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B po0oTi po3risiHyTO BIUIMB TYIOILIABKHUX CIOJIYK I TeMIepaTypu BUIIALY B
niana3zoni temmneparyp 350...950°C Ha ramMma po3CilOBaHHSI reOleMEeHTHHUX
KOMIIAYHAIB JIs1 KOHJAUUIIOBAHHSA PaJioaKTUBHMX BiaxoaiB. BigmiueHo
NMO3UTHBHUN BILUIUB CILIABY BOJIb(paMy HikeJa10 Ta KapOiay 00py Ha 3arajibHe
raMMa po3CiloBaHHs 1 JIHIAHHUHA KoeilieHT moc/jaldjieHHs, a JUCHJIIUILY
MOJIi0IeHy Ha TelJIOBe PO3CIIOBAHHS, 110 CIIPUSIE€ YIOBIIbHEHHIO PAAioai3y npu
KOHJIUUIIIOBAHHI PAaJi0AKTHUBHUX BIIXOAiB, 3HMKEHHI) TaMMAa HABAHTAKEHHH
Ha MeTasieBi 0apa0aHu Ta BHYTPIILIHI MOBepPXHi 0eTOHHUX KOHTelHepiB. [{um
BMMOTaM BillIOBiIa€ CKJIaJ KOMNAYHAY, 110 MicTUTh 2.5-5% WNi, 5% MoSi: i
2.5-3.5% B4C. 3nanHss 00’emHux aedopmauniii kKomMmayHIiB J103BOJIHMTH
ONTHMAJIbHO HATIOBHIOBATH MeTaJIeBi 0apadaHu palioAKTUBHUM PO3YMHOM 110
BHCOTI 4H 00’ emy.
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The paper considers the influence of refractory compounds and firing
temperature in the range of 350-950 °C on the gamma scattering of geocement
compounds for conditioning radioactive waste. A positive effect of tungsten-
nickel alloy and boron carbide on the total gamma scattering and linear
attenuation coefficient is noted, and molybdenum disilicide on thermal
scattering, which contributes to the slowdown of radiolysis during radioactive
waste conditioning and a reduction in gamma radiation exposure to metal
drums and the inner surfaces of concrete containers. These requirements are
met by a compound containing 2.5-5% WNi, 5% MoSi2 and 2.5-3.5% B4C.
Knowledge of the volumetric deformations of compounds will allow metal
drums to be optimally filled with radioactive solution in terms of height or
volume.

KurouoBgi ciioBa:

['comemenT, KOHOMINIIOBAaHHS, paTiOaKTHBHI BIAXOJW, TYTOIUIaBKiI CITOJYKH,
Koe(dilieHT morauHaHHsA, 00’ eMH1 nedopmariii, TiHIHHUNA KoeDIlieHT ocabieHHs,
TeMIIepaTypa BUIAIY.

Geocement, conditioning, radioactive waste, refractory compounds, absorption
coefficient, volumetric deformations, linear attenuation coefficient, firing
temperature

Introduction. Currently, a wide range of binding agents is used for conditioning
low- and medium-level radioactive waste, selected with a view to ensuring the long-
term durability of the compounds. Depending on the type of waste and its impact on
the radiation resistance of matrices, the surfaces of metal drums and concrete
containers, it is most appropriate to use alkaline binding systems, primarily
aluminosilicates [1-3]. Their selection, in addition to the reliable adsorption-
chemical binding of radionuclides in water-insoluble compounds, is also determined
by the accelerated processes of polycondensation of zeolite-like new formation
under the intense action of gamma radiation [4]. However, as a result of radiolysis
[5, 6], a significant increase in temperature in the range of 700-950°C is recorded in
the compounds. In addition to radiation, this increase contributes to a decrease in the
structural properties of metal container drums. This is a rather pressing issue that
needs to be addressed in order to ensure compliance with the conditions for
intermediate and long-term storage of radioactive waste [7-9].

Analysis of recent studies. Materials with higher atomic mass and density are
used to protect against gamma radiation and attenuate it: lead (11.34 g/cm?), tungsten
(19.3 g/em?), etc. [9, 10]. Lighter materials are often used, but less scarce and
cheaper steel, cast iron, copper alloys [11]. Stationary screens that are part of
building structures should be made of concrete and barite concrete, and the surfaces
of walls and ceilings should be finished with barite mixtures (BaSO, - 4.48 g/cm?)
[9]. The use of refractory non-metallic materials for gamma attenuation in
compounds for the conditioning of radioactive waste is one of the new directions in
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radiation materials science [12, 13]. The above-mentioned works contain data on the
use of anti-radiation additives, such as BiC, AlBi2, TiB2, SiC, as well as their
combinations in polymer coatings and concretes to increase the radiation protection
of structures and materials [12, 13]. However, these works focus primarily on
external protection rather than on the stability of binding agents during the
conditioning of radioactive waste, especially at the moment of radiolysis. Therefore,
the aim of the research presented in this scientific paper is to consider the possibility
of increasing the radiation resistance of binding agents used in the conditioning,
long-term storage and disposal processes.

Materials and methods. The object of the study was compounds based on
mordenite-type geocement [1, 14], modified with refractory metallic and non-
metallic compounds, the physical properties of which are given in Table 1.

Table 1
Physical properties of refractory non-metallic materials [15-17]
Title 0, A, Cp, o, 10-6 T, °C,
glem’ W/m-K J/g-K degrees-1 oxidation in
air
WNi 18,75 190 0,14 4.0 1700
MoSi, 6,3 0,07 0,45- 4,0 1700
B4C 2,52 11,0 - 4,5 1000

The selection of refractory additives is based on a combination of their high
gamma scattering and low thermal conductivity, which is effective during radiolysis
in compounds during their long-term burial and storage.

The optimisation of compound compositions was carried out using a three-factor
simplex central design of experiments in the STATISTICA 12 mathematical
environment with the implementation of a special cubic model that takes into
account the non-linearity of the influence of factors on the properties of the initial
parameters. The variation factors and matrix for planning the experiment are given
in Table 2 and Table 3.

Table 2
Variation intervals and values of variable factors
Factors, Natural Coded Levels of variation Variation
appearance 0 1 interval
WNIi % X1 2.5 7,5 5
MoSi, % X2 5 15 10
B4C % X3 1,5 3,5 2
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Experiment planning matrix

Table 3

Plan Matrix plan in codes Full-size matrix plan
points X1 X2 X3 WN1, % MoSi,, % B4C, %
1 0,00 | 1,00 0,00 2,5 15 1,5
2 0,33 | 0,33 0,33 4,17 8,33 2,17
3 1,00 | 0,00 0,00 7,5 5 1,5
4 0,50 | 0,50 0,00 5 10 1,5
5 0,00 | 0,00 1,00 2,5 5 3,5
6 0,50 | 0,00 0,50 5 5 2,5
7 0,00 | 0,00 0,50 2,5 10 2,5

Regression equations and response surfaces from the influence of refractory
additives are not presented in this work. Physical properties (density, porosity and
volume shrinkage coefficient) and special properties (gamma absorption and
attenuation coefficients — total and linear) were determined on samples measuring
3x3x3 cm depending on the processing temperatures — 80, 350, 650 and 950°C.

The absorption coefficient o y-quanta and linear attenuation coefficient p were
determined using the formulas [18]:

— No=Ni | 100%,
N

0

__In(No/N;)
= ——F,

where Ny 1s the number of pulses (cps) of the gamma radiation source; N; is the
number of pulses (cps) recorded by the detector after passing through a material with
a thickness of h, cm.

The number of gamma pulses radiation pulses (cps) during the time interval 1 (s)
before and after the tests was determined using a FoodLight spectrometer with
TeeChart pro v2012.06.120613 software (developed by the State Institution
‘Institute of Environmental Geochemistry’ of the National Academy of Sciences of
Ukraine). Co-60 - K-3A 097 81 was used as the source of gamma radiation.

Research results. The research results are shown in Figs. 1-4. In Fig. 1 shows
data on changes in the porosity of compounds, described by a parabolic dependence.
The maximum porosity values for all compound samples are characteristic when
they are processed at 350°C — the lowest value of 19.44% is characteristic for a
compound with a composition of 2.5% WNi, 15% MoSi2 and 1.5% B4C. As the
firing temperature increases, the porosity values decrease to 0.6-1.9% due to the
compaction of glass-like structures.
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I,°C
Fig. 1. Kinetics of changes in the porosity of compounds depending on the firing
temperature P=f(T). Designations pl...p7 correspond to the points in the plan, Table 3.

The firing temperature has a significant impact on changes in the volumetric
shrinkage of compounds (Fig. 2). The nature of the changes in the shrinkage
deformation curves is the same for compounds p1...p7. The highest shrinkage values
are observed when samples are fired at a temperature of 650°C (from 3 to 18%)).
Increasing the firing temperature to 950°C leads to a quantitative decrease in
shrinkage, and for compositions p2, p3, pS, p6 and p7, this decrease ranges from 3
to 11%, while for composition p4, which contains 5% WNi, 10% MoSi, and 1.5%
B4C, an expansion of the sample volume of up to 2% is observed.

The composition of the compound containing 2.5% WNi, 15% MoSi, and 1.5%
B4C is characterized by an abnormal nature of shrinkage change depending on
temperature. This composition is characterized by an increase in volume to 11% of
the initial volume, with molybdenum disilicide playing an important role in this.
Incidentally, this compound composition, in the temperature range of 80...950°C, is
also characterized by minimum values of the total gamma attenuation (scattering)
coefficient — on average, 21% (Fig. 3).

Fig. 2. Kinetics of changes in the volumetric shrinkage coefficient of compounds depending
on the firing temperature ov=f(T)
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The best scattering coefficient values, ranging from 23 to 26% of gamma
radiation intensity in the considered temperature range, are characterized by a
compound containing 2.5% WNi, 5% MoSi, and 3.5% B4C. The presence of the
maximum content of boron carbide contributes to an increase in this indicator (Fig.
3, Table 3). For other compound compositions, the value of ay is within the range
of 21-23%.

I, °C
Fig. 3. Kinetics of change in the total gamma attenuation coefficient of compounds
depending on the firing temperature ory=f(T)

As for changes in the values of the linear attenuation coefficient, the firing

temperature affects its increase. The average value of u in the temperature range of
350...950°C for a compound containing 5% WNi, 5% MoSi, and 2.5% B4C is 0.47
cm’!, which is 1.1 times higher than in other compounds (Fig. 4).

p, emy!

I, *C
Fig. 4. Kinetics of change in the linear attenuation coefficient of compounds depending on
the firing temperature p=f(T)

Summarising the data obtained, it can be said that in order to obtain an effective
binding reagent for conditioning low- and medium-level radioactive waste, it is most
expedient to add refractory substances to the composition of mordenite-type
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geocement in the following quantities: 2.5-5% WNi, 5% MoSi, and 2.5-3.5% B4C.
This will result in an artificial stone that is resistant to radioactive loads in the event
of radiolysis during long-term storage of condensed radioactive waste.

Conclusions. A positive effect of WNi, MoSi2 and B4C additives in the
temperature range of 350-950°C on gamma scattering and linear attenuation
coefficient of mordenite-type geocement-based compounds intended for
conditioning radioactive waste for long-term storage and disposal has been
established. It has been shown that the addition of these additives in amounts of 2.5—
5%, 5% and 2.5-3.5%, respectively, contributes to an overall gamma attenuation
(scattering) of up to 26% an increase in the attenuation coefficient to 0.47 cm,
which is 8.7 times higher than the linear scattering coefficient of unmodified
mordenite-type geocement [1]. The alloy of tungsten with nickel and boron carbide
contributes to gamma scattering, and molybdenum disilicide contributes to thermal
scattering, which is important during radiolysis in the temperature range of 700-
950°C. The indicators of volumetric shrinkage deformations of the specified
compound composition will allow for effective calculation of the filling volume of
metal drums of cemented radioactive waste.
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