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Abstract. The systems containing ceria, dysprosium and zirconia are per-
spective for the development of energy saving technological solutions and
solid oxide fuel cells (SOFC). Ceramics based on ZrO, is used as a high tem-
perature electrolyte for SOFC. The solid solutions based on CeO, are the most
perspective electrolytes, operating at moderate temperatures, because of their
ionic conductivity and high sensitivity to changes of oxygen partial pressure
is much higher than ones of ZrO, stabilized with Y, 0O, (YSZ).

In the present work, firstly, the phase equilibria and physicochem-
ical properties for solid solutions in the ternary ZrO,-CeO,-Dy,O, at
temperatures 1100 and 1500°C (150 h) and binary CeO,-Dy,O, systems
(1500 -600°C) in air were studied by X-ray diffraction and scanning elec-
tron microscopy in the overall concentration range of compositions.

Cerium oxide nitrate Ce(NO,),"6H,O and zirconium oxide nitrate
ZrO(NO,), - 2H,0 of grade “ch” (above 98%, dysprosium oxide (99.99%
produced by Merck Corp.) and analytical-grade nitric acid were used as
the starting materials. Samples were prepared with a concentration step of
1-5 mol% from nitrate solutions with subsequent evaporation and decom-
position of nitrates into oxides through annealing at 1200°C for 2 h. Pow-
ders were pressed in pellets (diameter 5 mm, height 4 mm) under a pressure
of 10-30 MPa.
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Phase equilibriums and structure transformations in the CeO,-Dy,0,
system have been studied within 1500 — 600°C in the full concentration
range. It was established that the system is characterized by the formation
of solid solutions on the basis of cubic modification of Dy, O, (C-type) and
fluorite CeO, (F-type). Solubility limits and concentration dependences of
lattice parameters were determined for the phases forming in the system.

Any new phase in the ternary system was revealed at 1100 and 1500°C.
The structure of the boundary binary systems defines the phase equilibria in
the ZrO,-CeO,-Dy, O, system. Solid solutions based on tetragonal (T) mod-
ification ZrO,, cubic (C) modification Dy,O, and cubic with fluorite-type
structure (F) modifications CeO, (ZrO,) were determined. The isothermal
sections of the ZrO,-CeO,-Dy,O, system at 1500°C contains two two-
phase regions (F+C, T+F) and three two-phase regions (F+C, T+F, T+M )
at 1100°C.

1. Introduction

Phase equilibria in the ZrO,-CeO,-Ln,O, systems are important
for the development of alternative ceramics for thermal barrier coat-
ings (TBCs) other than state of the art yttria-stabilized zirconia (YSZ),
aiming to lower thermal conductivity and to improve high temperature
performance and durability. Ceria doped with aliovalent cations, such
as rare earth oxides, has been considered as one of the most promising
candidate materials for intermediate temperature solid oxide fuel cells
(SOFCs) because of its much higher ionic conductivity at lower temper-
atures in comparison with that of stabilized zirconia. In addition, ceria
finds its application in optical polishing, petroleum cracking catalyst,
nuclear reactors components etc [ 1-6].

Albeit its great prospects for technological applications, the phase rela-
tionship of the ternary ZrO,~CeO,-Dy,O, system has not been investigated
in detail. The phase relations in the boundary of binary ZrO,-CeO, and
Zr0,-Dy,0,, CeO,-Dy,0, systems have been studied [7-20].

The phase diagram of the ZrO,~CeO, system is characterized by limited
mutual solubility of their constituent oxides in the solid state. In the sub-
solidus area of the binary ZrO,-CeO, phase diagram at 1500 and 1100°C,
the following phases were revealed: monoclinic M -ZrO, in the range from
0 to 1 mol% CeO, (1100°C) and tetragonal T-ZrO, in the range from 0 to
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18 mol% CeO, (1500°C) from 2 to 18 mol% CeO, (1100°C) and cubic,
fluorite-type phase F-CeO, in the range from 56 to 100 mol% CeO, from 73
to 100 mol% CeO, (1100°C). The two-phase field (F+T) was established in
the concentration range of 18-56 mol% CeO, at 1500°C and 18-73 mol%
CeO, at 1100°C [7-10].

Phase equilibria in the CeO, based systems doped with REE oxides
(La,0,, Sm,0,, Gd,0,, Er,0,, Dy or Yb,0,) have been partially studied
[11-18]. It was established that equilibrium phases are substitutional solid
solutions formed by four— and three-valence ions and containing high con-
centration of compensating defects such as oxygen vacancies and intersti-
tial ions, which provide electric neutrality of the solution crystals. The in-
formation about phase equilibria in the CeO,-Dy,O, system is contradicto-
ry. Formation of solid solutions in the CeO,-Dy,O, system at 1400, 1500°C
has been studied before [16—18]. The existence of solid solutions on the ba-
sis of F-CeO, and C-Dy,O; at temperature 1400°C, was confirmed in [10],
where the F — C transition was established in the concentration range 70%
CeO,. Herein no two-phase region was revealed [16; 17]. Furthermore, to
our knowledge, there is no graphical representation of phase diagram for
the CeO,-Dy,0O, system in literature. The available information on phase
relations in this system is contradictory, which demands additional studies.
Therefore, the present work was aimed at constructing a low temperature
part of binary phase diagram of the CeO,-Dy,O, system in the temperature
range of 600-1500 °C using long-term annealing regimes at a partial oxygen
pressure of 0.2 atm in air.

The phase relations in the boundary of binary ZrO,-Dy,O, system have
been studied [19-27]. The phase diagram of the ZrO -Dy,O, system is
characterized by limited mutual solubility of their constituent oxides in the
solid state. In the subsolidus area of the binary ZrO,-CeO, phase diagram
at 1500 and 1100°C, the following phases were revealed: tetragonal T-ZrO,
in the range from 0 to 0.5 mol% Dy,0, (1500-1100°C) and cubic, fluo-
rite-type phase F-ZrO, in the range from 91 to 53 mol% ZrO, (1500°C) and
from 88 to 66 mol% ZrO, (1100°C) and cubic modification of REE oxides
C-Dy, 0, in the range from 69 to 100 mol% Dy,0O, (1500°C) and from 85 to
100 mol% Dy, 0O, (1100°C). The two-phase field (F+T) was established in
the concentration range of 0.5-9 mol% Dy,0O, at 1500°C and 0.5-12 mol%
Dy, O, at 1100°C [19; 20].
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2. Experimental

Zirconium oxide nitrate, ZrO(NO,),2H,0O, cerium oxide nitrate,
Ce(NO,),'6H,0, dysprosium oxide, Dy,0, (all 99.99% produced by Merck
Corp.) and analytical-grade nitric acid were used as the starting materials.
The specimens were prepared in step 1-5 mol% Dy, O, as follows: mixing
the cerium and samarium nitrate solutions followed by their co-evaporation
and calcination at 1000°C for 2 h until uniform mixtures of oxides formed.
The as-prepared powders were pressed at 10 MPa into pellets of 5 mm
in diameter and 4 mm in height. To study phase relationships at 1500°C,
thermal treatment of as-prepared samples was carried out in two stages: at
1100°C (for 452 to 846h in air) and then at 1500°C (for 150 h in air) in the
furnaces with heating elements based on Fecral (H23US5T) and Superkan-
thal (MoSi,), respectively. The two-step annealing allows removing residu-
als of nitrogen oxides from the samples. At lower temperatures, <1250°C,
phase equilibria (which include processes of disordering/ ordering) were
reached rather slowly because of low velocity of diffusion processes in the
cation sublattice, which requires long-term annealing of samples [28]. To
study phase equilibria at 1100°C and 600°C, the heat treatment of the sam-
ples was carried out in air for 10813 to 16550 hours and 31500 hours, in
respectively. The heating rate was 3.5°C min’'. The cooling rate was about
100°C/min when switching off the power from the furnace. No phase com-
position changes were fixed at this rate or faster cooling. This technology of
preparation does not influence the valence of rear earth elements.

XRD analysis of samples was performed by powder procedure on a
DRON-3 apparatus at ambient temperature under CuKa radiation. Scanning
step was 0.05-0.1° in the range 20=15-90°. Lattice parameters were calcu-
lated by the least square method using the LATTIC computer code with an
error of not lower than 0.0001 nm for the cubic phase. The phase composition
was determined using the “Match” program, which utilizes PDF-2 database
of standard X-ray data. Diffraction peaks parameters determined by approx-
imating the peaks of experimental diffractograms using the Voigt function,
were used for the phase identification and calculations of lattice parameters.

Microstructures were examined on polished sections of annealed samples
by electron-probe X-ray microanalysis (EPXMA) in backscattered electron,
and secondary electron modes. Stoichiometric composition was controlled
selectively by chemical and X-ray fluorescence spectrum analysis.
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3. Results and Discussion
3.1. Interaction of ceria and dysprosia
in air within temperature range 1500-600°C

The study of solid phase interaction of CeO, (fluorite type, F, space
group Fm3m) with Dy,O, (cubic modification of REE oxides, C, space
group /a3) in the temperature range of 600 — 1500°C revealed that in the
CeO0,-Dy, 0, system two types of solid solutions are formed, which have a
cubic structure: of fluorite F-CeO, (F-type) and C-Dy, O, (C-type) separated
by two-phase (F + C) region (Figure 1).

Table 1 contain data on the initial chemical and phase composition of
samples annealed at 1500, 1100, and 600°C as well as on lattice parameters
for phases that are in equilibrium at the corresponding temperatures.

Homogeneity region boundaries were determined for solid solutions on the
basis of F-CeO, and C-Dyb,0, as follows: contain 0-20 and 95-100 mol%
Dy,O, at 1500°C, 0-15 and 95-100 mol% Dy,O, at1500°C, 0-10 and
95-100 mol.% Dy, O, at 600°C, respectively (Table 1, Figure 1).

Dissolution of dysprosia in ceria during annealing in air proceeds by
mutual diffusion and solid solution formation through different-valence
substitution: Dy** ions substitute for Ce*" ions in the F-type lattice sites.
In order to preserve charge neutrality of the crystal, the difference in ion
charge is compensated by the appearance of oxygen vacancies in sites of
oxygen ions. Thus the F-CeO, lattice parameter reduces (Figure 2 and 3)
owing to the difference in the cation sizes, on the one hand, and the sizes
of oxygen ion and oxygen vacancy, on the other hand. There are however
such solubility limit values which correspond to a critical concentration
of vacancies, beyond of which the fluorite-type (Fm3m) lattice becomes
unstable and transforms into another cubic lattice, namely /a3, characteristic
for solid solutions of the C-type on the basis of REE oxides. The solubility
limit increases with temperature rising.

Lattice parameters F-CeO, decrease from a = 0.5409 nm for pure
CeO, to a = 0.5394 nm (1500°C), 0.5396 nm (1100°C), and 0.5397 nm
(600°C) for the limit solid solution compositions (Table 1, Figure 2). The
XRD patterns that characterize solid solution regions in the CeO,-Dy,O,
system at 1100°C are shown in Figure 3, where the presence of two phases
is distinctly seen at any percentage of components and phases, which made
it possible to carry out an accurate phase analysis.
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The solubility of ceria in C— Dy, O, is 9% at 1500°C and 4% at 600°C.
The lattice parameter increases from a = 1.0655 nm for pure Dy, O, to
a=1.0710 nm (1500°C) and to a = 1.0679 nm (1100°C) for the limit solid
solution compositions and to @ = 1.0678 nm for the sample containing
95 mol% Dy, 0O, (1100°C).

Formation of substitutional solid solutions is accompanied with charge
compensation, since ion Dy*" is replaced by ion Ce*'. The excess positive
charge is neutralized via placing of oxygen ions in intersites or catching
electrons. An increase in the concentration of ceria (with larger cerium ion)
in the solid solution results in increasing lattice parameter. The solubility
limit is responsible for formation of F-type solid solutions.
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Figure 1. Phase equilibriums in the CeO,-Dy,O, system within
600-1500°C: o, single-phase samples; @, two-phase samples.

3.2. Phase relation studies in the ZrO,-CeO,- Dy ,O, system
at 1500 and 1100°C
To study the phase equilibria in the ZrO,~CeO,-Dy,O, system, the fol-

lowing experimental parameters were selected to elucidate the location of the
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Figure 2. Concentration dependence of lattice parameters for solid
solutions on the basis of a — F-CeO, and » — C-Dy, 0, in the CeO, -
Dy,O, system after annealing of samples at 1500, 1100 and 600°C
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Figure 3. XRD patterns from CeO, — Dy,O, samples annealed
at 1100°C: ¢ — 90 mol % CeO, 10 mol % Dy,0,, (F)

two lines: ZrO,~50 mol.% CeO,-50 mol.% Dy,0,), CeO,~(45 mol.% ZrO,—
55 mol.% Dy,0,) and two additional isoconcentrations of 20 mol% ZrO, and
70 mol% Dy, O, compositions were included to clarify the phase diagram.

Figures 4 and 5 depicts the summary of experimental data for the iso-
thermal section of the ZrO,~CeO,-Dy,O, system at 1100 and 1500°C.
The samples were annealed at 1100 and 1500°C in air and characterized
by X-ray analysis and scanning electron microscope. Tables 2 and 3 sum-
marize starting compositions, lattice parameters and compare the phase
identification determined by X-ray.

Figures 6-8 demonstrate concentration dependences of solid solutions
based on F-CeO, in the ZrO,-CeO,-Dy,O, system after annealing at 1500
1100°C. XRD patterns acquired from in the ZrO,-CeO,-Dy,O, system at
1100°C are presented in Figure 9.

In the zirconia-rich corner, the solid solutions based on tetragonal modifi-
cation of ZrO, are formed. The phase field T-ZrO, is narrow and elongated
(0-18 mol% at 1500°C and 0-18 mol% at 1100° CeO,) along the ZrO,-
CeO, side of the binary system. The solubility of Dy,O, in the T-ZrO, is low
and amounts to ~ 0.5 mol% (at 1500 and 1100°C), as evidenced by XRD
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analysis results. The boundary of the T phase in equilibrium with F-CeO, at
1500°C was determined from the XRD data for the: 99 mol.% ZrO,~0,5 mol. %
Ce0,-0,5 mol.% Dy,0,, 98 mol.% ZrO,~1 mol. % CeO,~1 mol.% Dy,0O,,
97mol.% ZrO,~1,5 mol. % CeO,~1,5 mol.% Dy,0,, 96 mol.% ZrO,~-2 mol. %
CeO,-2 mol.% Dy,0,, 95 mol.% ZrO,-2,5 mol. % CeO,-2,5 mol.% Dy ,0,,
90 mol.% ZrO,-5 mol. % CeO,~5 mol.% Dy,0,, 85 mol.% ZrO,-7,5 mol. %
CeO,~7,5 mol.% Dy,O

3

7 7 7 7 7 7 7 7
Dy203 10 20 30 40 50 60 70 80 90 CeO2

Figure 4. Isothermal section at 1500°C for the system ZrO,-CeO,—-
Dy,0, (o - single-phase samples; © — two-phase samples.)

The boundary of the T phase in equilibrium with F-CeO, at 1100°C
was determined from the XRD data for the: 99 mol.% ZrO,-0,5 mol. %
Ce0,-0,5 mol.% Dy,0,, 98 mol.% ZrO,~1 mol. % CeO,~1 mol.% Dy,0O,,
97mol.% ZrO,~1,5mol. % CeO,~1,5mol.% Dy,0,,96 mol.% ZrO -2 mol. %
Ce0,-2 mol.% Dy,0,, 95 mol.% ZrO,-2,5 mol. % CeO,-2,5 mol.% Dy ,0,,
90 mol.% ZrO,~5 mol. % CeO,~5 mol.% Dy,0,, 85 mol.% ZrO,-7,5 mol. %
Ce0,-7,5 mol.% Dy,0,,80 mol.% ZrO,~10 mol. % CeO,~10 mol.% Dy,0O..
It is worth noting that the solid solutions based on tetragonal modification
of zirconia cannot be quenched from high temperatures due to low stability
of T-ZrO, under cooling with furnace conditions. The diffraction patterns
recorded at room temperatures included the peaks of monoclinic phase
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Figure 5. Isothermal section at 1500°C for the system ZrO,—CeO,—
Dy,O, (© - single-phase samples; © — two-phase samples.)

M-ZrO,, but for the series of compositions, the partial stabilization of the
tetragonal phase was found (Tables 2, 3).

The excess concentration of compensating vacancies in the oxygen sub-
lattice and presence of ions larger than zirconium ions, both promote trans-
formation of martensitic type in ZrO, at temperatures lower than 1170°C
in pure oxide. At high ZrO, contents, the system contains M-ZrO, — based
solid solutions (1100°C). Their phase field, narrow and elongated (0-99,5
mol% Zr0,), extends along the ZrO,~CeO, and ZrO,-Dy,0O, side of the
composition triangle. CeO, solubility in M-ZrO, does not exceed 0.5 mol%.

The microstructures (1500°C) shown in Figures 10 b-g are typical of T +
F two-phase samples. The 85 mol% ZrO,-7.5 mol% CeO,-7.5 mol% Dy,0O,,
90 mol% ZrO,-5 mol% CeO,-5 mol% Dy,0,,90 mol% ZrO,-8.5 mol% CeO,—
1.5 mol% Dy,0,, 95 mol% ZrO,-2.5 mol% CeO,-2.5 mol% Dy, O, samples
consist of two microstructural constituents differing notably in contrast. X-ray
line scans show that the light phase, forming a matrix in the form of polyhe-
dral grains 5 to 15 pum in size, is cerium-rich, suggesting that it is F-CeO,.
The gray phase contains zirconium, is present in a notably biggest amount,
and consists of darker grains. These data suggest that this phase is T-ZrO,, in
accordance with XRD data. The 99 mol% ZrO, — 0.5 mol% CeO, - 0.5 mol%
Dy, O, sample contains a larger amount of the T phase, consisting
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Figure 6. Concentration dependences of lattice parameters
for solid solutions based on fluorite-type (F) along the
ZrO,~ (50 moa. % CeO,-50 moa. % Dy,0,) section in the system
Zr0O,—CeO,-Dy,O, heat treated at 1500°C
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Figure 7. Concentration dependences of lattice parameters for solid
solutions based on fluorite-type (F) along the Isoconcentrate 20 mol. %
ZrQ, in the system ZrO,-CeO,-Dy,O, heat treated at 1100°C
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Figure 8. Concentration dependences of lattice parameters
for solid solutions based on fluorite-type (F) along the
ZrO,~ (50 moa. % CeO,-50 moa. % Dy,0,) section in the system
Zr0,—Ce0O,-Dy,0, heat treated at 1100°C
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Figure 9. XRD patterns along the isoconcentrate 20 mol. %
ZrQ, in the system ZrO,-CeO,-Dy,0, heat treated at 1100°C
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of coarser grains. It differs in morphology from that in the above sample
in that it has sharper grain boundaries (Figure 10 g). In the dysprosium-rich
corner, the solid solutions based on cubic modification of Dy, O, are formed.
These solid solutions have cubic structure, the derivative from fluorite-type
structure. As a result of replacing ions in the CeO,(ZrO,) lattice by Dy*’,
oxygen vacancies arise, excess concentration of which acts as a driving
force for ordering C-type phases. The model of substitution-type solid
solution based on MeO, (Me = Ce, Zr) can be presented by Kroger-Vink
formula: Me, Ln O, .. The homogeneity field of C-phase was revealed to
extend from 0 to 11 mol% CeO, along the isoconcentrate 20 mol% Dy, O, at
1500 and 1100°C. The lattice parameter increases from a = 1.0585 nm for
the sample containing 29 mol% ZrO,-1 mol% CeO, — 70 mol% Dy,0O, to
a = 1.0642 nm for the two-phase (F+C) sample containing 15 mol%
ZrO,-15 mol% CeO, — 70 mol% Dy, O, along the isoconcentrate 70 mol%
Dy,0O, at 1500°C. The lattice parameter increases from a = 1.0620 nm for
the sample containing 20 mol% ZrO,-5 mol% CeO, — 75 mol% Dy,0, to
a =1.0630 nm for the two-phase (F+C) sample containing 20 mol% ZrO-
15 mol% CeO, — 65 mol% Dy,O, along the isoconcentrate 20 mol% Dy, 0O,
at 1100°C. The lattice parameter of the C-type solid solution increases with
increasing Ce*" content, but not only because of the steric factor. This may
be associated with competition between these factors in the case of aliova-
lent substitution. When Ce*" diffuses into the Dy, O, lattice, there excess of
anions, namely interstitial oxygen ions O*, appears for compensation of the
excess positive charge. With increasing number of Ce* ions, the average
cation radius slightly change but repulsion between the excess anions be-
comes stronger and provokes a dilatation effect in the lattice.

The microstructures, characterizing the two-phase field (C+F) are present-
ed in Figures 10 h-j. In the samples containing 15 mol% ZrO,— 42.5 mol%
CeO, — 42.5 mol% Dy,0O, and 20 mol% ZrO,-15 mol% CeO, — 65 mol%
Dy,0,, there are two structure components that differ by contrast. From the
data of electron microprobe and X-ray spectral analysis, the light phase con-
tains only dysprosium, and therefore, is a solid solution of C— Dy,O,. The
dark phase is rich in cerium corresponding to the cubic solid solution F-CeO,.

The cubic solid solution has a fluorite-type structure and homogenei-
ty field shows the maximum extension. The boundary of the homogenei-
ty field of F-phase passes through appropriate points in the binary ZrO,-
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CeO, (56 mol% CeO,) and CeO,-Dy, O, (78 mol% CeO,) and ZrO,-Dy,O,
(91 —-53 mol% ZrO,) systems at 1500°C (Figure 7). With decreasing temper-
ature from 1500°C down to 1100°C, the homogeneity region on the basis of
the cubic modification F-CeO, narrows. The boundary of the homogeneity
field of F-phase passes through appropriate points in the binary ZrO,-CeO,
(73 mol% CeO,) and CeO,-Dy,0, (80 mol% CeO,) and ZrO,-Dy,O
(88 — 66 mol% ZrO,) systems at 1100°C (Figure 8).

The lattice parameter decreases from a = 0.5367 nm for the two-phase
(F+C) sample containing 5 mol% ZrO,-47.5 mol% CeO, — 47.5 mol%
Dy,0O, to a = 0.5293 nm for sample containing 40 mol% ZrO,-30 mol%
CeO, — 30 mol% Dy,0, and to @ = 0.5158 nm for sample containing
85 mol% ZrO,-7.5 mol% CeO, — 7.5 mol% Dy,O, along the Section ZrO, —
(50 mL.% CeO, — 50 mol.% Dy,0,), (fig. 6, 1500°C). The lattice parameter
increases from a = 0.5271 nm for the two-phase (F+C) sample containing
42.5 mol% ZrO,— 5 mol% CeO, — 52.5 mol% Dy, 0, to a = 0.5356 nm for
sample containing 15.75 mol% ZrO,-65 mol% CeO, - 19.25 mol% Dy,O,
along the Section CeO, — (45 mol.% ZrO, — 55 mol.% Dy,0,) at 1500°C.

The lattice parameter increases from a = 0.5320 nm for the two-phase
(F+C) sample containing 20 mol% ZrO,— 15 mol% CeO, — 65 mol% Dy, 0,
to a = 0.5360 nm for sample containing 20 mol% ZrO,-75 mol% CeO, —
5 mol% Dy,O, along the isoconcentrate 20 mol% ZrO, at 1100°C (fig.
7). The lattice parameter decreases from a = 0.5372 nm for the two-phase
(F+C) sample containing 5 mol% ZrO,— 47.5 mol% CeO, — 47.5 mol%
Dy,O, to a = 0.5261 nm for sample containing 50 mol% ZrO,-25 mol%
CeO, — 25 mol% Dy,0, and to @ = 0.5174 nm for sample containing
85 mol% ZrO,— 7.5 mol% CeO, — 7.5 mol% Dy, O, along the Section
ZrO, — (50 mL.% CeO, — 50 mol.% Dy,0,), (fig. 8, 1100°C). The micro-
structures shown in Fig. 10 a, k, 1 are typical of phase-pure F-CeO,(ZrO,).
The fluorite phase is also present in the two-phase (T + F and C + F).

3

4. Conclusions
Firstly, the phase equilibria in the systems ZrO,-CeO,-Dy,O, and
CeO,-Dy,O, has been studied in the whole concentration range. Phase
equilibriums in the binary CeO,-Dy,O, system have been studied in the
temperature range 600 — 1500 °C in air. It was established that the system
is characterized by formation of limit solid solutions with a cubic structure
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Figure 10. Microstructure of the ZrO,-CeO,-Dy,O, system samples
upon annealing at 1500°C according to BEI findings:

(a) 80%Zr0,— 10% CeO,-10% Dy,0,, BEIx400, (F); (b) 85% ZrO,-7.5%
Ce0,-7.5% Dy,0,, BEIx2000, (F+T) ; (¢) 90% ZrO,~ 5% CeO,- 5%
Dy,0,, BEIx2000, (F+T); (d) 90% ZrO, - 8.5% CeO,— 1.5% Dy,0,,
BEIx2000, (F+T); (e) 95% ZrO,— 2.5% CeO, - 2.5% Dy,0,, BE1x2000
(F+T); (f) 95% ZrO,—2.5% CeO,— 2.5% Dy,0,, BEIx400 (F+T); Light
grains — (F-ZrO,); Gray grains (T-ZrO,); Black-pores
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Figure 10 (page 2). Microstructure of the ZrO,—CeO,-Dy,O, system
samples upon annealing at 1500°C according to BEI findings:
(g) 99% ZrO, - 0.5% CeO, - 0.5% Dy,0,, BEIx400 (F+T); (h) 20% ZrO, -
15% CeO,— 65% Dy,0,, BEIx2000, (F+C) (i) 20% ZrO,— 10% CeO,—
70% Dy,0,, BEIx2000; (C) (j) 15% ZrO,— 42.5% CeO,— 42.5% Dy,0,,
BEIx2000; (F+C) (k) 20% ZrO,— 60% CeO, - 20% Dy,O,, BEIx2000 (F),
1 20% ZrO,—- 68% CeO,— 12% Dy,0,, BEIx2000. (F). Light grains —
(F-ZrO,); Gray grains (T-ZrO,); Black-pores
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of two types, F-CeO, and C-Dy,0,, which are separated by a two-phase re-
gion, (C + F); formation of new phases does not occur even at the maximal
annealing time. As temperature reduces from 1500 to 600°C, the homoge-
neity regions of solid solutions based on the cubic modifications F-CeO,
and C-Dy,O, narrow from 78 to 86% CeO, and from 14 to 4% CeO,, re-
spectively. In this temperature range, ordering of intermediate phases was
not confirmed.

The isothermal section in the ternary system ZrO,-CeO,-Dy,O, at
1500°C and 1100°C has been developed. The solid solutions of limited sol-
ubility based on all components in their different polymorphic modifica-
tions were found and characterized. The fluorite (Fm3m) and cubic (Ia3)
and solid solutions are in equilibrium with all other phases existing in the
system at these temperatures. The fluorite solid solution is represented by
the largest homogeneity field originating from the sizes of F-fields in the
two boundary binary systems CeO,-Dy,O, and ZrO,~CeO, and ZrO,-
Dy,O, The isothermal sections of the ZrO,-CeO,-Dy,O, system at 1500°C
contains two two-phase regions (F+C, T+F) and three two-phase regions
(F+C, T+F, T+M ) at 1100°C. With decreasing temperature from 1500°C
down to 1100°C, the homogeneity regions on the basis of the cubic modifi-
cation F-CeO,(Zr0O,) narrow.
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