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The object of this study is the structuring processes and
the physical-mechanical properties of nanomodified ion-pro-
tective coatings based on the gypsum-alumina cement system.
Under the influence of ionizing radiation, defects are formed
in the calcium hydroxide crystalline lattice causing radiation
shrinkage. As a result of the shape anisotropy and aggregate
deformations, uneven deformations are transferred to the
concrete skeleton. Therefore, the effective use of gypsum alu-
mina binders for creating ion-protective coatings for biologi-
cal shielding against radioactive radiation is a pressing issue
being solved. The sulfate and sulfoaluminate phases solution
modification by carbon nanotubes (CNTs) leads to a decrease
in the linear expansion coefficient and an increase in the gam-
ma-ray scattering coefficient by 30-40 % due to the high spe-
cific surface area. The results are explained by the ettringite
phase formation leading to the 15 % increase in the chemical-
ly bound moisture content in the optimal composition. At the
same time, arithmetic mean value of the chemically bound
moisture content improves the linear attenuation coefficient
of ionizing radiation by 0.0088-0.009 cm™. Under such condi-
tions, the total coefficient could reach up to 0.354 cm™ mak-
ing it possible to reduce the radiation-protective layer equiv-
alent thickness (14.6 cm™) by 1-1.5 mm. A special feature of
the result, which made it possible to reach the purpose of the
study, is the maximum 46 % ettringite content in the most com-
plete water binding contributing to the effective ionizing radi-
ation absorption in the protective coating. The application of
research findings is solutions for ion-shielding coatings for
X-ray rooms

Keywords: composite binder, mortar, ettringite, ettring-
ite stabilization, aluminate cements, sulfoaluminate cements

u] =,

Received 25.12.2024

Received in revised form 12.02.2025
Accepted date 03.03.2025
Published date

1. Introduction

Reconstruction of buildings and structures destroyed as a
result of the war in Ukraine, as well as accelerated construc-
tion and reconstruction of X-ray rooms require designing
new semiconductor and X-ray protective materials.

In Ukraine, many sectors widely use various sources of
ionizing radiation. At the same time, around modern sources
of ionizing radiation, radiation levels are so significant that
as a result of their influence, there is a loss of operational
qualities of devices and a loss of qualitative characteristics of
the material of structures [1].

It is very important when designing building structures
that operate under the influence of ionizing radiation to
know how materials would change their dielectric, physical,
technical, and thermophysical properties as a result of irra-
diation. Radiation resistance is an important parameter that
characterizes the ability of a material to retain its properties
after irradiation.

Whereas radiation resistance of materials that were used
to construct nuclear facilities had been studied since the
construction of nuclear facilities, the radiation resistance
of building materials has not been given due attention. The
latter prevents designing materials that would have high op-
erational properties.

Therefore, research into the design of new X-ray-protec-
tive and radiation-resistant building materials is relevant.
Given the growing need to restore destroyed infrastructure,
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ensure the safety of X-ray rooms and other facilities with
increased levels of ionizing radiation, design of materials
that could effectively resist its effects is an important task of
modern science and the construction industry. This would
not only increase the durability of structures but also reduce
risks to human health and the environment.

2. Literature review and problem statement

Paper [1] reports the results of research into the mech-
anism of designing a cement composite with enhanced hy-
drophysical and radiation-protective properties. It is shown
that the modification of the cement binder with chemical
additives contributes to the synthesis of crystal hydrates with
a high water content, which improves its hydrophysical char-
acteristics. Additionally, polydisperse systems in the form of
ferruginous quartzites were introduced into the composition,
in which micron particles of iron are evenly distributed in the
composite, which contributes to increased radiation protec-
tion. However, there are still unresolved problems associated
with the uniform distribution of ultrafine particles in the ma-
terial, which significantly affects its protective functions. The
main factors are the objective difficulties associated with the
agglomeration of microparticles during the mixing process,
as well as the fundamental impossibility of achieving ideal
dispersion without the use of special technological methods.
In addition, the economic factor plays a significant role, since




the production of such composites requires additional costs
for modified additives and control over hydration processes,
which can make their industrial application less profitable.
A possible way to solve these difficulties may be to devise
technologies for ultrasonic or electromagnetic dispersion of
particles during mixing, as well as the use of additional stabi-
lizers that prevent their sticking. All this allows me to argue
that it is advisable to conduct further research on optimizing
the composition and production technology of nanomodified
concretes with improved radiation-protective properties.

In [2], the results of studies on the influence of various
wastes from the metallurgical industry on the radiation
shielding ability of concrete materials are described. It
was shown that the addition of iron waste in an amount of
30 wt. % significantly increases the linear radiation attenu-
ation coefficient compared to concrete samples containing
steel balls or slag. The study also confirmed that a uniform
distribution of metal waste particles in the concrete matrix is
a critical factor for improving radiation protection. However,
there are open questions related to the optimal ratio between
concrete density, porosity, and distribution of metal particles,
which affects the shielding efficiency. This can be explained
by objective obstacles associated with the heterogeneity of the
material and the influence of different types of metal fillers,
as well as the fundamental impossibility of ensuring ideal
particle dispersion in the concrete matrix during large-scale
production. In addition, the cost aspect should be taken into
account since additional technological processes are required
for cleaning and grinding of metal waste, which makes the
study economically unprofitable at an industrial scale. A
possible solution to these difficulties may be the application
of new methods of concrete mix modification, such as the
use of nano admixtures or alternative cementing materials
that make it possible to optimize the structure and uniform
distribution of fillers. All this gives grounds to argue that it
is advisable to conduct further research on the development
of optimal formulations of nanomodified concrete materials
for radiation protection, taking into account technological
compatibility and durability of the resulting materials.

Paper [3] reports the results of studies on the influence
of ultrafine mineral additives and superplasticizers on the
properties of low-carbon high-performance concretes. It
is shown that the use of a polycarboxylate superplasticizer
together with mechanically activated ultrafine mineral ad-
ditives makes it possible to obtain concrete mixtures with
increased mobility and homogeneity, as well as concretes
with high early and final strength, improved deformation
properties, density, increased frost resistance and durability.
An important factor is the reduction of the clinker factor,
which contributes to the reduction of CO, emissions, and
therefore, the reduction of the environmental load. At the
same time, certain unresolved issues remain related to the
optimal ratio between different types of mineral additives
and their influence on the structure formation of the cement
matrix. The main factors in this may be objective difficulties
associated with the variability of the granulometric compo-
sition of additives and the need for their additional mechan-
ical activation. The fundamental impossibility of achieving
uniform distribution of ultrafine particles without special
technologies is also an important factor affecting the final
properties of the material. In addition, the cost aspect should
be taken into account since the use of modern superplasticiz-
ers and ultrafine additives increases the cost of the material,
which can make it less competitive in mass construction. A

possible solution to the relevant difficulties may be to devise
methods for activating mineral additives, for example, the
use of ultrasonic dispersion or electromagnetic influence for
uniform distribution of particles in the concrete matrix. All
this allows me to conclude that it is advisable to conduct fur-
ther research on optimizing the composition of low-carbon
high-performance concretes and improving the methods for
dispersing active additives.

Paper [4] reports the results of research on the develop-
ment of fast-hardening ultra-strong cement composites using
super zeolite and alkaline nanomodifier N-C-S-H-PCE. It is
shown that the use of super zeolite in combination with nano-
modifiers makes it possible to significantly improve the early
strength of cement stones. In particular, after 12 and 24 hours
of hardening, the strength reaches 16.9 and 30.5 MPa, re-
spectively, and after 28 days — 104.1 MPa. The use of such
an approach contributes not only to the acceleration of the
processes of structure formation but also to the increase
in the heat resistance of cement stones at temperatures up
to 400 °C. The introduction of super zeolite contributes to the
“self-autoclaving” of the cement material, which improves
its operational properties under thermal stress. At the same
time, some aspects related to the uniformity of the distribu-
tion of nanomodifiers in the cement matrix and the control
of their agglomeration remained unresolved. This can be
explained by objective difficulties associated with the tech-
nological complexity of introducing nanomodifiers into the
cement mortar. The fundamental impossibility of ensuring
ideal particle uniformity without the use of additional dis-
persion methods also remains a problem. In addition, the cost
part is also significant since the synthesis and introduction
of nanomodifiers at an industrial scale require high costs,
which can make the widespread use of these technologies
economically unprofitable. One of the approaches to over-
coming the relevant difficulties may be the introduction of
new technologies for dispersing nanomodifiers, such as the
use of ultrasonic treatment or electromagnetic methods for
uniform distribution of particles in the cement material. All
this allows me to conclude that it is advisable to conduct
further research on improving the methods of introducing
nanomodifiers into cement systems, increasing the efficiency
of structure formation to ensure high strength and durability
of cement materials.

In [5, 6] the results of studies of nanomodified Portland
cement compositions with high early strength are given. It
is shown that the use of ultra-dispersed mineral additives,
polycarboxylate superplasticizer, and calcium hydro silicate
nanoparticles contributes to the intensive development of
early strength of cement. However, the issues related to the
uniform distribution of nanomaterials in the cement matrix
remain unresolved. The reason for this may be objective
difficulties associated with the heterogeneity of particles and
their surface activity. An option for overcoming the relevant
difficulties may be the use of nanoparticle synthesis technol-
ogy directly in the cement production process. All this allows
me to state that it is advisable to conduct a study on improv-
ing the methods of uniform distribution of nanoparticles in
cement compositions to increase their early strength.

In work [7], the results of studies on the influence of
nanomodified basalt fiber (NBF) and bottom ash (BA) on the
properties and durability of cement concrete are reported. It
is shown that the combination of NBF and BA significantly
increases the compressive strength (up to 59.2 MPa) and
bending strength (up to 17.8 MPa) and also improves frost



resistance and water resistance. However, open questions re-
main related to the mechanisms of interaction between com-
ponents with increasing ash and fiber content, as well as the
optimal ratios of their concentrations. The unresolved prob-
lems are associated with the complexity of controlling the
material structure and the heterogeneity of fiber distribution.
This problem can be solved by devising new methods for ac-
tivating components and improving mixing processes. From
all of the above, I can conclude that it is advisable to conduct
a study on optimizing the composition of cement composites
using nanomodified basalt fiber and bottom ash to improve
their physical, mechanical, and operational characteristics.

In [8], the results of studies on the influence of hardening
conditions on the structure and properties of nanomodified
concrete are described. It is shown that under favorable con-
ditions in the early stages of hardening, concrete gains high
strength and reduces porosity. However, a number of issues
remain debatable, related to the influence of low tempera-
tures on structural changes in concrete, especially during
freezing in the early stages. Difficulties are associated with
plastic shrinkage and mass transfer processes, which lead
to loss of frost resistance and water resistance. Overcoming
these problems is possible by ensuring critical strength before
freezing and temperature control in the early stages of hard-
ening. The specified approach was applied in [7]; however,
additional studies on the long-term effect of low temperatures
are necessary to fully solve the problem. All this allows me to
state that it is advisable to conduct a study on increasing the
frost resistance of nanomodified cement composites.

In [9], the results of studies on physicochemical methods
for modifying polymer composites are reported. It has been
shown that improving the interfacial interaction of compo-
nents is a key factor for increasing the reliability of polymer
composites. However, not all aspects have been finally re-
solved, related to the uniform distribution of nanoparticles
in a liquid medium. A possible factor is the difficulty in
achieving a uniform distribution of nanofillers due to their
aggregation, which complicates the formation of composites.
An option for solving these problems may be the use of ul-
trasonic treatment to achieve deagglomeration and uniform
distribution of nanoparticles. This method was introduced
in [8] but requires further research to optimize the process-
ing parameters. Therefore, it is advisable to conduct a study
on improving the methods of ultrasonic modification of poly-
mer composites.

Papers [10, 11] report the results of studies on the influ-
ence of the biochar nanomodified concrete additive on its
strength and deformation characteristics. It is shown that
the introduction of a biochar component obtained from rice
straw waste makes it possible to increase the compressive
and tensile strength of concrete, improve the elastic modu-
lus, and reduce deformation indicators. The issues related to
the optimization of the amount of additive and its uniform
distribution in concrete remain unresolved. A possible factor
is the limitation in achieving a homogeneous mixture due
to the complexity of its processing technology. An option for
solving the problem is the further development of methods
for processing concrete mixtures using electromagnetic acti-
vation. All this allows me to state that it is advisable to con-
duct a study on improving the technologies for strengthening
concrete with biochar nanomodifiers.

Existing techniques for preparing protective coatings in-
volve the mandatory use of expensive dry concrete mixtures
and special mixers [11, 12], which have low productivity. The

problems of the lack of clear and tested in practice recom-
mendations on the technology of preparation and ion-pro-
tective coatings, without the use of dry mixes and special
mixers, which significantly limits their application, remain
unresolved. In this regard, the technologies for preparing and
laying the mortar mixture when arranging coatings require
improvement and testing under construction site conditions.

There are many technologies that allow for effective work
on the arrangement and repair of ion-shielding coatings. The
choice of the scheme is made taking into account specific ob-
jects. However, there are unresolved issues related to the fact
that increased technological and operational requirements
are imposed on most coatings. Ion-shielding coatings ar-
ranged using standard technologies with the use of solutions,
characterized by high compressive strength, have always
had the same problem - low resistance to tearing and the
formation of shrinkage cracks during hardening. And with
further operation, such disadvantages as low frost resistance,
low impact resistance, susceptibility to abrasion, high degree
of penetration of water and chemicals are revealed. Solving
these problems under these conditions and designing a com-
petitive material, as shown by the results of many studies, is
possible by making fiber-reinforced concrete [11, 12], in par-
ticular, concrete reinforced with dispersed fibers from poly-
meric materials. Disperse reinforcement technology makes
it possible to reduce labor costs, increase chemical inertness
and adhesion to the old base [11, 12]. It can also be used to
design a binder that helps improve the basic technological
and physical-mechanical properties.

Papers [12, 13] report the results of studies into foam con-
crete modified with micro silica and reinforced with polypro-
pylene fibers. It is shown that the addition of micro silica (10 %)
and polypropylene fibers (2 %) makes it possible to increase the
compressive strength by 44 %, the bending strength by 73 %,
and to reduce the thermal conductivity coefficient by 9 %. Un-
solved problems are related to the optimization of the mixture
to achieve the best distribution of fibers and filler, the solution
of which is possible by devising new methods for mixing and
activating materials. All of the above confirms that it is advis-
able to conduct research on improving the methods for produc-
ing foam concrete with nanomodified additives.

In [14, 15], the results of studies on the influence of
nanomodifiers on high-temperature and low-temperature
properties of asphalt concrete are described. It is shown that
the effectiveness of such additives depends on the type of
base asphalt, the type of nanomodifier, its dosage, particle
size, and preparation method. Among the unsolved prob-
lems is the difficulty of selecting optimal parameters due to
the incompatibility of materials and high production costs,
which sometimes makes research impractical for different
operating conditions. Solving these problems is possible by
systematically studying the mechanisms of interaction of
nanomodifiers with different types of asphalt. This is the
approach used in [16]; however, the studies do not cover all
possible influences of different operating conditions. All this
allows me to state that it is advisable to conduct further stud-
ies on optimizing the composition and methods for preparing
nanomodified solutions and concretes.

3. The aim and objectives of the study

The aim of this study is to design building (specialized)
solutions for ion-shielding coatings based on mineral com-



posite substances of the Ca0-Al,03-SO3-H,0 system. This
could make it possible to make X-ray protective coatings with
high resistance to ionizing radiation and increased physical
and mechanical properties.

To achieve the goal, the following tasks were set:

- to design the composition of an ion-shielding coating
based on mineral composite substances, taking into account
the influence of modifiers on the structure and properties of
the material;

- to investigate the physical and mechanical properties of
ion-shielding coatings, in particular their resistance to radia-
tion and mechanical characteristics.

4. The study materials and methods

The object of this study is the processes of structure for-
mation, physical-mechanical, and protective properties of
plasters for X-ray rooms based on nanomodified gypsum-alu-
mina compositions.

The hypothesis of the study assumes that increasing the
attenuation of ionizing radiation and the physical-mechani-
cal properties of composites is possible by introducing bari-
um concentrate into the gypsum-alumina cement system in
combination with nanomodifiers.

The assumptions accepted are that the ability to bind wa-
ter contained in the hardened cement stone of gypsum-alu-
mina cement in combination with the modification of the
gypsum-alumina cement system could make it possible to
obtain coatings with improved protective and physical-me-
chanical properties.

The simplifications adopted are that the introduction of
plasticizers and carbon nanotubes improves adhesion to the
base and ensures a uniform distribution of components in the
structure of the material.

The composition of the X-ray protective plaster was
devised based on a composite mixture of gypsum-+alu-
mina cement and barite concentrate. Molecular weight —
233.4 g/mol; p=4500 kg/m?>. Attenuation of y-rays of barite
concentrate — 4.15 cm™L.

To reduce water consumption and regulate the rheo-
logical properties of nanomodified alumina compositions,
additives based on surfactants of the plasticizing group
were used.

The Sika plasticizer was added in an amount of 0.4 % of
the weight of the binder.

For studying alumina cements, polyfractional standard
sands were also used, which meet the basic requirements [17].
The sieve analysis of the sand revealed a high content of
fractions less than 0.63 mm. The sand corresponds to [17] in
terms of granulometric composition and can be used for the
manufacture of heavy concrete.

Current procedures and regulatory documents were used
when determining the construction, technical, and physi-
cal-mechanical properties of X-ray protective plasters.

To assess the influence of the ratio of the initial compo-
nents on the properties of nanomodified alumina composi-
tions, a mathematical planning of the experiment was carried
out. The method of statistical treatment of results was used -
simplex-gradient experimental design.

Determination of the adhesion strength of these X-ray
protective solutions to the bases [18] was carried out using
a testing machine. According to the procedure, the stamp
was glued to the surface of the test surface. Then, using the

testing machine, a tensile load was generated. The latter is
transmitted through the stamp parallel to the test surface
without jerks and with the same speed.

To determine the total amount of water in the X-ray
protective coating, the thermogravimetric method (TGA)
was used. For this purpose, the sample was placed in a
thermogravimetric analyzer. During the heating of the
sample, the change in mass with increasing temperature
was determined. The total amount of water in the coating
corresponds to the mass of water lost during heating.

A thermogravimetric analyzer was used to determine
the content of chemically bound water. The procedure in-
volved preliminary removal of adsorbed moisture by dry-
ing in a drying oven and subsequent heating in a TGA an-
alyzer according to the program from 30 to 1100 °C with a
heating rate of 10 °C/min. Depending on the temperature,
the mass of the sample was recorded, and the percentage
of chemically bound water was calculated.

To determine the linear ion density attenuation coef-
ficient (n), homogeneous conditions were created in order
to minimize the effects. The study was carried out under
a vacuum mode. At different distances (x) detectors were
installed along the trajectory of the ion flow. During the
study, the zero point is registered. Then, the ion densi-
ty is measured in accordance with the direction of the
ion flow.

The calculation of the linear attenuation coefficient of
the ion density (y), cm, was carried out at a neuron energy
of 1°E>5 MeV (1):

Pn
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where Ny is the scaling factor;

Pn, Pc, Pti are the mass fractions of the components in
the system;

Am, Ac, Ati are the molar and atomic masses of the com-
ponents in the system;

on, O, Oy — effective interaction parameters — the charac-
teristics of the quantity that lead to attenuation.

5. Results of designing solutions for ion-protective
coatings based on the Ca0-Al,0;-SO;-H,0 system

5.1. Devising the composition of the ion-protective
coating

During the study, the composition of the ion-protec-
tive coating based on mineral composite substances was
designed, taking into account the influence of modifi-
ers on the structure and properties of the material. The
basis of the composition is a solution based on alumina
cement (GC-40), building gypsum (G5), and barium con-
centrate (BC-3). The optimal content of nanotubes and
Sika plasticizer was determined in previous studies and is
0.18 % and 0.8 %, respectively [19].

For statistical treatment of the results, the method used
was simplex-gradient experimental design. The second-order
model was described by a third-power polynomial.

When constructing the “composition - compressive
strength” diagram, the influence coefficients for the com-
pressive strength for a raw material mixture based on alu-
mina cement, gypsum, barium concentrate + (Sika+BNT)
were found:



b1=R;=2.98; b,=R,=2.56; b3=R3=3.24; Calculation of composites in percentages of the optimal
composition range, calculated using formulas (3):

b12=4R,,-2R;-2R,=4x3.88-2X2.98-2X2.56=4.44;

Az(Amax_Amin)'Xl'i'Amim
b13=4R13-2R1-2R3=4%3.64-2X2.98-2x3.24=2.12;

B:(Bmax_Bmin)'Xl"'Bmin, (3)
by3=4R,3-2R,-2R3=4%X2.93-2X2.56-2X%3.24=0.12;

C:(Cmax_cmin)'Xl+Cmin-
b123=27R123-12(R12+R13+R23)+3(R1+R,+R3)=
=27%2.22-12(4.44+2.12+0.12)+ Alumina cement=67.67+69.72,
+3(2.98+2.56+3.34)=-39.12.

Gypsum=28.1+30.15,
The variables of the planning matrix (Table 1) are: alu-

mina cement (X;), gypsum (X;), and BC-3+(Sika+BNT) (X3). Barium concentrate (Sika+CNTs)=1.2+2.15 (0.8+0.18).
According to the input data (Table 1), the change in the state

diagrams was determined. The compressive strength is the With an increase in the content of barium concentrate
output variable (Table 1, Fig. 1, 2). The ranges of variation of and gypsum, the strength indicators decrease. The isoline
the input variables are 5 %. of the response surface in Fig. 1, 2 has a value of 3.88 MPa

Table 1 in dark red with coordinates (X;=0.34-0.75;
) ) able X,=0.25-0.66; X3=0-0.19). The values convert-
Planning matrix ed to natural form (Table 1): X;=67.67-69.72 %;

Encoded scale Natural content of components, % ) X2=]§8.1_—30.L5 %; X3:11,iz_.2'f115 - £ diff
Plan | component content by weight Compressive ’ uring the tests, the influence o '1 erent
oint strength ratios of components on the physical-me-
P X X X A B ¢ (Reomp), MPa | chanical characteristics of the material was
1 2 3 ik . . .
AC G | BC3 | Sika | CNTs determined. In particular, studies have shown
1 1 0 0 |7097]2685] 12 | 08 | 018 2.98 that increasing the content of alumina ce-
2 1 0 |6597|31.85| 1.2 | 0.8 | 0.18 2.56 ment increases the strength of the material,
3 0 1 65.97 | 26.85 | 6.2 08 | 0.18 3.24 while increasing the amount of gypsum con-
4 0.5 0.5 0 68.47 | 29.35 1.2 0.8 0.18 3.88 tributes to beFter fOI'l’natiOn Of t.he.c.oating
5 05 0 05 | 6347 126851 37 | 08 | 018 .64 .structure. Barlum cjoncentrate' s1gn1f1can'tly
improves the radiation-protective properties
6 0 0.5 0.5 65.97 | 29.35 3.7 0.8 0.18 2.93 .
of the solution.
7 0.333 | 0.333 | 0.333 | 67.64 | 28.52 | 2.86 0.8 0.18 2.22 The study of the material structure using

electron microscopy showed the formation

Based on the results of planning and conducting the of a microporous structure, which improves the material’s

experiment, a mathematical model (2) was built, which ade-  ability to absorb radiation. It was found that the inclusion

quately estimates the dependence of compressive strength on  of nanomodifiers makes it possible to reduce porosity and
change in composition: increase adhesion between components.

Reomp=2.98X142.56 X,+3.24X5+4.44X, Xo+ 2.18 OAl 31.85
+2.12X, X3+0.12X,X3-39.12X, X, X ©)

At the test point, in the center of the sim- BC-3+(Sika Gypsum
. . . +CNTs) (C)
plex, six parallel experiments were implemented
to check the adequacy of the model. Using the Xs, %
Student’s test (r) at the points, the adequacy of the
received responses was checked. The critical value
of the test at «=0.05 and p=5; m=n-1=4 is 0.5441.
Thus, Geq1e<Gerir; the hypothesis of homogeneity of
the dispersion of measurement errors is confirmed
with a probability of 95 %. 6.35
All obtained experimental data for correla-

tion analysis were processed using the soft- 7 ¢ : . , : . 26.85
ware tools Statistica SPSS V 7.0 and StatGraph- 0 0167 0333 05 0.667 0.833 1

ics V 2.1. (Fig. 1, 2). 65.97 66.98 67.64 6847 693 70.14 70.97
Using the mathematical model, the calculation ' : : : . . i

was carried out and the diagram “composition-
compressive strength limit” was constructed, X, %
which is shown in Fig. 1. Alumina cement (A)

The content of components of the optimal re-
gion of compositions in the coded scale:

Fig. 1. Composition-compressive strength state diagram for an X-ray
protective coating containing alumina cement, gypsum, and barium

X,=0.34+0.75; X,=0.25-0.66; X3=0=0.19. concentrate (plasticizer+carbon nanotubes)
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Fig. 2. Three-dimensional projection of the diagram of the
influence of an X-ray protective coating of the composition:
alumina cement, gypsum, and barium concentrate
(plasticizer+carbon nanotubes)

5.2.Investigating the physical-mechanical proper-
ties of ion-shielding coatings

The research of physical-mechanical properties of ion-shield-
ing coatings was carried out by assessing their strength, density,
resistance to mechanical loads, and ability to attenuate ionizing
radiation. It was determined that coatings using alumina ce-
ment and barium concentrate demonstrate improved properties
compared to conventional cement mortars.

To assess the characteristics of the material, a series of lab-
oratory tests were conducted, which included determination of
the ultimate strength in compression and bending, assessment
of the density of the material, analysis of the influence of nano-
modifiers on the general physical-mechanical characteristics.

The characteristics of the protective properties of the opti-
mal composition of the X-ray shielding coating when changing
the water-hardness ratio are given in Table 2.

When justifying the use of gypsum-alumina cement
and barium concentrate to make ion-shielding coatings,
the absence of radiation shrinkage and the ability to re-
tain a large amount of chemically non-bonded water in

the closed pores of the structure were taken into account. 0.80
During operation, water will be retained in the coating 0.70
for a long time.

Fig. 3 shows the dependence of the ion density 0.60

attenuation coefficient of the X-ray protective coating g
containing alumina cement, gypsum, and barium
concentrate (plasticizer+carbon nanotubes) on the
change in neuron energy.

The dependence u(E) was obtained by experimen-
tal measurement of gamma-ray attenuation at different
energies. The data show an exponential decay of the
attenuation coefficient with increasing energy, which is

0.30
0.20

istics even after prolonged exposure to radiation. The linear at-
tenuation coefficient of ionizing radiation at neuron energy (E)
up to 1 MeV is 0.88-0.9cm™’. When the neuron energy (E)
increases to 5 MeV, the attenuation coefficient of ionizing radi-
ation is 0.088-0.09 cm ', which makes it possible to reduce the
required thickness of the protective layer to 14.6 mm.

The main physical-mechanical properties of the de-
signed X-ray protective coating composition: compressive
strength — 3.88 MPa, bending strength — 1.85 MPa, and graft-
ing strength with a concrete surface — 2.31 MPa.

During experimental studies, it was found that the opti-
mal amount of chemically bound water ensures uniformity
of the coating structure, and the introduction of carbon
nanotubes improves the cohesive properties of the material.
The use of barium concentrate contributes to an increase in
the level of neutron radiation absorption.

Industrial tests of the material were also conducted, which
confirmed its effectiveness under real operating conditions.
The coating demonstrated high adhesion to concrete and
metal surfaces, which allows it to be used to protect critically
important objects, such as medical institutions, nuclear power
plants, and military facilities.

In general, the results of the studies indicate the feasibil-
ity of using the designed materials in the field of radiation
protection. Increased strength and effective absorption of
ionizing radiation can significantly improve the safety level
of structures exposed to radiation.

Table 2

Characterization of protective properties for an X-ray
protective coating containing alumina cement, gypsum, and
barium concentrate (plasticizer+carbon nanotubes)

P . w/C
roper
pery 0.25| 0.3 | 0.33
Specific gravity of X-ray protective coating, kg/m® | 2310|2256 | 2186
Total amoynt of vyater in X;ray 772 | 734 | 756
protective coating, kg/m
Content of chemlcally. bound We;ter after 28 days 492 | 478 | 437
of curing, kg/m
Compressive strength after 28 days of curing, MPa | 3.88 | 3.55 | 2.76

X Experimental points

| — Approximation: p=2.860-exp(-1.019-E),
|

consistent with the physical laws of radiation permeabil- 010p———p———p -~ —— % —
ity. The least squares approximation gave the equation 100 125 150 1.75 200 225 250 275 3.00
u=2.860-exp(—1.019-E) with high accuracy (R*=0.9734). E, MeV

The resulting model reliably describes the experimental

data and can be used to predict radiation attenuation.
The results confirm that the material has high re-

sistance to mechanical loads and retains its character-

Fig. 3. Dependence of the ion density attenuation coefficient of the
X-ray protective coating GC-40:G5:BC-3 concentrate:plasticizer:CNT

on the change in neuron energy



6. Discussion of results based on the design
of building (specialized) solutions for
ion-shielding coatings

The results of designing the composition of the
ion-shielding coating can be explained by the fact that the
used solution matrix (gypsum-alumina cement system) has
the ability to contain an increased amount of chemically
bound water (up to 42 %) due to the ettringite content. In
contrast to [14,15], in which nanomodifiers were used
to increase the density of the cement stone structure, the
result of designing a binder with a stable ettringite phase
makes it possible to increase the radiation-shielding prop-
erties of the X-ray shielding coating. The latter is associated
with the formation of ettringite and the development of
an optimal composition using carbon nanotubes (CNTs,
Fs=80-120 m?/g) (Table 1, Fig. 1, 2). The optimal compo-
sition of the nanomodified solution of the X-ray protec-
tive coating, which provides a compressive strength of
3.88 MPa:GC-40:G5:BC-3 concentrate:plasticizer:CNT -
68.47:29.35:1.2:0.8:0.18 % (Table 1, Fig. 1, 2).

The results related to the properties of ion-shielding
coatings (Tables 1, 2, Fig. 3) can be explained by the fact
that by using modern techniques for obtaining a binder - by
modifying calcium sulfoaluminates, the problem of stability
of the ettringite phase is solved. This will make it possible to
purposefully regulate the rate of hydration and coordinate
the process of structure formation in time. Unlike [14, 15],
in which the attention is focused on the analysis of me-
chanical properties, the result of studying the structure of a
binder based on gypsum-alumina cement makes it possible
to obtain a fine-pore structure with stable properties (Ta-
bles 1, 2, Fig. 3). This becomes possible due to the use of
nanomodifiers and new techniques for obtaining composi-
tions for the production of a binder, which are effective in
technical terms.

The obtained indicators regarding the results of the
study of the physical-mechanical properties of protective
coatings (Tables 1, 2) are due to the fact that the binder
does not contain factors of instability of the ettringite
phase - Ca(OH), and highly basic hydroaluminates. Thus,
during hydration reactions, ettringite will not lose stabil-
ity due to the absence of the formation of new formations
that can lead to gypsum corrosion. Unlike [9], in which
the attention is focused on the development of a compos-
ite binder without solving the problem of the stability of
the ettringite phase, the results of this study confirm the
increase in protective properties (Table 2). This is possible
due to the selection and calculation of the ratio of compo-
nents that, during the hydration process, will have a suf-
ficient amount of low-basic hydroaluminates and AI(OH);
gel to ensure the stability of ettringite. Thus, the optimal
water-hardness ratio for making ion-protective coatings
is 0.25. As it increases, the total amount of water in the
X-ray protective coating decreases (Table 2).

The reported solutions completely resolve the task
through the improvement of stability of the ettringite
phase made on the basis of gypsum-alumina mineral bind-
ers (Table 2, Fig. 3). They are of great importance for the
production of biological protection by making ion-shield-
ing coatings. This is explained by the increase in the effi-
ciency of ion-shielding coatings (Table 2, Fig. 3), ensuring
their resistance to radiation exposure and optimizing their
production for practical use in the construction industry.

The binder designed, with improved technological,
physical-mechanical, and operational properties, can be
used for ion-shielding coatings at X-ray rooms.

The results have limitations and are adequate under the
condition of using ultrasonic treatment to evenly distribute
nanotubes in water with a plasticizer for the preparation of
the solution. The limits of variation of the variables are 5 %.
After 4.5 minutes of ultrasonic treatment, the colloidal sys-
tem is mixed with gypsum-alumina cement and barium con-
centrate. Taking into account the limitations, practical and
theoretical expectations will be met.

The disadvantages of the study are that the technology for
preparing the mortar mixture when installing ion-shielding
coatings requires verification under the conditions of a con-
struction site.

This study may be advanced in the future by investigating
the influence of radioactive factors on the structure, analyz-
ing the technological and economic advantages of using gyp-
sum-alumina cements for the manufacture of ion-shielding
coatings. New effective compositions based on gypsum-alu-
mina cement and production waste are quite effective in
technical and economic terms.

7. Conclusions

1. A composition of an ion-shielding coating based on
mineral composite substances has been designed, which
includes alumina cement (GC-40), building gypsum (G5),
and barium concentrate (BC-3). The optimal proportions of
the components that provide a balance between strength,
radiation-shielding properties, and structural stability of the
material are GC-40:G5:BC-3 concentrate:plasticizer:CNT —
68.47:29.35:1.2:0.8:0.18 %. A feature of the designed composi-
tion is the increased amount of chemically bound water — up
to 50 %, which contributes to the effective absorption of
ionizing radiation.

2.The study of physical-mechanical characteristics
showed that the designed coatings have increased strength —
3.88 MPa, and the ability to effectively attenuate ionizing
radiation — at a neuron energy of up to 1 MeV, the attenuation
coefficient of ionizing radiation is 0.9 cm™. It was determined
that the use of barium concentrate significantly improves ra-
diation protection, and the introduction of carbon nanotubes
increases the adhesive properties of the material - 2.31 MPa.
The linear attenuation coefficient of radiation is 0.009 cm™,
which makes it possible to reduce the required thickness
of the protective layer to 14.6 mm. Experimental studies
confirmed the high resistance of the material to mechanical
loads, which ensures its effective use under conditions of
increased radiation hazard.
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