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To enhance the service safety of the geological repositories which are intended for a highly

long-term storage of nuclear waste, we proposed coating the walls of repositories with a

hermetically sealed radiation-resistant material. To this end, the compounds of a four-

component system CaO–BaO–Fe2O3–SiO2 were suggested. Based on these compounds,

we developed the technology for the production of special polyfunctional corrosion-resistant

cements that can be used for the production of extra strong radiation-protective and

corrosion–resistant plugging cements. The thermodynamic analysis revealed probable phase

equilibriums and enabled the tetrahedration of the system at the synthesis temperature of

12000Ñ, which allowed minimizing the volume of required thermodynamic calculations.

The processes of hydration of calcium-barium ferrosilicate cement were investigated. It

was established that barium hydrosilicates and calcium and barium hydroferrites of a

different basicity are the main hydration products; this provides high strength properties of

the cement stone. The obtained materials are cements with a high strength (the compressive

strength of 58.9 MPa), enhanced protective and corrosion-resistant properties (the calculated

mass absorption coefficient and sulfate-resistance factor being equal to 247 cm2/g and

1.31, respectively). The protective concretes with different fillers, which were fabricated

based on the developed cements, have a high strength (ultimate compressive strength of

58.4 MPa), a low level of softening in the temperature range of 20–12000Ñ (from 15 to

19%). They can be used at the service temperature of up to 12000Ñ.
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Introduction
The nuclear power engineering in Ukraine is a

strategically important branch of power supply. In
2017, its contribution is about 50% of the total energy
amount produced in Ukraine. Therefore, a successful
operation of the nuclear power branch is one of
indispensable prerequisites for ensuring national
security.

A key principle of the handling of radioactive
waste anticipates a high safety level [1]. Accidents at
factories involving the use of radioactive materials
lead to the appearance of vast contaminated areas
[2]. Thus, serious environmental and economic
problems appear.

Earlier, consideration was given to the
opportunity of the long-term storage of radioactive
waste at the deep-water sites of the great oceans.

However, the practice showed that these disposal
technologies are associated with a great
environmental danger for the great oceans [3]. In
addition, the efficiency of the use of geological
formations for the safe storage of long-term
radioactive waste was established. Today, actually
all the states that operate nuclear power plants are
involved in an efficient development of the
procedures for a long-term storage of radioactive
waste. A comparative analysis of the technologies
used for the radioactive waste disposal in European
countries is given in ref. [5].

In 2011, International Atomic Energy Agency
has worked out international rules and basic principles
for the highly long-term storage of nuclear waste in
geological formations [4]. The most appropriate sites
for the construction of such depositories are
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considered to be geological rock salt formations [6]
and volcanic rocks of more than 100,000 years old
[7]. Each country considers the construction of
geological depositories in its own territory based on
the rock analysis [8,9]. For example, the United
States makes use of exposed dense rocky strata [10,11]
and Germany and France organize geological
depositories in industrial duffers [12].

When analyzing the available procedures used
for the disposal of radioactive waste in geological
formations, one should take into account an essential
general drawback which is related to an extreme
difficulty to provide the impermeability of geological
formations exposed to underground waters and an
easy approach to depressurized containers in case of
emergency [13]. To increase the safety level of storage
of radioactive waste, encapsulation in glass is
recommended [14]. Ceramic materials show an
increased efficiency for isolating radioactive materials
from environmental influences [15]. One of the ways
to the solution of the above problems is to coat the
walls of depositories with the hermetically sealed
material characterized by high radiation-resistant and
corrosion-resistant properties.

Therefore, the aim of this work was to develop
radiation-resistant and corrosion-resistant binding
materials for the coating of the walls of underground
depositories which are intended for the long-term
storage of radioactive waste. To solve this problem,
we studied the specific features of the hydration
processes of the cements based on the compounds
of the CaO–BaO–Fe2O3–SiO2 system; developed
highly durable corrosion-resistant and radiation-
resistant concretes using proposed calcium-barium
ferrosilicate cements and analyzed the physical,
mechanical and service properties of the developed
radiation-resistant and corrosion-resistant coatings.

Material and methods
To study the structure of four-component

system and determine the direction of the reaction,

we used the fundamental laws of equilibrium
thermodynamics and thermodynamic methods of the
analysis of chemical solid-phase reactions. To
optimize the granulometric composition of the fillers
and dry corrosion-resistant mixtures, we used the
simplex-lattice method of experiment planning. The
statistical processing of experimental data and those
of thermodynamic computations was carried out
using the Microsoft Office Excel software package.

The experimental investigation of the phase
composition of clinker and hydration products was
carried out using X-ray phase analysis, petrographic
analysis and thermographic analysis. The service
properties of the developed materials were
investigated using the standard techniques that are
designed for the studies of binding materials.

To carry out the experimental investigation of
the four-component CaO–BaO–Fe2O3–SiO2 system,
we used the reagents that meet current home
standards: calcium carbonate, barium carbonate, iron
oxide and dehydrated silicon acid. We also used some
technical raw materials: the chalk from the Bilogorsk
deposit and the sand from Novovodolaga deposit.
The following chemical industry wastes were used:
barium-containing waste of the production of
aminocapronic acid (the State Company
«Chimreactive Plant», Kharkiv), the calcium-
containing water purification waste and the silicon-
containing waste of the production of ground bodies.
The chemical compositions of the original
components are listed in Table 1.

Thermodynamic output data were calculated
using the well-known techniques. Specially developed
computer software was used to process the results of
the evaluation of compositions of the eutectics in
the binary and ternary system sections, including
the computation of the geometric and topological
characteristics of phases.

The phase composition of the calcinated
products and hydration products of the obtained

Table  1

The chemical composition of the original components

Oxide content, wt.% Material name 

CaO BaO MgO Al2O3 Fe2O3 SiО2 R2O f.l. 

The calcium-containing water purification 

waste 
44.82 – 13.88 – 1.95 – 2.52 36.83 

Barium-containing waste of the production of 

aminocapronic acid (state company 

"Chimreactive Plant", Kharkiv) 

– 74.05 – 4.65 – – – 21.30 

The silicon-containing waste of the production 

of ground bodies 
2.46 – 1.64 1.43 0.66 91.74 2.07 – 

Iron-containing sludge PC ("АrselorMittal 

Krivoy Rog") 
0.26 – 0.91 2.55 70.9 16.3 9.08 – 
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cements was determined by means of
physicochemical methods of analysis, including
petrographic (the polarization microscope MIN-8),
scanning electron microscopy (scanning electron
microscope REMMA-102), X-ray phase analysis (the
DRON 3M device), and thermographic (the
derivatograph R-1500D of Ðàul³k-J., Ðàul³k-L. and
Årdåó system) methods.

The physical and mechanical tests of the
cements were carried out using the Strelkov method
of small-size specimens. The optimal cement
compositions were tested according to the standards
DSTU EN 196-3:2007 and DSTU B V.2.7-86-99.

Thermal and thermomechanical properties of
the cements and cement-based concretes were
evaluated by means of standard techniques (DSTU B
À.1.1-7-94).

The method developed by Kind was used to
determine the sulfate-resistance coefficient. The
method developed by Malinin was used for the
evaluation of a decrease in the solid body-water
system volume. The -quanta relaxation coefficient
was determined by measuring the dose of braking
-radiation on the transition side and backside of
material specimens. The mass absorption coefficient
of gamma radiation was derived from the following
formula:

I=I0e
–,

where ²0 and ² are the incident radiation intensity
and the intensity of radiation that penetrates the
material, respectively;  is the density;  is the
thickness; and  is the mass absorption coefficient.

To calculate the standard enthalpy of the
formation (H0

298) we suggested the method that
takes into consideration the average gram-atomic
enthalpy of the formation of the compounds that
are included in the composition of the studied system.

Results and discussion
The obtained data showed that the splitting of

the concentrated tetrahedron into elementary
tetrahedrons at the temperature of 12000Ñ results in
the coexistence of different phases in the four-
component CaO–BaO–Fe2O3–SiO2 system. These
phases cause the existence of 15 «internal» conodes,
i.e. those that pass through the 3D space of the
concentrated tetrahedron: Ba2SiO4–Ña2Fe2O5;
Ba2SiO4–ÑaBaFe4O 8; ÑaSiO3–Ba3Fe 6Si2O16;
Ba3Fe6Si2O16–BaÑa2Si3O9; Ba4Fe2Si4O15–BaÑa2Si3O9;
Ba3Fe6Si2O16–Ña3Si2O7; Ba3Fe6Si2O16–Ña2SiO4;
Ba3Fe6Si2O16–Ba5Ña3Si4O16; Ña2Fe2O5–Ba5Ña3Si4O16;
Ña2Fe2O5–Ba3Fe6Si2O16; Ba3Fe6Si2O16–ÑaFe2O4;
Ba3Fe6Si2O16–ÑaFe4O7; Ba3Fe6Si2O16–ÑaBaFe4O8;
BaSiO3–ÑaBaFe4O8 and Ña2Fe2O5–BaSiO3. These

determine the availability of 38 elementary tetra-
hedrons in the subsolidus domain. The performed
tetrahedration of the CaO–BaO–Fe2O3–SiO2 system
revealed the phase equilibriums in the subsolidus at
the temperature of 12000Ñ between all the
compounds in their two-, three- and four-phase
combinations. The coexistence of the phases was
proved by both theoretical calculations and
experimental data (the X-ray phase analysis of the
calcinated products).

The next step was the triangulation of the
BaO–Fe2O3–SiO2 system with respect to seventeen
stable phases that structurally form 17 elementary
triangles. The CaÎ–Fe2O3–SiÎ2 subsystem has nine
stable phases and is split into 7 elementary triangles.
The CaÎ–BaÎ–SiÎ2 subsystem has 15 phases and
is split into 15 elementary triangles.

It was established that the composition of the
CaÎ–BaÎ–Fe2O3 system includes eight binary
compounds and one ternary compound. The
subsystem is split into 16 elementary triangles that
are stable before reaching the temperature of 12000Ñ.
The Ñà3S³O5 compound was not taken into account
due to the fact that it is dissociated in the presence
of more than 0.5 wt.% of BaO with the release of a
great amount of CaO. The triangulation of the
CaO–BaO–Fe2O3–SiO2 system at the temperature
of 12000Ñ showed that it is split into 38 elementary
tetrahedrons (Fig. 1).

To determine the geometric and topological
characteristics of the system phases in full, we
constructed the topological graph of the interrelation
in the elementary tetrahedrons of the
CaO–BaO–Fe2O3–SiO2 system (Fig. 2).

Fig. 1. Tetrahedration of the CaO–BaO–Fe2O3–SiO2 system at

the temperature of 12000Ñ
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The geometric and topological analysis of the
system showed that the most appropriate domain
for the production of polyfunctional binding materials
for a special purpose is restricted by a conventional
tetrahedron with the vertexes that correspond to the
following compounds: Âa2Fe2O5, Ba2SiO4, Ca2Fe2O5

and Ba5Ca3Si4O16 (No. 7, 17, 10 and 27, respectively).
The obtained data allow predicting the phase

compositions of polyfunctional clinker cements
having a set of specified properties.

We assessed the maximum temperatures
of the treatment of the compositions used
for the selected point of intersection of the
Ba2Fe2O5–Ba2SiO4–Ca2Fe2O5–Ba5Ca3Si4O16 system
by CaO–BaO–Fe2O3–SiO2. It was established that
the obtained materials can be used until the
temperature of 12000Ñ is reached.

It was established that Âà5Ñà3Si4O16 manifests

its binding properties under normal conditions and
it has the strength of up to 23 MPa after 28 days of
the hardening. ÂàÑà2Si3O9 shows relatively low
binding properties and only under hydrothermal
conditions (up to 5 MPa after the autoclave
treatment).

Ba3Fe6Si2O16 and Ba4Fe2Si4O15 compounds
displayed no binding properties. The obtained data
correlated with the crystalline structure of the three-
component compounds under consideration.

To determine the physical, chemical and service
properties of the cements based on the compositions
available at the point of intersection of
Ba2Fe2O5–Ba2SiO4–Ca2Fe2O5–Ba5Ca3Si4O16, a
number of oxides were synthesized that include
dibarium and dicalcium ferrites and dibarium silicate.
Table 2 gives their chemical and mineralogical
composition and Table 3 shows the physical-
mechanical properties of the developed materials.

The test data of the given compositions of the
clinkers show (Tables 1 and 2) that the obtained
calcium-barium ferrosil icate cements are
characterized by a uniform change in the volume
during their hardening (the spread of the standard
cone of the cement paste at the water-to-cement
ratio W/C=0.5 varies in the range of 190 to 210 mm)
and they are extra-strong. The compressive strength
is in the range of 27.4 to 58.9 MPa and the bending
strength is in the range of 5.2 to 6.8 MPa. These
cements are fast-hardening. After the 3 days of the
hardening, their compressive strength is 16 to
48.6 MPa. They are also hydraulic binders with the
W/C ratio of 0.17 to 0.38 that have a high mass
absorption coefficient of 213 to 287 cm2/g. Their

Fig. 2. Topological graph of the interrelation of the elementary

tetrahedrons in the CaO–BaO–Fe2O3–SiO2 system

Table  2

Chemical and mineralogical composition of the clinkers of Ba2Fe2O5–Ba2SiO4–Ca2Fe2O5–Ba5Ca3Si4O16 section

Chemical composition, wt.% Mineralogical composition, wt.% Composition 
number СаО SiO2 ВаО Fe2O3 Ba2SiO4 Ba2Fe2O5 Ca2Fe2O5 Ba5Ca3Si4O16 

1 22.69 7.38 27.62 32.31 45 – 55 – 

2 20.68 8.20 41.80 29.37 50 – 50 – 

3 18.57 9.02 45.98 26.43 55 – 45 – 

4 16.50 9.84 50.16 23.50 60 – 40 – 

5 – 8.19 74.69 17.12 50 50 – – 

6 – 4.10 70.22 25.68 25 75 – – 

7 – 6.55 72.90 20.55 40 60 – – 

8 – 12.30 79.14 8.56 75 25 – – 

9 10.31 – 49.32 40.37 – 75 25 – 

10 20.63 – 32.88 46.49 – 50 50 – 

11 30.94 – 16.44 52.62 – 25 75 – 

12 4.13 13.11 73.45 9.30 80 10 10 – 

13 4.13 11.48 71.67 12.72 70 20 10 – 

14 16.50 3.28 43.02 37.20 20 40 40 – 

15 2.50 7.38 69.57 20.55 20 60 – 20 
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sulfate resistance coefficient varies in the range of
1.17 to 1.31. It was established that the water-to-
cement ratio, the mass absorption coefficient and
the sulfate resistance coefficient increase with an
increase in the content of barium oxide in the
cements.

Based on the obtained data, we arrived at a
conclusion that an optimal composition is that having
No. 14 in Table 2, it corresponds to the ratio of
Ba2Fe2O5:Ba2SiO4:Ca2Fe2O5=2:1:2. Further, we
studied the nature of the phases in the cement clinker
with an optimal composition. It was established that
the main phases of the test cement are dibarium and
dicalcium ferrites and dibarium silicate.

The phase-formation processes of cements in
the raw material mixture were studied, this mixture
included calcium carbonate, barium carbonate, iron
oxide and silicon oxide. The temperature (900, 1000
and 11000Ñ) and isothermal holding time (15, 30,
60 and 180 minutes) were taken as variable factors.
It was determined that the reactions of calcium and
barium oxides with silicon and iron oxides started at
a noticeable rate already at 9000Ñ and ceased at
11000Ñ.

The clinker phase-formation process rate
constant was calculated and it was established that
this phase-formation process occurred due to solid-
phase reactions, the rate of which is satisfactorily
described by the Ginstling-Brownstein equations.

The X-ray phase analysis of the cements that
were synthesized at different temperatures and
different holding time showed that a metastable phase
is initially formed in raw-material mixtures that

include calcium carbonate, barium carbonate, iron
oxide and silicon oxide. This metastable phase is a
three-component compound Âà5Ñà3S³4O16 that is
further decomposed into Ba2Fe2O5, Âà2SiO4, and
Ñà2Fe2O5 (Fig. 3).

Fig. 3. Dashed X-ray diffraction pattern of the clinker phase

with the optimal composition 1 – Ba2Fe2O5; 2 – Âà2SiO4;

3 – Ñà2Fe2O5

The X-ray phase analysis was also used to study
the products of hydration of the calcium-barium
ferrosilicate cement (Fig. 4). It was established that
the hydration of the test cement proceeds according
to the hydration of individual phases that are peculiar
for the clinker composition. The composition of the
hydrated calcium-barium ferrosilicate cement
represents a complicated conglomerate of the new
hydrate formations of barium silicates and calcium
and barium ferrites and also barium and iron
hydroxides both in colloidal and crystalline states.
The combination of them provides high strength
characteristics for the hardened cement stone.

Table  3

Physical-mechanical properties of calcium-barium ferrosilicate cements

Setting time, 

hours–minutes 

Ultimate compressive strength, 

MPa at various ages 
Composition 

number 
W/C 

initial Final 3 days 7 days 28 days 

Ultimate bending 

strength, MPa 
, cm2/g KF 

1 0.38 1–52 3–22 44.1 47.1 48.9 5.4 227 1.17 

2 0.35 1–54 3–23 42.9 49.0 51.5 5.8 231 1.20 

3 0.35 1–56 3–24 43.8 50.3 53.0 6.1 236 1.25 

4 0.34 2–00 3–25 44.5 51.0 55.0 6.7 240 1.29 

5 0.22 1–25 4–05 40.0 48.4 52.3 5.9 283 1.20 

6 0.24 2–10 3–14 45.8 50.6 54.4 6.0 287 1.19 

7 0.20 2–55 4–20 44.5 46.0 51.2 5.7 285 1.23 

8 0.20 1–40 2–55 31.4 42.0 46.4 5.3 279 1.17 

9 0.18 3–65 4–35 16.0 20.6 27.5 5.2 265 1.18 

10 0.19 2–40 3–50 25.0 38.0 52.0 5.9 239 1.23 

11 0.22 2–00 3–35 22.3 35.6 40.7 5.7 213 1.15 

12 0.17 0–15 1–30 16.3 20.6 27.5 5.9 268 1.20 

13 0.19 2–40 3–50 24.5 30.4 42.2 6.1 269 1.30 

14 0.21 1–55 3–20 48.6 51.2 58.9 6.8 247 1.31 

15 0.19 2–40 3–50 16.3 22.0 27.4 5.8 277 1.28 
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Fig. 4. Dashed X-ray diffraction pattern of the hydrated

cement:  – Âà2SiO4;  – Ba2Fe2O5;  – BSH;

 – BaSiO36H2O;  – BaFe2O45H2O;  – BaO2H2O;

 – Fe2O33H2O;  – CaFe4O713H2O

In order to develop resource-saving and energy-
saving technologies, we studied calcium-, barium-,
and silicon-containing wastes supplied by different
branches of industry. It was stated that the chemical
composition of barium-containing waste from the
production of aminocapronic acid, calcium-
containing water purification waste and the silicon-
containing waste from the production of ground
bodies can be used as original raw materials for the
production of special polyfunctional binding
substances. The cements, that were obtained using
the waste, are characterized by the following setting
periods: the initial period is equal to 1 hour
50 minutes and the finish period is equal to 3 hours
30 minutes. The compressive strength at the age of
28 days of the hardening is 50 to 60 MPa. The
calculated mass-absorption coefficient is 200 ñm2/g,
depending on the phase composition. The corrosion-
resistance is 1.1 to 1.2.

The technology for the production of corrosion-

resistant barium-containing binding materials of a
special purpose that are based on the chemical
industry waste is  resource saving and energy saving.
It may considerably improve the environmental
conditions in the industrial Ukrainian regions. This
process allows utilizing critical raw materials that
will result in a considerable decrease in the cost price
of the finished products without any additional capital
expenditures.

To produce the protective concrete layer with
high strength, density and homogeneity, we selected
an optimal granulometric composition at the ratio
of cement to aggregate equal to 3:1. Natural (barite
and serpentinite) and synthesized (monosilicate and
barium monoferrite) materials were used as fillers.

To provide high strength, density and uniformity
of the concretes, it was necessary to obtain a mixture
consisting of three fractions of aggregates with the
following content: (1) fraction with the grain sizes
of (1.25–0.63)10-3 m 15–45 wt.%; (2) fraction with
the grain sizes of (0.63–0.315)10-3 m 15–45 wt.%;
and (3) fraction with the grain sizes of (0.315–
0.15)10-3 m 25–55 wt.%.

Table 4 shows the basic physical-mechanical
properties of the prepared protective coatings with
suitable compositions.

It was established that barium monosilicate is
the most efficient filler; it is characterized by the
matrix affinity to the cement composition. The
thermomechanical properties of the developed
concretes meet the requirements to the protective
materials, therefore high internal expansion strains
would not arise in the external zone in the case of
the temperature difference through the concrete bulk.

Since the developed calcium-barium
ferrosilicate cement is characterized by a high
compressive strength and bending strength and has

Table  4

Physical-mechanical properties of protective concrete layers

Fillers 
Parameters Barium monosilicate 

BaSiO3 

Barium monoferrite 

Ba2FeO3 

Barite 

BaSO4 

Serpentinite 

(Mg,Fe)3Si2O5(OH)4 

Compressive strength, MPa 

at the age of  1 day 45.4 39.9 31.3 29.9 

3 days 49.4 45.1 35.3 33.7 

7 days 58.4 48.0 42.1 39.6 

28 days 58.4 55.8 47.3 44.5 

Porosity, % 17.1 17.6 17.0 18.6 

Density, kg/m3 4400 4680 4540 2820 

Coefficient of gamma-quanta 

transmission 
0.46 0.52 0.50 0.51 

Compressive strength of irradiated 
specimens, MPa 

62.2 60.2 36.8 41.2 
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a high sulfate-resistance, the cements with various
fillers were synthesized to obtain the grout solution.
Table 5 gives the physical, mechanical and technical
properties of grouts. The test data show that the
grout solution with the barite filler, that enhances
the corrosion resistance of the material, has the
highest bending strength, the lowest shrinkage during
the setting and the highest sulfate-resistance.

The tests of the grout solution were carried out
using barite by the factory SKP «Monolith»
(Konstiantynivka, Donetsk region, Ukraine). The
obtained results showed that the grouts produced
using the calcium-barium ferrosilicate cement with
an optimal composition are high-strength and
corrosion-resistant structural materials that can be
also used for the insulation of the «hot» oil and gas
well holes.

Conclusions

1. The ÑàÎ–ÂàÎ–Fe2O3 system was subjected
to its total triangulation at the temperature of 12000Ñ.
It was established that the system was split into 16
elementary triangles.

2. The conditions for the hardening of the triple
compounds of the CaO–BaO–Fe2O3–SiO2 system
were theoretically calculated and experimentally
determined. It was established that Âà5Ñà3S³4Î16

displayed cementing properties under normal
conditions and it had the strength of 23 MPa after
28 days of the hardening. ÂàÑà2S³3Î9 showed low
cementing properties only under hydrothermal
conditions (up to 5MPa after the autoclave
treatment).

3. The specific features of the phase-formation
processes in the raw-material mixture, which consists
of calcium carbonate, barium carbonate, iron oxide
and silicon oxide, have been investigated. It was stated
that the solid-phase reactions occurred initially at a
noticeable rate already at the temperature of 9000Ñ;

however, they were totally completed at the
temperature of 11000Ñ.

4. The features of the hydration processes of
calcium-barium ferrosilicate cement were studied.
The main hydration products are barium
hydrosilicates and calcium with different degree of
basicity, and barium ferrites, barium and iron
hydroxides in colloidal and crystalline states that
provide high strength characteristics for the hardened
cement stone.

5. The resource-saving and energy-saving
technology for the production of packing cement
was developed using the waste of chemical industry
as an original raw material.

6. New compositions for corrosion-resistant
concretes with a high level of -radiation protection
were developed using artificially synthesized (barium
monosilicate) and natural (barite and serpentinite)
fil lers. Physical and physical-mechanical
characteristics of the concretes of a special purpose
were determined. For instance, their compressive
strength after 28 days of hardening was in the range
of 44.5 to 58.4 MPa; the porosity was 17 to 18,6%;
the volumetric weight was 2820 to 4680 kg/m3, the
-radiation transmission coefficient was 0.46 to 0.52,
and the softening degree in the temperature interval
of 0 to 12000Ñ was 15 to 19%. These parameters
ensure using the developed compositions as protective
coatings for the underground depositories intended
for a highly long-term disposal of radioactive waste.
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Table  5

Physical-mechanical properties of grouts

Fillers 

Parameters Barium monosilicate 

BaSiO3 

Barium monoferrite 

Ba2FeO3 

Barite 

BaSO4 

Serpentinite 

(Mg,Fe)3Si2O5(OH)4 

Concentration, cm3/g 0.01 0.09 0.07 0.12 

Compressive strength, MPa, at the age  

of 28 days of the hardening in water 
7.0 6.5 7.2 6.2 

Compressive strength, MPa after 6 

months of holding in 3% MgSO4 
7.1 6.1 9.5 5.3 

Sulfate resistance coefficient 1.01 0.95 1.32 0.85 

Strength after the autoclave treatment, 

MPa 
6.7 5.3 7.0 5.9 

Standard paste cone spread at W/C 

ratio=0.5 mm 
207 198 209 215 
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ÐÀÄ²ÀÖ²ÉÍÎÇÀÕÈÑÍÈÉ ÖÅÌÅÍÒ ÄËß
ÄÎÂÃÎÑÒÐÎÊÎÂÎÃÎ ÇÀÕÎÐÎÍÅÍÍß
ÐÀÄ²ÎÀÊÒÈÂÍÈÕ Â²ÄÕÎÄ²Â

Ì.Â. Êóñòîâ, Â.Ä. Êàëóã³í, Â.Â. Äåéíåêà, Ã.Ì. Øàáàíîâà,
À.Ì. Êîðîãîäñüêà, ª.Ä. Ñëåïóæí³êîâ, Ä.Ì. Äåéíåêà

Äëÿ ï³äâèùåííÿ áåçïåêè åêñïëóàòàö³¿ ãåîëîã³÷íèõ íàä-
äîâãîñòðîêîâèõ çàõîðîíåíü ðàä³îàêòèâíèõ â³äõîä³â çàïðîïîíî-
âàíå îáðîáëåííÿ ñò³íîê ñõîâèù ãåðìåòèçóþ÷èì ðàä³îàö³éíîçà-
õèñíèì ìàòåð³àëîì. Äëÿ öüîãî íà îñíîâ³ ñïîëóê ÷îòèðèêîìïî-
íåíòíî¿ ñèñòåìè CaO–BaO–Fe2O3–SiO2 ðîçðîáëåíî òåõíîëî-
ã³þ âèðîáíèöòâà ñïåö³àëüíèõ êîðîç³éíîñò³éêèõ öåìåíò³â ïîë³-
ôóíêö³îíàëüíîãî ïðèçíà÷åííÿ, ÿê³ ìîæóòü âèêîðèñòîâóâàòèñü
äëÿ îäåðæàííÿ âèñîêîì³öíèõ ðàä³îàö³éíîçàõèñíèõ òà êîðîç³éíî-
ñò³éêèõ òàìïîíàæíèõ áåòîí³â. Çà äîïîìîãîþ òåðìîäèíàì³-
÷íîãî ìåòîäó àíàë³çó âñòàíîâëåíî ôàçîâ³ ð³âíîâàãè òà çä³éñíå-
íî òåòðàåäðàö³þ ñèñòåìè ïðè ïåðåäáà÷óâàí³é òåìïåðàòóð³ ñèí-
òåçó 12000Ñ ç ìåòîþ ì³í³ì³çóâàííÿ îáñÿã³â íåîáõ³äíèõ òåðìî-
äèíàì³÷íèõ ðîçðàõóíê³â. Äîñë³äæåíî ïðîöåñè ã³äðàòàö³¿ êàëüö³é-
áàð³ºâîãî ôåðîñèë³êàòíîãî öåìåíòó ³ âñòàíîâëåíî, ùî îñíîâ-
íèìè ïðîäóêòàìè ã³äðàòàö³¿ º ã³äðîñèë³êàòè áàð³þ òà ã³äðî-
ôåðèòè êàëüö³þ ³ áàð³þ ð³çíî¿ îñíîâíîñò³, ùî çàáåçïå÷óº âèñîê³
ì³öí³ñí³ õàðàêòåðèñòèêè öåìåíòíîìó êàìåíþ. Îäåðæàí³ ìà-
òåð³àëè º âèñîêîì³öíèìè (ì³öí³ñòü íà ñòèñê äî 58,9 ÌÏà),
çàõèñíèìè (ðîçðàõóíêîâèé êîåô³ö³ºíò ìàñîâîãî ïîãëèíàííÿ äî
247 ñì2/ã) òà êîðîç³éíîñò³éêèìè (êîåô³ö³ºíò ñóëüôàòîñò³é-
êîñò³ 1,31) öåìåíòàìè. Çàõèñí³ áåòîíè ç ð³çíèìè çàïîâíþâà-
÷àìè, îäåðæàí³ íà îñíîâ³ ðîçðîáëåíîãî öåìåíòó, õàðàêòåðèçó-
þòüñÿ âèñîêîþ ì³öí³ñòþ (ìåæà ì³öíîñò³ íà ñòèñê 58,4 ÌÏà),
íåâåëèêèì ñòóïåíåì ðîçì³öíåííÿ â ³íòåðâàë³ òåìïåðàòóð 20–
12000Ñ (äî 15–19%). Âîíè ìîæóòü çàñòîñîâóâàòèñü ïðè òåì-
ïåðàòóðàõ äî 12000Ñ.

Êëþ÷îâ³ ñëîâà: ðàä³îàêòèâí³ â³äõîäè, åêîëîã³÷íà áåçïåêà
çàõîðîíåííÿ, òâåðäîôàçíèé ñèíòåç, â’ÿæó÷³ ìàòåð³àëè,
ïðîöåñè ã³äðàòàö³¿, ðàä³îàö³éíîçàõèñí³ âëàñòèâîñò³.
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To enhance the service safety of the geological repositories
which are intended for a highly long-term storage of nuclear waste,
we proposed coating the walls of repositories with a hermetically
sealed radiation-resistant material. To this end, the compounds of a
four-component system CaO–BaO–Fe2O3–SiO2 were suggested.
Based on these compounds, we developed the technology for the
production of special polyfunctional corrosion-resistant cements that
can be used for the production of extra strong radiation-protective
and corrosion–resistant plugging cements. The thermodynamic
analysis revealed probable phase equilibriums and enabled the
tetrahedration of the system at the synthesis temperature of 12000Ñ,
which allowed minimizing the volume of required thermodynamic
calculations. The processes of hydration of calcium-barium
ferrosilicate cement were investigated. It was established that barium
hydrosilicates and calcium and barium hydroferrites of a different
basicity are the main hydration products; this provides high strength
properties of the cement stone. The obtained materials are cements
with a high strength (the compressive strength of 58.9 MPa), enhanced
protective and corrosion-resistant properties (the calculated mass
absorption coefficient and sulfate-resistance factor being equal to
247 cm2/g and 1.31, respectively). The protective concretes with
different fillers, which were fabricated based on the developed cements,
have a high strength (ultimate compressive strength of 58.4 MPa), a
low level of softening in the temperature range of 20–12000Ñ (from
15 to 19%). They can be used at the service temperature of up to
12000Ñ.

Keywords: radioactive waste; environmentally safe disposal;
solid-phase synthesis; binding materials; hydration processes;
radioprotective properties.
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