the boundary binary systems. It is right as
the constitution of the ternary phase diagrams are deter-
mined by the constitution of the boundary binary systems.
Obviously, the variable parameter is the ion radius of lan-
thanide (Ln**), which changes from 0.084nm for Lu’*
to 0.114nm for La**. It was found that the coordinates
of invariant points in the series of diagrams ZrO;—Ln;0O3,

HfO,-Lny03, Y203-Lny03 linearly depend on ionic radii of
lanthanides.

5. Stability intermediate phase pyrochlore-type in the
systems HfO(Zr0;)-Y,03-Ln,03

Phase equilibria with the pyrochlore phase (Py) are stud-
ied quite well in these ternary systems including REO of
cerium subgroup. First, it was shown that in the systems
HfO,(Zr0;)-Y,>03-Ln;O3 (Ln=La, Sm, Eu) the character
of phase equilibria is determined by relatively high ther-
modynamic stability of the pyrochlore-type phase, which
interacts with all phases in the systems. These properties allow
identification of partially quasi-binary type for the sections
LnyHf>07(LnyZrO7)-Y»03. The sections are characterized by
the restricted solid-state solubility of the components; more-
over this solubility is quite substantial, as the solid solutions
of Py and C-modification of REO possess lattices, derived
from the fluorite-type solid solution with cubic symmetry.
Second, it was revealed that the solubility of yttria affects
the stability of the pyrochlore-type phase, and in the sys-
tem with lanthana it changes the congruent type of melting
for LayZr;O7 by incongruent. The pyrochlore-type phase
forms solid solutions of substitution type with yttria and
REO as a result of equiprobable substitution of cations in
the sites Me>* and Me** of the pyrochlore. The substitu-
tion of these cations by RE ion smaller than ion of La3*
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Fig. 15. Evolution of topology for the liquidus and solidus surfaces in the ternary systems HfO,—Y,03-LnyO3 (Ln—REE of cerium subgroup) experiment (O),
calculation (+) and prognosis.

(0.114 nm) results in decrease of the ratio R =(ra/rp) to critical Between these variants one can find many intermediate vari-
Figs. 1 and 2 and, therefore, decreases the probability of ordering ants, because in the pyrochlore with excess of REO, and with
the pyrochlore phase. The same calculations were carried outfor ~ excess of ZrO,(HfO,), the yttrium ions may substitute any of

the pyrochlores doped with yttria in ternary systems. The substi- these cations.

tution of ions in the non-stoichiometric pyrochlore is presented Thus, the selective substitution of ions Ln** in the

in Table 10. pyrochlore, enriched with REO, is able to give the solid
Formation of solid solutions in the first variant case occurs solution of Lnpiy yZr(Hf), YyO7_(2). In the pyrochlore

if the compensation of the charge difference by oxygen vacan- enriched with ZrO,(HfO,) the selective substitution of Zr**

cies, and in the second variant—without such compensation. (Hf**) by ions of yttrium provided the charge compensa-
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2360 mol % 2440

HfO7 2800

Ho,0410 20 30 40 50
22?0 2 mol % 2440
HfO2 2800

min, 2350
H

r . : . . T r
Tm203 20 30 40 50 60 70 80 a0 Y203
2290 mol % 2440

Lus0510 720 8 30%° 40
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Fig. 16. Evolution of topology for the liquidus and solidus surfaces in the ternary systems HfO,—Y,0O3-LnyO3 (Ln—REE of yttrium subgroup) experiment (O),

calculation (+) and prognosis.

tion in Lny_Zr(Hf)24x—yYyO74x)/2—y)2 The variants of solid
solutions described above allow us to evaluate the size of
homogeneity field for hafnates and zirconates of REO of
cerium subgroup. The calculations of solubility were carried
out, for undoped pyrochlores, taking into account, that the
critical stability of the pyrochlore is defined by steric fac-
tor, i.e. the ratio of effective ionic radii in the sites A and

B. Fig. 18 demonstrates decrease of yttria solubility in zir-
conates of lanthanides (Ln,Zr,O7) with the decrease of ionic

radius.
Obviously, the effective radii of both anion and cation in

the pyrochlore-type phase change (increases for anions and
decreases for cations) provided yttrium substitutes zirconium
(hafnium) and lanthanide. As a sequence of this substitution the
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Fig. 17. Evolution of topology for the liquidus and solidus surfaces in the ternary systems ZrO,-Y,03-Ln,03; (O) experimental points; (O) one-phase, (D) two
phase, (@) three-phase.
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Table 10
Evaluation of stability for the pyrochlore-type phase being doped with yttria

No. Formula of substituted pyrochlore/ratio R=ra/rg

Comment

Stoichiometric pyrochlore LnyZr, O7

1 Substitution in site A: Lny_,Y,Zr,07, Ton Y3* substitutes the ion Ln**. If ry3+ < ry 3+, then
R = (Z’V)zrw >12 R\ decreases with increase of Y,O3 content
Zr -
2 Substitution in site B: LnyZr>_yY 07 1/2y)D14(1/2y) Ton Y3+ substitutes ion Zr**. If rysy > rzzas, then Ry
L increases with increasing of Y,03 amount
Ry = Q=yyrze+yry = 12 & 23
3 Substitution in sites A and B: Tons Y3+ substitute the ions Ln®* and Zr**. If

LnoxY:Zr> Y072y 01412)

_ QC=0riatxry
R3 = ey 212

Pyrochlore phase with excess of lanthanide LnyZry_ Ln 07,421 —(x12)

4 Substitution in site A: Lny_yYyZry_,Ln 0740001 _y12,

— Q=yratyry
Ry = (2—x)rz:+xry =12

5 Substitution in site B:
LnoZra_,—yLn Yy O712)(2) 01— r2)=x2)»
_ 2ry,
Rs = (2*)’*X)rZr£XVLn+er =12
6 Substitution in site B:
Ln2zr2—anx—y Yy O7+()(—y)/2 O 1—=(x—=y)/2>
— 2rin
Re = omorprooymany 2 12

Pyrochlore phase with excess of ZrO,—Lny_,Zr Zr2O742)D1—(x2)
7 Substitution in site A:
Lny—x—yZr: Yy Zr 074 v2) U1 —ar2)»
Ry = W%w >12
8 Substitution in site A:
LnoZry—y Yy Zro 074 (e—yy2 01— (e—yy25

Rg = Wﬂ >1.2
TZr

9 Substitution in site B:
Ly ZryZry—y Yy 0742 yyr2 U1 —(i2)—312)»

_ Q=0ratxry
Ry = Gy 2 12

FLad+ > I'y3+ > I'zu+, then R3 is able to increase, and
decrease with concentration Y,0O3

Tons Y3* substitute ions Ln3*. If Fpg3+ > Tya+, then Ry
decreases with increasing of Y03 concentration

Ton Y3* substitutes ion Zr**. If rys+ > ryu+, then Rs
decreases with increasing of Y03 concentration

Ton Y3* substitutes ion Ln3* if y<ux. If rys < rp o+,
then Ry increases with increasing of Y,0O3 concentration

Ton Y3* substitutes ion Ln3*. If ry3+ < g+, then Ry
decreases with increasing of Y03 concentration

Ton Y3* substitutes ion Zr**. If ry3+ > rz4+, then Rg
increases with increasing of Y203 concentration Y,03

Ton Y3* substitutes ion Zr#**. If Fy3+ > TIzu+, then Ry
decreases with increasing of Y,O3 concentration

Note: rz;, rin, 'y, ion radii of zirconium, lanthanides and yttrium, respectively; Lno,,Zr(Hf)2— Y, O7_(y2)—v2)D1+(/2)+(x12) in case of the pyrochlore with excess
of REO and as a result of substitution of Zr** (Hf**) by y ions of Y3+ Ly yZr(Hf)24, Yy O74(v2)01-2), in case of the pyrochlore with excess of Zr(Hf)O, when

REOQ ions are substituted by y ions of Y3+,

pyrochlore phase changes the congruent character of melting to
incongruent.

Meanwhile, the experimental results obtained and the reg-
ularities found allow forecasting unknown systems of series
HfO,(ZrO,)-Y203-LnyO3 and larger series with various com-

Y203
mol % |
40—
30
Pyrochlores
20—
@® Zirconates
) ¢ Hafnates
10—
0 [ T I T I T I T
0.095 0.100 0.105 0.110 0115

r.nm

Fig. 18. Change of homogeneity fields for pyrochlore-type phases along the
quasibinary sections LnpyHf, 07 (LnaZr, O7)-Y,03 by the data of calculations.

binations of lanthanides, like ZrO,—Ln’,03-Ln",03. From the
presented prognoses, one can find an evolution of topology for
the liquidus and solidus surfaces with various relations of ions.
We should mention the simplification of liquidus and solidus sur-
faces while difference between ionic radii decreases: 56 fields
for the beginning of series and 3-2 fields for the end of one.
If the ionic radii of lanthanide and yttrium are very close, the
liquidus surface does not contain any invariant points.

6. Conclusions

The main regularities of the phase diagrams in the series of
binary and ternary systems based on zirconia (hafnia), yttria and
lanthanide oxides have been revealed and extensively analyzed
as a function of lanthanide ionic radius.

This study shows that temperatures and composition of
eutectics, temperatures of intermediate phase stability, lattice
parameters of solid solutions and others have changed linearly
versus lanthanide’s ionic radii.

The details of alloys crystallization in the sys-
tems HfO>(ZrO;)-Ln03, Y,03-Ln;O3 and ternary
HfO,(ZrO;)-Y,03-LnyO3 systems were studied and a
prognoses of liquidus and solidus surfaces in unstudied systems
were carried out.
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