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The formation of phases and properties of solid solutions and Gd2Zr-0; and Yb,Zr;0,> chemical compounds
in the ZrO: - Gd»0; and ZrO» - Yb-O; systems are studied. The compounds undergo a phase transformation
of the type “order — disorder” and melt incongruently. The data on the parameters of the elementary cells, the
melting temperatures, and the TCLE of phases in the ZrO, - Gd.O; and ZrO- - Yb,Os systems are presented.
These data are compared with simular data for phases based on HfO,. The considered solid solutions are
shown to be promising for the production of high-temperature. heat-insulating ceramics for growing single

crystals.

The creation of new high-temperature materials with
special properties leads us to a study of systems based on
Zr0, and HfO, stabilized by oxides of rare-earth elements.
High-temperature ceramics based on ZrO, stabilized by oxi-
des of rare earth elements are used. in particular, for insulat-
ing installations for growing single crystals whose purity de-
termines their quality and applicability in optical quantum
generators (OQG) [1]. The high refractoriness (2700°C) and
the low pressure of ZrO, vapors at 2000 — 2300°C diminish
the possibility of contamination of the medium of the instal-
lation by impurity ions, which is a decisive factor for grow-
ing single crystals for OQG.

The structure and properties of phases in systems based
on HfO, have been studied much less than the structure and
properties of solid solutions and chemical compounds in sys-
tems based on ZrO,, because an intense study of HfO, as a
base for high-temperature ceramics with special properties
began only 10 — 15 years ago.

The position of Gd and Yb in the yttrium subgroup of the
lanthanide row of the Periodic System has attracted the atten-
tion of researchers to systems based on ZrO, and HfO, that
include Gd,O, and Yb,0,. At the present time, the phase dia-
grams of the ZrO, (HfO, ) - Gd,O, and ZrO, (HfO,) - Yb,0,
systems have not been plotted in their final form [2. 3]. No
data on the ternary ZrO, - HfO, - Ln,O, systems (where
Ln=Gd, Yb) can be found in the literature.
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The formation of phases in the limiting ZrO, — Gd,0O,
system has been studied earlier in [4, 5]. An important result
of this work consisted of obtaining a 100% fluorite-like cu-
bic solid solution in specimens fabricated at 1750°C for 1 h
in a concentration range of 6.0 — 6.5 mole % Gd,O,. The op-
timum composition has been shown to bear 6.5 mole %
Gd,0, and was used for fabricating a heat-resistant ceramics
for installations for growing single crystals. The single crys-
tals were not contaminated because the stabilizing additive
evaporated.

Increasing the isothermal hold of specimens containing
6.5 mole % Gd.O; in ZrO, to 6 h and subjecting them to sub-
sequent quenching, we decreased the content of the cubic
phase to 86% and observed the appearance of a tetragonal
phase. An x-ray study has shown that 1850°C is the limiting
temperature of the existence of the tetragonal phase in the
composition containing 6.5 mole % Gd,0,. Above 1900°C
we observed a domain of cubic solid solutions. By the data of
[2. Fig. 756] the limiting temperature of the existence of the
tetragonal phase for a concentration of 4 mole % Gd,O, in
710, is 1900°C.

In the present work, we studied the phase transformation
and some properties of phases in the systems
Zr0, - HfO, - Gd,O, and ZrO, - HfO,-Yb,0, by the
methods of x-ray diffraction analysis and dilatometry, crystal
optics,” and measurement of the melting temperatures® and

* The refractive indexes were measured by N. V. Gul’ko.
3 Measured by a refined method of [6].
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TABLE 1. Crystallochemical and Thermophysical Characteristics of the Gd,Zr.0, and Gd,Hf,0, Compounds

Elementary Temperature
X-ray density p, Refractive  of the order - dis- o -1 o
Compound  cell pal:r:eter a " 0-3 kg/m? index N order transforma- % 10-°K Terr- °C
tion 7, °C
Gd,Zr,0, 1.0530 6.926 2.90 154371530 1248 2570 + 147
Gd,Hf,0, 1.0507 10.110 2.0 2475+ 207 10.40 2720420

l High-temperature radiography.

2 T 1; ©f the cubic solid solution of Gd, O, - 2Zr0, and Gd,0, - 2HfO, [6].

"3 High-temperature diffractometry and thermal analysis [7].

the temperatures of phase transformations.* The initial mate-
rials were ZrO, of grade TsrO-1 with 97.79% ZrO, and
1.75% HfO,, HfO, of grade GfO-2 with 98.4% HfO, and
1.2% Zr0O,, Gd,0, of grade Gd-3 with 99.9% Gd,O,, and
Yb,0; of grade It-1 with 99.9% Yb,0,. The materials were
preliminarily milled for a grain size below 3 pm. which pro-
moted the processes of diffusion and intensified substantially
the interaction between zirconia and hafnia and the oxides of
the rare earth elements in fabrication of highly refractory ma-
terials by solid-phase synthesis.

In order to obtain solid solutions and chemical com-
pounds in the systems studied, we synthesized solid solutions
in the ZrO, — HfO, system with compositions (Hf; | , Zr, )0,
and (Hf,, Zr, ,)O, at 1300°C. These solid solutions were
then enriched with Gd,O, and Yb,0, stabilizing additives in
specified concentrations. The specimens were synthesized at
various temperatures in the range 1200 — 1900°C in air with
subsequent water quenching. The quality of the synthesis
was controlled by the methods of x-ray diffraction and crys-
tal optics.

We determined the existence of a narrow (< 1 mole %
Gd,0,) region of monoclinic (B-tetragonal at a high temper-
ature) solutions and a region of fluorite-like solid solutions in
the limiting HfO, — Gd,O, system by radiography. In be-
tween, we found a region of a mixture of solid solutions with
monoclinic and cubic structures or a region of cubic and
tetragonal solid solutions at a high temperature. Quenching
from high temperatures did not provide solid solutions with a
tetragonal structure, which was determined by the higher
temperature of the monoclinic-tetragonal transformation
(over 1900°C) in HfO, than in ZrO, [3], where the formation
of the tetragonal phase occurs at a temperature below
1200°C, i.e., below the temperature at which the specimens
are fired.

In the limiting systems of ZrO,(HfO,) -Gd,0,, we
studied the Gd,Zr,O, and Gd,Hf,O, compounds. They are
crystallographic analogs and crystallize in a pyrochlore-like
structure with a spatial group O,Z — Fd3m. The crystallo-

4 Measured by the method of high-temperature diffraction and ther-
mal analysis [7].

graphic and thermophysical characteristics of gadolinium
zirconate and hafnate are presented in Table 1. The com-
pounds undergo a phase transformation of the type “or-
der — disorder” and melt congruently. The melting tempera-
ture of gadolinium hafnate is 150°C higher than that of gado-
linium zirconate.

We established radiographically that regions of nonstoi-
chiometry lie on both sides of the compounds and constitute
23.5-33.3 mole % Gd,O0, on the side rich with ZrO, and
33.3 - 37.5 mole % on the side rich with gadolinium oxide,
as well as 24.5 - 33.3 mole % Gd,O; on the side rich with
HfO, and 33.3 mole % Gd,O, on the side rich with Gd,O,.
In the ZrO, (HfO, ) — Gd,O, systems the radiography did not
show regions of a mixture of solid solutions of the fluorite
type based on zirconia and hafnium oxide with solid solu-
tions of a pyrochlore type based on chemical compounds.
This seems to be connected with the fact the region of the
mixture is very narrow and has a low intensity of the
superstructural lines.

In addition to the limiting systems, we studied the struc-
ture of phases based on ray sections (Hf , , Zr, ,)O, — Gd,O,
and (Hf},. Zr);)0,-Gd,0;4 in the ZrO, - HfO, - Gd,O,
system and solid solutions of the Gd,Zr,0, — Gd,Hf,0; sys-
tem obtained from gadolinium zirconate and hafnate as the
initial materials.

The method of high-temperature radiography has shown
that the introduction of 10 and 30 mole % HfO, increases the
temperature of the monoclinic-tetragonal transformation. For
example, for ZrO, + | mole % Gd,O, the temperature is
1090°C, and for (Hfj,Zr,4)0,+ 1 mole % Gd,0; and
(Hf, 5, Zr,;)O, + 1 mole % Gd.O; the respective tempera-
tures are 1152 and 1285°C. In the ZrO, — HfO, - Gd,0, sys-

TABLE 2. Elementary Cell Parameters, Refractive Indexes, and
X-Ray Density of Gd.Zr,0, - Gd,Hf-0, Solid Solutions

Composition a, nm N p. 103 kg/m?
Gd(Hf} 55, Zrg 75,07 1.0532 2.08 7.781
Gd(Hf} 5. Zry 5).04 1.0520 2.07 8.500
Gd(Hfy 75 Zrg25),0;  1.0512 2.06 9.345
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tem, the radiography showed the existence of a narrow re-
gion of monoclinic (B-tetragonal at high temperatures) solid
solutions, a region of mixed tetragonal and cubic solid solu-
tions, a single-phase region of fluorite-like cubic solid solu-
tions, and regions of nonstoichiometry based on chemical
compounds. The linear variation of the crystallochemical and
thermophysical characteristics of the solid-solution crystals
(Table 2) in the Gd,Zr,0, - Gd,Hf,0, system indicates that
the system possesses an unlimited series of solid solutions of
the pyrochlore type.

A radiographic study [5, 8, 9] of phase formation in the
limiting systems ZrO,-Yb,0; and HfO, - Yb,0, has
shown that there exist regions of monoclinic (B-tetragonal at
high temperatures) solid solutions that include [.0-
1.5 mole % Yb,0, and a wide field of cubic solid solutions
of fluorite type. Between the regions of homogeneity lies a
region of a mixture of monoclinic and cubic solid solutions.
By the data of [10], stabilization of ZrO, by Yb,O, with sub-
sequent firing at 1730°C provides a 100% cubic solid solu-
tion based on zirconia.

In the limiting systems considered above. compositions
Yb,0, - 2Zr0, and Yb,0, - 2HfO, crystallize in a cubic lat-
tice of fluorite type. The microstructure of the solid solution
based on ZrO, is represented by isotropic grains 3 — 30 um
in size and that based on HfO, is represented by isotropic
grains 2 — 12 um in size. The electron-microscopic structure
of the cubic solid solution of composition Yb,0O, - 2ZrO, is
characterized by a grain size of 3 — 5 mm; for the composi-
tion Yb,O,-2HfO, the mean size of the grains is
3-35mm. In both structures we encounter individual
grains 15-25pum in size (Fig. la and b). The crystallo-
chemical characteristics of the compositions are presented
in Table 3.

Taken in a specified proportion. Yb,O,:2ZrO, and
Yb,0, - 2HfO, were used as the initial substances for synthe-
sizing solid solutions in the system Yb.O,-2ZrO, -
Yb,0; - 2HfO.. It was established radiographically and crys-
tallographically that the obtained solid solutions crystallize
in a fluorite-like cubic lattice. The parameters of the elemen-
tary cell and the refractive indexes decrease linearly with in-

TABLE 3. Crystallochemical Characteristics of Solid Solutions
in the Yb,O; - 2Zr0, - Yb.O, - 2HfO, System

Composttion:
.2
mY\t(')l:)(z)C3)3 —;{zf%z, 4 nm 10~ 3pl;g/1n3 N Tmer - °C
mole %o
0 0.5171 15.382 2.06 2697 = 11
25 0.5167 16.645 2.05 27457
50 0.5163 17.510 2.04 2780 = 10
75 0.5159 18.652 2.02 2800+ 15
100 0.5161 19.688 2.0t 2820 = 20

Fig. 1. Microstructures of solid solutions with a cubic structure:
a) Yb,05 - 2ZrO5: b) Yb,04 - 2HfO,. x 6000.

crease in the concentration of hafnium ions in the solid solu-
tion (see Table 3). The linear dependence indicates that this
system possesses an unbounded series of fluorite-type solid
solutions [9]. The method of x-ray dilatometry has been used
to measure the temperature coefficients of expansion of cu-
bic solid solutions in the Yb,O, - 2Zr0O, - Yb,0, - 2HfO,
system, the values of which decrease linearly with increase
in the concentration of hafnium ions in the solid solution
(Fig. 2).

Yb,Zr,0\, and Yb,HfO,, chemical compounds that
crystallize in a thombohedral lattice with a spatial group R3

oy, ap.
10-6K-110-6K -1
267 8.6

251 84r

23+ 8.0f

2t 78

0 2s 50 75 100
Content of Yb,0; - 2HfO» , mole %

Fig. 2. Concentration dependence of the coefficients of linear q,
and volume a - thermal expansion of the elementary cell of fluo-
rite-like solid solutions in the Yb,0; - 2ZrO, — Yb,O5 - 2HfO, sys-
tem.
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Fig. 3. Microstructure of compounds: a) Yb,Zr;O15; ) Yb,Hf50,,.
x 12.000.

have been synthesized in the ZrO,-Yb,0, and
HfO, - Yb,0, systems. Crystallographic analogs of these
compounds, i.e., scandium and magnesium zirconates and
hafnates, have been synthesized in [3]. The parameters of the
elementary cells of these compounds are presented in Ta-
ble 4.

In the field of the microscope, ytterbium zirconate and
hafnate are represented by isotropic grains and aggregates
with a fine disperse structure. The weak double refraction did
not allow us to measure both refractive indexes (Fig. 3). We
studied compositions lying close to the Yb,Zr,O,, and
Yb,Hf;0,, compounds in the range 1200 — 1900°C with va-
rious holds (from 200 h at 1200°C to 5 h at 1900°C). It has

TABLE 4. Crystallochemical Characteristics of Compounds of the
Type M;0,,

Characteristics

Compound of thombohedral elementary cell N
a,nm a ¥ nm3

Yb,Zr;0,, 0.6174 99°38’ 0.22372 2.14

Yb Hf;0,, 0.6157 99°38' 0.22220 2.08

ScyZr;0y5 0.6165 99°37' 0.22231 ng= 2.10;
ny= 2.09

ScyHE505 0.6152 99°37' 0.22212 2.09

Mg,Zr;0,» 0.6186 99°36' 0.22652 2.125

Mg,Hf30,, 0.6148 99°36' 0.22188 2.06
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been shown that there is a region of nonstoichiometry based
on the mentioned compounds. The boundaries of the regions
of nonstoichiometry are 37 — 40 mole % Yb,O, on the side
of the region rich with ZrO, and 40 - 45 mole % Yb,O, on
the side of the region rich with Yb,O,. For the compound
based on HfO, these regions occupy 38-40 and
40 - 42 mole % Yb,0O,, respectively. Firing of the com-
pounds at a high temperature causes the formation of fluo-
rite-like cubic solid solutions. This indicates the existence of
an order—disorder phase transformation. The temperature of
the transition of the low-temperature form of the compounds
into a high-temperature form with a fluorite-like cubic lattice
is 1630 and 1710°C for ytterbium zirconate and hafnate, re-
spectively.

It follows from Tables 1 — 3 that the increase in the con-
centration of hafnium ions in solid solutions of the
Zr0, - HfO, ~ Gd,0; and ZrO, - HfO, - Yb,0; systems
causes a decrease in the parameters of the elementary cell
and the refractive indexes, decreases the temperature coeffi-
cients of expansion, shifts the temperatures of the phase
transformations to higher values, and increases the melting
temperature. The existence of quite wide regions of homoge-
neity with a fluorite-like cubic structure and regions with un-
limited solubility in the systems considered, as well as the
rules of variation of the crystallooptical properties with in-
crease in the concentration of ions in the solid solution allow
us to state that the solid solutions of these systems are pro-
mising for manufacturing highly refractory ceramics with
elevated thermal strength and controllable properties for va-
rious fields of advanced engineering. For example, solid so-
lutions of the ZrO, - HfO, - Gd,0, system are interesting
materials for installations for growing single crystals. The in-
troduction of HfO, and fabrication of ternary solid solutions
should decrease the vapor pressure relative to the solid solu-
tions in the Zr,0, — Gd,0, system, which should, in turn, im-
prove the quality of the grown single crystals.
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