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ABSTRACT

Report contains 49 pages, 12 figures, 8 tables, 11 references, 4 appendixes.
REACTOR SAFETY, SEVERE ACCIDENTS, CORIUM, REACTOR 
Research object is a solidified melt of structural and fuel materials of a core of nuclear power reactor. 
Objective of work is to establish basic structural and phase conditions, physical and mechanical properties, regularity of microstructure structures of melt of structural and fuel materials of a nuclear reactor core.
Research methods: optical metallography, electro microstructure, X-ray phase analysis, element analysis, compression test, processing and analysis of experimental data.
As a result of the research work, structural and phase conditions have been studied, and mechanical tests a melt prototype of structural and fuel materials of nuclear power reactor core have been carried out.
The novelty of the work lies in the fact that for the first time the basic structural-phase states and physical and mechanical properties of the melt of structural and fuel materials of the nuclear reactor core are established.
The scope of the results – the applicability of the research lies in the possibility of using the information obtained in the project for the design, construction and safe operation of power reactors.
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[bookmark: _Toc52437271]INTRODUCTION

As it is known, despite a number of NNP’s advantages compared to thermal plants operating on fossil fuel – in economic efficiency, environmental friendliness during normal operation, the volume of fuel reserves and others – atomic energy is potentially the most dangerous of all types of energy known to mankind.
Therefore, ensuring and substantiation of the NNP safety is a priority task in the operation of existing and design of new NNP, which are subject to increased safety requirements. In-depth and versatile studies, as well as the adopted design solutions based on these studies, made it possible to reduce the risk of accidents with the release of radioactive products outside the containment of reactor vessel. A significant increase in safety became possible due to introduction of new organizational, scientific, technical and technological solutions, for example, such as the use of new materials, new circuit solutions, properties of self-regulation and self-protection, equipment of improved quality, passive principles of safety system operation. 
Experts consider that modern substantiation of NPP safety, even within the framework of a conservative approach, is difficult for the following reasons:
1) physical and mechanical processes of interaction between corium melt and structural materials of the reactor and materials of underreactor engineering structures were not studied. There is no mathematical model describing similar processes,
2) the high temperature, radioactivity and chemical aggressiveness of the corium melt complicate experimental studies in the physical modeling of probable processes accompanying a severe accident,
3) there is no reliable data on the thermophysical properties of solid and liquid corium, as well as on the properties of structural materials at high temperatures,
4) effect of chemical composition of corium on melt properties and development of severe accident complicates use of the results obtained in experiments that differ in conditions of their setting.
The complexity and lack of study of many physical and chemical processes in severe accidents, as well as a wide variety of scenarios for severe accident development, many of which cannot be formulated in advance, lead to the fact that a conservative approach is often used in their analysis. In accordance with this approach, destruction of the dried core with molten corium flow at the bottom of reactor vessel and subsequent thermal and physicochemical interaction between the melt and the vessel is considered. The influence of a real scenario of core destruction and formation of a molten pool affects the characteristics of the melt, primarily through the time of the pool formation that determines level of residual energy release in the melt, and through the corium composition, which determines its physical and chemical properties. Therefore, in the conservative approach of a severe accident analysis, a parametric problem is considered with varying the energy release and corium melt composition.
As it is known, for several decades, experimental studies have been carried out to demonstrate possibility of controlled removal of molten fuel from reactor core using fast neutrons in order to eliminate the occurrence of repeated criticality, as well as to determine conditions that ensure melt retention inside the reactor vessel without destroying it [1–6]. Such studies, including those carried out at the NNC RK, are designed, on the one hand, to provide direct simulation of some processes occurring during severe accident development accompanied by core material melting, and, on the other hand, to contribute to the formation of a database of experimental data required for the development and verification of calculation codes used for safety analysis of nuclear reactors [7–9].
The current studies are primarily aimed at determining rational ways to mitigate the consequences of severe accidents of nuclear power reactors, at eliminating the possibility of destruction of protective barriers of reactors (power vessel, concrete base of the reactor), preventing the release of melt and fission products into the environment.
Due to the abovementioned, the purpose of the Project for a three-year period, is: to establish basic structural and phase conditions, physical and mechanical properties and regularities in the melt structure of structural and fuel materials of a nuclear reactor core. 
The main results obtained during the implementation of the project were published in scientific journals and reported at international scientific conferences (APPENDIX A).
In 2018, within the framework of this project, in accordance with the schedule (APPENDIX B), the following tasks were solved:
· analysis of the results of studies of the properties and specifications of the melt of the materials of the nuclear reactor core obtained un-der out-of-pile conditions,
· theoretical calculation of the feasibility to carry out in-pile experiment on the IGR research reactor for irradiating ampoule experimental device,
· conduct an analysis of the component-element composition of the nuclear power reactor cores,
· development of the design of the experimental ampoule device.
The results of conducted in 2018 works are described in details in intermediate report on R&D: Properties and specifications of molten materials of a nuclear reactor core obtained at the IGR research reactor: report on R&D (intermediate) / branch IAE RSE NNC RK; sup. 
M.K. Skakov.– Kurchatov, 2018.– 63 p.− State inv. No. 0218РК00084 [10].
In 2019, within the framework of this project, the following tasks were solved:
· to develop program-methodological documentation of IGR reactor start-up with ampoule experimental device,
· to perform irradiation in-pile start-up with ampoule experimental device at the IGR reactor.
The results of conducted in 2019 works are described in details in intermediate report on R&D: Properties and specifications of molten materials of a nuclear reactor core obtained at the IGR research reactor: report on R&D (intermediate) / branch IAE RSE NNC RK; sup. 
M.K. Skakov.– Kurchatov, 2019.– 47 p.− State inv. No. 0219РК00280 [11].
In 2020, within the framework of this project, the following tasks were solved:
–	macro- and microstructure studies of core melt materials,
–	physical and mechanical studies of core material melt,
–	issue scientifically based recommendations on the structure state, physical and mechanical properties of the melt of structural and fuel materials of a nuclear power reactor core.
This annual research report for 2020 on this Project shows the results of fully completed work on the specified tasks. Also, on the topic of the grant, two patents for invention were obtained (APPENDICES C and D). The total number of executors involved in the research work is 15.

[bookmark: _Toc52437272]MAIN PART

[bookmark: _Toc52437273]1 Study of structural and phase conditions of core material melt
[bookmark: _Toc52437274]1.1 Preparation of samples from solidified melt of core material 
To study structural and phase state of the core material melt, the following was carried out. From the available ingots of the solidified melt of the core materials obtained based on high-temperature experiments, cube-shaped corium samples with dimensions of 4×4×4 mm were made (Figure 1). The surface the test samples was prepared on a DualPrep-3 grinding and polishing machine using abrasive paper of various grain sizes and polishing cloth (Figure 2). Flowing water was used as a cooling liquid for grinding. During wet grinding, a softer mode of surface treatment of the samples is provided, the results of which are better surface quality, fewer chips, and dust content of pellets is negligible. Information on the materials loaded into the crucible during the experiment and heating temperatures is presented in the Table 1.
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[bookmark: _Ref49935512]Figure 1 – Outer view of samples of corium prototype resulted from the ТаС experiments
[image: ]
[bookmark: _Ref49934995]Figure 2 – Automatic Grinding and Polishing Machine DualPrep 3РН

[bookmark: _Ref49935392]Table 1 – Loading of materials in a crucible for the TC experiments
	Experiment #
	UO2 mass, gr.
	Mass of steel 12Х18Н10Т, gr.
	Mass of steel
Х16Н15М3Б, gr.
	tMax, °С

	TaC-5
	135.0
	-
	8.42
	2500

	TaC-8
	135.0
	1.51
	8.51
	2600

	TaC-12
	135.0
	-
	8.5
	2600

	TaC-20
	135.0
	-
	-
	2850–2950

	TaC-22
	135.0
	-
	1.39
	2780



[bookmark: _Toc52437275]1.2 Structural and phase condition of solidified melt samples of core materials 
Electron microscopic studies were carried out using a Tescan VEGA3 scanning microscope with an Oxford X-Act energy dispersive microanalysis system (Figure 3).
The images of surface of corium prototype samples were obtained in a backscattered electron mode (BSE) at an accelerating voltage of 20 kV.
The quantitative assessment of the detected pores and inclusions was carried out using a set of images with an area of 1×1 mm in the backscattered electron mode. The distance between regions from which the images were obtained was ~ 500 μm. Image processing was carried out using a special AZtecFeature application and Altami Studio software.

[image: D:\Документация отдела\Оборудование\СЭМ VEGA\DSCN0336.jpg]
[bookmark: _Ref49935557]Figure 3 – Scanning Electron Microscope VEGA3

The structure of the sample surface after high-temperature experiments is shown in 
Figure 4. The surface of the samples is characterized by presence of a significant number of pores and inclusions of a white tint on the main matrix, while in the samples TaC-5(A) and TaC-8(A) there were a large number of cracks forming between a network of cracks (Figure 4a, b).
A distinctive feature of the TaS-8(A) sample is distribution of cracks along grain boundaries in local areas.
As it is seen in Figure 4, the main concentration of pores and white inclusions are on grain boundaries of uranium dioxide (UO2). The average size of pores is 9.88 μm. At the same time, at the triple joints of UO2 grains, there are pores with a size of up to 30 μm. Probably this is due to the merging of adjacent small pores. 
The structure of UO2 is large roundish grains with size of 50-200 μm, surrounded by white inclusions. The cavities on the surface of the samples are remnants of grinding and polishings, and not a microstructural element.
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	а) TaC-5(А)
	b) TaC-8(А)
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	c) TaC-12(В)
	d) TaC-22(Е)
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	e) TaC-8(В)
	f) TaC-20(А)


[bookmark: _Ref49875010]Figure 4 – Microstructure of corium prototype samples resulted from high temperature experiments 

The nature and shape of distribution of white inclusions allows dividing them into 2 types: inclusions of a multifaceted shape with a size of 10-25 µm, distributions of which at different points of solidified melt differ significantly; continuous, line inclusions, which are distributed mainly at the boundaries of UO2 grains, enveloping them and forming a network structure on the sample surface (Figure 5).
	[bookmark: _Hlk49954899][image: ]
	[image: ]

	TaC-5(А)
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	TaC-8(А)
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	TaC-12(В)

	Figure 5 – Corium microstructure, sheet 1
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	TaC-22(Е)
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	TaC-8(В)
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	TaC-20(А)


[bookmark: _Ref49931343][bookmark: _Hlk49954909]Figure 5, sheet 2
According to the results of SEM/EDS analysis of surface depending on the nature of distribution and phase composition, samples of corium prototype were identified into two groups:
1) group – TaC-20(А), TaC-22(Е),
2) group – TaC-5(А), TaC-8(А), TaC-8(В), TaC-12(В). 
The microstructure of the corium from the TaS-20(A) experiment is a heterogeneous system consisting of metallic and non-metallic phases and their mixtures (Figure 6, Table 2). The study of the microstructure allows distinguishing the following components:
· UO2 grain. Many UO2 grains form a dendritic structure. The shape of the grains is round and elongated,
· mechanical UO2 mixture with different sizes of Ta particles (micron and submicron). This mixture forms a network around the UO2 grains,
· mechanical UO2 mixture with micron Ta particles,
· metal U,
· metal Ta.

[image: ]
[bookmark: _Ref49954159][bookmark: _Ref49954112]Figure 6 – Microstructure of corium from ТаС-20(А) experiment






[bookmark: _Ref49954269]Table 2 – Results of a local elemental analysis of the surface of test sample in gauge atmosphere (ga) %
	Analysis area
	Chemical composition

	
	O
	Ta
	U

	1
	73.04
	-
	26.96

	2
	70.18
	2.63
	27.18

	3
	73.19
	1.55
	25.26

	4
	69.56
	4.06
	26.38

	5
	15.92
	-
	84.08

	6
	1.68
	98.32
	-



The main difference in the microstructure of the second group corium prototype samples is presence of phases with a high content of steel components (Figure 7, Table 3). In addition, in these samples, white inclusions observed at low zooming are eutectic of metallic uranium U with micron and submicron particles of the UxFeyNiz mixture. By the nature of main phase distribution, the microstructure of the prototype corium samples can be divided into the following components:
· mechanical UO2 mixture with presence of particles with different sizes (micron and submicron) UС2 and steel components (Fe, Cr),
· intermetallic compounds UxFeyCrz,
· intermetallic compounds TaxFeyCrz,
· intermetallic compounds UxFeyNiz,
· metal U, is the main matrix of the mixture,
· micron and submicron particles of UxFeyNiz mixture,
· metal Ta.
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	ТаС-8(В)
	ТаС-12(В)


[bookmark: _Ref49954425]Figure 7 – Microstructure of corium prototype samples of the Group 2 

[bookmark: _Ref49954460]Table 3 – Results of a local elemental analysis of the surface of test sample in gauge atmosphere (ga). %
	Analysis area
	Chemical composition

	
	O
	U
	Cr
	Fe
	Ni
	Ta

	1
	73.10
	26.90
	-
	-
	-
	-

	2
	-
	38.33
	12.86
	48.81
	-
	-

	3
	-
	-
	25.96
	40.42
	-
	33.62

	4
	5.14
	85.22
	-
	9.64
	-
	-

	5
	6.37
	73.59
	-
	15.82
	4.98
	-

	6
	0.89
	-
	-
	-
	-
	99.11

	7
	-
	70.01
	-
	20.71
	9.27
	-



The sample from the TaC-22 (E) experiment should be emphasized separately, where, unlike other TaC experiments, any visual presence of uranium metal was not detected. The microstructure of the corium prototype sample itself is characterized by the presence of three main phases (Figure 8, Table 4): 
· round-shaped uranium dioxide is the main matrix of the sample structure, sizes vary in a wide range of values from 20 μm to 200 μm, however, the size of individual large grains reaches 500 μm.
· inclusions of a round-shaped metallic tantalum, located mainly at the UO2 grain boundaries. Detailed analysis noted a trend towards a bimodal size distribution of metallic tantalum, mainly in two groups from 10 μm to 20 μm and from 2 μm to 10 μm.
· fragmented particles with high content of steel components concentrated mainly around large particles of metal tantalum (10–20 μm).
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[bookmark: _Ref49954565]Figure 8 – Corium microstructure from ТаС-22 (E) experiment

[bookmark: _Ref49954549]Table 4 – Results of local element analysis of the test sample surface in gauge atmosphere (ga) %
	Analysis area
	Chemical composition

	
	O
	Ta
	U
	Fe

	1
	73.07
	-
	26.93
	-

	2
	1.87
	98.13
	-
	-

	3
	-
	62.79
	-
	37.21



The results of a quantitative analysis of the volume fraction and pore sizes and metallic U for all samples after a series of TaC experiments are given in Table 5. However, it should be taken into account that results of quantitative analysis are estimates, since for the samples of Group 2, sizes and fractions of non-metallic U were calculated, but a mechanical mixture – based on 
metallic U. A similar assessment was carried out for the TaC-20(A) sample, where metallic Ta formed in the form of islands in the body of a grain of metallic U.


[bookmark: _Ref49954674]Table 5 – Results of quantitative assessment of pores and metallic U
	Name
	Pores
	Metal U

	
	Volume fraction, %
	Average size, μm
	Volume fraction, %
	Average size, μm

	TaC-20(A)
	2.7
	10–20
	1.9
	10–15

	TaC-22(Е)
	2.79
	
	-
	-

	TaC-5(А)
	1.49
	
	1.05
	10–20

	TaC-8(А)
	1.73
	
	1.21
	

	TaC-8(В)
	1.84
	
	1.32
	

	TaC-12(В)
	1.47
	
	1.04
	



[bookmark: _Toc52437276]1.3 X-ray structural studies of solidified melt samples of core materials
For X-ray diffraction studies, fragments of the prototypes of corium were ground into powder in a corundum mortar until the complete passage of the ground material through a sieve with a mesh size of 50 μm. The resulting powders were pressed into standard cuvettes for powder samples.
The diffraction patterns of the samples were taken using an Empyrean diffractometer manufactured by Panalytical (Figure 9). The PIXcel1D detector mode is a scanning line detector. Radiation: Cu K; voltage and current: 45 kV, 40 mA. A fixed divergence slit with an angular divergence of 1°, an anti-scattering slit of 2°, an incident beam mask with marking 20 providing an incident beam width of 19.9 mm was used. Air temperature during shooting is 22 °C. The exposure time (time per pitch) during shooting was 91.8 s, the scanning pitch size for diffractograms was 0.026º2θ, the investigated angular range was 5-153º2θ.
To identify and mitigate the effect of coarse crystallinity, the diffraction patterns of the materials of all samples were recorded three times with repressing of the powder material in the cuvette. The initial data from three diffraction patterns of each sample were averaged in the “HighScore” software, followed by processing and phase analysis of the averaged diffraction patterns.
Diffraction patterns were processed using the “HighScore” processing and search program. The processing procedures for the initial diffraction patterns are as follows:
1) separatopn and remoal of lines corresponding to Кα2 irradiation,
2) background determination,
3) serach for peaks,
4) itting the calculated profile over the entire range of angles of the diffraction patterns with a pitch of ~ 30°2θ, without limiting the range of intensities (according to the maximum intensity of selected range),
5) analysis and comparison of diffractogram peaks with reference cards of available databases. 
Fitting the profile leads to the formation of refined numerical values of the peak parameters necessary for determining the phase composition and analyzing the structural state (so-called calculated parameters). When fitting profiles of the TaC diffraction patterns, an asymmetric function was used (separation of the width and shape of the peak).
To identify phase composition the Crystallography Open Database [10] was used and 
PDF-2 [11] database.
At the initial stage of analysis and comparison of the peaks to the reference cards, cards with a limited chemical composition was selected. The limitation of the chemical composition was introduced on the basis of information on charge composition of burden.
Procedures (2–5) are performed using the “IdeAll” automated procedure (“batch operation”) of the “HighScore” software. This ensures the same procedures for seraching for peaks and matching them with reference cards.

[image: ]
[bookmark: _Ref50013341]Figure 9 – Empyrean X-ray Diffractometer

Diffraction patterns of TaC samples were considered together. Figure 10 provides overlay of diffraction patterns. The diffraction patterns differ from each other in the intensity levels of diffraction peaks. In the diffractometry of polycrystals, the peak intensities of a certain phase depend on a number of factors, among which the main ones are structure of the crystal lattice and the amount of phase in the sample. The structure of the crystal lattice determines relative intensity ratio of lines of one phase, amount of the phase determines overall intensity level of the phase peaks in diffraction pattern. In general, the higher intensity level of the peaks of a particular phase, the more that phase presents in the sample. However, influence of factors that distort both peak intensity ratio and overall intensity level is possible. These factors include large crystallites in the imaging area and a pronounced texture in their arrangement. Since powder samples with relatively large particles were studied, appearance of texture due to large crystallites cannot be excluded.
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	[bookmark: _Ref50013376]Figure 10 – Overlay of diffraction patterns of TaC samples (Cu, kα1 radiation)


The main phase in the microstructure of all samples is a phase identified as uranium dioxide with general chemical formula UО with face-centered cubic (FCC) lattice of the Fm-3m space group. The extract from the diffractometric data card that most closely matches the peaks of the diffraction patterns is shown in Table 3. The peaks of this phase differ from the peaks of uranium dioxide of blanket pellets used as loads in the experiments.
Uranium dioxide phase, which is a part of phase composition of samples, differs by a slight shift in the value of the lattice parameter calculated from the positions of gravity centers of peaks, a noticeable (from 20 % to 50 %) increase in integral width of peaks, and presence of general patterns in their changes (in any case, for the first 4–5 peaks) peak profile shapes. Changing profiles is detected when profile is adjusted by functions in the “HighScore” software. They are expressed in deviations of the main peaks, which can be regarded as diffuse low-intensity reflections from certain phases that are homogeneous prototypes of the main phase with modified lattice parameters or having tetragonal or other lattice distortions. For example, such “prototypes” can stand out along the grain boundaries and carry contaminants and other defects in the crystal lattice, and have typical microscopic dimensions. The broadening of the peaks can be explained by vacancies and interstices, for example, oxygen, carbon, or tantalum in the metal sublattice or its interstices. To verify these assumptions, much more extensive studies are required, including those involving other methods, for example, transmission electron microscopy. At the same time, how significantly, these features of the crystal structure influence the main investigated characteristic – strength among other factors was not determined.

Table 6 – Card for description of UО2 phase
	Parameter 
	Value

	Card
	03-065-0285

	Empirical formula
	О2U

	Data base
	NIST

	Crystal system, syngony
	cubic

	Spatial group №
	Fm-3m (225)

	Unit cell parameters
	a = b = с = 5.4710 Å
α = β = γ = 90 °

	Calculated dencity, g/cm3
	10.95

	Unit cell volume,  106 pm3
	
163.76

	RIR, Corundum number
	23.72

	Main reference
	Calculated according to NIST using POWD-12 ++,

	Structure discription
	K.Clausen, W.Hayes, J.E.Macdonald, P.Schnabel, M.T.Hutchings & J.KKjems, High Temp. High Pressures, 15, 383-3, (1983)



Uniquely suitable cards for the identification of peaks of low intensity could not be selected. For the majority of candidate cards having a satisfactory match in the angular positions of the peaks, there was a significant mismatch in their relative intensities. Lines of relative intensity
 < 100 % indicated on the diffractometric data cards fit well with the peak intensity ratios of the experimental diffractogram. At the same time, lines with 100 % relative intensity according to the card in diffraction patterns correspond to peaks with a much (2–5 times) higher relative intensity. For the estimated identification of the phase composition of minor phases, cards were selected that are most suitable for describing peaks of low intensity. Crystalline phases α-Fe, Ta, U, FeO1±x, Та4С3 were identified as probable phases. Formally, this is far from saying that selected cards characterize the phase composition of samples, but it was not possible to find more successful cards.
These additional phases are inclusions in the grain body, precipitates or groups of precipitates along the grain boundaries of the main phase. Only metallic tantalum is confidently identified in the ТаС-20(А) sample from an ingot of melted uranium dioxide. In the remaining samples, we assume that the best candidates are phases of the wustite type FeO1±x, (spatial group Fd-3m), cubic or orthorhombic -modification of metallic uranium, metallic solutions with the general formula (Fe, Cr, Ni) based on ferrite. Cards of intermetallic compounds with a general formula (Fe, Ni, Cr)2U type also have some correspondence with peaks of low intensity in diffraction patterns, however, they were not considered within the framework of this protocol.
Characteristics of available inclusions arising from the crystal structure (density, hardness, metastability, tension, dispersion, unsoundness, preferred orientation and shape of crystallites) only partially determine the effect on the strength of the entire structure. Their location in the structure, connections with other structural components are also important. Such information can be obtained based on electron and optical microscopic studies, which can provide information on size, location, shape, orientation and specific compositions of additional phases as well as fine structure. Without this information, indication of their strengthening or softening, or neutral role in the strength characteristics is impossible.
[bookmark: _Toc464833147]

[bookmark: _Toc52437277]2 Physical and mechanical research of core material melt
In order to determine strength characteristics we carried out mechanical tests at room temperature in the Universal Testing Machine Tinius Olsen 50ST.
Method for determining the ultimate strength in compression consists in establishing the value ratio of a load preceding the sample failure to the initial area of its cross (nominal) section. 
To ensure uniform distribution of the compressive load on the surface of test sample, a set of two plates with a diameter of 50 mm (EG-C-5050 series, manufactured by Inteltest LLC) made of hardened 40X13 chromium steel was used (Figure 11а). The top plate has a spherical support and the bottom plate is rigidly fixed. Between the test sample and the compressing plate were spacer plates 20×20×6 mm in size made of hardened tool steel. To protect an operator from fragments when the sample is destroyed, the test area is equipped with a protective plexiglass screen (Figure 11b).
Tests have been carried out until the destruction of a test sample at a traverse speed of active gripper equal to 1 mm/min.

	[image: ]
	[image: ]

	а)
	b)


[bookmark: _Ref51928265]Figure 11 – Outer view of the test plate set 

Compressive strength (σсж) is calculated according to the formula

	,
	(1)



where P – fracture load, N;
S – nominal cross-sectional area, mm2.
The cross-sectional area (S) in mm2 is calculated according to the formula

	[bookmark: _Hlk53569034],
	(2)



where b – sample width, m;
h – sample thickness, m.
Based on the results of a test series, error in the ultimate strength value (confidence interval) is determined according to the following formula

	[bookmark: _Hlk53569078]
	(3)



where n – number of measurements;
– Student’s coefficient (α=0.95).
Due to the fact that deformation of the test sample was recorded by the relative displacement of active traverse of the testing machine, strain of the strain gauge and other units subjected to loading additionally contributes to the deformation of the sample.
When testing corium samples, the stress-strain compression curves were recorded, which are shown in Figure12.
The values of the ultimate strength in compression and deformation at the maximum load of all tested samples of the TaC series are given in the Table 7.

[bookmark: _Ref51928455]Table 7 – Results of compression tests of ТаС corium material
	Sample
	Maximum load, N
	Relative deformation at σсж, %
	Strength limit (σсж), MPa

	ТаС-12(А)
	727
	1.7
	40

	ТаС-12(В)
	2371
	2.6
	95

	ТаС-22(Е)
	1548
	3.4
	62

	ТаС-8(А)
	1650
	4.0
	99

	ТаС-8(В)
	1951
	3.0
	91

	ТаС-8(В.1)
	2017
	4.3
	112

	ТаС-5(А)
	1923
	2.8
	114

	ТаС-20(А)
	2898
	3.7
	154


As can be seen from the diagram (Figure 12, Table 8), all TaC samples are destroyed stepwise, this is explained by the fact that the structure of the material is extremely heterogeneous and has large pores and cracks. Basically, the samples at low loads broke off into large fragments and fractured in a stepwise manner, and as a result, have a low ultimate breaking load.

[image: ]
[bookmark: _Ref51928391]Figure 12 – Diagram of compression tests for ТаС corium samples

[bookmark: _Ref51929479]Table 8 – Preparation and compression tests of ТаС corium material
	Sample #
	Before test
	After test

	Тас-12А
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-12А\до испытаний\IMG_2794.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-12А\после испытаний\_MG_2781.JPG]

	Тас-12В
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-12В\до испытаний\_MG_2796.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-12В\после испытаний\_MG_2798.JPG]



Continuation of Table 8
	1
	2
	3

	Тас-22Е
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-22Е\до испытаний\_MG_2804.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-22Е\после испытаний\_MG_2806.JPG]

	Тас-8А
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-8А\до испытаний\_MG_2810.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-8А\после испытаний\_MG_2815.JPG]

	Тас-8В
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-8В\до испытаний\_MG_2820.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-8В\после испытаний\_MG_2823.JPG]

	Тас-8В.1
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-8В.1\до испытаний\_MG_2825.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-8В.1\после испытаний\_MG_2826.JPG]



Continuation of Table 8
	1
	2
	3

	Тас-5А
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-5А\до испытаний\_MG_2832.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-5А\после испытаний\_MG_2834.JPG]

	Тас-20А
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-20А\до испытаний\_MG_2836.JPG]
	[image: D:\Даулетханов Е.Д\2020\Кориум_Испытания на сжатие\Тас\Фото испытаний\Тас-20А\после испытаний\_MG_2838.JPG]




[bookmark: _Toc52437278]3 Recommendations on the structure condition, physical and mechanical properties of structural and fuel melt material of nuclear power reactor core 
According to the results of works the following recommendations can be delivered:
· the main matrix of the microstructure of the solidified melt samples are UО2 spherical grains,
· pore is formed mainly at boundaries and triple joints of UO2 grains,
· metallic U is distributed in abundance at the grain boundaries of UO2, forming a network structure over the entire surface of the samples,
· all samples have a high concentration of micron and submicron Ta inclusions,
·  phase composition of the samples is generally similar. The phase composition is based on the cubic modification of uranium dioxide with an FCC lattice of the space group Fm3m. The diffraction peaks of this phase have a slight broadening and distortion of profile at the base, possibly corresponding to variations in the chemical composition of the phase. The lattice parameter of uranium dioxide, determined from the most appropriate database card, is 
0.54710 nm. It was not possible to reliably identify phases with a low content corresponding to low-intensity peaks in the diffraction patterns of the samples. Crystalline phases α-Fe, Ta, U, FeO1±x, Та4С3 were identified as probable phases with a low content. Only the phase of metallic tantalum in the TaC-20(А) sample of the experiment was satisfactorily identified, the charge of which did not include steel additives. Cards of intermetallic compounds with a general formula of the form (Fe, Ni, Cr)2U also have some correspondence with peaks of low intensity in diffraction patterns, however, they were not considered within the framework of this protocol,
· the nature of samples destruction of the prototype corium differs from the f TaC experiments. Due to the presence of pores and cracks in the structure, TaC samples fail stepwise and have a low ultimate fracture load. 


[bookmark: _Toc52437279]CONCLUSION

In 2018, under the Grant Project AP05133086 “Properties and characteristics of the melt of materials in a nuclear reactor core obtained at the IGR research reactor”, in accordance with the approved schedule, research works have successfully been carried out and completed, which are preparatory for the forthcoming reactor tests to obtain a melt of the nuclear power reactor core.
Available information on methodological, instrumental and research issues of studying material melts in the cores of power reactors was collected, neutronic calculations were performed to substantiate the possibility of conducting an in-pile experiment at the IGR nuclear reactor to obtain a melt of structural and fuel materials in the nuclear reactor core, the elemental composition of the cores of nuclear power reactors, reactor ampoule experimental device was designed, which provides the possibility of in-pile tests to obtain a melt of the nuclear power reactor. 
A literary review with a search depth of up to 30 years has been prepared and completed. The review analyzes the existing data on the structural and morphological state, physical and mechanical properties of melts of structural and fuel materials of the cores of nuclear reactors, obtained in the conditions of simulating severe reactor accidents in out-of-pile conditions.
During the analysis, the main technical specifications of both thermal and fast reactors have been considered. The main advantages and disadvantages of various nuclear power facilities have been considered. The geometrical parameters of the core, type of coolant (water, sodium, lead-bismuth eutectic, and helium), type of moderator (for thermal neutron reactors), uranium fuel enrichment in 235U have been analyzed.
A computational model of the IGR reactor was created in the MCNP software. The design model of the IGR reactor describes the IGR reactor design as accurately as possible. All dimensions of the elements correspond to the technical documentation for the reactor facility, their material composition corresponds to GOST or the corresponding technical documents.
The computational model has been verified according to the available experimental data on critical state, supercritical state, on the characteristic of the effectiveness of the regulatory element efficiency. 
 In 2019, a solidified melt of materials of the nuclear power reactor core was experimentally obtained.
In 2020, samples were made of solidified melt of structural and fuel materials of the nuclear power reactor core, and then studies of the structural and phase state and mechanical properties of the samples were started, where main attention was paid to assessing the features of the macro- and microstructure of materials in samples and comparison of the parameters of their fracturing and porosity.
Based on the results, recommendations have been issued on the state of the structure, physical and mechanical properties of the melt of structural and fuel materials of the nuclear power reactor core.
[bookmark: _Toc49961172]The main results during the Project implementation were reported and discussed at: the VIII International Conference “Semipalatinsk Test Site: Heritage and Prospects for the Development of Scientific and Technical Potential”, RSE NNC RK, Kurchatov, Republic of Kazakhstan, September 11–13, 2018; the 5th International Conference “Fundamental Bases of Mechanical and Chemical Technologies”, Novosibirsk State University, Novosibirsk, Russia, 2018; the XXV International Scientific and Technical Conference of Students and Postgraduates “Radioelectronics, Electronics and Energy”, NRU MEU, Moscow, Russia, March 14–15, 2019; the XIV International Scientific and Practical Conference “The Future of Nuclear Energy – AtomFuture”, IATE NRNU MEPhI, Obninsk, Russia, November 26–30, 2018.
The results of this Project were the background for starting the doctoral thesis entitled “Physical and Mechanical Properties of the fuel and structural material melt of a Nuclear Power Reactor Core” of Tskhe Valentin Konstantinovich, a doctoral student of the D. Serikbayev EKSTU.
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Work schedule
TECHNICAL SPECIFICATIONS AND WORK SCHEDULE
under contract No. _____ dated __________________2018
1. RSE on the right of economic management "National Nuclear Center of the Republic of Kazakhstan" of the Ministry of Energy of the Republic of Kazakhstan
1.1 Priority: Energy and Mechanical Engineering
1.2 By sub-priority: Alternative energy and technologies: renewable energy sources, nuclear and hydrogen energy, other energy sources
1.3 Project topic: AP05133086 “Properties and specifications of molten materials of a nuclear reactor core obtained at the IGR research reactor”
1.4 The total amount of the project: 23 947 120 (twenty-three million nine hundred forty-seven thousand one hundred twenty) tenge, including with a breakdown by years, for the performance of work in accordance with paragraph 3:
- for 2018 - in the amount of 8,000,000 (eight million) tenge;
- for 2019 - in the amount of 8,109,672 (eight million one hundred nine thousand six hundred seventy two) tenge;
- for 2020 - in the amount of 7 837 448 (seven million eight hundred thirty-seven thousand four hundred forty-eight) tenge.
2. Characteristics of scientific and technical products by qualification characteristics and economic indicators
2.1 Direction of work: Applied research in the field of nuclear energy.
2.2 Field of application: Modeling of severe reactor accidents with melting of materials in its core.
2.3 End result:
- for 2018: the existing data on the structure and properties of melts in out-of-pile conditions will be analyzed; a theoretical and computational substantiation of the possibility of carrying out in-pile experiment on the IGR research reactor for irradiating ampoule experimental device; an analysis of the component-element composition of the cores of nuclear power reactors will be carried out; the design of an ampoule experimental device will be developed. 1 article will be published in a peer-reviewed foreign scientific journal, indexed in the Web of Science or Scopus databases with a non-zero impact factor"
- for 2019: the program-methodological documentation of IGR reactor start-up with ampoule experimental device will be developed; a physical studies program will be developed; a test program will be developed; an irradiation start-up with an ampoule experimental device will be carried out at the IGR reactor; an application for an invention will be filed; 1 article will be published in a peer-reviewed foreign scientific journal with a non-zero impact factor.
- for 2020: macro-, microstructural studies of the melt of the core materials will be carried out; physical and mechanical studies of the melt of the core materials will be carried out; scientifically grounded recommendations will be issued on the state of the structure, physical and mechanical properties of the melt of structural and fuel materials of the nuclear reactor core, obtained in an experiment to simulate a severe reactor accident at the IGR reactor.
2.4 Patentability: An application for an invention will be submitted to the RSE "National Institute of Intellectual Property" of the Ministry of Justice of the Republic of Kazakhstan.
2.5 Scientific and technical level (novelty): The main structural-phase states, physical and mechanical properties, regularities in the fine structure of the melt of structural and fuel materials of a nuclear reactor core obtained at in-pile experiments at the IGR research reactor will be determined for the first time.
2.6 The use of scientific and technical products is carried out: by the Contractor.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: The results will be widely used in a scientific world for modeling of the processes, which are essential part of hypothetical severe accident scenarios on the nuclear reactors, and results of such modeling will be used for creation of more reliable structures in a nuclear power industry.
3. Name of work, terms of their implementation and results
	Task, stage number
	Contract works and main stages of its completion
	Completion period
	Desired outcomes

	
	
	start
	completion
	

	1
	Analysis of the results of studies of the properties and specifications of the melt of the materials of the nuclear reactor core obtained un-der out-of-pile conditions
	January
2018
	March
2018
	The existing data on the structure and properties of melts in out-of-pile conditions will be analyzed.

	2
	Theoretical calculation of the feasibility to carry out in-pile experiment on the IGR research reactor for irradiating ampoule experimental device
	April
2018
	May
2018
	A theoretical and computational substantiation of the possibility of carrying out in-pile experiment on the IGR research reactor for irradiating ampoule experimental device

	3
	Conduct an analysis of the com-ponent-element composition of the nuclear power reactor cores
	May
2018
	June
2018
	An analysis of the component-element composition of the cores of nuclear power reactors will be carried out

	4
	Development of the design of the experimental ampoule device
	July
2018
	Nov. 1,
2018
	The design of an ampoule experimental device will be developed.
1 article will be published in a peer-reviewed foreign scientific journal, indexed in the Web of Science or Scopus databases with a non-zero impact factor "Science and technology of nuclear installations". 1 article will be published in a peer-reviewed Kazakhstani scientific journal with a non-zero impact factor

	5
	To develop program-methodological documentation of IGR reactor start-up with ampoule experimental device
	January
2019
	June
2019
	The program-methodological documentation of IGR reactor start-up with ampoule experimental device will be developed.

	
	Develop a program of physical studies 
	January
2019
	April
2019
	A physical studies program will be developed

	
	Develop a test program
	April
2019
	June
2019
	A test program will be developed

	6
	To perform irradiation in-pile start-up with ampoule experimental device at the IGR reactor
	July
2019
	Nov. 1,
2019
	An irradiation start-up with an ampoule experimental device will be carried out at the IGR reactor. An application for an invention will be filed. 1 article will be published in a peer-reviewed foreign scientific journal with a non-zero impact factor

	7
	Macro and micro-structure analysis of the melt of the core materials  
	January
2020
	June
2020
	Macro-, microstructural studies of the melt of the core materials will be carried out

	8
	Physical and mechanical studies of the core melt materials  
	July
2020
	October
2020
	Physical and mechanical studies of the melt of the core materials will be carried out. Materials of the article will be submitted to the journal "Nuclear engineering and design" (Web of Science) and "Vacuum" (Web of Science)

	9
	Issue scientifically based recommendations concerning the state of the structure, physical and mechanical proper-ties of the melt of the structural and fuel materials of the nuclear reactor core, which were obtained during experiments on modeling of severe accident on the IGR reactor
	October
2020
	Nov. 1,
2020
	Scientifically grounded recommendations will be issued on the state of the structure, physical and mechanical properties of the melt of structural and fuel materials of the nuclear reactor core, obtained in an experiment to simulate a severe reactor accident at the IGR reactor. 1 article will be published in a peer-reviewed foreign scientific journal, indexed in the Web of Science or Scopus databases with a non-zero impact factor



	From Customer:                                                                                      
Chairman of the State Institution “The Committee of Science of the Ministry of Education and Science of the Republic of Kazakhstan”


__________________  B.S. Abdrasilov
      l.s.
	  From Contractor:
General Director of the RSE on the right of economic management "National Nuclear Center of the Republic of Kazakhstan" of the Ministry of Energy of the Republic of Kazakhstan

________________  E.G. Batyrbekov 
      l.s.


Familiarized with:
Scientific supervisor of the project

___________________ Skakov M.K.
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RK Patent for Invention No. 33105 
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RK Patent for Invention No. 34494 
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Ipunoxenue 1.2
k JloroBopy Ne__ ot 2018 .
Ha rpaHToBOE (PMHAHCHPOBAHHE

TEXHUYECKASA CI!EIIPIQ"HKAIIPIH n
KAJEHJIAPHBIA ILTAH PABOT

1o JoroBopy Ne oT 2018 roma

1. Pecniyb/iMKkancKoe — rocyAapcTBeHHOe — NpeINpHsiThe Ha  npase
xo3siicrBenHoro Benenusi «HanuoHanabHbIA sixepHblii meHTp PecnyGauku
Kaszaxcran» Muuncrepersa suepreruxu Pecnyoinxn Kazaxcran

1.1 To npriopuTeTy: DHEPreTHKa U MAITHHOCTPOCHHE

1.2Ilo mommpuopuTeTy: AJBTEPHATHBHAs OJHEPreTHKa W TCXHOJOIMH:
BO30OHOBJIsIEMbIe MCTOYHUKM SHEPTHUH, A/lepHas ¥ BOAOPOJHAas 3HEPreTUKa, APYrue
HCTOYHUKY SHEPTUH

1.3 ITo Teme mpoekra: AP05133086 «CpoiicTBa U XapaKTEPUCTUKH pacIliaBa
MaTepHanoB  aKTHBHOM  30HBI  SIEPHOrO  pEaKTopa, MOIyYeHHOro  Ha
HcCenoBaTenbcKoM peakrope MI'P»

1.4 O6mas cymma mpoexra: 23 947 120 (aBapuarh TPH MUJLTMOHA NCBATBCOT
COPOK CeMBb THICSY CTO IBAJLATh) TEHre, B TOM YHCTIE C pa3OuMBKOi 1O rojam, Ui
BEHIIOJIHEHHs paboT COrIacHO ITYHKTY 3:

- Ha 2018 rog - B cymme 8 000 000 (BoceMb MHIUTHOHOB) TEHIE;

-na 2019 rox - B cymme 8 109 672 (BoceMb MUJITHOHOB CTO JACBSTH THICAT
IIECTHCOT CEMBJIECAT 1Ba) TEHTE;

- 1a 2020 rox - B cymme 7 837 448 (ceMb MUJIIHOHOB BOCEMBCOT TPHUALIATH
CeMb THICSY YETHIPECTa COPOK BOCEMb) TEHTE.

2. XapaKTepHCTHKA HAY4HO-TeXHHYECKOH NPOAYKIHH no
KBaIM(HKANHOHHBIM NPH3HAKAM H 9KOHOMHYECKHE N0Ka3aTeTH

2.1 Hampasnenne pabotsl: IlpukiiaqHble HCCICNOBAaHHS B 06nacTd aTOMHOH
JHEPreTUKH.

2.2 O6nacTh NpUMeHeHUs: MoJenupoBaHie TSHKENBIX PEaKTOPHBIX aBapuii ¢
[TaBJICHAEM MaTEPHUAIOB €r0 aKTHBHOMN 30HBL.

2.3 KoHeuHBI! pe3yibTar:

-32 2018 roa: GyzeT IpOBe/IeH aHAN3 PE3yITATOB UCCIe0BaHHH] CBOMCTB U
XapaKTeDUCTHK ~DAaCIUlaBa MATepUAIOB aKTHBHOHM 30HBL SIEPHOTO  PEaKTopa,
NOIy4eHHOr0 BO BHEPEAKTOPHBIX YCIOBHAX; OyZeT BBINOIHEHO paCcHeTHO-
TeopeTHueckoe OGOCHOBAHME BO3MOXHOCTH TPOBENECHHS —BHYTPUPCAKTOPHOIO
SKCIEpHMEHTa Ha HcciefoBatenbckoM peakrope UI'P 1o 06JyYeHHIO aMITyJIBHOTO
SKCIIEDHMEHTANBHOIO  yCTpOMcTBa; OyAeT IMpOBENEeH aHalu3 —KOMIOHCHTHO-
IIEMEHTHOrO COCTABA AKTHBHBIX 30H SJCPHBIX SHEPreTHYECKHX PeakTopos; Oyier
paspaboTaHa KOHCTPYKIMS aMITYJIBHOTO 3KCIEPHMEHTAIBHOTO ycTpoiicTBa; Oyner
omy6nukoBaHa | cTaTkss B PELCH3UPYEMbIX 3apy6eXHOM HaydHOM W3/[aHUH,
uHIekcHpyeMoM B 6asax farHbIX Web of Science unu Scopus ¢ HeHyIEBbIM HMIIAKT-
daxTopom; Oyser omybnukoBaHa 1 CTaThd B PELEH3UPYEMOM Ka3axCTaHCKOM

6
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HAYYHOM U3/IaHAH C HEHYJIEBBIM HMIIAKT-()aKToOpOM;

-3a 2019 rox: 6yxer pazpaboTaHa NIPOrpaMMHO-METOAUYECKast NOKYMEHTAIMs
mycka peakrtopa VI'P ¢ aMmyipHBIM JKCIEPUMEHTAIBHBIM ycrpoiicTBoM; Oyner
paspaboTana mporpamMma  (QU3MYECKUX uccienoBaHuii; Oyaer  IpoOBeleH
06JydaTeNbHBI IyCK C aMITyJbHBIM 3KCIEPUMEHTAIbHBIM yCTPOHCTBOM Ha
peaktope UI'P; Oymer monmaHa 3asgBKa Ha n300peTenue; Oynmer omybmukoBaHa I
CTaThs B PEIEH3UPYeMOM 3apy0eXHOM Hay4HOM M3/IaHMHM C HEHYJICBBIM HMIIAKT-
(dakTopoM;

-3a 2020 rox: 6yayT MpoBeIeHbl MaKpo-, MUKPOCTPYKTYPHBIC HCCICAOBaHNS
paciiaBa MaTepHaloB aKTUBHOH 30HBL; OyAyT MPOBEACHBI (GH3UKO-MEXaHUYECKHE
icCTeNOBaHMs PACIUIaBa MATEPUATOB aKTHUBHOH 30HBL, OyXyT BBIJAHBI Hay9qHO-
0GOCHOBAHHBIE PEKOMEHJAIMH O COCTOSHHH CTPYKTYpBI, (H3HKO-MEXaHHYECKHX
CBOMCTBAaxX paciuiaBa KOHCTPYKIMOHHBIX ¥ TOIUIMBHBIX MaTepHajloB AKTUBHOW 30HBI
SZIEPHOTO PEAKTOpa, HOIYYEHHOTO B OKCHEPUMEHTE M0 MOJCIMPOBAHMIO TSKEIION
peakTopHo#t aBapuu Ha peakrope MI'P.

2 4 TatenTocnoco6HocTs: BymeT mojmaHa 3asBKa Ha n300peTeHHEe B PI'TI
«HanuoHanbHBI HHCTHTYT HHTEIUIEKTYalbHOH COOCTBEHHOCTH) MunucTepcTBa
foctunuu Pecrryomuku Kaszaxcras.

2.5 HayuHo-TexHMYeCKUil ypoBeHb (HOBU3HA): Brepseie OyIyT yCTaHOBJIEHEI
OCHOBHBIE CTPYKTypHO-()a30BBIe COCTOSIHHS, (H3HKO-MEXaHMYECKHE CBOWCTBA,
3aKOHOMEPHOCTH CTPOEHHS TOHKOHM CTPYKTYpBl pacIuiaBa KOHCTPYKIMOHHBIX H
TOIUIMBHBIX MATEpPHUAIOB AKTHBHOM 30HBI SJEPHOTO PEAKTOpPA, IOIY4ICHHOIO BO
BHYTPUPEAKTOPHBIX SKCIIEPUMEHTAX Ha HCCIEI0BATENBCKOM PEaKTOpe UI'P.

2.6 Ucrionp30BaHUEe  HAyYHO-TEXHMYECKOM TMPOAYKIMH  OCYIICCTBIACTCAH.
HcnonHuTEnEM.

2.7 BUJI MCIIONB30BAHHUS pe3yjibTara HayqHOHW H (WiIM) Hay4YHO-TEXHHIECKOH
nesenpHOCTH: ITOMydeHHbIe pe3yNbTaThl OyayT IMMPOKO MCIIONB30BAHE! B HAYIHOM
MHpe JUIsl MOJIeTMPOBaHMs IPOLECCOB, SBIAIOIMXCS HEOTHEMJIEMON YacCTBIO
CLieHApHeB TMIIOTETHYECKUX TKETBIX aBapuil Ha ANEPHBIX peakTopax, a pe3yJIbTaThl
TAKOTO MOJICIHPOBAHKS B CBOIO Ouepenb OyIyT MCIOJIB30BAHbL A CO3/AaHMA Oonee
HaJIe)KHBIX KOHCTPYKIMH B aTOMHOM 9HEPIeTHKE.

3. HaumeHoBaHHe paboT, CPOKH HX peain3alHH H Pe3yIbTaThbl

Illupp | Haumenopanue paGoT IO CpoOK BBIIOJIHEHHUS
3aJaHus, JloroBopy ¥ OCHOBHBIE m— —— OxumaeMblii pe3yIbTaT
sTamna 9Tanbl €ro BHITOJHEHHS

1 [TposectH aHaM3| SAHBAph MapT Byner IIPOBECH aHaJIU3
pesynsTatoB Hcciaenopanmii| 2018 roma 2018 roma | pe3ynbTaTOB HCCIIeI0BaHUI
CBOMCTB M XapaKTCPHUCTUK CBOMCTB M  XapaKTCpHUCTHK
paciuiaBa MaTepHajoB pacmiasa MaTepUaioB
aKTHBHOM 30HBI SJICPHOIO aKTUBHOH  30HBI  SJICPHOIO
peakTopa, HOIyYE€HHOTO BO peakTopa, IIOJY4YEeHHOr0  BO
BHEPEAKTOPHBIX YCIIOBHSIX BHEPEAKTOPHBIX YCJIOBHSAX.

JluteparypHbli 0630p

. BremonsuTh pacdeTHO-|  ampelb Mai Byner BBIOJHEHO PacyCTHO-
TEOPETUYECKOE 2018 rona | 2018 roma |TeoperHyeckoe  OOOCHOBaHME
000CHOBaHHE BO3MOXXHOCTH BO3MOXHOCTH MIPOBEICHHUS
IPOBEICHUS BHYTPHPEAKTOPHOT'O
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BHYTPHPEAaKTOPHOI'O SKCIIEPHUMEHTA Ha
9KCIIEPUMEHTA Ha HCCIIEIOBATENILCKOM — pEAKToOpe
HCCJIEOBATEIbCKOM urp mo 00JTy4EeHHIO
peakTope Urp no aMITyJIbHOTO
00JTy4eHHIO aMITyJIFHOTO 9KCIIEPUMEHTAIBHOIO
SKCIIEPUMEHTATIBHOIO yCTpoiicTBa
yCTpOHMCTBA

3 [Tposectu aHaJIM3 Mai HIOHb Byner IPOBEIECH aHaJIM3
KoMIoHeHTHO-teMenTHoro | 2018 roma | 2018 roma | KOMIIOHEHTHO-3JIEMEHTHOTO
cocTaBa  aKTHUBHBIX  30H cocTaBa AKTHBHBIX 30H
ANEPHBIX  JSHEPreTHYECKHX SIEPHBIX 9HEPreTHYECKUX
peaKkTopoB PEaKTOPOB

4 Pa3paboTath KOHCTPYKIIHIO HIOJb 1 HosiOps | byner pa3paborana
aMITyJIbHOTO 2018 roma | 2018 roma |KOHCTpYKIHS aMITyJIbHOTO
SKCIIEPUMEHTAIBHOIO 9KCIIEPUMEHTAIBHOIO
yCTpOHCTBA yCTpOMCTBaA. byner

omybnukoBaHa 1 cTaths B
pEleH3UpYyeMOM  3apy0exHOM
Hay4YHOM U3JIaHHH,
WHIEKcHpyeMoM B 0asax
nanEeix Web of Science wim
Scopus ¢ HEHYJIEBBIM HMIIAKT-
dakTopom  «Science  and
technology of nuclear
installationsy. Bbyner
onyonukoBana 1 crates B
pELEeH3HPYEMOM
Ka3aXxCTaHCKOM HAy4YHOM
W3[IaHHUH C HEHYJIEBBIM MMITAKT-
(bakTopoM

3 Paspaborare ImporpaMMHO- SITHBaph HIOHBb byner pazpaborana
METOIUIECKYIO 2019 roma | 2019 roma | mporpaMMHO-METOAHMYECKAsA
JIOKyMEHTALUIO mycka JIOKyMEHTalus IIyCKa peakropa
peakTopa Ure c Urpe c aMITyJIbHBIM
aMITyJIbHBIM 9KCIIEPHUMEHTAIBHBIM
9KCIIEPUMEHTAIBHBIM yCTPOHCTBOM
yCTPOHCTBOM

5.1 Paspabotatb nporpamMMmy |  SIHBapb anpens | Byzmer paspaGoTana mporpamMma
dusuueckux uccnenosanuit | 2019 roxa 2019 roma | pE3HYECKHUX HCCIIEOBAHAN

52 PaspaboTath nporpaMMy |  ampenb WioHb | Byzer pazpaborana mporpamMma
HCTIBITAaHUH 2019 roma | 2019 roma |HcHBITaHH#H

6 [Tposectn  06ITydaTENbHBIH 1710))13 1 HosiOpst | byner poBeZicH
yCK c ammyisHeM | 2019 roma | 2019 roga 00 TyJaTenbHbIH yCK ¢
SKCIEPHUMEHTAIBHBIM aMITyJIbHBIM
yCTPOHCTBOM Ha peaKkTope 9KCIIEPUMEHTAILHBIM
UIrp yerpoiicrsom Ha peaktope UI'P.

Byner mozaHa 3asiBKa Ha
H300peTeHHE. byner
onybnukoBana 1 crates B
pelieH3upyeMOM  3apy6exHOM
Hay4YHOM H3JJAHUH c

HEHyJIEBBIM HMIIAKT-(PakTopoM
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IIpoBectn Makpo-,| SHBapb HIOHb |Byayr mpoBeleHBI  MaKpo-,
MHKPOCTPYKTYPHBIE 2020 rona | 2020 roga | MHKpPOCTPYKTYpPHBIE
HCCIIEIOBaHUs  pacluiasa HCCIIeIOBAHHUS paciuiaBa
MaTepHaJioB aKTHBHOM MaTepUaioB aKTHBHOH 30HbI
30HBI
[IpoBecTH ¢buzuko- 1710))13 OKT6ps |BymyT mpoBeneHBl (u3nko-
MEXaHHYECKHE 2020 roma | 2020 roma |MEeXaHMYECKHE  HMCCICAOBAHHA
HCCIIEJOBaHUS paciuiaBa paciuiaBa MaTepuaioB
MaTepHaIoB aKTHBHOH 30HBI aKTHBHOM 30HBL. BynyT momaaHbl
MaTepuajsl CTaTbH B JKypHal
«Nuclear  engineering  and
design» (Web of Science) u
«Vacuum» (Web of Science)
Brigath HAy4HO- | OKTIOpb 1 nosibpst | bynyr BBIJIaHBI Hay4HO
000CHOBAHHBIE 2020 rona | 2020 roma |00OCHOBaHHBIC PEKOMEHIAIMH
pEeKOMEHJalMK 0 O  COCTOSHHH  CTPYKTYPBI,
COCTOSIHHH CTPYKTYPHI, (GHU3UKO-MEXaHHIECKHX
GHU3HKO-MEXaHMYECKUX CBOMCTBax paciuiaBa
CBOMCTBaxX pacmiaBa KOHCTPYKITHOHHBIX u
KOHCTPYKITMOHHBIX %§ TOITUBHBIX MaTepuaioB
TOIUIMBHBIX ~ MAaTepHAJIOB aKTUBHOM  30HBI  AJEPHOTO
aKTUBHOM 30HBI SIEPHOTO peakropa, IOJYYEHHOTO B
peaxkTopa, IOIYy4YE€HHOIO B 9KCIIEPUMEHTE o
9KCIIEPUMEHTE o MO/IEJTHPOBAHHMIO TSDKEJIOH
MOJICTHPOBAHHUIO  TKEJIOM peakTopHOH aBapuu Ha
peakTOpHOM  aBapud Ha peaktrope  MI'P. byner
peakrope UI'P omyOnukoBaHa 1 crathid B
pelLieH3UPYEMBIX 3apyOeXHOM
Hay4HOM U3JIaHHH,
HHIEKcHpyeMoM B 0asax
naaHeIXx Web of Science wmimu
Scopus ¢ HEHYJIEBBIM MMIIAKT-
(baxkTopoM
Ot 3aka3zuuka: Ot Ucnonuurend:

Ipencenarens ['Y «KoMuTeT HayKH
MunucTepcTBa 00pa3oBaHus u Hayku PK»

Ao6apacuinos b.C.

I'eHepallbHbI# grpdp'nl’l“l'l Ha [paBe
XO035HCTBEH ti B"é fmﬁfeﬂa MOHAJIGHBIH
sIepHbIN t;eﬁtg\ geg 16 Qfgﬁ‘.l(maxcmn»
MI/IHHCTeye'EBa . QG[ 7§

2
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Ka3ax0TaH :
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(O3HaKOMIJICH:
Hay4HpIii pyKOBOJUTEIb IPOCKTA

Cxaxos M XK.
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KA3AKCTAH PECIIYBJIMKACHI OJIIJIET MUHUCTRIITT
OHEPTABBICKA

Ne 33105

12) ITATEHT

(54) ATAYBI: Kbu11aM 3HEPFETHKAIBIK PEAKTOPBIH IIPOTOTHIITI KOPHYMBIHAH 3€PTTeY
yIIrinepin Jkacay Tociui

(73) HATEHT UEJEHYIIICI: Kasakcran PecniyGnkacst DHepreTHKa MHHHCTPIITTHIH
«Kasakcran Pecny6muKachHbIH YITTHIK SAPOJBIK OPTANIBIFED IAPyaLIbUIBIK XKYPTi3y
KYKBIFbIHAAFBI PECITYO/THKAIBIK MEMJIEKETTIK KociHOPHBI (KZ)

(72) ABTOP (ABTOPJIAP): Ckaxos Maxein Kanannnosuu (KZ); Jlepssko Unbs Wnsry

(KZ); Myxamenos Hypxau Eponosuu (KZ); Barsip6eko Dpnan Iamnerosuy (KZ);
Baxnanos Bukrop Biagumuposuy (KZ)

(21) ©rinim Ne 2017/0260.1 (22) Orinim Gepinren kyn: 10.04.2017
25.08.2018 Kasaxcran Pecy6imkacsl OHepTaGhICTapAblH MEMIIEKETTIK Ti3UTIMIHAE TipKeNi.

TatenTTi KYIIiHAE YCTAy aKBIChl YaKBITBIIBI TOJIEHIeH JKaFAaiina, mareHTTiH Kymi Kasakcran
Pecny6nukachiHbIH GYKin ayMarbiHa KOMAAHbUIABL

Kasaxcran PecnybiimkachbiHbIH =0
OJiisieT BHIe-MHHHCTDI { %« / H. Ilan

©Osrepicrep eHri3y Typasbl MOJIMETTED OChI IATEHTKE KOChIMILIA TYPIHIE JKeKe NapaKTa KenTipinent

004035
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MHHHUCTEPCTBO IOCTHIIMH PECITYBJIMKH KA3ZAXCTAH

(12) HOATEHT
(€9} Ne 33105

HA N30BPETEHHE

(54) HABBAHHE: Crioco6 H3roTOBJIEHHS HCCIEN0BATEIbCKUX 00Pa3IioB MPOTOTHITHOTO
KOpHYMa GBICTPOTO SHEPreTHUECKOro peakTopa

(73) IATEHTOOBJIAJIATEJIb: Pecnybnukanckoe rocyiapcTBeHHOE PeNPHATHE Ha
TpaBe X03sHCTBEHHOro BefeHus « HarmoHanb b1 AnepHsIi HeHTp PecnyGmuku Kasaxcramy»
MunnucrepcTBa sHepreTuku Pecnybmuku Kasaxcran (KZ)

(72) ABTOP (ABTOPBI): CxaxoB Maxbin Kananunosud (KZ); lepssko Unbs Wnbna
(KZ); Myxameznos Hypxau Eponosuy (KZ); Barsip6exoB Dpian ['annerosud (KZ);
Baknanos Bukrop Bnagumuposma (KZ)

(21) 3asBka Ne 2017/0260.1 (22) Hdara nopauu 3aaBku: 10.04.2017

3aperucTpupoBad B locynapcTBeHHOM peectpe usobperenuit Pecrybmuku Kasaxcran
25.08.2018.

JlelicTBHE TaTeHTa PacHpOCTPaHAETCs Ha BCIO Tepputopmio Pecmybnukm Kasaxcram mpu
YCIIOBHH CBOEBPEMEHHO# OILIATHI MOIEPIKAHHS IIaTEHTa B CUIIE.

Bune-MHHHCTP I0CTHIHE

Pecny6nuxu Kazaxcran %é‘/ H. Ilan

CBefieHHA O BHECEHHH U3MEHEHHH TNPHBOAATCA HAa OTACJIEHOM JIMCTE B BHIE NPUIOKEHHUA K HACTOALUEMY MATEHTY
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PECHYBJIMKA KA3AXCTAH

(19)KZ (13)B(11) 33105
(51) G2IC 21/00 (2006.01)

MUHUCTEPCTBO IOCTHIIUH PECITYBJIMKHA KA3BAXCTAH

OIIMCAHHUE HM3O0BPETEHUA

K ITATEHTY

(21) 2017/0260.1
(22) 10.04.2017
(45) 17.09.2018, 6rom. Ne35
(72) CkakoB Maxbin Kananuuosuy; Jlepssko Hnbs
Hnbuy; Myxamenos Hypxan Eponosuu; BatbipbekoB
Opnan Mapnerosuy; Baknanos Buktop Bnanumuposuy
(73) Pecnybnnkanckoe rocynapcTBEHHOE NIPEANPHATHE
Ha npaBe XO3sHCTBEHHOro BeleHMs «HauuonansHbii
ANEPHbIH LEHTp PecnyGnnkun Kazaxcran»
MunucrepcTBa SHepreTukH Pecniy6nuku Kasaxcran
(56) KZ 30667 A4,15.12.2015

RU 2128865 C1, 10.04.1999

GB 1157863 A, 09.07.1969

KZ 1591 U, 29.07.2016
(54) CIoCcob H3rOTOBJIEHUS
HCCIENOBATEJIbCKUX OBPA3LIOB
MPOTOTUITHOTO KOPUYMA  BBICTPOI'O
SHEPTETHYECKOI'O PEAKTOPA
(57) Hzobperenne OTHOCHTCS K 061aCTH peakTOPHOrO
MaTepHanoBeICHHs, @ MMEHHO K 06JIaCTH H3rOTOBIEHUS
HCCIIENIOBATENBCKUX obpasuos NPOTOTUITHBIX
(moJTy4aeMbIX BO BHEPEAKTOPHBIX YCIIOBHAX) KOPHYMOB
GBICTPBIX SHEPreTHIECKHX PEaKTOPOB.

CyumHocTh u300peTeHHs 3aKII0YaeTCA B TOM, YTO U3

JIMCTa TaHTana TOMWHHOM 0,3 MM H3roTaBIMBAaIOT
3aLUMTHBIH CTakaH, BCTABJIAIOT €0 BHYTPh IIABHJILHOIO

—
THUITIA, BBITOYEHHOTO M3 MOpucTOro rpadura Mapku
I'™M3, 3anonHAIOT TAHTAJIOBbIA CTaKaH LIMXTOM, COCTAB
KOTOpOll  TOBTOPSIET ~ COCTAB  TOIMBHBIX M
KOHCTPYKIIHOHHBIX Marepuanos AKTHBHOM 30HBI
6BICTPOrO HEPreTHYECKOTO PEAKTOpa, M 3aKphIBAIOT
THre/b TPadUTOBON KPBILIKOM, coNepxallel oTBepCTHE
ana  nupometpupoBanud. [10AroTOBNEHHYIO —TakuM
06pa3oM THreJbHYIO COOPKY —TEIUIOM3OIHPYIOT M
MOMEIAIOT B MHIYKUMOHHYIO Neyb paboueill Kamepbl
creipa  BUI-135, rme ocymecTBisioT — cHayana
[IeTa3alMOHHBIA M KapOMIM3AaUMOHHBIH  OTXKHCH
TUreNnbHOM COOpKM, a 3aTeéM IUIaBlieHME WIHMXThl B
KapOHIM3MPOBAHHOM CcTakaHe rpaduroBoro THras. Ipu
ITOM Jera3salMOHHBbIH OTXKHI COOPKH NpPOBOAAT NpHU
Temnepatype 600°C B Teuenue | yaca B IHHAMHYECKOM
BAKyyMe C OCTAaTOYHbIM NaBieHHeM He xyxe 0,3 klla,
KapOHaM3aLMOHHBIH OTXHUT COOPKH BBITIONHAKOT MpPH
Temneparype 1300°C B TeueHHe 4 YacOB B CTATHYECKOM
renuu nox naenexuem 0,11 MIla, a niaBneHne WHXTHI B
KapOMIM3UPOBAHHOM CTakaHe rpauTOBOTO  THIIA
OCYWIECTBIIAIOT NpH TemnepaType 2900°C B Teuenue
20 MHMHYT TaKKe B CTATMYECKOM TEJIHK MO AaBIECHHEM
0,11 MITa. IMTocne 310ro TUrenbHy10 cOOPKY OXJIaX AT
BMECTe ¢ paGoueii KaMepoH CTeHJa, U U3 NOIYy4EeHHOTO
CNIUTKa NPOTOTUIHOTO KOpHyMa BBIPE3aIOT
HCCIIEI0BATENBCKHE OGPa3LIbI.
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H300peTeHne OTHOCHTCA K OOJACTH PEaKTOPHOro
MaTEpHaNnoBeACHHA, a HUMEHHO K 06/1aCTH U3rOTOBIEHHA
HCCIIeI0BATENBCKHX obpasuos NPOTOTHMHBIX
(Tony4aeMbIX BO BHEPEAKTOPHBIX YCIIOBHAX) KOPHYMOB
OBICTPBIX JHEPreTHYECKUX peakTopos. [IpoToTHMHBIE
KOpHYMBI (3acTeiBUINE pacnasbl cMecH
KOHCTPYKUHOHHBIX H TOMUIMBHBIX MaT€pHaNoOB AKTHBHOW
30HBI peaKTopa) NONy4arT B IUIABHIABHBIX THIJIAX
BBICOKOTEMNEPATYPHBIX neyei nyTemM TaBJ€HUA
IUMXThI, COCTABIEHHON M3 MAaTEpPHAOB aKTUBHOM 30HbI
peakTopa. Hcenenosanus CTPYKTYpHO-(ha30BbIX
COCTOAHWA M (M3UKO-MEXaHHYECKHX  CBOWCTB
MCCJIENI0BATEbCKHX 00pa3iloB, H3rOTOBJIEHHBIX H3 TAKHX

KOPWYMOB, ~ YpE3BbLIYAliHO ~B@KHBI A HM3YUEHHS
POLECCOB,  NMPOHCXOAAMMX HA  3aKITIOYHTEIbHBIX
CTajuax TAKETBIX PEaKTOPHBIX aBapwii,

CONPOBOXIAEMbIX IUIaBICHHEM KOHCTPYKUMOHHBIX H
TOTUIMBHBIX ~MATepPHaNioB aKTHBHBIX 30H. OcoObiM
MOMEHTOM MOJOOHBIX HCCIe[OBaHHIi ABIAETCA TO
00CTOSITENbCTBO, HTO JUIS HM3YYEHHMss KOHKPETHOro
npouecca  FMMOTETHYECKH — BO3MOXHOH  Tshkenoi
PEaKTOpHOH aBapuM HEOOXONMMO MMeTh 06pasiibl
NPOTOTHIIHOTO KOPHYMa, W3rOTOBJIEHHOTO B YCIIOBMS,
MOJEIHPYIOLIHX C XOpOLIHM l'lpM6J'lﬂ)|(CHMCM peajibHbIC
YCIIOBHA TPOTEKAHMA 3TOr0 KOHKPETHOIo mnpoiecca B
peakrope.

H3BecTeH cnocoG M3roTOBJIEHHA MPOTOTHIHOO
KOPHYMa JIErKOBOJHOTO SHEPreTHYECKOTO PeakTopa B
THIJIE 3MEKTPONIABUIBHOM MY JKCMepUMEHTATBHOM
ycraHoBkH «JlaBa-b» [Pama3zanosa K.M., 3yes B.A,
lanosuues JI.A., XaxuauHoB A.C., AkaeB A.C. Pacuer
TEMINEPATYPHOTO M0JI1 KOPHYMa M OTHEYTOPHbIX 610K0B
JIOBYWIKM pacruiaBa ycTaHoBkM «JlaBa-B». - Becthuk
HAL PK, Beim. 3, 2016, c.134-139]. B nanHoM cnocobe
NPOM3BOJAT HArpeB M IUIABJICHME B TpaUTOBOM
NNaBUJILHOM THIJIE TOATOTOBIEHHOW LIMXThI Maccoi
46 xr, comepxamuit 63,8% auokcuna UO,, 32,5%
LUHPKOHMA H 3,5% auokcuna ZrOs.

H3BecTeH cnoco6 M3roTOBJIEHWA NPOTOTHIHOTO
KOpHyMa JIETKOBOIHOTO JHEPreTHYECKOro peakTopa B
THIJIE JJIEKTPOTUIABHIIBHOM MEYH IKCHEPUMEHTAIbHON
ycraHoBku «JlaBa-b» [CkakoB M.K., Baknanos B.B.,
Kosnbacs E.T., 3yes B.A., CanataeB E.E., Muuusson
AX., Kykymxus WM, Koxaxmeros E.A.
HccnenoBanne B3anMOEHCTBUA NPOTOTHIIA KOPHyMa €
KOHCTPYKLHMOHHOH CTajblo SUS304 npH
MOJIEJIMPOBAHHH Tskeson aBapun Ha ADC. - BecTHuk
HAL PK, Bwin. 3, 2016, ¢.120-126], B kKOTOpOM IMyTem
Harpesa WHXThl B I'paq)HTOBOM TUTABUJIBHOM THIJIE 10
Temnepatypsl  2400-2450°C  momydaoT  pacnnas
KopHyMa Maccoit 60 kr, conepxaiui 71,5% nuokcuaa
U0y, 27,8% umpkouus u 0,7% kapbuna Gopa.

HeznocraTkom yka3aHHBIX CIOCOOOB ABJAETCA TO, HTO
IIPH HarpeBe rpaQuTOBOrO MIABHJILHOTO THIIA HAYHYTCA
NPOLIECChl B3aNMO/IGHCTBUA YIJIEpONia C HaXONAIHMHCA
B THIIE MaTepHalaMK UIMXThi, BCIEACTBME HYEro
TIOCTIeIHMe HAYHYT KapOHIAM3MPOBATLCS 3200 10
Havasa MX riasseHus. [I03ToMy B COCTaBe MOJY4EHHOro
TaKMM CIOCOBOM NPOTOTHUITHOMO KOPHyMa OKakeTCst
3HA4YHTENIBHOE KOJIMYECTBO TMPOCTBIX W CJIOXHBIX
KapOMIOB, KOTOPHIX HE JOJ/IKHO ObITh B pealbHOM
Kopuyme (B aKTHBHOM  30HE  JIETKOBOJHOTO
JHEpreTHueckoro peakropa THna BBOP BooGuie HeT

2

rpadura). Jpyrumu C/I0BAaMH, MOMy4Y€eHHbIH
NPOTOTHNHBIA KOPUYM JIETKOBOJHOTO IHEPTETHYECKOrO
PEaKTOPa OKAKETCA H3TOTOBJIEHHBIM B YCJIOBHS, 3aMETHO
OTJIMYHBIX OT PEaTbHbIX YCIOBHi MIaBIEHUA aAKTHBHOM
30HbI B CITyuae TAXKENOH peaKTOpHOH aBapHu.

Haubonee GIM3KMM MO TeXHHYECKOH CYLIHOCTH M

JIOCTHFaEMOMY ~ pe€3y/bTaTy  ABAfETCA  CMocod
M3rOTOBAEHMA O00pa3LOB  MNPOTOTHMHOrO  KOpHyMa
JNIErkOBOAHOrO JHEPreTH4eCKoro peaxkTopa
[M.K. Cxakos, H.E. Myxamenos, W.H. Jepseko,
B.B. BaknanoBa, U.M. Kykywkun, B.K. Bueneba.
Hccnenosanne Temiodu3MYECKHX CBOMCTB KopHyma

JIETKOBOJIHOTO ~ PEAKTOPAa C  PA3IMYHOM  CTEMNEHbIO
OKHMCIIEHHOCTH LMpkoHHA. - Jloxnamst X MesayHap.
KOH(¢. «SlnepHas M panuauvoHHas ¢usuka, Kypuartos,
8-11 cenr. 2015 r.», Kypuaros, PI'TI HALL PK, 2016,
c.149-154]. B atom crocobe BHauane BBINOIHAIOT
JKCTIEPHMEHT MO  HAHECEHHI0 Ha  BHYTPEHHIOW
TIOBEpPXHOCTH rpaduToBoro (R4340) naapuabHOro THrIA
3aIMTHOrO GapbepHOro MOKpbITUA W3 kapbupma ZrC,
OrpaHHYHBAIOLIEr0 KapOHIH3aLMIO MATepPHAIOB WHXThI
NpH HX B3aUMOJIEHCTBMHM C YIJTIEPOIOM IpaduUTOBOrO
THUIJIA. 3atem OCYLUECTBJIAIOT IKCINEPUMEHT no
NOJYYEHHIO CJIMTKAa MNPOTOTHMHOFO KOpHYyMa MyTeM
MOJNHOTO ~ PAacIUIaBi€HWs B JTOM TUIJE  LIMXThI
cooTBercTByloulero cocrasa (amokcua UO,, Zr u
nuokeun ZrOz) nocpeacTBOM MHIAYKUMOHHOTO Harpesa
Turaa B paboueit kamepe crtenga BUI-135 no
Temreparypbl mopsaka 2450°C  npu  naBlneHuM
uHepTHOTO raza B kamepe 0,1 MIla (nomHoe
pacrianenne wuxthl W3 UO,, Zr W ZrO; mnpu
TeMMepaType 3HAYUTENBHO Gonee HM]KOﬁ, Hem
TEMIepaTypa IUIaBJI€HHUA Haubonee TYTOI1aBKOIo M3
Mmarepuano, To ecth auokcuaa UO,, obycnosieHo
obpazoBaHueM B  Tpoliecce  HarpeBa  LIMXThI
JIETKOIUIaBKHX 3BTEKTHK Ha ocHoBe a-Zr(0O), FesOs u
UO,). Iocne 3TOro M3 3aTBEpAEBLIETO CIHTKA KOpHyMa
BBIPE3AIOT MCCNIENOBATENbCKHE 00pasibl TpebyeMbIX
KOH(Urypauui ¥ pa3sMepos.

Henocratkamu  naHHoro  criocoba  ABIAOTCA
HEBbICOKass paboyas TemnepaTypa CO3JaHHOrO Ha
BHYTPEHHEH  MOBEPXHOCTH  rpadUTOBOrO  THIIA
3aLMTHOrO Gapbepa H OTHOCHTEJIBHO Gonbas
ATUTEJIBHOCTD NpoBeACHHA ABYX
BBICOKOTEMIEPATYPHBIX OKCMIEPUMEHTOB Ha CTEHJe
BUI'-135 no HaHECEHMIO MOKPBITHA W MO MOJYYEHHIO
CJIMTKA KOpHyMa.

MakcumanbHas pabouas TeMrepaTypa 3allMTHOro
Gapbepa u3 kapbuna ZrC B KOHTaKTe C pacrulaBoM
KOpMyMa COCTaBNISeT TobKo 2650°C [baknaxoe B.B.,
CkakoB MK., Xnawos B.C., Kykymkun H.M.,
Kyp6au6eko LIP. Crnoco6 HaHECEHHS 3aIMTHOrO
68[)56])"0[‘0 TIOKpbITUS U3 kapﬁmla HUMPKOHHA Ha
BHYTPEHHIOKO  NOBEPXHOCTh l'pad)l‘lTOBDl'O TATA, -
HHHoBaumoHHkI# mateHT PK Ne30667 ot 15.12.2015 1.,
6on.  12(1)]. DToT HenOCTaTOK He  MO3BOJAET
MCTIONB30BaTh THIeNb C TAaKWM  MOKDBITHEM s
SKCMEpPUMEHTa 0 NOJYYEHHIO CIIUTKA NPOTOTHITHONO
KOpuyMa  OBICTPOTO ~ SHEPreTMYEeCKOro  peakTopa,
NOCKOJIBKY TEMIIEPATYPa NOJHOTO PACILIAB/IEHNA LWIMXThbI
cooTBeTCTBYIOMEro coctapa (amokcun UO;, cramb
X16HISM3B u crany 12XI18HIOT) B cBasu ¢
OTCYTCTBHEM 00pa3oBaHMA B HEH JIETKOINABKHX
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9BTEKTHK JNOMKHAa ObITe HE HHXKE TEMIIePaTypbl
NiaBneHus JMOKCMAa ypaHa, cocTasisiomeit 2850°C
[Ynpxun B.C. Tennopusuueckue cBOHCTBA MaTEpHAIOB
SIePHOH TeXHHUKU. - M., ATomuszar, 1968, c.484].

OTHOCHTENBHO GONbWASA MTHTENBHOCTD MPOBEIEHHA
JIBYX BLICOKOTEMIIEPATYPHBIX YKCNIEPUMEHTOB Ha CTEH/IE
BYI-135 (a1HTeNbHOCT KaXJ0r0 M3 IKCNEPHMEHTOB
COCTaBIIAET ONHY pabodyl0 CMeHy) OOYCIIOBIIEHa TeM,
YTO B KaKIOM M3 CaMOCTOATENbHBIX JKCIEPUMEHTOB
NPHCYTCTBYIOT NMPAKTHYECKH OJHM H T€ XE OCHOBHbIE
BPEMSA3aTPaTHbIE OMEPALMH M0 TMOATOTOBKE CTEHHA
BUI-135 K BLICOKOTEMNEPATypHOMY 3KCIIEPHMEHTY,
TEMNIOH30IMPOBAHHIO H Pa3MELEHHIO THTeNbHOM COOpKH
B pabouelf kamepe CTeHZA, MOHTaxy TepMonap M
TIpoBepKe cucTeM TEPMOMETPUPOBAHHUS "
NMUPOMETPUPOBAHHS, TMOJANOTOBKE H HHIYKLHOHHOMY
HarpeBy THTeNbHOM COOpKH, OXnaxaeHmo cHopxu
BMecTe ¢ paboueii kamepoli cTeHsa.

3ajaya, pellaeMas HACTOAWMM  H300peTEHHEM,
3aKJII0YAETCA B TOM, YTOOBI COBMECTHTB SKCIIEPHUMEHT 110
CO3JaHMIO 3alIMTHOrO Oapbepa BHYTPH rpaduTOBOrO
TUIABHIILHOTO THIJIA € SKCTIEPMMEHTOM T10 H3rOTOBNIEHHIO
C/IHTKa NPOTOTHITHOTO KOPHYMa B 3AIIKIICHHOM THIJIE B
YCIOBUSAX,  MOJENMPYIOIIMX  peajibHble  YCJIOBHA
T1aBJICHUA KOHCTPYKUMOHHBIX u TOTMJIMBHBIX
MaTepuaioB aKTHBHOM 30HBI TIPH TAKENOH aBapuu
OBICTPOro SHEpPreTHYECKOro peakTopa.

Texuudecknit  pe3ylbTaT  OT  HMCIONb3OBAHHA
H300peTeHns 3aKJII0YaeTcA B TOM, YTO IyTeM BbiGOpa
OOLIMX PEXHMOB  BBINOHEHHA OKCIIEPUMEHTa IO
CO3/IAHHIO 3aIMTHOTO Oapbepa B THIJIE M IKCTIEPUMEHTA
MO TUIABJIEHHIO LIMXThI B TAKOM THIJIEe ofecneyuBaeTcs

BO3MOXHOCTb  MOJlyYE€HHS B OJIHOM COBMECTHOM
IKCEPUMEHTE,  BBIMOJIHAEMOM B  TEYEHHE OMIHO
paboyeif CMeHbl, MPOTOTHIHOTO KopHyMma ObiCcTpOro
3HEPreTHYECKOro peakTopa myTeM MOJIHOrO
paciiaBlieHHss  COOTBETCTBYIOWIEH  IMMXThI  NpH
Temneparype Botiue 2850°C.

CymHocTs n3obperenus 3aKIoYyaeTcs B

cnenyouieM. Buayane u3 McTa TaHTana TommuHo# 0,3
MM M3TOTaBJIMBAIOT 3ALIMTHBIA cTakaH (mo3.2 ¢ur.1),
BCTaBJIAIOT €ro BHYTPb [NIaBUIbHOTO THrA (no3.l
¢ur.1), BHITOYEHHOrO W3 MOPUCTOrO rpaduta Mapku
I'M3, 3anonHAIOT TAHTANOBBIA CTaKaH WHXTOH (103.3
¢ur.1), cocTaB KOTOPO# NOBTOPSET COCTAB TOTUIHBHBIX U
KOHCTPYKUHOHHBIX MaTepHanoBs AKTHBHOM 30HbBI
GbICTPOrO JHEPreTHYECKOTO pPEeaKTOpa, M 3aKphIBAIOT
THrenb  rpadMTOBOM  KpbllikoH  (mo3.4  dwr.l),
coziepxalleii oTBEpCTHE IS TMPOMETPHPOBaHKA (1M03.5
¢ur.1). TloarorosnenHyo TakumM 06pa3oM THIEJIbHYIO
c6opky (dur.l) Tennou3oNMpYIOT M INOMEMAIOT B
HHIYKUMOHHYIO —medyb paboyedl  kamepbl  CTeHAa
BUI'-135, rae ocyliecTBAAIOT CHayana Jera3alHOHHBIN
M KapOMIM3aUMOHHBI OTXMIM THTebHOM COOpKH, a
3aTeM [1aBfeHHe WIMXThl B  KapOMAM3HPOBaHHOM
crakaue rpagurororo Turas. Ipy 3TOM Jera3annoHHbIi
omkur cOOpKM NpoBOAAT npu Temnepatype 600°C B
TeyeHMe | yaca B JAHHAMHYECKOM BAKYyM€ C OCTaTOYHLIM
nasienueM He xyxke 0,3 k[la, kapOUAM3aLIHOHHbIH OTXHT
cOOpKH  BRIMONHAIOT mpu Temnepatype 1300°C B
TeueHne 4 4acoB B CTATHYECKOM TeNIMM noa NaBJICHHEM
0,11 MIla, a nnaBnenue WUXTH B KapGHAMIHPOBAHHOM
CTakaHe rpaduTOBOrO THIAA OCYWECTBIAOT MPH

Temnepatype 2900°C B Teuenne 20 MUHYT TaKke B
CTAaTHYECKOM refuH noa maeieHueM 0,11 MIla. TTocne
9TOTO THreNIbHYIO COOPKY OX/1aXIal0T BMECTE ¢ pabouei
KaMepoW CTeHHa, W M3  [OYYEHHOr0  CIIMTKa
NPOTOTHITHOTO KOPHYMa BbIPE3AIOT MCCIIEN0BATEIbCKIE
06pasiibl.

Temnepatypa KapGUAM3aLHOHHOTO OTXKHIa
TENI0M30IMPOBAHHON TUreNIbHOM COOpKH Oblsa BhIOpaHa
paBHO# 1300°C B CBA3HM C TEM, YTO OHA HAXOJMTCA HHKE
TeMIepaTyp — IUIaBIEHHA  HEPXKaBEIOWMX  cTanei
X16HI15M3B n 12X18HI0T wu amokcuma UO,, a
TBepAoda3HOe B3aHMOJEHCTBHE TaHTala C ITHMHU
KOMIOHEHTAMH IIMXTHl TP  TaKOH TeMIepaType
HCKJIIOYEHO. B To ke Bpems B3auMONIEHCTBHE TaHTana C
YIJIEPOIOM IPH TakoH TeMnepaType 6y neT MMeTh MECTO,
4TO NpHMBENET K MNpOUECCYy CKBO3HOM KapOMaM3auuu
TAaHTaNOBOrO CTakaHa - MPOLECCY Mepexoja TaHTana B
KapOM/ TaHTANa N0 MEXaHU3MY PeakLMOHHON nuddy3un
Yriaeposia B MeTall.

JinuTenbHOCTh KapOHUAM3aLIMOHHOTO OTKHKra cOOpKH
Gblna BBIOpAaHAa Ha OCHOBAHMH DE3yNbTATOB TECTOBBIX
IKCMEPMMEHTOB, M3 KOTOPBIX CleA0BANO, YTO MOCie
HETHIPEXYAcOBOr0 OTXKHra COOPKH TNpH  BHIOPaHHO#M
TeMmneparype CpeHeMaccoBbIi cocTaB
KapOHM3MPOBAHHOTO TaHTana, no JIaHHBIM
PEHTreHOCTPYKTYPHBIX HCClefIoBaHHi, ObuT GIM30K K
noctexnomeTpudeckoMy kapbuny TaCogs. HmeHHo
Tako# cocTaB kapOuia TaHTana rornajaet B HauGonee
BBICOKOTEMIIEPATYPHbIH Y4acToK obnacti
FOMOTEHHOCTH JIOCTEXHOMETpHYeckoro kapOuma, TO
ecth B AManasoH kap6umo ot TaCozs JI° TaCos (B
COOTBETCTBHH C IMarpaMMOi¥i cOCTOAHMSA cucTeMbl Ta - C
MaKCHMAaNbHOH ~TEMINepaTypoil IUIaBNEHMA, pPaBHO#
3985°C, o6Gnajzaer JOCTEXMOMETPHYECKMI  KapGua
TaC0.88 [CamconoB I'B., Bunuukui H.M.
Tyronnaekue coenuHeHus. - M., Mertannyprus, 1976,
¢.560]).

TIponomKkUTEILHOCTD BHIAEPKKH PacIUlaBa LIMXThI B
KapOHMIM3MPOBAHHOM CTaKaHe IUIABUIILHOTO THIIIA Oblia
BhIOpaHa paBHOI 20 MHHYTaM Ha TOM OCHOBaHHM, 4TO,
BO-TIEPBbIX, ITOr0 BPEMEHH OyJAeT BIIOJIHE AOCTATOYHO
JUIA TIOJTHOTO PAcIUIaBEHMs UIMXThI TIPK TEMIEPaTyphbl
2900°C, a BO-BTOpBIX, MPH TaKo} GOMBIIOH BbIAEPIKKE
GyneT BBIMONHEH HANEKHBIA KOHTPONb JOCTHIHYTOTO

spdexra  kapOumM3auMM  TaHTana:  OTCYTCTBHE
MIaBJeHUA  KapOMAM3MPOBAHHOIO  CTakaHa  NpH
Temnepatype 2900°C Gyner o3HauaTh ycnemHoe

3aBEpILICHHME CO3JaHHA 3alIMTHOTO OGapbepa M3 Kapbuna
TaHTana BHYTPH rPaduTOBOrO MIaBHILHOIO THIUIS.

Takum 00pa3oM, B HACTOALIEM H30OPETEHHH MyTeM
CO3/IaHHs OOUIMX PEKUMOB BBIMONHEHHS ONEPALMA 1O
KapOMaM3alMKU TAHTANOBOrO CTaKaHa M IUIABJIEHHIO B
HEM WIMXTBl COOTBETCTBYIOUIETO cocTaBa obecreueHa
BO3MOXKHOCTb  M3TOTOBJIEHHS CIMTKA MPOTOTHIIHOTO
KOpUyMa  GBICTPOrO  SHEpreTHYeckoro  peakropa,
MOyYEHHOTO0 B YCIIOBHSX, MOZENUPYIOLIMX YCIOBUS
TSOKEJIOH aBapuy GbICTPOrO HEPreTHHECKOro PEaKTopa.
Ipu 3TOM M300peTeHHe peanusyeTcs B XOJE OIHOrO
COBMECTHOTO BBICOKOTEMIIEPATYPHOrO 3KCMEPHMEHTA,
BBIMOJIHAEGMOrO B TEUYEHHE OJHOW paboyeir CMeHBI.
TocrnenHee o3HayaeT, YTO B HACTOALIEM H300PETEHHH B
CPaBHEHHH ¢ TIPOTOTHNOM NMPHMEPHO BABOE MOBBILIEHA
3KCTIPECCHOCTb.
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D@OPMY/IA H3OBPETEHH A

1. Crioco® H3TOTOBNEHHS — HCCIIENOBATENBCKUX
obpa3uos NPOTOTHITHOTO KOpHyMa 6GpicTpOrO
3HEPIeTHYECKOTO PEaKTopa, BKIIOYAIOIIHI BbINONHEHHE
JKCMIEPHMEHTA MO CO3IAHMIO  HAa  BHYTPEHHEH
NOBEPXHOCTH  IPaUTOBOTO  MIABHIBHOTO  THIJA
3alIMTHOro Oaphkepa, OrpaHUYMBAIOILEr0 KapOHaAH3aLHnio
MaTepHaNoB  IUMXThI, MNpPOBEJEHHE MOCJENYIOIETo
9KCNEPUMEHTA 10 NONYYEHHIO CIMTKAa KOpHyMa ITyTeM
MONIHOrO ~ paciyiaBieHus B ITOM  THINE  IIMXTH
COOTBETCTBYIOLIETO cocTapa NOCPENCTBOM
HHIYKIHOHHOTO HarpeBa THINA B paboueil kamepe
crenaa BUI-135, Bepe3sky M3 cIuMTKa Kopuyma
HCCJIEIOBATENbCKHX obpasuos TpebyeMbIx
KOHOUIypalui U pasMepoB, ONUIUYAIOWHECA TEM, YTO
BMECTO  JIBYX  CaMOCTOATENIbHBIX  JKCIMEPUMEHTOB
BBIMONHAOT  OJMH COBMECTHBIA SKCMEPHUMEHT [0
CO3/1aHHIO B THUIJIE 3AIMTHOrO Gaphepa M MOJYYEHHIO
CIMTKa KOpPHYMa, B KOTOPOM M3 JINCTa TaHTana
TONMMHOH 0,3 MM W3rOTaBNMBAIOT CTaKaH, BCTaBMAIOT

€ro BHYTpb THIJIA, BITOYEHHOTO U3 MOPUCTOrO rpadura
Mapku ['M3, 3alONHAIOT TAHTANOBbIH CTAKAH LIMXTOM,
COCTaB KOTOPOH MOBTOPAET COCTaB TOIUIWBHBIX H
KOHCTPYKLUMOHHBIX ~ MaTepHaloB  aKTHBHOH  30HBI
GRICTPOrO 3HEPTETHUYECKOTO PEaKTOPa, U OCYIECTBIAIOT
Ha cteHae BUI-135 chHavana JerasauMoHHbI ¢
KapOH/IM3aMOHHBLH OTXKHIH THIeIbHOM cOOpKH, a 3aTeM
TUIABNIEHHE WIMXTEl B KapOWAM3MPOBAHHOM CTakaHe
rpaduTOBOrO THIJIA.

2. Cnoco6 mo n.l, omauuarwwmwuiica TeM, 4TO
Jera3allHOHHBIA  OTKHI  COOPKM  TPOBOAAT  NpPH
Temnepatype 600°C B TeyeHHe 1 Yaca B AMHAMUUYECKOM
BaKyyMe C OCTAaTOYHbIM JaBieHHeM He xyxe 0,3 klla,
KapOMIH3aLUHOHHBIA OTXMI COOPKH BBIMONHAT NpH
Temnepartype 1300°C B Teuenue 4 4acoB B CTaTHYECKOM
renuu noa aasnenuem 0,11 MITa, a miaBsieHHe WnxTh B
KapOMAM3MPOBAaHHOM ~CTakaHe TIpadHTOBOrO  THINA

OCYIUECTBIMOT Npu Temnepatype 2900°C B Teuenue 20
MHHYT TaKXe B CTaTHYECKOM rejiuu nop nasnenyem 0,11
MIla.

Bepcrka A. Capcekeepa
Koppexrop B. Omaposa
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SIOPIMK SHCICTIKBTMR PEAKTOPAMI aywp aITH AArAGHILIA Gackapy Ginik GarbiTTayim KyGMPHNGI ToverTi Tipey
TAKTACHHbI Gy36L1Y TPOUCCI SEPTTEYTE APHLIFAN KYPHUITS

VErpoliCTRo A HCCTE0BAIA TPOIICCEa PA3pYENIK Mkl OTOpHON IIHTH HAUPAISIOEH TPYGH CTepAIS peryIpONIIS
(V3 1 YCAOBMAX THKEAOH QKD AIEPIIORO SHEPIETHIECKOTO PEAKTOpL

“The device for the studying the destruction process of the lower base plate of the CPS control rod guide duct in the conditions of
the nuclear reactor severe accident

Kasaxcran PecnyGmKacsi Dneprerika sumpcrpairinin_ «Kasaxcrar  PecoyGmmacmin YITIHK ApOTHK oprairi
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PecnyGamn Kanaxcrait» Mitninerepersa sneprerian PecnyGun Kusascrart (KZ)

Republican Stae Enterprise on the basis of economic conirol right «National Nuclear Center of the Republic of Kazakhstan» of
Minisry of Encrgy of the Republic of Kazakhstan (KZ)
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DK kon Kolisunast E. Kyantipon
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Tk THepaiK MesiK HCTHTyTED PMK ApekTopht
Tlupextop PLTT cHuHOMLIOHS MHCTHTYT NHTEIICKTYASHOH COBETBERHOCTIY
Director of the «National Insttute of Intelectual Property» RSE.
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TlarenTri xyminze yeTay axsCh YaKMTAI TOTCHTEH AIFAGIHAG NATCHTTIN Ky
Kmaxcran PecrySmmKachbii GYKi aywarkiiia KoMaNsra,

TarenTe onepraGcTat ToMHIK CHRaTTaNacCH wivw Kazpatent kz pecwn caiiranua
«KasakeTan PecyGAHKICHHBIN OHEPTAHCTAPHHBIH NEWICKETTIK TISiiMi» GOiMINC KOTAETINA
Jieiicrome narenta pacnpocTpanseres na nero TeppiTopimo PecnyGmm Kasaxcran
TP YCTOBHH CBOCBPEMEHHOI OILTATH TOLIEPKIHIR TATEHT B CH.

Tlotoe onearie HIOGPETERIIA K ETEHTY A0CTYITHO Ha opHIBIATAHOM caiite www.Kazpatent kz
B pasaeae «ocymapeThentbil peectp isoBpeteni PecnyGamn Kasaxcrany.
Subject to timely payment for the maintenance of the patent in force
the patent shall be effective on the entire territory of the Republic of Kazakhstan.

Full description of the patent for invention are available on the offcial website www kazpatent k2
in the section «State Register of Inventions of the Republic of Kazakhstany.

Kasakeran PecnyGmnKace Dier MiHeTpIirinis
«¥omrrua swmepai vewuix mcTiryTi PMK
Hyp-Cran Kaace, Marrizi En 1anesis, pinvapar S7A

P Hanonansiui miemyy sirensextyanbiofi cobcraenmiocTin,
Musncrepersa et PecnyGank Kisaxcrai
Topox Hyp-Cyrran, npocnexr Marumn E, sxanse STA
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