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The method of electron beam heating of a mixture of yttrium and zirconium oxides for the synthesis
of complex oxides has been implemented. It is established that the applied technology of melting
the mixture of oxides leads to the formation of fluorite phases. It is determined that homogenization
of the initial mixture of oxides should be carried out in a high-energy mill, which will reduce the
temperature and duration of the synthesis of complex oxide compounds, including the desired structure
of pyrochlorine. It is proposed to improve the technique of intensive thermal influence on the process
of pyrochlorine synthesis by using an equiatomic alloy Y–Ti (65 wt.% Y–35 wt% Ti), which has been
smelted using the arc melting method in an argon atmosphere. It was found that hydrogen saturation
reduces the efficiency of pyrochlorine synthesis and increases the grain size, which may be associated
with grain growth at the stage of hydrogen saturation.
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1. Introduction

For the stable and sustainable development of hu-
man civilization, the issues of energy resources, en-
ergy production and energy are crucial. Given the
potential limitations of minerals, the constant in-
crease in energy consumption and the desire not to
worsen the environmental situation poses new chal-
lenges for the energy industry. The development of
environmentally friendly technologies contribute to
the formation of sustainable production [1].

The prospects for civilian nuclear energy are still
unclear, but it is safe to say that nuclear reactors
are guaranteed to be built and used as long as
ships and submarines, equipped with nuclear power
plants and nuclear weapons, remain relevant. This
means that the development of new reactor tech-
nologies is still relevant and necessary. The modern
nuclear industry faces many challenges, for exam-
ple, development of new reactor systems or techno-
logical implementation of those already developed,
conservation of decommissioned nuclear facilities,
disposal of radioactive waste, etc.

Further economically justified, socially attractive
and technologically safe use of nuclear technolo-
gies and the operation of modern complex technical

facilities, which undoubtedly include nuclear power
devices, and the further development of nuclear, and
in the future thermonuclear energy, are impossible
without modernization of the known and the cre-
ation of new fuel and construction materials for the
nuclear reactors core. One possible way to improve
or create new nuclear materials is through the use
of nanotechnology.

In addition to the creation of structural materi-
als with high radiation resistance for thermal re-
actors, there is another important area among the
prospects for nuclear energy development, namely
the transition to the use of fast neutron reactors,
for efficient and long-term reliable operation, which
must increase fuel burnout. Such reactors also re-
quire materials that will have better quality prop-
erties compared to already implemented materials
in terms of radiation swelling, radiation creep, high-
and low-temperature radiation embrittlement, as
well as the radiation stability of the structure under
neutron irradiation.

A promising direction in the development of
materials for the nuclear industry is the cre-
ation of composite materials based on ferritic-
martensitic radiation-resistant steels. Such materi-
als are DSO-steels alloys, the steel matrix of which is
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strengthened by nanosized particles of oxides (sim-
ple or complex) [2]. DSO-steels show excellent radi-
ation resistance compared to other traditional heat-
resistant steels and austenitic steels, making them
promising materials for in-vessel elements of ther-
mal reactors, fast neutron reactor shells, supercriti-
cal reactors with pressurized water reactors and the
first wall. The oxide nanoparticles, which are dis-
persed in the volume of DSO-steels, perform a num-
ber of important functions. Firstly, these particles
act as the barrier to the free movement of disloca-
tions and migration of the grain boundaries, which
increases tensile strength and improves creep resis-
tance. Secondly, the oxide particles provide efficient
absorption of radiation-induced defects (vacancies
and internodal atoms). Thirdly, these particles im-
plement a simplified process of formation of he-
lium bubble embryos, which suppreses the process
of bubble formation and thus provides increased re-
sistance to radiation. All this increases the stability
of the structural elements of the material under ir-
radiation, and consequently improves the material
radiation resistance.

The materials with the pyrochlorine structure are
multifunctional and can be used to solve many of
the above-mentioned problems. Pyrochlorines are
refractory materials with important properties in-
cluding ionic conductivity [3, 4], optical nonlinear-
ity [5], high radiation resistance [6] etc. Potential
applications of pyrochlorine include thermal bar-
rier coatings [7], dielectrics with high dielectric con-
stant [8], solid electrolytes, anodes and cathodes in
solid oxide fuel cells [9], materials for the safe dis-
posal of some nuclear waste [10]. In addition, py-
rochlorines have potential as ceramic pigments tak-
ing into account their high melting point, high re-
fractive index and ability to accept impurities of
transition metals [11].

From the large family of pyrochlorines, special at-
tention is paid to obtaining and studying the possi-
bility of using titanate and zirconate pyrochlorines.

Thus, the study [12] showed that in Y2Zr2O7 at
relatively low Mn-doping (from 2.5 to 10%), bulk
conductivity increased at low temperatures (due
to the introduction of electronic charge carriers in
the lattice), and, in turn, at high temperatures —
ionic conductance. The conductivity values mea-
sured for these Y2Zr2O7 formulations in this study
(8.3 × 10−3 S cm−1) are much lower than those
of traditional electrolytes. However, in the form
of thin, dense and compact layers with a thick-
ness of 20–50 µm, in the case of traditional elec-
trolytes, it is possible to realize higher conductivity,
which will allow the use of pyrochlorine as an al-
ternative electrolyte material with Ni–YZ metal–
ceramic anode in solid oxide fuel cells of transitional
temperatures.

The study [13] showed that Gd2Zr2O7 (GZO)
coating showed excellent thermal conductivity in re-
lation to 7YSZ (7 wt% yttrium stabilized zirconia),
but the rate of erosion has increased by an order

of magnitude. For design and service life reasons,
this may preclude the use of GZO coatings in cer-
tain areas. In addition, layered coatings with rare
earth doped (Yb and Gd) yttria stabilized zirconia
(t’ Low-k) and GZO were studied. Despite the fact
that the degree of erosion has been halved, the use
of such coatings has been questioned due to diffu-
sion processes. The mechanical characteristics of the
surface (hardness, microhardness) are a qualitative
criterion for the wear resistance of coatings during
abrasive wear, including the case of simultaneous
thermal exposure [14].

The study [15] showed that a computational ther-
modynamic modeling approach was used to predict
the phase stability of the pyrochlorine phase in the
ZrO2–Gd2O3–La2O3 system for high-temperature
thermobarrier coatings in gas turbine engines.

The study [16] showed that the synthesis of
the Y2Zr2O7 pyrochlorine substrate was carried
out by coprecipitation (Y2Zr2O7–CP), burning of
glycine nitrates (Y2Zr2O7–GNC) and hydrothermal
(Y2Zr2O7–HT) methods. Pyrochlorine was used as
a matrix for Ni (10 at.% nickel is at the Y position
in pyrochlorine). This system was used as a cata-
lyst for the steam reforming of methane to produce
hydrogen.

The fundamental thermal properties of pyrochlo-
rines are also noteworthy. The studies include
molecular-dynamic modeling of thermal conductiv-
ity [17], theoretical studies of the structure and ther-
mal conductivity of La2Zr2O7 [18] and experimen-
tal determinations of the enthalpies of titanate py-
rochlor formation [19].

Yttrium dithitanate, Y2Ti2O7, is a particularly
important member of the pyrochlorine family. The
fact that Y2Ti2O7 is diamagnetic makes it one of
the most acceptable pyrochlores for detailed study.
This pyrochlorine is also considered as a buffer layer
on superconducting substrates [20].

The study [21] showed a comprehensive analy-
sis and investigation of the mechanical properties
and characteristics of Y2Ti2O7 pyrochlorine com-
pared to the properties of the original oxides of
TiO2 and Y2O3. The Y2Ti2O7 ceramics with fine
(0.9 ± 0.3 µm) and equiaxed grains were made ac-
cording to the methods of solid–phase reaction and
hot pressing. The low strength of Y2Ti2O7 ceramics
is due to its high natural fragility [22].

The study [23] showed that glass–ceramic (py-
rochlore Y2Ti2O7) was fabricated by calcining
a mixture of glass precursor powder and (YTi)-
composite that was produced by a soft chemistry
route. The phase pure pyrochlore was crystallized
in-situ in the amorphous glass matrix at 1200◦C
with dwelling time over 1 h. Minor impurities were
only observed at a higher ceramic content by this
new method, which was superior to the mixed-oxide
route. It can be concluded that the processing con-
ditions of this method were very flexible for the
production of Y2Ti2O7 pyrochlore GCs as poten-
tial waste forms for actinides. Together with other
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advantages (e.g., no need for an organic solvent in
chemical synthesis or the milling of reactant pow-
ders), this route may provide an alternative mean
to fabricate glass–crystal ceramics without requir-
ing the formation of fully crystalized ceramics and
finely ground parent glass before mixing and is very
robust and attractive for scaleeup production.

The study [24] showed that the Y2Ti2O7 trans-
parent ceramic was fabricated by reactive sinter-
ing using spark plasma sintering at 1673 K for
2.7 ks. The sintered body exhibited a cubic py-
rochlore structure and a uniform microstructure
with an average grain size of 2.9 µm. The trans-
mittance reached 73% at a wavelength of 2000 nm
after annealing at 1023 K for 21.6 ks.

The study [25] showed that the single crys-
tals of Y2Ti2O7 were grown using OFZ technique
having four mirrors (FZ-T-4000-H-HR-I-VPO-PC)
under a continuous flow of air at the flow rate
of 0.25 l/min. Prior to growth, polycrystalline
Y2Ti2O7 powders were synthesized by solid state re-
actions using high pure chemicals Y2O3 (99.995%)
and TiO2 (99.95%). High optical transparency with
3.44 eV optical band gap ensures crystal quality as
well. For the first time, the hardness, elastic and
bulk modulus of Y2Ti2O7 single crystals are mea-
sured using nanoindentation, and the values are
found to be higher as compared to available litera-
ture reports.

Along with the general studies on this pyrochlo-
rine, studies of phase stability [26], thermal prop-
erties [27], modeling to predict structural, electrical
and plastic properties [28] and others have been car-
ried out.

Very important, although specific, is the use
of pyrochlorines in the creation of high-strength
and radiation-resistant steels of the so-called DSO
class (dispersion strengthened by oxides). Stan-
dard technology of manufacturing such steels con-
sists in mechanical alloying of steel powder with
nano-dispersed yttrium oxide in the amount of 0.3–
0.5% by volume. As a result of intensive mechan-
ical grinding, the nano-dispersed yttrium powder
dissolves in the steel matrix. In the process of fur-
ther mechanical and thermal processing of work-
pieces made of such mechanically doped powder (for
example, hot isostatic pressing), emissions in the
nanoscale appear in Y2Ti2O7 (titanium is present
in the source steel in solid solution). Due to the
high selection density, the small size of alloca-
tions, and the specific structure of the boundaries
of the matrix-selection, said allocations serve both
as effective drains of radiation defects and effec-
tive stoppers for mobile dislocations. As a result,
steel is formed which has high values of strength
and radiation resistance [29, 30]. In some cases,
mechanical doping with yttrium oxide is replaced
by doping with Y2Ti2O7 pyrochlorine nanoparti-
cles, which leads to a more uniform distribution of
nanoparticles in the steel and improved mechanical
properties.

In the study [31], Y2Ti2O7 nanoparticles with
a size of 72 ± 15 nm were obtained by annealing
Y–Ti hydrides at 900◦C for 1 h, and then added
as an input powder to obtain DSO-steels contain-
ing aluminum. Y2Ti2O7 particles did not decom-
pose but transformed into amorphous clusters dur-
ing mechanical doping. In comparison with rela-
tively large (5–100 nm) particles of Y–Al–O oxides
in DSO-steels containing aluminum obtained us-
ing mechanical doping of Y2O3 nanopowders, dop-
ing with Y2Ti2O7 nanopowders leads to a much
smaller average size of oxide emissions in steel
(7.4 ± 3.7 nm) and their high (emissions) density,
which is (7.3 ± 0.6) × 1022 m−3. In addition, the
Y2Ti2O7 nanoparticles had a semi-coherent inter-
face with the ferrite matrix. Tensile strength and
uniform elongation of DSO-steels with the addition
of 0.2 wt% and 0.6 wt% Y2Ti2O7 were better than
with the addition of 0.35 wt% Y2O3.

The study [32] concerned the microstructure
of steel 08X18H10T, which was strengthened by
nanoparticles of 80% Y2O3–20% ZrO2. After cold
compaction, spinning and subsequent annealing at
1000◦C, a uniform distribution of nanoparticles with
a characteristic size of about 10 nm and a bulk den-
sity of 7 × 1021 m−3 in the matrix phase was ob-
served. It was shown that the precipitates prefer-
ably have a crystal lattice Y2(Ti1−xZrx)2O7 (pyro-
chlorine).

The study [33] concerned the features of
austenitic DSO-steel 08Cr18Ni10Ti after mechani-
cal doping with Y2O3–ZrO2 nanooxides. There was
a tendency to reduce the size of crystallites and in-
crease the level of microdeformation with increasing
the yttrium content in the input oxide nanopow-
ders. The highest density of precipitates, smaller
average size and higher homogeneity of its size dis-
tribution were found in the sample doped with
80 mol% Y2O3–20 mol% ZrO2 nanooxides. The
strength characteristics of DSO-steel after doping
with nanooxides of 80 mol% Y2O3–20 mol% ZrO2

are much higher than that of base steel. A par-
ticularly significant increase is observed at high
temperatures (700◦C), where the yield strength of
DSO-steel is 2.3 times higher than in the original
steel 08Cr18Ni10Ti. At the same time, plasticity de-
creases slightly, but remains at a sufficient level for
technological and operational purposes.

In the study [34], the swelling of DSO-steel
X18H10T (0.5 wt% of oxides nanopowders with the
composition of 80 mol% Y2O3 and 20 mol% ZrO2)
after irradiation with Cr3+ ions with 1.8 MeV at
temperatures of 500–650◦C to doses of 50–100 dpa.
It was found that the swelling of DSO-steel in the
studied temperature range does not exceed 5%,
which is lower than that of ordinary steel (over 8%).
The curve of swelling at irradiation up to 50 dpa has
no extremes in all temperature range of irradiation.

Thus, the problem of creating DSO-steels with
improved properties is part of the overall prob-
lem of creating heterogeneous solids with the given
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properties, provided by the implementation of the
required structural and phase state of both com-
ponents and the whole object. Taking this into
account, all stages of the formation of such ma-
terials were investigated, from the initial forma-
tion of dispersed components to the implementa-
tion of the desired structural and phase state of
the whole composite [35–38]. This is facilitated by
the accumulated experience in the synthesis of ox-
ide compounds in the form of ultrafine and nan-
odisperse powders, the study of structural–phase
transformations in them during compaction and
consolidation [39–42].

2. Experimental

In the first stage of sample preparation, the ini-
tial industrial powders ZrO2 and Y2O3 were taken
in a ratio of 1:1 (atomic %) and mixed up in a mixer
for 2–8 h. After homogenization of the mixture, it
was compacted into tablets on a mechanical press
in a steel mold in air at an excess pressure of
1.2 GPa, after which the tablets were subjected to
heat treatment (initial consolidation by sintering)
to ensure some mechanical strength and prevent
breakage during further processing. The tempera-
ture and duration of sintering were experimentally
chosen to be the lowest to prevent phase transfor-
mations in the compacts. The samples were then
placed in a tantalum basket container and fixed in
a vacuum device for further exposure to high tem-
perature. Estimates performed taking into account
the actual geometry of the device showed that that
for the synthesis of high-temperature compounds
at temperatures up to 3000◦ with a container sur-
face area of 3–5 cm2 and the reflection efficiency of
infrared mirrors at 40% (return of energy), the dis-
charge current must exceed 2 A at 150 V and more.
The operating pressure at the inlet of the work-
ing gas to the chamber should be maintained at
1.2×10−3 Torr, and at the inlet to the thermocath-
ode region — 3.5 × 10−4 Torr. The magnetic field
strength in the maximum in both cases of gas supply
should be 450 E. The distance from the container
to the outlet of plasma source should not exceed
20 cm, which corresponds to a maximum magnetic
field strength of 450 E.

The next step was to heat the thermocathode,
which was realized by flowing a direct current
through it due to the release of Joule heat. The cath-
ode heating process took into account the change
in the electrical resistance of the cathode with the
increase of its temperature and the corresponding
change in the amount of heat released, as well as
the gradual increase in energy consumption for ra-
diation and emission from the cathode. Since the
emission current of the thermocathode is deter-
mined by its temperature (i.e., the corresponding
current through the cathode), in order to prevent
the cathode tungsten wire from burning, the elec-
trical parameters of the discharge also gradually

increased, starting from a starting discharge volt-
age of 100 V. The current through the cathode was
gradually increased. Subsequently, the cathode in-
candescent current was slowly increased until the
required discharge current was reached at the level
of 0.5–1 A. The incandescent current was 35–37 A.
Continuing to increase the cathode incandescent
current, the discharge current was adjusted to 2 A
and the discharge voltage was kept at 200 V. Af-
ter the stable mode of the plasma jet was achieved,
power was supplied to the container. In the pro-
cess of sample heating, the voltage on the container
was 1 kV and the current reached 100 mA. After
reaching the temperature at which intense release
of steam and gases began, an area of ionic plasma
was formed above the container, the glow of which
could be observed and monitored visually. The glow
had a blue color due to the corresponding ionic and
elemental composition of the gas-plasma medium.
The duration of high-temperature exposure in the
experiments was 5 min.

After that, the discharge voltage was switched off
on the crucible, the incandescent current was grad-
ually reduced until it was completely switched off,
the magnetic field was switched off and the work-
ing gas flow was blocked. The system was kept at
residual pressure for five minutes to cool the sample,
after which air was pumped into the pump-sealed
chamber and the sample was removed.

The structural-phase state of the samples was
examined on an electron microscope JEOL JSM-
7001F SEM to obtain images of microstructure and
cartography, as well as on X-ray diffractrometers
DRON-2.0 and DRON-4-07.

3. Result and discussion

The image of the microstructure obtained as a re-
sult of the structural-phase state of the samples is
shown in Fig. 1.

Fig. 1. Microstructure of the fracture site of the
sample after melting, which analyzed the elemental
composition.
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Fig. 2. Distribution of elements on the fracture surface of the sample after melting: (a) oxygen, (b) yttrium,
(c) zirconium, (d) tantalum.

Fig. 3. Melted sample fracture microstructure.

The distribution of elements on the fracture sur-
face of the sample after melting is shown in Fig. 2.
To simplify the analysis, the obtained images are
presented in one scale. The obtained data show that
the initial powders of zirconium and yttrium oxides
are well mixed. The zones of presence of these ele-
ments practically coincide (Fig. 2a–c). Only tanta-
lum oxide is released at the fracture (Fig. 2d).

The structure of the obtained alloy is represented
mainly by large grains of 100 µm, which are char-
acteristic of the melted ceramics (Fig. 3), although
part of the volume consists of smaller grains.

Fig. 4. Fracture surface of the sample with Ta2O5

emissions.

At high magnifications, the release of tantalum
oxide is noticeable, which during the crystallization
of the melt does not dissolve in the mixture of ox-
ides, and in some areas is released in the form of
regularly distributed fibers (Fig. 4).

The qualitative phase analysis was performed ac-
cording to the file of the international database
ICDDPDF-2. The quantitative phase analysis of
the samples and the determination of the phase
lattice parameters was performed by the Rietveld
method.
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Fig. 5. Molten sample diffraction pattern.

TABLE I

Distribution of elements on the melted sample frac-
ture surface.

Element Mass % Atomic %
O 26.85 67.95
Y 38.36 17.47
Zr 30.85 13.69
Ta 3.95 0.88

The diffraction pattern of the sample (Fig. 5) re-
vealed lines of two phases — fluorite (Y, Zr)Ox and
tantalum oxide (substrate). The parameter of the
fluorite lattice is a = 5.206 Å.

According to the elemental analysis (Table I), the
ratio of the oxides Y and Zr in the alloy approxi-
mately corresponds to the initial mixture (within
the device inaccuracy).

Additional annealing at 1200◦C for 7 h did not
lead to the formation of pyrochlorine phase in heat.
Only two phases of fluorite with lattice parameters
5.2 and 5.217 Å and the tantalum oxide phase were
recorded (Table II, Fig. 6).

The analysis of the obtained data shows that the
applied technology of melting the mixture of oxides
leads to the formation of fluorite phases. The phase
with pyrochlorine structure, the formation of which
is more attractive due to better structural compat-
ibility with Fe, is not fixed in the final material
even after additional heat treatment. The reasons
for this may be better thermodynamic characteris-
tics and stability of the fluorite phases formed from
the mixture of the tested composition, compared
with similar indicators of pyrochlorine phases, the
synthesis of which is potentially possible.

Thus, for the synthesis of the pyrochlorine phase,
a number of conditions must be met, in particular:

1. based on the analysis of phase diagrams, it is
necessary to clearly determine the interval of
compositions in which the existence of the py-
rochlorine phase is possible and, in accordance
with these data, prepare mixtures of oxides;

2. homogenization of the oxides initial mixture
should be carried out in a high-energy mill,
which will reduce the temperature and dura-
tion of the synthesis of complex oxide com-
pounds, including the desired structure of py-
rochlorine;

Fig. 6. Diffractogram of the melted sample after ad-
ditional annealing.

TABLE II

Phase composition of the melted sample fracture sur-
face after additional annealing.

Phase
Content
[wt%]

Lattice
parameters [Å]

Fluorite 1 48.6 5.2
Fluorite 2 30 5.217
β−Ta2O5 21.4 a = 43.966; b = 3.889;

c = 6.189

3. the technology of high-energy thermal impact
on the initial powder mixture needs to be im-
proved to significantly improve the tempera-
ture control of the process;

4. it is necessary to provide a controlled change
in the composition of the sample due to evap-
oration of elements in the technology of high-
energy thermal influence, without which it is
impossible to correctly determine the initial
composition of mixtures.

The fulfillment of the first condition is compli-
cated by the implementation of highly nonequilib-
rium conditions in the experiment, which usually
lead to a very significant distortion of traditional
equilibrium state diagrams.

The second condition is related to the further
improvement of the technique of intensive ther-
mal influence on the synthesis of pyrochlorine and
can be realized by using the equiatomic alloy Y–
Ti (65 wt% Y–35 wt% Ti), which it was smelted by
arc melting in argon. Metallographic studies showed
the complete absence of mixing and crystallization
of titanium with spherical droplets with yttrium, as
shown in Fig. 7.

Part of the obtained ingot was used to obtain
fast-hardened strips by spinning, which realizes the
nanostructured state of the alloy. The tapes have
high fragility. Some of the tapes were saturated with
hydrogen at 450–500◦C. Conditions for processing
the samples are given in Table III.

Figure 8 shows the thermogravimetric curves of
samples no. 1 and no. 7.

The onset temperature of the reaction in the
fast-hardened strips, saturated with and with-
out hydrogen, is approximately the same and
equals 450± 20◦C. However, intensive oxidation of
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TABLE IIIConditions for processing the samples.

Sample no. Description of the sample Research
1 Tapes after fast hardening (second-hand) TGA, XRD
2 w/h + annealing 900◦C for 3 h XRD
3 w/h + annealing 950◦C for 3 h XRD
4 w/h + annealing 1000◦C for 3 h XRD
5 w/h + annealing 1100◦C for 3 h XRD
6 w/h + annealing 950◦C for 25 h XRD
7 w/h + hydrogen saturation TGA, XRD
8 w/h + hydrogen saturation + annealing 900◦C for 3 h XRD
9 w/h + hydrogen saturation + annealing 950◦C for 3 h XRD

Fig. 7. Microstructure of 65Y35Ti ingot at different magnifications (black color corresponds to etched yt-
trium).

the tape without hydrogen saturation begins at
lower temperatures. The average value of the
temperature difference of intensive oxidation is
about 70◦C.

X-ray diffraction analysis of sample no. 1 showed
(Fig. 9) that according to the state diagram, the
bands also consist of two separate phases — al-
most pure α-Ti and almost pure yttrium. The
weight content of the phases, calculated from
the diffraction pattern, coincides with the ini-
tial composition (35.5 wt% Ti and 64.5 wt% Y).
Parameters of the yttrium phase lattice are
a = 3.653 Å, c = 5.738 Å and of the titanium phase

— a = 2.956 Å, c = 4.683 Å, with tabular values,
respectively, a = 3.6471 Å, c = 5.7285 Å and
a = 2.905 Å, c = 4.682 Å.

The discrepancy between the experimental data
and the tabular data can be explained by the pres-
ence of impurities with an atomic radius smaller
than the atomic radius of yttrium, so the exper-
imental values smaller than the tabular values for
yttrium and titanium impurities with a large atomic
radius.

Table IV shows the phase composition and the
size of the coherent scattering region (CSR) of the
samples studied.
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TABLE IV

Phase composition and size of CSR of the tested samples. Note: * — CSR was not measured; ** — large crystal
sample.

Sample no. Processing Phase
Weight

content [wt%]
Size of

CSR [nm]

1 Quickly hardened
Y 64.5 36.5

Ti-α 35.5 18.7

2 Annealing 900◦C for 3 h
Y2Ti2O7 55.4 *
Y2O3 23.8 *

TiO2-ru 20.8 *

3 Annealing 950◦C for 3 h
Y2Ti2O7 93.6 95.3
Y2O3 3.5 *

TiO2-ru 2.9 *
4 Annealing 1000◦C for 3 h Y2Ti2O7 95.9 307.9
5 Annealing 1100◦C for 3 h Y2Ti2O7 ≈ 100 **
6 Annealing 950◦C for 25 h Y2Ti2O7 ≈ 100 176.3

7 w/h + hydrogen saturation
YH2 64.57 38.5
TiH2 35.43 23.2

8
w/h + hydrogen saturation
+ annealing 900◦C for 3 h

Y2Ti2O7 48.4 59.2
Y2O3 30.7 59.6

TiO2-ru 20.9 440.8

9
w/h + hydrogen saturation
+ annealing 950◦C for 3 h

Y2Ti2O7 81.8 132.8
Y2O3 10.0 58.5

TiO2-ru 8.2 639.3

Fig. 8. Thermogravimetric comparison of fast-
hardened strips with and without hydrogenation:
1 — strip w/h (sample no. 1); 2 — strip w/h + H2

(sample no. 7).

Fig. 9. Diffractogram of the sample no. 1.

The data show that the size of CSR (grain) de-
pends more on temperature than on the annealing
time. Thus, an increase in temperature from 950

to 1000◦C at the same exposure time (3 h) did
not lead to a significant change in the amount of
pyrochlorine, but the size of CSR increased three-
fold. In addition, hydrogen saturation reduces the
efficiency of pyrochlorine synthesis and increases
the grain size, which may be associated with grain
growth at the stage of hydrogen saturation.

Comparisons of samples no. 3 and no. 6 show
that the exposure time plays a minor role for this
technology. Thus, with an eightfold increase in the
aging time, the grain size increased by less than
2 times.

4. Conclusion

Studies have shown the following:

• heating the mixture of oxides Y2O3 and
ZrO2to 2915◦C with subsequent melting leads
to the synthesis of a homogeneous complex
ternary oxide with the fluorite structure;

• additional annealing of the melted samples at
the temperature of 1200◦C for 7 h in air does
not lead to the formation of other phases, in
particular with the structure of pyrochlorine;

• in contrast to the low-temperature methods of
complex compounds synthesis, after melting
according to the tested technology, the sam-
ples recorded a pure phase of fluorite without
impurities of the original oxides;
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• the oxidation technology of fast-hardened
Y–Ti equiatomic alloy strips makes it possible
to obtain pyrochlorine particles with a parti-
cle size of about 100 nm and can be used to
obtain nanomodifiers of DSO-steels;

• hydrogen saturation after rapid hardening
does not make technological sense and leads
to deterioration of the final result;

• to obtain nanosized particles Y2Ti2O7 from
fast-hardened tapes, the following technologi-
cal parameters can be recommended: anneal-
ing temperature 900–950◦C and holding time
from 10 to 20 h.
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