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Abstract

In this work the method of obtaining composite ceramics based on perovskite and pyrochlore of compositions Y, Zr,Sr; 5, TiO;
(x=0.1,x=0.2, x=0.3) and Y,(Zr,Ti),0, (x=1) using the technology of reactive spark plasma sintering has been investi-
gated. A comprehensive study of phase transformations, structure formation and physical and mechanical characteristics of
ceramics depending on the ratio of Sr**/Y>*/Zr** has been carried out by XRD, SEM, EDS and “diffraction movie” methods
at the synchrotron radiation source. High hydrolytic stability of ceramics is proved and the mechanism of low leaching rate of
Sr** <107 g ecm™ day, Y>* and Zr* < 107 g cm~2 day is described, which corresponds to GOST R 50926-96 and ANSI/ANS
16.1. The results of the work are promising for conditioning of radioactive waste and production of radioisotope products.
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Introduction

Nuclear reactors and nuclear fuel cycle facilities annually
generate millions of tons of solid and liquid radioactive
waste (RAW) of various activity levels [1-3]. A significant
portion of this waste consists of long-lived radionuclides,
particularly '3’Cs, *°Sr, and others, including their fission
products, which pose a threat of radioactive contamination
to the environment [4, 5]. The management of these radio-
nuclides, especially *°Sr, is of crucial importance due to
its long half-life (28.8 years) and high decay energy. Spe-
cifically, °°Sr is a -emitter with an energy of 0.546 MeV,
which decays into *°Y—a high-energy (2.28 MeV)
p-emitter with a half-life of 64 h. In turn, *°Y decays into
stable *°Zr. In this context, developing an approach for
the joint immobilization of radionuclides and the stable
isotope °Zr in a single inert matrix capable of reliably
containing them for an extended period is an extremely

@ Springer

important task. This challenge is associated with several
difficulties described below.

The diverse chemical properties of radionuclides *°Sr
and *°Y, including the stable isotope *°Zr, complicate the
selection of a material capable of simultaneously and effec-
tively binding them within its volume. The high energy of
p-radiation emitted by these radionuclides can lead to radia-
tion damage and degradation of the immobilizing matrix.
Additionally, radiation-induced heating may initiate thermal
decomposition of the matrix. Hydrolytic exposure can cause
chemical and mechanical instability of the binding matrix
material.

In recent years, a large number of studies on the immo-
bilization of radioactive waste containing long-lived radi-
onuclides such as °°Sr, 137Cs, and others have focused on
exploring the potential use of ceramic materials with min-
eral-like compositions. Mineral-like ceramics refer to syn-
thetic analogues of natural minerals capable of incorporating
radionuclides into their crystal structure and ensuring their



Journal of Radioanalytical and Nuclear Chemistry

reliable immobilization. The most promising ceramics of
this type include aluminosilicates [6, 7], phosphates [8—10],
perovskites (isostructural with CaTiO;) [11-13], feldspars
[14, 15], scheelites (CaWO,), and others. Several studies
[16, 17] have demonstrated the high effectiveness of ceramic
matrices with mineral-like compositions, synthesized by
various methods, for the incorporation of actinides and fis-
sion products. Particular attention is given to ceramics with
SYNROC structure and pyrochlores, which can effectively
incorporate radionuclides such as '¥’Cs and **Sr through iso-
morphic substitution of cations in the crystal lattices of the
ceramics. This ensures low leaching rates of radionuclides
(107°-10"7 g cm~2 day), high accumulation capacity, and
radiation resistance of these ceramics [18, 19].

It is important to note that the final properties of ceramic
matrices for radioactive waste immobilization are influenced
not only by their composition but also by the method of
synthesis. Traditional ceramic production methods, such as
hot pressing, reaction sintering, and others [20-22], typically
involve high processing temperatures (ranging from 1400
to 1600 °C) and long holding cycles (from several hours to
days). This leads to significant energy consumption, poten-
tial formation of secondary waste in the gas phase, reduced
quality of the final product, and equipment wear. Moreover,
ceramic materials obtained by these methods often exhibit
low quality—they have increased open porosity, heterogene-
ous microstructure, insufficient density, and low mechanical
strength [22, 23].

An effective solution to the aforementioned problems
requires the application of modern materials and methods,
including fundamental research to improve existing tech-
nologies. In particular, our recent study [24] examined and
implemented an unconventional method of solid-phase
synthesis of mineral-like composite ceramics based on per-
ovskite SrTiO; and pyrochlore Y,Ti,0; for the immobili-
zation of radionuclides *°Sr and its daughter radionuclide
9y as well as lanthanides and actinides, using reactive
spark plasma sintering (SPS-RS) technology. The creation
of the composite ceramic matrix took into account the dual
nature of *°Sr’s existence together with its fission product
20y, which requires control of the structural and phase state
of the composite depending on the varying Sr>*/Y3* ratio
in its composition. The key originality of the technological
approach was the formation of ceramics with the required
composite composition through reactive “in situ” interaction
of the reaction mixture (RM) of oxides with the compo-
sition Y, Sr;_; 5, TiO; (x=0.2, 0.4, 0.6 and 1) during spark
plasma heating. As a result of optimizing the RM compo-
sition and SPS-RS modes, the formation of high-quality
ceramic matrices was achieved under mild temperature and
time sintering conditions, chemically binding Sr** and Y>*
in their volume within the structures of perovskite SrTiO;
and pyrochlore Y,Ti,O,, and meeting the requirements of

GOST R 50926-96 and ANSI/ANS 16.1 for solidified high-
level waste.

However, it should be noted that the radioactive decay
chain of “Sr is not limited to *°Y, but proceeds with the
formation of °°Zr. Thus, when immobilizing 908y, the pres-
ence of *°Y and *°Zr in the matrix material should be con-
sidered, which requires control of its structural and phase
state, which will determine key performance characteristics.
In this regard, the aim of the present work was to study the
solid-phase synthesis of mineral-like ceramics containing
strontium, based on perovskite SrTiO; in composition with
the addition of Y3 and Zr*" with various Sr**/Y>*/Zr**
ratios, using SPS-RS technology. The research is supported
by studying the kinetics of phase transformations during the
interaction of RM components over time using X-ray diffrac-
tion analysis (XRD) on a synchrotron radiation (SR) source
under “in situ” heating conditions (heating synchrotron XRD
experiment). This makes it possible to establish the tempera-
ture intervals of phase formation, evaluate the rates of solid-
phase reactions, identify possible intermediate compounds
in the ceramic composition, and determine their influence
on its performance characteristics. Establishing optimal syn-
thesis modes will allow obtaining materials with adjustable
properties necessary for reliable immobilization of *°Sr, °Y,
and *°Zr. Such studies have not been conducted before.

Experimental
Experimental design

The experimental work consisted of 6 sequential stages
(Fig. 1): Stage 1—preparation of starting powders of com-
posite mixtures for four samples with different values of the
stoichiometric coefficient for zirconium (x=0.1, 0.2, 0.3,
and 1.0); Stage 2—production of ceramic samples from the
powder mixtures prepared in Stage 1 using SPS-RS technol-
ogy; Stage 3—preparation of ceramic samples for investi-
gation (grinding, polishing); Stage 4—investigation of the
structural properties of the obtained ceramics; Stage 5—
investigation of the physical and mechanical properties of
the obtained ceramics; Stage 6—evaluation of the hydrolytic
stability of the ceramic samples.

Synthesis of initial reaction powder mixtures

The following initial components of “chemically pure” grade
were used for experimental work on obtaining ceramic mate-
rials for the immobilization of 90Sr, 90Y, and %Zr: yttrium
oxide (Y,03), titanium oxide (TiO,), strontium carbonate
(SrCO;), and zirconium oxide (ZrO,) produced by Sigma-
Aldrich (USA) with a mass fraction of the main substance
>99.99%.

@ Springer
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Stage 1 Stage 2 Stage 3
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Preparation Reactive Preparation
Synthesis
- Synthesis ceramic
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Characterization
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mixtures Curves Analysis

(PSD, XRD, SEM-EDS)

Fig.1 Schematic of the experimental work

Table 1 Composition of initial reaction mixtures

Stoichiometric com-  Stoichiometric  Initial reagents in the start-
position coefficient for ~ ing powder mixture, g
Zr

SrCO; Y,0; ZrO, TiO,
Sty,Y Zr, ; TiO; 0.1 589 064 035 455
Sty4Y (21 ,TiO; 0.2 354 135 147 478
Sty Y321y ;TiO; 0.3 093 213 220 5.03
Y,(Zr,Ti),0; 1.0 - 241 262 5.12

To compare the properties of ceramics of different
compositions, the compositions of the initial reaction
powder mixtures were calculated based on the condi-
tion of obtaining ceramics with stoichiometric formu-
las: (1) Sry;Y 121y TiO;, (2) Sty 4Y,Zry,TiO; (3)
Sty 1Y o3Zry3TiO5 and (4) Y,(ZrTi),04. The choice of
these compositions is due to the promising application
of perovskites and pyrochlores of similar composition as
matrices for the immobilization of actinides and their fis-
sion products [25-27]. The masses of the components in
the powder mixtures are presented in Table 1.

Homogenization of the initial powder mixtures was car-
ried out by mechanical dry (“solvent-free”) grinding using
a Tencan XQM-0.4A vertical planetary mill (China). The
grinding was performed in a cyclic mode in a container
with grinding media (balls) made of zirconium dioxide
at a speed of 870 rpm for 10 min, followed by cooling
(1 cycle). To intensify the grinding process and reduce
the probability of grinding media jamming in the grind-
ing container, balls of different diameters were used (20
balls with a diameter of 1 mm, 10 balls with a diameter
of 10 mm).

@ Springer
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Preparation of ceramic samples

The ceramics were produced using SPS-RS technology
through in-situ reactive interaction of initial reaction pow-
der mixtures according to the proposed reactions (Egs. 1-4),
which occur simultaneously during spark plasma heating:

SrCO, + TiO, = SrTiO; + CO, (1
Y,0, + 2TiO, = Y,Ti,0, )

StCO; + ZrO, + 2TiO, = Sr,(Tiy,5Zry75)04 + CO,
3
Y,05 + Zr0, + TiO, = Y, (Tio.4Zfo.6)06‘99 4

The SPS-515S spark plasma sintering system, manu-
factured by “Dr.Sinter-LAB™” (Japan), was utilized in
the experiment. The sintering process represents a highly
effective methodology for achieving material densities and
mechanical properties that are close to theoretical values.

Initially, 4 g of the starting powder mixture was placed in
a graphite mold with a working diameter of 15.5 mm. Pre-
pressing at a pressure of 20.7 MPa provided an initial degree
of compaction of the powder. Subsequently, the preform was
placed in a vacuum chamber at a pressure of 10/-5 atm, cre-
ating conditions for a clean and controlled sintering process.

The heating of the sintered material was carried out using
a unipolar low-voltage pulsed current in an On/Off mode.
This method, with a periodicity of 12 pulses followed by 2
pauses, ensured uniform temperature distribution and pre-
vented overheating. The duration of the pulse packet was
39.6 ms, while the pauses lasted 6.6 ms. The temperature
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during the process was monitored using an optical laser
pyrometer (IR-AHS “Hitachi,” Japan), which was focused
on a hole located in the middle of the outer wall of the mold
at a depth of 5.5 mm, allowing for precise tracking of tem-
perature changes throughout the process.

To minimize the adhesion of the consolidated powder
to the mold and plungers, a 200 pm thick graphite foil was
used. This facilitated the easy extraction of the sample after
sintering. The mold was wrapped in insulating material
(graphite wool) to reduce heat losses, promoting more effi-
cient heating and energy savings.

The sintering was conducted at a temperature of 1300 °C
with a controlled heating rate: 300 °C/min up to 650 °C, and
50 °C/min above this temperature, which allowed for the
control of diffusion and crystallization processes within the
material. The samples were held at the maximum tempera-
ture for 5 min to achieve the desired degree of sintering, after
which they were slowly cooled to room temperature over a
period of 30 min. The pressing pressure during consolida-
tion was maintained at 21.5 MPa, enabling the attainment of
high density and strength in the resulting materials.

Preparation of ceramic samples before investigation

To remove graphite foil from the ceramic surface, initial
rough polishing was performed using silicon carbide (SiC)
abrasive sandpaper with CAMI grain sizes 80, 120, and 240
from “Allied High Tech Products, Inc.” (USA). Fine polish-
ing was then carried out using sandpaper with CAMI grain
sizes 400, 600, 800, and 1200, followed by polishing with
diamond colloidal suspension with particle sizes of 9, 3,
1 pm, and 0.04 pm from “Allied High Tech Products, Inc.”
(USA) on a MECATECH 234 “PRESI” (France) polishing
machine.

Characterization methods

Particle size distribution of powders was determined using
an Analysette-22 NanoTec/MicroTec/XT “FRITSCH” (Ger-
many) laser particle analyzer. Each sample was measured 12
times, and the results were averaged.

Scanning electron microscopy (SEM) was performed on
a CrossBeam 1540 XB “Carl Zeiss” (Germany) instrument
equipped with a “Bruker” (Germany) energy-dispersive
X-ray spectroscopy (EDS) attachment.

Diffraction studies of powders and alloys were conducted
on a Colibri “Burevestnik” (Russia) X-ray diffractometer.
CuKal-Ka?2 radiation (40 kV, 10 mA) with an average wave-
length (M) of 1.5418 A was used. The signal was recorded
by a Muthen2 detector with a Kf§ Ni-filter, scanning angle
range 20-100°, scanning step 0.0185° with a dwell time of
244 s at each point.

Vickers microhardness (HV) was measured at a load of
0.2 N on an HMV-G-FA-D “Shimadzu” (Japan) microhard-
ness tester. To analyze the dispersion of microhardness val-
ues obtained by indentation of ceramic sample surfaces, box
and whisker diagrams were plotted. This data visualization
method has been successfully used in analyzing various
types of ceramics [28-30], significantly expanding analyti-
cal capabilities, including processing results of instrumen-
tal indentation of ceramics compared to using only average
microhardness values [31]. Based on the analysis of diagram
parameters, conclusions were drawn about the variation of
ceramic surface properties, microhardness dispersion in dif-
ferent surface areas of the material, and an assessment of
the cumulative influence of various factors (composition,
microstructure, technological modes) on the final mechani-
cal characteristics of the samples.

Specific density of samples was determined by hydro-
static weighing on an “OHAUS Corporation Adventurer™”
(USA) balance.

Visualization of structures produced by «VESTA» soft-
ware, version 3. This software is distributed free of charge
for academic, scientific, educational, and non-commercial
users. The reference is [32].

“In situ” synchrotron study of SrTiO,

In situ X-ray diffraction experiments with heating were con-
ducted using synchrotron radiation (SR) at the 5-B “Diffrac-
tion Cinema” station of the VEPP-3 storage ring [33] at the
SSTRC shared research center based on the VEPP-4—VEPP-
2000 complex at the Budker Institute of Nuclear Physics
SB RAS [34]. Diffractograms were recorded with an OD-3
one-dimensional detector [35]. The wavelength of mono-
chromatic radiation was 1.51 A in the scanning angle range
20 18-50 degrees. Samples were placed in a special furnace
heated at a constant rate of 15 °C/min up to 400 °C and 5 °C/
min up to 1000 °C. The exposure time of OD-3 was set to
60 s.

Evaluation of hydrolytic stability

The hydrolytic stability of matrices was evaluated by the
leaching rate of Sr**, Y**, and Zr** ions during prolonged
contact (30 days) with distilled water (pH 6.8) at room tem-
perature (25 °C) under static conditions according to GOST
R 52126-2003, analogous to ANSI/ANS 16.1, updated in
accordance with an earlier version recommended by the
TAEA (ISO 6961:1982). The concentration of strontium
ions was determined by inductively coupled plasma mass
spectrometry (ICP-MS) using an iCAP 7600 Duo “Thermo
Scientific” (USA) spectrometer.

The leaching rate was calculated according to the follow-
ing formula:

@ Springer
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where RL is the leaching rate of the i-th element (g/
cm?’.day); m; is the mass of the i-th element leached during
the n-th time interval, g; MB is the concentration of the i-th
element in the matrix, g/g; S is the exposed surface area of
the sample, cm?; t,, is the duration of the n-th time interval,
days.

The calculation of the effective diffusion coefficient (De)
was carried out using mathematical transformations of
Fick’s second law according to the method described in [36]:

M=2<&>%x<‘§/)t%+a Q)]

M, V2

, where m is the mass of the element, mg; t is the leaching
time, s; M, is the initial content of the element in the matrix,
mg; D, is the effective diffusion coefficient, cm?/s; S is the
exposed surface area of the sample, cm?; V is the volume of
the sample, cm?; ais a parameter that takes into account the
initial leaching of the element not related to diffusion (for
example, strontium is leached during the initial contact of
the contact solution with the sample surface).

In the calculation, this equation was brought to a linear
form by introducing the coefficient K, which represents the
tangent of the angle of inclination of the straight line of
the dependence of strontium leaching from the sample on
the square root of the contact time of the material with the
leaching agent:

D\ 03 s
K=2<_e> < () ©)
T \%
The effective diffusion coefficient was calculated:

D

=K2><7rX<V)2 o

e 4 s
The leaching index (L) was calculated as the decimal

logarithm of the inverse of diffusion:

1
L= lgD— 8)

e

Evaluation of the dominant leaching mechanism based on
the dependence of the decimal logarithm of the accumulated
fraction of leached radionuclide (Bt, mg/mz) on the decimal
logarithm of leaching time t, s:

1 D,
lg(Bt) = Elgt + lg Umaxd 7 (9)

@ Springer

, where U, is the maximum amount of leached radionu-
clide, mg/kg, d is the density of the matrix, kg/m°.

The leaching depth of the matrix characterizes the
destruction of the matrix.

The matrix when in an aqueous environment is calculated
by Eq. (10):

Li= Z (wiz) (10)

where Li is the leaching depth of the matrix achieved
over the time interval t,, cm; d is the density of the sample,
g/em?®,

Results and discussion

Preparation of initial reaction powder mixtures
and their investigation

To assess the quality of homogenization and the effect of
ZrO, presence in the system (with varying content) on the
grinding of components, an analysis of particle size distri-
bution was conducted in their initial state (Fig. 2) and after
mixing (Fig. 3a, b). As shown in Fig. 2, the initial powders
of SrCO;, TiO,, Y,03, and ZrO,, when combined without
subsequent grinding, have a wide fractional composition
with particles in the size range from 0.1 to 100 pm (Fig. 2).
The initial SrCO; powder (Fig. 2a) is characterized by a
bimodal distribution with two peaks (1.5 pm and 40 um).
The fractional contribution curve shows that smaller par-
ticles (<3 pm) constitute a significant part of the particle
distribution in the fraction volume. For Y,0; (Fig. 2b), the
distribution is shifted towards larger particle sizes with three
peaks around 3 pm, 13 pm, and 50 pm. For ZrO, (Fig. 3b),
the distribution is unimodal with a distinct peak around
70 pm. For TiO, (Fig. 2d), the distribution is also shifted
towards larger particle sizes with three characteristic peaks:
100 nm, 2.5 pm, 10 pm, and 35 pm.

As a result of homogenization, the granulometric com-
position undergoes a significant narrowing of the particle
size range (to 0.1-1 pm) (Fig. 3a, b), which is primarily
due to the abrasive effect of ZrO,. Increasing the ZrO, con-
tent above x =0.2 does not lead to further changes in the
fractional distribution, indicating that the maximum pos-
sible degree of grinding has been achieved. SEM analysis
(Fig. 3a*—d*) confirms the particle size range from 1 pm
and less. EDS analysis (Fig. 3) indicates a homogeneous
distribution of Sr** and Ti**.

Homogenization of the reaction mixtures under the speci-
fied parameters and duration of the mixing process does not
affect the phase composition of the powder components
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Fig.2 Granulometric composition (particle size distribution) of initial powders of a SrCO;, b Y,0;, ¢ ZrO,, and d TiO,

(Fig. 4), indicating the absence of a mechanical activation
effect on the reactions between substances.

Preparation of ceramic samples and their
investigation

Analysis of reaction mixture sintering kinetics

Based on the SPS-RS results, an analysis of dilatometric
curves describing the consolidation kinetics of reaction mix-
tures was conducted (Fig. 5). The dilatometric curves are
divided into sections (Fig. 5) describing specific stages of
consolidation.

As seen from Fig. 5, the sintering process occurs in two
stages.

Stage 1 describes the initial heating of the powder mate-
rial and mechanical shrinkage due to the applied uniaxial
pressing pressure. At this stage, no significant shrinkage

is observed, which is explained by the maximum degree
of mechanical arrangement of particles (considering their
size from 1 pm and less) and the absence of thermochemi-
cal interaction between particles due to their high melting
point (Fig. Sa—c).

Stage 2 is characterized by the onset of thermal consoli-
dation. The first signs of thermal consolidation appear at
the 6th minute of the process for systems where x =0.1 and
x=0.2. For systems with higher yttrium and zirconium
content (x=0.3 and x=1), thermal consolidation begins
with a delay—at the 10th minute. This is explained by the
composition of the reaction mixtures. At a temperature
of about 925 °C, SrCO; begins to decompose with heat
release, causing material shrinkage and initiating reactive
interaction of components (Fig. 5a). Systems with higher
SrCO; content (x=0.1 and x=0.2) begin to consolidate
earlier due to more intense heat release.

@ Springer



Journal of Radioanalytical and Nuclear Chemistry

*rachone conlriouton, B
Sarlcle corkert, %

bution, %

Particle content, %

Fractional contri

Particle's size, um

1]

T Froctona]
W

tion, %] |
Particle cortend %
0
-

Particle content, %
8

Fractional contribution, %

Particle's size, um

]
03

—_ |IIFrezional corbribution, | o
Partcle contend,

Particle content, %

Particle's size, um

d -
, :
w0 Frazlanal conimbalon, %] | 5 =2
Particle canerd, %
]

Particle content, %

Particle's size, pm

Fig.3 Granulometric composition of powders of starting reac-
tion mixtures for compositions: a, a* Sry,Y,,Zr,;TiOs; b, b*
St44Y 071y, TiO3; €, €* Sty Y371y 3TiO3; and d, d* Y,(Zr,Ti),0,

The shrinkage curves reach a plateau for x=0.1, 0.2,
0.3 and 1 respectively, before reaching the maximum tem-
perature of 1300 °C. This indicates that this temperature is
sufficient for complete interaction of the reaction mixture
components.

The magnitude of maximum absolute shrinkage tends to
decrease from x=0.1 to x=1, which is associated with a
decrease in SrCO; content and an increase in the proportion
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obtained by mechanical grinding in a planetary mill (10 min,
870 rpm). a—d particle size distribution, a*~d* SEM images and EDS
element distribution maps

of more refractory components (Y,05 and ZrO,). The sig-
nificantly lower shrinkage rate of the x=1 sample compared
to the others is due to the nature of the curve at the initial
stage of Stage 2 (Fig. 5b, c). It lacks sharp changes, indicat-
ing a steady and gradual progression of reactions without
local overheating and temperature gradients. This consoli-
dation pattern is preferable as it allows for obtaining a more
homogeneous material.
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Fig.4 Phase composition of homogenized reaction mixtures of com-
position: a, a* Sry,Y,,Zr,;TiO5; b, b* Sr,,Y,Zr,,TiO;5; ¢, c*
Sry.1Y3Zry3TiO3; and d, d* Y,(Zr,Ti),0;, obtained by mechanical
grinding in a vertical planetary mill (10 min, 870 rpm)

Investigation of phase composition

XRD analysis of the obtained ceramics is presented in
Fig. 6. Due to the presence of a large number of compo-
nents in the reaction mixtures, the XRD is not unambigu-
ously defined, however, the presence of key phases can be
identified:

e SrTiO; with cubic perovskite structure (PDF 89-4934,
space group Pm-3 m);

¢ Y,Ti,0; with cubic pyrochlore structure (PDF 85-1584,
space group Fd-3 m);

e Sr,(Tiy,5Zry75)0, with tetragonal structure (PDF
24-1238, space group I4/mmm);

® Y, (Zry¢Tiy4)206.99 With cubic structure (PDF 83-433,
space group Fd-3 m).

With the increase in the ratio from x=0.1 to x=1, the
number of formed phases also increases. As a result, the
ceramic is represented by a complex phase composition,
including zirconium and titanate pyrochlore phases (Fig. 6).
A noticeable shift of peaks is observed when transitioning
from x=0.2 to x=0.3 towards a decrease in the diffraction
angle, indicating an increase in the crystal lattice due to the
formation of a new phase Y,(Zr; ¢Tij 4),0¢ g9

Figure 7 presents a visualization of the structures of
SrTi0;, Y, Ti,0,, Sr,Ti| 571 750, using the “VESTA” soft-
ware package.

For a more comprehensive understanding of phase trans-
formations, an “in situ” X-ray diffraction analysis was con-
ducted using a synchrotron radiation source under heating
conditions up to 1000 °C (“in situ” heating synchrotron
XRD experiment) for reaction mixtures (Fig. 8), with the
component ratios presented in Table 2.

In the case of the SrCO;-TiO, mixture (Fig. 8a), it was
established that the extinction of the main SrCO; peaks
occurs at approximately 900-950 °C. Within the same tem-
perature range, peaks emerge at around 29 and 34 degrees,
reaching their maximum at 950—1000 °C, which should be
associated with the orthorhombic — hexagonal transition for
SrCO;. Additionally, within this temperature range (circa
850-900 °C), peaks of the final perovskite phase SrTiO,
appear, which is consistent with literature data [37]. It is also
indicated that an intermediate phase Sr,TiO, forms. Thus,
the study of phase transformation dynamics demonstrates
that the formation of SrTiO; begins as early as 850 °C,
although it cannot proceed intensively at this temperature
according to literature data [37]. The most prominent peaks
of the TiO, phase in the anatase structure persist even after
some exposure at 1000 °C.
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Fig.5 Sintering kinetics for ceramic samples Sr,,Y, Zr, ;TiO;
(x=0.1), Sry4Y(,Zr,TiO; (x=0.2), Sry,Y(3Zry3TiO; (x=0.3)
and Y,(Zr,Ti),0;, describing: a absolute shrinkage; b shrinkage rate

versus time; ¢ shrinkage rate versus temperature. Sintering param-
eters: temperature 1300 °C, holding time 5 min, pressing pressure
21.5 MPa, heating rate 50 °C min™!
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Fig.6 X-ray diffraction patterns of ceramic samples obtained by
SPS-RS technology based on reaction mixtures of the following com-
positions: Sry;Y Zry;TiO; (x=0.1), Sry,Y(,Zr,,TiO; (x=0.2),
Sty Y321y 3TiO5 (x=0.3) and Y,(Zr, Ti),0, (x=1)

In the investigation of the Y,0;-TiO, RM composi-
tion (Fig. 8b), it was determined that the pyrochlore phase
Y,Ti,0, begins to form at 950 °C. All initial powders also
contained TiO, phases in anatase and rutile forms, as well as
Y,O; phases, which is associated with the incompleteness of
the oxide reaction at 1000 °C. As previously demonstrated
by XRD analysis, heating the reaction mixture to 1300 °C is
optimal, as it achieves a complete chemical reaction of the
initial components of the reaction mixture.

The presence of strontium carbonate in the
Y,0;-SrCO5-TiO, RM composition (Fig. 8c) leads to its
decomposition with the formation of strontium titanate
SrTiO; at 850-900 °C, along with the formation of the
pyrochlore phase Y,Ti,O,. Additionally, there is a certain

amount of TiO, phases in anatase and rutile forms, as well
as Y,0; phases, similar to all studied mixtures.

According to the analysis of the Y,0,-TiO,-ZrO, RM
composition (Fig. 8d), it is shown that the mixture composi-
tion includes TiO, phases in anatase and rutile forms, as well
as some amount of Y,0; and ZrO,. It is identified that under
the selected parameters of thermal heating up to 1000 °C,
reactive sintering with the formation of new phases does not
occur. Furthermore, the pyrochlore phase is absent, which
is likely due to the high thermal stability of the RM owing
to the higher melting point and thermal resistance of ZrO,
introduced into the mixture, compared to other oxides.

In this regard, it follows that the reactive interaction with
the formation of key phases SrTiO; and Y,Ti,0; is initiated
under heating conditions at temperatures of 850-900 °C, in
the presence of SrCO; and Y,0Oj; in the mixture composition.
However, in the presence of more thermally stable ZrO,, the
reactive interaction is limited within the capabilities of the
in situ XRD analysis method using synchrotron radiation
with heating up to 1000 °C. At the same time, laboratory
XRD data of the obtained ceramic samples indicate that
the pyrochlore phase Y,Ti,O, forms in the composition of
ceramics sintered at 1300 °C (Fig. 6), which evidences the
occurrence of the reaction at high temperatures. The per-
ovskite phase SrTiO; is also identified in the composition
of ceramic samples (Fig. 6). This indicates that sintering of
the specified RM compositions is optimal to be conducted
at temperatures above 1000 °C, but not exceeding 1300 °C,
under SPS conditions, achieving the required composite
composition of mineral-like phases.

Structure analysis
SEM and EDS analyses for the obtained ceramic samples are

presented in Fig. 9. The surface morphology of the ceramics
is similar. In Fig. 9 a, a* and d, d*, ceramic grains are clearly

Fig.7 Visualization of structures (using the “VESTA” software package): a SrTiO5; b Y,Ti,05; ¢ Sr,Ti( 5521 750
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Fig.8 In situ synchrotron X-ray O SrCO3
diffraction patterns of the inter-
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Y,04 - 0.49 (1) 0.5(.4) 0.27 (1.08)
Zr0, - - - 0.5 (2.12)

distinguishable, which is explained, in the case of sample
x=0.1, by the monophasic perovskite composition SrTiO;
(perovskite structure—cubic crystal lattice with the struc-
tural formula ABOs); in the case of x=1, by the pyrochlore
structure (pyrochlore structure—cubic crystal lattice with
the general formula A,B,0,). EDS analysis for the sample
x=0.1 (Fig. 9a) confirms an almost monophasic composi-
tion with uniform element distribution.

In the case of SEM images for samples x =0.2 and x=0.3
(Fig. 9b, b*, c, c*), the formation of monolithic regions at
grain boundaries is noticeable, formed from agglomerates,
likely of mixed perovskite-pyrochlore composition, which is
also shown in XRD (Fig. 6). As the Sr?* content decreases,
agglomeration becomes more pronounced. Thus, the change
in ceramic composition affects its microstructure—at low
Y3* content, the perovskite phase predominates, while with
an increase in the Y>* fraction, pyrochlore forms, accompa-
nied by particle agglomeration.

Determination of physical and mechanical characteristics
of ceramic samples

For all ceramic samples, specific density and Vickers
microhardness were determined (Fig. 10a, b). The sam-
ple with x=0.2 possesses the highest density (4.9031 g/
cm?). The sample with x=0.1 has a slightly lower value
(4.8247 g/cm®). The remaining samples show lower den-
sity, which is associated with the prevailing phase in the
sample composition. It is likely that the density of the per-
ovskite phase SrTiOj; is significantly higher than the pre-
sented phases, which is directly related to the composition
of the sample x=0.1, as well as the still higher ratio of
SrTiO5: Y,Ti,0, phases towards an increase in perovskite.
Further decrease in the ratio of the perovskite phase, up to
its complete absence, reduces the experimental density to
the minimum values among those presented.
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Fig.9 SEM and EDS images of ceramic samples obtained by R-SPS technology based on reaction mixtures of the following compositions: a, a*
Sty7Y1Zry ; TiO5 (x=0.1); b, b* Sr(, ;Y ,Zr,TiO5 (x=0.2); ¢, ¢* Sr( ;Y 371 3TiO5 (x=0.3); d, d* Y,(Zr, Ti),0; (x=1)

The box plot (Fig. 10b) presents microhardness (HV)
values for four samples with different stoichiometric coef-
ficients of zirconium (x=0.1, 0.2, 0.3, and 1). For each
sample, values are shown with an interquartile range of
25%-75%, median, mean value, and individual experimen-
tal points, including statistical outliers. There is a clear trend
of increasing microhardness with increasing x value. For
the sample with x=0.1, the mean value is 469 HV. As x
increases to 0.2 and 0.3, the microhardness rises to 554 HV

@ Springer

and 690 HV, respectively. The sample with x =1 exhibits
the maximum microhardness with a mean value of about
656 HV. The increase in the Zr** fraction positively affects
the achieved microhardness level, which may be related to
the higher hardness of the pyrochlore phase compared to the
perovskite phase.

Analysis of interquartile ranges shows the narrow-
est distribution for the sample x =0.2, which is consist-
ent with SEM results (Fig. 9b, b*) demonstrating a more
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homogeneous microstructure of this sample. Asymmetry
in microhardness distribution is observed for some com-
positions. Positive asymmetry, where the median is lower
than the mean (x=0.1 and 0.2), indicates the presence of
outliers with high hardness values. Negative asymmetry
for x=0.3 (median higher than mean) suggests a concen-
tration of data values in the high hardness region. For
x =1, asymmetry is practically absent, as evidenced by the
median line lying at the level of the mean value. Statistical
outliers are present for samples x=0.2 and 0.3, indicating
structural inhomogeneity of these materials.

Thus, analysis of the microhardness box plot in con-
junction with microstructural data indicates a more com-
plex phase composition of ceramics with increasing Zr**
content, leading to structural and property inhomogeneity.

b

15

Evaluation of hydrolytic stability of ceramic samples

To study leaching mechanisms, calculations of the following
parameters were performed: total leaching fraction, leach-
ing depth, and effective diffusion coefficient. Data on the
hydrolytic stability of matrices with respect to strontium are
presented in Fig. 11 and Table 3.

The hydrolytic stability values of the obtained ceramic
samples on the 30th day of exposure are satisfactory and
range from 107 to 1077 g cm~2eday for all studied composi-
tions (Fig. 11a). These values indicate high resistance of the
synthesized materials to leaching under the given conditions.

Analysis of strontium leaching kinetics (Fig. 11b) reveals
a change in the process mechanism over time. For the sample
with x=0.1, in the initial stage up to 3 days, the tangent of
the slope angle of the total leaching fraction dependence on
the logarithm of time is 0.8456, indicating the predominance
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Fig. 11 Hydrolytic stability of ceramic samples
R-SPS technology based on reaction mixtures of composi-
tions Sry;Y,Zry TiO; (x=0.1), Sry,Y(,Zr,,TiO; (x=0.2),

Sty Y3215 TiO; (x=0.3), Y,(Zr,Ti),0; (x=1): (a) Sr** leaching

obtained by

rate from the ceramic volume; (b) dependence of the logarithm of the
leached fraction of Sr’* from ceramics on the logarithm of leaching
time; (c) dependence of leaching depth on time
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of the surface layer dissolution mechanism. After 3 days, the
tangent of the angle decreases to 0.4354, indicating a transi-
tion to a diffusion mechanism of strontium transfer from the
matrix volume. The high initial leaching rate may be associ-
ated with the presence of a near-surface layer of adsorbed
strontium, which is predominantly leached at an early stage.
The presence of a break in the kinetic curve suggests that
part of the strontium is not structured in the material volume.

For samples x=0.2 and 0.3, the leaching kinetics are
similar, but the transition between mechanisms is observed
on the 7th day. Considering the decrease in the SrTiO; phase
fraction in these compositions compared to x=0.1, it can be
assumed that the delay in transition is associated with the
formation of sparingly soluble phases on the surface that do
not contain strontium, such as yttrium pyrochlore.

The leachability index (L) is a value characterizing the
rate of radionuclide release from the material upon contact
with an aqueous medium. For all studied compositions, L

values exceed 8, which meets the requirements for radioac-
tive waste immobilization matrices [38].

The calculated values of the leaching front penetration
depth (Fig. 11c) indicate high stability of ceramic matrices
due to their dense structure and chemical inertness. How-
ever, samples with lower strontium content show greater
leaching depth, which may be associated with the presence
of soluble strontium-containing phases on the surface of
these materials.

For yttrium-containing samples, the hydrolytic stability
value stabilizes on the 15th day and ranges from 107 to
10~ g cm™2eday for all compositions (Fig. 12a, Table 4).
The tangent of the slope angle of the curves of the total
leaching fraction dependence on the logarithm of time
(Fig. 12b) remains constant (0.5532), indicating a dif-
fusion mechanism of yttrium leaching from the material
volume. The leaching front penetration depth (Fig. 12c¢)
decreases with increasing Y>* content, which may be

Table 3 Strontiﬁm lea;::hing Sample Diffusion coeffi- Error, cm*/s L Error Depth, cm  Error, cm
parameters on the 30th day cient, D, ems
(Sty7 Y, Zty TiO;)  1.54x 10712 +£0.070x 102 11.81 05905 1.10x107° +0.055x107°
(Stg4YoZ1y,TiO;)  5.30x 107! +0.265x107"" 1028 +0.514 1.05x10™* +0.052x10™
(St1Y3Zry5TiO;)  4.38x 10710 +0219%x107° 936 +0.468 2.13x10* +0.106x107*
a b c
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Fig. 12 Hydrolytic stability of ceramic samples
R-SPS technology based on reaction mixtures of composi-
tions Sry;Y,ZryTiO; (x=0.1), Sry,Y(,Zr,,TiO; (x=0.2),
Sty Y 3Z105TiO; (x=0.3), Y,(Zr,Ti),0, (x=1): (a) Y>* leaching

obtained by

rate from the ceramic volume; (b) dependence of the logarithm of the
leached fraction of Y** from ceramics on the logarithm of leaching
time; (c) dependence of leaching depth on time

Table 4 Y** leaching

Sample Diffusion coeffi- Error, cm?/s L Error Depth,cm  Error, cm
parameters on the 30th day cient, D,, cm?/s

(Sty,Yo,Zry,TiO;)  5.12x107 +0.256x 107 429 +0214 490x107 +0.245%x107

(Stg4 Y21y, TiO;)  6.92x 107 +0.346x 107  6.16 +0.308 143x10° +0.071x107

Sty Yo3Z15TiO;)  5.00x 107 +0.250x 10 730 +0.365 839x10* +0419x107*

Y,(Zr,Ti),0, 2.80x 1078 +0.140x 107 755 +£0377 5.65x10* +0.282x107*
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associated with the stabilization of the crystal structure
of the matrices.

Similarly to yttrium, the hydrolytic stability with respect
to Zr** stabilizes on the 14th day in the range from 10~ to
107 g cm™2eday (Fig. 13a, Table 5). The tangent angle value
of 0.5532 (Fig. 13b) indicates a diffusion leaching mecha-
nism. The Zr** leaching depth curves (Fig. 13c) are practi-
cally identical to those for Y3* (Fig. 12¢), suggesting that
these elements are located in the same crystalline phase, for
example, with a pyrochlore structure. The curves in Fig. 13b
are essentially identical to those in Fig. 12b. Thus, Zr** and
Y>* should be in the same phase, which is confirmed by
the results of X-ray phase analysis (Fig. 6). To the same
extent, the curves for Zr** correspond to the curves for Sr**
(Fig. 11).

Considering the obtained results, it can be asserted that
the identified peaks of the co-location of Sr,Tij 55721 750
and Y,(Zr, ¢Tiy 4)Og.99 in the diffractograms (Fig. 6) cor-
respond to the second phase.

The use of reactive SPS-RS technology ensured the pro-
duction of ceramic compositions with high density due to
the intensification of diffusion processes during consolida-
tion. At the specified temperature, stable ceramic matrices
of complex composition were obtained, the properties of
which undergo changes depending on the ratio of the initial
components.

A detailed study of the physicochemical and mechani-
cal characteristics of the obtained ceramics demonstrated
their high quality. In addition to high density, the materials
possess microhardness up to 950 HV and a homogeneous,
non-porous microstructure.

Furthermore, a key result of the work was the achieve-
ment of hydrolytic stability of the obtained ceramic matrices
with respect to the leaching of Sr>*, Y3*, and Zr** ions,
which is 10°-107" g cm~2-day, satisfying the parameters of
GOST R 50926-96. The leachability index value is above 8,
indicating the formation of strong chemical bonds of radio-
nuclides in the crystal structures of the matrices [38]. Thus,
the proposed approach demonstrates promise for obtaining
ceramics with high potential reliability for long-term immo-
bilization of radionuclides.

Conclusion

This study implemented solid-phase synthesis of min-
eral-like composite ceramics based on SrTiO3, Y,Ti,0,
Y, (Zry ¢Tig 4),0¢.99 and Sr,Tij»5Zr; 7504, promising for
the immobilization of radionuclides *°Sr and °°Y, as
well as the *Zr isotope, as a decay product in the chain
9081 — %Y — %Zr. The sintering kinetics of the reaction
mixture with stoichiometric formulas Sr, ;,Y,Zr, TiO; and
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Table 5 Zr** leaching

Sample Diffusion coef-  Error, cm?/s L Error Depth,cm  Error, cm
parameters on the 30th day ficient, D,, cm?/s

Sto,Yo1Z10,TiO;  2.63x107 +0.131x10° 458 +0229 4.15x10° +0.207x107

St0.4Y 02710 ,TiO;  2.60x 1078 +0.130x10° 758 +0379 6.34x10™* +£0.317x107*

Sto,1Yo3Zr5TiO;  2.41x 107 +0.120x107°  8.62 +0.431 3.94x10™* +0.197x107*

Y,(Zr,Ti),0, 1.84x 107 +0.092x107° 874 +0.437 2.86x10™* +0.143x107*
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Y,(Zr,Ti),0, was investigated, as well as structural-phase
changes of the resulting ceramics under spark plasma sinter-
ing conditions using XRD, SEM, EDS methods, and XRD
at a synchrotron radiation source under “in situ” heating
conditions (“in situ” heating synchrotron XRD experiment).

The study of the densification dynamics of the reaction
mixture for the specified compositions was conducted at a
constant temperature of 1300 °C and pressure of 21.5 MPa,
where it was shown that the “in situ” reaction interaction
and simultaneous sintering of the initial powder mixture
proceeds through two stages of compaction: Stage 1—
mechanical shrinkage due to applied pressure, during which
no significant shrinkage is observed; Stage 2—thermal con-
solidation, the start time of which varies depending on the
composition of the reaction mixture. The plateauing of the
curves identifies the complete reaction interaction of the
system components.

According to “in situ” XRD analysis data on synchrotron
radiation, it was established that the reaction interaction
with the formation of SrTiO; and Y, Ti,O phases is initiated
under heating conditions at temperatures of 850-900 °C, in
the presence of SrCO; and Y,05 in the mixture composition.
However, in the presence of more thermally stable ZrO,, the
reaction interaction is limited to 1000 °C, and only heating
at a higher temperature up to 1300 °C initiates the forma-
tion of the required perovskite and pyrochlore phases in the
ceramic composition.

The obtained ceramic samples are characterized by high
density up to 4.9 g cm™>, non-porous microstructure, and
microhardness up to 950 HV. The variation of these char-
acteristics depends on the composition and structure of the
ceramics, in particular, the decrease in sample density is due
to the increase in the content of the Y,Ti,O, phase, which
has a lower theoretical density than SrTiO;. At the same
time, increasing the Zr fraction in the ceramic composition
leads to an increase in the microhardness of the samples, up
to maximum values at x =1, and statistical selections on the
box plots indicate structural inhomogeneity.

It has been proven that this ceramic possesses high
hydrolytic stability, as the leaching rate of Sr** reaches
107" g cm~2 day, and for Y** and Zr** 10 g cm~2 day,
which meets the requirements of GOST R 50926-96 and
ANSI/ANS 16.1 for solidified high-level waste in relation
to Sr>*. The leaching mechanism of these ions from the
ceramic volume has been established, indicating diffusion
leaching with minimal diffusion depth of ions from the vol-
ume to the ceramic surface. This is due to the effective bind-
ing of radionuclides 208y, %0y and the stable isotope 07 in
the crystal structures of perovskite and pyrochlore.

The perovskite phase SrTiO; provides reliable immobili-
zation of *°Sr through isomorphic substitution of Ca** cati-
ons in the CaTiOj; structure, while pyrochlores Y,Ti,0, and
Y ,(Zx ¢Tig 4),06 99 provide immobilization of *°Y through
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isomorphic substitution of Ca** and Na in the (NaCa),Nb,O,
structure, and *°Zr, respectively, through isomorphic substi-
tution of Nb>* cations. A comprehensive study has shown
the promise of the developed ceramic matrices for reliable
long-term immobilization of the specified radionuclides.
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