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THERMAL ANALYSIS FOR THE SPENT FUEL TRANSPORTATION PACKAGE AFTER
SHORT-TERM COOLING BY USING COMPUTER SIMULATION MODELING METHODS
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The paper presents the results of studies to substantiate the possibility of using a container for transfer of spent nuclear
fuel after the short-term cooling. Spent nuclear fuel source-terms and energy release calculations, as well as thermal
hydraulic calculations have been made to serve as the basis for further studies.

The proposed transport package is designed for transportation of recently discharged spent nuclear fuel with a high level
of radioactivity. It is assumed that the use of this package allow transportation of up to 5 fuel assemblies from high-power
reactors such as ABWR, AP1000, and VVER-1000.

As a result of this study, the possibility of using a transport package for spent fuel assemblies after the short-term cooling
is substantiated in terms of the thermal processes that occur within them. These processes impose specific restrictions on
the container design.

This work is the first part of a comprehensive study aimed to substantiate the possibility of transporting spent fuel after

the short-term cooling and develop requirements for the design of such transport packages.

Keywords: spent nuclear fuel, thermal processes, nuclear reactor, transport package, container, transportation.

INTRODUCTION

Spent nuclear fuel (SNF) management — is the final
stage of the nuclear fuel cycle. A number of technological
operations take place during this stage such as the dis-
charge of spent fuel assemblies (SFAs) from the reactor,
the placement of SFAs at the plant site, and the transpor-
tation of SFAs to the centralized long-term dry storage or
the nuclear reprocessing center and etc. [1]. Under the
current approach, SFAs are stored for at least a year on
the NPP's site, before moving to the centralized storage
or to the reprocessing. The storage of SFAs on the plant's
site requires the implementation of many complex oper-
ations, the presence of special facilities and free space in
them [2, 3].

The paper proposes to consider an approach to SNF
management that includes a number of operations for the
storage of SFA at the near station area. This approach in-
cludes placing the SNF, after the short-term cooling, into
special transport packages (TP) and sending them to ei-
ther the reprocessing plant or temporary storage areas.

The proposed approach to the SFA’s management has
a number of benefits such as a lower risk of nuclear ma-
terials proliferation within the NPP territory, reducing
doses on personnel responsible for storing SFAs and
many others.

In the scheme proposed for SFA’s management, ma-
terials and design of the container play a crucial role. The
design should ensure safe thermal conditions, nuclear and
radiation safety, radiation protection, radioactive materi-
als safety, integrity, and sealing even in the case of seri-
ous incidents and accidents [4, 5].

The objective of this study is to consider the possibil-
ity of developing and designing transport packages for
spent fuel after the short-term cooling in terms of the

acceptability of TP thermal properties. To reach this ob-
jective, the methods of computer simulation modelling
were used to calculate and study radiation intensity, SNF
energy release and the heat transfer processes within a
package with spent fuel. The results of this study will be
used in further calculations.

INITIAL DATA, APPROACHES AND ASSUMPTIONS

The TP being considered in this study is categorized
as the type B(U)F package according to IAEA regula-
tions [6] and as the type B, nuclear safety class I, radia-
tion hazard category III according to national regulations
[7-9].

It is assumed in this study that TPs will be used to
transport fuel assemblies of ABWR, AP1000 and VVER-
1000 reactors.

In accordance with the requirements of regulatory
documents of the Republic of Kazakhstan and IAEA rec-
ommendations it is accepted that the temperature of eas-
ily accessible surface of the TP being considered in the
absence of insolation should not be more than 85 °C.

Based on the data from [10, 11] it has been deter-
mined that maximum working temperature limit for fuel
element cladding from zirconium alloys should not be
more than 350 °C, because at temperatures above 350 °C
the strength properties deteriorate.

The insolation parameters are taken as follows from
[12]: 942 W/m? for the horizontal surface over a 12-hour
period, and 532 W/m? for the vertical surface.

The SNF loaded into the package has a high activity,
and the integral energy release of the fuel in the package
approaches 300 kW. Removing such a rather high energy
release is usually achieved by organizing the forced
movement of the coolant with the subsequent transfer of
heat from the coolant to the environment. To transfer heat



https://doi.org/10.52676/1729-7885-2025-2-5-11

THERMAL ANALYSIS FOR THE SPENT FUEL TRANSPORTATION PACKAGE AFTER SHORT-TERM COOLING
BY USING COMPUTER SIMULATION MODELING METHODS

from the coolant to the environment, using a dry cooler
(dry cooling tower) in the packaging set is optimal.

In order to facilitate the protection against the release
of radioactive products, the package cooling system is
made according to a two-circuit scheme: the coolant of
the first circuit fills the cavity of the container and con-
tacts with fuel elements of FAs, the coolant of the second
circuit removes the heat from the TP into the environ-
ment.

Water or gas (helium, argon, CO;) were considered
as the working body filling the cavity of the package set.

Table 1 shows the fuel specification of ABWR,
AP1000, and VVER-1000 reactor plants.

Table 1. Technical characteristics of fuel assemblies

After verification calculations, the models of consid-
ered reactors ABWR, AP1000 and VVER-1000 types
were built.

The results of assessment of the energy release rate
within the cooling time range of 3-30 days for considered
reactors in dependence to their burnup are shown in Ta-
ble 2.

Table 2. Energy release, W/kgU

Cooling time, days
MBWUTL‘;;Z’U ABWR AP1000 VVER-1000
310 /3] 3 [10]3]3]10]30
18 94 | 57 | 34 [144] 87 | 51 [155] 92 | 53
36 102 | 62 | 38 | 154 | 93 | 56 | 168 | 100 | 60
54 110 | 67 | 42 [165] 99 | 61 | 179 [ 106 | 65

L Reactor
Characteristic

ABWR | AP1000 | VVER-1000
Grid structure of a fuel assembly 10x10 1717 triangular

(square) | (square)
Number of fuel rods in an assembly 92 264 312
Enrichment, % %5U 3-4 4.8 4.0
Average fuel burnup, MW-day/tU 50000 60000 43000
Material of rod cladding Zircaloy-2 | ZIRLO Zr+1%Nb
Outer diameter of fuel rod, mm 10.3 9.5 9.1
Fuel rod cladding thickness, mm 0.66 0.57 0.67
Overall Fuel Assembly length, mm 4470 4795 4570

ASSESSMENT OF ENERGY RELEASE AND

RADIATION CHARACTERISTICS

To check all further calculations there were built ver-
ification models based on the experimental data for the
same or similar types of reactors [13—16]:

— The data of the Takahama-3 reactor was selected
to verify the AP1000 type reactor: JPNNT3PWR-4
(36.7 GW-d/tU) and JPNNT3PWR-14 (47.0 GW-d/tU).
The initial uranium isotopic composition was 0.04%
24U, 4.11% 25U and 95.85% 2*8U.

— The data of the Fukushima-Daini-2 reactor was
selected to verify the ABWR type reactor: JPN2F2BWR-
5 (43.99 GW-day/tU) and JPN2F2BWR-13 (37.41
GW-day/tU). The initial uranium isotopic composition
was 0.03% 2**U, 3.41% U and 96.56% >38U.

— For the VVER-1000 type reactor, data were se-
lected for two samples of two different assemblies with
maximum burnup: No. 195-720 (51.7 GW-day/tU; FA
number 4433001114) and No. 581 (47.9 GW-day/tU; FA
E-1591, fuel element 23).

After generation of models in the TRITON module of
the SCALE 5 software complex [17] with the reactor pa-
rameters and performing calculations on them, it was
found that in the well-studied range of burnup levels
(from 10 to 50 GW-day/tU) and conditioning (from 2 to
10 years), the results of calculation are well consistent
with the experimental data. For example, it was found
that the average ratio of the calculated and experimental
values of the energy release level for BWR was 1.005
with a standard deviation of 2.4%.

The results of assessment of neutron radiation source
intensity for 54 MW-day/tU burnup after 10 days cooling
are shown in Table 3.

Table 3. Neutron Radiation Intensity, neutron/(skgU)

Range, MeV ABWR AP1000 VVER-1000
1.00-10-1"-1.00-10-8 2.35-10¢ 1.70-10-6 1.94-10-6
1.00-10-8-3.00-10-® 5.58-10- 3.58-10-¢ 4.36-10-
3.00-10-%-5.00-10-8 7.32-10-¢ 4.53-106 5.62-10-
5.00-10-8-1.00-10-7 2.41-10- 1.47-10- 1.83-10-%
1.00-10-7-2.25-107 8.63-10-° 5.19-10- 6.52-10-
2.25107-3.25-107 8.94-10-° 5.36-10- 6.75-10-
3.25-10-7-4.00-107 7.72-10- 4.63-10 5.83:10-
4.00-10-"-8.00-10-7 5.29-10~ 3.18-10 4.00-10-
8.00-10-"-1.00-10-6 3.24-10 1.94-10~ 2.44-10
1.00-10-6-1.13-10-¢ 2.29-10- 1.37-10 1.73-10~
1.13:10-6-1.30-10-¢ 3.19-10- 1.91-10~ 2.41-10-
1.30-10-6-1.77-10-¢ 9.90-10-4 5.92:10- 7.46-10-
1.77-10-6-3.05:10-¢ 3.36:10- 2.01-10- 2.53-10-3
3.05-10-6-1.00-10-5 2.97-10-2 1.77-10-2 2.23:102
1.00-10-5-3.00-10-5 1.50-10-1 8.96-10-2 1.13-10-1
3.00-10-5-1.00-10+ 9.53-10~" 5.71-10~ 71810~
1.00-10-4-5.50-10- 1.35-10° 8.11 10.20
5.50-10-4-3.00-10-3 1.72:102 1.03-102 1.30-102
3.00-10--1.70-10-2 2.32:108 1.39-103 1.7510°
1.70-10-2-1.00-10-" 3.25-10¢ 1.95-104 2.45-104
1.00-10-'-4.00-10-" 2.20-105 1.32:10% 1.66-10°
4.00-10-'-9.00-10- 4.79-105 2.88-105 3.62-10°

9.00-10--1.40 4.79-105 2.89-105 3.64-10°
1.40-1.85 3.86-10° 2.34-105 2.94-105
1.85-3.00 7.37-105 4.54-105 5.66:10°
3.00-6.43 6.72:105 4.13-10% 5.15-10°
6.43-20.00 6.11-104 3.61-104 4.57-104
Total 3.07-106 1.87-106 2.34-106

The results of assessment of gamma radiation source
intensity for 54 MW -day/tU burnup after 10 days cooling
are shown in Table 4.
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Table 4. Gamma Radiation Intensity, photon/s-kgU

Table 5. Heat capacity and molecular weight of gas

Range, MeV ABWR AP1000 VVER-1000 Gas Helium CO2 Argon
1.00-10-2-5.00-10-2 1.16-10™ 1.79:10% 1.92:10™ Heat capacity, J/(kg'K) 5204 1050 519
5.00-10->1.00-10-1 4.29-10% 6.69-101 7.11-101 Molecular mass, kmollkg 4 28 40
10-1- 10-1 1013 . 13 . 13

1.00 10_1 200 10_1 568 1013 875 1013 953 1013 Table 6. Dependence of thermal conductivity of gases

2.0010--3.00-10- | 22010 33010 36710 [W/(mK)] on temperature

3.00-10--4.00-10" 2.18-101 3.41-101 3.67-101

4.00-10--6.00-10-1 |  7.62-10% 1.11-101 122101 tT:r';'p;'a' 273 | 373 | 473 | 573 | 673 | 773 | 873
A10-1-! 10-1 1014 . 14 . 14 !

6.00-10 ?.00 07 1013 175 1013 .83 1013 Helium | 0143 | 0179 | 0.212 | 0.245 | 0275 | 0.305 | 0.333

8.00-107-1.00 2'04'1012 2'92'1012 3'12'1012 CO: 0.023 | 0.030 | 0.036 | 0.043 | 0.049 | 0.054 | 0.060
1.00-133 74710 88110 98710 Argon | 0.0165 | 0.0212 | 0.0256 | 0.0299 | 0.0339 | 0.0379 | 0.039%
1.33-1.66 3.06-101 4.98:10% 5.29-1013
1.66-2.00 9.25-10" 1.13-1012 1.35-101% Table 7. Dependence of gas viscosity [kg/(m-s)]-10°
2.00-2.50 1.76-102 2.29-1012 2.65-1012 on temperature
. 101 1012 1012 .
2.50-3.00 9.50-10 1.56-10 1.65-10 Tempera 273 373 473 573 673 7 873
3.00-4.00 8.13-10° 1.31-1010 1.40-1010 ture, K
4.00-5.00 1.04-105 6.33-104 7.99-104 Helium 1.86 2.29 2.67 3.05 3.40 3.74 4.07
5.00-6.50 4.17-104 254104 3.21-104 CO. 1.66 2.07 244 2.80 3.12 3.44 3.74
6.50-8.00 8.18-103 4.98-10° 6.29-103 Argon 2.1 2.70 3.22 3.69 4.11 4.52 4.85
£00710.00 1.74-10° Ll 1.83-10° In the case of filling TP container cavity with gas, ra-
Total 5.09-10™ 7.79-10" 8.36-10™ diant heat exchange had been calculated using the spher-
THERMAL ANALYSIS ical harmonics method in P-1 approximation [19].

During the calculations, it was assumed that the heat
exchange inside the TP occurs through the free gas and
water convection in the cavity of package. The heat is re-
moved from the working body, which fills the package,
and transferred to the package's walls which have cooling
paths with forced water circulation. Alternatively, the
heat can be transferred to a system of pipes that pass
through a cavity where cooling water is also circulating.

To simplify the thermal-physical modeling:

— AP1000 assembly was chosen for further calcula-
tion;

— the external water jacket with forced convective
heat removal was not considered, but to assess the impact
convective heat exchange with the heat transfer coeffi-
cient was set 2000 W/(m2K) [18].

The water movement within the cavity of package
caused by natural liquid convection, was described using
the Boussinesq Model [19] during the calculations.

The thermophysical properties of water in the calcu-
lations have been set as follows:

— density at the temperature of 290 K was set equal
to 990 kg/m3;

— thermal conductivity — 0.6 W/(m-K);

— heat capacity — 4182 J/(kg-K);

— viscosity — 0.00103 kg/(m-s);

— coefficient of thermal expansion — 0.00035 1/K.

The gas movement caused by natural convection was
described using the model created on ideal gas ratio
(Clayperon-Mendeleev equation).

Thermophysical properties of gas used during the cal-
culations, are shown below (Tables 5-7) [20, 21].

In calculations, it was assumed that the internal con-
tainment of package was made of steel. The emissivity
factor of package steel containment and zirconium clad-
ding of fuel elements equaled to 0.5.

Considering that 5 fuel assemblies are placed in the
package in a “cross” shape, the diameter of the package
cavity should be about 0.8 m. Since the length of package
is significantly greater than its diameter, the main heat
outflows through the side walls, therefore, heat removal
through the end walls of the container was disregarded in
the calculations. Thermal calculations were carried out in
the ANSYS software package using a two-dimensional
P1 heat exchange calculation model in the horizontal ori-
entation and the finite element method.

Calculations of TP with Water Filling

the Container Cavity

The calculation scheme of TP loaded with 5 SFAs of
AP1000 reactor in it as shown in Figure 1. To provide the
symmetry in the calculations, % (one half) of the package
structure had been used. Outside temperature of 300K
were set as boundary conditions at the outer wall of the
package containment.

Boiling water in the cavity of the TP can lead to a
significant increase in pressure in its cavity and damage
the integrity of its design construction, so the use of water
as a coolant implies that its temperature should not ex-
ceed 373 K. In order to comply with this condition, at
least, it is necessary that the temperature difference at
“fuel elements — water” border and “water — wall of the
package” border does not exceed 10...20 degrees.




THERMAL ANALYSIS FOR THE SPENT FUEL TRANSPORTATION PACKAGE AFTER SHORT-TERM COOLING
BY USING COMPUTER SIMULATION MODELING METHODS

shell

s b ) 00 I

o 0)s
Figure 1. TP Calculation Scheme

The fuel elements of SFA have well developed heat
exchange surface so even in minimal value of heat trans-
fer coefficient for water under the free convection [18]
equal to 100 W/(m?-K). The temperature drop among the
fuel elements and water within the package cavity
doesn’t exceed several degrees.

To find the required surface area of heat exchange be-
tween the water and the package wall, the coefficient of
heat transfer at the boundary “water — wall of the package
containment” at the initial stage of the calculations was
determined. Calculations showed (Figure 2) that this heat
transfer coefficient is ~450 W/(m?-K).
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Figure 2. Heat Transfer Coefficient at the Boundary
“Water — Package Containment”

The running rate of energy release per unit of TP
length is 67.7 kW/m. Considering that the temperature
drop between the water and package wall is about 15 °C,
we can calculate that the perimeter of heat exchange sur-
face of the package containment internal wall shall be
10 m.

The required value of the heat exchange surface area
can be reached by ribbing of the containment internal
wall. Estimated temperature field in the cavity of TP with

ribbed internal wall of the containment is shown in the
Figure 3. In calculations, it was assumed that the rib
height is 40 mm, the rib thickness is 5 mm, and 80 ribs
are located along the perimeter of the containment.
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Figure 3. Temperature Field inside the TP [K] Cavity with
Ribbed Internal Wall of the Containment

The analysis of calculation results showed that the rib-
bing of containment wall doesn’t bring the expected re-
sult: stagnant zones formed in spaces between the ribs,
convective water flows were low, the decisive role in the
heat exchange process played the conductive component,
and water temperature in the cavity is significantly above
the boiling temperature.

Heat removal from water, which placed in the package
cavity, cannot be implemented to the wall of package, but
to the pipes with circulating coolant that pass through the
cavity. The calculated temperature field of such system
is shown in Figure 4.
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Figure 4. Temperature Field [K] in Package Filled with
Water with Array of Pipes Passed through the Cavity

In carrying out this calculation it was assumed that
256 pipes with an outer diameter of 20 mm and wall
thickness of 2 mm were passed through the cavity. Con-
vective heat exchange with heat transfer coefficient equal
to 2000 W/(m>-K) and coolant temperature equal to
300 K was applied for the inner surface of pipes.
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Calculations of TP with Gas Filling the Package

Cavity

Calculations of TP with gas filled package cavity
were performed using calculation schemes, which de-
scribes the design of the set, similar to the schemes used
for calculations of TP with package filled with water.

Two ribbing options were considered: one with 80
ribs m another with 160 ribs placed along the perimeter of
the containment wall. The ribs were 40 mm height and
5 mm thick.

Maximum temperature of the package materials dur-
ing the filling the TP cavity with different gases (helium,
CO,, argon) obtained as a result of calculations and the
above described methods of heat removal from the fuel
is shown in Table 8.

To demonstrate the results of the calculations, Figures
5-7 show the distribution of the temperature field in the
helium-filled TP cavity without ribbed inner wall of the
package containment, with ribbed inner wall of the con-
tainment and with tubes passing through the package ca-

vity.
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Figure 5. Distribution of Temperature Field in the Helium-
Filled Cavity of TP with Ribbed Inner Wall of the Package
Containment (80 Ribs around the Containment Perimeter)
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Figure 6. Distribution of Temperature Field in the Helium-
Filled Cavity of TP with Ribbed Inner Wall of the Package
Containment (160 Ribs around the Containment Perimeter)
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Figure 7. Distribution of Temperature Field in the Helium-
Filled Cavity of TP with Pipes Passed through the Package

Table 8. Maximum temperature of the package materials (K)
calculated using different methods of heat removal from fuel

Gas Helium CO2 Argon

Without ribbing of containment 906 918 924

Rare ribbing of containment 735 742 746

Frequent ribbing of containment 663 666 667

Pipes passed through the cavity 611 612 615
CONCLUSION

This work is the first part of a complex research
aimed at justification of principal feasibility for creation
of a transport package designed to transport SNF after the
short-term cooling.

An array of thermophysical data has been obtained
through computer simulation modeling and calculation
methods. Additionally, conceptual design and technolog-
ical solutions have been proposed to ensure the operabil-
ity and safety of such TP in terms of thermophysical pro-
cesses occurring within it.

Analyzing the results of calculations, it can be stated
that the type and composition of the gas filling the con-
tainer cavity has minimal impact on the temperature of
materials in the TP. This can be explained by the fact that
the heat exchange by radiation is predominant in the heat
exchange between the fuel and the cooling wall.

The obtained results show that the best solution of
SFA cooling conditions in the case of water and gas cool-
ant is the use of an array of tubes passing through the
container cavity. This enables to keep the temperature of
the materials within the package, not exceeding the de-
sign temperature, and the TP of this design enables the
provision of the necessary thermal modes for the device's
operation.
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KOMIIBIOTEPJIK UMHATANUAIBIK MOJAEJBAEY SAICTEPIH KOJIJAHA OTBIPBIIL,
KBICKA YAKBIT YCTAJIFAH TAUJAJIAHBIJIFAH AAPOJIBIK OTBIHFA APHAJIFAH
TACBIMAJIJIAY KOHTEMHEPIH KbLTY®U3UKAJIBIK TAJJIAY

H. B. 3apeal, C. A. Mykenenal, E. C. Typ!, A. B. I'yabkun!, . F. Baroipéexos!, B. A. Butiok!, A. C. Akaes?

! «Kazaxcman Pecnyonuxacvinviyy ¥nmmoix aoponvix opmansizory PMK, Kypuamoe, Kazaxcman
2 KP ¥40 PMK «Amom snepzuscol uncmumymol» Qunuanst, Kypuamos, Kazaxcman

* Baunanvic ywin E-mail: mukeneva@nnc.kz

By sxyMBICTa peakTOpAaH KaHa TYCIPUITeH MalJanaHblIFaH SAPONBIK OTBIHABI Tacy YIIiH KOHTCHHEpAl KOIAaHYIbIH
TEeXHUKAIBIK MYMKIHAITIH HeTi3ney OOMbIHINA 3epTTey HOTHXKECI YCHIHBUIFaH. llalianaHBUTFaH SAPOJBIK OTHIHHBIH
SHeprus 06y JeHIeHiH XKoHe paJnallisUIBIK CHITATTaMachiH Oaranay OOWMBIHIIA ecenTey KYpri3iini, Oy KOHTCHHEPIiH
KbUTY QU3UKAIIBIK €CENTEyiHe HEeri3 OOJIbI.

Konreiinepai naitnanansin, ABWR, AP1000 >xone BBOP-1000 TunTi »ofapbl KyaTThl peakTOpJIapAblH S-Ke NeHiHTi
XKBUTY OOJTIlI KMHAFBIH TachIMajiayFa 0oJapl iereH oomkam oap.

JKyMBbIC HOTHIKECIHIC MaliaJaHbUIFAH JKbUTy OOJTill >KUHAKTAPAbl KBICKA YaKbIT YCTay Ke3iHAe OOJaThIH IKBLIY-
(U3HUKAJIBIK MPOLECTEPIiH KOHTEHHEp KOHCTPYKUUIChIHA OeNTiii Oip meKTey KOATHIHIBIFBI TYPFBICBIHAH TachIMaliay
KOHTEHHEPiH KOJIaHY/IbIH TEXHUKAJIbIK MYMKIHAIr HeTi3aemne .

Byn kyMmbIc KbICKAa YakKbIT YCTaJfaH IaiJaJaHbUIFaH OTHIHIBI Tacy MYMKIHAITIH HeTri3geyre j>koHe KOHTEHHep
KOHCTPYKIHUSACBIHA KOWBIUIATHIH TaJanTapAbl d3ipiieyre OarbITTANFaH KEHICHII 3epTTeyJepAiH OipiHmm Oeiri Oobm
caHalapl.

Tyiiin co30ep: natidaranvlizan s0pOILIK OMbIH, AOPOLIK PeaKmop, KOK-Kanmay KoHmeunepi, macublmManoay.

TENJIO®PU3NYECKHUI AHAJIN3 TPAHCIIOPTUPOBOYHOI'O KOHTEMHEPA
JJIA OTPABOTAHHOTI'O AJEPHOI'O TOIIJIMBA ITOCJIE KPATKOBPEMEHHOM BBIJIEPKKH
C UCIIOJBb30BAHUEM METOJ0B KOMIIBIOTEPHOI'O UMHTAIIMOHHOI'O MOJAEJINPOBAHUA

. B. 3apsal, C. A. Mykenenal, E. C. Typ!, A. B. 'yabkun!, J. I'. Batsip6exos!, B. A. Butiok!, A. C. Akaes?

! PI'IT «Hayuonanvnwtii soepusiii yenmp Pecnybnuxu Kazaxcmany, Kypuamos, Kazaxcman
2 @unuan «Mncmumym amomnoii snepzuu» PI'TI HAI] PK, Kypuamoe, Kazaxcman

* E-mail ona konmaxmos: mukeneva@nnc.kz

B pabote mpencrtaBieHBl pe3yNbTAThl HCCICIOBAaHUN 1O OOOCHOBAaHHMIO TEXHHYECKOH BO3MOXKHOCTH IPUMEHEHUS
KOHTeWHepa IS TepeMEIICHUsT CBEKEBBITPYKEHHOTO M3 PEakTopa OTpabOTAaHHOTO SIEPHOTO TOIUIMBA. BBIMOTHEHBI
pacueTsl IO OIIEHKE YPOBHS SHEPTOBBIICICHHUS W PaIUallMOHHBIX XapaKTEPUCTHK OTPAOOTAHHOTO SICPHOTO TOILIHBA,
KOTOPBIE B CBOIO OYEPE.Ib MTOCITY>KIIIA OCHOBAaHUEM JUTS JaTbHEUIIHX TEIUIO(PH3NIECKUX PAcIETOB KOHTEHHEPA.
[Tpeamnosnaraercs, YTo ¢ UCMOJIb30BAaHHEM KOHTEWHepa CTaHOBUTCS BO3MOXKHBIM HEPEBO3Ka OT 5 TEIIOBBLACISIONINX
c6opok peakTopoB Oombinoi MmomtHocTH THa ABWR, AP1000 u BBOP-1000.

B pesynbrare paboThl 000CHOBaHAa TEXHHYECKash BO3MOXKHOCTh MPUMEHEHHsI TPAHCIIOPTUPOBOYHOI'O KOHTEHHepa Juis
OTpa0OTAaHHBIX TETJIOBBIACISIONIMX COOPOK MOCHE KPATKOBPEMEHHOM BBIIEPKKH C TOYKH 3PEHHS MPOTEKAIOIINX B HUX
TeHHO(bI/I?yI/I‘-IeCKI/IX IMPOLECCOB, HAKIIAABIBAIOIINX OIPEACIICHHBIC OTPAHNYCHNA Ha KOHCTPYKIHUIO KOHTeﬁHepa.

IIaHHaS[ pa60Ta SABJIACTCA HepBOﬁ YHYaCTbhbIO KOMIIJICKCHBIX HCCHC}IOBaHHﬁ, HalpaBJICHHBIX Ha 000CHOBaHNE BO3MOKHOCTH
MepeMeIIeHIs 0TpaboTaBIIETo TOIDIHBA MOCIE KPATKOBPEMEHHOH BBIICPIKKH U BBIPAOOTKH TPEOOBaHHIA K KOHCTPYKITUH
KOHTEHHepa.

Knrouesvie cnosa: ompabomannoe soeproe monaugo, A0epHulil peaKmop, mpaHCROPmMHbLIL YNAKOBOUHbI KOHMeEUHep,
nepegosKd.
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RADIATION AND NUCLEAR SAFETY ANALYSIS FOR THE SPENT FUEL
TRANSPORTATION PACKAGE AFTER THE SHORT-TERM COOLING
BY USING COMPUTER SIMULATION MODELING METHODS
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This work represents results of the second stage of a complex research to substantiate the principal possibility of managing
spent fuel after short-term cooling and developing requirements for the design of the package. Calculations for the
radiation protection have been completed, the nuclear safety has been justified, and the relevant accompanying neutron-
physical processes have been studied. In the first stage of the research, calculations were performed to assess the level of
heat generation and radiation characteristics of the spent nuclear fuel after a short-term cooling period, as well as thermal
calculations of the package.

As a result, technical feasibility of using a transport container for spent nuclear fuel has been substantiated. The most
acceptable option of a container for spent nuclear fuel is to be made of iron-concrete + uranium dioxide and cast iron +
uranium dioxide with gas filling or with liquid filling of the absorber in a basket.

MCNP code was used to justify radiation protection and nuclear safety under normal and emergency operating conditions,
and neutron-physical processes accompanying spent nuclear fuel were studied. The work examined several options for

materials for radiation protection, depending on their thickness and the fill of the spent nuclear fuel container.

Keywords: nuclear fuel, nuclear fuel cycle, nuclear safety, spent fuel container, nuclear reactor.

INTRODUCTION

At the nationwide referendum held on October 6,
2024, the population of the Republic of Kazakhstan con-
fidently supported the course towards the construction of
a nuclear power plant in Kazakhstan, marking a signifi-
cant milestone in the transition to a new practical phase
of developing its own nuclear energy sector. Currently, a
systematic concept for the development of the nuclear en-
ergy industry is being elaborated [1], which takes into ac-
count all aspects related to the project of construction,
operation, and decommissioning of the future nuclear
power plant without exception. The management of spent
nuclear fuel and radioactive waste is one of the key as-
pects of this concept and generally corresponding to na-
tional strategy of the Republic of Kazakhstan.

The nuclear fuel cycle is a chain of interconnected
technological processes, and one of its final stages is the
management of spent nuclear fuel (SNF). At this stage,
an important aspect of ensuring safety when handling
spent nuclear fuel is reducing the risk of nuclear materials
becoming uncontrolled and further spreading. One way
to lower the risk level may be to shorten the list of pro-
cesses in the operational chain and their duration. Most
operations related to spent nuclear fuel cannot be techni-
cally bypassed. However, excluding the operation of pro-
longed storage of fuel in the spent fuel pool is quite prom-
ising for consideration in the management of SNF. With
this approach, spent nuclear fuel (SNF) can be placed into
specialized transport packaging units (TPUs) after a short
holding period in the active zone of the stopped reactor
or in a special storage pool, and then sent to a repro-
cessing plant or a temporary storage location [2].

The container for transporting spent nuclear fuel is
key equipment in this scheme for handling spent fuel, and
the conceptual design of the TPU must ensure safe ther-
mal conditions, nuclear and radiation safety, protection
from radiation, preservation of radioactive materials, and
integrity and tightness even after serious accidents and
incidents [3, 4]. The thermal analysis research was con-
ducted in the first stage of the comprehensive work and
it was the basis for farther investigations conducted in
this article.

SOURCE DATA, APPROACHES, AND ASSUMPTIONS

The developed Transport Package (TP) in accordance
with document [5] is classified as type B (U)F package,
as well as according to the National Regulations [6—8] —
as type B, class I for nuclear safety, category III for radi-
ation hazard.

In this work, the calculations of nuclear safety and the
calculation of the distribution of the effective dose rate of
photon radiation were carried out by using the MCNP cal-
culation code for the three-dimensional geometry of the TP.

Whereas the tank-type water-cooled nuclear reactor
on thermal neutrons is a main item of worldwide nuclear
generation, also considering prospects of possibly NPP
construction with this type of reactors in the Republic of
Kazakhstan, for further consideration shall be accepted
that the TP will be use in aims of high powered ABWR,
AR1000, VVER-1000 type reactor’s fuel assemblies
transportation issues.

As a working fluid, filling TP was considered to use
water or gas (helium, argon, CO,). On the table 1 are
shown the total initial findings on structures of being
modelling fuel assemblies for various type reactors and
SNF radiation characteristics.
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Table 1. Characteristics of Spent Nuclear Fuel
Used in TP Modeling

L Parameters
Characteristics

ABWR AP1000 | VVER-1000

Sintered Sintered Sintered
Nuclear fuel material uranium uranium uranium

dioxide dioxide dioxide
Length of fuel assembly (full), mm 4470 4795 3837
Lattice type (geometry of fuel rod 10x10 17x17 i

? riangle

arrangement in fuel assembly) (square) | (square)
Fuel assembly number in the core 872 157 163
Fuel elements number in the FA 92 264 3N
Fuel elements shell material Zircaloy-2 | ZIRLO Zr+Nb alloy
Shell material thickness, mm 0.66 0.57 0.67
Fuel element outer diameter, mm 10.3 9.5 9.1
One piece FA weight 300.0 709.7 680.0

(cover including), kg

Intensity of gamma radiation
sources of fission products, 5.09-10 | 7.79:10% 8.36:10
photon/seconds-kgU

Intensity of neutron radiation
sources, neutron/seconds-kgU

3.07-108 1.87-108 2.34:106

RADIATION PROTECTION CALCULATIONS

Analysis of the TP radiation protection is performed
by usage of SNF radiation characteristics for various time
of handling considering gamma radiation fission prod-
ucts, SNF neutron radiation, activate nuclides gamma-ra-
diation in the FA structural steel.

The analysis of radiation safety was carried out in the
following scenarios:

— For normal operating conditions: loading of SFAs
from the reactors under gas and liquid medium condi-
tions.

— For emergency conditions: SFA is damaged and
compacted against one of the internal surfaces (side, bot-
tom, lid); there are two proposed variants of concrete pro-
tection: 100 mm depth concrete dehydration (emergency
situation in the case of TP appearance in fire zone).

The calculation of the shielding was based on the con-
straints of the container's mass (no more than 130 tons),
dimensions (external diameter no more than 250 cm),
and the equivalent dose rate of radiation on the surface of
the TP (not exceeding 2.0 mSv/h).

The following shielding layers were considered in
this calculation (consequently throughout the radius):

1. Aluminum basket (with a neutron-absorbing ma-
terial or it may be absent);

2. Steel (for the structural integrity of the container);

3. Shielding layer based on reinforced concrete or
high-strength cast iron (with the addition of depleted ura-
nium oxide (30% by volume), lead (as a flat layer, 50%
of the shielding volume), gadolinium oxide (10% by vol-
ume), boron carbide (10% by volume);

4. Outer shell made of steel.

Radiation protection calculations under normal

operating conditions

Radiation protection calculations under normal oper-
ating conditions were conducted for various numbers of
SFAs, with the container filled with either water or gas,
and for different options of protective layers, where the
thicknesses of the layers were selected based on the lim-
itations for the equivalent dose rate of radiation at the sur-
face of the container (not exceeding 2.0 mSv/h). Further-
more, the mass and dimensional characteristics of the
container were evaluated to eliminate variants that did
not meet the design restrictions in terms of mass (not
more than 130 tons) and dimensions (outer diameter not
more than 250 cm).

When evaluating the loading of the container filled
with water, limitations arising from the analysis of neu-
tron-physical calculation results were also taken into ac-
count, as for some options, the dose rate from neutron
radiation could not be calculated due to criticality con-
cerns.

Calculation results

The results of the calculations pertaining to the SFA
container loading of different SFA of the reactor, along
with the mass and dimensional characteristics of the con-
tainer when using shielding made of different materials,
are presented in Table 2..

Neutron protection

In order to reduce the dose from neutron radiation
during gas filling of the container cavity, the influence of
different variants of the neutron shielding arrangement in
the container structure on the neutron flux attenuation
was evaluated. The variants consider a cast iron canister
with DUO; additive filled with spent fuel assembly from
VVER-1000 reactor.

The initial variant the influence of the presence of a
boron carbide spacer grid (1 cm thick) surrounding all
SFAs of the container is considered. In the second and
third variants, the influence of adding gadolinium oxide
and DUO: to the cast iron shielding — 1% and 10% of the
shielding volume, respectively — was considered. The re-
sults of the comparison of the design variants with such
baskets and with additives are given in Table 3.

Conclusions for the assessment of radiation

protection under normal operating conditions

The contribution of neutron and gamma radiation to
the formation of the dose rate at the container surface de-
pends significantly on the type of protection used. For
example, if reinforced concrete-based protection is used,
the main contribution is from gamma radiation (the dose
rate from neutron radiation is 1-3 orders of magnitude
lower). Moreover, when using protection based on cast
iron, the gamma radiation dose rate is 3—10 times lower
than the neutron dose rate.
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Table 2. Results of calculating the mass and size characteristics of the TP for protection made of reinforced concrete

Cooling/Reactor SFA Q-ty Inner radius, Con.tainment TP mass, t, Surface dose rate, mSvih
cm thickness y-quants | neutrons [ total
Reinforced concrete protection (p=4 glcm?)

ABWR 9 40 80 100 2.02 4.40-10-3 2.02

Gas AP1000 4 40 85 104 1.32 1.67-10-3 1.32
VVVER-1000 3 40 85 103 2.04 2.06-10-3 2.04

ABWR 8 40 80 103 1.04 3.08-102 1.07

Water AP1000 4 40 80 97 1.68 1.34-10-2 1.69
VVER-1000 4 45 80 103 1.37 1.53-10-2 1.39

Reinforced concrete protection with the addition of DUO2 (50% by volume, p=7.2 g/cm?)

ABWR 37 70 45 112 0.90 0.17 1.07

Gas AP1000 21 80 45 129 1.47 0.13 1.60
VVER-1000 9 70 45 107 1.90 1.11 2.01

ABWR 25 70 45 116 0.52 0.20 0.72

Water AP1000 12 75 45 125 0.77 0.21 0.98
VVER-1000 8 70 45 114 0.45 0.13 0.58

Cast iron containment (p=7.2 g/cm3)

ABWR 21 55 60 130 5.25-102 1.68 1.74

Gas AP1000 9 60 55 124 0.33 1.67 2.00
VVER-1000 7 60 55 122 0.42 1.61 2.02

ABWR 21 70 50 130 0.43 0.62 1.05

Water AP1000 5 55 50 106 0.55 0.97 1.52
VVVER-1000 8 70 50 130 0.50 0.60 1.10

Cast iron cladding with the addition of DUO2 (50% by volume, p=8.8 glcm3)

ABWR 37 70 45 130 5.84-102 1.65 1.71

Gas AP1000 13 75 40 121 0.59 1.59 2.18
VVER-1000 9 70 45 128 9.96-102 0.99 1.09

ABWR 21 65 35 97 1.50 0.37 1.87

Water AP1000 9 65 45 129 4.93-10-2 1.29 1.34
VVER-1000 8 70 40 118 0.22 0.86 1.08

Table 3. Results of neutron shielding evaluation - basket containing boron carbide
. . Containment Surface dose rate, mSv/h

Additive SFA g-ty Inner radius, cm thickness TP mass, ton y-quants neutrons total

Without spacer grid 3 50 40 83 0.59 0.98 1.57
With spacer grid 3 50 40 83 0.59 0.97 1.56
Without Gd203 7 60 40 98 0.85 1.80 2.65
1% Gd203 7 60 40 98 0.85 1.70 2.54
10% Gd203 7 60 40 98 0.85 1.51 2.36

Analysis of the results of the evaluation of the ap-
plicability of different variants of neutron protection for
gas filling of the container cavity shows that their influ-
ence on the dose rate of neutron radiation on the container
surface is negligible. This is explained by the large pro-
portion of high energy neutrons in the radiation spectrum
of the sources, while the considered neutron shielding
materials are capable of absorbing low-energy neutrons
well.

Calculation of radiation protection in case of

emergency

Calculations of the radiation protection of TP under
emergency conditions were carried out for the following
situations:

1. The SFAs are destroyed and compacted on one of
the inner surfaces (side, bottom, or top);

2. Dehydration of the concrete shielding due to the
effect of high temperature.

In the first situation, it is assumed that 10% of the fuel
will escape from the SFA cladding and would be com-
pacted in the lower part of the container. The broken fuel
is modelled as a homogeneous mixture of uranium diox-
ide and air (or water) with a porosity ranging from 40%
(sand porosity) to 70% (undamaged fuel porosity).

In the second situation, it is assumed that if the con-
crete protected TP is placed in a fire zone with a flame
temperature of 800 °C for 30 minutes, it is possible to de-
hydrate the concrete to a depth of 100 mm.

Fuel destruction dose rate estimation

The results of the dose rate estimation on the surface
of the cask at points located in the plane passing through
the center of the destroyed fuel volume at different po-
rosities of the compacted fuel are given in Table 4.
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For the example, a reinforced concrete gas-cooled con-
tainer with 9 SFAs of ABWR and a wall thickness of
80 cm is considered.

Table 4. Results of the dose rate calculations for the case
of the destruction of the fuel element

. Surface dose rate, mSv/h
Porosity %

y-quants neutrons total

Intact 2.02 440103 2.02
70 1.41 3.08-10-3 142

60 1.88 411103 1.89

50 2.35 5.14-10-3 2.36

40 2.83 6.17-103 2.83

Concrete dewatering dose rate estimation

The results of the dose rate estimation on the con-
tainer surface at points located at the center of its height
during wall dehydration are given in Table 5. For the ex-
ample, a reinforced concrete gas-cooled container with 3
SFAs of the VVER-1000 reactor with a wall thickness of
85 cm is considered.

Table 5. Results of the dose rate calculations for the case
of concrete dehydration

Dehydration Surface dose rate, mSv/h

depth, cm y-quants neutrons total
0 2.04 2.06-103 2.05
5 2.05 4811073 2.05
10 2.05 1.12:10-2 2.07
20 2.06 6.08-102 2.13

Conclusions on the assessment of radiation

protection in emergencies

From the results of the evaluation of the dependence
of the dose rate on the surface of the container on the de-
gree of fuel compaction, it can be seen that the dose rate
increases with increasing density of the destroyed fuel.
However, even for the variant with the highest fuel den-
sity, the excess of the design value of the dose rate on the
surface of the container will not exceed 41%. Which, tak-
ing into account the application of the reserve factor 2 in
the assessment of the thickness of the radiation shielding,
indicates that the severity of such an accident for the per-
sonnel and the public is insignificant and that there is no
need to take any protective measures.

From the results of the evaluation of the dependence
of the dose rate at the surface of the container on the

thickness of the dehydrated layer: dewatering has the
greatest effect on the dose rate from neutron radiation,
which increases by a factor of 6 when the shielding is de-
watered to a depth of 10 cm. However, as the neutron
dose rate is several orders of magnitude lower than the
photon dose rate. There is no significant increase in the
total dose rate — even if the shielding is dewatered to a
depth of 20 cm, the excess of the design value of the dose
rate at the surface of the canister will be no more than
7%, which is less than the calculation error.

RESTRICTIONS ON CONTAINER DESIGN

The results of the assessments of the mass and dimen-
sional characteristics of casks with different shielding op-
tions and their SFA loading under the assumed con-
straints on container mass, outside diameter and surface
dose rate are summarized in Table 6.

NUCLEAR CALCULATIONS

The nuclear safety of TP is analyzed taking into ac-
count the regulatory requirements specified in [6—11], us-
ing the initial data on the spent fuel of the reactors under
consideration, collected or evaluated in the previous
stage of the topic.

The main task of the calculations for normal operat-
ing conditions is to determine the maximum load on the
spent fuel of the reactors under consideration under dif-
ferent cooling options. The main constraints are the size
of the inner cavity of the package (assumed diameter not
exceeding 200 cm) and the subcriticality of the system
(Kefr <0.95).

The objectives of the accident calculations are to an-
alyze the cask designs in terms of their suitability to
maintain subcriticality in the event of an emergency and,
based on this analysis, to develop design recommenda-
tions.

The following are considered as emergency situations
the inner cavity of the vessel contains residual water after
dehydration (or water enters and replaces the gas), the
SFAs are not destroyed; residual water in the inner cavity
of the container after dehydration (or water ingress re-
placing the gas), the SFAs are destroyed.

Figures 1-3 show the calculation diagrams of the
VVER-1000, ABWR and AP1000 reactor assemblies
used in the neutron physics calculations.

Table 6. Limitations on SFA loading in TPs of different reactors for different shielding options

. SFA g-ty . Shieldin
Option ABWR | AP1000 VVER-1000 Inner radius, cm thicknesg TP mass, ton
Gas cooling
R/C 9 4 3 40 85 104
R/C+DUO: 37 21 9 80 45 129
Cast iron 21 9 7 60 60 130
Cast iron+DUO2 37 13 9 75 45 130
Liquid cooling
R/C 8 4 4 45 80 103
R/C+DUO: 25 12 8 75 45 125
Castiron 21 5 8 70 50 130
Cast iron+DUO2 21 9 8 65 45 129
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Figure 1.5 Computational model of Fuel assembly
for VVER-1000
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Figure 2. Computational model of Fuel assembly for ABWR

Figure 3. Computational model of Fuel assembly for AP1000
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Each fuel assembly was placed in a separate basket
cover made of aluminium (or MBLO5 alloy in some de-
signs) with a wall thickness of 1 cm. A continuous layer
of steel was used as a reflector.

Neutron-physical calculations under normal

operating conditions

Calculations of the nuclear safety of the TPs under
normal operating conditions were carried out with the

container filled with gas or liquid medium. The tempera-
ture of all areas of the TPs was set to 20 °C

Calculation results

The results of the K calculations for a container with
5 SFAs under normal operating conditions using differ-
ent materials to fill the inner cavity are shown in Table 7.

Table 7. Results of Kef calculations for a container
with five SFAs under normal operating conditions
with different moderators

Keit
Moderator
VVER-1000 ABWR AP1000
Water 0.92431£0.0005 | 0.79901+0.0005 | 0.96055+0.0006
Argon 0.20452+0.0005 | 0.48602+0.0006 | 0.22303+0.0006
Helium 0.20292+0.0005 | 0.48573+0.0006 | 0.23360+0.0004
Carbon dioxide | 0.20456+0.0005 | 0.48641+0.0005 | 0.23327+0.0004

In the case of gas cooling the influence of the inner
medium material on the criticality is insignificant and
therefore only helium was used in further calculations.

The SFA container loading was then evaluated for
different coolant types and SFA locations. The loading
was calculated on the basis of restrictions on container
size (the inner diameter was assumed not to exceed
200 cm) and criticality (Kes<0.95).

When calculating the container loading of SFAs from
different reactors under gas cooling, the assemblies were
arranged in a square, densely packed grid. Examples of
calculation schemes for the cases of maximum cask load-
ing (%4 species) are shown in Figures 4—6.
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Figure 4. Computational model of gas-cooled fuel assembly
container for ABWR

/

Figure 5. Computational model of gas-cooled fuel assembly
container for AP1000
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Figure 6.6 Computational model of gas-cooled fuel assembly
container for VVER-1000

The results of the calculation of the SFA container
loading of the different reactors with gas cooling are
shown in Figure 7.
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Figure 7. Criticality as a function of SFA loading
during gas cooling

In the case of filling the container with water in addi-
tion to the above densely packed grid of SFA container
loading, we also considered the possibility of arranging
the assemblies in a square sparse grid (staggered). An ex-
ample of the calculation scheme for the case of maximum
container loading (% view) with AP1000 assemblies is
shown in Figure 8.

Figure 8. Computational model of a container for AP1000 FA
arranged in a sparse grid with water cooling.

The results of the water-cooled container loading cal-

culation are shown in Figure 9 and 10.

In addition, for the case of water cooling, a variant of
assembly arrangement on a square densely packed grid in
a basket made of MBLOS5 alloy was studied. This material
is an alloy of aluminum with boron carbide (5%) with
natural '°B enrichment. The results of the calculation of

the SFA loading of different reactor for this variant are
shown in Figure 11.
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Figure 97. Criticality as a function of SFA loading during
water cooling (dense grid)
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Figure 10. Criticality as a function of SFA loading during
water cooling (sparse checkered grid)
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Figure 11. Criticality as a function of SFA load with water
cooling (densely packed grid, MBLO5 alloy basket)

Conclusions on nuclear safety in normal

operation

The lowest criticality is achieved by filling the inner
cavity of the TP with gases, and the difference in critical-
ity for different gases is minimal.

When the container is filled with gas, the main limit-
ing factor for SFA loading is the size of the inner cavity,
and when the container is filled with liquid, it is the loca-
tion of the SFAs and the material of the basket.

With liquid filling of the container cavity, the lowest
loading is achieved by arranging the SFAs in a dense lat-
tice without neutron-absorbing basket material.
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For both gas and liquid coolings, the lowest criticality
level and consequently the highest loading is observed
for ABWR SFAs, while the highest is observed for
AP1000 SFAs. This is due to both the lower fuel mass in
the ABWR SFA and the lower enrichment.

Neutron Physics Calculations under Emergency

Conditions

Calculations of the nuclear safety of fuel assemblies
under emergency conditions have been performed for the
following situations:

1. Filling the container with a steam-water mixture
(insufficient drying of the SFAs during loading into a
gas-cooled container; leakage in a container and partial
replacement of the gas medium by water; leakage of a
liquid-cooled container and partial release of liquid to the
outside);

2. Destruction of the SFAs and fuel compaction in
water or gas medium.

In the first situation, the case of filling the tank with a
vapour-water mixture is considered and the influence of
the water content in the mixture on the Kt value is eval-
uated. As an example, containers are considered with
nine SFAs of each fuel type arranged in a tightly packed
grid in an aluminum or MBLOS5 basket. The vapour-water
mixture is modelled with water of different densities:
25%, 50% and 75%.

In the second situation, it is assumed that in the event
of a container collapse accident (when the SFAs are sub-
jected to shock overloads), 10% of the fuel will escape
from SFAs cladding and clump at the bottom of the con-
tainer. This assumption is very conservative as the fuel
yield estimate given in [12] showed that although up to
5% of the fuel cladding may be destroyed at this load,
only 0.04% of the SFA fuel will leave the destroyed clad-
ding. In the modelling the destroyed fuel is assumed to
be a homogeneous mixture of uranium dioxide and air (or
water), with the porosity of the mixture varying from
40% (sand porosity) to 70% (undestroyed fuel porosity).

Calculation results

The results of the criticality calculation of a container
filled with a steam-water mixture with nine SFAs of dif-
ferent reactors arranged in a square densely packed grid
in an aluminum or MBLO5 basket are shown in Figures
12 and 13.

1
— ABWR
0.8 (——APL00
WVER - 1000

0 05 , 1
Density of water, g/cm

Figure 12. Criticality as function of water density
(aluminum basket)
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Figure 13. Criticality as function of water density
(MBLO5 alloy basket)

Evaluation of fuel destruction-criticality

dependency

The results of the dependence of the criticality of a
cask with SFAs from different reactors at 10% fuel de-
struction on the porosity of the packed fuel are given in
Table 8.

Table 8. Dependence of criticality on the porosity

of the packed fuel
Porosity, % ABWR AP1000 VVER-1000
(37 SFAs) (12 SFAs) (8 SFAs)
Intact 0.86262 0.95173 0.94175
60 0.84752 0.94946 0.93658
50 0.84417 0.94503 0.93987
40 0.84636 0.94379 0.93701

Conclusions on nuclear safety in emergency

situations

The results of the evaluation of the influence of the
filling of the container cavity with the steam-water mix-
ture on the criticality for different basket materials are
different. For example, the K. value for SFAs in the
MBLOS5 alloy basket increases monotonically with in-
creasing density of the vapour-water mixture. Whereas
for the aluminum basket, in addition to large K. values,
a small maximum is observed for SFAs of VVER-1000
and AP1000 reactors at a density of the steam-water mix-
ture of about 0.5 g/cm?>. All this indicates a lower level of
nuclear safety of vessels with aluminum baskets and a
preference for the use of baskets made of neutron-absorb-
ing materials.

The results of the evaluation of the dependence of the
criticality on the degree of compaction of the destroyed
fuel show that there is no influence of the destroyed fuel
on the criticality. Moreover, a slight decrease in the Ker
values for cases with destroyed fuel compared with intact
fuel is explained by the loss of 10% of the uranium diox-
ide mass in the fuel elements.

The results of the assessments of SFA loading with
restriction to criticality level are given in Table 9.
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Table 9. Restrictions on the loading of SFAs from different reactors into TPs from a nuclear safety point of view

. SFAs g-ty
Options
ABWR AP1000 VVER-1000
Gas cooling 89 57 37
Water cooling (dense grid without neutron absorbers) 3 1 3
Water cooling (sparse grid without neutron absorbers) 45 12 21
Water cooling (dense grid with neutron absorbers) 57 21 15

Table 10. Recommended parameters of containers loaded with spent fuel assemblies from different type of reactors
for different protection and cooling methods

Options SFAS aty Inner radius, cm Shielding thickness TPs mass, ton
ABWR |  AP1000 |  VVER-1000
Gas cooling (or water cooling on dense grid with neutron absorbers)
Reinforced concrete 9 4 3 40 85 104
R/c+DUO2 37 8 9 80 45 129
Castiron 21 6 7 60 60 130
R/c+DUO2 36 8 9 75 45 130
Water cooling (on sparse grid without neutron absorbers)
Reinforced concrete 8 4 4 45 80 103
R/c+DUO2 25 8 8 75 45 125
Castiron 21 5 8 70 50 130
R/c+DUO2 21 6 8 65 45 129

RECOMMENDATIONS FOR THE SELECTION

OF THE CONTAINER DESIGN

Neutron-physical calculations, radiation protection
calculations and safety analysis are summarized in Table
10.

The container with depleted uranium oxide added to
the shielding provides the highest loading; the container
with cast iron-based shielding provides the best results.
The lowest loading is provided by using the container
with a pure reinforced concrete shield.

The influence of mass and dimensional constraints on
the container design differs slightly when using different
shielding variants. For example, the geometrical dimen-
sions of the container are the main limiting parameter for
reinforced concrete-based shielding and the weight of the
container for cast-iron-based shielding.

If the container is filled with liquid, the dimensions of
the container are reduced for most variants compared
with a gas-filled container design. However, in the ab-
sence of an absorber in the basket, liquid-filled variants
are more likely to have a lesser SFA load due to the need
for greater space between SFAs to ensure that criticality
limits are not exceeded.

CONCLUSION

The presented work is the final part of a two-stage
complex research aimed at substantiating the feasibility
to construct transport container design for nuclear spent
fuel after short-term storage.

Computer simulation modelling methods and calcu-
lations were used to substantiate the radiation protection
and nuclear safety solutions under normal and emergency

operating conditions of the proposed TP (transport and
packaging unit) designs for SFAs and to study the asso-
ciated neutron-physical processes.

In the process of modelling, water and gas filling of
containers was assumed in design solutions for heat re-
moval inside the container in all considered operating
modes and conditions of the TPs were proposed.

As a result of the work, the basic feasibility of con-
tainers for safe SNF management after short-term storage
in the reactor was proposed, and the main technological
and design requirements were determined for several op-
tional TPU designs made of different materials, with dif-
ferent capacity and spatial arrangement of SFAs meeting
all the necessary criteria for safe SNF transport. The most
promising TP design options with maximum loading are
identified as gas and liquid filled containers with an ab-
sorber in the basket that made of the following materials:
reinforced concrete+DUQO; and cast iron+DUOs,.
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KOMITBIOTEPJIE UMUTALUAIBIK MOJEJBAEY B IICTEPTH ITAWIAJTAHA OTBIPHIII,
KBICKA YAKBIT YCTAJIFAH TAWJIAJTAHBLIFAH SIJIPOJIBIK OTBIHFA APHAJIFAH
TACBIMAJIIAY KOHTEMHEPIH KOJJIAHY IbIH TEXHUKAJIBIK MYMKIHIITTH
HET'I3JEYTE APHAJIFAH HEUTPOH/IBIK-®U3UKAJIBIK ECENITEYJIEP

II. B. 3apBa’, E. C. Typ, C. A. Mykenesa, A. B. T'yabkun, J. F. Batbip6exos, B. A. BuTiok
«Kazaxkcman Pecnyonukacvinoiyy ¥nmmutk a0ponvix opmansizety PMK, Kypuamos, Kazaxkcman
* Baunanvic ywin E-mail: zarva@nnc.kz

By KyMBIC €Ki CaTbUIBI KeLICH i 3epTTey IiH COHFBI CaThICHI OOJBIN caHanaabl, o1 [151O-HbI KbICKa yaKbIT ycTall Gaphli
TackIMajay MYMKIHZIriH Herizaeyre sxone TKK KOHCTpYKIMSChIHA KOWBUIATBIH TAJIANTap bl 33ipieyre OarbITTalFaH.
JKyMmpIcTa KpICKAa yaKbIT YCTajJFaH MaiiaaHbUFaH SAPOJIBIK OTHIHABI TAChIMANJay YIIIH TackiMajjiay KOHTeHHEpiH
KOJIIaHYIbIH TEXHHKAJIBIK MYMKIiH/IITIH Heri3aey OOMbIHIIA 3epTTey HOTH)KeCI YChIHBUIFaH. PanoakTuBTI coyeneHy 1eH
KOopray OOWBIHIIIA €CENTey KYPTi3iidi, SAPONBIK KAyilCi3miK HETi3aei, HeUTPOHIbIK-(PU3UKAIBIK 1JIeCTie MporecTep
sepuenenai. JKypriziireH »KyMbICTap/blH HOTHXKECIHAE MailanaHbulFaH sIPOJIbIK OTHIHFA apHAJFaH TackIMaiay
KOHTEHHEPIH KOJIaHYAbIH TEXHHMKAIbIK MYMKIHJII HETri3esi, KOHCTPYKIHICHl TeMip-0eTOH + ypaH AMOKCHJI JKOHE
LIOMBIH + ypaH AMOKCH/II MaTepHallbIHaH jKacaliFaH, ra30€H TONTHIPhIIFAaH HEMece CIHIPTill CYHBIKTBIKIIEH TONTBIPbUIFaH
ce0eTTeri Mai1aNnaHbUIFaH sIIPOJIBIK OTHIHFA apHAJIFaH KOHTEHHEP/IIH €H KOJIaiJIbl HYCKAChl YChIHBLUIFaH.

MakcaTka KeTy YIIiH J>KYMbICTa KOMIBIOTEPIIK MOZENBACY dicTepi KOJIAHBUIIBL, KaJbINTHl JXOHE aBAPUSUIBIK
maiianany skarJaiibIHIa paguanusagas KOpFaHy MEH spOIIBIK KayilCi3miKTi HeTi3aey YIiH ecenrteyiep xyprizinai, [1590
calblHFaH KOHTEHHEpIMEH iJece JKYPeTiH HEHTPOHABIK-QH3MKAIBIK MpoLecTep 3epTTenmi. MarepHallbiHbIH
KanslHabIFbIHA KoHe IDDKBJK KOHTeiiHepiHiH TONTHIPBUIYbIHA OaillaHBICTHl pagualMsaiaH KOpPFaHyFa apHaIFaH
MaTepHanaap/blH OipHelle HYCKAChl KapacThIPBULIBL

Tyiiin ce3dep: s0ponviKk OmbiH, AOPOLIK OMbBIH YUK, AOPOILIK KAVINCI30IK, NAuOAIaHbLIeAH SAOPOIbIK OMbIH
KOHMeUHepI, A0POTbIK Peakmop.
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HEHTPOHHO-®U3NYECKHAE PACUETBI BOBOCHOBAHUE TEXHUYECKOW BO3MOXHOCTH
MPUMEHEHMSI TPAHCIIOPTUPOBOYHOI'O KOHTEMHEPA JIJ151 OTPABOTAHHOI'O SIIEPHOI'O
TOILJIMBA MOCJIE KPATKOBPEMEHHOM BBIJEP)KKH C HCHIOJIb30BAHUEM METO/1I0B
KOMIIBIOTEPHOT'O UMUTAIIMOHHOI'O MOJEJINPOBAHUS

I. B.3apea’, E. C. Typ, C. A. MykeneBa, A. B. T'yabkun, . I'. Batbip6exos, B. A. BuTiok
PI'Il «Hayuonanwvnutii sadepuvtii yenmp Pecnyonuxu Kazaxcmany, Kypuamos, Kazaxcman
* E-mail ona konmaxkmos: zarva@nnc.kz

Jlarnas paboTa SBISETCS 3aBEPIIAIOIINM STAIlOM IBYXCTATUHHBIX KOMIUIEKCHBIX HCCJIECIOBAHWH, HAIpaBICHHBIX Ha
o0ocHOBaHKMe BO3MOKHOCTH mepemenicHus OST mocie KpaTKOBPEMEHHOW BBIZICPKKH M BBIPAOOTKY TpeOOBaHHN K
koHCcTpykuuu TYK.

B pabote mpencraBiieHbl pe3yibTaTbl MCCIIEIOBAHUH 1O OOOCHOBAaHHMIO TEXHMYECKOH BO3MOXHOCTH NPHMEHEHHS
TPaHCIOPTHPOBOYHOTO KOHTEIHEpA JIsl TPAHCIIOPTHPOBKH OTPA0OTAaHHOTO AJICPHOTO TOILTHBA MOCIE KPATKOBPEMEHHOM
BBIICP)KKU. BEITIONHEHBI pacueThl 3allUTHl OT PAJHOAKTHUBHOTO H3JydYeHHs, OOOCHOBaHa sijepHas OE30MacHOCTb,
N3y4YEHBI COOTBETCTBYIOIINE COMPOBOXKIAMONINE HEHTPOHHO-(PHU3NUECKUE MpoLiecChl. B pe3ynbrare MpoBeieHHBIX padoT
000CHOBaHa TEXHUYECKAs BO3MOKHOCTB TPUMEHECHHS TPAHCIIOPTHPOBOYHOTO KOHTEHHEPA TSI OTPaOOTAaHHOTO SACPHOTO
TOIUTHBA, TIPEIJIOKECH HanOoIee MPUEMIIEMBIA BapHAaHT KOHTEHHepa Ui OTpabOTaHHOTO SIEPHOTO TOIUIUBA C Ta30BBIM
3aITOJTHCHUEM WM C KHUIKOCTHBIM 3aII0THEHUEM TIOTJIOTUTEIS B KOP3UHE C KOHCTPYKITHEH 13 MaTepHAIIOB: KeJIe300eTOH
+ IMOKCHUI ypaHa U YyTYH + IHOKCH] YpaHa.

Jns  moCTMKEHHS TIOCTaBICHHOW IIEMd B pPadOTe WCIONB30BAINCH METOIBI KOMITBIOTEPHOTO HMMHTAIIIOHHOTO
MOJICIIAPOBAHMS, MPOBOIMINCH PAacYeTHl B OOOCHOBAaHHE pPATUMAIMOHHOW 3aIIWTHl M sACpHOW OE30IacHOCTH B
HOPMAaJIbHBIX M aBapUIHBIX YCIOBHSX KCIUTyaTalllH, H3Y4aluch HEHTPOHHO-(H3HMYECKUE TPOLIECCHI, COMTPOBOXKIAIONIHNE
TVYK ¢ OSIT. B pabote paccMOTPEHBI HECKOJIBKO BAPHAHTOB MATCPHAJIOB JIJIsl PaAHalldOHHON 3alUThI, B 3aBUCUMOCTH
OT UX TOJIIWHBI U HanoJHseMocTy KoHTeliHepa OTBC.

Kniouesvie cnoea: soeprnoe moniugo, s0epHbll MONAUGHLIL YUK, A0epHas 0e30nacHocmv, KoHmeulHep O
ompabomanHo20 A0epHO20 MONAUBA, S0ePHbI PeaKmop.
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BBICOKOTEMIIEPATYPHOE OFBEMHOE OKHUCJIEHUE IUPKOHUEBBIX CIIJTABOB B BO3YXE

E. Bb. Apbinrassel’, E. E. Canaraes, b. T. Opa3biM6exoB
Qunuan «Mncmumym amomnoi snepzuuy PI'TI HAL] PK, Kypuamos, Kazaxcman
* E-mail ons konmaxmos: aryngazy@nnc.kz

B nanHOIT paboTe mcCien0BaINCh MPOIECCH OKHUCIECHHS CIUIABOB IIMPKOHMSA, JIETHPOBAHHBIX HHOOWEM, TPH BBICOKHX
temnepatypax (900-1200 °C). ObvexTamMu HcciIeAoBaHMs OBLTH 00pa3Isl U3 HOMUAHOTO HMHUPKOHUS, cIuIaBoB D110 u
2125, a Takke UMUTATOPBI TEIUIOBBIACIISAIONINX 3JI€MEHTOB (TBAIOB) U3 ciiaBa J110. Pe3ynpTaTsl nokaszanu pa3nindus B
KWHETUKE OKUCIICHUS JUIs TpeX rpymn oopas3uoB. OOpasiusl HoauaHoro HupKoHus (rpynma ) geMoHCTpUpOoBad JIMHEH-
HBII POCT Macchl ¢ yBeaudeHueM Temneparypsl. CutaBel IMpKOHHS ¢ HUOOMeM (Tpynma II) mokaszann mMakcuManbHOe
yBenuueHue macchl mpu 950—-1000 °C, nmocne yero okucneHue 3aMmesanocs. muratops! TBana (rpynna III) oxucnsanucsy
CXO0KUM 00paszom c rpynmoii II, ogHako ¢ MeHbIeH amIuTy 101 U3MeHeHni. Popma 00pa3oB OKa3aia 3HAYNTEIBHOE
BIIMSIHAE HAa KHHETUKY OKUCIIEHHs. IMUTAaTOPBI TB3/1a OKUCISUTUCH OBICTpEe U3-3a paCTPECKUBAHUA OKCUIHOTO CJI0S, YTO
crocoOcTBOBaIO 00Jee MHTEHCUBHOMY IOCTYITy OKHCIHUTENBHON Cpeibl K METally. DKCHEPHUMEHTAIBHO OIpeleiicHa
SHEPTHs aKTUBAIIUH OKHACICHUS Uisl HomumHoro mupkouwus (113 k/x/Mois) 1 mMuTaTopoB TBAA (59 k/[/Momb). PaboTta
BBISIBIJIA BIIMSIHUE COCTaBa M T€OMETPHU 0Opa3LoB Ha MPOLECC BHICOKOTEMIIEPATYPHOTO OKHCIICHUS, 9TO MOXXET OBITh
TIOJIE3HO IS pa3paboTKH OoJiee yCTOMIMBBIX K OKHCICHUIO MAaTePHAJIOB U SAEPHBIX PEAKTOPOB, a TAKXKE JUIS Iepepa-

60TkH oTpadoTaBmux TBC meTomom criocoOoM 00BEMHOTO OKUCIICHHS.

Knroueswie cnosa: cnnaswl YUPKOHUZ, OKUCNIeHUe, SHepeUus akmusayuu.

BBEJIEHUE

[{upxoHHEBEIE CIUIABHI ABJISIOTCS HEOThEMIIEMOIT Ya-
CTBI0 COBPEMEHHOM SIIEPHOM DHEPIETUKH, I OHU HC-
MOJIB3YIOTCS I H3TOTOBICHHS 000I04€EK TEIUIOBBIICIIS-
IOIIUX 3JIEMEHTOB (TBAJIOB) B ANEPHBIX peakTopax. Mx
MOMYJIIPHOCTh OOBACHSIETCS yHUKAIbHBIMH CBOMCTBAMH,
TaKMMU KaK BBICOKAs CTOMKOCTb K KOPPO3UHU B BOJHBIX
cpellax M HU3KOE CEYEHHE 3aXBaTa TEMIOBBIX HEHTPOHOB,
4TO JIeNaeT 9T MaTepHalbl UACAIbHBIMU [Tl JJIUTEIb-
HOMW 3KCIITyaTalluU B arpeCCUBHBIX CPEAAX PEAKTOPHBIX
ycTaHoBOK [ 1, 2]. OgHaKo B yCIIOBUSIX aBApUHHBIX CUTY-
aIii, HanpuMep, Ipu 3HAYUTEITFHOM MOBBIIICHUH TEM-
MepaTypsl B CiIy4yae MOTepH TEIUIOHOCUTENS, IIUPKOHUE-
BbIE CIIABBI MOTYT TOABEPTaTHCSI HHTEHCUBHOMY OKHC-
JICHUIO B BO3YIIHOH cpefie. DTOT mpoliecc MPUBOIUT K
00pa30BaHUIO OKCHIHBIX CJIOEB Ha MOBEPXHOCTH Mare-
puana, KOTOpble HETaTUBHO BJIMAIOT HAa €r0 MEXaHHUYeC-
KHE CBOICTBA M MOTYT CTaTh NPHUYUHON pa3pylICHHUs
KOHCTPYKLHMOHHBIX 3JIEMEHTOB peakTopa [3, 4].

OxucneHue IUPKOHUEBBIX CIUIABOB ITPH BEICOKHUX TEM-
neparypax — 3TO KOMILIEKCHBIN MPOLECC, BKIIOYAOMINI
B3aMMO/JICHCTBIE METaJLIA C KUCIIOPOAOM BO3.lyXa 1 00pa-
30BaHUE OKCHJIOB, TAKUX KaK JTUOKCHUI MUPKOHUS (Z1O2).
OTOT OKCHA XapaKTepu3yeTcss HU3KOH IIaCTUIHOCTBIO U
CKJIOHHOCTBIO K 00pa30BaHHIO TPEIIHH, YTO CHIXKAET IPO-
YHOCTBH MaTepHaja U €ro CIIOCOOHOCTH BRIJCP)KUBATH BHI-
COKHE MEeXaHWYeCcKue Harpyskd [5]. BaxxHpIM acriekTom
ABJIAETCSA TOT (PaKT, YTO CKOPOCTH M MEXAHU3MBI OKHCIIe-
HUsI CUJIBHO 3aBHUCST OT COCTaBa CIUIaBa U TEMIIEPATypbl
OKpy>Karolen cpepsl. Hanmpumep, neruposaHye IUPKOHU-
€BBIX CIUIaBOB HUOOMEM CyNIECTBEHHO U3MEHSET KHHETH-
Ky OKHCIICHUs], TOBBIIIAs KOPPO3UOHHYIO CTOMKOCTh Ma-
Tepuaa U ero kaponpodHocTs [6]. CruiaBel HIUPKOHHUS C
HroOuem, Takue kak 3110 u 3125, npumensrorcs B saep-

HBIX peaKkTopax UMEHHO Oarojapst Ux yJIy4IlIeHHBIM 3KC-
IUTyaTallMOHHBIM XapaKTepUCTHUKaM [7].

OcoOblil UHTEpEC MpeAcTaBIsieT U3yuyeHUe MpoIiec-
COB OKHCJICHHsI IUPKOHUEBBIX CIJIABOB B paMKax paspa-
OOTKH TEXHOJIOTUH OOpaIeHusi ¢ 0TpabOTaBIIMM sICP-
HeIM TOTUTHBOM (OAT), comepkamuM ypaH v HUPKOHHHA.
B mpomnecce xpaHeHust U mepepabOTKH OTpabOTaBIIETO
simepHoro TorumBa (OST) mupkoHMEeBBIE 000JIOYKH IO/~
BEprafoTCcsi TEPMHUYECKUM BO3ACHCTBHUSM, UYTO MOXKET
MPUBOJIUTEH K UX OKHUCIEHUIO U Aerpagauuu [8]. Pazpa-
060TKa (P PEKTUBHBIX METOJOB YTHIIM3AIMU M Iepepa-
OOTKHM ITUPKOHUEBBIX 000J0YEK SABISIETCSA BaXKHOU 3ana-
4yel B KOHTEKCTE 3KOJIOTHIEeCKOi O€30ITaCHOCTH U 3KOHO-
Mudeckoi 3(QQPEKTUBHOCTH aTOMHOUN 3HepreTwku [9].
[TomHOE OKHMCIIEHHE ITUPKOHHUEBBIX CIUIABOB paccMaTpu-
BaeTcd Kak OJUH M3 BO3MOXKHBIX ITallOB MEepepabOTKH,
TaK KaK OHO TO3BOJIIET CTaOMIM3MPOBATH MaTepuan U
MTOJITOTOBUTH €T0 K JajbHelmeMy oopamenuro [10].

Panee npoBeneHHBIE MCCIENOBaHUS MOKA3BIBAIOT,
YTO MPOLECC OKUCICHNS IUPKOHNUEBBIX CIUIABOB, TAKHUX
kak D110 u D125, B atMocdepe Bo3ayxa IMPOUCKOAUT I10
CIIO)KHOMY MEXaHH3MY, BKIFOUAIOIEMy HECKOJIBKO CTa-
I OT HaYanbHOTO (hOPMUPOBAHMUA OKCHIHOMN IICHKU
JI0 MTHTEHCHBHOTO Pa3pyIICHUS OKCUIHOTO CJIOS ITPH BBI-
cokux Temreparypax [11, 12]. Haubonpsimee BHUMaHHE
yAenseTcss TeMmrepaTypHoMmy auama3zony ot 900 1o
1200 °C, mocKoIbKy MMEHHO B 3TUX YCIOBHIX HaOIIOAa-
IOTCS 3HAYUTEIbHBIE N3MEHEHHS B KHHETHKE ¥ MEXaHU3-
Max okuciieHus [13]. BnusiHue reomerpudeckoi popMel
00pasIoB, a TaKKe COCTaBa CIUIaBa, UTPAET KIIFOUEBYIO
pOJib B MPOLECCE BBICOKOTEMIIEPATYPHOIO OKHUCIECHHUS.
Hanpumep, uMUTaTOpHI TB3J0B, COJAEpKALUE YpaH, Je-
MOHCTPHPYIOT 00JIee CIIOKHYI0 KHHETUKY OKHUCIICHHUS 110
CPaBHEHHMIO C YHCTBHIMU CILIaBaMU LIUPKOHUs [14].

22


https://doi.org/10.52676/1729-7885-2025-2-22-27
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Lemnbto maHHOW pabOTHI SBISIETCS HWCCIICIOBaHHE
MIPOLIECCOB BBICOKOTEMIIEPATYPHOTO 0O BEMHOTO OKHCIIE-
HUSI IUPKOHHUEBBIX CIUIABOB B BO3YIIHOW CPEJIe C LEIbIO
UX TIOJIHOTO OKHCJIeHUs. MccienoBanue NpoBOIUTCS B
paMKax pa3pabOTKH TEXHOJOrMH oOpalieHus C ypaH-
LIUPKOHUEBBIM OTPa0OTaBIIMM SIIEPHBIM TOIUIMBOM.
V3yyeHne KMHETMKH W MEXaHM3MOB OKHCJIEHUS ITHX
CITABOB SIBJIICTCS] Ba’KHBIM I1arOM HA ITyTH K CO3AaHHUIO
3¢ (GEeKTHBHBIX METOAOB YTHIIN3AIIUH U TIepepabdOTKH OT-
paboTaBIIMX TB3JIOB, YTO B KOHEYHOM HTOTE IO3BOJUT
MOBBICUTH 0E30IaCHOCTE M 3KOJIOTHYECKYIO UHCTOTY
ATOMHOMW 3HEPTeTHKH.

MATEPHAJ U METOJIMKA UCCJIEJOBAHUST

B kagecTBe 00BEKTOB HCCIICAOBAHIS OBLIH BEIOPAHBI
CIUTaBBI IUPKOHUS C Pa3INYHBIM COAEPKAaHUEM JIETHPY-
romiero 3nemenTa (Nb) u popmoii (TmacTiHA ¥ UMHTATOP
TBaMa). PoTorpadun 0OBEKTOB HCCIEAOBAHNS IOKA3aHbI
Ha pucyHke 1.

a) IIacThHA

\
"
i

0) ciupaib (MIMUATATOP TBAJIA)
Pucynox 1. Buewnuii 6uo ucnvinyemuix 0o6pasyos

O0pa31p! B popMe IIacTUH pa3Mepamu 7%x4x2 MM u3
HomumHOTO MUPKOHUS U cruiaBoB (3110 u 3125) Obutn
MOJrOTOBJICHBI U3 JINCTOBOTO IPOKATA IPOBOJIOYHO-BBI-
PE3HBIM CIIOCOOOM Ha 3JIEKTPOIPO3UOHHOM cTaHke. I1o-
BEPXHOCTh 00pa3LIOB ObliIa HOATOTOBJIEHA METOJIOM TOH-
Kol mundoBKM abpa3uBHONW Oymarod 3epHHUCTOCTHIO
P1200. XapakTepuCTHKH UCTIBITYEMBIX 00pa3IoOB Mpej-
CTaBJICHBI B TaOIIHIIE.

Wmuratopsr TBIa u3 cmaBa J110 MOATOTOBIEHBI
AQHAJIOTHYHBIM CIIOCOOOM HM3TOTOBIICHHUS TBAJIOB HCCIIE-
JoBarenbckoro peakropa MBI'.1M meTogamu TepMome-
XaHUYEeCKOH 00pabOTKM MaTepuaia I0J JaBJICHHEM.
OTto0OpanHble 00pa3Ibl M3 UMUTATOPA TBAJIA UMEIOT JUIH-
Hy 9 MM, a OCTaJIbHBIE Pa3Mephl CIUPANU, TAKUE KaK TOJI-
IIMHA JIONACTH, ONUCAHHBIM JUaMeTp M LIar 3aKpyTKH
aHAJIOTUYHBI pa3MepaMm IITaTHOTO TBAJIA.

Tabnuya. Xapaxmepucmuxu ucnuinyemvix 06pazyos

Cnnasbl LUMPKOHUA Bupa ncxopHoro nsgenus

Zr qncbiit (99,99%), oanaHbli CTEPXeHb
3110, 1% Nb nmer
3125, 2,5% Nb nmer

9110, 1% Nb

“MMTaTOp TB3NA (CMparb)

MeTtoauka oxkucjaenus Zr cnjiaBoB

BricokoTeMIiepaTypHOe OKHCIICHHE O00pa3lioB Mpo-
M3BOJAMIIOCH TIPU YCIOBUAX OJM3KUX K U30TCPMHUUCCKUM
B aTMocdepe Bo3ayxa npu temmneparypax ot 900 °C mo
1200 °C ¢ mpoaomKUTeTbHOCTh 10 3 yacoB. OKUCIICHHE
00pa3IoB IPOM3BOAMIOCE B KaMepe My(enbHO# medn
tunta CHOJI 8,2/1100 Ha KepaMHYECKHX JIOJOYKAX WIIH
pa3MeleHneM B KBapLeBol muactuse. [lepen okucneHu-
€M KaMmepa Ieqr OblIa IpeIBapUTEeIbHO HArpeTa 10 Tpe-
Oyemoii Temneparypbl. OxJIaxaeHHe 00pa3IOB MPOU3BO-
JIAJIOCH B aTMOC(epe BO3ayXa MyTeM HU3BICUCHHUS UX W3
KaMepsl neun [7-8].

CrernieHb OKHUCIICHHsI 00pa3iloB KOHTPOJMPOBAIACH
0 MBMEHCHHIO UX MACChI ITYTEM B3BCHIMBAaHHWS Ha aHa-
nuTUaeckux Becax mojenu MS205DU c¢ pazpematomieit
criocoonocteio 0,01/0,1 mr.

PE3YJBTATHI U OBCYXKJIEHUE

Pe3yabTaThl OKHCIEHHSI IMPKOHHEBBIX CIUIABOB

Ha pucynkax 2—4 npencraBieHbl U3MEHEHUE MTPUBE-
ca 1 ¢ororpaduu BHEIIHETO BUAA 0OPA3IOB OCIE OKH-
cieHus B nuanazoHe temmnepatyp 900+1200 °C B Teue-
uaue 0,5 4.

[To xapakTepy M3MEHEHHUsS YJAENBHOTO IMpHBeca 00-
Ppas3Ibl MOYKHO YCIOBHO Pa3/eIUTh HAa TP TPYIIIIHL:

— rpynna I — loguauerit nupkonuit (Zr 99,99%);

— rpynma II — cmmaBel IHMPKOHHMA € HHOOHEM
(Zr-1% Nb, Zr-2,5% Nb), oToOpaHHBIEC U3 JIUCTOBOH 3a-
TOTOBKH;

— rpymma III — comaB nupKoHWS ¢ HHOOHEM
(Zr-1% Nb), nmuTartop TB371a 6€3 ypaHa.

YBenuueHne npuBeca HOJUIHOTO HUPKOHUS (TpyTina
I) ¢ pocroM TemmepaTypbl POUCXOIUT 110 JTMHEHHOMY
3akoHy. O6Gpa3usl rpynmnsl 11 IMeroT MakcUManbHOE 3Ha-
YeHHe yAeNbHOro mpuBeca B auamasone 950-1000 °C,
HO C pPOCTOM TeMIepaTyphl IpPUBEC MaJaeT, W IOcie
1100 °C npakTH4yecKku CpaBHHUBAETCA C 0Opa3aMu IpyI-
nsl I. Martepuan umuratopa tBa1a (6e3 U) nemoHCTpH-
PYeT cXo)kne M3MEeHeHUs npuBeca ¢ rpynmnoii 11, oqHako
aMIUIMTYa U3MEHEHHUH HE CTOJIb BEJMKa U OJIM3Ka K JIU-
HEITHOM.

Oxwucnenue obpasnos rpynns! 11 u 111 conpoBoxna-
eTcsl 3aMeTHBIM (POPMOM3MEHEHHEM M OTIICITyIINBAHH-
€M NIpoAyKTOB okucieHus. [na rpynmst I mpomgykTel
OKHCIICHHS WMEIOT O€Nblii IBET [0 TeMIepaTypsl
1050 °C BKIIOUMTENLHO, a JalbHEHIEe CHIKEHHE
YAEITBHOTO PHBECa CBA3AHO C TIOTEMHEHHEM MPOIYKTOB
oxucienus. Toapko pedpa 0Opa3oB OCTAIOTCS OETBIMU.
Ha umuraropax tB35a U3 rpymnmsl III Bo Bcex Temnepa-
Typax HCTBITAaHUS [BET NMPOIYKTOB OKUCICHUS MPaKTHU-
yecku He usMensercs. lllemymenue U OTpeIB OKUCIIEH-
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neyrBasi JOCTYI OKHCIUTEIBHOH Cpelbl K OCHOBHOMY
Metanty. CkopocTh Harpesa oopasuos ~ 20 °C/muH, 0X-
naxaeHus oopasnos — 40 °C/muH.

HOTO CIIOSI IPOUCXOINT 3aMETHEe, YeM Y 00pa3IoB IPyII-
mel 1I. OxucneHHble 00pa3Ibl HOAUTIHOTO IIUPKOHUS BO
BCEX HCMBITAaHHBIX TEMIIepaTypax UMEIOT TEMHO-CEPYIO

OKpackKy ¢ OeNTbIM OTTEHKOM Ha pe6pax.

120
100
| |
| |

80 m Zr (99,99%)

u Zr-1%Nb (fuel w/o U)

m Zr-2,5%Nb

m Zr-1%Nb

y=0,123x-109,18
R?=0,99

900 950 1000 1050 1100 1150 1200 1250
T,°C
Pucynox 2. Hzmenenue yoenvro2o npuseca oopasyos

nocne oxucienus: 6 ouanazore memnepamyp 900—1200°C
6 meuenue 0,5 u

Taxoke CTOMT OTMETHTB, 4TO 3a nomdaca rpu 1200 °C
oOpasel; UIMHTaTOpa TBYJIA MOJIHOCTBIO okuciauncs. Oc-
TaJIbHBIE 00Pa3Ibl OKUCIWIIUCH JIMIIb YACTUYHO — OKOJIO
40% mo macce. CTeneHb OKUCIEHUS OLIEHUBAJIACh IPU
yCIOBHH 00pa30BaHUs AUOKCHIA LUPKOHUA Oe3 yuera
JIPYTUX BO3MOXHBIX (ha3.

Takum o6pa3om, reomerpudeckas Gpopma 00pa3os —
Kak (akTop, BIUSAIOMIHNI Ha KHHETHKY OKHCIICHHS — IIpe-
oblagaer B MaTepuale UMUTATOPa TBIJA, YCKOPSS €ro
OKHCJIEHHE ITyTeM BCKPBITHSI OKUCICHHOTO CJIos 1 obec-

900 °C 950 °C 1000 °C
=
7r (99.99%) \m ; ‘
310 ;
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3125 :
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160 T T T T T T 100
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R 0,9—9‘ e - ° -
120 " <
7 -3
s 1004 s L60 &
§ ” 5
S 80 / 2
(%) ’ o
- n
o 60- ) Fa0 2
/ y=73,491In(x)+89,775 s
404 o R2=1 15}
L 20
20
0 T T T T T T 0
0,5 1,0 1,5 2,0 2,5 3,0
t, yac.

Pucynox 3. Hzmenenue yoenvHo2o npuseca u cmeneHu
oxucnenus oopasya cniasa 2125 6 3asucumocmu
Om NPOOOIIAHCUMENLHOCIMU UCNLIMAHUS

Ha pucynke 3 npecTaBieHbl pe3yJibTaThl OKHCICHHS
crmaBa 9125 (Zr-2,5% Nb) npu temneparype 1000 °C
NIPU pa3NUYHON MPOAOJIKUTEILHOCTH HCHBITAHUNA (OT
0,5 1 10 3 49) 10 MPAaKTUYECKH MOTHOTO OKUcaeHust. Oku-
cieHue crmaBa D125, kak mpezncraButens rpynmnsl 11,
npu Temnepatype 1000 °C npoxoaut mo3TamnHo, cHayaaa
0 HKCIOHEHIMAIBHOMY 3aKOHY 10 1,5 4. Dta cramus
OKHCJIEHUsT HOCHT Ha3BaHME JONEpEeIOMHON (pre-
breakaway). 3aTeM KMHETHKA OKHCICHUS PE3KO MEHSCT-
cs1 Ha JIMHEHHBIH 3aKOH BIJIOTH 10 MOJIHOTO OKUCIICHUS,
1 HOCUT Ha3BaHHME MociernepesioMHol (post-breakaway).

1050 °C 1100 °C 1150 °C 1200 °C

e il

(uMM??lgena) ﬂ '_-ﬂ 3 2 ('- = 3 ’-—.a .3

Pucynok 4. @omozcpadus snewrne2o 6uda pasnuiunsix 0Opasyos,
ucnvimannvix 6 ouanasore memnepamyp 900—-1200 °C ¢ meuenue 0,5 u.
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Pucynox 5. Temnepamypnas 3aéucumocms ckopocmu
OKUCIeHUs UOOUOHO20 YUPKOHUS U UMUMAMOPA ME3d.

Ha pucyHke 5 npeacTaBieHbl TeMIIepaTypHbIC 3aBH-
CHMOCTH CKOPOCTH OKUCIICHUS HOTUTHOrO LUUPKOHHS H
UMHUTATOpA TB3Ja B ApPEHUYCOBCKHX KOOpAMHATAX II0
HOJTyYeHHBIM 3KCIePUMEHTAIBHBIM JaHHBIM. W3 rpadu-
Ka 1o opmyie:

E,=-RTIn

B

I/ie k — KOHCTaHTa CKOPOCTH PEaKIMH; A — MPeadKCIIo-
HEHIMATBHBIH MHOXXHUTEIH ((PaKTOp YaCTOTHI) I peak-
nun; R — yHUBEpCcalbHas ra30Bast MOCTOSTHHAS; 17— TeMII-
eparypa, K; onpenernena sHeprus aktuBanuu £, 1 Ho-
UTHOTO MUPKOHUS ¥ HIMUTATOPA TBAJIA, KOTOpask COCTa-
pua 113 xJI>x/mMomb u 59 kJ[5k/MOJIb COOTBETCTBEHHO.

OCHOBHBIE BbIBO/IbI

— OkxucneHne HOOUIHOTO IUPKOHUS MPOHCXOIUT
T10 JINHEHHOMY 3aKOHY TIPH yBEINYEHHH TEMIIEPaTyphl B
nuarmasone 900—-1200 °C.

— CnaBsl mupKoHUs ¢ HHOOUeM (Tpymma 1) nmeror
MaKCHUMaJIbHBIN MpuBec npu Temneparype 950-1000 °C,
HocJIe 4ero Habmro1aeTcsi ero cHuxeHue. Ilpu temmnepa-
Type Boime 1100 °C ynenbHbIN NIpUBEC CIUIABOB MPAKTH-
YeCKH CPaBHUBAETCA C HOAUIHBIM LIUPKOHUEM.

— HWmwratop 1B3ma (rpynma III) nemoncTpupyer
aHaJIOrMYHOE NoBeseHue ¢ rpynnoi II, onHako n3mene-
HUS MEHEe BBIPaXXEHBI ¥ IMEIOT TCHCHIINIO K JIMHEHHO-
CTH.

— B o6pasuax rpynmst 11 u 111 HaGmonaercs 3Haun-
TENbHOE OTLIENYIINBAHUE MPOAYKTOB OKUCIIEHHS, MPH-
yeM y uMutaropa TBwia (rpymnma III) oHo BeIpaskeHO
cHIlbHee, ueM y 06pasios rpymmsi I1. Moaumusrii mupko-
HU, HA000POT, IEMOHCTPUPYET TEMHO-CEPYIO OKPACKY
6e3 3HAYMTENHHBIX W3MEHEHHH I[BeTa U (HOpMOHU3MEHE-
HUHN.

— Teomerpusi 00pa3moB HTpaeT BaXXHYIO pOIb B
OKHCIeHNH. IMUTAaTOPBI TBAJIa OKUCIIAIOTCS OBICTpee 3a
cueT 0oJiee aKTUBHOTO Pa3pyLICHUS] OKHCIEHHOTO CIIOs,

YTO CIIOCOOCTBYET IOCTYITY OKUCIUTEIBHON CpelIbl K OC-
HOBHOMY METAJITy.

— 3a momuaca mpu Temmeparype 1200 °C obpa3zen
HMUTATOpa TB3Ja MOJHOCTHIO OKHCIHICS, B TO BpEMs
KaK Jpyrue o0pasipl MOKa3ald YaCTHYHOE OKUCICHUE
(~40 % mno macce).

— Oxkwucnenne cmiaBa 2125 (Zr-2,5% Nb) mnpu
1000 °C mpoxoaut nBa 3Tama: CHadaja 3KCIIOHEHITHAIb-
HBIH (710 1,5 9acoB), 3aTeM JTMHEHHBIH 10 ITOJTHOTO OKHC-
JICHHUS.

— DOHeprus akTHBAIU{ A HOAMTHOTO ITMPKOHUS
cocraBmna 113 x/[x/Monb, a Iyl UMHTaTopa TB3Ja —
59 x/I/Mob.

3AK/IIOYEHUE

B pesynbTaTe NpOBENEHHBIX SKCIIEPUMEHTOB OBLIO
YCTaHOBJICHO, YTO TEMIlepaTypa, MpOIOKUTEIEHOCTh
UCIIBITAHUN ¥ TE€OMETPHsl 00pa3LoB OKa3bIBAIOT 3HAYH-
TENbHOE BJIMSHHEC HAa KMHETHUKY OKHCIICHUS LUPKOHME-
BBIX ciu1aBoB. CIIIaBbI IUPKOHUA C HHOOUEM JCMOHCT-
PUpPYIOT OoJiee CIIOYKHOE TIOBEICHUE OKHCIICHHS 110 CPaB-
HCHHUIO C YUCTBIM HUPKOHUEM, YTO CBA3aHO C HAJIUYUCM
JIETHPYIOIIEro ajeMeHTa. MiMuTaTtopsl ypaH-IMpKOHHE-
BOTO TB3J1a peakTtopa BI'. 1M, u3-3a ocobeHHOCTEH CBO-
et popMbl, OKUCIISIOTCS ObICTpEE, YTO OATBEPKIACT Ba-
JKHOCTH T€OMETPHYECKHX (PaKTOPOB B MPOIECCAX BBICO-
KOTeMIIEPaTyPHOTO OKUCIICHHUSL.

Paboma evinonnena 6 pamkax peanusayuu npoekma
1] (MPH BR21882185), ¢gunancupyemozo Komume-
mom Hayku Munucmepcmea HayKu u @vicuie2o 06paso-
sanus Pecnyonuxku Kazaxcman.
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LUPKOHMI KOPBITIAJIAPBIHBIH AYAJIAFBI 2KOFAPBI
TEMIIEPATYPAJIbI KOJIEM/I TOTBIFYBI

E. b. Apbinrassl’, E. E. Canaraes, b. T. Opa3bim0exon
KP ¥A0 PMK «Amom nepzuscol uncmumymoly gpunuanst, Kypuamos, Kazaxcman
* Baunanvic ywin E-mail: aryngazy@nnc.kz

By sxymeic xorapel Temneparypaga (900—1200 °C) mupkoHHH KOPBHITIANAPEIHEIH HHOOWHMEH KOCMANAHFaH TOTHIFY
MpoIlecTePi 3epTTeal. 3epTTey HbICAHAAPHI HoauaTi upkoHuid, 110, D125 KoprITHaTapbIHAH AJIBIHFAH TP )KOHE
D110 xopsITHacklHaH kacaiFaH xkblty 6edrim anemenT (JKbD) nmuratopiaps 6osabl. HoTikenep yariszepaiy yiur ToObl
YIIIiH TOTHIFY KMHETHKAChIHIAFbl Al bIPMAIIBUIBIKTAP B! KOpceTTi. Momuari mupkonuii (I o) yarizepi TeMmeparypaHbi
JKOFapbLIaybIMEH MAaCCaHbIH ChI3BIKTHIK 6CYiH KopceTTi. Llnpkonuiinin anobuiimen (11 Tor) kopeitnanaps: 950—-1000 °C
TeMIIepaTypaja MacCaHblH MAaKCUMAIIJIbI OCYIH, TOTHIFY NpOIEciHiH OasyiaybiH kepcerTi. JKBD umuraropnapsr (111 Tom)
II Tonka yKkcac TOTbIFabl, Oipak e3repy aMIUIMTYAACH a3. YJTiJepIiH MillliHl TOThIFY KUHETHKAChIHA aifTapJbIKTai acep
erti. )KbD nmuraropiapsl okcu KaOaThIHBIH KapbUIbII TOTHIFY OPTACHIHBIH METalFa KapKbIH/IbI )KETyiHe OalIaHbICTHI
TOTBIFY MPOIECIHIH XbUTAaM KypyiHe ocep erri. Mommari mupkonnit (113 xJlx/mMons) xone JKBD mmuraropmapsl
(59 x/I)x/MoIB) YUIIH TOTBIFYABI O€JCEHIIPY SHEPTHACH TIKipHOe Ky3iHAE aHBIKTAIIBL. Byl jKympIcTa YITinepIiH
KypaMbl MEH I'€OMETPHUSICHIHBIH JKOFaphl TEMIIEpaTypalibl TOTHIFY ITPOIIECiHE acepi aHBIKTAIIBI, OCHI HOTIIKEIIEP SAPOIIBIK
peakTopiap YLIiH TOTBIFyFa Te3IMIl MaTepHallAap bl )KacayFa, KoHe /ie Koiganelrad Kb keneMaik TOThIFy oiciMeH
OHJIEyTe Maiiianbl 0OTYbI MYMKIH.

Tyiiinoi co30ep: yupronuii KOpLIMNAIapsvl, MOMbIRY, AKMUBAYUSL IHEPSUACYL.
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HIGH-TEMPERATURE VOLUME OXIDATION OF ZIRCONIUM ALLOYS IN AIR

E. B. Aryngazy", Ye. E. Sapatayev, B. T. Orazymbekov
Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: aryngazy@nnc.kz

This work studies the oxidation processes of zirconium alloys alloyed with niobium at high temperatures (900—1200 °C).
The objects of the study were samples of iodide zirconium, E110 and E125 alloys, and fuel rod simulators made of E110
alloy. The results showed differences in the oxidation kinetics for three groups of samples. Samples of iodide zirconium
(group I) demonstrated a linear increase in mass with increasing temperature. Zirconium alloys with niobium (group II)
showed a maximum increase in mass at 950-1000 °C, after which oxidation slowed down. Fuel rod simulators (group I1I)
oxidized in a similar manner to group II, but with a smaller amplitude of changes. The shape of the samples had a
significant effect on the oxidation kinetics. Fuel rod simulators oxidized faster due to cracking of the oxide layer, which
contributed to more intensive access of the oxidizing environment to the metal. The activation energy of oxidation for
iodide zirconium (113 kJ/mol) and fuel rod simulators (59 kJ/mol) was experimentally determined. The work revealed
the influence of the composition and geometry of the samples on the high-temperature oxidation process, which can be
useful for the development of more oxidation-resistant materials for nuclear reactors, as well as for the reprocessing of
spent fuel assemblies using the volume oxidation method.

Keywords: zirconium alloys, oxidation, activation energy.
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OIIEHKA HAITPABJIEHHOCTH BJIUAHUA XUMHWYECKOI'O 3ATPA3HEHUSA
HA SMUCCHIO CO: CBETJIO- U TEMHO-KAIIITAHOBOI NOYBAMM
B JJIMTEJIBHOM JJABOPATOPHOM 3KCIIEPUMEHTE

E. H. Moauskuna’, E. B. Kopuuiaes, E. C. CoicoeBa, A. T. Menbay6aes, E. B. Mycraduna, A. O. Aiizapxanos
Qunuan «Mncmumym paduayuonnoi 6esonacnocmu u yxonozuuy PI'TI HAI], Kypuamos, Kazaxcman
* E-mail ona konmaxmos: polivkina@nnc.kz

[TpoBeneH IMTENBbHBIN 1a00PAaTOPHBIN HKCIIEPUMEHT JJIs1 OLIEHKH HAIIPABJICHHOCTH BIMSHHUS XUMUYECKOT0 3arps3HEHNUS
Ha smuccHio CO; CBETIIO- U TEMHO-KaIITaHOBOH nouBamu Kazaxcrana. Xumudeckoe 3arpsi3HeHHE MOYBEHHBIX 00pa31oB
MIPOM3BOIMIIN pacTBopamu coieid Hutpata kanus (KNOs) u kpucramnorunpara cynbdara meau (11) (CuSO4-5H,0) B noze
1 u 5 IIJIK. [liis UMHTalMM pacTUTENBHOTO IOKPOBa MCIONB30BAIHM KyJNbTYpy JouepHsl (Medicago). Vamepenne
smuccuu CO; IPOBOAMIN 3aKPHITHIM JUHAMUYECKUM KaMEPHBIM METOJIOM.

OrnpeneneHHONH 3aKOHOMEPHOCTH BIUSHUS MoHo3arpsisHeHus HuTparoM kanus (KNOs) u conbto menu (CuSO4-5SH,0)
npu BHeceHHOH fo3e 1 u 5 IIJIK He ycraHoBieHo. OTMedeHo, uTo amuccus CO; ¢ noBepxHoctu CK mouBsl pu A03€
HutpatoB 1 un 5 IIJK coycTs Mecan npessliana KOHTposb Ha 12%, depe3 6 mecaues — 6 U 7%, cooTBeTCTBEHHO. [l
o6pasma TK mouss! yBenmuerne smuccun CO; Ha 10% oTMedeHo Tonbko npu go3e Hurparos 5 ITJIK crycerst 6 mecsnes.
ITpu 3arps3aennn mensio B no3e 1 n 5 [IIK smuccus CO; ¢ o6pasna CK moussr gepes3 mecsn yBennuusanack Ha 11%,
gepe3 6 MecsIeB He OTIMYaiachk oT KoHTpois. st o6pasua TK moussr npu no3e menu 1 I1JIK otmeueHo yBenmuaeHue
smuccuu COz Ha 10% Tonbko ciycTs 6 Mecsaues, npu gose 5 IIJIK — B cpennem Ha 12% depes 1 u 6 mecsues.
OTcyTcTBHE MyOJNHMKALMKA, NOCBSIICHHBIX BIMSHUIO XUMHYECKOTO 3arpsi3HEHUs Ha Tmokasatenap osmuccun CO»
perroHaibHBIX No4B KazaxcraHa oOyCIIOBIMBAaET aKTyaJIbHOCTH IPOBE/ICHHS HCCIIEAOBAHUI B JTAHHOW 00JAacTH IS
OIIEHKH U TPOTHO3UPOBAHUS COCTOSHHS IOYBEHHOI'0 TIOKPOBA B aHTPOIIOT€HHBIX 9KOCHCTEMaX, Tak Kak o4BeHHbINH CO»-
ra3oo0MeH SBJSETCS BaKHEHIIeH YacThbl0 HE TOJIBKO OMOT€OXMMHMYECKOro IMKJIa YINepojaa, HO W OTpaxkaeT
OMOJIOrMYECKYI0 aKTUBHOCTD U 3JJ0POBBE MOYB.

Knrouesvle cnosa: modBeHHOE JAbIXaHUEC, SMUCCH, yFJ'IeKI/ICJ'IHﬁ ras (COz), CBCTJIO-KalllTaHOBasA I104YBa, TCMHO-

KallITaHOBAs MOYBA, XUMHYCCKOC 3aIrpsA3HCHHC.

BBEJIEHUE

OnHoii u3 robaneHEIX mpodiieM XX Beka sBiIseTCs
HM3MEHEeHHE KIIMMaTa, KOTOPOe OKa3bIBACT 3HAYUTEIIHHOE
BIMSIHAE Ha OMOTEOXMMHYECKHA HWKN yriepoma. [lo
JIaHHBIM MeXrocyJapCTBEHHOHN I'PYIIIbl 9KCIEPTOB IO
n3MeHeHuto kiaumarta (MI'OUK) u MHEHHIO OONBITHHCT-
Ba yueHbIxX [1-7] xoruentpamust CO; B atMocdepe BO3-
pocina npumepHo Ha 30% u «rimobaabHOE MOTETUICHUEY,
Hauagplleecs ¢ cepeluHbl XX BeKa, MPAKTUUECKU HE BbI-
3bIBaCT COMHEHU. B 1aHHOM acniexre, pojib 104BbI B yI-
JIEPOTHOM LUKJIE MOXKET CTaTh OMpEACIIIONIEH, TaK KaK
B HEH MPOTEKAIOT MPOIECCHI, (HOPMHUPYIOMINE OCHOBHYIO
4acTh MOTOKOB yriiepona B Ouochepe u B OKpyKaromeit
cpene B 1enoM. Eciu ¢ oHOM CTOPOHBI TOYBEHHBIH TO-
KPOB IUIAHETHI IEIOHUPYET YTICPO]I B OPTaHHIECCKOM Be-
miecTBe (Tymyce), TO ¢ IpYyroi CTOPOHBI, B pe3yibTaTe
MTOYBEHHOTO JIBIXaHUS IPOUCXOJUT SMUCCHUS KIIUMATHIE-
CKH aKTUBHBIX Ta30B B aTMochepy, B Tom uncie u CO,.
I'mo6anbHas HHTEHCUBHOCTD YTIIEPOJHOTO TIOTOKA C TIO-
BEPXHOCTH TTOYBEHHOTO TIOKPOBA OIEHUBACTCS B JHara-
30He 73-91 Mapa T C/roa v MpOA0IKAET YBEITUINBATHCS
B X0JI€ COBPEMEHHOT0 TIOTEIICHHS KJIIUMaTa CO CpeiHer
ckopocteto 0,1 mapn T C/rox [8].

JpixaHue mNOYBbI SIBJSIETCS MOIIHBIM, IOCTOSHHO
neficTByIOmnM (HaKTOpoM YIIIEpOJHOTo OajaHca IMpH-
POJHBIX W aHTPONOreHHBIX IKOcHcTeM [8].3HauuTesb-
Hble HAapyIIEHUsI €CTECTBEHHOTO MOYBEHHOTO MOKPOBa

OKa3bIBAIOT CYILECTBEHHOE BIMSHUE Ha MHTEHCHBHOCTb
MMOYBEHHOTO Ibixanus [9]. MHOkecTBO (hakTOpOB, BIIHS-
omux Ha sMuccuro CO2, MOXKHO pa3ieNuTh Ha IPUPOJI-
HBIC ¥ X03siicTBeHHEIC [8]. [lelicTBHEe MPUPOIHBIX (ak-
TOPOB 00YCIIOBIIEHO MOYBEHHON MUKPOOHOI OHOMACCOi,
CE30HHOM JUHAMMKOM TMAPOTEPMUYECKUX YCIOBUH U
T.A. [7, 8,10, 11]. B pe3ynpTare akTUBHOW CEIBCKOXO-
351CTBEHHOU NI€ATENIbHOCTH, a TaKXe OTKPBITON paspa-
OOTKH MECTOPOXKAECHUH MOJIE3HBIX MCKOIAEMBIX IPOUC-
XOJST 3HAYMTENbHBIE HAPYLICHHUS €CTECTBEHHOTO IMOY-
BEHHOT'O IIOKPOBA, @ 3HAYHT M YTIIIEPOJHOTO MOTOKA C MO0-
BEepXHOCTH MOYBHI [12—14]. Takum obpa3om, eciau Tpu-
poaHbIe paKTOPHI HETTOCPEACTBEHHO BIIUSIIOT HA ITOYBEH-
HOE JIBIXaHUE U, COOTBETCTBEHHO, ra3000MEH, TO XO35H-
CTBEHHBIE «KOPPEKTUPYIOT» BO3JECHCTBUE NPUPOJIHBIX,
IpUYeM He BCerja MOJIOKUTEeNbHBIM o0pa3zom. Tak, Ha-
MIpUMep, OJHUM HX OCHOBHBIX XO3SMCTBEHHBIX (aKToO-
POB, BIMSIOMINX Ha IOYBEHHBIH ITOKPOB B MPOMBIIIJICH-
HBIX TOPO/Iax, SBISETCS 3arpsA3HEHUE TSHKEITBIMHA MeTall-
namu (TM), B arpapHBIX 9KOCHCTEMAaX — 3arpsi3HEHUE HU-
Tpatamu. V3y4eHUIo BIHMSHUSA XO3AHCTBEHHBIX (haKTO-
POB Ha IOYBEHHOE JbIXaHUE IOCBANIEHO MHOTO palor,
BBINOJTHEHHBIX Kak B J1a0OpaTOpHBIX ycioBusx [15-19]
Tak U B HaTypHbeXx [20-24]. OpnHako, pe3ynbTaThl IO
OLICHKE BIMSHUSA 3arpsA3HEHUs NouBkl Ha amuccuio COy,
MOJIyYEHHBIE B €CTECTBEHHBIX YCIIOBHAX, BECbMa NPOTU-
BOPEUMUBHI BCIIECTBUE MHOTO(aKTOPHOCTH.
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Crnabast m3y4eHHOCTh 3aKkoHOMepHOcTeH amMuccuu CO,
TUIMYHBIMU TIOuBaMH Ka3zaxcraHa B yCIOBHUSIX TEXHOTE-
He3a JIeNIaeT COBEPIIICHHO HEOOXOIMMBIMU HCCIICIOBAHUS
B OTOM 00JIACTH, YYUTHIBAs POJIb IOYBEHHOT'O YIIIEPOIHO-
I'0 IOTOKA B PEIICHUH TPOOIEMbI TAPHUKOBBIX ra30B U CO-
XpaHEHHs TIOYBEHHOTO IUIOJIOPOAMS KaK Ha PErHOHANb-
HOM, TaK ¥ Ha INI00aJIbHOM YpOBHE. B ¢Bs3M ¢ yeM, OCHOB-
Has 1eJIb PabOoThI 3aKITFOYAIACh B KOJIMYECTBEHHOW OICH-
K€ HAIMpPaBJICHHOCTH BIUSHHUSI XUMHUUYECKOTO 3arps3HEHUsI
Ha smuccrio CO; CBETIIO- ¥ TEMHO-KAIITAHOBOM ITOYBAMU
B JUTUTENHLHOM JIADOPATOPHOM SKCIICPHUMEHTE.

OBBEKTHI 1 METO/JIbI

JlabopaTopHblii IKCTIEPUMEHT

B kauecTBe OOBEKTOB HCCIEIOBAaHMS JUIs MIPOBEJE-
HUS JUTUTEIBHOTO J1a0OpaTOpHOTO SKCHEPHMEHTA BBI-
Opanbl HauboJiee PacHpOCTPaHEHHBIE MOYBHI MPUPOI-
HbIX naHmmagpToB Kaszaxcrana — cBeTJIO-KalTaHOBBIE
(CK) n TemHo-kamranoBsle (TK). Hazanust nous nansl
B COOTBETCTBHMH C MEXIYHapOJHOW KiacCHU(PHUKAINH
mouB WRB [25].

YcnoBHbie 0603HaYeHUA
——
L_‘ rpaxuya CUN
@ racenérwin nywrr
@ rTouxm orGopa

ITouBenHbIE 00pa3LBI IS MPOBEACHUS SKCIIEPHMEH-
Ta 0TOMpaK Ha OHOBBIX TEPPUTOPHAX (PUCYHOK 1), e
OTCYTCTBYET XUMUYECKOE 3arps3HEHHE.

OtoOpaHHbIE MOYBEHHBIE 00pPa3Lbl IPOCEUBAIH Ye-
pe3 cuto (d — 10 Mm), 3aTem romoreHusupoBanu. Janee
MIO/JITOTOBJICHHYIO MOYBY MIOMENIAJH B IJIACTHKOBBIX Be-
reTallMOHHBIE COCYIbI ¢ Iep(opupoBaHHEIM JHOM (V —
12 ).

Jns AMHUTanMu XUMHUYECKOTO 3arpsi3HEHHS IOYBBI
nucnone3oBamn cemutpy (KNOs) m coms memm (ID)
(CuSO4'5H0). Bribop arporeHHOro TOKCHKaHTa
(KNO3) obycioBieH Tem, 9To mpodiaemMa HUTPAaTHOTO 3a-
IpSAI3HEHUS IPUOOpETaeT BCe OOJBINYIO aKTyalbHOCTh B
CBSI3U C HEM30EKHOM XUMHU3aIHEl CeNbCKOTo X03sicTBa
[26].

J103bI TEXHOTEHHOTO M arpOreéHHOT0 TOKCHKAaHTOB B
KaXJOW Cepuu SKCIIEPUMEHTa COOTBETCTBOBAIH 1 M 5
ITAK (B mepecuere Ha MeIb U a30T, COOTBETCTBEHHO)
[27]. Cxema skciepuMeHTa IpEACTaBICHA HA PUCYHKE 2.

Pucynox 1. Mecmo ombopa ¢ponoswix nous 0ist npoeedeHust 00120CPOYHO20 IKCHEPUMEHMA

CBeTno-KalwiTaHoBas no4sa

C 1 1 1 I

KoHTponb

TemHoO-KawWTaHOBasA No4yBa

1 1 1 17

1 nAaK 5naK

B8 | 8S

S5 ESEE

Y

1naK 5 NAoK

S EE
S &

KNO,

CuS0,-5H,0

Y

Pucynox 2. Cxema sxcnepumenma
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TokcHKaHTBI BHOCHIIM B TIOUBY B PACTBOPEHHOM BHJIE.
[TouBy moci€ MCKYCCTBEHHOrO 3arpsi3HEHHS TILATEIIHHO
NepeMeNINBaI U OCTABISUIM Ha 7 JHEW NMpU KOMHATHOM
TeMIieparype s paBHOMEPHOT'0 pacrpe/iesIeHHs DIIeMeH-
TOB 10 BceMy 00beMy MouBbl. KOHTpoOJIeM Ciry>XKuiu mod-
BEHHBIE 00pa3iibl 0€3 BHECEHUST TOKCHKAaHTOB.

UYepes 7 qHel mocie BHECEHUS COJIel B TOYBY IPOU3-
BOJIMJIH TIOCEB JIFOLIepHEI (Medicago) ans nMUTaIuy pac-
TUTEJIBHOTO ITOKPOBA, KOTOPBIA UI'PAET ONHY M3 KIIOYe-
BEIX POJICH B peTyIMpOBaHUH IOYBEHHOTO AbIXaHus [28].
Bribop motiepHBl 00YCIIOBIIEH €€ paclpOoCTpaHCHHBIM
HCTIONIB30BaHNEM B Ka4eCTBE KOPMOBOH KyJIBTYpBI, OBI-
CTPOH BCXOXKECTHIO M HENPUXOTIMBOCTHIO K YCIOBHUIM
IPOU3pacTaHusl.

H3mepenne nouBeHHoii smuccun CO2

Jns xonmdecTBeHHON omeHkH smuccun CO; ¢ mo-
BEPXHOCTH 3arps3HEHHBIX MOYB MPUMEHSUIA 3aKPHITHII
JMHAMUYeCcKUil kaMepHblid MeTon [12]. M3mepenue mo-
Toka CO, OCYUIECTBIISIIIN C UCTIONb30BAHUEM MOPTATHUB-
HO¥ cucTeMbl «Smart chamber» (LI-7810, CIIIA).

Msmepenue smuccun CO, Ha UCKYCCTBEHHO 3arpsi3-
HEHHBIX 00pa3iax MPOU3BOAUIM B 3-X KPaTHOU MOBTOP-
HOCTH Yepe3 | u 6 MecsleB nocje BHECEHUSI TOKCUKAH-
ToB. Bee m3mepenus nmposoaunu ¢ 10:00 go 15:00 yacos
MECTHOTO BPEMEHH C [IETbI0 MUHUMHU3AIINHI BO3MOKHOTO
CMEIIIEHNs OIICHOK M3-3a CYTOYHOH JAWHAMFKH TTOYBCH-
HOTO JBIXaHUS.

HenocpenctBeHHO nepes KaXKABIM U3MEPCHUEM Ha-
3eMHYIO YacCTh JIIOLIEPHBI Cpe3aid. 3aTeM B IIOYBY yCTa-
HaBJIMBAJIM IUIACTHKOBBIC KOMbIA qruaMeTpoM 21,5 cm u
BeicoTol 11 cM Ha ryOuHy 10 5,5 cM. Bo mzbexanue
HCKaXXCHHUSI PE3yJbTaTOB B pe3yJbTaTe JaTepaibHOI
muddy3un MOYBEHHBIX ra30B KOJbLA OCTABISUIM Ha 2—
3 yaca as JOCTHXKEHHS paBHOBecHs. Jlajee Ha KOJIbIO
YCTaHABJIMBAIN HW3MEPUTENLHYIO KaMmepy (PUCYHOK 3).
Bpewms m3mepenns — 1 MHUH, KOJTMYECTBO TIOBTOPHBIX U3-
MEpEHHH B KaXKJI0M cocyie — 3.

Pucynox 3. Usmepenue nousennoii smuccuu CO>.

OO0mwii 00beM ra30B, UCTIONB3YEMBIH PH PacyeTe TOTo-
ka CO», coctaBisin B cpetHeM 6000 cm’. [Tnomane MOBEPX-
HOCTHU U3MEPEHHs OYBbI B KaMepe cocTaBisiia 314 oM.

[MapannenbHO H3MEpsId OCHOBHBIE MUKPOKINMATH-
YecKUe I0Ka3aTelld, ONpeNelioue TUHAMUKY SMHC-
cun CO,, BIaXXHOCTB U TEMIIEpATypy IOuBLL. M3mMepenue
MHUKPOKJIMMaTHYECKUX II0Ka3aTeNiell OCyIIEeCTBISIOCh
crienuanbHbIM natuukoM (HydraProbe — Stevens Water
Monitoring Systems), KOTOpbIM OCHallleHa CcUCTEMa
«Smart chamber». [Tocie kaxxmoro u3MepeHHs CHOBa
MPOU3BOANII [IOCEB JIIOLEPHBI.

AHaym3 GU3NKO-XMMUYECKHX CBOICTB

MOYBEHHBIX 00pa3oB

ConeprkaHue rymyca B IOUBE ONPEASISIIN 0 METOIY
Tropuna [29]. Onpenenenue pH noyBeHHOr0 pacTBOpa
MPOU3BOIMIN TIOTEHIIOMETpUUEcKUM MetoaoMm [30],
KOJIMYECTBA TIOTJIOMIEHHBIX OCHOBAHWUN — TPHIIOHOMET-
pudeckuM MeTtonoM [31], BOZOpacTBOPUMEIX COJeH U
KapOoHAaTOB — 00BEMHEIM MeTonoM [32-34], rpaHymo-
METPHUUYECKOI0 COCTaBa — NMUIET-METOA0M [35].

Kamepaabnasi 00padoTka pe3y/jibTaToB

[lepBuunass 00pabOTKa pE3yNbTAaTOB H3MEPEHHIMA
smuccun CO, BBIIONTHEHA C HCIOJIB30BAHHUEM IIPO-
rpammHoro obecreueHus «SoilFluxProy». g oneHkn
JOCTOBEPHOCTH Pa3INIHid UCTIOIH30BATIH HEeTlapaMeTpH-
yeckuil kpurepuii Konmoroposa-CmupHoBa [36]. Cra-
THCTHYECKYI0 00pabOTKY pe3ylIbTaToOB IPOBOIMIIH C TO-
Moreio nakera nporpamMm STATISTICA 12.0.

PE3VJIBTATBI U OBCYXXJIEHUE

OU3NKO-XUMHYECKAE XapaKTEPUCTUKH II0YB, WC-
MIOJIb30BaHHBIX B JIA0OPATOPHOM SKCIIEPUMEHTE Mpel-
CTaBJICHHI B TabuIe (Tabmuma 1).

CornacHo manHbIM Tabmumbel 1, obpasuer CK u TK
ITOYBBI, MCTIOJIF30BaHHBIE B Ta0OPaTOPHOM IKCIIEPHMEH-
T, XapaKTepU3yIOTCs ciabomenoyHoil peakiueir. Co-
JiepKaHue TyMyca, WINCTOH (ppakiiu U eMKOCTh KaTu-
oHHOro obmeHa B obpasue CK mouBsl HUXe, YeM B 00-
pasue TK mouBsl B cpeanem Ha 1,4 pasza. ConeprxaHue
¢usmueckoii rmuHbl B 00pasie CK nouBk BBIIIE IO CpaB-
Henuto ¢ TK Bcero B 1,1 paza.

M3mepenue smuccun CO; ¢ MOBEPXHOCTH KOHTPOJIb-
HBIX 00Pa3IOB MPEJICTABIEHBI B TabuIe 2.

CortacHO pe3ybTaTaM, IpeJICTaBICHHBIM B TA0IHUIIE
2, cpennee 3HaueHne 3muccuu CO, ¢ moBepxHOCTH (o-
HOoBeIX TouB s CK cocraBuno (424+3), mns TK —
(421£10) mxmonb M2 ¢!, Koapduuuent papuanuu us-
MeHsieTcst B Auanazone 1,2-4,6%, uTo yka3piBaeT OJHO-
POIHOCTh TIOJyYEHHBIX pe3yipTaToB. CTaTHCTHYECKU
JIOCTOBEPHOI pasHHIBI Mex Ty notokoM CO- ¢ moBepx-
HOCTH (OHOBBIX KOHTpOJBbHBIX 00pa3noB CK u TK mous
IIPU OTHOCHUTENIBHO PaBHBIX 3HAUEHMAX BJIAXKHOCTH MOY-
BBI, @ TAK)KE TEMIIEpaTyphl BO3/1yXa U IOYBHI (Tabnuia 2)
HE YCTaHOBJIEHO.

Pesynbratel n3mepenus smuccun CO; ¢ MOBEPXHO-
CTH UCKYCCTBEHHO 3arpsi3HEHHBIX TIOYBEHHBIX 00pa3IoB
npejacTaBieHbl B Tabmnax 3 u 4. B xoje skcriepuMerTa
c 3arpsisaeHHBIME CK u TK nouBamu 3HaueHns remmnepa-
TypBI Bo3ayxa BapeupoBany ot 14 mo 30 °C, temmepary-
pHI ¥ BiIaxHOCTh 1mouBbl — OoT 14 1o 28 °C u ot 0,1 1o
0,4 M> M3, COOTBETCTBEHHO.
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J10CTOBEPHOCTh pazIuuuil «ciy4aii-KOHTPOJIbY» OLle-
HHUBAJIM MO HemapaMeTpuieckoMy Kpureputo Konmoro-
poBa-CmupnoBa nipu p = 0,05.

Kak BugnHo 13 tabmuiel 3, amuccust CO; ¢ MOBEpXHO-
ctu CK mouBbI 1ocjie BHECEHHsI HUTpaTa Kajus B 103e |
ITAK cmyctst mecarn Bozpocna Ha 12% OTHOCHTENBHO
KOHTpPOJILHOTO BapuaHTa. Uepes 6 MecsIeB SMUCCHS yT-
JIepoJia TPEBbIIIaNa KOHTPOJIBHBIE 3HAYEHHS TOJIBKO Ha
6%. Ilpu nosze 5 IIJIK aHanmorndHble M3MEHEHUS YTIIC-
poanoro nmotoka c¢ nosepxaoctd CK moussl coctaBuIn
12 u 7%, cootBercTBeHHO. [l amMuccun CO; ¢ moBepx-
Hoctu TK nmoussl npu go3e Hutpara kanus 1 [IJK coyc-
Ts1 | ¥ 6 MecsILieB He YCTaHOBJIEHO JOCTOBEPHBIX H3MEHE-
HHI OTHOCUTEJIBHO KOHTPOJIEHOTO BapuanTa. [Ipu no3e 5
ITJK Tonbko vepe3 6 MecsIeB HAOMIOAANOCh HE3HAYH-
TeJIbHOE YCHJICHHE TIOUBEHHOTO Jibixanus Ha 10%. B akc-

MIEpUMEHTaX C BHECCHHEM NTHYRETo nomeTa [37], 6ora-
TOTO HUTPaTaMH, B YEPHO3EM TaKKe HaOJIOAANOCh MO-
BBIIIEHHE YMUCCUU YTIAEKUCIOTHI B 1,9-3,7 pasa o cpas-
HEHHUIO C KOHTPOJIEM.

BeposiTHO, 4TO HabMIOaEMOE HE3HAYUTENLHOE YCH-
JICHHE YIJICPOTHOrO MOTOKA MPH HUTPATHOM 3arpsi3He-
Hun CK u TK nouB He cBs3aHO ¢ TOkcMuHOCTBIO. C 01-
HOH CTOpPOHBI, a30T SBJSETCS BaKHEHIIMM MakKpodJe-
MEHTOM [26] Kak i1 MUKPOIIEHO3a ITOYBBI, TaK H JJIA
pacteruii. C qpyToif CTOPOHBI, B IOYBE IIOCTOSHHO TIPO-
HCXOAUT MHUKpPOOMOJIOTHYECKas «yTWIH3alusDy HUTpa-
TOB B IIporiecce AeHuTpuduKammu [38].

Pesynbratel usmepenust smuccuu CO; ¢ MTOBEPXHO-
CTH NOYBEHHBIX 00pa310B HCKYCCTBEHHO 3arpsi3HEHHBIX
conbto meau (II) mpencrasnens! B Tabnuie 4.

Tabnuya 1. @uszuxo-xumuueckue ce0UCMEA CEEMLO- U MEMHO-KAUMAHOBOL NOY6

Tun noussbl pH Fymyc (%) ®usnyeckas rnuna (%) WUnucras dpakums (%) | EmkocTb kaToHHOro obmeHa (mr-aks/100 r)
CBeTro-KaluTaHoBas 73 2,1 40,2 15,1 12,1
TemHo-KaLLTaHoBas 71 2,6 35,7 20,2 19,6

Tabauya 2. Omuccuss CO:2 nosepxnocmoro CK u TK noug 6 KOHMpoibHOM apuanme

KonnyecTtBeHHbIe nokasarenu (Cp.cT.0TKn.)
Cepus V, % (¢ CO2)
¢ CO2 (Mkmonb M2 ¢™) T &o3n. (°C) Thouas: (°C) BnaxHocTb nouBbI (M3 M-3)
CKepon 42443 2441 1542 0,3+0,04 1,2
TKepon 42110 201 1744 0,3+0,04 46

TMpumeyaHue: ¢ — MombHas [oNs aMuccun rasa; T — Temneparypa; Cp.£CT.0TKN — CpeaHee U CTaHAapTHOE OTKIOHEHIE; V — KoathduLmeHT BapraLmm;

n=15 (ANs kaxaoro BapuaHTa Ha Kaxablii Nepuoa N3MepeHns).

Tabauya 3. Omuccuss CO2 nosepxnocmoio CK u TK noueé 6 sapuanme ¢ 6HeceHuem HUmMpama Kaius.

KonuyecTtBeHHbIe nokasarenu (Cp.cT.0Tkn.)

Cepus Mlepuop aken. (mec.) ¢ CO; (MkMonb M2 ¢™) T sosa. (°C) Trouat: (°C) BnaxHoCTb noysbI (M3 M-3) V,% (9 CO)
NIk 1 47725 24+1 22+1 0,1+0,01 18,7

6 449+13 29+1 19+1 0,1£0,01 10,9
5K 1 475424 23+1 201 0,1%0,01 10,1

6 456412 29+0,5 23+0,5 0,240,01 135
NIk 1 424135 29+1 271 0,4+0,01 10,3

6 452+18 1410,5 1540,5 0,2+0,01 10,9
5K 1 440419 29+0,5 27+1 0,4+0,01 12,3

6 463+19 1540,5 14408 0,3+0,01 10,2

MpumeyaHue: ¢ — MOMNbHAs JONS AMUCCUN ra3a; T — Temnepatypa; Cp.£CT.0TKI. — CPeHEE U CTaHAAPTHOE OTKIOHEHNE; V — KO3 duUMeHT BapuaLmuy;
n=15 (Ans kaxaoro BapuaHTa Ha Kaxablii Nepuo N3MepeHns).

Tabruya 4. Omuccus CO2 nosepxrocmoio CK u TK noue 6 sapuanme c eneceruem coau meou (1)

KonuyectBeHHble noka3sarenu (Cp.xcT.oTkn.)

Cepun | Bpews akcnosuunm (vec.) ¢ CO; (Mkmonb M2 ¢™) T sosa. (°C) Trouew (°C) BnaxHocTb nouBbI (M3 M-3) V,% (9 CO)
NIk 1 468+18 25+1 271 0,1£0,01 15,7

6 423+21 28+1 25+1 0,2+0,01 13,7
5K 1 475423 24+1 24+1 0,1£0,01 12,2

6 42721 3041 2441 0,10,01 13,8
oK 1 433445 28+1 28+1 0,30,01 10,8

6 465420 1411 14+1 0,2+0,02 11,2
5K 1 463+35 27+1 28+1 0,3+0,02 11,2

6 477121 1441 14+1 0,240,01 10,6

TMpumeyarue: ¢ — MoMbHas [oNst aMUccun rasa; T — TemnepaTypa; Cp.£CT.0TKN. — CpefHee W CTaHAaPTHOE OTKIOHEHME; V — Koath(ULMEHT BapuaLyu,;
n=15 (ONs KaXQoro BapuaHTa Ha Kax bl Nepuog U3MepeHus).
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AHaIu3 MOTyYeHHBIX Pe3yIbTaToB (Tabnmmna 4) moka-
3a11, uto 3muccus CO; ¢ nosepxHocTu CK noussl mocie
BHeceHUs cyibdaTa Mexu B 1o3e 1 u 5 IIAK cnycts me-
¢l Bo3pacTtaia B cpeaHeM Ha 11% OTHOCHTENbHO KOH-
TPOJIFHOTO BapHaHTa, a 4epe3 6 MecsleB CHUKAIACh JI0
YPOBHSI B KOHTpOJIE.

Buecenue cynbdarta menu B o3e 1 I1JIK B TK nouBy
BEI3BAJIO JIOCTOBepHOE yBenmueHue smuccun CO; Ha
10% 1o cpaBHEHHIO C KOHTPOJIBHBIM 00Pa3liOM TOJIBKO
cioycts 6 mecaueB. [Ipu mosze cymedara memm 5 ITAK
coycts | u 6 MecsIeB HaOIOJaIOCh YCIJICHHE TTOYBEH-
HOTO ABIXaHUs B cpenHeM Ha 12%. Takum oOpa3om, Kak
U B BapHaHTE C HUTPATHBIM 3arpsi3HEHHEM, MEIHOE 3a-
rpsisHeHue B no3e ot 1 1o 5 1K He3HaunuTenbHO MOBBI-
mrasno Beiaenenue COz. Kak u B ciiyyae HUTpPATHOTO 3a-
IpSI3HEHUS], TaHHBIN 3((EKT He CBS3aH C TOKCHYHOCTBIO.
BO-HepBLIX, MEIb ABJISICTCA OJHHUM U3 BaXXHENIITUX MUK-
poanemenToB [39, 40]. Bo-BTOpBIX, COTJIaCHO JHUTEpa-
TYpPHBIM JaHHbBIM [26], npenensl conepxkanus Cu B oYBe
U pacTeHUSIX OJHM M3 CAMBIX BBICOKHX. B-TpeThux,
MOYBHI 00J1aJaf0T PE3UCTEHTHOCTHIO K ME/IN 3 CUET eM-
KOCTH KaTHOHHOTO 0OMEHa U COJIepKaHMs I'yMyca, KOTo-
pBle B COBOKYIHOCTH CIOCOOCTBYIOT IOTJIOIICHHIO H
HEWTpaIM3aluu TOKCUYHBIX KarhoHoB Cu?' 3a cuer
copbumu [41] u xenatupoBanusi [42, 43]. Bo3moxkHo,
mpu 0oJiee BHICOKUX KOHIICHTPAIMAX HUTPATOB M ME[IH,
oxunaeMbiii 3hdexT OyAeT MMEeTh MPOTHBOIOJIOKHBIH
XapakTep BCICJCTBUE YTHETCHUS MUKPOOHOIOTHYCCKOM
AKTUBHOCTH IMOYBBI U pACTUTCIBHOCTH, KOTOPLIC UT'PAIOT
KJIFOYEBYIO poJjb B mouBeHHOM CO»-ra3oo0MeHe.

3AKJIIOYEHUE

IIpoBeneH MIMTENBHBIN J1aOOPATOPHBIN AKCIEPH-
MEHT I OIEHKHM HAaIpPaBICHHOCTH BIMSHUS XHUMHUeE-
cKoro 3arps3HeHus Ha smuccuio CO> cBETJIO- U TEMHO-
KamrTaHoBoi mouBaMu Kazaxcrana. CpenHue 3HaUCHHS
smuccuu CO, ¢ moBepxHOCTH (oHOBBIX 00pasioB CK u
TK mouB [0CTOBEPHO HE OTIMYAINCH M COCTaBHIH
(424+3) u (421£10) MxkMOnIbL M 2 ¢!, COOTBETCTBEHHO.
OmnpenenneHHOW 3aKOHOMEPHOCTH BIMSHUS HUTpara Ka-
must (KNO3) u comu menu (CuSO4-5H,0) npu yposre 1
u 5 I1JIK He BEIABIEHO. Y CTaHOBIIEHO, UyTO 3MHuccHsI CO;
c noepxHocty CK nouBs! mpu no3e Hurparos 1 u 5 ITJIK
CIyCTSI MECSII IpeBbIIaga KOHTpoib Ha 12%, depes 6
MecsieB — 6 u 7%, coorBercTBeHHO. [ obpasma TK
mouBsl yBenmueHue smuccun CO; Ha 10% oTMedeHo
ToNBKO TpH no3e HurparoB 5 ITJK cmycta 6 mecsies.
IIpu 3arpssuenun menwto B nose 1 u 5 IIJIK smuccns
CO; ¢ obpasna CK nouBsl yepe3 Mecsl] yBeIn4unBajlach
Ha 11%, uepe3 6 MecAlLEB HE OTINYANACh OT KOHTPOJISL.
st obpasua TK mouss! nmpu noze menu 1 TIAK oTme-
yeHo ysennueHue sMuccuu COz Ha 10% TosbKO CIyCTsI
6 mecsiues, mpu no3e 5 IIJIK — B cpennem Ha 12% yepes
1 1 6 mecseB.

OTtcyTcTBHE TyONMKAINA, MOCBAIICHHBIX BIHSHUIO
XIMHYECKOTO 3arpsa3HeHus Ha okazaTtens smuccnn CO,
pernoHanbHBIX MouB Kazaxcrana, 00yciIOBIMBaeT akTy-
aJBbHOCTH MPOBEACHUS UCCIICIOBAaHIN B JAHHOK 00JIacTH
JUTSA OLIEHKH ¥ IPOTHO3UPOBAHUS COCTOSHUS TOYBEHHOTO

ITOKPOBa B aHTPOITOTEHHBIX IKOCHUCTEMaX, TaK KakK I0Y-
BeHHEIH CO;-ra3000MeH SIBIISIETCS BasKHEHIIIEH YacThHIO
HE TOJBKO OHMOTCOXMMHUYECKOTO IMKIA YIJIepoiaa, HO H
OTpakaeT OWOJOTHYECKYI0 AaKTUBHOCTb U 370POBbE
MOYB.

Hccnedosanust sbinonnenst npu QQuHAHCo801 noddep-
oicke MHBO PK (BR21881915 «llpumenenue s0epHuix,
CeUCMUYECKUX U UHDPA3BYKOBIX MEeMO008 OJisl OYEeHKU
KAUMAMUYECKUX USMEHEHUTI U CMASYEHUsI NOCIeOCMEUTL
UBMEHEHUsL KITUMAMAy).
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Y3AK 3EPTXAHAJIBIK TOKIPUBEJE BAPBICBIHIA XUMUSIBIK JIACTAHYIBIH AIIBIK KOHE
KOO KbI3FbLIT TONBIPAKTAPBIHBIH CO> MU CCHUSICBIHA OCEP ETY BAFBITbIH BAFAJIAY

E. H. osuekuna®, E. B. Kopuunaes, E. C. CoicoeBa, A. T. Mennay0aes, E. B. Mycraguna, A. O. Aiizapxanos
KP ¥A0 PMK «Paduayuanslk Kayincizoik jcone Ikonozus uncmumymouly gunuanst, Kypuamos, Kazaxcman
* Baunanvic ywin E-mail: polivkina@nnc.kz

¥3aK 3epTXaHajbIK TIXKipuOe OGapachlHIa XUMUSIBIK JIACTAHYABIH AIIBIK JKOHE KOIO KBI3FBUIT TOMbIpakTapbiHEIH CO;
SMHCCHACHIHA ocep eTy OarbIThiHa Oaranay OepinreH. TombIpak yATUIepiHIH XUMHSIIBIK JacTaHyel 1 xkome 5 IIIPK
no3aceiHaa kamuid HUTpatel (KNOs;) sxone mbic (II) cymedatsr xpuctammorunpatsl (CuSO4x5H>0) Ty3napbelHBIH
epitinaiiepimen enaipiani. CO, SMHUCCHACHIH Olley XKaOblK JMHAMUKAIBIK KaMepalblK dJiciieH yprizinai. Kannit
HuTpatsl MeH MbIC (II) cynbgaThiHbIH jKacaH/bl JaCTaHybl alIbIK JKOHE KO KBI3FBUIT TONBIPAKTAPBIHBIH YITUIEpiHIH
OeTiHeH JlacTaHy J03achlHa, SKCIO3UIHS yaKbIThIHA J)KOHE TOMNBIpaK TypiHe OainanbicTel CO> aFbIHBIH 6-1aH 12%-Fa
JIeiiH apTThIPFaHbl aHBIKTAIIbl. ANIBIK KbI3FBUIT TONBIPAK HUTPATTBIH JIACTAHYbBIHA, aJl KOK KBI3FBUIT TOMBIPAK MBICKA
ce3iMTaN exeHi aHbIKTanAbl. JKanmel anFaHga, XUMUSUIBIK JTaCTaHy JKaFlaiblHOa alMaKTHIK Tomblpak Tunrepinig CO;
SMHCCHSCHIH 3epTTEy TEXHOTECH/IK JlacTaHyFa YIIbIparaH ayMaKTap/a TONBIPAKTHIH ThIHBICTaybIH OOJDKay YIIIH erKei-
TerXKelIi 3epTTey /i KaXeT eTe/l.

Tyitin ce30ep: monvipaxkmoiy MulHHIC ALYbl, WbLRAPLLIYLI, KOMIpKbIuKbLL 2a3bl (CO3), aublk Kbl32blim monvpazsl, Koo
KbI32bLIN MONbIPA&bl, XUMUANLIK, IACHAHY.

35


mailto:polivkina@nnc.kz

OLIEHKA HAMNPABJIEHHOCTM BITUAAHWA XUMWUYECKOT O 3ArPA3HEHNSA HA AMUCCUIO CO2
CBETNO- U TEMHO-KALLTAHOBOW NOYBAMW B ONTUTENBbHOM JTJABOPATOPHOM 9KCNEPUMEHTE

ASSESSMENT OF THE IMPACT OF CHEMICAL POLLUTION ON CO: EMISSIONS FROM LIGHT
AND DARK CHESTNUT SOILS IN A LONG-TERM LABORATORY EXPERIMENT

Ye. N. Polivkina®, E. V. Kornilaev, Ye. S. Sussoeva, A. T. Mendubaev, Ye. V. Mustafina, A. O. Aidarkhanov
Branch “Institute of Radiation Safety and Ecology” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: polivkina@nnc.kz

In a long-term laboratory experiment, an assessment was made of the direction of the influence of chemical pollution on
CO; emissions from light and dark chestnut soils. Chemical contamination of soil samples was carried out with solutions
of salts of potassium nitrate (KNO3) and copper (II) sulfate crystallohydrate (CuSO4x5H>0) at doses of 1 and 5 MPC.
CO; emissions were measured using a closed dynamic chamber method. It was found that artificial contamination with
potassium nitrate and copper (I1I) sulfate increased the CO; flux from the surface of the samples of LC and DC soils in
the range from 6 to 12%. depending on the contamination dose, exposure time, and soil type. It was found that the light
chestnut soil is more sensitive to nitrate contamination, and dark chestnut soil is more sensitive to copper contamination.
In general, the study of CO, emissions by regional soil types under conditions of chemical pollution requires a more
detailed study to predict soil respiration in territories subject to anthropogenic pollution.

Keywords: soil respiration, emission, carbon dioxide (CO;), light chestnut soil, dark chestnut soil, chemical pollution.
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DETERMINATION OF THE EFFECT OF SIZE FACTOR AND PHASE COMPOSITION
IN LITHIUM-CONTAINING CERAMICS ON RESISTANCE TO EXTERNAL
MECHANICAL AND THERMAL INFLUENCES

L E. Kenzhina!, A. U. Tolenoval, A. L. Kozlovskiy!?*

! Satbayev University, Almaty, Kazakhstan
2 RSE “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan

* E-mail for contacts: kozlovskiy.a@inp.kz

The paper presents data on the effect of size factors that cause a change in dislocation density, as well as the phase
composition of two-phase lithium-containing ceramics based on lithium metacirconate on the strength characteristics of
ceramics, as well as resistance to high-temperature tests. The size effect, dislocation density and the presence of interphase
boundaries, the change of which is due to the effect of variation in the phase composition of ceramics, were considered
as hardening factors during assessment of the strength properties, alongside resistance to temperature influences. During
the studies, it was found that alteration of the grinding speed above 400 rpm results in more than twofold decrease in
grain size, which in turn elevates the dislocation density, the change in which is a hardening factor for growth of hardness
and crack resistance. During determination of the strength characteristics, it was found that a change in the phase
composition due to the dominance of the LisZr,O7 phase in the composition of ceramics leads to an elevation in hardness
and resistance to cracking due to an increase in interphase boundaries, which serve as additional barriers to the propagation
of microcracks under external influences. During experiments conducted to determine resistance to long-term thermal
annealing and heat resistance tests, it was found that grain size reduction to less than 250 nm for all three types of ceramics
under study leads to a rise in degradation resistance of strength properties due to dislocation hardening, and the presence
of interphase boundaries, which is most pronounced for samples with a predominance of the LicZr,O7 phase in the ceramic
composition.

Keywords: lithium metazirconate; two-phase ceramics; dislocation hardening; interphase boundaries, hardness,; crack

resistance.

INTRODUCTION

Developments in the field of increasing the resistance
to external influences of lithium-containing ceramics to-
day occupy a very important place in materials science,
due to the great interest in this class of materials as one
of the potential candidate materials in alternative energy
The development of lithium-containing ceramics to en-
hance their resistance to external influences is currently
very important in materials science, in view of the great
interest in this class of materials as one of the potential
candidate materials in alternative energy [1-3]. The use
of lithium-containing ceramics as anode materials of lith-
ium-ion batteries has proven itself quite well due to its
high capacitance characteristics, ensuring good charge
stability and performance over a long period of operation
[4, 5]. The use of lithium-containing ceramics as a key
material for blankets used in thermonuclear energy for
tritium propagation is one of the most promising solu-
tions to the problem of tritium fuel [6, 7], the volume of
which is one of the limiting factors in thermonuclear in-
stallations, the elimination of which requires special at-
tention. At the same time, much attention in this direction
is paid to studying not only the processes associated with
the production and release of trittum from ceramics, but
also determining the prospects of using various methods
for increasing the resistance of these ceramics to external
influences, both to the accumulation of radiation damage
associated with nuclear reaction processes, and to

mechanical impacts caused by operating processes, in-
cluding thermal expansion and the formation of mi-
crocracks under mechanical loads [8—11]. One of the
ways to change the properties of ceramics while main-
taining the productivity of tritium production is to create
two-phase ceramics by combining various types of lith-
ium-containing ceramics, including combining lithium
titanate with lithium silicate, or to form two-phase ceram-
ics by initializing phase transformation processes during
the manufacture of ceramics [12—15]. The underlying hy-
pothesis of this method for enhancing resistance to exter-
nal influences is that the hardening effect is formed by
interphase boundaries, the presence of which creates ad-
ditional barriers for migrating point and vacancy defects,
as well as products of nuclear reactions in the form of
helium or hydrogen ions, the agglomeration of which
leads to destructive swelling of the near-surface layer,
and as a consequence, its embrittlement and softening
[14, 15]. Also, in several works [16—18], the size factor,
consisting in grain size reduction, and consequently, dis-
location density growth, is considered as a method of en-
hancement of resistance to radiation damage associated
with the accumulation of structural distortions and amor-
phous inclusions due to the accumulation of products of
nuclear reactions of lithium with neutrons [19, 20]. The
inverse quadratic dependence of grain sizes and disloca-
tion density, in this case, determines a fairly good hard-
ening effect due to the presence of a large number of
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grain boundaries and dislocations, which are located near
grain boundaries and are restraining factors for the prop-
agation of microcracks and deformation distortions
caused by both mechanical effects and the radiation dam-
age accumulation in the structure.

The aim of the study is to determine the effect of the
phase composition of lithium-containing ceramics based
on metazirconate and size factors associated with altera-
tions in the manufacturing conditions of ceramics on the
resistance of ceramics to external mechanical and tem-
perature influences characteristic of the operating modes
of these ceramics, which are candidate materials for blan-
kets [21, 22]. The working hypothesis taken as the basis
for conducting these studies assumes that variation of the
synthesis conditions, by changing the mechanical grind-
ing speed, contributes to a change in grain sizes, the re-
duction of which, while maintaining the ratio of metazir-
conate phases, will make it possible to initiate the
dislocation hardening effect of in ceramics, associated
with size factors. At the same time, the presence of inter-
facial hardening, well known for two-phase ceramics,
will also be considered when determining the strength
properties of ceramics, especially during high-tempera-
ture stability tests, as well as maintaining the stability of
strength and thermophysical parameters during life tests.

MATERIALS AND METHODS

The objects of study were lithium-containing ceram-
ics obtained by mixing the initial ZrO and Li,CO3 pow-
ders in different molar ratios ranging from 0.25 to
0.75 M. Mechanochemical synthesis was chosen to ob-
tain a homogeneous mixture of initial components
ground in a planetary mill at a grinding speed from 300
to 500 rpm. Variation of the grinding speed in increments
of 50 rpm is due to the possibility of variation of grain
sizes due to changes in the intensity of crushing during
the interaction of grinding media with powders. The se-
lection of the grinding speed range was based on a priori
experimental data, including detailed assessments of the
influence of grinding intensity and speed on the change
in size factors, as well as the degree of homogeneity dur-
ing grinding. The grinding speed was controlled by pro-
gramming the planetary mill in order to establish the
identity of the conditions of the experiments, as well as
by maintaining the accuracy of the experimental work.
The difference in the speed values was no more than 1%
deviation from the specified mode.

Previously, in [23], it was shown that the use of ZrO,
and Li,CO; powders with different variations in the ratio
of components in the case of mechanochemical solid-
phase synthesis makes it possible to obtain two-phase ce-
ramics with different variations in the weight contribu-
tions of the monoclinic phases Li,ZrO; (PDF-00-033-
0843) and LisZr,0O7 (PDF-01-081-2375). According to
the data obtained, the phase composition of ceramics
when changing the ratio of the components of the initial
powders is 0.92 Li»ZrOs : 0.08 LigZr,O7 for a ratio of
molar fractions of 0.25 M ZrO, and 0.75 M Li,CO3. With
an equal molar ratio of powders (0.5 M ZrO, and 0.5 M

Li,COs3), the ratio of the weight contributions of the
phases is 0.8 Li,ZrOs3 : 0.2 LisZr,07, and with a ratio of
powders of 0.75 M ZrO; and 0.25 M Li,CO3, the weight
contributions are 0.2 Li»ZrO; : 0.8 LicZr,0O7, which indi-
cates the dominance of the LisZr,O7 phase in the compo-
sition of the ceramics. The phase ratio in the ceramics
was determined using the weight contribution method, by
determining the proportion of contributions of each of the
identified phases in the composition based on the ob-
tained X-ray diffraction data. At the same time, it was
determined that a change in the phase composition of ce-
ramics, caused by an alteration in the phase ratio, leads
to an elevation in strength and thermophysical parame-
ters, which indicates a positive effect, which is due to the
presence of interphase boundaries, an increase in the
number of which results in hardening [23].

In this work, variation in the grinding speed of sam-
ples was chosen to determine the possibility of variation
in grain sizes, which, together with changes in the phase
composition, can lead to the formation of additional hard-
ening effects associated with size factors causing dislo-
cation hardening. This assumption is based on the effect
of mechanical crushing of particles at high grinding
speeds, leading to the formation of fine grains, the sizes
of which can reach nanometer scales. Grinding was car-
ried out for 30 minutes; the grinding time, as well as the
mass of the initial components placed in the grinding
glass, were chosen considering the elimination of the ef-
fect of cold welding of powders on the walls of the glass,
which occurs during high-speed long-term grinding.
Thermal sintering of the samples was carried out in a
muffle furnace SNOL 39/1100 (AB UMEGA-GROUP,
Ukmergg, Lithuania) at a temperature of 900 °C. Anneal-
ing was carried out for 8 hours at a heating rate of sam-
ples placed in corundum crucibles of 20 °C /min. Upon
reaching the specified temperature, which was controlled
using thermocouples placed in the furnace, the samples
were kept for a specified time, after which they were sub-
jected to slow cooling during the day inside the furnace
chamber until they reached room temperature. Analysis
of the phase composition of the ceramics under study
when changing the conditions of mechanical grinding
showed the preservation of the phase ratio for all grinding
speeds, from which it can be concluded that the phase
formation processes are not affected by the speed of me-
chanical action, and the processes themselves depend on
the sintering temperature, the variation of which was not
carried out in this experiment.

To conduct experiments to determine the mechanical
properties of ceramics, as well as their resistance to me-
chanical and thermal influences, samples were pressed
into a tablet with a diameter of 10 mm and a thickness of
about 1 mm under a pressure of 250 MPa for 30 minutes,
after which they were subjected to thermal relaxation of
mechanically induced structural defects in a muffle fur-
nace for 5 hours at a temperature of 500 °C.

The particle sizes after milling were determined using
the laser optical diffraction method, which made it
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possible to estimate both the average particle size and the
homogeneity of grain sizes depending on the weight con-
tribution and production conditions. The effect of varia-
tions in grinding speed on the grain sizes of the ceramics
under study was determined by measuring the size dia-
grams using the optical laser diffraction method, imple-
mented on an ANALYSETTE 22 NeXT Nano particle
analyzer (Fritsch, Berlin, Germany). Based on the data
obtained, the dependences of the average grain size on
the ratio of the initial components during grinding, as
well as the grinding speed, were established.

Experiments to determine resistance to high-temper-
ature degradation were carried out by simulating long-
term thermal exposure at temperatures of the order of
1000 °C, characteristic of the operating temperatures of
the core. Tests were carried out by placing samples in
muffle furnaces, followed by slow heating (heating rate
was 10 °C/min) to a given temperature and subsequent
exposure at it for 100, 300 and 500 hours, then the sam-
ples cooled down with the furnace for 10-20 hours, de-
pending on the heating temperature. After holding the
samples at given temperatures for a certain time, hard-
ness and crack resistance were measured, based on the
measurements of which softening factors associated with
destructive changes in the crystal structure resulting from
thermal exposure were determined.

Determination of the thermal stability of ceramics un-
der sudden changes in the temperature of the samples was
carried out by quickly heating the samples in a muffle
furnace at a speed of 50 °C/min, holding them at a tem-
perature of 1000 °C for 1 hour, and removing the samples
from the furnace into air to simulate thermal shock pro-
cesses. The number of test cycles was about 5 cycles, af-
ter each cycle the hardness of the test samples was meas-
ured in order to determine changes caused by thermal
effects during a sharp change in temperature.

Determination of the strength parameters of the ce-
ramics under study, as well as determination of resistance
to external influences, including long-term temperature
exposure and heat resistance tests, was carried out using
the following methods.

The hardness of the samples was determined using
the indentation method, implemented using a Duroline
M1 microhardness tester (Metkon, Bursa, Turkey),
where a Vickers pyramid is used as an indenter, and the
load on the indenter during testing was about 100 N. All
measurements were carried out in the form of series of
15-20 tests, which made it possible to determine the
standard deviation, as well as the measurement error.

Tests for resistance to single-compression cracking at
a constant speed were carried out on a single-column test-
ing machine LFM-L 10kH (Walter + Bai AG, Loningen,
Switzerland), by placing ceramic samples in special
clamps while applying external pressure to them at a con-
stant speed.

The hardening parameters were determined by com-
parative analysis of changes in hardness values depend-
ing on the synthesis conditions and phase composition of

ceramics. The obtained values reflect how effectively
changes in the production conditions influence the degree
of hardening and changes in the resistance of the mechan-
ical and strength properties of ceramics to external influ-
ences.

The determination of the thermophysical parameters
of the studied ceramics depending on the phase composi-
tion, grain sizes, as well as changes caused by thermal
effects and high-temperature degradation was carried out
using the method of determining longitudinal heat flow.
The main purpose of testing ceramics for heat resistance
is the need to understand the processes of ceramic re-
sistance to extreme operating conditions, which can lead
to the acceleration of destruction processes and weaken-
ing due to the instability of the crystalline structure to
sudden changes in temperature effects.

The measurements were carried out by placing ce-
ramic samples between thermocouples, after which the
samples were heated on one side, and control was carried
out considering the temperature difference across the
thermocouples. Based on these changes, thermal conduc-
tivity coefficients were determined, the change in which
for dielectric ceramics is due to changes in the phonon
mechanism of heat transfer. The choice of the time of ex-
periments aimed at assessing the resistance of ceramics
to thermal aging was based on a priori experimental
work, which made it possible to establish a relationship
between the rate of destruction and the resistance of ce-
ramics to external influences.

RESULTS AND DISCUSSION

Figure 1a presents the results of a comparative analy-
sis of changes in the average grain size of the ceramics
under study, determined using the optical laser diffrac-
tion method. The data are presented as a dependence of
the change in grain size on the grinding speed, which was
varied during the ceramic manufacturing process. Accor-
ding to the data presented, variation of the initial compo-
nent ratio during grinding under the same grinding con-
ditions leads to a change in grain sizes, which consists in
the fact that a rise in the ZrO, content in the ceramic com-
position results in more intense crushing of grains. How-
ever, this effect is most pronounced at low grinding
speeds (300—350 rpm), but the grinding speed growth to
400 rpm and higher leads to the fact that the most signif-
icant differences in grain sizes are observed at ZrO, con-
centrations equal to 0.75 M. In this case, the difference
between the sizes is about 80—100 nm compared to the
grain sizes of ceramics obtained at ZrO, concentrations
0f 0.25 M and 0.5 M.

Analyzing the data presented in Figure 1, it can be
concluded that the most significant changes in grain sizes
are observed when the grinding speed rises above
400 rpm, at which a more pronounced reduction in grain
sizes is observed during mechanical crushing, due to the
effect of grinding balls on the initial powders. The grind-
ing speed elevation from 300 to 350 rpm leads to a de-
crease in grain size by 5-7%, which is within the permis-
sible measurement errors, and at speeds above 400 rpm
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the reduction in grain size is more than 2-2.5 times.
It should be noted that among the three types of ceramics,
more pronounced changes in grain sizes are observed for
ceramic samples in which the LisZr,O7 phase dominates.
Such alterations in the dynamics of grain fragmentation
can be explained by the presence of a high concentration
of zirconium dioxide, the presence of which contributes
to the formation of metastable states under mechanical
action, which leads to increased grain fragmentation and,
therefore, the formation of a smaller dispersed fraction.

450

I = 0.92 Li,ZrO, - 0.08 LigZr,0,
1 i ® 0.8 Li,ZrO, - 0.2 LigZr,0,
400 § i A 0.2 LiyZrO, - 0.8 LigZr,0,
350 ¢
t ] *
¢ 300 -
N
g i
=
s M
£ 250
5 P8 e
¢
200 B
150 %
———— 4
300 350 400 450 500
Grinding speed, rpm
a)
m  0.92Li,ZrO, - 0.08 LigZr,0, i
0054 o 0.8 Li,Zr0, - 0.2 LigZr,0,
WE A 0.2 LiyZrO, - 0.8 LigZr,0,
© 004+ 4
=)
=
% 0.03
c
[}
o
c
S 0.02 ¢
@
8 : :
[}
0 0.01 2 % é
0.00 : T T T T
300 350 400 450 500
Grinding speed, rpm
b)

Figure 1. a) Data on changes in the average grain size of the
studied lithium-containing ceramics with variations in the
grinding speed of the initial components in a planetary mill;
b) Assessment results of changes in the dislocation density of
the ceramics under study depending on the grinding speed

Based on the obtained grain size data, the dislocation
density of the ceramics under study was determined, the
results of changes in which are presented in Figure 1b.
The dislocation density was calculated based on a stand-
ard evaluation technique based on the determination of
grain size parameters and their changes depending on the
variation of synthesis conditions. Obtaining grain sizes
was carried out by estimating crystallite sizes from X-ray
diffraction. The data are presented as the dependence of
the change in dislocation density on the grinding speed
of the initial powders. The dislocation density was as-
sessed considering the relationship between the disloca-
tion density (3) and grain size (D), which can be expres-
sed by the formula & = 1/D?. As is evident from the data

presented, the most significant changes in dislocation
density are observed for ceramic samples containing the
LisZ1r,O7 phase content of about 80%, which were ob-
tained at grinding speeds above 400 rpm. In this case, the
dislocation density is on the order of 0.04—
0.05x10'" cm™2, while for samples obtained at lower
grinding speeds, the dislocation density values are on the
order of 0.005-0.01x10'" cm ™. At the same time, it im-
portant to highlight that for 0.92 Li,ZrOs3 : 0.08 LigZr,07
and 0.8 Li,ZrOs : 0.2 LisZr,O7 samples the change in dis-
location density depending on the grinding speed is less
pronounced in contrast to 0.2 Li»ZrOs : 0.8 LisZr,07
samples, and the maximum value of the dislocation den-
sity of these samples at a grinding speed of 450500 rpm
is 0.015-0.02x10'"" cm™2, which is half the same value
determined for 0.2 Li,ZrOs : 0.8 LicZr,O7 samples. An
increase in dislocation density in ceramics due to a de-
crease in grain size can contribute to the emergence of
the so-called dislocation hardening effect [24, 25], the
formation of which causes an increase in hardness and
resistance to cracking or wear. This effect is based on the
size factor associated with the fact that when grain sizes
decrease, a large number of grain boundaries are formed
(the so-called dispersion hardening effect), which serve
as restraining barriers for the propagation of cracks under
external pressure, as well as sinks for defects, the for-
mation of which occurs as a result of external influences
on the structure of ceramics. At the same time, the grain
sizes decrease. Therefore, it results in the dislocation den-
sity growth, which in this case also serve as barriers to
defects during their migration and diffusion as a result of
external influences, especially during thermal influences.

The small grain sizes in ceramics, as well as the pres-
ence of two phases, can lead to a synergistic hardening
effect, resulting in higher hardness and crack resistance,
and in the case of thermal effects, these effects can play
a key role in curbing high-temperature degradation due
to thermal expansion. Moreover, as was shown in [23],
an alteration in the phase composition of ceramics leads
to the formation of a hardening effect, i.e., a growth in
hardness and resistance to cracking due to a change in the
ratio of phases in the composition of ceramics, obtained
by variation of the ratio of components in the composi-
tion of ceramics during their grinding and subsequent
thermal annealing. It is important to highlight that the ce-
ramics’ phase composition alteration by variation of the
types of lithium-containing components is one of the
most promising ways to enhance resistance to external
influences [26-28], and the use of the size effect caused
by the ceramics’ grain size reduction was considered in
[29] as one of the factors determining the radiation dam-
age resistance growth. Also, the influence of size factors
on the properties of lithium-containing ceramics was
considered in [30], in which the authors, using the hydro-
thermal synthesis method and nanostructured powders,
obtained the dependences of changes in microstructural
properties, alongside the phase composition of lithium
ceramics.
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Figure 2. a) Assessment results of alterations in the hardness
values of the ceramics under study contingent upon the phase
ratio, alongside at the grinding speed alteration; b) Assessment
results of the change in the maximum pressure that ceramics
can withstand during a single compression at a constant speed
for samples obtained at different grinding speeds, causing
changes in grain sizes

Figure 2a reveals the hardness values of ceramic sam-
ples contingent upon the phase composition, as well as
grain size, the change of which is due to variations in
grinding conditions. As is evident from the data pre-
sented, variation in the phase composition of ceramics
obtained at a grinding speed of 300 rpm (this speed was
chosen as the starting point relative to which further com-
parison and calculation of hardening factors was carried
out) results in hardness growth. Moreover, for
0.2 Li»ZrO3 : 0.8 LigZr,O7 samples the hardness value
exceeds 810 MPa, while for the other two samples the
hardness values are less than 800 MPa, which indicates a
positive hardening effect due to a change in the phase ra-
tio in the ceramic composition. At the same time, it
should be noted that the absence of changes in the phase
ratio at different grinding speeds indicates that changes
in hardness and cracking resistance for samples obtained
at higher grinding speeds are due to size effects, as well
as dislocation hardening. As can be seen from the pre-
sented data on the dependences of changes in hardness
values on the grinding speed, and consequently, changes
in grain sizes, in view of the established inverse

relationship between grinding speed and grain sizes, it
can be concluded that grain size reduction due to grinding
speed growth leads to an elevation in hardness values. At
the same time, the most significant alterations in hardness
are observed at grinding speeds above 400 rpm, for
which, according to the data presented in Figure 1a, the
grain sizes are less than 250 nm, and in the case of
0.2 Li,ZrOs : 0.8 LigZr,O7 ceramics, the decrease in size
is less than 200 nm. Moreover, according to the data ob-
tained, a decline in grain size leads to an increase in hard-
ness by an amount of about 6—10%, depending on the ra-
tio of phases in the composition of the ceramics. From
the data presented it can be concluded that with an eleva-
tion in the contribution of the LicZr,O7 phase in the com-
position of ceramics, more pronounced changes in hard-
ness are observed, due to both dimensional factors and
the presence of interphase boundaries, the density of
which is determined by the phase ratio. It is important to
highlight that the observed growth in the hardness of ce-
ramics depending on size factors is in good agreement
with the results of [16, 31], in which the grain sizes were
varied by addition of various additives, as well as by var-
iation of the synthesis conditions. At the same time, in
[32] it was shown that the use of lithium carbonate
(Li2CO:3) as an initial component makes it possible to in-
crease the density of ceramics, alongside resistance to
cracking, by more than 4 times, while maintaining the
fine fraction in ceramics.

Figure 2b illustrates the assessment results of changes
in the maximum pressure that ceramics can withstand
during a single compression at a constant compression
rate, reflecting the resistance of ceramics to cracking un-
der external load. The data was obtained on a testing ma-
chine by determining the pressure at which the formation
of cracks in the sample was recorded, the fixation of
which was carried out using an extensometer, as well as
determining the pressure drop (a sharp decrease at a con-
stant compression rate). The results of tests for resistance
to cracking have similar trends with changes in hardness
values, which characterize a positive effect on increasing
resistance to cracking under external mechanical influ-
ences, which is due to size effects associated with a de-
crease in grain size, and consequently, an increase in dis-
location density. At the same time, the change in the
maximum pressure that ceramics can withstand during a
single compression is more pronounced for samples of
0.2 Li,ZrOs; : 0.8 LigZr,O7 ceramics, which confirms the
influence of the size effect and phase composition on the
hardening and increase in the resistance of ceramics to
external influences. It should also be noted that the trend
of changes for all three types of ceramics depending on
the grinding speed is preserved, which indicates the
preservation of the effect of interphase boundaries, cau-
sed by a change in the phase ratio in the composition on
the strengthening of ceramics. Moreover, in the case of
high grinding speeds (above 400 rpm) for samples of
0.2 Li»ZrOs : 0.8 LigZr,O7 ceramics, more pronounced
changes in the parameters of hardness and resistance to
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cracking are observed, which indicates that at small grain
sizes, the presence of a large number of interphase
boundaries has a positive effect on growth of resistance
to external influences, which results in higher measured
values.

The results of a comparative analysis of the effects of
hardening (changes in hardness and the maximum pres-
sure that characterizes resistance to cracking) in the form
of dependences on grain sizes and dislocation density are
shown in Figures 3a-d. The hardening factor was as-
sessed by comparative analysis of the hardness values of
ceramic samples obtained at a grinding speed of 300 rpm,
which were chosen as the initial value, and samples ob-
tained at higher grinding speeds. Similar calculations
were carried out for the factor reflecting resistance to
cracking under single compression, calculated by com-
paring the values of the maximum pressure at which
crack formation is observed.

Analysis of these changes in hardening (increase in
hardness) and resistance to cracking (changes in the
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maximum pressure that ceramics can withstand during a
single compression) contingent upon the grain size shows
the relationship that with a decrease in grain size, the ef-
fects of hardening become more pronounced. It should be
noted that by comparing the presented values, it can be
concluded that the size factor has a greater influence on
resistance to cracking, since these values presented in
Figure 3b have larger values than the hardening values
presented in Figure 3a. This difference can be explained
by the fact that during compression, the presence of in-
terphase boundaries, as well as small grain sizes, lead to
the appearance of the effect of dispersion hardening,
which is caused by size effects. It should also be noted
that for all the studied samples, the size effect of harden-
ing is most pronounced when the grain size decreases to
less than 250-270 nm, and in the case of larger grain
sizes, small changes in the measured characteristics are
due to the phase composition and the presence of inter-
phase boundaries.
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Figure 3. Results of a comparative analysis of the observed strengthening effects associated with changes in the phase composition
of the ceramics under study, alongside size factors caused by alterations in the grinding speed, and, as a consequence, grain sizes
and dislocation density.: a) results of changes in hardness depending on grain size; b) results of changes in resistance to cracking
under single compression depending on grain sizes, c) results of changes in hardness depending on dislocation density, d) results

of changes in resistance to cracking under single compression depending on the dislocation density
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The general appearance of the presented dependences
of alterations in hardening factors (changes in hardness
and resistance to cracking under single compression) in-
dicates a direct dependence of these values on the dislo-
cation density, alongside the phase composition of ce-
ramics. For samples with a low LigZr,O7 phase content,
the main changes are due to a reduction in grain sizes be-
low 250 nm, which leads to an elevation in hardness and
resistance to cracking by more than 5-10%, which indi-
cates a fairly effective growth in strength parameters de-
termined by dimensional factors, as well as changes in
dislocation density. It should be noted that in the case of
0.2 Li»ZrO3 : 0.8 LigZr,07 ceramics, according to the
data presented in Figure 3c-d, the most pronounced con-
tribution to hardening is made by the phase composition
of the ceramics, which dominates at large grain sizes
(more than 250 nm). Moreover, for ceramic samples with
similar grain sizes, the hardening effect is more pro-
nounced (the values of AHV and resistance to cracking
under single compression) are greater at lower disloca-
tion density values than for 0.2 Li»ZrOs : 0.8 LicZr,07
ceramics. As is known, the hardening mechanisms for
two-phase ceramics are mainly due to effects associated
with interphase boundaries and their features, which in
turn are caused by size effects. In this case, the observed
hardening effects for 0.2 Li,ZrO;3 : 0.8 LisZr,O7 ceramics
are due to the presence of interphase boundaries, as well
as a more pronounced reduction in grain size at grinding
speed growth during mechanochemical solid-phase syn-
thesis. In turn, the same type of crystal lattices of the
Li,ZrO3 and LisZr,O7 phases (both phases are character-
ized by a monoclinic type of crystal lattice) determines
complete conjugation between particles of one phase,
which are located in the matrix of the other phase, the
content of which dominates in the composition of the ce-
ramics. In this case, the observed effect of dispersion
hardening with a decrease in particle size is most pro-
nounced for samples of 0.2 Li»ZrOs : 0.8 LicZr,O7 ce-
ramics, for which a change in grinding conditions (eleva-
tion in grinding speed) results in more pronounced grain
size reduction (see data in Figure 1a).

Figures 4a-c and Sa-c present the results of changes
in hardness and crack resistance (as a function of changes
in the maximum compression pressure) during thermal
cyclic tests simulating the effects of sudden temperature
changes. Such tests are used to evaluate the resistance of
ceramics to external influences during critical or emer-
gency situations during operation, as well as thermal ex-
pansion processes resulting from sudden temperature
changes.

The general appearance of the presented dependen-
cies indicates that the most significant changes in
strength parameters associated with a reduction in hard-
ness and resistance to cracking are observed after three
successive cycles of heat resistance tests, which indicates
a fairly high stability of ceramics to sudden temperature
changes, which are accompanied by the occurrence of
thermal shocks in the structure, as well as destabilization

of the crystal structure due to sudden changes in the am-
plitude of thermal vibrations. At the same time, from the
presented dependences it is clear that a change in the
phase composition due to the formation of LisZr,O7 in
the composition and a rise in its contribution leads to an
elevation in resistance to a decrease in hardness and re-
sistance to cracking, which is most pronounced when the
Li¢Zr,07 phase dominates in the composition of ceram-
ics.
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Figure 4. Results of changes in the hardness of ceramics
during cyclic tests for heat resistance (rapid heating and rapid
cooling): a) 0.92 Li2ZrOs : 0.08 LisZr207 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics,
¢) 0.2 Li2ZrOs : 0.8 LisZr207 ceramics
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Figure 5. Results of changes in resistance to cracking (in the
form of a dependence of changes in the maximum compression
pressure) of ceramics during cyclic test tests for heat
resistance (rapid heating and rapid cooling):

a) 0.92 Li2ZrOs : 0.08 LisZr207 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics;
¢) 0.2 Li2ZrOs : 0.8 LisZr207 ceramics

It should also be noted that the change in grain size,
which is determined, as was previously shown, by the
grinding speed, leads to an elevation in degradation re-
sistance of strength characteristics, which consists in less
pronounced trends in the decline in hardness values and
resistance to cracking after 3 consecutive cycles of heat

resistance tests. Small alterations for samples of
0.2 Li2ZrOs : 0.8 LigZr,07 ceramics, especially for parti-
cle sizes less than 250 nm, are due to a combination of
two factors influencing hardening: the presence of inter-
phase boundaries and the size factor, a change in which
results in the dislocation density growth. The presence of
a high dislocation density, in combination with the pres-
ence of interphase boundaries, leads to an increase in re-
sistance to thermal effects of the crystalline structure,
which in turn is expressed in less pronounced changes in
hardness and resistance to cracking with a large number
of cyclic heat resistance tests. It is important to note that
the presence of a large contribution of the LigZr,O7 phase
in this case determines not only higher hardness and
crack resistance in the initial state, but also higher re-
sistance to external influences, which is expressed in
changes in the degradation trends of strength parameters
presented in Figures 4c and Sc.

Figures 6a-c and 7a-c present the results of alterations
in hardness and resistance to cracking during tests aimed
at simulation of thermal aging processes. The general ap-
pearance of the presented dependencies reflects the
change in the strength parameters of the ceramics under
study, measured after 100, 300 and 500 hours of thermal
exposure, and the reduction in values is due to high-tem-
perature degradation of ceramics during prolonged ther-
mal exposure.

As can be seen from the presented dependencies,
changes in strength parameters (hardness and resistance
to cracking) are most pronounced after 300 hours of se-
quential thermal exposure, while the decreasing trends
have a clear dependence on both the phase composition
of the ceramics and dimensional factors caused by varia-
tions in the grinding speed. The least pronounced chan-
ges associated with a decrease in the difference between
hardness values and the maximum pressure that ceramics
can withstand during a single compression are observed
for samples whose grain sizes are less than 250 nm. In
this case, changes in trends of the reduction of strength
parameters are primarily due to size factors resulting in
dispersion and dislocation hardening through the creation
of barrier defects for the migration of point and vacancy
defects, as well as processes of deformation expansion of
the crystal structure as a result of prolonged thermal ex-
posure. At the same time, it should also be noted that the
smallest changes in the trends of the reduction of strength
parameters are  observed for  samples  of
0.2 Li2ZrOs : 0.8 LigZr,O7 ceramics, for which, in addi-
tion to dislocation hardening, the presence of interphase
boundaries plays an important role in the growth of re-
sistance to external influences, as well as the large con-
tribution of the LisZr,O7 phase in the composition of the
ceramics.

Figure 8a-b demonstrates the assessment results of
the relationship between changes in dislocation density
in ceramics and softening factors associated with a de-
crease in hardness (see Figure 8a) and resistance to stress
cracking (see Figure 8b) for ceramic samples subjected
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to heat resistance tests. The data are given for samples
subjected to five heat resistance tests of the studied sam-
ples, at which the maximum reduction in strength param-
eters was observed.
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Figure 6. Results of hardness changes during long-term
thermal exposure tests simulating thermal aging processes:
a) 0.92 Li2ZrOs : 0.08 LisZr207 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr:07 ceramics,
¢) 0.2 Li2ZrOs : 0.8 LicZr207 ceramics

The general appearance of the presented dependences
of changes in the values of degradation of strength prop-
erties, expressed in a reduction in hardness and resistance
to cracking after five successive heat resistance tests, in-
dicates the positive effect of an increase in dislocation

density on growth of the resistance of ceramics to de-
structive embrittlement resulting from destabilization of
the crystal structure as a result of sudden temperature
changes. At the same time, the most pronounced changes
in stability are characteristic of a dislocation density of
0.01-0.025x10'"" cm™2, which is typical for grain sizes
less than 250 nm.
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Figure 7. Assessment results of changes in the values of the
maximum pressure that ceramics can withstand during a
single compression, subjected to thermal effects
simulating thermal aging processes:

a) 0.92 Li2ZrOs : 0.08 LisZr207 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics,
¢) 0.2 Li2ZrOs : 0.8 LicZr207 ceramics
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Figure 8. Results of a comparative analysis of experimental
data to determine the thermal stability of the ceramics under
study: a) relationship between changes in dislocation density
and the degree of softening, which characterizes the decrease
in the hardness of samples after heat resistance tests;
b) relationship between changes in dislocation density and a
decrease in resistance to cracking during single compression of’
samples after heat resistance tests

Figure 9a-b illustrates the results of a comparative
analysis of the influence of dislocation density on the sta-
bility of strength parameters (hardness and resistance to
cracking under single compression) during test tests sim-
ulating thermal aging during long-term thermal heating
of samples. Data are given for samples kept at a temper-
ature of 1000 °C for 500 hours.

It should be noted that the most pronounced altera-
tions in strength parameters are observed when the dislo-
cation density changes from 0.005 to 0.02x10'" ¢m™,
which corresponds to a grain size reduction from 450—
500 nm to 250-270 nm. In this case, a decrease in grain
size leads to a more than 1.5-2-fold increase in degrada-
tion resistance of strength parameters caused by thermal
effects on the crystal structure. At the same time, for sam-
ples of 0.2 Li»ZrOs3 : 0.8 LisZr,O7 ceramics, the reduc-
tion in size is less than 250 nm, for which the dislocation
density is on the order of 0.04-0.05x10'! cm™, the in-
crease in the stability of strength parameters is less pro-
nounced, which may be due to the saturation effect, i.e.,

a less pronounced effect on growth of resistance to high-
temperature degradation of a high dislocation density, the
presence of which in turn has a positive effect on growth
of hardness and resistance to cracking under external in-
fluences in the initial state.
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Figure 9. Results of a comparative analysis of experimental
data to determine resistance to long-term thermal heating,
simulating thermal aging processes: a) relationship between
changes in dislocation density and the degree of softening,
which characterizes the decrease in the hardness of samples
after thermal aging tests; b) relationship between changes in
dislocation density and a decrease in resistance to cracking
under single compression of samples after thermal aging tests

The obtained dependencies allow us to conclude that
changing the phase composition of ceramics due to an in-
crease in the contribution of the LigZr,O7 phase in the
composition, as well as a decrease in grain sizes, makes
it possible to elevate resistance to external temperature
influences, including sudden temperature changes, as
well as long-term thermal exposure. Moreover, in the
case of heat resistance tests, the presence of interphase
boundaries, as well as dislocation density, leads to a
growth in resistance to destructive embrittlement, char-
acteristic of sudden temperature changes associated with
changes in the amplitude of thermal vibrations, which
cause deformation distortion of the crystal structure due
to rapid heating and cooling. In this case, the high dislo-
cation density, as well as interphase boundaries, inhibit
the embrittlement effect due to barrier effects that inhibit
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the migration of defects and vacancies. With prolonged
thermal exposure to the structure of ceramics, defor-
mation distortions are associated with the effect of ther-
mal expansion on the crystal lattice, as well as an increase
in the migration of point and vacancy defects due to ther-
mal exposure. In the case of a high dislocation density
and the presence of interphase boundaries, migration pro-
cesses are restrained, which leads to a decrease in the rate
of structure degradation, and consequently, embrittle-
ment and softening.

Figure 10a illustrates the results of a comparative
analysis of changes in the thermal conductivity coeffi-
cient of the ceramics under study depending on the vari-
ation in grain sizes due to changes in the grinding speed,
as well as the phase composition of the ceramics, changes
in which are due to variations in the ratio of components
during grinding. As is evident from the data presented, a
change in the phase composition of ceramics, caused by
an elevation in the contribution of the LigZr,O7 phase in
the composition of ceramics, leads to an increase in the
thermal conductivity coefficient, which causes higher
values associated with the thermophysical properties of
this phase. Moreover, a general analysis of the presented
changes depending on the grain size indicates that the
most significant changes are observed at grain sizes be-
low 250 nm. The absence of significant changes for ce-
ramic samples with larger grain sizes indicates a small
influence of size factors on changes in thermophysical
parameters, since for these ceramics, due to their dielec-
tric nature, the main mechanism of heat transfer is the
phonon mechanism, based on heat transfer due to phonon
scattering.

Figures 10b-d reveal the results of a comparative
analysis of alterations in the thermal conductivity coeffi-
cient of the ceramics under study in the initial state and
after testing for heat resistance (after 5 cycles) and ther-
mal aging (after 500 hours), reflecting the influence of
dimensional factors and phase composition of ceramics
on maintaining the stability of thermal conductivity, the
change of which occurs as a result of structural degrada-
tion. As is evident from the presented dependences, the
most significant changes in the thermal conductivity co-
efficient, indicating degradation caused by structural
changes resulting from thermal effects, are observed for
samples 0f 0.92 Li,ZrO3 : 0.08 LisZr,O7 ceramics. At the
same time, the degradation degree has a clear dependence
on the grain size, which consists in the fact that a reduc-
tion in grain size results in less degradation of the thermal
conductivity coefficient, which indicates a positive effect
of size factors on maintaining the stability of the thermo-
physical properties of ceramics. So, for example, in the
case 0f0.92 Li>ZrOs3 : 0.08 LisZr,07 ceramics, with grain
sizes of the order of 400 nm, the degradation of the ther-
mal conductivity coefficient in the case of heat resistance
tests is about 4.7%, and when tested for thermal aging for
500 hours at a temperature of 1000 °C, the degradation of
the thermal conductivity coefficient is about 7.2%.
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Figure 10. a) Results of a comparative analysis of changes in
the thermal conductivity coefficient of ceramics depending on
grain sizes; Results of a comparative analysis of changes in
the thermal conductivity coefficient of the ceramics under
study in the initial state and after heat resistance tests and
thermal aging tests:

b) 0.92 Li2ZrOs : 0.08 LisZr207 ceramics;
¢) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics;

d) 0.2 Li2ZrOs : 0.8 LisZr207 ceramics
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Moreover, for ceramics with grain sizes less than
250 nm, similar changes in the thermal conductivity co-
efficient are no more than 2.8% and 3.3%, respectively.
It is important to highlight that in the case of the domi-
nance of the LisZr,O7 phase in the composition of ceram-
ics, with small grain sizes, the decrease in the thermal
conductivity coefficient during heat resistance and ther-
mal aging tests is no more than 2% of the initial value,
which indicates fairly high stability of the thermophysi-
cal properties of ceramics, which are determined both by
the phase composition and by size and dislocation ef-
fects, which consist in growth of resistance to external
influences due to dispersion and dislocation hardening
and elevation in the resistance of ceramics to high-tem-
perature degradation.

CONCLUSION

During studies of the influence of grinding speed on
changes in grain sizes and dislocation density, it was
found that the most significant changes are observed at
speeds above 400 rpm, for which a more than twofold de-
crease in grain size is observed, due to an increase in the
grinding intensity, as well as the formation of metastable
states as a result of mechanical action. At the same time,
the most pronounced effects are observed for samples in
which the Li¢Zr,O7 phase dominates, the formation of
which occurs due to a large amount of zirconium dioxide
during the manufacture of ceramics. It has been estab-
lished that a change in the phase composition of ceramics
due to the LisZr,O7 phase dominance, at grinding speeds
0f 450500 rpm, results in reduction in grain size to 140—
150 nm, which determines the dislocation density of the
order of 0.04-0.05x10'! cm™.

During tests for heat resistance and resistance to high-
temperature aging as a result of long-term thermal expo-
sure, it was found that a growth in dislocation density due
to a grain size reduction leads to an increase in the stabil-
ity of strength properties (changes in hardness and re-
sistance to cracking under single compression), which re-
sults in smaller changes in hardness and crack resistance.
At the same time, an important role in the stability of the
strength properties of ceramics is played by the phase
composition, the change in which is caused by an eleva-
tion in the contribution of the LisZr,O7 phase in the com-
position, the dominance of which leads both to an in-
crease in the values of hardness and resistance to
cracking in the initial state, and to less pronounced trends
in the degradation of these values as a result of thermal
influences.

An analysis of changes in the thermal conductivity
coefficient of the studied ceramics depending on the
phase composition and grain sizes showed that in the case
of initial values, the greatest contribution to the increase
in the thermal conductivity coefficient is made by a
change in the phase composition associated with an in-
crease in the contribution of the LisZr,O7 phase in the
composition of the ceramics, while the size effect appears
only for grain sizes less than 250 nm. It should be noted
that a change in grain size for the ceramics under study

in the case of thermal tests leads to an increase in stability
to degradation of the thermal conductivity of the ceramic
samples under study due to increased resistance to de-
struction of the crystalline structure of ceramics under
thermal influence, which is due to the presence of dislo-
cation and dispersion hardening.
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MEH ®A3AJIBIK KYPAMHBIH CBIPTKbI MEXAHUKAJIBIK ’)KOHE TEPMUAJIBIK
OCEPJIEPTE TO3IMJAIJIITTHE OCEPIH AHBIKTAY
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By s)xyMbICcTa TUCTIOKALMS THIFBI3IBIFBIHBIH ©3TepyiHe OKeNeTiH eIIeMIiK (paKkTopIapAblH KOHE IUTHH METallUPKOHATHI
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TO3IMIUTIKTI Oaranay OapbIChIHIA KYLIEHTY (hakTopiapbl peTiHAe emeMIiK 3QQeKT, AUCTOKAIUS THIFBI3ABIFE KIHE
(azanap apaiblk IIeKapanapIblH OOJybl KapacThIPbULIBI, OJIAPJBIH ©3repici KepaMHKalapblH (a3aiblK KypaMbIHBIH
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APKBUTBI KATTBUIBIK TI€H JKapBIKIIAKTapFa TO3IMIUTIKTI apTTHIPaThIHbl aHBIKTANIBL. ¥3aK Mep3iMIi TepMHSUIBIK KYHIipy
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JIATUA Ha MPOYHOCTHBIC XapaKTCPUCTUKU KEPAMHUK, a TAKIKE yCTOfI‘IHBOCTB K BBICOKOTEMIIEPATYPHBIM HUCIIBITAHUAM.
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OBLTO YCTAaHOBJICHO, YTO U3MEHEHHE CKOPOCTH TiepeMalbiBaHus Bhie 400 00./MIH IPUBOIUT K O0Jiee YeM IBYKPATHOMY
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Byt s)xyMBICcTa KOIDIOMATHIK CHHTE3 9JIiCiIMEH anbIHFaH KaaMui ceneHuaiHiH (CdSe) exi enmeM i HaHOTIaCTHHAIAPBIHBIH
ONTHKAIBIK KACHETTEpi MEH ocy MexaHm3Mzepi zeprrenmi. PoTOoMOMUHECHICHINS CHEKTPIICPIHIH TeMIeparypa MeH
MIPEKyPCOPIIapIblH MHKEKIMSAChIHA TOYENIUITT aHBIKTAIIbl, HAHOIIACTHHANIAPABIH KANBIHIAYbl CIyJIEJCHYIH Y3bIH
TOJIKBIH/IBI aliMaKKa BIFBICYBIHA aJIbINl KEJIETiHI KepceTiai. Ocy Ke3iHaeri KOHIEHTPaUUsUIBIK JKaFJainap 3epTTeNill,
0acTamnKpl peareHTTep/IiH KOChIMILIAa MOJIIIEPIH €Hri3y MEH CHHTE3 TeMIlepaTypachlH e3repTy apKpuibl CdSe KypbuibIM-
JApbIHIAFbl MOHOKA0ATTAP CaHBIH 0AacKapy MYMKIHIIT AQJCNACH . AJIbIHFAaH HAHOTUIACTUHAIAP/IBIH OIPTEKTLIIr 3J1e-
MEHTTIK Tajjaay apKeUibl pactanipl. byn Hotmkenep CdSe exi enmmemai HAaHOKYPBUIBIMAAPBIHBIH TY31L1y YAepicTepiH
TepeH TYCIHyre MYMKIHIIK Oepil, oapIbIH ONTOAIEKTPOHABIK KACHETTEPIH OHTAWIAHIBIPY YIIiH KOJIAAHBUTYbl MYMKIH.

Tyitin ce30ep: CdSe HIIJI, onmukanvlx scymy sHconaesl, H#apmuliaii OmKizeiu HAHOKpUCMAnoap, exi enumemoi mame-

puanoap.

KiIPICIIE

XKapreimail eTki3rim HaHOMaTepHANIapIbl 3epTTEYTe
1981 xpUIman Oacrar, HAHOKPUCTAIAAPIAFBl KBAHTTHIK
OJIIIIEM dCEepi alFall peT OalKaFaH Ke3/1€ KbI3bIFYIIBIIBIK
TaHbIThUIa Oactanuasl. JKapThulail eTKi3riTepiaiy en-
LIEMre TOyeli KBaHTTAJFaH JJICKTPOHIbI SHEPrus JIeH-
reiiyiepi dHEprusl AJILMIAKTHIFBIH JKOHE 0acka OINTO3JIeK-
TPOHABIK KaCUETTEPiH O3repTyre MyMKiHaik Oepeni [1].

2008 »xbuTbl XabapiaHFaH KOJOUATHIK JKapThlIai eT-
Ki3TiII HAaHOIUTACTHHAJAPAbIH aJFallIKbl CHHTE31HeH Oac-
Tam, e3AepiHiH Oiperell ONTHKAIBIK XKOHE IIIEKTPOHIIBIK
KacueTrTepiHiH apkacbiHga HIIJI yiikeH KbI3BIFYIIBUIBIK
Tyneipabl [2]. OnapaslH iMIiHAE epeKIne OPHIHAB aTOM-
JIBIK IeHrei1e OaKpUIaHATHIH KAJIBIH/IBIFBI MEH YJIKEH JIa-
TepaJIb/bl eNIIeMAepiHe OaiIaHbICTBI KaJIMUH CeTIeHU i
HeH (CdSe) xacanran kBazuekioemmemai HITJI amanpr.
HITJI kBasuekienmeM/Ii KYPbUIBIMBI OJIAPIBIH JKYTHLITY
JKOHE CoyJIe NIbIFapy CHNIaTTaMajIapbIH jKaKcapTaibl, Go-
TomoMuHeceHIMAHBIH (DJI) ere Tap KoJaKTaphIH
MOHE OCLUWUIATOPIAp/AbIH alTapiibIKTail KYLIIH KamTa-
MachbI3 eteai. by kacueTtep onapabl )KapbIK HIBIFAPATHIH
KoganOanapaa THIMAI Maiananyra MyMKIHIIK Oepei
[3]. HII coymenenymiy *OFapsl peKOMOWHAITUS KBLI-
JTAaMJBIFBI, TAP SMUCCHUSIIBIK JKeJici 0Jap bl Jazepiepe,
JIIOMHUHECHEHTTI KYH KOHIIGHTpAaTopiapbl >KoHE Oacka
KoJjaHOanapa naiaananyra MyMKiHIIK Oepeni [4].

Kononareik HITJI cuHTe3iHmeri keTicTikTep oiap-
IBIH KaJbIHIBIFGIH MOHOKA0AT AEHreiiiHae noi1 OakbI-
Jayra MYMKiHAIK Oepxi [5—7], compmaii-ak onapAslH
Y3BIHIBIK-CHIIK KaTBIHACHIH [8] perTeyre KOy amTHl,
OyJl oNapIblH ONTOIEKTPOHIBIK KACHETTEPiH YIIKeH
Ionniknen 6anrayra MyMKiHIik 6epeni. lereamen, HITJT
KYpJeJi Ty3UTy MeXaHU3MiH TYCiHy/le o Je KUBIHIBIK-
tap 6ap. HITJT anramxs! cuatesi [2] Typanst 2008 sKbuTbI
xabapinanraH carreH Oacrar, HITJI ecy Mexanusmaepin
TYciHyre OarbITTalIFaH KOITEereH 3epTTeyJiep Kyprisinai

[5,9-10]. Korapeima aidTeuiFaH >xymbictapaa HILJI
ecipy OappICBIHIA, ©CY MEXaHU3MIiH TYCIHY YIIiH KO-
CBIMIIIA IIPEKypcopIIap KOcy dAici KapacThIPbUIMAaFaH.

By makanana CdSe KomuTonaTH KBa3u-eKi ©ImeMIi
HAHOIUTACTHHATIAPBIHBIH CHHTE3/ICY O/iCTEMECI 3epTTe-
JIII, QNbIHFaH YJITUIEp ONTHKAJIBIK KACHETTEPl TYPFBICHI-
HaH JXaH-xakThl cunattanasl. HILJI ecipy GapsichiHIa
koceimiia Cd xoHe Se mpeKypcopiapblH HHKCEKIUSIIAY
HITJT ecyine kamaii ocep eretini 3eprrenmi. CkaHep-
JIeyI AJIEKTPOHABIK MUKPOCKOIITHI NaliagaHy apKbLIbl
SHEPTHUS-AUCIIEPCHSUIBIK  PEHTICHAIK  CHEKTPOCKOIIHS
omicimer HIIJI aneMeHTTiK KypaMbl MEH Tapasrybl aHbIK-
taiel. OnNTHKAIBIK KacuetTepin 3eprrey HIT ecy me-
XaHWU3MIH TYCIHyTe OaFBITTaIIbI.

3EPTTEY 9JICI

Xumusaneix 3ammap: Kagmuil aneraTsl TUTHAPATHI
(Cd(CH3COQ0), 2H»0), omenn kpmukputbl (OA, Sigma-
Aldrich, 90%), cemen yHrtarel (Se, Sigma-Aldrich,
99,99%), Tpuoktundochun (TOP, Sigma-Aldrich,
90%), l-oxramenen (ODE, Sigma-Aldrich, 90%), rex-
CaH, aIreToH.

2M TOP-Se oativinoay: maccachl 78,96 mr ceneH (Se)
YHTarbplH TOJBIK epirenre paeiin 0,5 Mo Tpu—H—OK-
tungochuamen (TOP) apanacTeipbin, KeliH KOJJaHy
YIIiH CaKTajabl.

HII cunmesi: CdSe xommouarer HITJI ynrinepi [7—
9] aBTOpHApPABIH omicTEpiHE COMKeC, a3 e3repicTepMeH
a’nbIHAbl. YII MOMBIHABL KoiOaza 115 mMr xagmuii are-
taTel quruaparbiHa 80 mxin OA sxoHe 10 M1 ODE kocsi-
naasl. Kocna 95 °C temneparypana 2 carat Ar acTbiHAa
nerazauusuianagsl. Coman temnepatypa 180 °C opha-
TBUIIBL. TeMIiepaTypa OpHATBUIFAaH MOHTE JKETKCHHCH
keiiin Cd osreaThIHBIH epiTiHZiCI OesMe TemrepaTypa-
CblHA JeliH CalKbIHAATHUIBIN, €Ki OeJiiKKe OeJiHin
aneiHAbl. bip Oemiri karitagan 180 °C meliH KbI3IBIPHI-
neim, 2M TOP-Se epitiagiciaig 100 MK HHXKEKIHsIA-
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Hagel 1, 3, 5, 20, 40 MUHYT apaibIKTapblH/Ia aJHKBOTA-
nap ansiHasl. Kocnansr 180 °C temneparypana 1 carar
ycramn, Cd onearsl epiTiHIICIHIH KalFaH 0eJiri KOochl-
nanel. 5 MUHYTTaH coH Tarbl 2M TOP-Se epitiHaiciHig
100 mxn unxekuusiaananel. Kocna opHatbuiran Temrie-
paTtypana Tarbl 1 caraTka KOWBUIBII, 06JIME TeMIepaTy-
pachIHa JICHIH CalKbIHIATYy apKBUIBI PEaKIUs TOKTAThI-
nanel [7, 8].

HITJI Gemnin amy ymriH Kocmara aneToH Kyisim, 5000
alfH/MHH XBUITAMIBIKIICH 5 MUHYT O0#bI IeHTpu(yra-
maHael. TasapTy mporeci eki-ymr per kairamaaabsl. Co-
Heraga HITJT rekcanma epitimmi.

Kyreuty cnektpnepi rexcaH 3onbpaepinge V-770
(Jasco) ciektpodoTOMETpiHAE TOJIKBIH Y3bIHIBIFEI 200—
800 uM nmamazonsiHaa 3eprrennai. PJI crnexTprnepin
3eprrey ymin CM2203 (Solar) cnexrpodyopumerpi
naiganaHblIIbL.

DJIEKTPOHBIK MUKPOCKOIIHSI 3¢PTTEYJIePi KOHE 3Ie-
MeHTTiK Tamgaymnap Hitachi TM4000Plus II ckanepiik
ANEKTPOHIBIK MUKPOCKOTIBIH/IA KYPTi31IIi.

3EPTTEY HOTHKEJIEPI J)KOHE TAJIKBLIAY

OnTukaJbIK KacHeTTepiH 3epTTey. Op Typii Ka-
neiabikTarel CdSe HITJI HopManaHFaH ONTHKAIIBIK KY-
TBUTYy CIIeKTpJiepi l-cyperre. Bys onTHKanblK >KyThUTy
CHEKTpJCPiHIH OapibIFbIHIA SICKTPOH-KCHIT KEMTiK
KOHE ayblp KEMTIK eTyiHe araTeiH [2, 11, 12] exi
€peKIIIe KYThUTy IIBIHAAPEI aHbIK Oaiikanaasl. by ontu-
KaJbIK JKYTBIIy CHEKTpiHAe OalKajaThlH KBa3U-€Ki ell-
memai HITJT 6acTel epekmreriri.

0,5
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TonKBIH Y3BIH/IBIFBL, HM
Cypem 1. CdSe HIIJI onmuxanvlx #cymoliy cnekmpi

1-cypeTTe KOpCeTIreH ONTUKAIBIK XKYTHUTY CIHEKTp-
nepiane 457 am msiHel 2M TOP-Se kochuFaHHAH KeiiH
1 MHUHYTTaH COH maiina OOJambl, al peakius Ke3iHuae
430 gM WIBIHBI KOCHIMIIA Iaiiga Oosaabl. YakbIT ©Te
Kelle, €Ki curHai coiikeciniie 434 HM xoHe 462 HM-re
aybICalbl, MYHBIH HOTHXKECIHJC TOMEHT1 TOJKBIH Y3bIH-
IIBIFBIH/IA KeHIpeK IbIH Oakikananel. Conpaii-ak, 180 °C
TemmepaTrypajga 1 caraT yCTanFaHHaH KeWiH KOCHIMIIA
WHXEKITUS JKacalbIHIbI, Oipak OYJ1 Ke3eHJe elKaHaai
earepic Oaiikanmaapl. by xyTeuty msigaapel CdSe Ha-
HOTUTACTHHAJIAPBIHA TOH, OJIap COWKECIHIEe 3JIEKTPOH-
xeHin kemrikrepiniH (LH) aysicysrHa (434 HM) koHE

AEeKTpOHAApABIH ayblp kemrikrepiniH (HH) aybicysina
(462 um) Oaitnansictsl [2, 11, 12].

CdSe naHomacTMHaNaphbl yuiiH OeilMe TeMuepary-
pacsl ke3inze enmieHred AJI criekTpiiepiHiH MaKCUMY MBI
JKAPTHICBIHAAFBI TOJBIK €HI KBAaHTTHIK HYKTEJIEpPMEH ca-
JIBICTBIpFaHAa anaeKaaa tap. 468 um, 519 uM, 559 um
xoHe 591 HM-/1e OpHaJlacKaH AIMUCCHS JKOJIaKTapblHa CY-
tiene oteipein, CdSe HIIJI KameIHOBIFBIH coiikeciHmie
3 ML, 4 ML, 5 ML xone 6 ML nemn aHbIKTayFa 60Iabl.

By mepexrep Oacka aBTOpIapAbIH HOTIDKEIEPIMEH
Jie xKaKchl coiikec keneni [11, 12]. CunTe3ain 6acTamnksl
Ke3eHnepinae Oip yakpITTa KanmslHABIFE 3 ML, 4 ML
xoHe 5 ML 6onatein 6ipaerne HITJT nonmynsmusiiaps! Ka-
Tap emip cypai (2-cyper). Umkekiusinan keiiin (1 car
5 mun) 3 ML, 4 ML xone 6 ML HIIJI-HbIH nomynsinusi-
napsl 6aceM 0onapl. CHHTE3 Ke3iH/ie HaHOIUIaCTHHA HO-
MYJISIUSIIApBI ©3repicKe YIIBIPaIbL.

Conbimen kartap, HITJT akaynap, OeTTik Kyusep He-
Mece 0acKa KYPBUIBIMIIBIK KeMIIUTiKTep i acepineH OJI
CHEKTpiHIe KeH Y3BIHTOJKBIHABI MIBIHAAD Haiaa OOIbI
(2-cyper). Erep HILJI canpicThIpManbl TYpAe YIKSH He-
Mece KaJblH 00Jica, KBAaHTTHIK IIEKTEY dcepi TOMEHEYi
MYMKIiH, OYJl KeTUIHip BIFBICYBIHBIH a3alObIHA OKelei
[5, 12].
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Cypem 2. CdSe Hanoniacmunkacolibly pOmMoIOMUHECYEH YU
cnexkmpi (Ex=350 nm)

3-cyperre KanbiHABIFB 3 ML, 4 ML, 5 ML xone
6 ML HIUI yurin yakpiT eTkeH caiibia ©JI MakcuMyMbl-
HBIH CIICKTPJIIK OPHBIHBIH 63repici kepcetiiren. CyperTe
op6ip HITJI momymsmusicel yurie ®JI MIBIHBIHBIH OpHEI-
HBIH TYPAKTHI €KeHi (KeJIJJeHeH KOK CBI3bIK) OaliKaiaibl.
Byn yakpITKa Toyenninik rpaduri yakblT eTKEeH CaifblH
oprypai KansiHablkTarel HITJT onTukanbIKk KacueTTepin
TepeHipeK TYCIHyre MyMKIHIIK Oepeti.

4a, b-cypeTTe KOCBhIMIIIA WHKEKIUSAFa JCHIHTI KoHE
keitiari CdSe HITJI-mbrH (180 °C) ONTHKAIBIK KYTHLTY
(XpI3BUT  CBI3BIK) koHE (oTomomuuecenus (DJI)
cnekTpiiepi (Kapa ChI3BIK) KepceTinreH. byn cmektp-
nepae KaTbIHABIFE 5 ML sxoHe 6 ML neiiin HaKThI aHBIK-
TaJIFAaH aTOMIBIK KBasH-ekl ommeMal Kouronarel CdSe
HaHOIIIACTHHAJIAPBIHBIH TY3UJIT€HIH Kopyre 0oa bl
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Cypem 4. Hnoicexyusea Oetiinei scane retiinei CdSe HITJ/I on- Cypem 5. Cxanepiix s1ekmpoHOblK Mukpockonmoit (SEM)
MUKATBIK HCYMbLLY (KbI3bLI CbI3bIK) HCIHE POMONIOMUHECYEH- xomezimen anvikmanean CdSe xonnouomer HIIJI snemenmmix
yus cnexkmpiiepi (Kapa cvi3vlk) (a) unocexyusa oeiinei, (b) kypolivimsl (a) SEM — oeei HITJI yneiciniy muxpoghomoepa-
KOCIMULA UHJICeKYUsAOaH Kellinei (kaomuii oneamut, 180 °C) Quscel, (b) CdSe nanonnacmunanapuiivly mapany Kapmacol

(c¢) CdSe HIIJI anemenmmix mapany xapmacul
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HanommacTuHanmapaplH Ty3iTyli peakIusSHBIH —aj-
FAaIlIKbl MUHYTTapblHAa Oalikamajpl. [5] MakaiachiHIa
OCBIFAaH YKcac ecy IpolecTepl cumarranraH. SIrHu,
HILJI-nblH, KaJbIHABIFBL TEMIIEpaTypa MEH CHHTE3 ya-
KBITBI apTKaH caiiblH yiFasasl. KockIMIa HHXEKIMsIIaH
KeliH j)kaHa MOHOKabarTap Ty3iMereHiMeH, CTOKC bIFbI-
cybI Oatikanael. HITJI-1bIH 37€KTPOH/ KEHIT-KEMTIK JKOHE
ANIEKTPOH/ayBIP-KEMTIK aybICynapsl coiikecinme SH, 5L,
6H sxone 6L men Oenrimenni. CdSe HIDI ymin 5 ML
xoHe 6 ML KanbIHIBIKTaphl CHHTE3 MpoIieci OapBICHIHAA
anukBoTanad ansiaFad HITI monymsanusceia Oinnipeni.

Muxkpockonusi 3epTreyiaepi. SEM mukpockomnms-
cpIHzA 2 caraT OOMBI )KOFaphl TeMIlepaTypaja yCTajlFaH
HITT ynarinepin tangansik. CdSe HITJI 3ompaepi kenri-
piutin, J)kyKa KaOBIKIIa peTiHie TaJlAayFa alblHAbI (Sa-Cy-
pet). SEM axswipaty KaOiseTi KETKUTIKCI3 OOJFaHIbIK-
tan HIIJI OGip-OipiHeH aHBIK aXbIpaTyFa MYMKIHIIK
6onmazpl. CdSe kommouarel HITJT ynrinepinin EDX ame-
MEHTTIK KYpaMBIHBIH Tapaly KapTacel 5b, c-cyperrte-
piame xepcerinreH. Cyperre KepceTiareHaeit OipiHmi-
nmeH Cd (xerimmip Tycti) MeH Se (KoK TYCTi) 3IIEMEHT-
TepiHiH OipKeINKi TapaFaHIBIFBIH KopyTe 0omansl. Exin-
mrimeH cuaTe3nenred HITJI KypBUTBIMABIK JKOHE XHMUS-
JIBIK, KOCTIAJIBIK TYPaKTBUTBIFBIH OalikaiMb13. Srau, HITJT
ecipy ke3inne npekycop peringe Cd meH Se sneMeHTTe-
PiH KOJJaHFaHBIMBI3 B! naneneini. CuHre3 6apbIChIHIa
OCHI DJIEMEHTTEePAIH OipKeJKi Tapaiybl HaHOILIACTHHA-
JIap/IbIH CaIachlH YKOHE OJIApABIH ONTHUKAIBIK KaCHETTe-
PiH KaKcapTyFa bIKIaJ eTei.

6-cyperte CdSe xomnouarsr HITJI-HbIH 37€MEHTTIK
KypaMbIHBIH nuarpamMaceiaga Cd skoHe Se anmeMeHTTe-
piHIH Oap exeHiH KepyTe O0IaIbl.
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Cypem 6. CdSe konnouomsi HAaHONAACMUHKACLIHBIY
2NEMEHMMIK KYPAMbIHbIY OUASDAMMACHL
Kecme 1. CdSe xonnouomsi HaHonAacmuHKaCbIHbLY
2neMemmiK KYpamblHbll CAHObIK MOHOepT
Hopmananran
0,

AnemeHT | Atomablk Ne Hetto Macca [%] macca [%]
0 8 5284 12,72 15,06
Se 34 34770 20,87 24,11
Cd 48 68878 50,87 60,23

KocbiHabl 84,46 100,00

By cunTe3nenreH HaHOKYPBUTBIMIAP IBIH XUMHUSITBIK
Ta3albIFBIH KOpceTei, connaii-ak EDX keckinnepin, Ho-
Tokenepin tangail oteipein CdSe HILJI-HeIH Oetinme

CdO maiina 6omaTeiHBIH O0iDKayFa 6omamsr. CdO xyka
kaObikmacel HILJI OipiHmrizeH, ¢oOTOTYpaKTHUIBIFBIH
KaMTaMachl3 eTe/li )KOHE OHBI YIIKeiTe i, ExiHmIiaeH o-
MUHECIICHIMSIHBIH KBaHTTHIK MIBIFYBIH (QY) yikeiiTemi.
YUriHIIIeH, Y3aK YaKbITTBIK TYPAKTBUIBIKTBI KaMTaMa-
ce3 ereni [13].

2D eJmmeM/Ieri HAHOMJIACTHHAJIAPABIH 6CYy MeXa-
Hu3imi. Kazipri tagna CdSe HIIJI ecy mexaHm3maepin
TYCIHIIpeTiH Heri3ri ym teopus Oap. bipinwici — Jla-
II0Ba YCHIHFAH KYMCaK TeMIUIUTTI ecy Mexanu3Mi [14],
exinwici — IlenrTiy OarpITTanFad OekiTy MexaHm3Mi [9],
al ywinwici — CTaHAapTTH 2D HyKIIeanuscel MeH ocyiH
eckepeTiH KapamaibiM Mozens [15]. CdSe HITJI cuntes-
JIey Ke3iHIe KaaMHUIIH KOFaphl KOHIICHTPAIUACH Maii-
JaNaHbUIAbl, OUTKCHI OV JKarmaiga nudQy3usHbIH
KBUITAMJIBIFBI  OCT PEaKIMACHIHBIH KBUIIaM/IbIFBIHAH
aChIN KETEl, COHBIH HOTHUXKECIHIC IOHEKTIK HYKJICallHs
pexi apranbl. JIoHEKTEp CbiHu ©JIIEMHEH achlll KeT-
KeHJIe, 0JIap jkaHa KabaTTHIH KANBINTACYbIHA SHiH oce/Il,
al eTe KimIKeHTall OeTTepie HyKJIeaIus Kemeprici Te-
MeHaeiai. by skaHa kaGatTapIeH maiina OOMYbIH YIKEH
OeTTepre KaparaHAa Te3ipek »xkysere aceipanbl. OcHI-
maima, OacTamKbl HAHOKPHUCTANAAPAAFBl CHMMETpPHS-
HBIH Ke3JIeHCOK OY3BUTyBIHAH KeWiH MIaFblH OeTTep Y-
KeH/iepre KaparaHaa *XbuiiaMm eceni, HoTmkecinae HITJI
Kanbinracaapl. Jemek, Oyl Mozaenb M30TPONTHI KPHC-
TaJIJbl KYPBUIBIMBI 0ap MaTepHalIapAblH KHHETHKAIBIK
TYPaKChI3JIBIKTaphl apKbLJIbl aHU30TPONTHI IILIIHJI Ha-
HOKpHUCTaJIapFa Kajail OHE HENIIKTEH ©CETiHiH TYCIH-
nipe anmanel [12].

7-cypeTTe ecy MexaHH3Mi cyiI0ack, §-cyperTte Oac-
TamKbl TOHEKTEP/iH OJIIEMiHe TOYeNi TYpFaH KbIpiap-
IIBIH Maiiga 0oy xemeprici kepcerinreH [12].

Cypem 7. HIIJI ecy mooeni [17]

Byt ecy TeopHACHH pacTay YIIiH MOJIEKYJIAIBIK Ipe-
Kypcopiiap 9MiCiH KONJIaHABIK, ce0edl eHri3iieTin npe-
KypCOpPJIap/ibIH KOFaphl KOHIIEHTPALUICHIHA KOJI YKETKI-
3yre MyMKiHOIK Oepemi. ©Ocy TEOpHACHIH TEKCepy
MaKCaTbhlH/la, CHUHTE3 Ke3iHJAe MNpPEeKypCcopiapIblH KO-
CBIMIIIa MHEKEKIMACH kacanasl (1, 4b-cyper). Cnextp-
JIepi Talngay HOTHXKeNepi KOPCEeTKeH e, KOChIMINIA eH-
Ti3UITeH «oCcy» MaTepualbl (IPEeKypcopiaap) peaKIusiIbIK
Maccanarel HITJI noHekTepiHiH sSFHH Oap YITUICpIiH
ecyine xymcansl, xana HITJI matina 6ommanet. Toxipu-
OenepiMi3 KepceTKeH/Iel, HaHOIUIACTHHAIAP/IBIH MOHO-
KabaTTap CaHbBIH apTTHIPY YIIiH IPEKYPCOPIAPIBI CHTI3Y
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Ke3iHIe CHHTE3/IiH XKOFaphl TeMIepaTypachl kKaxer. Ko-
peita kene, HITJI MmoHOKaOaT caHbIH OakpuIayna ycray
yuin, Hemece CdSe HIIJI Genrimi ML ynrinepin amy
YILiH, CHHTE31HIH TeMIIepaTypachlH apHabl TaHAAy Ke-
peK, eiiTkeHi ockl TemmnepaTypana canaynst HITT nomy-
JSIIMSICHI Maiina Gonapl.

Omepria(sB)

0.0 L L N I E——

o 50 100 150 200 250  30C
Aynarst (A7)
Cypem 8. enuemoepine mayenoi 0aHeKxmep HcapaiyblHblH
bapvep suepeuscul [17]
KOPBITBIH/IbI

3eprrey HoTmKenepi CdSe HaHOIUIACTHHATAPBIHBIH
€peKIIIe ONTUKAIBIK KACHETTEPIH JKOHE OJIapAbIH CHHTE31
MEH 6Cy MeXaHM3MJIEPiH aHBIKTayFa MYMKIHJIK Oepi.
KosutonaTel CMHTE3 apKbLJIbl aJIbIHFaH HAaHOIUIACTHHANAD
KBa3W-€Ki eNIeMi KYpbUIbIMFa ue, OYJ1 OJap.blH Ky-
TBUTY JKoHE (POTOTFOMHUHECIICHITUS CIIEKTPIICPiH/C AHKBIH
SKCUTOHABIK HIBIHAAPABIH Iaiifa OodyblHAa ocep eTer.
OKcHepuMeHT OapbIChIHAA KAJIBIHABIFBI SPTYPJli HAHOM-
JACTHHANAPBIH CHEKTPIIIK CHMATTaMaIapbl 3epTTENil,
OJIAp/ABIH KaJIBIHABIFBIHBIH apTybl CIIEKTPJICPIIH Y3bIH
TOJIKbIH aliMarblHa BIFBICYbIHA OKEJIETiHI aHBIKTAJbI.
HanonnactuHanapapH KaJIBIHABIFEl MEH CHHTE3 TEMIIe-
paTypacsl apachIHaFbI OaIaHbBIC AWKBIHIAIIBL: )KOFaPhI
TeMmIeparypajgapaa KaliblH MOHOKAOATTapiAbIH Ty3iIyi
OaiiKanmpl.

CoHbIMEH KaTap, MPeKypcopiiap/blH KOHLIEHTPALHs-
chIH OacKapy jkoHE KOCBHIMIIIA MHXKEKIIUsIIAp jKacay ap-
KbUTBl HAHOIJIACTMHAJNAPJBIH OCYiH THiMAl Oakpuiay
MYMKIiHIITI Kepcerinai. CHHTE3 OaphICHIHIA KOCBIMIIIA
npexypcop xKocy HIIJI sxaHa momynsusIapbIHbIH TybIH-
JTaybIHA aJIbI KeIMEHUTIHI OaifKalpl, TEK peakus 0ackl-
HaH TY3UITeH TOMyJISIUSIAPIbIH XKETUTyiHe abIl Kelle-
TiHI KOpCeTiai. DIEMEHTTIK TaJiay HOTIDKEIEepi HaHO-
ruiactuHanapaarel Cd sxoHe Se 3J1eMeHTTepiHiH OipKenki
TapaJFaHAbIFbIH JJeN e/, OYJ1 0Jlap/bIH KYPbUIBIMJIBIK
TYPaKTBUIBIFBI MEH KOFaphl ONTHUKAJIBIK THIMALTITIH KaM-
TaMachI3 €TE].

CdSe HaHOIUTACTHHATAPBIHBIH JKOFAphl KBaHTTHIK
HIBIFYBI, TAp YMHUCCHSUIBIK JKOJIAKTAPbI JKOHE y3aK Mep-
3IMI1 TYPaKTBUIBIFBI OJIAPJBIH ONTOIEKTPOHMABIK Ky-
PBUIFBLIApAA, SKapBIKIHOATApAA )KOHE KYH SHEPTHUSICHIH
TYpJICHIIpY >KYHenepiHjae KONJaHbLIy MYMKIHIIKTEpiH
keHelTeni. byn zeprrey CdSe HaHOIUIaCTHHATIAPBIHBIH
KacHeTTepiH TepeHipeK TYCIHIN, OJapibl TIxipuOenik
MakcaTTapla TMaijadaHydblH aHAa MYMKIHIIKTEpiH
armyFa bIKIal eTeIi.

Anevic

Byn sepmmeynep Foinvim dicane gcozapaol OLim mu-
HUCMPAIKMIY 2bLI6IM KOMUMEMIHIY KAPAHCHLIAU KOa0a-
yoimer opuinoanovl. I panm UPH Ne AP19676416.
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ONTUYECKHUE CBOMCTBA 1 U3YYEHUE MEXAHU3MOB POCTA
JABYMEPHbBIX HAHOIIJIACTHUH CdSe

A. Jp6oaar’, E. I'. Komkunoaes, A. C. AxmetoBa, A. XK. Kaiinap6aii,
. X. Naypenoexos, T. T. 9aidaii, K. b. 2KanpLibicoB

Espasuiickuii nayuonanwvhulii ynueepcumem um. JI.H. I'ymuneea, Acmana, Kazaxcman

* E-mail ona konmaxmos: akerkeerbolat01@gmail.com
B pabore mnpexncraBieHBl pe3yIbTAaThl HCCIEIOBAHHS ONTHYCCKAX CBOMCTB M MEXaHH3MOB pOCTa JBYMEPHBIX
HaHOIUTAaCTHH Kaamuii ceneHunaa (CdSe), MOTyIeHHBIX METOJOM KOJUIOMTHOTO CHHTE3a. YCTAHOBJICHBI 3aBHCHMOCTH
CHEKTPOB (DOTONOMHUHECHICHIINH OT TEMIIEPATyphl M MHKEKIIMH IPEKYyPCOPOB, IMTOKA3aHO, YTO YBEIUYEHHUE TOJIIITHEI
HAHOIUTACTHH COIIPOBOKIACTCS COBUTOM M3JYUCHHUS B JITMHHOBOIHOBYIO 001acTh. VcciieqoBaHbl KOHIICHTPAIIMOHHEIC
YCIIOBHSL POCTA, MPOJEMOHCTPUPOBAHA BO3MOXKHOCThH YIIPABICHHS YHCIOM MOHOCIOEB B cTpykTypax CdSe 3a cuér
W3MEHEHUs TEMIIEPATYPbl U BBEACHUS TOMOJHUTEIbHBIX KOJJMYECTB UCXOHBIX BelecTB. [[poBei€H aneMeHTHBIN aHamu3
MOJIYYEHHBIX HAHOIUIACTHUH, MOATBEPKIAIOIINN UX XUMUYECKYI0 OAHOPOAHOCTh. [loyueHHbIe pe3ynbTaTsl MO3BOJISIOT
ry0Xe TOHATh MPOIECChl (OPMHUPOBAHUS IBYMEPHBIX HaHOCTPYKTYp CdSe W MOryT OBITh HCIOJIB30BAHBI IS
ONTUMU3ALUNA UX ONTOAIEKTPOHHBIX XaPAKTEPUCTHUK.

Kniouesvie cnosa: CdSe, nanonracmunul, onmuyeckue cnekmpuvl NO2IoujeHue, QomomoMuHecyenyus, d1eMeHmHblil
aHanus, NOIYNPOBOOHUKU, O8YMEPHbLE MAMEPUATDL.

OPTICAL PROPERTIES AND STUDY OF THE GROWTH MECHANISMS
OF TWO-DIMENSIONAL CdSe NANOPLATELETS

A. Erbolat’, Y. G. Koshkinbayev, A. S. Akhmetova, A. Zh. Kainarbay,
D. H. Daurenbekov, T. T. Alibay, K. B. Zhangylyssov

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
* E-mail for contacts: akerkeerbolat01@gmail.com

This work presents the study of optical properties and growth mechanisms of two-dimensional cadmium selenide (CdSe)
nanoplatelets synthesized via colloidal methods. The dependence of photoluminescence spectra on temperature and
precursor injection was established, showing that an increase in platelet thickness leads to a redshift in emission.
Concentration-dependent growth conditions were investigated, demonstrating the possibility of controlling the number
of monolayers in CdSe structures by adjusting synthesis temperature and adding extra precursors. Elemental analysis
confirmed the chemical uniformity of the synthesized nanoplatelets. These findings provide a deeper understanding of
the formation processes of 2D CdSe nanostructures and may support the optimization of their optoelectronic properties.

Keywords: CdSe, nanoplastics, optical absorption spectra, photoluminescence, elemental analysis, semiconductors, two-
dimensional materials.
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THE PROCESS OF FRAGMENTATION OF MODEL CORIUM
DURING INTERACTION WITH THE COOLANT

V. V. Baklanov, Yu. Yu. Baklanova®, I. M. Kukushkin, O. S. Bukina, A. S. Akayev
Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: basalai@nnc.kz

This paper presents the results of a study of the granulometric parameters, elemental and phase compositions of a solidified
model melt of a nuclear reactor core (corium) obtained in out-of-pile conditions. The out-of-pile experiments are conducted
in the EAGLE test-bench of the IAE NNC RK, which allows obtaining a melt of the burden from the components of the core
and implementing its interaction with the coolant. To obtain the model corium of a fast neutron reactor, aluminum oxide
(Al203) was used, and sodium was used as a coolant.

The results of the studies revealed the presence of three modifications of aluminum oxide Al,O; in the phase composition of
the solidified simulator. The main one is the a-modification (corundum), which is also the basic component of the initial
burden. The appearance and regular distribution of other crystalline modifications of aluminum oxide is definitely a sign
associated with the features of the processes occurring during the interaction between model corium and the coolant. Such
features may be characteristic and extend to the actual melt of the reactor core, but may also be specific to the simulator used.

Keywords: model corium, sodium coolant, fragmentation, melt, experimental modeling.

INTRODUCTION

Ensuring the safe operation of nuclear reactors is one of
the most important tasks of the nuclear power industry.
A large amount of work, including both theoretical and exper-
imental studies, is carried out to address issues related to the
safety of power reactors [1-9]. The most informative data on
the possible consequences of severe accidents in power reac-
tors of various types associated with the cessation of core
cooling or an unauthorized increase in reactivity followed by
melting of the core can be obtained by conducting experi-
mental studies. Such studies make it possible to refine existing
or develop new calculation methods designed to determine
the parameters of severe accidents when substantiating de-
signs for nuclear power plant reactor installations and analyz-
ing the safety of existing installations [10-14].

In relation to fast neutron reactors with liquid metal cool-
ant, studies are being conducted on the final stage of a severe
accident, aimed at eliminating the possibility of the formation
of a repeated critical configuration of the fuel during its melt-
ing in the core (re-criticality) and the efficiency of its cooling.
The studies are focused on studying the processes of interac-
tion of the fuel melt with the coolant and structural materials
[15].

One of the phenomena accompanying the interaction of
the melt with the coolant is the fragmentation of the melt flow
with the formation of solidifying particles or fragments. The
study of this process is important, and its parameters should
be taken into account in approaches to localizing and mini-
mizing the consequences of a severe accident with the reactor
core melting down.

This paper presents the results of the implementation of
the process of simulating a severe accident in a fast neutron
reactor; shows the results of the interaction of a model reactor
core melt with a sodium coolant; describes a methodology for
materials science research that allows identifying systematic
features of corium fragmentation during its cooling.

METHODOLOGY OF EXPERIMENTAL RESEARCH

Research on the interaction in corium-coolant sys-
tems was conducted in the EAGLE test-bench, Figure 1a
presents it’s the basic diagram, using the experimental
device shown in Figure 1b.

The EAGLE test-bench is designed to conduct out-of-
pile experiments to simulate and study processes that oc-
cur during the interaction of a fast nuclear power reactor
melt simulator with its structural elements and coolant.

The EAGLE test-bench includes an electric induction
melting furnace (EMF) designed to produce corium melt
and an experimental device that houses the test discharge
pipe and melt trap (lower trap). The EMF can produce up
to 26 kg of melt containing uranium dioxide and stainless
steel or up to 15 kg of aluminum oxide melt. During the
experiments, liquid sodium is located in the discharge
pipe and/or lower trap.

The simulation of the process of overheating and
melting of the core of a fast neutron reactor consists of
the following: sintered aluminum oxide (fuel simulator)
weighing about 15 kg is loaded into the crucible, the
charge is heated to a melting temperature of ~2100 °C,
after which the plug of the electric melting furnace
(EMF) is chipped off;the melt is discharged into the up-
per melt trap, simulating the internal cavity of the reactor
core fuel assembly (FA); it melts through the thin-walled
section of the drain pipe (with a steel wall thickness of 1—
3 mm) and moves along the thick-walled section of the
discharge pipe (with an aluminum wall thickness of 3—
5 mm) into the lower melt trap, simulating the lower ple-
num of the reactor, where it interacts with the sodium
coolant. The sodium in the volume of the lower melt trap
before the melt is discharged is in a liquid state at a tem-
perature of about 400 °C and a pressure of 0.35 MPa.
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Figure 1. EAGLE Test-Bench

An experimental device, which includes an experi-
mental container and a basket, is installed on special rods
in the internal cavity of the lower melt trap. At the end of
the experiment, liquid sodium is drained through the
drainage system into the sodium tank. The sodium resi-
dues, together with fragments of the solidified melt, re-
main in the materials and on the units of the installation,
located in the lower trap case.

As a result of conducting such an experiment, at var-
ious levels of the bench, the material of the solidified co-
rium simulator, the products of its interaction with the
coolant and structural materials remains.

After the experiment, the material of the solidified co-
rium simulator in the area of the lower melt trap is still
impregnated with metallic sodium. The material is
cleaned of sodium by treatment with a superheated
steam-gas mixture (nitrogen, water vapor). For the final
removal of water-soluble sodium compounds after steam
treatment, the material is washed in water.

Samples of the obtained materials are subject to re-
search, including granulometric analysis, determination
of elemental and phase composition.

RESEARCH RESULTS

As a result of treating the products of interaction be-
tween the model corium and sodium coolant with a su-
perheated steam-gas mixture, the sodium oxidized and
formed a fragmented dry conglomerate with corium,
which had a grayish-white color of various shades.

When first poured with water, the material reacted
vigorously with water, releasing gas and heat, which in-
dicated the presence of traces of metallic sodium or its
oxides. Thus, primary concentrated solutions were
formed, which received the corresponding designations
NC-1 — from the experimental container and NC-2 — from
the bottom trap basket. The density of the solutions after
the first pouring was 1.18 g/cm? and 1.26 g/cm?® respec-
tively.

The material was treated with water until it was com-
pletely washed free of sodium. After each stage of treat-
ment, the corium simulator was weighed, Table 1 pro-
vides the results of mass determination.

Table 1. Results of determining the masses of fragmented
corium simulator from the lower trap at different stages of

preparation
. Corium mass | Corium mass .
Corium . Corium mass
designation after dry steam aft.er washing after drying, g
treatment, g with water, g ’

NC-1 (from the
experimental 5650 3440 3060
container)
NC-2 (from the 10680 2379 2074
lower trap basket)

Figure 2 shows the view of the corium simulator ex-
tracted from the lower trap of the EAGLE test-bench af-
ter entire cleaning procedures.
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From the lower trap basket — NC-2

Figure 2. View of the corium simulator after entire washing
procedures

Granulometric analysis of the corium simulator con-
sisted of separation of particles by size fractions by siev-
ing on a set of sieves (fractionation), weighing the result-
ing particle fractions and studying the resulting
distribution of particle mass by fractions. The diagrams
(Figure 3) show the fractionation results.

The diagram showing the size distribution of frag-
mented corium from the lower trap (Figure 3b) shows a
clear peak, the apex of which corresponds to the size of
the fraction “0.4 mm--0.8 mm”. No such peak is observed
in the size distribution of fragmented corium from the ex-
perimental container (Figure 3a). The largest share is
made up of particles with a size of > 20 mm. The smallest
mass from the experimental container has the fraction
“0.05 mm-=+0.1 mm", and from the basket — “< 0.05 mm”.
The average weighted particle size in the corium from the
experimental container is 8.9 mm, and from the lower
trap — 3.4 mm.

The particle shape characteristics were also investi-
gated. Photographs of particles of some fractions are pre-
sented in Figures 4 and 5.

The characteristics of the shape and appearance of the
particles from the experimental container and the basket
of the lower trap turned out to be similar to each other. In

the fractions with a particle size of more than
“>5.6 mm”, the main share is made up of plate-shaped
particles. As a rule, the opposite surfaces of the particles
have different colors: one of the surfaces is darker, the
other is lighter. Basically, one of the surfaces of the plate-
shaped particles is smooth, the other is relief. In the frac-
tions of > 1.6 mm, there are particles with both a smooth
surface and a developed one. In the fractions of
“200 pm+1.6 mm” the main share of particles has a de-
veloped surface. In the fraction “50 um-+100 um” a sig-
nificant proportion of particles have an elongated shape.
In the fraction < 50 um there are rounded particles, some
particles are translucent. No obvious presence of metal
particles was detected in the fractions.
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Figure 3. Size distribution of fragmented simulator of corium
from the lower trap

For the analysis, a representative portion of corium
was taken from each fraction and ground into powder to
a particle size of <50 um. A thin, even layer of powder
was fixed to the microscope sample holder using carbon
tape. The area of the analyzed region was ~ 16 mm?.

The analysis of the atomic content of the elements
was carried out on a Supermini 200 X-ray fluorescence
wave dispersive spectrometer with a range of determined
elements from Al to U. The error in the analysis does not
exceed 10% relative to the determined values. The results
of quantitative elemental analysis of the samples are pre-
sented in Tables 2 and 3.
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Figure 5. External view of the corium from the lower trap basket

Table 2. Results of elemental analysis of fractionated corium simulator samples from the experimental container

. Content of elements, wt.%
Fraction
0] Na Mg Al P K Ca Ti Cr Fe
5.6-8 mm 41.52 1.64 — 55.28 0.46 — 0.29 0.11 0.14 0.57
2.8-4 mm 31.88 1.32 — 65.11 — — 0.44 0.22 0.25 0.78
0.8-1.6 mm 47.00 0.88 0.71 50.64 0.13 — 0.18 0.05 0.06 0.34
200-400 um 47.71 0.66 — 50.70 — 0.11 0.15 0.12 0.17 0.39
50-100 ym 50.31 0.86 0.18 47.79 0.08 0.10 0.23 0.06 0.10 0.29
less than 50 ym 39.46 0.49 — 56.57 0.32 — 1.34 0.12 0.38 1.32

Table 3. Results of elemental analysis of fractionated simulator samples of corium from the lower trap basket

. Content of elements, wt. %
Fraction
(o] Na Mg Al P K Ca Ti Cr Fe Ni
5.6-8 mm 49.29 1.56 0.15 47.95 0.09 0.10 0.22 0.09 0.14 0.42 —
2.8-4 mm 44.20 1.42 0.82 51.98 0.27 — 0.37 0.08 0.19 0.67 —
0.8-1.6 mm 39.26 0.81 2.03 56.89 — — 0.23 0.10 0.21 0.46 —
200-400 pm 45.91 0.11 — 52.85 — 0.18 0.22 0.08 0.16 0.49 —
50-100 ym 4553 0.54 0.69 52.02 — 0.23 0.34 0.05 0.16 045 —
less than 50 ym 46.19 0.61 0.64 48.90 0.06 0.14 1.37 — 0.36 1.34 0.39
As shown by the results of elemental analysis, the satisfactory accuracy of the estimates obtained in the ap-
main compound in the corium collected from the lower plication of the semi-quantitative method.
trap is aluminum oxide. The ratio of Al and O concentra- In addition, in the elemental composition of the co-
tions in most samples is very close to the ratio for the rium samples, both from the lower melt trap and from the
stoichiometric composition of Al,O3, which indicates experimental container, in addition to impurity elements,
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stainless steel components such as Cr, Fe, Ni were found.
The highest concentration of stainless steel components
is observed in the fraction “< 0.05 mm”. This fraction
also has the highest concentration of calcium. The frac-
tion of particles “<0.05 mm” also contains a large
amount of suspended material, presumably a product of
chemical precipitation of compounds in an alkaline solu-
tion. Probably, this is the reason for the increased content
of such elements as Ca, Fe, Cr, Ni.

The sodium content in the sample material, which in-
creases with increasing particle size, can be explained by
both incomplete removal of sodium from the particles
during the washing process and the presence of water-
insoluble sodium-aluminum compounds formed as a re-
sult of the chemical interaction of corium with sodium
during the experiment.

The phase analysis of the samples was carried out us-
ing an Empyrean X-ray diffractometer (Panalytical) in
copper radiation. The identification of phase components
was carried out using crystallographic data from the
PDF-2 database, the HighScore spectrometric measure-
ment results processing program, OriginPro-7.5.

The phase composition of the samples of fragments
of solidified corium simulator from the basket of the
lower melt trap after washing from soluble sodium com-
pounds is represented mainly by aluminum oxide in var-
ious crystalline modifications: a-AlLOs3, y-Al,O; and
B-ALO:;.

The crystalline modification in most corium samples
is a-AlbOs3 (corundum), which is the main stable low-
temperature phase.

B-phase aluminum oxide is a compound of aluminum
and alkali metal oxides and is identified in diffraction
patterns as a phase with a hexagonal crystal lattice of the
P63/mmc space group. The presence of the B-Al>O; crys-
talline modification (up to 10+15 wt.%) in the phase
composition is typical for samples of all fractions and in-
creases with increasing particle size. The tendency for the
amount of B-Al>O; to increase in the composition of the
material coincides with the increase in the Na content in
the elemental composition of the samples, which indi-
rectly confirms the expected chemical composition of the
phase NaxO x11ALO;.

Aluminum oxide of the y-phase is satisfactorily iden-
tified in diffraction patterns as a crystalline phase with a
cubic lattice of the Fd3m space group of the spinel type.
In fact, the y-AlL,O3 modification is a high-temperature
crystalline modification of aluminum oxide, and its pres-
ence can presumably be explained by quenching of the
high-temperature phase in the surface layer of the solidi-
fying melt. However, there are data confirming the nature
of the formation of this phase from aluminum hydroxide.
With a decrease in particle size, the proportion of y-Al,O3
in the phase composition of corium increases signifi-
cantly.

Semi-quantitative assessments based on corundum
numbers, along with a decrease in the intensity of the -
Al,O3 modification peaks by almost 2 times, suggest a

high content of this phase in the fraction of particles
smaller than 50 um, which, according to various esti-
mates, is 30-60 wt.%. In the material of fractions with
particle sizes larger than 1 mm, the content of the phase
is low and is on the verge of detection.

Samples of fraction “10 mm+12.5 mm”, prepared
from particles with characteristic external features,
showed a virtually identical phase composition, charac-
teristic of the material of large fraction particles. Some
differences were revealed in the structural parameters of
-ALOs, which has characteristic shifts of individual ref-
erence lines on the diffraction patterns of the samples.
A detailed study revealed the presence of shifted lines in
the diffraction patterns of other samples with a high con-
tent of B-Al,Oswhich suggests the existence of two mod-
ifications 1 and B2 with different structural parameters.

DISCUSSION

Based on the research results, the following can be
highlighted:

— The largest mass fraction in the corium remaining
in the experimental container consists of fairly large par-
ticles, > 20 mm in size, which have a predominantly la-
mellar shape and a-modification of Al,Os in the phase
composition;

— The ratio of aluminum and oxygen concentrations
in a significant portion of the corium samples from the
experimental container corresponds to the stoichiometric
composition of Al,Os3, which indicates satisfactory accu-
racy of the estimates obtained in the application of the
semi-quantitative method. The small difference in the ra-
tio of Al and O concentrations was presumably influ-
enced by the process of washing the samples in water and
keeping the corium in an aqueous solution to get rid of
sodium,;

— It was found that the phase composition contains
three crystalline modifications of aluminum oxide, the
main one being the a-modification (corundum). B-Al,O;
and y-Al,O; were identified as additional phases. The
presence of the crystalline modification B-AlOs (up to
10+15 wt.%) in the phase composition is typical for sam-
ples of all fractions and increases with increasing particle
size. The tendency for the amount of B-Al,Os to increase
in the composition of the material coincides with the in-
crease in the Na content in the elemental composition of
the samples, which indirectly confirms the expected
chemical composition of the phase Na,Ox11A1,0s. The
v-Al,O3 modification is a high-temperature crystalline
modification of aluminum oxide, and its presence can be
explained by quenching of the high-temperature phase in
the surface layer of the solidifying melt.

The study confirmed the possibility of using a corium
simulator made of aluminum oxide to describe the co-
rium/coolant interaction process. Data were obtained on
the granulometric composition of the products of the co-
rium simulator interaction, data characterizing the shape
of the particles, allowing one to judge the nature of the
process occurring at the final stage of a severe accident
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at the reactor. The obtained data can be used to design
systems and devices for localizing the consequences of a
severe accident at the reactor.
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MOJEJIBAIK KOPUYMHBIH KbIJTYTACBIMAJIJAFBIIIIIEH O3APA OPEKETTECYIH
OPAI'MEHTTEY ITPOLECI

B. B. bakaanos, 0. 0. bBaknanosa®, U. M. Kykymkun, O. C. Bykuna, A. C. Akaes
KP ¥10 PMK «Amom suepzuacel uncmumymsl» unuansi, Kypuamos, Kazaxkcman
* Baunanvic ywin E-mail: basalai@nnc.kz

By )KyMEBICTa peakTOplaH THIC XKardailapia aublHFaH SAPOJNIBIK PEaKTOPABIH (KopuyM) GenceHnl aiiMarbIHBIH KaTKaH
MOJIENBIIK OaTKBIMACHIHBIH TYHIPIIKOIMEMIIK MMapaMeTpiepid, IMEMEHTTIK XoHe (azanblK KypamMaapblH 3epTTey
HOTIKeIepi yeriHbpuFald. Peakropaan Teic 3kcriepumerTTep KP ¥510 PMK ADU «kEAGLE» crenminge xypriziieai, o
Oencennl aiiMak KOMIIOHEHTTEpIHEH MIIMXTa OaJKbIMAaChlH ailyFa >KOHE OHBIH >KbUIyTaChIMaJAFbILINeH ©3apa
opeKeTTecyiH icke achlpyFa MyMKiHaik Oepeni. [llanman HelTpoHAapaFsl peakTOPIbIH MOJIEIbIIK KOPUYMBIH aly YIIH
HaTPHH JKBUTyTaChIMaJIAFbILI peTiHe aroMuHui okcuai (Al,Oz) maitnanaHpuiabL.

3eprrey HoTmkenepi azanbik Kypambiaaa AlO3 aTroMUHHUN TOTBHIFBIHBIH YII MOJAU(UKAIUSCHIHBIH KATKaH UMHTATOPBIH
aHbIKTaabl. Herisrici o-moaudukanusacel (KOPYHI), O COHAAW-aK NIBIFBIC NTUXTAHBIH 0a3aiblK KOMIIOHCHTI OOJBIT
caHanazpl. AJIOMUHHUH TOTBHIFBIHBIH 0acka KPHCTAJIBIK MOAN(HUKALUIAPBIHBIH Taliaa OOJybl JKOHE 3aHJbl Tapaltybl
MOJENBAIK KOPHYMHBIH JKbLIyTAaCHIMAJIAFBIMIIICH ©3apa 9peKeTTecyi Ke3iHIe TYBIHIAWTBIH NPOLECTepIiH XYpY
epeKIelniriMeH OalmaHeICTBl Oenrinep ekeHi aHbIK. OCBHIHIAW epeKmIeNiKTep peakTOPABIH OelCeHIi alMarbIHBIH
OaJIKBIMACBIHA TOH JKOHE COHJIA KOJIIAaHBLTYbl MyMKiH, 0ipaK KOJIIaHBLTIATHIH HMHUTATOP YIIiH TOJICHIATTHI GOIYBl MYMKIH.

Tyiiin ce30ep: Mo0envbOiK KOpuyMm, HAmMpuil HColIyMAcblManoasbluubl, Gpasmenmmey, OAIKbIMA, SKCHEPUMEHMMIK
MoOdenvoey.

MNPONECC ®PATMEHTAIIUN MOJAEJBHOI'O KOPUYMA
IPU B3AUMOJIEMCTBHUHU C TEIVIOHOCHUTEJIEM

B. B. Bakaanos, 0. 0. baknanosa®, U. M. Kykymkun, O. C. Bykunna, A. C. Akaes
Qunuan «MUncmumym amomnoii snepzuuy PI'TI HAL] PK, Kypuamos, Kazaxcman
* E-mail ona konmaxmos: basalai@nnc.kz

B Hacrosmeir paboTe mpencTaBiIeHbl pe3ysbTaThl MCCIIETOBAHUS TPAHYIOMETPUYECKUX MapaMeTpOB, IEMEHTHOTO U
(ha30BOr0 COCTABOB 3aTBEP/IEBILIETO MOJIEILHOTO paciulaBa aKTUBHOI 30HBI JIEPHOTO peakTopa (KOpruyMa), TI0JIy4EeHHOTO
BO BHEPEAKTOPHBIX yciloBUAX. BHepeakTopHble 3kcnepuMeHThl npoBoastca Ha cteHae «EAGLE» MAD HIAALL PK,
KOTOPBIi MO3BOJISET MOMYYUTh PACIUIAB IMIMXTHI U3 KOMIIOHEHTOB aKTHBHOI 30HBI U peau30BaTh €ro B3aMMO/ICHCTBHE C
TEIUIOHOCHUTENEM. {11 MomydeHus: MOIeNbHOTO KOPUYMa peakTopa Ha ObICTPHIX HEUTPOHAX OBLIT MCIIONB30BaHA OKCH]T
anmromunus (Al,O3), B KaueCcTBE TEIUIOHOCUTENISI — HATPHIA.

Pe3ynbraThl McClieOBaHM BBISBUIN NPUCYTCTBHE B ()a30BOM COCTAaBE 3aTBEPAEBILEr0 HMUTATOPA TPEX MOAU(PHUKALIUIA
okucu amoMuHusi Al,O3. OcHOBHOW sBisiercs o-Moaupukanus (KOpyHHA), KOTOpas Takxke SIBISeTCs 0a30BbIM
KOMITOHEHTOM HCXOJHOH MUXTHL. [TosiBI€HIE 1 3aKOHOMEPHOE pacTpe/ieNIeHne ApyTuX KPUCTAIUTMUECKUX MOTU(UKALIIH
OKHCH QJIIOMHHHSI OIIPEJENICHHO SBIISICTCS TPHU3HAKOM, CBSI3aHHBIM C OCOOGHHOCTSMH MPOTEKaHHs IIPOLECCOB,
BO3HMKAIOIINX TPH B3aMMOJECHCTBHM MOJEIBHOTO KOpHyMa C TemioHocuteseM. [1o00HbIE OCOOEHHOCTH MOTYT
0Ka3aThCsl XapaKTEPHBIMH U PACTIPOCTPAHATHCS Ha COOCTBEHHO PACIIaB AKTHBHOW 30HBI PEaKTOPa, HO MOTYT OKa3aThCs
u criennUIHBIMHA JUTSI IPUMEHSIEMOT0 HIMUTATOPA.

Knrouesvie cnosa: mooenvruili KOpuym, HAMpuesvlil MenjioHOCUmMeny, GpasmMenmayus, pacnias, IKCRePUMEHMAaNbHOe
MoOenupogaHue.
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N3YYEHUE TPUBOJOI'NMYECKUX XAPAKTEPUCTHK
3AIIIATHBIX AHTUKOPPO3UOHHBIX MoCrN IIOKPBITHI

E. A. Kensun', JI. U. Hlanmac!?, A. M. 3uxkupunal, A. JI. Kosnoscknii?®

! Kazaxcmancko-Bpumanckuii mexnuueckuii ynugepcumem, Anmamot, Kazaxcman
2 Eepasuiickuii nayuonansustii ynusepcumem um. JILH. I'vmunesa, Acmana, Kazaxcman

* E-mail ons konmaxmos: kozlovskiy.a@inp.kz

ITpoBeneHs! SKCIIEpUMEHTANIBHBIE PaOOTHI, HANIPABICHHBIE HAa N3ydeHHE TprOomorndeckux xapakrepuctuk MoCrN mo-
KpbITHH. MIHTEpec K MOZOOHBIM HCCIIEAOBAHUSAM OOYCIOBIIEH B NEPBYIO OYEPEAb MEPCIEKTUBHOCTHIO MCIIOIb30BaHMUS
MOJIOOHBIX MOKPBITHH B KaU€CTBE aHTUKOPPO3UOHHBIX 3aIIUTHBIX ITOKPBHITHH, 001aJal0IINX BEICOKOH YCTOMYMBOCTBIO K
BHEIIIHUM MEXaHUYECKUM BO3eHCTBUAM, O3BOISIONIUM OBBICUTH COMPOTUBIIEMOCTh CTANIH K IIpolieccaM Jerpagaluu
IIPU 3KCIUTyaTalluy ¥ BO3JEHCTBUIO BBICOKHX TEMIIEPATyp, IPU KOTOPBIX MPOUCXOAUT YCKOPEHHE MPOLIECCOB OKUCICHUS
n amopuzauuu. [Ipu 5ToM 10160p ONTUMAJIBHBIX COCTABOB 3aLUTHBIX MOKPBITHI MO3BOJISIET CHU3UTh H3HOCOCTOMKOCTh
U JIeTpajialliio PUIIOBEPXHOCTHBIX CJIOEB CTAJIBHBIX KOHCTPYKIIHI, a TAaKXKe YBEIUUYNUTh UX YCTONUMBOCTh K MEXaHUYEC-
KUM TIOBPEXKACHUSAM B Xozae TpeHus. OnpeneneHo, 4To W3MEHEHHE YCIOBUII MarHeTPOHHOTO HAaNBUICHUS MOKPHITHH
MoCrN, npuBozsiee K I3MEHEHHIO COOTHOILICHHUS 3JIEMEHTOB B COCTaBE MOKPBITHH, IPUBOANT K (HOPMHUPOBAHHUIO CTPY-
KTYpHO-YNIOPSAA0YEHHBIX TOKPBITUH, YTO B CBOKO OYEPEb HMEET XOPOIIYI0 KOPPEISILUIO C PE3yNbTaTAMU YIPOYHEHHS U
MOBBIIIECHUS CONPOTUBIAEMOCTH K M3HOCY. COrIacHO MOJyYEHHBIM OAHHBIM, H3MEHEHHE COOTHOIIEHHE KOMIIOHEHT, U
Kak CJICZICTBHE, N3MEHEHNE COOTHOIICHNS KPUCTAIUTMYECKON 1 aMOp(HON COCTaBIAIOMIEH B COCTaBe OKPBITHI TPHUBO-
JIUT K CHIDKEHUIO CKOPOCTH U3HOCA, YTO CBUAETENBCTBYIOT O MOBBIIIEHUH CONPOTHBIIEMOCTH MOKPBITHH K BHEITHUM
MEXaHWYECKUM BO3JCHCTBUAM. Pe3ynpTaTsl HcTIbITaHMi 00pa3I0B MOKPHITHI B CITydae OLIEHKH yCTOHYNBOCTH MTOKPBITHH
K TEeMIIepaTypHOMY BO3JCHCTBHIO B IIPOLIECCE TPHOOIOTHUECKIX UCIIBITAHUH TIOKa3aJIU MOBBIIIECHUE CONPOTUBISIEMOCTH
MOKPBITUH 3a CYET BapUATHBHOCTH U3MEHEHHUS 3JIEMEHTHOI'O COCTaBa U CTENCHU KPUCTANIMUHOCTH.

Knwuesvie cnosa: 3ayummusvle NOKpovlmus, AHMUKOPPO3UOHHbIE NOKPbIMUAL, mpu60ﬂ02uqecm4€ ceoﬁcmea, ynpodHerue,

mperue, UBHOCOCMOUKOCMb.

BBEJIEHUE

WHTepec K M3yYeHUIO TPHOOJIOTMYECKHX XapaKTepu-
CTHK 3aIIUTHBIX MOKPBITHI 00YCIOBICH HEOOXOIHUMOCTBIO
M3y4YEHHs] BO3MOXKHOCTEW MOBBILICHUS JOJTOBEYHOCTH M
HM3HOCTOMKOCTH MEXAHU3MOB WJIH CTAIbHBIX KOHCTPYKIIWH,
JKCIUTYaTUPYIOLIMXCS B SKCTPEMAIBHBIX YCIOBUSIX WM ar-
PECCUBHBIX CpeliaX, BO3AECHCTBUE KOTOPBIX MPH MEXaHUYEe-
CKOM BO3JICHCTBUH CIIOCOOHO TIPUBECTH K YCKOPEHHOM Jie-
crabumm3anuu nosepxHoctH [1-3]. Kak mpasuio, mexa-
HHU3MBI KOPPO3UH U U3HOCA MMEIOT SIBHO BBIPAYKEHHYIO 3a-
BHUCHMOCTb HE TOJIBKO OT CPeJbl B KOTOPOH 3KCILTyaTHpy-
€Tcs MaTepualt, HO ¥ BHEIITHUX BO3/IEHCTBU, OOJIBIIMHCTBO
13 KOTOPBIX BKIIIOYAET B ce0sl MEXaHMUECKOE BO3/ICHCTBHE,
TPEHHUE B TEUEHUE JJUTEIHLHOTO BPEMEHH, YTO IPH JOJITOM
BO3/IEHCTBUU MOXET IIPUBECTHU K PE3KOMY YXYILIEHUIO 110-
BEPXHOCTU M YCKOpEHHOM nerpapauuu [4, 5]. Ilpu sTom
KOMOHMHHUPOBaHHEIE (PEKTHI, B CIydae, KOrIa MeXaHuIeC-
KOE BO3/IeHCTBHE (TPEHHE 1 JABJICHUE) COBMEILAETCS C BO3-
JIEWCTBUEM arpeCCUBHOMN CpPeJIbl MU BBICOKHX TEMIIEpaTyp,
TIPOLIECCHI AETPAJAIIH MOTYT OBITh YCKOPEHBI, BBHIY TOTO,
YTO BHEIIHHE (HPaKTOPHI MOTYT YCKOPHUTH IPOIIECC IECTPYK-
N ITyTeM OoJiee THTeHCHBHOTO YAAICHNUS WIH HCTUPAHUS
3aIIUTHOTO CJIOS, YTO NPHUBOJWT K JIE€CTAOMIM3AIMHU TI0-
BEPXHOCTH 3a CUET IMOTEPH IMOKPHITHA. Tarke BBICOKHE
TEeMITepaTypbl CIIOCOOHBI MHHUIMHPOBATH WM YCKOPUTH
MPOLIECCHI OKUCIIEHHUS, UTO B CBOIO OUEPE/b YCKOPSIET MPo-
LecC IECTPYKIHHU TP U3HOCE, A TAKXKe CHIYKAET COMPOTH-
BIISIEMOCTh MaTepralla BHEIIHUM BO3JIEHCTBUSIM [6—8].

Ha ceropuamnmii 1eHb HUTPUIHBIE WA OKCUHUTPUJI-
HbIE TTOKPHITHS SIBJIIOTCS. OHUMH M3 NIEPCTICKTUBHBIX aH-
THUKOPPO3HOHHBIX U 3aIIUTHBIX MOKPBITUH, NO3BOJISIOINX
MOBBICHTh U3HOCOCTONKOCTD U 3aIlIUTUTH CTAJIbHBIE KOHCT-
PYKIMH WM TOBEPXHOCTH PEXKYIUX HHCTPYMEHTOB OT U3-
HOCa ¥ KOPPO3HOHHOTO BO3JIEUCTBUS, CBSI3aHHOTO C UX JKC-
mwiyataiued [9—12]. OnHako, HECMOTpsI Ha JOCTATOYHO
00JIBIIIOE KOMYECTBO PA3IMYHbIX HCCIIEIOBAHUH B TAHHOM
HAIIPABJIEHUH, BCE €LIE OCTAETCSI JOCTATOYHO MHOTO Hepe-
IIEHHBIX BOMPOCOB, CBSI3aHHBIX KaK C BIMSHUEM BapHaIUU
COCTaBa MOKPBITUH U UX OJTHOPOAHOCTH HAa yCTOMYMBOCTb K
U3HOCY, TaK U OLEHKE BJIMSHUS BHEITHUX (DaKTOPOB, TAKHX
KaK TeMIIepaTypHbIA HarpeB, CIIOCOOHBII PHBECTH K YCKO-
PEHHMIO JIeCTaOMIIM3aK OKPBITHIH U yCKOPEHHOMY HW3HO-
Cy u okucienuo [13-15].

Lens naHHOM pabOTHI 3aKiIIOYACTCS B ONpENETICHUH
BIMSIHUS Baprauuu yciaoBuid HanbuieHus: MoCrN nokpbl-
THH, CBSI3aHHBIX ¢ Bapuauuen mouHocty ¢ 200 o 300 Br,
Ha U3MEHEHHE NPOYHOCTHBIX X TPHOOJIOTHIECKUX XapaKTe-
PHUCTHK HCCIIeTyeMbIX MOKPBITHHA, OTPaKaIOIINX H3HOCO-
CTOMKOCTb IOKPBITUH, a TAKXKE CONPOTUBILIEMOCTh K Tpe-
HUIO U U3HOCY. MIHTepec Kk TaHHOM TeMaTHKe UCCIeI0BaHUN
00YCIIOBIIEH B IIEPBYIO OYEpPEh BOZMOXKHOCTSMH IIPUMEHE-
HUSI X B KaueCTBE AHTUKOPPO3HOHHBIX IMOKPHITHH, HC-
TIOJTB3YEMBIX JUTS 3aIUTHI CTATBHBIX KOHCTPYKIMMH OT KOp-
PO3UM U MPOLECCOB HABOAOPAXKHUBAHUS MIPU IKCILTyaTaLUH
HX B DKCTPEMAIIbHBIX YCIOBUSX.
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MATEPHAJIBI U METO/IbI

Cunte3 MoCrN NoKphITHI OCYIIECTBIISUICS € TIpUMe-
HEHHEM METOJla MarHeTPOHHOTO HAaIbUICHHs, peajn3a-
LISt KOTOPOT'O OCYIECTBIISIACH C HCIIOIb30BaHUEM yCTa-
HoBkH Auto 500 (Edwards). Bapuarust momHocTu, n3me-
HEHHE KOTOPOH T03BOJIMIIO BAPbUPOBATH COCTAB IOJTyYa-
€MBIX MOKPBITUI OCYyIIECTBIANAch B Auana3zoHe ot 200
110 300 Bt. Bapuauus MOUTHOCTH HAIIbUIEHUS T03BOJIUIIO
BapbUPOBATH AIIEMEHTHBIH COCTaB MOTYYEHHBIX MOKPHI-
THH, 9TO, B CBOIO 09YEPEb, TO3BOJIMIIO TOITyYHTh TOKPHI-
THSI C PA3TMIHBIM COOTHOLIIEHHEM KOMITIOHEHT B COCTaBe,
U, KaK CIEIICTBHE, BapHUallMU CTPYKTYPHBIX OCOOCHHO-
cTeli 1 (ha30BOTroO cocTasa.

OmnpeneneHne CTPYKTypHBIX HapaMeTpoOB UCCIeye-
MBIX 00pa310B OBLIO OCYLIECTBICHO C UCIIOJIb30BAaHUEM
METO0/Ia PEHTI€HOCTPYKTYPHOT'O aHaln3a, BHIIIOJHEHHO-
ro Ha mudpaxromerpe Rigaku SmartLab. Ha ocroBe no-
JIy4eHHBIX PEHTI'€HOBCKUX IU(PPAKTOTpaMM, MyTeM HX
ANMPOKCUMAINY | ITOCIEIYIONIETO MOJHONPO(HIEHOTO
aHanM3a OBUTH OINpENENICHbl CTPYKTYPHBIC ITapaMeTphl,
BKJIIOYAIOIIHE B CE0s THII, TapaMeTphl H 00BEM KpHCTall-
JIMYECKOH PEIIeTKH, INIOTHOCTh YITaKOBKH KpHCTaJLINYe-
CKOH CTPYKTYpBI, a TaKKe CTCICHb KPUCTAJIMYHOCTH,
BEJIMYMHA KOTOPOW IO3BOJIICT OLIEHUTH COOTHOIICHHS
KPUCTaJUTUYCCKOM 1 aMmop(dHO# (a3l B 00pasiax.

OmnpeneneHrne 3JI€MEHTHOTO COCTaBa IOJYYEHHBIX
MOKPBITHH OBLIO OCYIIECTBICHO C MPUMEHEHUEM METO/Ia
SHEProANCIEPCHOHHOIO aHalli3a, Pealu30BaHHOTO Ha
pacTpoBoM 31eKTpoHHOM Mukpockore Hitachi TM3030.
CopeMka DJIA cniekTpoB Obllla OCYIIIECTBIICHA MPH YCKO-
psroueM HanpsbkeHuu 15 kB ¢ ucnonb3oBaHuEM ABYX-
MO3UIIOHHOTO PACHOJIOKEHUSI JETEKTOPOB. YcpeaHe-
HHE TIOJIyYCHHBIX BEJIMYNH OCYIIECTBIISUIOCH ITyTeM Ha-
6opa CTaTUCTHYECKUX AAHHBIX C TTOCIEIYIONINM BBIYNC-
JICHWEM OJTHOPOAHOCTH pacIpeIeTIeHHUs 110 TOBEPXHOCTH
U OTIpeJeNeHHs CTAaHJAPTHOTO OTKJIOHEHHS.

OmnpeneneHue TBEPAOCTH U NapameTpa YIPOYHEHHS
HCCIIeyeMBIX 00pa3I0B B 3aBUCHMOCTH OT BapHaIliH yc-
JIOBUIT HAallbUIEHHs1 OBUIO OCYILECTBJICHO ITyTEM HCIOJb-
30BaHUS METOJ]a HAHOWHJICHTUPOBAHHSI, TO3BOJISIOIIETO
OIIPEJeIUTh 3HAUSHHUS TBEPAOCTH, & TAKXKE POJIb U3MEHE-
HUSI YCIIOBHH BapHaIlMd MarHETPOHHOTO HAITBIJICHUS Ha
YIPOYHEHHE, T.€. N3MEHEHHE TBEPJIOCTH TPH BapHaluu
COOTHOUIECHHSI 3JIEMEHTOB B COCTaBE HCCIIEAYEMbIX MO-
KPBITHH. DKCIIEPUMEHTHI OBUTH TIPOBEAEHBI C MCIIOJIB30-
BaHueM TBepaoMepa Duroline M1 (Metkon, Bypca, Typ-
IUsT), BapHalys PeXHMOB Harpy3kd B JuarasoHe 10—
200 H, no3Bosmiia yCTaHOBUTH CpellHEE 3HAUECHUE TBEP-
JIOCTH HCCIEyeMbIX MOKPBITHH, a TaKke CBs3aTh JaH-
HbIE U3MEHEHUS C Pe3yIbTaTaMHU BapHALIUH SJIEMEHTHOTO
coctaBa [16].

HcnbiTanns Ha u3MepeHne KOIPQPUIMEHTa CYyXOTo
TPEHUs, & TAKXKE ONpeJeNICHNUs] YCTONYMBOCTH K BHEII-
HUM MEXaHWYECKHM BO3JEHCTBHUSAM OBLIO BBHIITOJHEHO C
ucnons3oBanreM Tpubomerpa UNITEST 750 (Ducom
Instruments, benranypy, Muaus). Mcneitanus npoBoau-
JIMCH Iy TEM I10CII€JOBATEIbHBIX HCIIBITAHUH C ITOMOIIBIO
uHJIeHTOpa B (hopMe IIapHKa, KOTOPHIH BO3/eiicTBOBAI

Ha TIOBEPXHOCTh TNpPH pa3inudHOi Harpyske (ot 50 mo
200 H). KonuuecTBO IMKIIOB TOBTOPEHUH TPEHHUS COCTa-
Buto 20000. Ha ocHOBe mosTy4eHHBIX AaHHBIX TPUOOJIO-
IMYECKUX UCTIBITAaHUK OBLIN OTpeleseHbl KodpuIreHT
CYXOTO TpeHHs (2 TaKk)Ke INHAMHUKA ero U3MEHEHHs B 3a-
BHUCHMOCTH OT KOJIMYECTBA LUKIJIOB MOCJIEJOBATEIbHBIX
UCIIBITAaHUH), a TaK)Ke MPOQHIb H3HOCA OKPBITHH, CBU-
JETENBCTBYIONINX O AETpajallii MOBEPXHOCTU IMOKPHI-
TUH B 3aBECHMOCTH OT UX Tuna. [IpramHa BeIOOpa 60b-
IIOTO KOJMYECTBA IMKJIOB OOYCIIOBIEHA HEOOXOIMMO-
CTBIO OIIPENENICHNS] KNHETUKH JeTpajaliil TPHOOIOTH-
YECKUX XapAKTEPUCTUK MCCIIEAYEMbIX TTOKPBITHIA, a Tak-
)K€ TPOBEICHUIO CPAaBHHUTEILHOTO aHalIW3a M3MEHEHUH
ko3 dunmeHTa TpeHus MpH Pa3IMIHOM KOJIMYECTBE 11~
KJIOB.

Jnst onpeneneHus BAMSHUS TEMIEpaTypHBIX 3 dex-
TOB Ha CHIDKEHHE W3HOCOCTOMKOCTU OBUIM IIPOBEICHBI
TpUOOJIOTMYECKUE UCTIBITAaHKS ITPU HArpeBe 00pa3LoB /10
3aJaHHBIX TEMIIEpaTyp, YTO MO3BOJIMIIO OICHUTH BIIHS-
HHE BHEIIHHUX (h)aKTOPOB HA U3MEHEHHE CKOPOCTH U3HOCA
00pa31oB. VcnibITaHNs IPOBOJMIINCH B YCIIOBHSAX BapHa-
MM Harpy3KH Ha HHACHTOP C IIapHKOM, a TaKKe TeMIIe-
patypsl 00pasna, o aepKanue KOTOPOi IPOBOIUIOCH C
HCTIONI30BaHUEM CIEIMABHBIX JeprKaTeel, OCHAIICH-
HBIX CIIUPANBIO JUIs HAarpeBa U TepMoNapaMu JJisi KOHT-
poJid 3a TeMIepaTypoii 00pa3uos.

PE3VJIBTATBI U OBCYXXJIEHUE

st onipenienieHust TpUOOJIOTHIECKUX XapaKTEPUCTHK
HCCIIEAyEMBIX TOHKOIUIEHOYHBIX MOKPBITUH HAa OCHOBE
coenuHeHnit MoCrN nosiy4yeHHble METOOM MarHeTpOH-
HOTO HAITBIJICHUS NPH BapUaIlMd MOIIHOCTH HaIbUICHUS
B nuana3oHe oT 200 go 300 Bt (4to mo3Bonmiio momy-
YHUTh 5 00pa3IOB C Pa3NUYHBIM COOTHOIICHHEM 3JIEMEH-
TOB B COCTaBe) OBLI IPUMEHEH METOJ HCIIBITAHUN 00pa3-
LI0OB Ha YCTOWYMBOCTb U MU3HOCOCTOMKOCTb K BHEIIHUM
(axTopam Npyu MEXaHNIECKOM BO3JICHCTBUN Ha MOBEPX-
HOCTb IOKPHITUH. B kauecTBe MHAEHTOpA, BO3AEHCTBYIO-
miero Ha oBepxXHOCTh MoCrN mOKpHITHI OBLT BRIOpaH
LIapHK U3 KapOuaa KpeMHHUs, 001a1aomnii BEICOKOI yc-
TOWYMBOCTBIO K TPEHUIO, a TAK)KE MO3BOJIIOLINN IIPOBO-
JUTh JOCTATOYHO AJUTEIbHBIE UCTIBITAHUS Ha IOBEPXHO-
CTH 00pa3LoB 0e3 MOTepH MAacChl HIAPHUKa B pe3yJIbTaTe
tperust. O6pa3ipl MoCrN TOKpPBITHI MOMENaInCh B
CHeMaNbHBIE JIepXKaTeIH IS UCTBITaHUH, TOCie 4ero
Ha HUX BO3JIEHCTBOBAJI MHJCHTOP IIPU IOCTOSSHHOM Ha-
Tpy3Ke B BBIOPAaHHOM peXHUM€ HCTBITaHWA. Bapuanus
nuarmaszoHa Harpysku ot 50 1o 200 H 6su1a 06ycioBineHa
BO3MOKHOCTBIO ompeneneHust ycroiuusoctd MoCrN
MOKPBITUN K PA3JIMYHBIM TUIAM BO3JEHCTBUH, a Takxke
OIIPEIENIEHUI0 CKOPOCTHU JIerpaflalliil MOBEPXHOCTH MPH
yBenuueHuu Harpy3ku. Ha pucynke 1 npeacraBieHsl pe-
3yJIBTAaThl TECTOBBIX HCIBITAHHHA TPHOOIOTHYECKHX Xa-
paktepucTHK (ko3¢ (HUIIHEeHTa CyXOTo TPEHHUS) B 3aBUCH-
MOCTH OT Harpy3K{ Ha HHAECHTOP IS BCEX MCCIETYEMBIX
MoCrN MoKpHITHH B CPaBHEHHH C PE3yIbTaTaMH KO-
¢ummenTa cyxoro TpeHus 1 ctanu 316 L, kotopast nc-
MTOJIb30BaNIach B KA4EeCTBE OCHOBBI IUISi HAaHECEHHS IO-
KkpeITuil. OOmuUil BUA NPENCTaBICHHBIX 3aBHCHMOCTEH
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n3MeHeHHs K03 ureHTa cyxoro TpeHus U1 HCCIETy-
eMbIx 00pasioB MoCrN MOKpHITUH B CpaBHCHHH C 00-
pastoM cranu 316 L cBUmeTensCTBYeT O HE3HAUUTEINb-
HOM yBEJIMYEeHUH KO3 HUIIHEeHTa CyXOTr0o TPEHHUS IS O~
KPBITHI1, YTO MOXKET OBITh 00BSICHEHO UX MOpdostoruye-
CKUMH OCOOCHHOCTSIMH, CBSI3aHHBIMU C YBEIUYCHHEM
LIEPOXOBATOCTU MTOBEPXHOCTH 3a CUET HAHECEHHOTO I10-
KPBITHS, C(HOPMHUPOBAHHOTO METOJOM MAarHETPOHHOTO
HanplieHus. [lpyu sTom Bapuauus ycloBUNH MarHeTpOH-
Horo HambuIeHUS MoCrN mokpeITHi (TIpH HU3MEHEHUHU
MOIIIHOCTH) HE IIPUBOJANT K CYIIECTBEHHBIM H3MEHECHUSIM
3HAaYCHUH KOA(QPHUINEHTa CYXOT0 TPEHHUS B CIIydae CpaB-
HEHUS! BEJIMYMH KOd(QQHIUEHTa ISl MOKPBITHH, MOJy-
YEHHBIX MPU Pa3IMYHBIX YCIOBHSX HambuleHUs. CTouT
OTMETHTH, YTO BO BCEX CIIydasX MCIBITAHUH Ha U3HOCO-
CTOMKOCTS (IIpY BapHaLluU U3MEHEHUI BeTMUNHbI HArpy-
3KHM Ha UHJICHTOP), OCHOBHBIE U3MECHEHUS BEJINYUHBI KO-
s¢¢urreHTa Cyxoro TpEHHs HAOJIIOJAIOTCS IOCTC
10000—-12000 mocnenoBaTeIbHBIX HCITBITAHHUH, YTO CBH-
JIETEJILCTBYET O TOCTATOYHO BBICOKOH YCTOWIHBOCTH Ma-
TEpUaJoB K BHEIIHUM BO3JACHCTBUSM IPH MeXaHHIEC-
KoM TpeHuH. [Ipm 3ToM B oTimume OoT 0OpasIoB CTa-
m316 L, mis KoTopeIX HAaOMIOJaeTCsl Pe3Koe yBeInde-
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HHE BEIMYUHBI KOA((UIMEHTa CyXOTO TPEHHUsS Iocie
15000—17000 ucnpiTannii, KOTOPOE CBUIETENBCTBYET 00
YXYIILIECHUU TOBEPXHOCTH CTAJIM U 00pa30BaHUIO JOIIO0JI-
HUTENBHBIX NPETSATCTBUH, YBEIMUUBAIOLINX TPEHUE, IS
MIOKPBITHH JTaHHBIE U3MEHEHUS BETMYMHBI KO PHUIICH-
Ta CyXOro TpPEHHs MEHEe BBIPKEHbI, YeM Ul CTalH
316 L. Takoe paznuyne B U3MEHEHHSIX BEIUYUHBI KOA(-
¢uIIeHTa CyXoro TpeHus Uit 00pa3oB ¢ HAHECCHHBIMH
Ha HUX MoCrN MOKpPHITHSIMU CBHIETENBCTBYET O TOBBI-
IIEHHOW YCTOMYMBOCTH K M3HOCY U TpeHuto. [lpu sTom
XapakTep W3MEHEHHH Ko3(]duimerTa cyxoro TpeHHUs
it MoCrN nokpeituit mocine 15000 mukioB Oornee
IJIaBHBIN, 4eM s ctanu 316 L.

AHanu3 JaHHBIX MU3MEHEHHWH BENWYUHBI KOA(PPUIH-
€HTa CyXOT'0 TPEHUsI UL HCCIIETyeMBIX 00pa3IloB B 3aBU-
CHMOCTH OT BEJIMYHMHBI Harpy3KH Ha MHTEHJEP CBUJIC-
TCIBCTBYCT O TOM, YTO IIPHU YBCIIMYCHUUN CUJIbI JaBJICHUA
Ha MHACHTOP, ACTpaganus MOBCPXHOCTHU MNPU 0O0JIBIIIOM
KOJINYECTBE HCIBITAHUHA CTAaHOBHUTCS Ooyiee BBIPAXKEH-
HOH, O YeM CBHJCTEIbCTBYET YBEIMUYCHHE M3MEHECHHUH
koa(dunmeHTa cyxoro TpeHus mocie 15000 ko mc-
IIBITAHUH (JaHHBIC U3MEHEHNS Han0oJee BEIPaskeHbI IPH
Harpy3kax B 150-200 H).
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Pucynox 1. Pezynemamul ucneimanuii na onpeoenetue mpubono2uieckux xapakmepucmuk uccieoyemvix MoCrN nokpeimuii
npU U3MEHeHUU 6eIUYUNbL Ha2PY3KU Ha uHOeHmop: a) npu nazpyske ¢ 50 H; 6) npu nacpysxe ¢ 100 H; ) npu naepysxe ¢ 150 H;
2) npu naepyske ¢ 200 H
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JlaHHBIE M3MEHEHMS CBA3aHBI C YXYAILICHHEM IIO-
BEPXHOCTH 00pa3lOB B pe3yJIbTaTe BHELUTHUX MEXaHUYe-
CKHUX BO3/ICHCTBUIA, CBSI3aHHBIX C JUIUTEIBHBIM BO3/IEHCT-
BUEM HHJICHTOpa (TeJa TPEHHs), YTO IIPUBOJUT K Jierpa-
JIalMY IOBEPXHOCTH 32 CYET Je(OPMAIIMOHHBIX HCKaXe-
HUH, BO3HUKAIOIINX B PE3yJIbTaTe BHEIIHErO JaBJICHUSI.
[Tpu sTOM yBenMueHne Harpy3KH Ha UHACHTOP IPUBOIUT
K OoJiee yCKOpEHHOMY NPOIIECCY JeTPaNaIiK TIOBEPXHO-
CTH 3a CUET yBEIHUYCHUS Ae()OPMALOHHBIX NCKAKECHUH
B [IPUIIOBEPXHOCTHOM CJIO€, BEI3BAHHBIX MEXaHHIECKUM
TpeHreM. CTOUT OTMETUTD, YTO HanOoJIee BEIPAKCHHbIC
nedopmanuu HabmogaroTes A ctand 316 L, gt koTto-
PO yBenWYEHHE HArpy3Kd Ha MHAEHTOpP IMPUBOIUT K
YBEJIMYEHUIO Kod(duurenTa cyxoro tpenus ¢ 0,55 mo
0,65-0,72 nocae 20000 mukioB ucneitTanuid. [lpu sToM
1t MoCrN noKphITHI H3MEHeHne KO3 QHUIIUEHTa CyX0-
r'o TPEHUs 3HAUUTENbHO MEHbIIIe, ueM Juid cTanu 316 L.

Ha pucyHnke 2 npencraBieHbl pe3ysbTaThl U3MEHe-
HUSI IPOQMIT W3HOCA MOBEPXHOCTH HCCIIEIAYEMBIX 00-
pasuoB ctanu 316 L u MoCrN nokpertuii nocie 20000
IIUKJIOB UCTIBITAHWH Ha M3HOCOCTOMKOCTB, KOTOPhIE OT-
pakaroT eTpafaniio HOBEPXHOCTH IPH TPEHHH, A BEJH-
yrHa PO 1o TITyOHHE OTpaXkaeT MOTEPIO Macchl 00-
pasina B XxoJie TPHOOJIOTHIECKUX HCIBITAHMUSIX.
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Kak BUAHO W3 NpenCTaBICHHBIX AAHHBIX, YBEIHYE-
HHUE Harpy3KH Ha MHAEHTOD NPHBOJAUT K OOJbIIEMY U3-
HOCY ITOBEPXHOCTH (yBeJIHYeHHE TIyOnHbI npoduis u3-
HOCa), KOTOpOe HauboJiee MPOsBICHO Ui cTamu 316 L.
B cmyuae MoCrN nokpeITuili U3MeHEHHE 3IEMEHTHOrO
COCTaBa, T.€. JOMUHUPOBAHUE B COCTAaBE MOKPHITHHA MO-
nb/ieHa MPHUBOIUT K CHIDKCHUIO BEJMYWHBI MPOQUISL
n3HOCa (YMEHBIIEHHUE TITyOHHBI I3HOCA), KOTOPOE CBUJIC-
TEJIECTBYET 00 YBEIWYECHUH YCTOWYMBOCTH K M3HOCY U
JeTrpajalii IOBEPXHOCTH B PE3yNbTaTe BHEIIHUX MEXa-
HUYECKHUX BO3ICHCTBUI.

OmnpeneneHne NPOYHOCTHBIX XapaKTEPUCTHK MPOBO-
JIJIOCH Ha OCHOBE CPaBHUTENBHOIO aHAIN3a U3MEHEHUI
koo dunmenra cyxoro TpeHus nosepxHoctH MoCrN
MOKPBITUH B 3aBUCHMOCTH OT BEJIHMUYUHBI Harpys3ku, a
CKOPOCTb H3HOCA OIPEeNAnach Kak N3MEHEHHUE BeJIUYU-
HBI KO3 dunmeHTa cyxoro Tpenust mopepxHoctu MoCrN
MOKPBITUH 10 U MOCTIe IUKIMYECKUX UCTIBITaHUH (ITocie
20000 ko uctibiTanuil). Ha pucyHnke 3a mpencrasire-
HBl PE3yJbTaThl CPABHUTEIBHOIO aHAIN3a H3MEHEHUN
KoddunreHTa cyxoro TpeHus obpasmoB MoCrN mo-
KpbITHil U cTtanu 316 L npu u3MeHEeHUU BEIUYMHBI Ha-
Tpy3KH Ha UHAEHTOP.
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Pucynok 2. Pesynomamor oyenxu npoguis nogpesicoenuti nocie 20000 yuxios ucntmanuil Ha yCmoudugocmy K mpenur: a) npu
nazpysxe 6 50 H; 6) npu nazpysxe ¢ 100 H; ) npu nazpysxe ¢ 150 H; 2) npu nazpysxe ¢ 200 H
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Pucynok 3. a) Pesynomamol usmenenus koagguyuenma cyxozo mpenus cmanu 316 L u MoCrN noxkpuimuii; 6) Pesynvmamer
CPABHUMENLHO20 AHANU3A CKOPOCMU USHOCA 8 X00e onpedeieHus mpubonocuueckux xapakmepucmuk MoCrN nokpeimuti
npU U3MEeHeHUl CUNbl Ha2PY3KU HA UHOEHMOD

Kak BuAHO W3 mpencTaBleHHBIX AAHHBIX, YBEIHYe-
HHUE Harpy3kd Ha uHAeHTOp ¢ 50 mo 150-200 H mms o6-
pas3IoB cTand MPUBOAMT K Oonee ueM 1,5-2 kpaTHOMY
YBEIMUYCHUIO M3MEHEHUH Ko3(p¢HIMeHTa CyXoro Tpe-
HUSI, 9TO CBUJETEIBCTBYET 00 yCKOPEHHO! JleTrpanaliiy
MOBEPXHOCTH 00pa3oB cranu. [Ipu 3Tom criemyer oTMe-
TUTH, YTO TIPH MANBIX BenUInHaX Harpysku (50-100 H)
HU3MEHEHHUE YCIOBUH NOTY4YeHMsI IOKPBITUN HE CKa3blBa-
€TCsI Ha U3MEHEHUAX K03 duituenta cyxoro TpeHus (Jie-
rpajanysi BEJIMYMHBI KOI(Q(HUIMEHTA COCTABISET I10-
psanka 3—10% ot HauanbHOTO 3HAUEHUS), B TO BpeMs Kak
npy OOJBIINX HArpy3Kax Ha MHICHTOP HabmoxaeTcs 60-
nee yem 1,5-2,5 kpaTHast pa3HULIA B BEJIMUMHAX Jlerpaja-
iu ko dunmenta cyxoro Tpenus. B aTom cinydae no-
MHHHPOBaHHE B COCTaBe IOKPBHITHH MOJHMOIeHA
MIPHUBOJAUT K YBEJIMYECHUIO YCTONUUBOCTH K JIErpalaliiy 1
TIOBBIIIEHUIO HW3HOCOCTOMKOCTH HOKPBHITHI Tpu 00JIb-
IIMX HAarpy3KaxX U JUINTENIbHBIX HUCIBITAHUAX.

CpaBHUTENBHBINA aHATHM3 BJIUSHUS YCIOBUH IOTy4Ye-
Hust MoCrN HOKpbITHIT Ha H3MEHEeHHEe TPUOOIOTHYECKHX
XapaKTepUCTUK MPOBOJIMICS Ha OCHOBE IONyYEHHBIX
JIAaHHBIX CKOPOCTEH M3HOCA, a Takxke Npoduiieil u3Hoca,
BO3HHUKAIOIIMX B PE3yJIbTaTe JUIUTEIBHBIX [IUKINUYECKUX
HCTIBITAHMH Kadalollero Tejia Mo MOBEPXHOCTH obOpasma
HMOKPBITUI NPU PA3IUYHBIX THNAX Bo3leicTeusa. Ompe-
JIeNIeHne CKOPOCTH HM3HOCAa OBLIO OCYIIECTBICHO JUIA
BCEX TUIIOB 00Pa3LOB MOABEPTHYTHIX HCIBITAHHUAM ITIPH
Pa3IMYHBIX BEIMYUHAX HATPY3KU U TEMIIEPATYpaX UCIIbI-
tauuid. Ha pucynke 30 mnpencraBieHbl pe3yibTaTbl
OLICHKH CPaBHHUTEJBHOIO aHajIu3a CKOPOCTU H3HOCA B
XOJIe OTIPENIENICHIST TPUOOIOTUIECKUX XapaKTePUCTHK
MoCrN mokpbITHH B 3aBUCUMOCTH OT BEJIHYHUHBI Ha-
Ipy3Kd Ha MHIEHTOp. Kak BUIHO W3 IpeACTaBICHHBIX
JAaHHBIX, B ciydae ucrois3oBaHud MoCrN mOKpHITHIT

HaOJI0AaeTCsl CYLIECTBEHHOE CHIDKEHHE CKOPOCTH H3-
HOCa, YTO CBHAETENLCTBYET 00 YBEIHUCHHH H3HOCO-
CTOMKOCTHU MOBEPXHOCTH M 3aLUTHI OT AETPaJallu I0-
BepxHOCTH. [Ipu 3TOM B cirydae MaibIX Harpy3ok (50—
100 H) cymecTBeHHOH pa3HUIIBI B BEITHYUHBI CKOPOCTH
M3HOCA MEXIy TUIIAMU TTIOKPBITHH He HAaOIr01aeTcs, 4To
CBUJIETENBCTBYET O TOM, YTO MPH MANbIX Harpy3kax Ha
HHJECHTOP, U3MEHEHHE 3JIEMEHTHOTO COCTaBa IMOKPBITHIHA
HE OKa3bIBaeT CYIIECTBEHHOTO BIUSHUSL.

Taxxe Obuta MpoBelleHa cepys UCIIBITAHUI MpH Ha-
rpy3ke Ha uHaeHrop 100 H npu Bapuanuu temmneparypsl
00pa3ioB Bo BpeMs ucnbitanuii ot 25 °C o 300 °C, uro
MIO3BOJIMJIO OIICHHUTH BIIMSHHUE TEMIIEpaTypHbBIX (hakKTo-
pOB HarpeBa Ha CKOPOCTb JAErpajallidl MOBEPXHOCTH.
Jnst ogoOHBIX MCIBITAaHUH 00pasibl pa3MeIiannch Ha
HarpeBareJe, ¢ MPUKPEIUIEHHBIMU TepMoIiapaMu Ha 00-
pasiie, MO3BOJISIOIMMH KOHTPOJIMPOBATh MPOTpeB 00-
pasia, a Takxke TemIepaTrypy obpasua B X0Jie HCIbITa-
Hui. Cnemyer OTMETHTb, YTO IPH MWCIBITAaHUA Ha
HU3HOCOCTOMKOCTh 00pa3loB B pe3yjbTaTe HW3MEHEHHH
TEeMIIepaTyphl, CYIIECTBEHHBIX W3MEHEHWH TeMIepa-
TYpbl 00pa3loB MPU JJIUTEIBHOM MEXaHHYECKOM BO3-
JecTBUY BOJHM3HM MHICHTOpA HE YCTaHOBJIEHO, YTO CBU-
JIETEIbCTBYET O TOM, YTO JTAaHHBIE MOKPBITUS COXPAHSIOT
TEPMHUYECKYIO CTAOMIBHOCTh M TEIUIONPOBOJHOCTD TIPH
MEXaHUYECKOM TPEHHH, YTO B CBOIO OYEPE]b CBUAETEID-
CTBYET 00 OTCYTCTBHH IIPOLIECCOB IIEPETPEeBa MOBEPXHO-
CTH 00pa3LoB NPH MEXaHWYECKOM TPEHUH. Pe3ynbrarsl
UCTIBITAaHUH O OTPEJIENICHNIO TPUOOJIOrHYECKUX XapaK-
TEpUCTHUK IIPH M3MEHEHUH TEMIIEPATypbl 00pa31oB Mpe-
CTaBJeHBI Ha pUcyHKe 4. Ha pucyHke 5 mpencTaBiIeHBI
pe3yNbTaThl OLIEHKH MPOGMIT U3HOCA TOBEPXHOCTH HC-
cnexyeMbix 00pasnoB cramu 316 L u MoCrN mokpeiTuit
B 3aBHCHUMOCTH OT TeMIIEpaTyphl HarpeBa.
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Pucynox 4. Pezynemamul ucnvimanutl no onpeoeienuio mpubono2uieckux xapakmepucmux ucciedyemwvix MoCrN nokpvimuii npu
sapuayuu memnepamypvl ucnvimanuil. a) npu memnepamype 25 °C; 6) npu memnepamype 100 °C; ) npu memnepamype 200 °C;
2) npu memnepamype 300 °C

Tabruya 1. /lannvie snemenmuoco cocmasga u meepoocmu MoCrN noxkpvimuii

YcnoBus HanbineHus (MowWwHocTs), BT
Mapametp
200 220 250 270 300
CootHoLueHve anementos Mo/Cr/N, aT. % 23,2/33,3/43,5 25,5/32,2/42,3 27,2131,2/41,6 33,5/25,1/41,4 41,1/18,7/40,2
TeepgocTs, Ma 1,63+0,15 1,7840,12 2,21£0,13 2,5410,15 2,7840,12

OOmmii BUII NPEICTABICHHBIX JAHHBIX HM3MEHEHU
TPUOOJIOTHYECKUX ~ XapPaKTEPUCTUK  HMCCIIEAYyEeMBIX
MoCrN noKpsITHII B 3aBUCHMOCTH OT TEMIIEPaTypHI UC-
MIBITAHUH, CBUAETENIBCTBYET O TOM, YTO NP yBEIUYCHUH
TeMIepaTypbl 00pa3loB, H3HOC MOBEPXHOCTH MPOSBIIS-
eTcs Goliee CHIIbHEE, YeM IIPH KOMHATHOM TeMIieparype,
YTO MOKET OBITH 00BICHEHO Y PeKTaMH yCKOPEHHUS Jie-
rpajaliii KpUCTAJUIMYECKOHW CTPYKTYphl IOBEPXHOCTH
MOKPBITHH 32 CYET W3MEHEHMS BEJIMYMHBI aMIUTUTYIbI
TEIUIOBBIX KOJIEOAHUH KPUCTAIIMYECKON PEIETKH.

B Tabnune 1 mpuBeeHs! pe3ynbTaTel H3MEHEHUS CO-
OTHOIIIEHHS AJIEMEHTOB B COCTaBe MOKPHITHH IIPpH Bapua-

LUN YCJIOBUH HANbUICHUs, a TaK)Ke BEJIWIHHBI TBEPHO-
CTH, oTpakaromue 3PGeKT YIPOUYHEHHs MOKPHITHHA 3a
CYET U3MEHEHUS SJIEMEHTHOTO COCTAaBA.

CoriacHo npeCTaBIeHHBIM JaHHBIM, TOJYYEHHBIM C
MIPUMEHEHHEM METO/a WHACHTHPOBAHUS OBUIO YCTaHOB-
JIEHO, YTO YaCTHYHOE BBITECHEHHE XpOMa MOJHOIECHOM
IIPU U3MEHEHUH MOIIHOCTU HAIbUIEHUS IPUBOJUT K yBe-
JIMYEHUIO TBEPAOCTH MOKPHITUH, U KaK CIEACTBUE, IOBBI-
LIEHUIO0 CONPOTUBISIEMOCTH K BHEIIHUM BO3JEHCTBUSAM,
YTO TaKXe B CBOIO O4epe]b OOBSICHIET pe3ysbTaThl n3-
MEHEHHS M3HOCOCTOWKOCTH HMOKPBITHH MpH TpHUOOIIOTH-
YECKHUX MCITBITAaHHIX.
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Pucynok 5. Pesynomamur oyenxu npoguis nogpesicoernuti nocie 20000 yuxios ucnvimanuti Ha yCmouyugocms K mpeHuio.
a) npu memnepamype 25 °C; 6) npu memnepamype 100 °C; 8) npu memnepamype 200 °C; 2) npu memnepamype 300 °C

Jlis onpezneneHus BIMSHUS yCIOBUN HAIBIJICHUS Ha
n3MeHeHne (a3oBOro COCTaBa INICHOK, a TAK)KE COOTHO-
IIEHUsS CTENEHW KPHUCTAJUIMYHOCTH W KOHLEHTPALUH
aMOP(HBIX BKJIIOYEHHH, a TAK)KE UX POJIM B U3MEHEHUH
MPOYHOCTHBIX XapakTepucTuk MoCrN nokpsITHii u ¢a-
KTOPOB YIIPOYHEHHUS OBbUTH IPOBEAEHBI PaOOTHI, CBS3aH-
HBIE C U3Y4YEeHHEM (a30BOr0 COCTaBa MOKPBITHH C IpH-
MEHEHHEM MEeTO/Ia peHTIeHO(a30BOro aHaIu3a.

CorJiacHO MOJy4€HHbBIM JaHHBIM, OCHOBHOH (a3oii B
obpasziiax MoCrN sBisietcss KyOuueckas (asa MoN,
MIPOCTPaHCTBEHHON cHMHroHnu Fm-3m(225) ¢ mapamer-
paM# KPUCTAJUINYECKOH PEIIeTKH, OTINYAIOIIMMHUCS OT
STAJIOHHBIX 3HAYECHUI BBUY UCKAXKEHUHI KpUCTaJLINYeC-
KHX cBsizell Mo-N 3a c4eT yaCTUYHOTO 3aMEIIEeHUs KaTu-
oHoB Mo®" katnonamu Cr’" B MO3MIUAX OKTad/pa.

B Tabnuue 2 npuBeeHb! pe3yIbTaThl OLIEHKH CTPYK-
TYPHBIX apaMeTpoB Juisi HabmonaemMoi a3l MoN Kky-
OMYECKOro THUIIA, a TAKXKE OTPAKEHBI BEJIMYUHBI CTETICHH
KPHUCTAJUIMYHOCTH (CTENEHb CTPYKTYpPHOTO YHOpsIoye-
HUS, OTPaXKaroIasi N3MEHEHHE COOTHOIICHHS KPHUCTAal-
JTU4ecKoi 1 amop(dHOU (a3l B cocTaBe 00pa3IoB) H Ma-
pameTpa CXOAUMOCTH KPUCTAIIIMYECKON PEIIeTKH, OTpa-
KAFOIIETO YHOPSIOYEHHOCTh KPUCTAJUTHYECKOH CTPYyK-
Typbl OTHOCHTENIHO ATAJOHHBIX 3HAYCHHH I (hasbl
MoN (a = 4,36 A).

Tabauya 2. Jlannvie cmpykmypHuIX napamempos
ons uccnedyemwvix MoCrN noxpoimui

CTPYKTYpHbIit napa- YcnoBus HanbineHus (MolwHocTk), BT
meTp 200 220 250 270 300

apametp kpueTan- | 4 az45 | 43716 | 43625 | 43592 | 4,3563
JIN4ECKOU peLLeTKu, A

Obuem kpuctanfuse- | o371 | g3y | 8302 | 8283 | 8267
CKoW peLueTku, A3

[noTHOCTb ynakoBKu
KpucTannu4eckon
CTPYKTYpbI, %
[NapameTp cxogumo-
CTW KpucTannmyeckon | 0,985 0,988 0,997 1,001 1,004
peLueTkn

1,01 0,82 0,17 0,06 0,25

CreneHb Kpuctannumy-

HOGTH % 56,64 | 59,65 | 6344 | 67,83 | 69,72

Kak BHIHO U3 IpeicTaBIeHHBIX JaHHBIX, N3MEHEHHE
3JIEMEHTHOTO COCTaBa B MOKPHITUAX P 3aMEIIEHUH MO-
nb1eHa XpOMOM, Ha0JTI01aeMoe YMEHbIIEHHE TTapaMeT-
POB KpucTaumueckoi pemierku ¢azst MoN obOyciosite-
HO pa3IUyisIMM B MOHHBIX PaJilycax, BEIUYUHBI KOTO-
pBIX cocTaBisitoT 83 M U 63 M Ui KaTHOHOB Mo*" n
Cr3* cooTBeTcTBEHHO. KaTMOHHOE 3aMEINEHHE TTPUBOIUT
K U3MEHEHHIO HE TOJIBKO MapaMeTpa KPUCTAIIINUECKON

70



W3YYEHUE TPUBOJIOrMYECKUX XAPAKTEPUCTUK SALUMTHBIX AHTUKOPPO3UOHHBIX MoCrN MOKPbITUM

100 4

o ©
o o
N |
—m—

.

MapameTpbl ynpoyHenusi, %
P
o
!
——

N

o
L
——

56 58 60 62 64 66 68 70
CreneHb KpUcTanmnyHocTn, %

a)

100

(2] o]
o o
1 1
——
——

MapameTpbl ynpoyHeHusi, %
S
o
1
——

N

o
1
——

T T T T T T T 1

30 35 40 45 50 55 60 65
KoHueHTpauus amopdHbIX BKMOYEHNN, %

6)

Pucynok 6. Pesynbmanmbl cpasHUMeNbHO20 AHANU3A 63AUMOCEA3U MENHCOY YNPOUHEHUEM U KOHYEHMPAYUAMU
Kpucmaniuyeckou (a) u amoppuoti (6) asvl

pEeLIeTKH, HO U YMEHBIICHHIO €€ 00beMa, N3MEHEHHE KO-
TOPOTO CBUIETEIBCTBYET 00 YINIOTHEHUH KpUCTAJUINYE-
CKOW CTPYKTYpBI TOJIydaeMbIX MOKpbITHi. Habmonae-
MO€ VIUIOTHCHHE O0YCIIOBICHO (hOpMHpOBaHHEM Oolice
YIOPSIIOYEHHON KPUCTAININYECKOW CTPYKTYPHI, U3 YETO
MOJKHO CJIeNIaTh BBIBOJ O TOM, YTO IPH BapHalUH MOII-
HOCTH HalbUICHHS, yCTaHOBJICHHOE N3MEHEHHE COOTHO-
IIEHHE 3JIEMEHTOB B COCTaBa IIOKPHITHH HANIPSIMYIO BIIH-
s€T Ha U3MCHEHHE CTPYKTYPHBIX NapaMeTpOB, H3MCHeE-
HHE KOTOPBIX 00yCIIaBIMBacT NOIydeHne Oojee CTpykK-
TYpPHO-YTIOPSAOUCHHBIX TOKPHITH, a Takke oOpa3oBa-
HUIO TIOKPBITUH ¢ MapaMeTpoM CXOJUMOCTH KpUCTAJUIU-
YeCcKOM pemeTKH MaKCHMajbHO NMPHOIMKEHHOHM K 3Ta-
JIOHHOMY 3HA4YE€HMIO, a caMa BEeJIMYMHA IapaMeTpa CXo-
JUMOCTH B COBOKYITHOCTH C pe3yJbTaTaMH IUIOTHOCTH
YHAKOBKH KPUCTAJUIMYECKON CTPYKTYpPBI M IapamMeTpoB
CBUJIETENIBCTBYET O CHIDKCHUH Je(OPMAIMOHHBIX HCKa-
KEHUH M HaNpsDKCHUH B MOJTyYaeMbIX TUICHKAX.

YcTaHOBIICHHBIE BETMYMHBI CTETICHN KPUCTAIIMIHO-
CTH, OTpaXKaIOIIMe M3MEHEHHE COOTHOLICHHS BKJIA/IOB
KPHUCTAJUINYECKOH 1 aMOp(HOH a3kl B cocTaBe MOKPHI-
TH B 3aBUCHMOCTH OT MOIIIHOCTH HalbUICHHUS ITOKA3aJIH,
YTO yBEJIMYEHHE MOIITHOCTH ITPUBOANT K BEITECHEHUIO U3
cocraBa amop(HO# a3kl 3a cueT yCKOPEHHs POLECCOB
KPUCTAJUTM3AIMM W YIUIOTHEHHUS TOKPHITHH, IONIydae-
MBIX B pe3yJIbTaTe BapHalluy COOTHOIICHHUS JIEMEHTOB B
cocrage. IIpu 3TOM cpaBHUTENBHBINA aHANN3 OLCHKHU Be-
JIMYUHBI CTETICHW KPUCTAJUIMYHOCTH U YIPOUHEHHS (Be-
JIMYMHBI U3MEHEHHS TBEPAOCTH) CBUAETENLCTBYET O M-
MOH KOppelslMH MEeXIy KOHLEHTparued amMop(HBIX
BKIIIOYEHUH M W3MEHEHMH TBEPJOCTH IMOKPBITUH (CM.
JITaHHBIC HA PHCYHKE 0).

CornacHo npecTaBIeHHBIM JaHHBIM, IpsAMas KOppe-
JISUS MEXKY U3MEHEHUEM COOTHOIIEHUS KpUCTAJLInYe-
CKOi1 1 amopdHOIi (ha3el B cocTaBe 00pa3IoB U yIIPOUHE-
HHEM CBHJIETEICTBYET O BO3ZMOXKHOCTH YIIPOYHEHHS 110~
KPBITHIT HE TOJBKO 32 CUET H3MEHEHUS 3JIEMEHTHOTO CO-
CTaBa, HO ¥ 3a CUET BapHAallMU CTETICHW KPHUCTAJUTHIHO-
CTH, U3MEHEHHE KOTOPOIl B CBOIO OYepeab MOXKHO IO-
OUTHCS HE TOJIBKO BapbUPOBAHUEM YCIIOBUI HAIIBIIICHUS,

HO M METOJIAMU TEPMHUYCCKOH penakcaryu 1eGopManuu
U CHIDKEHHUS! aMOP(HBIX BKIIOUSHUH MPU TEPMHUUYECKOM
OTXKUTE 00pa3IoB.

3AKJIOYEHUE

B paboTte mpencraBieHbl pe3yIbTaThl OLEHKH BIIUS-
HUS BapualM YCIOBHM MarHeTpOHHOI'O HalbUICHUS
MoCrN nokphIThii, BKItOUarole B ce0s HW3MEHEHUS
momnHocTH B guana3one ot 200 mo 300 Bt, Ha usmene-
HUE MPOYHOCTHBIX U TPUOOJIOTMYECKHX MapaMeTPoB HC-
CIIeZyeMBIX TOKPHITUH C IETbI0 BBIABICHUS ONTHUMAIIb-
HBIX YCJIOBUH MOJYYEHHS BBICOKONPOYHBIX M HM3HOCO-
CTOMKHX TOKPBITHH, 00JIaIaf0INX OOJIBIINM ITOTEHIINA-
JIOM HCTIONIb30BaHMS B KAUECTBE aHTHKOPPO3HOHHBIX I10-
KpBITHH.

CorylacHO TIPOBEJICHHBIM HCCIIEAOBaHNH, yCTaHOB-
JICHHasl TIpsMast KOPPEISIHsI MEXIy N3MEHEHHEM CTeTle-
HHU KPUCTAJJIMYHOCTH, BBIPAXKAIOIIECHCS B yMEHBIICHUH
KOHIIEHTPAIHH CTPYKTYPHO-Pa3yNOPSJ0UCHHBIX
(aMOp(HBIX) BKIIIOYEHHI B COCTaBE MOKPBITHI, U yIpo-
YHEHHEM, T.€. YBEJIMUYCHHE TBEPOCTH MOKPHITHH.

OmnpeneneHue TPUOOJOTHUECKUX  XapaKTEPUCTHK
HPOBOJIIIOCH C HCIIOJIB30BAHUEM CTaHJAPTHOTO METOa
CKpEeY-TeCTa Ha ONpeJeNICHHEe YCTOHUMBOCTH K M3HOCO-
CTOMKOCTH NPH JJIUTEIFHOM MEXaHWYECKOM BO3JEHCT-
BUU Ha MOBEPXHOCTH 00pa3iia KaJaromierocs tena (Ia-
pHKa U3 KapOuzia KpeMHUs). B X0/1e mpoBe1IeHHBIX HCITHI-
TaHWI Ha OIpeZeTeHNe TPHUOOIIOTHYECKUX XapaKTepH-
CTHK OBLIO yCTaHOBIEHO, uTo HaHeceHHe MoCrN rmo-
KPBITHH Ha TOBEPXHOCTH CTAJIU IPUBOIUT K YBETIHMUCHHIO
HM3HOCOCTOIMKOCTH TOBEpXHOCTH Oosiee yeM B 1,5-2 pasza
B cpaBHEHHH co cTaibio 316 L. [Tpu 3ToMm ycToiunBOCTR
K M3HOCY HaOJIIOJaeTCs KaK B CIydae YBEIMICHUS HATpy-
3KH Ha WHACHTOP, TaK U B CIlydae IMPOBEICHHUS dKCIIEPH-
MEHTAJBHBIX Pa0OT MPH yBEIWYEHUH TEMIIEPaTyphl 00-
pasuos. Cinenyer Takxke OTMETUTh, YTO B CIIy4ae MaJbIX
Harpy3ok (50-100 H) u3meHeHne yclioBHl HaHeCEHHS
MoCrN nokpsITHi (TIpH BapHay KOTOPBIX HAOJI01aeT-
Csl N3MEHEHHE COOTHOIICHHS 3JIEMEHTHOTO COCTaBa) He
OKa3bIBAa€T CYLIECTBEHHOTO BIMSHUS Ha U3MEHEHHE YC-
TOWYIHBOCTH K U3HOCY, B TO BpEMsI KaK IIpH OOJIBIINX Ha-
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rpy3kax (150-200 H) moMuHIpOBaHNE B COCTaBE ITOKPHI-
TUI MOJIMOJIeHa IPUBOJUT K YBEJIMUSHHUIO H3HOCOCTOM-
KOCTH MOKpBITHI OoJiee ueM B 1.5 paza.

JlanpHeilye iaHbl B JaHHOM HalpaBJIeHUH HCCIie-
JIOBaHWH OyIyT HalpaBJeHbl HA M3Y4YEHHE MEPCIIECKTHUB
NPUMEHEHHUSI TIpeJUIaraeMbIX MOKPBITHH Ui 3alUThI
CTaJBHBIX KOHCTPYKIHMH OT MPOLIECCOB HABOJOPaXKHBa-
HUSI ¥ CACP>KUBAHUS KOPPO3HOHHBIX IPOLECCOB BO3HHU-
KAlOIIMX MpU B3aUMOJEUCTBUU MOKPBITUH C arpeccuB-
HBIMH cpefaMu. [Ipn 3TOM mOIydeHHbBIE PE3yNbTaThl
TpHUOOJIOTHUECKHX NCTIBITAHUH TO3BOJIAT OLIEHUThH KIHE-
TUKY YCTOMYHMBOCTH MOKPBITUN K BHEIIHUM BO3JEHCTBU-
SIM.
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KOPFAYIIBI AHTUKOPPO3USJIBIK MoCrN )KABbIH/IAPBIHBIH
TPUBOJIOTUAJIBIK CUIIATTAMAJIAPBIH 3EPTTEY

E. A. Kenxun!, JI. U. Hlanmac!?, A. M. 3uxkupunal, A. JI. Kosnoscknii?®
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MoCrN xaOBHIAPBIHEIH TPHOOJOTHSIBIK CHIIATTaMANIAPBIH 3epTTeyre OarbITTaFaH 3KCIEPUMEHTTIK >KYMBICTap
Kyprizinai. MyHnmait 3epTreynepre KbI3BIFYIIBUIBIK, €H aJIbIMEH, OJIApABIH JKOFapbl MEXaHHKAIBIK TO3IMILTITIMEH
€pEeKIIEeNICHETIH aHTHKOPPO3HMSUIBIK KOPFAHBIII KaOBIHAAP pETiHIe KOJMAaHy oiieyeTiMeH OaimanbIcThl. By xaOsHIAp
00aTTHIH Maliganany Ke31HeTi qerpaaaus MpoIecTepiHe JKoHe TOTHIFY MEH aMOp(H3aHIHBI KbUIIAMIaTaThIH )KOFAPEI
TeMIIepaTypanapbplH dcepiHe Te3IMAUIIIH apTThIpyFa MYMKIHAIK Oepeni. KopraHblln »aObIHIApBIHBIH OHTAMIIBI
KYpaMbIH TaHJay apKbUIbl 00J1aT KOHCTPYKIHMSIIapAbIH OETTIK Ka0aTTapbIHBIH TO3Ybl MEH AETpa/lallisiChIH TOMEHIETYTe
JKOHE YHKeNiC Ke3iHIe ONapblH MEeXaHWKAJIBIK 3aKbIMAaHyFa TO3IMIUIriH apTThIpyra Oonansl. 3epTTey HOTMXKeNepi
kepcetkeHneit, MoCrN >xkaObIHIapbIH MarHeTPOHIBIK OYPKY IIAPTTapbIH ©3repTy >KaObIHAAP/bIH KYpPaMbIHAAFbI 3Je-
MEHTTEP/IIH apaKaThbIHACHIHBIH ©3repyiHe ajbll Keleni, Oyi e3 Ke3eriHae KYpBUIBIMIBIK PETTEIreH >KaObIHAapbIH
KaJIBINTacybIH KaMTaMachl3 eTejli. bys npouecc xaOblHAApBIH KATTHUIBIFBI MEH TO3YFa TO3IMJIUIITIHIH apTYbIMEH JKaKChI
KOppeIsIIUsIaHa bl. AJIBIHFAH ISpeKTepre colikec, Kypamaac OOKTepAiH apaKaThIHACBIH ©3epPTY, SIFHU XKaObIHAaPIbIH
KPUCTAIIBI XaHEe aMOP(THI (pazanapbIHBIH apaKaTEIHACKIHBIH ©3Tepyi, TO3Y KbUIIaMIBIFEIHBIH TOMEHACYIHE dKeIe i, Oy
OIIApIBIH CHIPTKBI MEXaHUKAJIBIK dcepiiepre TO3IMIUTITIHIH apTKaHbIH KepceTei. TpruOoIoTusibIK ChIHaKTap OaphIChIHAA
KaOBIHIAPABIH TEMIIEPaTyPANBIK dcepiiepre TO3IMIUIITIH Oaranay HOTIKENepi AIIEMEHTTIK KypaM MEH KPHCTaJIbLIBIK
TIOpEeXKECiHIH e3repyiHiH )KaOBIHAAPIBIH TO3yFa TO3IMIIIITIH apTTHIPYFa BIKIIAJ €TETiHIH KOPCETTI.

Tyitin ce30ep: Kopzanviui HcadLIHOAP, AHMUKOPPOIUAILIK HCADLIHOAD, MPUOOLOLUANLIK Kacuemmep, OepikmeHOipy,
YliKenic, mo3yea moe3imouix.

STUDY OF TRIBOLOGICAL CHARACTERISTICS
OF PROTECTIVE ANTICORROSIVE MoCrN COATINGS

E. A. Kenzhin!, D. I. Shlimas'2, A. M. Zikirinal, A. L. Kozlovskiy?"

! Kazakh-British Technical University, Almaty, Kazakhstan
2 L.N. Gumilev Eurasian National University, Astana, Kazakhstan
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Experimental works aimed at studying tribological characteristics of MoCrN coatings have been carried out. Interest in
such studies is primarily due to the prospect of using such coatings as anticorrosive protective coatings with high
resistance to external mechanical effects, allowing to increase the resistance of steel to degradation processes during
operation and high temperatures at which oxidation and amorphization processes are accelerated. The selection of optimal
compositions of protective coatings allows to reduce wear resistance and degradation of near-surface layers of steel
structures, as well as to increase their resistance to mechanical damage during friction. It is determined that the change of
conditions of magnetron sputtering of MoCrN coatings, leading to a change in the ratio of elements in the composition of
coatings, leads to the formation of structurally-ordered coatings, which in turn has a good correlation with the results of
hardening and increasing resistance to wear. According to the obtained data, the change in the ratio of components, and
as a consequence, the change in the ratio of crystalline and amorphous components in the composition of coatings leads
to a decrease in the rate of wear, which indicates an increase in the resistance of coatings to external mechanical influences.
The test results of coating samples in the case of assessing the resistance of coatings to temperature effects in the process
of tribological tests showed an increase in the resistance of coatings due to the variability of changes in the elemental
composition and degree of crystallinity.

Keywords: protective coatings, anticorrosive coatings, tribological properties, hardening, friction, wear resistance.
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STUDY OF CORROSION CHARACTERISTICS OF 65G AND 45 STEELS
BEFORE AND AFTER ELECTROLYTIC-PLASMA HARDENING
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This article presents the results of studies of the corrosion resistance of steel grades 65G and 45, which were subjected to
electrolytic plasma hardening (EPH). The main objective of the study was to identify changes in the corrosion properties
of steels depending on the type of environment: water, urea, superphosphate and ammonium nitrate. The study showed
that after EPH, the corrosion rate of steel 45 decreased by 8 times compared to the original sample, reaching a value of
2.58x10~* mm/year. For steel 65G, a significant improvement in corrosion resistance was also observed, especially in the
environment of urea and superphosphate. The corrosion potential of these steels shifted to a more positive value,
indicating an improvement in the protective properties of the surface. Polarization curves showed a decrease in the
corrosion current for steel 45 before EPH in a solution of edible salt from 562.34 pA/cm? to 111.75 pA/cm? in urea, and
to 132.67 pA/cm? in superphosphate. For steel 65G before EPH, the corrosion current in a edible salt environment was
67.23 pA/cm?, decreasing to 57.28 pA/cm? in urea and to 60.73 pA/cm? in ammonium nitrate after the EPH process..
The results confirm that EPH significantly increases the corrosion resistance of the studied steels, which makes this
treatment method promising for improving the durability of metal products used in aggressive chemical conditions.

Keywords: electrolytic plasma hardening, steel 45, corrosion, wear resistance, electrochemical corrosion.

INTRODUCTION

The study of the corrosion resistance of steels plays a
key role in the development and improvement of pro-
cessing technologies and their application in various in-
dustries. Steels of grades 65G and 45 possess high me-
chanical properties and are widely used in mechanical
engineering and other fields where material durability in
aggressive environments is required. However, extend-
ing the service life of such steels is possible not only
through classical heat treatment methods but also with
the help of modern surface hardening techniques, such as
EPH [1-4].

The aim of this study is to investigate the changes in
the corrosion characteristics of 65G and 45 steels after
treatment using the EPH method. EPH represents an in-
novative approach that significantly enhances the corro-
sion resistance and fatigue properties of metals by form-
ing a protective layer on their surface. The key feature of
this technology lies in the use of plasma generated in an
aqueous electrolyte solution, ensuring both high effi-
ciency and environmental friendliness of the process
[5, 6].

During the research, a series of experiments were
conducted, including corrosion tests in various aggres-
sive environments. Electrochemical corrosion tests were
carried out on samples treated under different EPH con-
ditions. The samples were exposed to 3% aqueous solu-
tions of table salt (NaCl), urea ((NH2).CO), and other ag-
gressive environments. The goal of this study was to
analyze the effect of EPH on the corrosion resistance of
45 and 65G steel samples [7-9].

It is expected that the results of this study will not
only assess the effectiveness of EPH in improving the

corrosion resistance of steels but also help develop rec-
ommendations for optimizing processing parameters for
industrial applications.

MATERIALS AND METHODS

The tests were carried out using an electrochemical
corrosion system, consisting of a potentiostat-galvanostat
and an electrochemical cell, in which the samples were
immersed in an aqueous solution of laboratory-grade ta-
ble salt for the first group of tests on 45 steel samples and
in mineral fertilizers for the second group of tests on 45
and 65G steel samples (Figure 1). For each sample, a po-
larization curve was measured, reflecting the dependence
of the corrosion potential on the corrosion current den-
sity. The polarization curve is an essential tool for study-
ing the corrosion resistance of materials. It allows for de-
termining the corrosion potential and corrosion current,
which are key parameters characterizing the material's
corrosion resistance. The corrosion potential represents
the thermodynamic tendency of the material to corrode,
while the corrosion current reflects the corrosion rate [9—
14].

EPH of 45 and 65G steels was carried out in a ther-
mocyclic mode, which is implemented by alternating
high (UH) and low voltages (UL). This method allows
for precise control of the heating process, preventing
steel remelting while ensuring the formation of a hard-
ened layer of greater depth. The use of thermocycling is
aimed at studying the effect of heating rate on hardening
characteristics. By alternating voltages, it is possible to
accurately regulate temperature changes during the
quenching process, which is critical, as excessively fast
heating may lead to uneven microstructural changes and
potential overheating, whereas too slow heating may fail
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to achieve the required depth and uniformity of the hard-
ened layer. The electrolyte used for EPH consisted of
20% sodium carbonate and 80% distilled water, which
further improves control over electrochemical condi-
tions, directly affecting heat generation and resulting mi-
crostructural transformations in steel. This mode allows
for a detailed analysis of how different heating rates in-
fluence the properties of the hardened layer, including its
thickness, hardness, and microstructural characteristics.
The electrical and time parameters of EPH in thermocy-
clic mode are presented in Table 1.

Figure 1. Potentiostat-galvanostat and electrochemical cell

For the study of the corrosion characteristics of 65G
and 45 steels after electrolytic plasma hardening in min-
eral fertilizer environments, the samples were treated us-
ing EPH according to Table 2.

RESEARCH RESULTS AND CONCLUSIONS

Figure 2 presents the polarization curves in the coor-
dinates of potential — current density (E — i) when meas-
uring the corrosion of 45 and 65G steels before and after
EPH according to the modes in Table 1.
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Figure 2. Potentiodynamic polarization curves

Table 1. Parameters of EPH modes for 45 and 65G steels

Sample Uu1, B tu1, © Ih1, A U, B tu, € Unz, B th2, € lhz, A U, B tiz, € Uns, B ths, © Ius, A
45 1 320 3 100 50 5 0 0 0 50 5 0 0 0
45 2 320 3 100 50 5 200 2 75 50 5 0 0 0
453 320 3 100 50 5 200 2 75 50 5 200 2 75
65I_1 320 3 100 50 5 0 0 0 50 5 0 0 0
65I_2 320 3 100 50 5 200 2 75 50 5 0 0 0
65r_3 320 3 100 50 5 200 2 75 50 5 200 2 75

Table 2. Parameters of EPH modes for corrosion test samples in mineral fertilizer environments
Sample Anode area, m? Electrolyte concentration Electrolyte consumption, L/min U,B t,c
Steel 45 0.05 20% Naz2C03+80% Water 100 300
Steel 65G 0.05 20% Naz2C03+80% Water 100 300
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The corrosion resistance test showed a significant re-
duction in the corrosion rate after electrolytic plasma
hardening of 45 and 65G steels. In samples 45 2 and
65G_3 (average corrosion rate 2.58x107* mm/year), this
indicator improved 8 times compared to the initial sam-
ple. At the same time, for samples 45 1 and 65G 1, the
reduction in corrosion rate was less pronounced. The
analysis of the polarization curves, which show the de-
pendence of corrosion potential on corrosion current,
confirms that the corrosion potential for samples No. 2—
3 shifted in a more positive direction compared to the in-
itial sample, indicating increased corrosion resistance. A
similar study [15] also reports an improvement in corro-
sion resistance after electrolytic plasma treatment, as ev-
idenced by a decrease in corrosion potential and corro-
sion current density.

Studies of the corrosion resistance of 45 and 65G steel
samples before and after EPH showed significant
changes in the material's behavior in different corrosive
environments [16, 17]. After EPH, a modified layer
forms on the metal surface, increasing corrosion re-
sistance. This is due to changes in the steel microstruc-
ture, including densification and an increase in the num-
ber of carbide phases, which make it difficult for
corrosive agents to penetrate the deeper layers of the ma-
terial. Figure 3 presents the results of X-ray phase analy-
sis, which reveal characteristic peaks corresponding to
iron carbide (Fe3;C) formed after electrolyte-plasma treat-
ment. These peaks indicate the formation of Fes;C as a
result of processing in a sodium carbonate (Na,CO3) en-
vironment [18-20].
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Figure 3. X-ray diffraction patterns of steel 45 samples
before and after EPH

The hardening effect is achieved through the for-
mation of high-temperature phases and metal processing,
which not only increases the surface hardness but also al-
ters the chemical and phase stability of the steel. At the
same time, the surface layer becomes more homogeneous
and dense, preventing the formation of corrosion centers
and processes leading to material degradation in aggres-
sive environments. Figure 4 presents polarization curves
obtained from electrochemical corrosion tests of 45 steel
after EPH.

During the experiments, it was established that after
EPH, 45 steel demonstrates enhanced resistance in envi-
ronments containing mineral fertilizers, such as urea, su-
perphosphate, and ammonium nitrate. This is explained
by the formation of complex protective structures on the
steel surface, which effectively block corrosion pro-
cesses. Such a change in properties is of great interest for
applications in agricultural equipment and in conditions
of high chemical aggressiveness.

Based on the data presented in Figure 4 and Table 3,
the following conclusions can be made about the corro-
sion resistance of steel 45 after EPH treatment in various
environments. In an aqueous environment, steel 45
demonstrates the lowest corrosion current —
18.97 nA/cm?, which indicates a relatively low corrosion
activity. The corrosion potential in this environment is
—481 mV, which also indicates a moderate aggressive-
ness of the environment. In a urea environment, an in-
crease in the corrosion current to 111.75 pA / cm? is ob-
served, which indicates an increase in corrosion activity
compared to water. At the same time, a more negative
corrosion potential (=509 mV) may indicate the for-
mation of a more stable passive layer. Mineral fertilizers
such as superphosphate and azophoska have a more ag-
gressive effect: the corrosion current is 132.67 and
486.78 wA/cm?, respectively. At the same time, the cor-
rosion potentials of -492 mV (superphosphate) and
—499 mV (azofoska) indicate a noticeable increase in
corrosion processes. However, among all the studied en-
vironments, ammonium nitrate showed the highest cor-
rosion activity (597.7 pA/cm?), despite a comparable
corrosion potential (—499 mV), which confirms its high
aggressiveness towards steel 45 after EPH.

Table 3. Corrosion current (Icorr) and corrosion potential
(Ecorr) values for 45 steel after EPH in different environments

Environment leorr (MAlCM?) Ecorr (mV)
Water 18.97 -481
Urea 111.75 -509
Superphosphate 132.67 -492
Azophoska 486,78 -499
Ammonium sulfate 160.44 -451
Ammonium nitrate 597.7 -499
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Figure 4. Polarization curves obtained from electrochemical corrosion tests of 45 steel after EPH in water
and mineral fertilizer solutions

The analysis shows that steel 45 after EPH demonstrates
different resistance to corrosion depending on the chemical
composition of the environment [21, 22]. The most aggres-
sive impact is exerted by mineral fertilizers such as azo-
phoska and ammonium nitrate, while in aqueous and urea
environments the steel demonstrated greater resistance to
corrosion. This suggests that when selecting operating con-
ditions for EPH-treated parts, the chemical nature of the en-
vironments in contact with them should be taken into ac-
count.

Figure 5 presents polarization curves obtained during
electrochemical corrosion tests of 65G steel after EPH. The
study was also conducted in various environments, includ-
ing water and mineral fertilizer solutions, such as urea, su-
perphosphate, azophoska, ammonium sulfate, and ammo-
nium nitrate.

The values of corrosion potential (E.+) and corrosion
current (/o) of the polarization curves for 65G steel after
EPH during electrochemical corrosion tests in mineral solu-
tions are presented in Table 4. Each curve in the graphs of
Figure 4 reflects the characteristic behavior of 65G steel af-
ter electrolytic-plasma treatment in various corrosive envi-
ronments. The data obtained show that the lowest value of
the corrosion current is recorded in water (53.80 pA/cm?)
and indicates the lowest corrosion activity. Similar current
values are observed in a solution of urea (57.28 pA/cm?) and
ammonium nitrate (60.73 pA/cm?), which indicates a rela-
tively moderate impact of these environments. Higher cur-
rent values are noted for superphosphate (67.98 pA/cm?),
azophoska (78.55 pA/cm?) and especially for ammonium
sulfate (82.25 pA/cm?), which indicates an increased inten-
sity of corrosion processes in their presence.
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Figure 5. Polarization curves obtained from electrochemical corrosion tests of 65G steel after EPH in water
and mineral fertilizer solutions

Table 4. Corrosion current (Icorr) and corrosion potential
(Ecorr) values for 65G steel after EPH in different

environments
Environment leor (MA/CM?) Ecor (mV)
Water 53.80 -416
Urea 57.28 -458
Superphosphate 67.98 -436
Azophoska 78.55 -387
Ammonium sulfate 82.25 -382
Ammonium nitrate 60.73 -423

Regarding the corrosion potential, the least negative
values are noted for ammonium sulfate (—382 mV) and
azophoska (=387 mV), which may indicate the formation
of a more stable passive layer. On the contrary, the most

negative potential is observed in the urea solution (—458
mV), despite the moderate current, which indicates a
more active electrochemical reaction, but the possible
presence of a protective film. Thus, the obtained data
confirm the significant influence of the chemical compo-
sition of the environment on the corrosion resistance of
65G steel after EPH and emphasize the need to take these
features into account when choosing operating condi-
tions.

Experimental studies of 45 and 65G steels after EPH
in various mineral fertilizer environments revealed dif-
ferences in corrosion characteristics. The polarization
curves obtained from electrochemical tests provide quan-
titative data on corrosion potential and corrosion current
density, which are key indicators of corrosion resistance
in different chemical environments.
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For 45 steel, the results indicate improved corrosion
resistance after EPH when exposed to environments such
as water and urea compared to more aggressive environ-
ments such as ammonium nitrate and azophoska. The
EPH process generally increases surface hardness and
changes the surface chemistry, which can improve local-
ized corrosion resistance, but can also make the steel
more susceptible to certain aggressive agents depending
on environmental conditions and the composition of the
electrolyte used during hardening.

In comparison, 65G steel exhibits similar trends but
with differences in the degree of corrosion resistance im-
provement. The effectiveness of EPH in enhancing the
corrosion resistance of 65G steel is particularly noticea-
ble in environments containing ammonium nitrate and
urea, which are commonly found in agricultural applica-
tions [23-26].

CONCLUSIONS

Electrolytic plasma hardening enhances surface prop-
erties by forming a denser, more protective layer capable
of withstanding the corrosive effects of aggressive chem-
ical agents, such as mineral fertilizers commonly used in
agriculture. The optimization of key process parameters
— particularly the duration of exposure, applied voltage
and number of repetitions — plays a critical role in deter-
mining the corrosion behavior of treated materials.

Under thermocyclic treatment conditions, steel 45
treated in two cycles and steel 65G in three cycles
demonstrated the best corrosion resistance compared to
the untreated samples. Steel 45 demonstrated superior re-
sistance in environments containing ammonium nitrate
and azofoska, whereas steel 65G performed best in am-
monium nitrate and urea solutions. The enhanced corro-
sion resistance is partly attributed to the formation of iron
carbide phases, which act as a protective barrier against
corrosive agents.

These findings emphasize the importance of custom-
izing the EPH process to match the specific service con-
ditions. Such adaptation ensures maximum corrosion
protection and extends the service life of components
treated by electrolytic plasma hardening.

This research was funded by the Committee of Sci-

ence of the Ministry of Science and Higher Education of

the Republic of Kazakhstan (Grant No. BR24992870).
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65" JKOHE 45 BOJIATTAPBIHBIH, SJIEKTPOJIUTTIK-IIJIASMAJBIK KATAUTY JEAIHIT
JKOHE KEMIHI'T KOPPO3USI KACUETTEPIH 3EPTTEY

B. K. Paxagnaos’, A. b. llIsinap6ex?, K. /I. Opmanéexon?, A. K. Kacyaan?, H. E Kagbip6oaar?, H. E. MycataeBa®*

1 C. Amanmconoe amuvinoazot Hlvizvic Kazaxcman ynusepcumemi, Ockemen, Kazaxcman
2 UIokapim ynueepcumemi, Cemeii, Kazaxcman

* Baunanvic ywin E-mail: naziramusataeva5 1(@gmail.com

Byn makamana snekrponurTi-masManslK Kataity (JI0K) omiciMen eHmenren 6507 xoHe 45 Mapkaisl OonaTTapablH
KOPPO3HsFa TO3IMIUIITIH 3epTTEY HOTIDKEIIEPi KeNTIpireH. 3epTTey IiH Heri3ri MaKcaThl OPTaHBIH TYpiHE OailIaHBICTHI
OonatTapabIH KOPPO3USUIBIK KACHETTEPiHeT] e3repicTep i aHbIKTay O0IbL: ¢y, kKapbamus, cynepdocdar xoHe aMMOHUHA
nutparsl. 3eprrey JI1K-nan keitin 45 bonarTbliH KOPPO3Ust KBUIAAMABIFE 0ACTAIKBI YATiIEH 8 ece TOMEHAEI, KbUIbIHA
2,58x107* MM MoHT€ XETKEHIH KopeeTTi. 651" 6oaT yIin KOppo3usra Te3iMALTIKTIH alTapibIKTail )aKcapysl GaliKasl,
acipece kapbamu/ rieH cynepdocdar opracsinaa. by 6onarrapabiH KOPPO3USIBIK IOTEHIMAIBI OH MOHT'€ ayBICTbI, OyJI
OeTTiH KOpFaHbIC KACHETTEPiHiH jKaKcapFaHbIH Kepcereai. [lonspu3alUsiIblK KUCHIKTApD KOPPO3MSUIBIK TOKTHIH 45
oonarran DIIK-ra peiiin, ac Ty3bIHBIH epiTinmicinge 562,34 MxA/cm>-neH xkapObamuare 111,75 MkA/cm?-re peifin, an
cymepdocarra 132,67 MxA/cm>-re neitin Tomenmerenin kepcerri. OIIK-ra neifiari 650 Gojar yIIiH ac Ty3bl
OpPTachIHIAFEI KOPPO3Hs TOTHl 67,23 MKA/cM? Gonasl, KapbamuaTe 57,28 MkA/cM? meliin xone DIIK mporecinen Keiin
aMMuak cenurpacbiHaa 60,73 MKA/cM? neiiiH ToMeHmei. Hotmxemep OIIK 3eprreneriH OonaTTapaslH KOPpO3HsFa
TO3IMALUIITIH alTapIbIKTall apTTHIPATBIHBIH pacTaiiibl, Oy eHJey OIICiH arpeccHBTI XHMHSUIBIK JKarmaiimapna
KOJIJAHBUIATHIH METaJT OHIMIEPiHiH OCpIKTIriH jKaKcapTy YIIiH ITePCIIEKTHBAIIBI ETE Il

Tyitin ce30ep: s1eKmporummik-niasmManely Kamaimy, 45 6oiam, KOppo3us, mo3yea mesiMOuliK, NeKmpoXUMUSIbIK
KOpPpO3Us.
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UCCJIEJOBAHUE KOPPO3MOHHBIX XAPAKTEPUCTHUK CTAJIEM 65T ! 45
A0 " IMOCJIE QJIEKTPOJIMTHO-IIJIASMEHHOI'O YITPOUHEHHUSA

Paxaauios b. K.', lIsinap6ex A. B.2, Opmantexos K. /1.2, XKacynan A. K., Kaasipooaar H. E.2, Mycaraesa H. E.>*

! Bocmouno-Kazaxcmanckuii ynusepcumem um. C. Amansconoea, Ycemo-Kamenozopck, Kazaxcman
2 UIokapim ynueepcumem, Cemeii, Kazaxcman

* E-mail ons konmaxmos: naziramusataeva’ l(@gmail.com

B nanHO#I cTaThe MpECTaBICHEI PE3YIbTAThl HCCIIEIOBAHNN KOPPO3SHOHHOM CTOMKOCTH cTaiel Mapok 651 1 45, koTopsie
ObUIH TIOJBEPTHYTH 00pa0OTKE METOAOM JIIEKTPONUTHO-IUIa3MeHHOTo yrpouneHus (DI1Y). OcHOBHOH meibo
HCCIIE0BaHMs OBIIIO BBISBICHUE M3MEHEHNI B KOPPO3HOHHBIX CBOMCTBAX CTallel B 3aBUCHMOCTH OT THIIA CPEIbI: BOBL,
kapbamuna, cynepdocdara u ammuadHoi cenuTpsl. MccnenoBanune mokasano, 9to nocie DI1Y ckopocTs Koppo3uu CTain
45 cHu3MNACh B 8 pa3 MO CPaBHEHHIO C MCXOMHBIM 0Opa3IoM, JAocTHras 3HadeHus 2,58x10~* mm/ron. s cramu 650
TaKke HaOJI0/AN0Ch 3HAYMTENBHOE YIy4IIeHHE KOPPO3MOHHOM CTOMKOCTH, OCOOEHHO B cpesne KapOamuna u
cynepgocdara. Koppo3noHHBIH NOTEHIMAT JaHHBIX CTaJle CMECTHIICS B MOJOXKUTEIbHYIO CTOPOHY, UYTO YKa3bIBaeT Ha
YIAy4dlI€HHUE 3allIUTHBIX CBOWCTB TMOBEPXHOCTH. HOHﬂpI/BaHI/IOHHLIe KPHUBBIC ITOKa3aJIl YMCHBIICHUE KOPPO3ZUOHHOI'O TOKa
i ctanu 45 1o DIV B pacTBope muineBoii comu ¢ 562,34 nA/em? mo 111,75 pA/em? B kapbamunae, u 10 132,67 pA/cm?
B cynepdocdare. s cramu 65T g0 DY Tok Koppo3uu B cpejie MUIICBOI Cou cocTaBui 67,23 LA/cM?, yMEHBIIIAsACH
mo 57,28 pA/cm? B kapbamume u mo 60,73 pA/cm® B ammmadHO# cemuTpe mociie mporecca OIIY. PesymbraTs
MOATBEPXKAAIOT, 4T0 DI1Y 3HAYMTENHHO MOBBIIIAET KOPPOSHOHHYIO CTOHKOCTD MCCIEAYEMBIX CTaJEH, 4TO JETaeT 3TOT
MeTO 0OpabOTKM MEPCHEKTHBHBIM ISl YIYYLICHHUS OJTOBEYHOCTH METAUIMYECKUX H3ICTHH, HCIIONb3YEMBIX B
arpecCHBHBIX XMMHUECKHUX yCIIOBHUIX.

Knrouegvie cnosa: 21exmpoaumno-niazmennoe ynpounenue, Cmaib 45, Kopposus, UsHOCOCMOUKOCMb, SeKMPOXUMUIec-
Kdsl KOPpO3usl.
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B nanHOW paboTe mcciemyercss ympyroe paccesHue MPOTOHOB Ha sipe 'Li ¢ MCHoip30BaHHEM KOMOMHHUPOBAHHOTO
MeToza noHeIX BoiH (Full-Wave Method) n meroma DWBA, B paMkax onTH4ecKOH MOJENH Spa, ITO MO3BOIIET Ooee
TOYHO YUWTHIBATh AJCPHYIO CTPYKTYPY M MEXaHU3MbI B3aUMOACHCTBIS. B pacderax mMpUMEHSAETCS MUKPOCKOITHIECKIH
CKIIarIaTeIid moTeHman M3Y, mocTpoeHHbIi Ha ocHOBE 3¢ (peKTHBHOTO HYKIOH-HYKJIOHHOTO B3aHMOICHCTBHS C yIETOM
IUIOTHOCTH siapa. Teoperudeckue pacu€Thl Ha s3bike Python, ocHoBaHHbIe Ha pemieHun ypaBHenus IlIpeaumnrepa
MeTozioM Pynre-KyTra 6—8 mopsiaka, cpaBHHBAIOTCS C 3KCIIEPUMEHTAIBHBIME JaHHBIMH, [TOJy4YCHHBIMU Ha YCKOPUTEIe
Ban ne ['paada. D10 Mo3BONISIET YTOYHHUTH MapaMeTphl SIEPHOTO B3aHMMOJCHCTBHS M CTPYKTYpy sapa ‘Li, a Takke
BBISIBUTH HeO6XOJII/IMOCTL yueTa JOMOJHUTECIBHBIX 3(1)(beKTOB, TaKUX KaK MHUMbIC KOMIIOHCHTHI IMOTCHIIMAJIa U pacCIlIu-
PEHHOE YHUCIO0 NapIHaJbHBEIX BOJIH.

Knrwoueswie cnosa: neckue sopa, ynpyeoe pacceanue, AE-E memoouka, MukpocKonuieckuti NOmeHyuan, onmudeckds

modenw siopa, FWM, DWBA, memoo Pynee-Kymma, uucnenusie memoowl, ypasuernue [lpedunzepa.

BBEJEHUE

HccnenoBanne ynpyroro paccestHAsl IPOTOHOB Ha
sape “Li nmpencraBisieT 3HAUNTENbHBIH HHTEPEC C TOUKH
3peHUs] U3YUEHHS CTPYKTYPHI JETKHUX SIep U MEXaHU3-
MOB siJiepHOTO B3aumoeiictBust. Oco0yI0 posib B TaKHUX
Ipoleccax UrparoT MHKPOCKONMUYECKHE METOJbI, KOTO-
pBI€ MO3BOJIAIOT CBA3ATh MapaMeTphl sJIEPHOTO B3aUMO-
JiecTBHSA ¢ QYHAaMEHTAbHBIMU XapaKTePUCTUKAMU HY-
KJIOH-HYKJIOHHOTO B3auMojeicTBua. OgHUM n3 Hanbo-
Jiee TOYHBIX METO/IOB aHAJIN3a YIIPYroro paccesHus sB-
nseTcst MeTo 1 oaHbIX BoJiH (Full-Wave Method), ocHo-
BaHHBIN HA PENICHUH paananbHoro ypasHenuns Llpeaun-
repa I CHCTEMBI IIPOTOH-A/po. B naHHOM noaxoze uc-
MIOJIb3YETCS MUKPOCKOITMUECKUI CKIIa[4aThli TOTEHIIN-
ain (M3Y), KoTopBIii CTPOUTCS Ha OCHOBE 3P (PEKTHBHOTO
HYKJIOH-HYKJIOHHOTO B3aUMOJAEHCTBUS M yUYHUTBHIBACT
IJIOTHOCTH siipa. Takoil moaxof MO3BOJISET IMOJIyYUTh
(ha3oBbIe CIBUTH, aMILTUTY/IbI paccesHus U quddepeH-
[HAJIbHBIC CEYCHNUS, a TAK)KE IPOBECTH CPaBHEHHE C IKC-
NepUMEHTaIbHBIMU JaHHBIMU. B naHHOM paboTe mpoBo-
JUTCA YUCIIeHHOE peleHre ypasHenus Llpennnrepa me-
togoM Pynre-KyTra 6—8 nopsiaka 1j1si cucTeMbl IPOTOH-
"Li B quanma3one sHepruit 3—5.3 MaB. s mydmeit cxo-
JUMOCTH TEOPETUYECKHX JAaHHBIX C IKCIIEPUMEHTOM J0-
MOJIHUTENBHO Hctoib3oBajcs Mmeroag DWBA. [Tonyuen-
HBIE TEOPETUUYECKHE PE3yNIbTaThl COMOCTABISIOTCS C IKC-
MEpUMEHTAIBHBIMH JJAHHBIMH, YTO TI03BOJISIET YTOYHHUTD
IapaMeTpHl SIIEPHOTO B3aWMOJICHCTBUS U BBISIBUTH OCO-
OEHHOCTH CTPYKTYPHI siapa "Li.

TEOPETUYECKOE OIIMCAHUE

(KPATKHI ®OPMAJIA3M TEOPUHN)

W3zyueHnne spepHBIX peakiuid TpeOyeT HCIoIb30Ba-
HUS PA3JIMYHBIX METOHOB Jid OIMCAHUA B3aHMO):[€ﬁCT—

BUH MCKAY YaCTULIAMH U SIAPOM. B stoMm HUCCIICA0BAaHUN
OBLIN UCITOIH30BaHbI CJIeaAyromue MCTOAbI:

1. Metoa mosanbix BoJiH (Full-Wave Method)

MeTo/1 MOTHBIX BOJIH HCTIONB3yET MOTHOE YpaBHEHHE
Ipeaunrepa nns SAOEpHBIX B3aUMOJICHUCTBUN U MpUMeE-
HSACTCS ISl MHOTOKAaHAJNBHBIX peakuuil. OCHOBHBIM
YpaBHEHHEM SIBIISICTCS:

B_gl(vz +k2)_V(r)}y(r):o. ()

IMoTeHMAaNBI, HCTIOJIB3YEeMble B MeTO/I€ MOJHBIX

BoJIH (FWM)

Mukpockonuueckuit nomenyuan M3Y

Mukpockonuyeckuid ckiaayatelii nmoteHnuan M3Y
HpeAcTaBiIseT co0oi 3pPeKTHBHOE HYKIOH-HYKIOHHOE
B3aMMO/ICHCTBHE, MOTYYCHHOE U3 MAaTPUYHBIX 3JIEMEH-
TOB MeToAa l'onbpAcTOyHA U pa3paboTaHHOE AJIS OIHCa-
HUS SIIEPHBIX Peaklui, BKJIIOYasl YIPYroe paccesHue,
A7IepHOE CIHSHUE M JUCCOIHALNIO KJIACTEPHBIX CTPYK-
Typ.

1. ®yskmmoHanmbHass ¢opma M3Y-noTeHnHaNa
BKJIIOYAeT EHTPAIbHOE B3aNMOJCHCTBHE U CIIMH-OpOH-
TaJlbHbIE YJICHBI:

Vs (r) =t +t,e’, )

rae ty, !z — NMapaMeTpbl aMIUIMTYbl B3aUMOACHCTBUS
(MaB); p u A — pamuycsl AEHCTBUS B3aHMMOJICHCTBUS
(dm); tar=7999 MaB, p=4,0 pm~!, tg=-2134 MdB,
A=25¢pm

2. D eKTUBHBIN CKIIa9aTHIA-IOTCHITHA:

Vi (r) = IpA (”’)pB (r”)VMSY (|”_r’|)d3ﬂ d , 3
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T7e p4 W ps — TUIOTHOCTH B3aMMOJEHCTBYIONINX sIep,
3HaueHus B3ATHI U3 [4]; Vi (|r - r’|) — 6asoBoe NN-B3a-

UMOJEHCTBHE.

OTOT MHTETPAN YUUTHIBACT PEATbHOE PACHIPE/ICIICHIE
HYKJIOHOB B SIp€, YTO MO3BOJISIET MOJCIUPOBATh OTEH-
yajg ¢ MUHUMAJIbHBIM YHCJIOM (EHOMEHOJIOTHYECKUX
napameTpos. Ilocne cBéptku M3Y-noreHnuan mpuHU-
MaeT IJajgKyr GopMy, NOX0XYI0 Ha NoTeHIran Byxaca-
Caxkca. B pabore [3] npuBeeHbl THIIMYHBIE TAPAMETPHI
JUId 1ETKUX Aep, KOTOPbIE MBI UCIOTIb30BAIIH:

4

V(r):—.
1+exp(r_RVJ
aV

OnmuuecKkuil HOMEHYUAn u e2o ceA3b

€ MUKPOCKORUYECKUM ROMEHUUATIOM

MUKpOCKOITMYECKUH TOTEHIHANI JaéT HaM TOJBKO
peabHYI0 9acTh B3aMMOJCHCTBHS, HO AJIS OTTUCAHUS pe-
aBHBIX JAHHBIX HEOOXOJUMO y4YecTh HEYNpyTHE IIpo-
LIECCHI, KOTOPHIE OTBETCTBCHHBI 32 MOTJIOMIEHUE BOJHBI
(repexoipl B BO30Y KACHHBIE COCTOSIHUS, PEaKIUH C pas-
PBIBOM sJIpa U T. [1.).

IToaTOMy MBI 3anIUCaJIX ONTUYECKUIN TIOTEHIUAI KAK:

V(r)=Vysy (r)+iW (r), %)

TZIe peabHas 9acTh Vwsy(r) ObDIa B3sTa U3 paboTs [3]:
rryOmHa moteHnmana Vy=55 MaB; paagnyc moTeHuu-
anpHOMU AMBI Ry = 1,254"3 ¢m, rme A=7 (MaccoBoe 9UCIO
simpa "Li), uto maér Ry~ 2,0 oM, nuddy3noHHsIi mapa-
MeTp ay = 0,65 ¢M, a 3HAUSHUS 11 MHUMOH dactu W(r)
B Bujie Bync-CakcoBckoro moTeHmnuana, KOTOpbId mapa-
MeTpu3yeT AP PEeKTH MOTIOMICHNUS, B35Ta U3 PaboTHI [2].

Takum o0Opaszom, Hama (uHaIbHAS (HopMa ONTHYEC-
KOTO MOTEHIHaa:

“

V(r)=Hh ()i (©)
1+exp(r_ WJ
aW

rne  Wy=-5M»>B (MHTCHCHBHOCTH HOIJIONICHUS),
Rw=2,0 bm™ (pamuyc), W= 0,5 bm (nuddy3HocTs).
Ammuintyaa paccesinusi B FWM

£(0)=3" (21 +1)e"sind, B (cosb).  (7)

CBsi3b TEOPUM C SKCINIEPUMEHTAJIbHBIMUA

JAHHBIMU

VYnpyroe paccessHUue IPOUCXOIUT, KOTJIa YaCTHULA B3a-
HUMOJIEICTBYET C SIPOM, HE TEPsisl CBOEU SHEPIUHU, HO U3-
MeHssl HarpaBiieHrne. OCHOBHOE ypaBHEHHE it qudde-
PEHIIMATIBHOTO CEYECHUS YIIPYTOro PAcCEeTHUSI UMEET BUJL:

do 2
o ®)

rae f(0) — aMmuTyAa paccestHusl, a 6 — yroj paccesHusl.

FO)=F X 21+ 1)e sind R (cost), ©)

rze O) — (a3oBbIe CABUI'M BOJHOBOH (PyHKIIMH IIPOTOHA.

IKCHEPUMEHTAJBHBIE JAHHBIE

OKclepUMeHTaIbHbIE JaHHBIE 110 YIPYIOMY pacces-
HUIO TIPOTOHOB Ha sijpe 'Li Obuty B3l U3 [1]. Janubie
ObUTH MOJTy4eHbl Ha yckoputene Bau ne I'pada, meto-
JoM AE—E v MHTeTpaliu TOKa My4Ka ¢ TOMOIIbIO YaIIKU
dapanes, B HanmonansHoii nabopatopun Jlennspo (I1a-
nysi, Utanus, 1964 r.). lannsle no nuddepenHunansHo-
MYy CEYEHHIO OBIIIM WHTETPHUPOBAHBI M0 YACTHIHOMY yT-
nmoBoMy nuamazoHy ot 70° mo 180° B mabopaTopHOit cu-
CTeME.

Tabauya 1. 3asucumocms ouggepenyuansvrnozo cevenus
npomonog na aope ’"Li om snepauu npomona

Oxeprus (MaB) IOuddbepeHumnanbHoe ceyeHme (6apH)
3,0023 0,93525
3,2011 0,95693
3,4065 1,0182
3,5979 1,0977
3,8033 1,1589
4,2074 1,251
4,4138 1,2027
4,6146 1,0235
4,802 0,81085
4,9893 0,6134
5,1964 0,49207
5,396 0,44071

PE3VJIBTATBI U OBCYXXJIEHUE

Teopernueckue pacuers! quddepeHnnantsHOro ceve-
HUSI, aMIUTATY PaccesiHusl U (pa3oBBIX CABUTOB SICPHOM
peaxuu 'Li(p,p)’Li. PaccMOTpeHO pelenne ypaBHEHHs
HIpenunrepa KOMOMHMPOBAaHHBIM METOJIOM IOJHBIX
BOJIH B paMKax ONTHYECKON Mozenu. Penienue nposoau-
JIOCh YHCIIeHHO, MeTo/IoM PyHre-KyTra 6—8 nopsinka, Ha
s3pIke nporpammupoBanus Python. Io pesynbsraTam pe-
LIeHNsI, OBIIIM TIOCTPOCHBI CPaBHUTEINILHBIE KPHUBBIE ceye-
HUMH, (a30BBIX CIABUTOB U AMIUTUTY/I PACCESHHS.

Juis pemenns ypasaenus Llpenuarepa (1) npumens-
ercs meroa Pynre-Kyrra 68 nopsiaka. OcHOBHBIE IIaru
JIrOpUTMa:

1. 3amaroTcsa TpaHMYHBIE YCIOBHS IJIS BOJHOBOM
¢byukuun P(r).

2. KoopanHaTHOe MpOCTPAaHCTBO T pa3OMBaeTcs Ha
CETKY.

3. Mcnionb3yeTcs YUCICHHOE HHTETPHUPOBAHNE METO-
nom Pynre-Kyrra.

4. Pewiaetcst cuctemMa ypaBHEHUH C y4€TOM IpaHHY-
HBIX yCJIOBHH, KOTOpbIE Opaich M3 yCIOBUS aCUMIITO-
THKH BOJTHOBOH (DyHKIIMH.

5. [lomyueHHble peleHus UCIOIb3YOTCA I pacye-
Ta (a30BbIX CIBUTOB IO (POpPMYJIE.

6. PaccunThIBarOTCS aMIUTHTYAa paccessHus u nudde-
peHnnaNbHOE cedeHue 1Mo (opmyIe.

VYpasuenne lpenunrepa (1) pemmaercss MeTomoM
Pynre-KyrTa, uTo mo3BonseT BKIOYATh B ceOs HAXOX-
JICHHE paIuabHBIX BOJHOBBIX (YHKINH. croms30BaHb
pa3HbIe TOTEHIIHAIBI B3aMMOIEHCTBHSA: MHUKPOCKOIINYE-
ckuit M3Y (2), nzornyTsiii norennuai (3), heHomeHoso-
rudeckas Mojelb (4). YdeT MUHUMAIbHON YacTH MOIII-
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HOCTH (5), (6) MO3BOINSAET YIAYUIIUTH COOTBETCTBUE IKC-
MEPUMEHTAIBHBIM JaHHBIM. [locie 4YHCIeHHOTO pelle-
HUS YBEJIMYUBACTCS paccTosiHue paccestHus (7) u mud-
(depenimanbHoe ceueHue (8). Peanuzanus aqropurma Ha
Python ¢ ucnons3oBanueM solve ivp mo3BossieT a3 dek-
TUBHO pemuTh npodiemy lllpenunrepa.

OTpbIBOK KOJA:

import numpy as np

from scipy.integrate importsolve_ivp

#Defining the Schrodinger equation in radial form
Schrédinger protection(r, y, k, V):

psi, phi =y

dpsi_dr = phi

dphi_dr = (2 * mu/hbar**2) * (V(r) - k**2) * psi inch
return [dpsi_dr, dphi_dr]

# possibility function (e.g. M3Y)

protection V_m3y(r):

return VO * np.exp(-mu * r) + VE * np.exp(-lambda_ *r)
# Set initial conditions

r_min, r_max = 0.1, 10.0

E =5.0# Energy in MeV

k =np.sqrt(2 * mu * E) / hbar # Wavenumber
y0=10.0, 1.0] # Initial conditions for the wave function
# Solve the equation using the Runge-Kutta method
sol = solve_ivp(schrodinger, [r_min, r_max], y0, args=(k, V_m3y)

Ha rpaduke (pucyHok 1) mpencrasiensl (ha3oBbie
CABUTH JUTA Pa3lNYHBIX OPOUTANBHBIX MOMEHTOB /, BBI-
YHCJIEHHBIE YMCJICHHO. BunHO uTo (s-BoyHa) maér Haw-
Oonpmmii BKIag B paccesHue. [lpu yBemmaenun / ¢aso-
BBI€ CABUTH YMEHBIIAIOTCS, YTO COOTBETCTBYET MEHBIIIE-
MY BKJIaJly BBICOKHX MapluuaibHbIX BOJH. [Ipu =900 da-
30BBIE CIIBUTH Pa3HBIX / MEPECceKaroTCsl, YTO CBSI3AHO C
0COOEHHOCTSIMM CUMMETPHH paccestHus. DKCIEpUMEH-
TaJIbHBIE JAHHBIE MMOKA3bIBAIOT 3HAYUTEIILHO OoJiee BbI-
cokue (ha30BbIe CIIBUTH 10 CPABHEHHIO C TEOPETHYECKOM
Mmojenbio. Teopernueckue (azoBbie CIBUTH yOBIBAIOT C
yBenueHneM 0, Ho He JOCTHTaloT 3KCIIEPUMEHTAIbHBIX
3HaYEeHHH.

15l xxxxxxxx:_:’g
—_— =2
=3
=4
— =5
1.0 —_— =8
. =7
=% =8
o
= K BKCnEpHMEHT
w0
S 05f
3
g
)
=
3
3 K—
2 o0of
o
<
—-0.5
0 25 50 75 100 125 150 175

¥ron pacceaHus 8 (rpagycsl)

Pucynox 1. ®azogvie cosuecu 6 6 memode noanwvix 6onn ¢ M3Y-
NOMEHYUATOM 8 3A8UCUMOCIU OM YeNd PACCEAHUS NPOMOHA

BozMoxHOE 00BSICHEHNE PACXOMKICHHH:

1. HemoctaTo4Hblil y4€T MHUMOM YaCTH MOTEHIIMATIA.

2. Hanuuue pe30HaHCHBIX COCTOSIHUH, BAUSIOIIUX HA
(ha30BbIC CIIBUTH.

3. BkJnan Heympyrux mpolLeccoB B IMOJHOE pacces-
HUE.

JoOaBiaeHre MHIMOM 4acTH moTeHIuana W =5 M»B
YMEHBIIIIIO ()a30BBIE CIBUTH (PUCYHOK 2), UTO MPHOIH-
KaeT MX K JKCIIEPUMEHTAIBHBIM NaHHBIM. Teopermue-
ckue (aszoBeie caBuru 0e3 W (IyHKTHpHBIC JTUHHUN) 3a-
BBIMIAIOT 3HAYCHUS, OCOOCHHO Ipu OONBIINX YIIIaxX
paccesHus. DKCIepUMEHTAIbHBIE TOYKH ITOKa3BIBAIOT,
4T0 B oOnactu 4,2—4,6 M3B ocragrces pacxoKaeHHUE, 4TO
MOXKET yKa3bIBaTh HA PE30HAHCHBIE COCTOSIHUS.

B X XXX XXX x ORI
Teopus 6e3 W: | = 2
Teopusi 6e3 W: | = 3
Teopus 6es W: | =
Teopus 6e3 W:
Lar Teopus 6e3
Teopus 6e3
Teopus 6e3 W: | =

—— Teopus cW:1=0
= TeopuacW:1=1
Teopua c W: | = 2

- Teopusi cW: | =3

-~ —— Teopusi cW: I =4

—— Teopus ¢ W.

0.0

—— TeopuscW:1=8

==X IKcnepuMenT

®da3osbIi casur & (paa)
/

0.5}

0 25 50 75 100 125 150 175
Yron paccesHus 6 (rpagycbl)

Pucynok 2. @azosvie cosueu 6 memooe noaHbiX 6OJIH,
¢ yuEMoM MHUMOU Yacmu

Ha pucysnke 3 mokazaHa 3aBUCHMOCTb aMIUIUTYIBI
paccesiHus OT yIjla PAacCcesHMs IPU PasHBIX DHEPrHIX
IpoTOoHA. BUJIHO, YTO C pOCTOM yTjla aMILIUTYJa YMEHb-
1raeTcsi, 0COOEHHO TPH BBICOKHUX JHEPTHAX. DTO CBSI3aHO
C T€M, 4TO BEPOSITHOCTb PaccesHHs Ha OONBIINX yTiiax
CHM)KaeTCs, a LEHTPOOSXKHBIN Oaphep OrpaHWYNBAacT
BKJIa]] BBICOKMX OpPOUTAILHBIX MOMEHTOB /.

12t

=
o
x
X

e
x

E = 3.0023 MeV
E = 3.2011 MeV
E = 3.4065 MeV
4r E = 3.5979 MeV
E = 3.8033 MeV
E = 4.2074 MeV
E = 4.4138 MeV
o E = 4.6146 MeV
E = 4.8020 MeV
E = 4.9893 MeV
- E =5.1964 MeV
E = 5.3960 MeV
OF x 3kcnepumenTanshbie aanHbie
0 25 50 75 100 125 150 175
Yron paccesHus 8 (rpagycel)

AMNauTyna paccesHus [f(6)] (dm)

Pucynox 3. Amnnumyoa paccesnus |f(0)| (¢pm.) 6 memooe
noanvix 6oan ¢ M3Y-nomenyuanom
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Ototr 3¢dexT HanboIee 3aMeTeH NPH YBEIUICHUU
SHEPriuM HAJETAIOUIET0 INPOTOHA, TAaK KaK BOJHOBBIE
(YHKIMM B3aMMOAEHCTBHUS CTAHOBATCS 00JIee JIOKAIN30-
BaHHBIMH, a PACCESIHUE CMEIIaeTCsl B 00JIaCTh MabIX yT-
JIOB.

JlobGaBiaeHa MHHUMAas 4acTh MoTeHIMana W =15 M»sB
(pucyHOK 4), 4TO YMEHBIIWIIO TEOPETUUECKYIO aMILIH-
Tyxy, 0COOCHHO TIpH OONbIIMX yriaxX. Temepb KpuBas
JydIle COOTBETCTBYET JKCIIEPUMEHTY, HO Pa3IH4NE B
obmactu 4,2—4,6 M»aB Bcé emé npucyrcTByeT. Teoperu-
YecKue JIMHUHM 0e3 MHUMOH 4acTH (IyHKTHPHEIE) Tepe-
OILIEHWBAJIN AMIUTUTY Ly B 00JIaCTH OONBIINX YIIIOB.

12+

Teopua 6e3 W, E = 3.0023 MeV
Teopus 6e3 W, E = 3.2011 MeV
X Teopua bes W, E = 3.4065 MeV
Teopua bez W, E = 3.5979 MeV
X X Teopua bes W, E = 3.8033 MeV
Teopua bes W, E = 42074 MeV

-

o
T
x

Teopun 6e3W, E = 4.4138 MeV
Teopun Ges W, E = 4.6146 MeV
8t Teopun 6e3 W, E = 4.8020 MeV
Teopua bes W, E = 4.9893 MeV
Teopua bes W, E = 5.1964 MeV
Teopus Bes W, E = 5.3960 MeV
6l Teopus ¢ W, E = 3.0023 MeV'
Teopua ¢ W, E = 3.2011 MeV
—— Teopua c W, E = 3.4065 MeV
Teopus c W, E = 3.5979 MeV
Teopus ¢ W, E = 3.8033 MeV
—— Teopus ¢ W, E = 4.2074 MeV
—— Teopua ¢ W, E = 4.4138 MeV
—— TeopusacW, E= 4.6146 MeV
Teopus c W, E = 4.8020 MeV'
—— Teopus c W, E = 4.9893 MeV'
. — Teopuscw,E= 51964 MeV
Teopus ¢ W, E = 5.3960 MeV
X JkcnepvMeHT

ok = .

AMnAnTyaa pacceaHus |f(8)| (dpm)

0 25 50 75 100 125 150 175
Yron paccesiHva © (rpafycbl)

Pucynok 4. Amnaumyoa pacceanus ¢ yuémom MHUMOU Yacmu

CpaBHEHHE TEOPETUYECKON U HKCHEPUMEHTATIbHOU
aMIUIATYAB paccesans 'Li(p,p)’Li mpuBeneHo Ha pu-
CyHKE 5.

x —e— Teopws (B = 90°)
11 x x X SKCMNepyrMeHT
x
—~ 10 x X
3 x X
o9 x
=
=
S
g 8 x
w
v
©
a
o 7 *
g x
[
s
g 6
=
<
5
4 L L L L L L
3.0 3.5 4.0 4.5 5.0 55

SHeprus npoToHa (MaB)

— TeopeTiyeckas 3aBMCHMOCTb (METOA MOMHbIX BOMH, yron 6 = 90°);
X 3KCMepUMeHTarbHble AaHHbIE (paccumTaHbl U3 AndepeHLnanbHoro
CceyeHus)

Pucynox 5. Amnnumyoa paccesnusi om snepeuu npomona [1]

AHaJIN3 PacXoxKIAeHUM

OKclepuMeHTaIbHAs aMIUIUTYAa BBIIIE TEOpPETHYe-
CKOH NPaKTU4ECKHU BO BCEM AMana3oHe dHeprui. Makcu-
MyM 53KCIIEPUMEHTAJbHON aMIUIUTYyAbl HalIronaeTcs
okoJio 4,4—4,6 MaB, 4TO MOXET yKa3bIBaTh Ha BO3MOXK-
HOE pe3oHaHCHoe cocTosiHue B siape “Li. Teopernueckas

KpuBasi IOKa3bIBA€T TJIAAKOE y6LIBaHI/I€, 4YTO MOXKET
OBITH CBSI3aHO C Hey‘{éTOM MHHUMOM 4acTH ONTHYECKOIO
oTreHuuasia.

Ha PUCYHKE 6 mokasaHa aMIUIUTYyJa paccesiHus ¢ 10-
OaBiaeHUEM MHHMOM YacTH noTeHuuasia.

x -8~ Teopus (Be3 MHUMO# YacTu)
1 x X —— Teopus (€ MHAMO YacTbio)
X X DKCNepuMeHT
10 x x
x x
9 x

Amnnutyna paccesHus [f(E)| (dm)

3.0 3.5 4.0 4.5 5.0 5.5
JHEeprus npoToHa (M3B)

- - - TeopeTuyeckas amnnmuTyaa 6e3 MHUMON YacTu;
— TeopeTnyeckas amnnnTyAa ¢ MHMMoit yactbio (W =5 MaB);
X 9KCTIepUMEHTarnbHble AaHHble

Pucynox 6. Amnnumyoda paccesnus ¢ dobasnenuem
MHUMOTL 4acmu NOMeHYUaa

BBIBO/JIbI IO PE3YJBTATAM

Y4ér MHMMOI1 YaCTH 3aMETHO YIyYIIWI COBMAJCHNE
C JKcnepuMeHToM B auanazone 3,0—4,6 MsB. Makcu-
MyM aMImuTyasl (~4,4—4,6 MaB) teneps BocnpousBo-
JUTCS JIydlle, HO BCE €ll€ HUXKE, YEM B DKCIIEPUMEHTE.
IIpu 6ompumnx sueprusx (E>4,6 MaB) pacuérsl ¢ MHU-
MO 4acTbIO BCE eUI€ 3aHUKEHBI OTHOCUTENILHO DKCIIEPU-
MEHTa.

Ha pucynke 7 npuBeneno nugdpepeHnuanbHoe cede-
HUe i peakuuu 'Li(p,p)7Li.
— = Teopus 6e3 W

—— Teopus ¢ W
X IKCnepumenT

60

20+

AuddepeHumansHoe ceveHne do/dQ (6apH)
4

o] 25 50 75 100 125 150 175
Yron paccesnus 6 (rpaaycel)

Pucynox 7. Jlugppepenyuanvroe ceuenue 015 peaxyuu
"Li(p,p)’Li 6 Memooe nonnwix 801H, 6€3 yuema MHUMOU Yacmu
NnomeHyuana u ¢ ee yuemom

Teopernueckue pacuérsl (—) do/dQ npencraBieHsl
JUTSL pa3JIMYHBIX SHEPTHIA MPOTOHA. DKCIIEPUMCHTAIBHEIC
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TOYKH (x) B3ATHI U3 [1]. MHUMAas 9acTh ONITHIECKOTO ITO-
TeHnuana (---) B3arta u3 [2]. Paznnuns mexxay pacuéramu
1 9KCIICPUMEHTOM YKa3bIBAIOT HA HEOOXOIUMOCTh yuéTa
MHHMOM 4acTH MOTEHIIMANIA.

OCHOBHOE PACXOXKICHHE MEXAY TEOPETHUECKUMU U
9KCICPUMCHTAIBHBIMUA JTAaHHBIMU  OOYCIIOBIICHO He-
CKOJIbKUMU (pakTopamu. Bo-mepBbIX, OTCYTCTBHE MHU-
MO 4acTH MOTEHIIMAaTa IPUBOIUT K 3aBBIIICHHBIM 3Ha-
yeHnsAM IuddepeHnnansHOTO ceYeHns, TaK KaK MOJIETb
HE YYHUTHIBACT MPOLECCH MOTJIOMEHHUS. BO-BTOPHIX,
craHAapTHeId M3Y-noTeHIMal He YYUTHIBAET IUIOTHO-
CTHYIO 3aBHCHMOCTB, YTO MPUBOIUT K HEKOPPEKTHOMY
OINMCaHUIO B3auMoeiicTBus B siape 'Li. B-Tperbux, or-
PaHUYEHHOE YHUCJIO TapUUalIbHBIX BOJH MOXET HCKa-
KaTh pacu€Thl, 0COOCHHO Ha OOJBIINX YIiaX pacCcesHUs.
Kpome Toro, nanpHOAeicTBYyIOlIEE B3aMMOJCICTBIE B
M3Y -nioTeHInane MOKET OBbITh 3aBBINICHO, YTO YBEIIHU-
YUBaeT MpeJCcKa3aHHOe cedeHune. HakoHel, B aKkcnepu-
MEHTE MOXKET HCIOJIB30BATECSA (HEHOMEHOJIOTHICCKUHA
ONTHYECKUN MOTEHIHAN, MTapaMeTphl KOTOPOro MOoA0u-
paroTcs A MyUIIero COOTBETCTBUS NaHHBIM. 1S yiryd-
IICHUS MOJAETH HEOOXOIUMO BKIFOUYUTh MHUMYIO YacTh
noTeHuana, ucnoas3osate CDM3Y6 mmm DWBA g
0oJiee TOYHOTO OMHCAHUS CTPYKTYPHI SIIpa, a TAKXKE yBe-
JIMYUTDH YUCIIO MAPIIUANBHBIX BOJH B pacuérax.

3aBHCHUMOCTh cpeaHero auddepeHInaILHOro ceue-
HUS OT SHEPTUU MPOTOHA MOKa3aHa Ha PUCYHKE 8.

!
\ —— Teopun bes W

Y —— TeopuacW
\ % axcnepumen

=)
o

5]
=]

.
(=

w
o

N
o

IuddepeHumnansHoe ceveHne do/dQ (BapH)
=
=)

3.0 35 4.0 4.5 5.0 55
SHeprusa npoToHa (M3B)

Pucynox 8. 3asucumocmuv cpeonezo ouggepenyuanvioeo
ceuenuss om sHepeuu npomona. I paghux noxkasvieaem ycpeo-
Hénnvie no yenam snavenus do/dfQ ons memooa noanwix 60H
¢ M3Y-nomenyuanom be3 yuéma mMHUMOUu yacmu (- - -), ¢ yué-
MOM MHUMOTL YaCmU (—) U IKCHEPUMEHMATLHBIX OAHHBIX (X)

Habmonaemoe pacxoxIeHHE MEXITy TEOPETHYECKH-
MU KpPUBBIMU JE€MOHCTPUPYET BJIMSHUE MHHMOH 4acTH
NoTeHIMana: e€ 100aBJIeHNe CHIKAET PacUETHBIE 3HaUe-
HUSI M yITy4lIaeT COOTBETCTBUE dKCIIepUMeHTY. [1pnbin-
xeHue noreHnuana M3Y MoxeT ObITh HeI0CTaTOYHO TO-
YHBIM; aJbTepHaTHBOM sBIsIeTcs CDM3Y 6. Bo3moxuoe
BIIMSTHUE PE30HAHCHBIX COCTOSHUM sifjpa “Li Ha ympyroe
paccesiHue.

1. Pazimume TeopeTHYeCKUX KPUBBIX

be3 MHUMOIT yacTu: Teopus nepeoneHuBaeT audde-
pEeHLMAIBHOE CeYeHHE, 0COOCHHO ITPU HU3KUX SHEPTHSIX,
TaKk Kak He YYUTHIBACT IOTEPH B HEYNpPYrHe KaHajbl.
C MHHMO# YacThio: o0aBiieHUEe W CHIKAeT pacyéTHOE
ceyeHne, 0COOEHHO Ha OOJIBILINX YHEPTHSX, YTO YIIydlla-
€T COIJIaCOBAHUE C IKCIIEPUMEHTOM.

2. CXoaMMOCTh TE€OPHH € IKCIEPHUMEHTOM

[Ipu =Hm3kux >HEprUsax (E <4 M»aB) teopus 6e3 W
OmmKe K SKCHEPHMEHTY, TaK KakK IIOTJIOMICHHE MHHH-
ManbHO. [Ipu £ >4 M>3B y4uér MHUMON YacTH 3HadYH-
TEJILHO YITy4INAeT COBMAJCHUE C 3KCIEPHUMEHTOM, TaK
KaK HEeYyNpyrue Ipouecchl HAUMHAIOT BHOCUTH BKJIAJ.

3AKJTIOYEHUE

B manHOW paboTe mpoBeNEHO HCCICIOBAHUE YIPY-
TOTO paccestHUs MPOTOHOB Ha siape ’Li ¢ MCIonb30Ba-
HUEM METOAA NOJHBIX BOJH M MHUKPOCKOMHYECKOTO
M3Y-norernuana. BeraucieHnsr ¢a3oBble CIBUTH, aM-
IUTMTYIBI paccesHuss W TUQQepeHIMaTbHbIC CCUCHUS,
KOTOpBIE COMOCTaBIEHBI C IKCIEPUMEHTANbHBIMU JIaH-
HBIMH. Pe3ynbTaThl MOKa3bIBAIOT 3aBBIIIICHHBIE 3HAUCHUS
CEUYCHU TpU OONBIINX U MAJBIX yriax, YTO yKa3bIBaeT
Ha HEOOXOJUMOCTh ydeTa MHUMOW 4YacTH TMOTEHIMala
(ToruoIIeHus1) ¥ TNIOTHOCTHON 3aBUCUMOCTH. TakKe BbI-
SIBIICHO HECOOTBETCTBUE (POPMBI KPUBBIX, CBS3aHHOE C
OTpaHUYEHHBIM YHCJIOM NMapLUaIbHBIX BOJIH.

Takum  o0Opa3oM, HJanpHEHIIME  HCCICIOBAHUS
JOJDKHBI OBITH HAIIPaBJICHBI Ha YTOYHCHHE MapaMeTpOB
MOTEHIMANa W y4YeT IOMOJHHUTENBHBIX 3(dekToB mis
JOCTIDKEHHSI 00JIee TOYHOTO COOTBETCTBHS IKCIICPHMEH-
TaJIBHBIM JTAHHBIM, BBIOpaTh moTeHmuan CDM3Y6 wu
y4ecTh OOJIbIIIeE YUCIIO MapIHaabHbIX BOJH. [Ipeaara-
€TCsl, UCTIONIb30BaTh OJJHOBPEMEHHO METO]T MCKAXKEHHBIX
BostH DWBA, 11151 y4yera norsonieHus.
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3-5.3 MaB DOHEPT'USI JUATTA3OHBIHJAFBI "Li SI/IPOCBIH AT BI
MMPOTOHAAPABIH CEPIIIM/I INAINBIPAYBIH 3EPTTEY

1. M. Kaxbikenos'?", JI. M. l:kanceiitos?3, 1. C. Baanonna®3, I'. Y. Epoosnarosal

! JI. Cepixtaes amuvinoazot Hlvizvic Kazaxcman mexnukanolk ynusepcumemi, Ockemen, Kazaxcman
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* Bavnanvic ywin E-mail: nuclearshalkar@gmail.com

By xyMmpIcTa SAPOHBIH KYPBUIBIMBI MEH ©3apa 9cepiiecy MEXaHH3MICPIH TAJlipeK ecenke alyFa MYMKIHIIK OepeTiH
ONTHUKANBIK MOJEb asChIHAA TOJBIK TONKBIH ofici (Full-Wave Method) konmaubuibim, ‘Li SapocklHa TIPOTOHAAPIBIH
cepmiMi Mansipaysl 3epTreieai. Ecenteynepae simpo THIFBI3ABIFIH €CKEPETiH, HYKIOH-HYKIOH 9CEPJICCYiHIH THIMII
Mojeni Heri3iHne KypbUFaH M3Y MHKPOCKONMSUIBIK OYKTENreH MOTeHLUalbl KosigaHbsutanbl. llpenunrep Tenaeyi
Pynre-Kyrra opicimen (6—8 perriniri) mwemrinimn, ecenreyiep Python tinminae xyprizingi. Hotmxenep Baun ne I'paad
YACTKILIIH/IE aJIbIHFaH YKCIIEPUMEHTTIK AEPEKTEPMEH CalbICTHIPbLUIa bl byl SpobIK 63apa opekeTTecy napaMmeTpiepin
HAKTBUIAYFa KoHE 'Li SIPOCHIHBIH KYPBUIBIMBIH TYCiHyTE, COHAAN-aK MOTEHIMAIIBIH JKOpaMal KOMIOHEHTTEPI MEH
MApIUANIBIK TOJIKBIHAAP CAHBIHBIH KEHEI01 CHSIKTHI KOCBIMIIIA 9CEPIIEp/Ii €CeIKe Ty KaKeTTLIIrH aHbIKTayFa MYMKIHIIK
Oepei.

Tyitin coe3odep: sicenin soponap, cepnimoi wawvipay, AE—E adicmemeci, MUKpOCKONUsLIbIK NOMEHYUa, s0pOHbIY ONMUKA-
avik moodeni, FWM, Pynee—Kymma a0ici, canowix adicmep, Llpeduneep meyoeyi, s0po meopusicol.

INVESTIGATION OF ELASTIC SCATTERING OF PROTONS BY "Li
IN THE ENERGY RANGE 3-5.3 MeV

Sh. M. Kazhykenov!*", D.M. Janseitov>?, D. S. Valiolda*?, G. U. Yerbolatova'

I'D. Serikbaev East Kazakhstan Technical University, Oskemen, Kazakhstan
2 Al-Farabi Kazakh National University, Almaty, Kazakhstan
3 RSE “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan

* E-mail for contacts: nuclearshalkar@gmail.com

This study investigates the elastic scattering of protons on the 7Li nucleus using the Full-Wave Method (FWM) within
the framework of the optical model of the nucleus, which enables more accurate consideration of nuclear structure and
interaction mechanisms. The calculations employ a microscopic folding potential based on the M3Y effective nucleon-
nucleon interaction, taking into account the nuclear density distribution. Theoretical computations are implemented in
Python, using a 6th—8th order Runge—Kutta method to solve the Schrodinger equation. The results are compared with
experimental data obtained at the Van de Graaff accelerator. This allows for refinement of the nuclear interaction
parameters and the structure of the “Li nucleus, as well as highlighting the necessity of including additional effects such
as the imaginary part of the potential and an extended number of partial waves..

Keywords: light nuclei, elastic scattering, AE—E technique, microscopic potential, optical model, FWM, Runge—Kutta
method, numerical methods, Schrédinger equation, theory of nuclei.
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2D marepuansl cemeiictBa M Xene npuBIeKaroT K ceOe 3HAYNTEIbHBIN HHTEPEC B CBSI3U C UX MHOTO(QYHKITHOHAIEHOCTHIO
ncnonb3oBanus. Matepuansl MXene noxy4arotr u3 cootBeTcTByonmx MAX a3, cuHTe3 KOTOPBIX TPOBOIUTCS PasiIH-
YHBIMH BBICOKOTeMIrepatypHeIMu MeTogaMu (ot 1100 no 1450 °C). Ti,AlC sBnsercs omauM U3 npeacraButeneit MAX
(a3, u3 KOTOpOH MoTy4aeTcs cooTBeTcTByroIHit 2D Matepuan — TixC. Hanbonee pactpoctpanenHoe npumerenne TirC
HaXOJWT KaK aKTHBHBIH MaTepHal 3JIEKTPOa CYIEepKOHICHCATOPOB M KaK MaTPHIA I KaTalu3aTOPOB PEAKIMH BbIJC-
JIEHUsI BOJIOPOAA.

B nanHoit paboTe MBI IPOBOIUM HCCIIEOBaHKE 110 cuHTe3y MaTepuana TiAlIC ¢ npoBeneHrneM MHOTOYPOBHEBOM OIITH-
MU3aLuY Npoliecca Ui JOCTUKEHHs HauOObIIEro BbIX0/a 10 Macce KOHEYHOTro mpoaykra. 1o pesyabraram uccrieno-
BaHMs YCTaHOBJICHA ONITUMaJIbHAs TeMIiepaTypa 1 Bpemst ciunaTe3a 1350 °C u 2 yaca coorBeTcTBeHHO. OHOM M3 0COOEH-
HocTell TaHHO# paboThI ABIAETCA UCIIONb30BaHUE IIPEKYPCOPOB Ka3aXCTAaHCKOTO MPOUCXOXKICHNS U IPOBEJICHNUE JKCIIe-
PUMEHTOB ¢ MacmTadupoBanueM nporecca (ot 1 1o 100 r nmpoxaykra), 4To B JaJbHEHILEM MMO3BOJIUT PeaM30BaTh KOM-
Mepueckuii cuaTe3 MaTepuana Ti,AlC. M3 cMHTE3npOBaHHOTO MIPH ONTHMAIBHEIX yeloBuax Ti2AlC ObuT ycmenrHo mo-
nydeH Ti2C, KOTopsIii OBUT HCIIOIB30BaH B KAYECTBE 3JIEKTPOAHOTO MaTepHalia Uil CyNepKOHJEHCATOpa U MOKa3all 3JIeK-

TPOXUMHIECKHE XaPAKTEPUCTUKH, CpaBHUMBIE ¢ KoMMepueckuM Ti2C.

Knruesvie cnosa: MAX paza, MXene, Ti>AIC, Ti;C, svicokomemnepamypHulii cunmes.

BBEJEHUE

Marepuansl Ha ocHoBe MAX-(]a3 npuBiekarT 3Ha-
YUTEJIbHOE BHUMAaHHE Onarojaps CBOMM YHHKaJIbHBIM
(U3MKO-XMMHUYECKUM CBOWMCTBAaM, TaKMM KakK BBICOKas
TEIUIONPOBOAHOCTh, YCTOHYHUBOCTh K OKHCIICHHIO U Me-
XaHWYecKas IMPOYHOCTh. DTH CBOWCTBA JIENAOT UX Iep-
CHEKTUBHBIMHU I HCIIOJIB30BAHUS B PA3IUYHBIX oOJac-
TSAX, BKIIFOYAs JIEKTPOHUKY, SHEPTETUKY U XUMHUIECKYIO
MIPOMBIILIEHHOCTS [1].

OpHako, oHOW W3 Hamboyiee TMEPCIEKTHBHEIX cdep
UX WCIIONB30BAHUS SABISCTCS NPHMCHCHHE B KadeCTBE
MIPEKyPCOPOB LIS CHHTE3a IBYXMEPHBIX MaTePHAIOB TH-
ma MXene, mepBble pabOTBI 0 KOTOPHIX IMOSIBHJIVCH B
2011 roay [2]. MXenes npeacTaBisioT co0oit KapOusl,
HUTPHUIBI M KapOOHUTPUIBI TEPEXOJHBIX METAIIOB.
MXene UMEIOT CJIOUCTYIO CTPYKTYPY H 00IIyI0 (hopmy-
1y Mp+1XnT, rie M — nepexoaHsIii MeTa (Hanpumep,
Ti, Mo, V, Cr), X — yraepos wiu a3ot, a T — moBepxHO-
ctabie Tpymnmsl (06braHO Cl, F, OH, O), o6pasytomuecs
B IIpoliecce cuHresa [3].

Marepuanst MXene SBISIIOTCS POU3BOIHBIMH
MAX-da3, rne M n X — ykazaHHbIE JIEMEHTHI, a A —
CBsI3YIOIIMH 3eMeHT (00bIYHO anromuHuil, Al). Y nare-
HHUE JIEMEHTa A METOJIOM TpaBJIEHHs MO3BOJSIET MONIY-
YHUTH JKENaeMbli IByMepHBbIi Marepuan [4]. PaznooOpa-
3Me cocTaBa M CTPYKTypsl MXene mpuBeio kK Gpopmupo-
BaHUIO OONBIION W OBICTPO PACIIUPSAIONICHCS TPYTIIIEI
2D-marepuanioB. Ha ceroaHAIHUN 1eHb CHHTE3UPOBAHO
6onee 50 cTabuiabpHBIX BUAOB MXene, U 10 TeopeTHIec-

KHM pacyeTaMm (KOMITBIOTEPHOE MOJEIHPOBAHUE) Tpe-
mmoJylaraeTcsi BO3MOXKHOCTh cyIecTBoBaHUs Oomee 100
NOTEHIMAIBHBIX CTAOMJIBHBIX TIPEACTaBUTEICH 3TOTO
Mmatepuana [3].

OmHUM U3 MHMPOKO HCCIENOBAHHBIX U MEPCHEKTHB-
HBIX IpeJacTaBuTeNnei cemeiictea MXene sBisercs
Ti2CTy, KOTOPBI MOJTY4atoT U3 COOTBETCTBYIOIEH MAX
¢aser Ti,AIC. Cam Ti,AIC obnamaeT yHHKaIbHBIM COYe-
TaHWEM METAUIMYECKUX W KePaMHUYECKUX CBOHCTB: XO-
porreii TerIo- M 3JIeKTPOINPOBOJHOCTHIO (TTOJI00HO Me-
TajIaM), BBICOKOH TEPMHUYECKOW CTaOMIBHOCTBIO M yC-
TOWYHBOCTHIO K OKUCIICHUIO (IT0I00HO KepaMuke) [S].

B cBor ouepens, TiCTy, momyduennsnii u3 TiAlC,
oOnagaer mpUMedaTelIbHbIM CBOHCTBAMHM, TaKUMH Kak
BBICOKAsI yJelbHas IUIOLIagb MOBEPXHOCTH, OTJINYHBIC
3EKTPOXUMUYECKHE XapaKTePUCTHKH U KaTaJuTHYec-
Kas aKTHBHOCTh. B WacTHOCTM yJenpHasi IUIONAAb IIO-
BepxHocTH Ti,CTx Gyaromapst CIOHCTOM CTPYKType MO-
JKET JOCTHraTh 3HaueHWM nopsgka 200-300 Mm%/, urto
3HAYUTEIBHO BBIIIE YEM Y MHOTHX TPaJUIMOHHbIX MaTe-
pHaioB Ha OCHOBE yriepoja [6], 4To B CBOIO OUepe/b Je-
JIaeT ero WiealbHBIM MaTepUalioM ISl aJICOPOIMHU U Xpa-
HEHHUS! HOHOB B CYIIEPKOH/IEHCATOPaxX U Oarapesx (dJieK-
TpoHbIA Matepuan). bonee Toro, Ti»CTx nemoHcTpHpY-
€T BBICOKYIO YJIEIbHYI0 EMKOCTb M OTJIMYHYIO CTaOMIIb-
HOCTB TIPH IUKJIUPOBAHHUH [7], 9TO CBS3aHO C BBICOKOI
3JIEKTPOHHON NPOBOAMMOCTRIO MaTepHaia U OBICTPBIM
MIEPEHOCOM HOHOB B €ro ciouctoit crpykrype. TirCTx
TaKXKe MPOSBIAET KaTATUTHIECKYIO0 aKTHBHOCTh B peak-

88


https://doi.org/10.52676/1729-7885-2025-2-88-95

MHOrOYPOBHEBAA ONTUMU3ALINA NMPOLIECCA CUHTE3A TizAIC
C UCNOJIb3OBAHUEM NPEKYPCOPOB KA3AXCTAHCKOIO MPONCXOXAEHUA

IUSIX BOCCTAHOBJICHHS KHCJIOPOJa M BOJOPOAA , BOCCTa-
HOBJICHUS yrJleKkucyoro rasa [8]. Hampumep, B peakuun
BBIJICNICHUS] BOJIOPOJIa OH HCIOJb3yeTCs KaK KaTOJHBII
MaTepual U JAEMOHCTPUPYET HU3KOEe INepeHanpsDKeHUe
BhIJeNIeHNs Bojopoaa (okono 200 MB) u BbICOKYIO CTa-
OMJIBHOCTB, YTO JIEJAeT €ro0 KOHKYPEHTOCIOCOOHBIM B
CpPaBHEHHH C IOPOTUMH KaTaIu3aTOpPaMU Ha OCHOBE ILIa-
TuHH [9]. Ot KadecTBa aenaroT TioCTy mepcreKTHBHBIM
JUI IPUMEHEHNUS B 00J1aCTH BOAOPOJHON SHEPTETHKY, B
JACTHOCTH B Ka4ECTBE 3JIEKTPOAOB AJIsi TEHEpauy BOJO-
poJia METOIOM 3JIEKTPOJIH3a BOJIBI.

HecMmoTps Ha 3HaYUTENBHBINA IPOTPECC B TaHHOH 00-
JIACTH, OCTAIOTCS HEPELICHHBIMU BONPOCHI, CBA3aHHBIE C
ontuMu3zanueil ycnosuit cunresa Ti,AlC, a Taxkxe BO3-
MOJKHOCTBIO MAacIITaOMpOBAaHUS 3TOTO Mpolecca Ul
MIPOMBIIICHHOTO TpUMeHeHus. [Ipo0neMbl, Takue Kak
3¢ PeKTUBHOCTh TemuooOMeHa U Anddy3uu Ipu mac-
mTabHBIX 3arpy3Kax, TPeOYIOT JIOMOTHUTENIBLHBIX HCCIIe-
JIOBAaHWH AJIs1 00ECTIEYCHHUS BBICOKOTO BBIXO/A LIENIEBOTO
npoxykra. Kpome Toro, BaxxHoi 3anaueit ABII€TCS OLICH-
ka xapaktepucTuk TioCTy, MOIYy4eHHOTO U3 CHHTE3UPO-
BaHHOTO Ti,AlC, M UX COMOCTaBIEHHE C KOMMEPUYECKH
JIOCTYIHBIMHU aHAJIOTAMHU.

Cam o cebe, cuate3 Ti2AlC — cIIOXHBIN U TOpOTO-
CTOSIILUIA Tporecc, TpeOYyOMMi BBICOKHX TeMIIeparyp,
TOYHOT'O KOHTPOJISI COCTaBa MPEKyPCOPOB U YCIOBHH pe-
akuuu. B Kazaxcrane Ha qaHHBIH MOMEHT cuHTe3 MAX-
(a3 He MPOU3BOJUTCS, YTO OTPAHUYUBAET BO3MOKHOCTH
pa3BUTHS TeXHOJIOTUH Ha ocHOBe MXene. OaHako uc-
MOJIb30BaHUE MECTHOTO ChIpbst Ui cuHTe3a TiAlC
IIpeACTaBIsIET cOOOH MEpCIEKTUBHOE HANpaBiIeHUE, KO-
TOpPOE MOXKET CIIOCOOCTBOBATH CHIDKCHHMIO 3aTpaT U pas-
BUTHIO OTEYECTBEHHOW XUMHYECKOH POMBIIIIIEHHOCTH.

Cy1iecTByeT HECKOJbKO METOAOB cuHTe3a MAX-
(a3, BKIIrouas peaknuio TBEPI0(HA3ZHOTO CHHTE3a, METOJ
TOpsIYero IPEcCOBaHMS, MCKPOBOE IIa3MEHHOE CIIeKa-
nue (UIIC) m camopacnpoCTpaHSIOMUIiCs BEICOKOTEM-
nepatypHslil curtes (CBTC) [5]. Kaxaslit u3 HUX nMeet
CBOM IIPEUMYIIECTBA U OTPAHUUYCHHUS, 3aBUCSIINE OT J0-
CTYITHOCTH CHIpBs ¥ 000pynoBanus. Hampumep, TBepao-
(ha3HbIi CHHTE3 MMO3BOJISIET I10JIy4aTh BEICOKOUUCTHIC Ma-
Tepuabl, HO TpeOyeT JUTNTEIHLHOTO BPEMEHN 1 BEICOKHX
temneparyp [10]. UTIC mupoko ucnosib3yercs At CUH-
Te3a KepaMHYEeCKUX MaTepuasoB Oiarogapsi CBOMM IIpe-
MMYILIECTBaM IIepe]] METOAaMH TOpsYero MPecCOBaHMS,
TaKUM Kak ObICTpOE YIUIOTHEHHE, 60Jiee KOPOTKOE BpeMs
00paboTkw, OoJiee HI3KUE TEMIIePaTyphl CIICKaHUs i 00-
Jiee BhICOKast 3HEPT03PGeKTUBHOCTE. OcoOeHHO d(hdek-
THUBEH 3TOT METOJ IIpH 00paboTKe MEXaHOAKTUBHUPOBAH-
HBIX MTOPOIIKOBBIX cMecer cuctemsl Ti-Al-Nb, rie mpu
temneparype 1300 °C, naBneHMH NpeABAPUTEIHHOTO
npeccosanus 20 MIla 1 BpeMeHH W30TEPMHUYECKON BBI-
JIEPHKKU 5 MUHYT MOKHO MOJIy4UTh IUIOTHBIE MaT€pHabl
C OJHOPOJHON CTPYKTYPOH U yJIy4lIEHHBIMU CBOMCTBA-
Mu [11]. MeTtoa ropsiuero npeccoBaHusl COUETAET CUHTE3
U yIZIOTHEHHE, 4TO JienaeT ero 3 eKTUBHBIM IS IOy~
YyeHust IoTHBIX 00pa3noB [12]. CBTC, B cBoro ouepens,
SIBIISIETCS SHEPTrO3((HEKTUBHBIM U OBICTPBIM IPOIECCOM,

HO MOXET IPUBOTUTH K HEOJTHOPOTHOCTH cocTasa [13].
B ycnoBusax Kazaxcrana npoBelieHHE MHOTOYPOBHEBOM
onTuMu3anuy npouecca cuaresa Ti>AlC ¢ ucnosnp3oBa-
HHEM MECTHBIX MPEKYpPCOPOB IMO3BOJIUT aJanTHPOBAThH
CYIIECTBYIOIIME TEXHOJIOTUH K HAIIUM PEaIUsIM U ITOBBI-
CUTh SKOHOMHYECKYIO0 3((EKTHBHOCTh HPOU3BOJICTBA
[14-16].

Henpto nanHO# pabOTHI SABISETCS ONTHUMHU3AIMSI yC-
nmosuii cunTe3a Ti,AlC ¢ mpumenenmeM coipbs Kazax-
CTAQHCKOTO IPOU3BOJCTBA, HCCICIOBAHHE BO3MOKHOCTH
MacIITaOHpOBaHUs MPOIecca, a TAKKe U3yYSHHUE JIIeKT-
poxummyecknx cBoiictB MXene TirCTy, momrydeHHOTO
Ha OCHOBE CHHTE3MpOBaHHOro Matepuana. [IpoBeneH-
HBIE WCCIICIOBAHMS TO3BOJST PACIIMPHUTh MMOHUMAaHUE
MIPOLIECCOB, JieKamux B ocHoBe nosydeHus: TiAlC u
MXene, 1 NpUOIU3UTHCS K IIPOMBIIUICHHOH peanu3auu
9TOT0 MEPCIEKTHUBHOTO MaTepHaia, YTO MOXKET CO3/1aTh
OCHOBY JIJIs JIOKQJIM3aLlUK TIPOU3BOJICTBA BHICOKOTEXHO-
JIOTUYHBIX MAaTEePUaJOB M UX JaJbHEHIIEro NCroib30Ba-
HUA B cepe BOTOPOTHOI SIHEPTETHKHU U HE TOJIBKO.

IKCNEPUMEHTAJBHASA YACTh

Hns cunresa Ti,AlC ucnonp3oBanuch nopouku Ti
(99,5 mac.%, YKTMK, Kaszaxcran), TiC (99,5 mac.%,
YKTMK, Kaszaxcran), Al (99,5 mac.%, K33, Kazax-
crad), AlsC; (99,5 mac.%, KO3, Kazaxcran) m C
(99,5 mac.%). Mcnomne3oBanoce 2 BHAa IPEKypCOPOB:
1) 1,0Ti:2,0TiC:1.6Al u 2) 8,0Ti:1,0C:1,0A14Cs (B MOJIB-
HOM COOTHOUICHUM). J{I1 MOATOTOBKH MPEKypCOpPOB
MIPUMEHSIIACh TOMOT€HH3AIMS C UCTIOIb30BAaHIEM I'eKca-
Ha B KaU€CTBE PACTBOPHTENS, YTO MCKIIOYAIO BO3MOX-
HOCTh CJIC)KHMBaHHSI U copOuuu Boxsl. [lepemerBanue
NPOBOJIMIIOCE B TEUEHHE 2 4YacOB IPH CKOPOCTH
400 06/MHMH C WCIIOJB30BAaHHEM IIAPOBOW MEJbHUIIBI
(Fritsch Pulverisette 7), obecrnieurBast paBHOMEPHOE pac-
npesieNieHhe KOMIOHEHTOB U IIPEIOTBpallas arjioMepa-
o JacTul. Ilociie ToMoreHu3anuu cMech CYIIWIIN B
BakyyMme npu 200 °C B TeueHue 4 yacoB sl yJaJeHUs
OCTaTKOB PACTBOPUTENS U KHCIOPO/IA.

[Mocne cymku MaTepualn 3arpyxaics B TUIVIA U3 OK-
cHJia AIIOMUHHS B BUJE TIOPOIIKA, HAKPBITOTO KPBIIKOH
u3 TpaduTa I ToJaBIeHUS TUPPY3UA CIETOB KHCIO-
pola, colepiKalierocs B MHEPTHOM rasze. 3aTeM THIIIN
noMenanucy B Tpyouaryro nedb. CriekaHue mpexypco-
poB mpoBoamiock B armochepe Ar/Hy (95:5 06.%) co
ckopocThio Harpesa 5 °C/muH a0 noctmwkenus 1350 °C u
BBIJICPKKOW TPU 3TOH TeMIlepaType Te4eHHe 2 4acoB H
MOCJIEAYIONUM €CTECTBEHHBIM OXJIKACHHEM JI0 KOM-
HaTHOW TEMIIepaTypBhl.

Crexmmiicsi MOpoNIOK U3MENIFYaIN B CTYIIKE U aHa-
JIM3UPOBAIM METOJIOM HOPOIIKOBOH PEHTICHOBCKOM /-
¢pakun (XRD) ¢ ucronp3oBanueM audpakTomerpa
Tongda TD-3700. Judpakromerp ObLI OCHAILEH Mel-
HBIM  HMCTOYHHUKOM  PEHTI€HOBCKOTO  M3Iy4eHHs
(MCuKal = 1,54056 A u ACuKo2 = 1,54439 A). Crpyxk-
TYpPHBIH W HOJTYKOJNYECTBECHHBIM aHAIN3 00pa3LoB IO
J(paKIMOHHBIM KapTHHAM MPOBOAMICS METO0M Purt-
BeNbAa C WCMoJib3oBaHueM mporpamMmbl GSAS-IT [17].
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ITo pe3ynpraTam CTPYKTYpHOTO M HOIYyKOIHIECTBEHHO-
T'O aHaJIM3a OBbUIN MTOCTPOEHBI (ha30BbIC TUATPAMMEL.

Jnst monydyenust nenamuaupoanHoro Ti,CTy Tpas-
nenue Al u3 Ti;AlC npoBoIMIIM CTaHAAPTHBIM METOIOM
¢ ucnonb3oBanuem cmecu HCl u LiF [18]. 1 r Ti,AIC mo-
creneHHo n06asisui K 20 mit 32%-noro pactBopa HCI,
cmemanHoro ¢ 1,6 v LiF. IIponecc Tpasienust mpoBo-
IUICS B T€UCHHE 24 4acoB IIPU NEPEMEIIMBAHUM IPH
35,5 °C B mecouHo#t 6ane. TBepayI0 9acTb OTACISUIH OT
pacTBOpa TPABICHUSI METOJIOM ACKAHTAINH C ITOCITIEIYIO-
oM HeHTpudyrupoanueM mnpu 3500 06/MUH U MHOTO-
KpaTHO MPOMBIBAJIM JEMOHU3UPOBAaHHON BOJOM 0 JOC-
TiwkeHus pH ~5,0-5,5. 3atem TBepAoe BElIECTBO MOMe-
manu B 50 MJI 1€eMOHU3UPOBAHHON BOABI U MOJBEprain
yIBTPa3ByKOBOi 00paboTke npu MorHocty 900 BT B Te-
4YeHue 5 MUHYT JUIs AenamuHanuu. [lomydeHHyro cyc-
nen3uto senectkoB TixCTx OTAETSITN OT OCTAaTKOB Ocal-
ka neHTpudyruposanuem mnpu 3500 06/MuH B TeUeHUE 5
MUHYT.

Jus momrydenns meHok oopasuoB Ti,CTy momyden-
HYI0 BOJIHYIO cycrieH3uio QmibTpoBamu depe3 PVdF-
¢mreTp (d =4 cM) ¢ pasmepom mop 0,45 MKM MeTOoIOM
BaKyyMHOW (miIbTpanuu. 3aTeM IOIYyYCHHYIO IUICHKY
cyIuiIn B BakyyMHo# neuu ipu 110 °C B Teuenue 12 va-
coB. Ilocme cymku miuenka Ti;CTx oTcrnamBazack OT
¢busTpa.

CkaHupytomas JeKTpoHHast Muxkpockonus (SEM) ¢
ucnonb3oBaHueM npudopa Quanta 200i 3D (FEI™) npu-
MEHSJIACh ISl U3yUYSHUS] MUKPOCTPYKTYPBI 1 MOpdoJIo-
MU IOBEPXHOCTH.

ONEeKTPOXUMUYECKHE M3MEPEHUS] MPOBOAWINCH Me-
TOJIOM IMKJIMYECKOW BOJIBTAMIIEPOMETPUH C HCIIOJIB30-
BaHWEM IOTEHIOCTaT-TaiBaHocTtaTta Biologic SP-300.
B sKcrepuMeHTax HCIONIB30BANACh TPEXIIEKTPOIHAS
cucreMa (sueiika tuma Swagelok), riae cBo6ogHO CTOS-
mas mwienka TiCTx (auck aumamMeTpoM 6 MM) CIy>KWia
pabouuM  BJIEKTPOJIOM, XJIOpCEpPeOPSHBIA  BIEKTPOJ
(3,5 M KCl) ucriosib30Bajicsi B Ka4eCTBE 3JIEKTPO/Ia CPaB-
HEHWUS, a yIJIepOAHAs TKaHb — B KAYeCTBE BCIIOMOTaTelNb-
HOTO 3JIEKTpoJia. B kauecTBe ayeKTposinTa UCTIONB30Ba-
JIM HachILeHHbIH BoHbII pacTBop LiCl (~14 M).

PE3YJILTATHI U OBCYKJIEHUE

[IpenBapuTensHble UCCIEAOBAaHUS MOKa3ald BO3MO-
KHOCTh (DOPMHUPOBAHMUSA 3HAUUTEIHFHOTO KOJMYECTBA
Ti>AlC npu temneparypax 1150—-1200 °C npu ucnosns-
30BaHMM  MOJIBHOTO  COOTHOUIICHHS  MPEKypCOpOB
Ti:TiC:Al = 1:1:1.2, HecMOTpsl Ha OTKJIOHEHHE OT CTe-
XHOMETPHUH. DTH YCIOBUS OBIIIM MPUHATHI 32 OCHOBY IS
JATbHEHIIeH ONTUMU3AIUK CHHTE3a [ENIeBOH (Dasbl.

B xoze onTUMH3ay METOANKH TTOJTOTOBKH UCXO/I-
HBIX MaTepHajoB ObUIO YCTaHOBIIEHO, YTO MPECCOBAHUE
MOPOIIKOBBIX CMecel B TAOJIETKHU € MOCIIETyOLINM HaHe-
cenneM anddysnonHoro 6apnepa u3 Al,O3 adpdexrrBHO
MHUHAMH3HUPYET OKHCIICHHE M HCIapeHHe AITIOMHUHUS,
obecrieunBasl COXpaHEHHWE 3aJaHHOTO COOTHOIICHHS
KOMIIOHEHTOB U CO3/1aBasi OJIaronpHsATHBIE YCIOBHS IS
¢dopmuposanus TirAlC.

JanmpHeiimre 3KCIepAMEHTHI OBUTH IPOBEICHEI C Iie-
JIBIO OIICHKY BIIUSHUS TEMIIEPATyPhl Ha (ha30BEIil COCTaB
MOJTy4aeMbIX MaTepuanoB. Vccneayemplil quamna3oH co-
ctaBui 1100-1250 °C ¢ marom 50 °C, a B peaKIIMOHHYIO
cMech BBoIuIU 20%-HbIi U30LITOK aJIFOMAHUS 11 KOM-
MIEHCAIIMH €r0 BO3MOXKHBIX MOTEPh MPHU BEICOKOTEMITEpa-
TypHO# 00paboTke. Pe3ynbpTathl ha30BOrO aHaIM3a MPO-
IYKTOB CHHTE3a MPEICTaBICHBI Ha PHCYHKE 1.

[pu temmeparype 1100 °C BbIxonm meneBoi ¢a3sl
TiAIC cocraBman 42,8%, c mnpumecHsIMH (hazamu
Ti3AIC, (12,1%), TiC (37,9%) u Al,O3 (7,2%). [ToBpime-
HUe Temreparypsl go 1150 °C yBennumBano comepika-
uue Ti,AlC o 48,6% u TizAIC; mo 18,1%, cHmxas co-
nepxanue TiC no 26,9%; conepxanue Al,O3 cocTapis-
10 6,4%. anbHelilee MOBBINIEHHE TEMIEPAaTyphl 10
1200 °C npuBOAMIO K YBeNIU4YeHUIO coaepkanus Ti, AIC
no 57,7%, camxenuto TiC mo 13,6% u yBeTHUCHHIO
Ti3AIC; mo 21,8%, mpu 3ToM koamuecTBo Al,O3 coctas-
nsu10 6,9%. Ipu 1250 °C comepxkanne Ti3AlC, noctura-
110 39,3%, Torga kak Ti;AlC camkanocs 10 42,4%, TiC
— 10 11,1%, a A,O3 — go 7,2%.

AHamM3 5THX JaHHBIX MMOKAa3BIBAaET, YTO B MCCIENO-
BaHHOM TEMIIEPaTypHOM JHara30He HEBO3MOKHO TOJY-
gnth yucTyio (azy TiAlC 6e3 mpucyTcTBUS IpUMeEcH
Ti3AlC,. Hanmuue TizAlC, KpUTHYHO, MOCKOIBKY 00¢
(a3bl MOBEPIKCHBI JICIAMUHAIINHN, YTO MPUBOIUT K 00-
pa3oBaHuto MXene-maTepualioB B BUJIE CMECH ABYX TH-
OB, MOJIYy4YeHHBIX U3 pa3HbiXx MAX-¢a3. YuursiBas He-
B03MOKHOCTh paszaencuus TixAlC u Ti3AlC,, nanpHei-
11K TIOMBITKYA CHHTE3a C 3THUMU TpeKypcopamu Headde-
KTHBHBI JJIS TIOJTyYeHHsI OTHOpogHOTO MXene-marepua-
na.
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Pucynok 1. @azosvie ouazpammol, NOKA3bI6AOWUE USMEHEHUS
6 cocmase NoyyeHHviX 06pPA3YO8 8 pe3yibmane CUHmMesd
ucxoonwix npexypcopos Ti:TiC:1,241 npu paznuuneix
memnepamypax

B cBs131 C BEISBIICHHBIMHU OTPAHUYCHUSMU MBI PEIIIH-
JIU HMCCJIEOBATh AIbTCPHATHBHYIO CHCTEMY HPEKypCO-
poe Ti:C:Al4C;. Hcnonp3oBanue kapOupa aTrOMHHUS
00yCIIOBJICHO ero 0oJiee BEICOKOH TeMItepaTypoi cyoIu-
Mall¥ 10 CPABHCHUIO C METAJUIMYCCKUM aFOMHHHEM,
YTO MUHUMH3HPYET MOTEPH ATFOMUHUS U3-3a UCIIAPEHUS
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IIPU BBICOKOTEMIIEPATYPHOM CHHTE3€. ODTO YCTpaHSICT
HEOOXOAMMOCTh BBeJeHHUS M30bITKa Al Ui KoMmIeHca-
LMK TIOTEph U obecrieunBaet OoJiee TOUHOE COOIIOICHUE
crexuoMeTpuu cmecu. Kpome toro, Al4C; crioco0cTByeT
OoJiee paBHOMEPHOMY paclpeesICHHIO aJIIOMUHUS B pe-
aKIMOHHOW cpejne, moBbimas Beixon TiAlC u cHmkas
o0OpazoBaHue HeXeIaTeNIbHBIX TOOOUHBIX (a3.

CoryacHO NWTEpaTypHBIM AAaHHBIM, ONTHMAJbHBIC
TemnepaTypsl st popmuposanus TirAlC mpu ucmons-
30BaHUH 3TOW CMECH MPEKYpPCOPOB HAXOIATCS B AMAra-
30He 1300-1400 °C [19] (pucynok 2a). PeakmmonHas
CMECh 3arpyskajach HEMOCPEACTBEHHO B TIpadUTOBBIN
THUTeJIb, 3aKPBITHII YIIepOAHON KPBILIKOH JUIs CO3JaHus
BOCCTaHOBUTEIbHOW aTrMoc(epbl M NpeJOoTBpAIICHHS
OKHCJIEHUsT KOMIOHEHTOB. Da30BbIil aHaIM3 00pasloB,
MOJTYYEHHBIX NPU Pa3UYHBIX TEMIIepaTypax, IoKasal,
gyro npu 1250 °C Beixon Ti;AIC coctaBnsn 55,4%, ¢
npumecsamu TiC (37,8%) u AlxO3 (6,8%). IIpu nossitre-
Hun Temnepatypsl 1o 1300 °C conepkanue Ti,AlC yBe-
JIUYuBaocs A0 65,6%, a TiC cumkanoce mo 27,2%;
AlxO3 cocraBisuio 7,2%. JlanpHelnee MOBHIIICHUE TEM-
neparypsl 10 1350 °C npuBoauIo K MaKCUMaIbHOMY CO-
nepxaanto THLAIC — 71,3%, camkenuro TiC o 22,1% u
Al,O3 no 7,6%. IIpn 1400 °C nmosBunace ¢asza Ti3AlC;
(7,3%), Torna kak coxepxkanue TiAlC cHMXAIOCH 110
62,1%, TiC yBenuuuBaiock 10 23,7%, a Al,O3 cocras-
15110 6,9%.

Takum 00pa3om, NpeiCTaBICHHbIE JaHHbIE MTOKA3bI-
BAIOT, YTO MpH O0Jiee HU3KHUX TeMIlepaTypax npeuMyliie-
cTBeHHO oOpasyercs ¢aza TiC, a moBbIIIEHHE TeMIIepa-
Typel cnocobctByeT (popmupoBanmto TirAlC. Makcu-
ManbHOe conepxkanue Ti,AlC (71,3%) mocturaercst mpu
temneparype 1350 °C, nocne yero nanbHeiinee yBeau-
YeHHE TeMIlepaTyphl NPUBOAUT K 00pa3oBaHHIO Ooiee
BeIcOKOTeMnepaTypHoit MAX-¢aser TizAlC, u cHike-
Huto cojepxanus TirAIC.

Jns manpHEeHIe onTUMHU3aIMU CUHTE3a U TTOBBIIIIE-
HUSI BBIXO/1a 11eJ1eBOH (ha3bl ObLIO UCCIIEIOBAHO BIIMSIHUE
BpeMeHH peakuuud Ha (GopmupoBanne MAX-dasbl
Ti>AlC. TlockosbKy npearnoarajgoch, YT0 HEA0CTATOU-
HOE BpeMs PeaKklHHd MOXKET MPEISITCTBOBATH HOJHOMY
00pazoBaHUIO HCKOMOM (ha3bl, MBI IPOBENHN SKCIIEPUMEH-
TBI C BAPbUPOBAHNEM BPEMEHH CHHTE3a OT 1,5 10 3 yacoB
pu noctostHHON Temmepatype 1350 °C (pucyHok 20).

[Ipu Bpemenu cunTe3a 1,5 gaca conepxanne TiAlC
cocraBisio 65,3%, TiC — 26,1%, a Al,O3; — 8,6%. Yse-
JMYEHNE BPEMEHH JI0 2 9acoB IPUBEJIO K MOBBIIICHHUIO
conepxxanus TiAlIC mo 71,3%, cumwkenuto TiC no
22,1%, npu stom kommdectBo Al,O3 coctaBmiio 6,6%.
[Ipu nanpHeWEeM yBEIIMYEHUH BPEMEHH CHHTE3a 10 2,5
gaca coaepxanne TixAlC He3HAYUTENFHO YBEIUUUIIOCH
1o 71,5%, a conepxkanue TiC canzminocs a0 21,9%; co-
nepxxanue Al,Oz cocraBuio 6,6%. OnHako NpH yBenu-
YEeHUH BPEMEHHM pEeakIud 10 3 4YacoB COAEp)KaHUE
Ti,AIC cHusmiocs a0 65,3%, conepxanune TiC yBenuyu-
J10¢h 110 26,0%, a komuuectBo Al,O3 coctaBmio 8,7%.

AHanu3 Mosy4eHHbIX JAaHHBIX ITOKa3bIBaeT, YTO OIl-
TUMAaJbHOE BPEMs CHHTE3a COCTaBIISET 2 yaca, IpH KOTO-

poM IocTHTaeTcss MaKCHMalbHBIM BbIXOA TiAlC
(71,3%). Coxpaienue Bpemenu 1o 1,5 yaca HemocraTo-
YHO JIJIs IOJTHOTO TPOTEKAHUSI PEaKIMU, YTO IPUBOAUT K
OoJiee BRICOKOMY cojziepxanuto ocrarouHoro TiC. YBe-
JIMYEHNE BPEMEHU CHHTE3a CBBIIIE 2 YacOB HE CIIOCOOCT-
ByeT 3HAYMTEJIHHOMY INOBBIIEHHIO BbIxoma TiAIC, a
IIpU AJTUTEIBHOM BpeMeHHu (3 yaca) Jake NMPUBOAUT K
CHI)KEHHIO €T0 COJEpKaHMS.
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Pucynox 2. ®azosvie Ouazpammol, NOKA3bl8aowue UsMeHeHus
6 cocmase nonyyeHHvix 06pasyos 8 pesyibmane CuHmesa
ucxoonwix npexypcopog 8Ti:Al4Cs:1C npu pasnuyunvix
memnepamypax (a) u epemenu cunmesa ()

Makcumansnoe copepkanne TiAlC (71,3%) noctu-
raercst npu temneparype 1350 °C u BpeMeHu cuHTe3a 2
Yaca IpH KCcIoabp30BaHny npekypcopoB Ti:C:AlyCs.

Ha 3akmrounTensHOM 3Tane UcCiaeJ0BaHUS, UCIONb-
3ysl ONITUMAJIbHBIE YCIIOBHS CHHTE3a, MBI IIPOBEPHITH BO3-
MOKHOCTh MacIITaOHMpOBaHMS IpoIlecca MyTeM YBElHU-
YEeHHS MacChI 3arpy3KH (pucyHOK 3). CHHTE3BI IPOBOINU-
ek ¢ Maccoit 3arpy3ku 1 1, 50 T 1 100 r. Pe3ynbpTarst
MTOKA3aJli, YTO C yBEIMYEHUEM MACCHI 3arpy3KH BBIXO[
Ti,AlC HemMHOTO CHMXXaeTcs: pu Macce 1 T oH cocTas-
s 71,3%, npu 50 T — 70,4%, a mpu 100 r — 67,8%. I10
CHMKEHHE MOXET OBITh CBA3aHO ¢ MeHee 3P PEeKTUBHBIM

91



MHOrOYPOBHEBAA ONTUMU3ALINA NMPOLIECCA CUHTE3A TizAIC
C UCNOJIb3OBAHUEM NPEKYPCOPOB KA3AXCTAHCKOIO MPONCXOXAEHUA

TerooOMeHOM U quddysueii B 6oaee KpymHBIX 00paz-
11ax, 4TO 3aTPYAHSIET [TOJIHOE IPOTEKaHUE peaKkiuu. Y Be-
JIMYECHUE 3arpy3KU KOMIIOHEHTOB HE3HAYUTEIBEHO BIIHSET
TOJIBKO Ha BBIXOJ, TIPH 3TOM NapaMeTphbl PEIIETKH 1iee-
Boro npoaykta (TiAlC) octatoTcs 0JJUHAKOBBIMH, CBU-
JIETEJILCTBYS 00 UAEHTUYHOCTH KPUCTALTHYECKON CTPY-
KTypbl. [lpu coOmoneHnr MISHTHYHOCTH MapaMmeTpoB
MIPOOOTIOATOTOBKH M CHHTE3a (BPEeMs M CKOPOCTH Pa3Mo-
Jla, TeMIlepaTypa CHHTE3a, BpeMs BBIACPIKKH, CKOPOCTh
OXJaXKACHU) MOP(]OIOTHS KOHETHOTO MPOIAYKTa JOJIK-
Ha OBITh HOCHTUYHA (pa3Mep, CTPYKTYPHPOBAHHOCTH, Jie-
(bexTHI).
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Pucynok 3. @aszosvle ouazpammul, NOKA3bIEAIOWUE USMEHEHUS!
6 cocmaege noy4eHHvIX 00paA3Yos 6 pe3yibmame CuHme3d
ucxoonwix npexypcopos 8Ti:Al4Cs:1C npu pazauunoii macce
3aepysku, memnepamype 1350 °C u epemenu cunmesa 2 vaca

Takum 00pa3oM, ONITUMU3UPOBAHHbIEC YCIOBHSI CHH-
te3a Ti,AlIC BBISBICHHBIC B TaHHOH pa0oOTe SBISIOTCS:
temneparypa 1350 °C, Bpemst 2 yaca, UCHONb30BaHUE
npekypcopoB Ti:C:Al4Cs. MacmrabupoBaHue mporecca
BO3MOJXKHO C HE3HAUUTEIbHBIM CHI)KEHHEM BBIXO0J1, YTO
OTKpPBIBAET MEPCICKTUBEI /Ul MPOMBIIIEHHOTO IPOMU3-
BOJICTBa 3TOr0 Marepuana. K nmpumepy, aBTopsl paboThl
[20] xoTopbIe MCHONTB30BAIM TOT XK€ COCTAB MPEKYpPCo-
poB Ti:C:Al4Cs — 8:1:1 mns cunresa Ti,AlC nonyunnu
ONTHMAJbHOE 3HAYCHHE TEeMIepaTypbl CIEKaHHsS B
1400 °C npu BpeMeHH BBIICPKKH | 4 (CKOPOCTh Harpena
10 °C/muH), npu koTopoM nonydaercs takxke TiAlC u
npumecHsIi TiC (He yka3aHO COOTHOIIICHHUE).

Jnst HariasgHOCTH TpejcTaBieHa udpakunoHHas
kaptuHa nosydeHHol ¢asbl TiAlC (cunTes Ha 1 1), ipH
ONTHMAJIBHBIX yCNOBUsX. [IMKM NpHMECHBIX coenuHe-
uuii (Al203 1 TiC) yeTko MpocIeMBarTCS M HOMEYEHBI
Ha peHtreHorpamme. Ilomyuennsiit TiAlC Obl1 HHACK-
CHpPOBaH B IPOCTPAHCTBEHHON rpymnne P63/mme ¢ mapa-
MeTpaMH dJIeMEHTapHOH sueiikm: a = 3,0364(9) A,
c=13,6432(2) A, o6wem = 108,940(5) A3, uto xopomo
cormacyercs ¢ 6a3zoit mansbx [21] (ICSD 184886) (pu-
CYHOK 4).
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Pucynok 4. Jlugppaxmoepamma Ti2AIC, cunmeszuposannozo
npU ONMUMATLHBIX YCI06UAX (cunme3 Ha 1 2)

Jns moaTBepkAeHUS BO3MOKHOCTA cuHTe3a MXene
(Ti2CTx) u3 nonyuennoit MAX (Ti,AlC) MbI IpOBOIHIH
CTaHIAPTHOE BBITPABIMBAHUE AJIFOMUHUSA C LIEJbIO JeJIa-
MHHAIMH 1 00pa30BaHus BOAHOHN cycreH3un. KoHneHT-
pamms moy4eHHOU cycrieH3uu mpu 3arpy3ke MAX da-
361 18 Mr/Mi gocturana 8§ MI/miI, 4To COOTBETCTBYET BBI-
xoxy 44,4%. AHanorn4HO OBUIA TIOJTyYEHA CYCIICH3HS
TiCTx w3 xommepueckoit MAX ¢as3er  (Carbon-
Ukraine). IlonydeHHass KOHLIEHTpAUsi CYCHEH3UU IIPH
ToH ke 3arpy3ke MAX ¢asbl 18 Mr/mi cocraBmia ToJb-
KO 9 Mr/mi, 4yTo cooTBeTCTBYeT Bhixoay 50%. He3naun-
TENbHOE Pa3Inine MEXKIy BBIXOJAMH MOXKET OBITh 00Y-
CJIOBJICHO Pa3HHULEH B pa3Mepax 4acTHUI], HCCIEAYEMBIX
MAX ¢a3: ueM MeHbllle pa3Mepbl YacTHL], TeM ObICTpee
u nostHee OyJeT MPONUCXOIUTh MPOLECC BBHITPABIMBAHMS
Al 1p1 OZIMHAKOBBIX YCIIOBUSIX.

W3 momydeHHBIX cycrneH3uil ObliM c(hOpMHPOBaHBI
TUICHKH C MCIIOIb30BaHNEM BaKyyMHOH (QHIBTPALIUH IS
nocreayromero ananusa. IlomydeHHsle oOpasubl ObLUTH
MIPOMApKUPOBaHbl CIEAYIOMUM 00pa3oM: CHHTE3HpPO-
BaHHBIM 13 nonyueHHoro Hamu Ti2AlCTx — Ti,CTx(syn),
U CHHTE3WPOBAHHBII M3 KOMMEPUECKOro Marepuana —
Ti,CTx(com).

Mopdomnorus menok TiCTx(syn) u TixCTx(com)
ObUTa U3y4YeHA C IIOMOIIBIO CKAHUPYIOIIEH 3JIEKTPOHHOM
MHKpockonuu. Ha pucyHke 5 npencraBieHbl MUKPOdO-
Torpaduy MONEPEYHBIX CEYEHHUH MOJYYEHHBIX IUICHOK.
Bunnsr ornensabie cion TioCTx, paBHOMEPHO OTIENICH-
HBIE IPYT Ha Jpyra, 00pa3ysl INIOTHYIO CIOUCTYIO CTPYK-
Typy. 3HauUUTENbHON pa3HULBI B HaOmogaeMolt Mopdo-
JIOTHHU JIETIECTKOB MEXy 3THMH MaTepHalaMH He Ha-
6o maeTcsi, MOATBEPKIast TO, YTO CHHTE3MPOBAHHBIN Ha-
MU MaTepHual HICHTHYEH 3apEKOMEHIOBAHHOMY KOM-
MEpUYECKOMY.

CuntesnpoBanHblii  Ti;CTx(syn) OBIT MOXBEPTHYT
3IEKTPOXMMUIECKHUM UCTIBITAHUSAM U TIPOBEICHO CpaBHE-
Hue ¢ komMepueckum 00pa3roM TioCTx(com). uxmmde-
CKasi BOJIETAMIIEPOMETPUS MPOBOJUIACH HPU CKOPOCTH
pasBepTku 5 MB/C B pasHBIX quana3oHax HOTEHIMAIOB
(pucyHOK 6).
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NAZARBAYEV
UNIVERSITY

Pucynox 5. Hzobpasicenus SEM nonyuennvix paz MXene:
Ti>CTx(syn) (a) u Ti2CTx(com) (6)

B y3koMm nuamnazone notennuanos oT —1 10 0 B, cun-
tezupoBanHblii TixCTx(syn) npoieMOHCTPUPOBAI y1eb-
Hyt0 éMKOCTh 41 MAUY/T, TOT]a KAK KOMMEPUYECKHii 00pa-
sen; Ti,CTx(com) nokasan émkocTh 37 MAY/t. Ilpu pac-
IIMPEHUN OKHA OTeHnHanoB 10 —1-0,3 B ynensHble EM-
KOCTH YBEIHYIINCH 0 46 MAY/T 11 44,2 MAY/T COOTBET-
cTBeHHO. [lonmy4yeHHBIe KpHUBBIC UKIMYECKON BOJIBTAM-
MIEPOMETPHH IO POPME U EMKOCTH COTJIACYIOTCS C paHee
OMyOJIMKOBAHHBIMU JTaHHBIMU [22].

Ha CV-xpuBbIX B 0oJiee MIMPOKOM OKHE ITOTEHIINA-
JIOB HaOJIFOAIOTCS JOTIOJTHUTEIbHBIE TINKH, CBSI3aHHBIE C
MapasuTHBIMHU peakiusIMu. B aHoIHOM 001acTH TIPH 10~
TeHIManax nojoxwurensHee 0 B, mpoucxomut okwucie-
uue Ti,CTx, 9TO MPOSBISCTCS B YBEIMYCHUH aHOIHOTO
ToKa. bosee BBICOKMM BKJIaJl Mapa3sUTHBIX peakiuil Ha-
Gimrogaercs B cuHTe3upoBanHOM MaTepuaine TioCTx(syn),
YTO, BEPOSITHO, CBSI3aHO C OOJIbIIEH yIebHOM TOBEPXHO-
CTBIO, UTO TaKXe MOJTBEPIKIACTCS OOJBIINAM ILIATO Ha-
KOIUICHUSI 3apsifia B JBOMHOM dJIEKTpUYECKOM cioe. Bos-
MOXHO, cuHTe3upoBaHHast MAX da3a uMeeT MEHBIINH
pa3Mep 4acTul, YTO MPUBOIUT K YBEJIIMUECHHIO YAEIbHOMN
MOBEPXHOCTHU MOCJe noayueHus MXene u, COOTBETCT-
BEHHO, K 0oJice BhIpaKCHHBIM 3((ekram, CBA3aHHBIM C
Mapa3sUTHBIMHU PEAKIISIMH.

0,25
0,00
Lo
=~
-0,25
- = Ti,CT, (com)
-0,50 ~ —Ti,CT, (syn)
-1,00 -075 -0,50 025 000
EV
a)
1,0
0,5
0,0
20
i -0,5
4 — = Ti,CT, (com)
—Ti,CT, (syn)
-1,5
-1,00 -075 -0550 -025 0,00 025
EV
6)

Pucynox 6. Kpuswie yuxiuueckoti sonomamnepomempuu (CV)
0ns 2 Yuknog cCuHmMe3upo8anHoco u kommepueckozo MXene
Ti:CTx(syn) npu ckopocmu pazeepmxu 5 mB/c: ouanazon
om —1000B (a) uom—1000,3B(6)

Takum o0pa3oM, HcClleOBaHUE IMTOATBEPIMIO, YTO
marepuan MXene Ti,CTx(syn), nojgy4eHHbIH U3 CUHTE-
supoBaHHOW Hamu MAX (a3bl, JeMOHCTPHPYET 3JICK-
TPOXMMHYECKOE IMOBEACHHUE, CXOJHOE C KOMMEPUECKH
JOCTYITHBIM MaTepHaJIoM.

3AKJIIOUYEHUE

B paboThbl ObLTH ONTHMH3UPOBAHbI YCIIOBUSI CHHTE3a
Ti,AIC ¢ moabopoM cMecH IPEKypPCOPOB, OIPEACICHUEM
BpPEMEHH M TeMIIepaTypbl CHHTE3a. BbIIIO yCTaHOBIIEHO,
4yTO Mcnoiib3oBanue npekypcopoB Ti:C:Al4C; mpu Tem-
neparype 1350 °C u BpeMeHH peakiuu 2 yaca Mmo3BoJisieT
JocTHds MakcuManbHoro cofepxanus TiAlC (71,3%).
[TpoBepka BO3MOMKHOCTH MacIITaOMpOBaHHS Ipolecca
CHHTE3a T0Ka3alla, YTO yBEJINYEHHE MACChl 3arpy3KH /10
100 r mpUBOJUT K HE3HAUYNTEIHLHOMY CHM)KEHHIO BBIXO/1a
TiAIC (no 67,8%), 94TO MOeET OBITH CBSI3aHO C MEHee
¢ exTuBHBIM TemooOMeHoM n audysueit B Oonee
KpYHHBIX 00pa3iax. TeMm He MeHee, TOTy4YeHHbIE Pe3yJib-
TaThl CBUAETEIHCTBYIOT O NEPCIIEKTUBHOCTH MacIITaOu-
pOBaHus mpotiecca Jisl IPOMBIIIIIEHHOTO POU3BO/ICTBA
Ti,AlC 6e3 cyniecTBEeHHON OTEPH KavyecTBa MPOAYKTA.
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CunTtesnpoBanubeii Matepuan Ti2AlC ObuT yecnenrHo
npeodpaszoBan B MXene TiCTx(syn). Ilomy4yennas
MXene-da3a npoaeMOHCTPUPOBaAIa 3JIEKTPOXUMHYEC-
KHE CBOMCTBA, COMOCTABUMBIE C KOMMEPUYECKH JOCTYTI-
HeIM MaTepuanoM Ti,CTx(com). [Ipu npoBeneHnn nuk-
JIMYECKOH BOJIBTaMIIEPOMETPUH B Pa3IMYHBIX OKHAX MO-
TEHLUAJa CUHTE3MpOBaHHbIM MXene nokasasn y1eiabHyo
eMKOoCTh 41-46 MA4/T, 9TO OJIM3KO K IOKA3aTEIIM KOM-
Mepueckoro obpasma (37-44,2 mAu/r). Takum oOpasom,
MIPOBEJEHHOE UCCIIE0BAHNE TI03BOJIIIIO ONPEEIIUTS OIl-
TUManbHBIE ycroBus cuHTe3a Ti2AlC ¢ BEICOKHM BBIXO-
JIOM ¥ TIOATBEPIHIIO BO3MOXHOCTH €0 3((EeKTHBHOTO
npeoOpa3oBaHus B MXene-marepuai ¢ IepCHeKTHBHBI-
MU JIEKTPOXUMHUYECKHUMHU CBOMCTBAMHU.

bnazooapnocmo

Paboma svinonnena 6 pamxax npoepammuo-yeneso2o
@unancuposanus Munucmepcmeom HAYKU U GbICULE20
oopasoeanuss  Pecnyonuxu  Kazaxcman (I paum
Ne BR21882200).
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KA3BAKCTAHJBIK IPEKYPCOPJIAP/IbI KOJIJAHA OTBIPBIIL,
Ti2AIC CUHTE3 IPOLHECIH KOIIIEHI'ENJII OHTANJIAHABIPY

. M. Kymania!, T. B. Kan!, C. JI. Maaik!, M. K. Ckaxos?2, A. 7K. Munus3os3,
H. M. Myxamenogsa®, I. K. Kan6oaarosa’, ®. U. Maabuuk'”

! On-Dapaou amvinoazol Kazax ¥nmmolx, ynueepcumemi, Anmamst, Kazaxcman
2 «Kasakcman Pecnybnuxacoinviyy ¥nmmolx; a0ponvtk, opmanvizoy PMK, Kypuamos, Kazaxcman
3 KP ¥40 PMK «Amom snepzusacet uncmumymst» gunuanst, Kypuamoe, Kazaxcman

* Baunawnvic ywin e-mail: frodo-007@mail.ru

2D MXene wMatepuangapbl ©3iHIH KeI(YHKIHOHAJIbUIBIFBIMEH KOJIAAHBUIYbIHA OaiIaHBICTBI aWTapIibIKTai
KBI3BIFYIIBUIBIK TynbIpazbl. MXene marepuangapsl thicti MAX (azanapaaH aiblHaIbl, OJapAblH CHHTE31 opTypai
KOFapel TeMmmepaTtypaislk omictepmer (1100-men 1450 °C-xa meiiin) xysere aceippuianbl. TixAlC — coiikec 2D
MaTepuanblH mbiFapatbiHi MAX  dazamapeiaeie exingepiniyg Oipi-TixC. Ti,C-TiH eH Kemnm TaparaH KOJIIAHBLTYHI
CYTIepKOHACHCATOPIAPABIH OCJCEH I MEKTPOJ MaTepPHalbl JKOHE CyTeri OeNiHy peaKIWsUIapBhIHBIH KaTalH3aTopIIaphl
YIIiH MaTpHIa peTiHae Ke3aecei.

Byn xymeicta 6i3 Ti>AlC MaTepwanblHBIH CHHTE31H 3C€pTTEI, COHFHl OHIMHIH Maccachl OOHMBIHIIA €H YJIKEH
LIBIFBIM/IBIIBIKKA KOJI JKETKI3y VIIIH MPOIECTi KOl JCHIreMsli OHTaWIaHABIPYAbl XKyprizeMmis. 3epTTey HOTMXKenepi
OOMbIHIIIA OHTAMIIBI TEMIIEpaTypa MEH CHHTE3 yakbIThl caiikeciHme 1350 °C jxoHe 2 caraTThl Kypaabl. ByJl )KyMBICTBIH
epekuienikTepiniy 0ipi — KazakcTaHIbIK MPEKypcopIap bl Naiianany KoHe MPOIECTi MacIITa0TayMEH 3KCIICPUMEHTTEP
xyprizy (1-gen 100 r enimre neiiin), 6y 6onamaxra TioAlC MaTepuanbIHBIH KOMMEPLHSIIBIK CHHTE31H JKY3ere achlpyra
MyMKiHIiK Oepemni. Oxrainbl xarmaiga cuatesgenred TixAlC-ten Ti,C coTTi aybIHIBI, OJ1 CYNEPKOHICHCATOP YIIiH
QJIEKTPOJ] MaTepHuaibl peTiHAe NalijanaHbUIIBl JkoHe KOMMepuusiblK TioC-MeH —cajbIcThIpyFa OOJaThiH
ANEKTPOXUMHSUIBIK CHIIATTaMalIap bl KOPCETTi.

Tyitin coe30ep: MAX gpaza, MXene, Ti>AIC, Ti>C, scozapvl memnepamypanvlk CUHmMeS3.

MULTILEVEL OPTIMIZATION OF Ti:AIC SYNTHESIS PROCESS
USING PRECURSORS OF KAZAKHSTAN ORIGIN

. M. Zhumadil', T. V. Kan!, S. D. Malik!, M. K. Skakov?, A. Zh. Miniyazov?,
N. M. Mukhamedova3, G. K. Zhanbolatova3, F. 1. Malchik'*

! Al-Farabi Kazakh National university, Almaty, Kazakhstan
2 RSE “National Nuclear Center of the Republic of Kazakhstan”, Kurchatov, Kazakhstan
3 Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan

* E-mail for contacts: frodo-007@mail.ru

2D materials of the MXene family have attracted significant interest due to their multifunctional applications. MXene
materials are derived from corresponding MAX phases, which are synthesized using various high-temperature methods
(ranging from 1100 to 1450 °C). Ti,AIC is one of the representatives of MAX phases, from which the corresponding 2D
material, Ti,C, is obtained. The most common applications of Ti,C include its use as an active electrode material for
supercapacitors and as a matrix for hydrogen evolution reaction catalysts.

In this work, we conduct a study on the synthesis of Ti,AlC material, with multi-level optimization of the process to
achieve the highest yield of the final product by mass. Based on the results of the study, the optimal synthesis temperature
and time were determined to be 1350 °C and 2 hours, respectively. One of the distinctive features of this work is the use
of precursors of Kazakhstan origin and the scaling up of the process (from 1 to 100 g of product), which will enable the
commercial synthesis of Ti2AlC material in the future. From the Ti,AlC synthesized under optimal conditions, Ti,C was
successfully obtained and used as an electrode material for a supercapacitor, demonstrating electrochemical performance
comparable to that of commercial Ti,C.

Keywords: MAX phase, MXene, Ti>AIC, Ti,C, high temperature synthesis.
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MPUMEHEHHME METOJIA "KMJKOCTHOM CHUHTULJISILIAN
JIIS1 ONTPEJIEJIEHUS PAJIOHA B BOJIE

K. T. Kamanaunosa“, ®. ®. Kamanaunos, M. T. {rocembaena,
A. K. TamexoBa, A. C. Mambip0aeBa, K. A. [lontak

Qunuan «Mncmumym paouayuonnoit 6ezonacnocmu u sxonozuuy PI'TI HAI] PK, Kypuamoe, Kazaxcman
* E-mail ons konmaxmos: kuralay@nnc.kz

B pabote mpuBeneHB! pe3yNbTaThl HCIONB30BaHUS METOa KUAKOCTHON CHMHTIILIIHOHHOHN criekTpomeTpun (JKCC)
IUISL U3MEPEHHs YACIBbHOM aKTHBHOCTH PaJIoHa B BOJEe. DKCHEPHMEHTAIBFHO ONPEAEIICHB ONTHMAaJIbHBIE HACTPOHKH pas-
JeneHus anbga- u 0eTa-u3IyueHus, a Takxke d3PPEKTUBHOCTh PETUCTPALMN PaJOHa JUIS Pa3INUHBIX THUIIOB CUMHTHILIS-
TOpoB. MeToz anpoOHpoBaH Ha 0OBEKTax BOJOIOIB30BaHUS, PACIION0KEHHBIX Ha TeppuTopud CeMUnaaaTHHCKOro HC-
nsITatesibHoro nosurona (CUIT). dnst Bamunannu merona JKCC mpoBeieHO cpaBHEHHE € TaMMa-CIIEKTPOMETPHYECKUM
aHaJIM30M, KOTOPOE MOKA3aJI0 MX XOPOILYIO COTOCTaBUMOCTb. [10JTydeHHbIe pe3yIbTaThl MO3BOJISIIOT PEKOMEH/I0BATh Me-
tox XKCC a1t paair0o3K0I0THIECKOT0 MOHUTOPUHTA BOJTHBIX OOBEKTOB.

Knrouesvie cnosa: paouonyknuovl, paouoaKmueHoCms 600bl, PAOOH, HCUOKOCMHOU CYUHMUIIAYUOHHDBIL CYem, Memoo

usmeperusi.

BBEJEHUE

EctecTBeHHas paJlOaKTHBHOCTbD, MPUCYTCTBYIOMIAS
B NPHUPONHON Boje, 0O0yCIOBICHAa PacTBOPECHHBIMH M
B3BCIICHHBIMA YaCTHUI[AMH, COJCPKALIIMH JIIEMEHTHI
YPaHOBOTO W TOPHUEBOT'O PAJAMOAKTHBHOTO PsAla, B 4acT-
HOCTH u30TOIBI Ra-226, Ra-228, U-234, U-238 u Pb-
210. OCHOBHBIM HCTOYHHMKOM IPUPOJHON pajnOaKTUB-
HOCTH BOJ{ SIBJISIETCS] B3aUMO/ICHCTBUE C TOPHBIMHU TIOPO-
JaMH U MHHEpaJaMH, COAEPKAIlUMHU PaJAUOHYKIHIBL.
Bopa BeICTymaeT B KaueCcTBe OCHOBHOTO MEXaHHM3Ma Iie-
peHoca pal0aKTUBHBIX 3JIEMEHTOB, UX MUTPAIUHU U TIe-
pepacnpenencHus O BIUSHAEM Pa3IUYHBIX reodu3u-
YECKHUX M TeOXUMHUUecKuX (akropos [1-3].

Panon BecTpewaercst B pUpozie B 3HAYUTEIHHBIX KO-
JUYECTBAX B TPEX pa3IMIHBIX M3oTomax. Hanmbomnee oma-
CHBIM SIBJISIETCSI pajloH-222 — MPOAYKT pacmnajia ypaHa-
238 unmm panusn-226. Cpeau H30TONOB PaJioHa OH SIBJISIET-
csi HamOoJiee PaclpoCTpaHEHHBIM M3-32 CBOEro Ooliee
JIJIUTENBRHOTO Tiepuona moiypacmanga (3,82 cyTok) mo
cpaBHeHMIO ¢ Rn-220 (54,5 cexynnbl) u Rn-219 (3,9 ce-
KyHBI). PaioH MOXeT pacTBOPATHCS B MOJ3EMHBIX BO-
JlaX ¥ HAKaIUTMBaThCS B CBSI3aHHBIX C HUMHM MCTOYHHMKAX
BOJIBI, TAKAX KaK POJHUKHU MK KOJOIIBI. DTHIEMHOIO-
THYECKUE UCCIICIOBAHMS HE TIOATBEPAMIH CBI3b MEXKITY
moTpeOICHHEeM MUTHEBOH BOJBI, COJEpPXKAIICH PalloH, U
MTOBBIIIICHHBIM PHCKOM Pa3BUTHA paka JKerrynka. Prckw,
CBSI3aHHBIE C COAEPKAHHEM pajloHa B BOJE, MPEUMYyIIe-
CTBEHHO CBSI3aHbI C Pa3BUTHEM PaKa JETKUX B Pe3ysbTa-
Te TOIAIaHus paJioHa B BO3AyX. Bo Bpems BBITOJIHEHUS
JIFOABMH TIOBCEHEBHBIX JIEHCTBHH, TAKMX KaK MPUHATHE
JyIlla WIA CTHPKA OeJbs, COJAEPKAIINICS B BOJIE PaIOH
MOJKET BBICBOOOKIATHCS B BO3AYX. lJIsl TAKMX CTpaH, KaKk
Kazaxcran, Ha TeppuUTOpHH KOTOPBIX HaxogsTcs Oora-
ThIE yPAaHOM T'€0JIOTHYECKHE paiioHBI, XapakTepHa Ooiee
BBICOKOE COZIepaHKe paJoHa B IOJ3€MHBIX Bojax [4—6].

B Hacros1iee Bpems CyLIeCTBYET TPU OCHOBHBIX HOJI-
X0Jla K U3MEPEHUI0 aKTUBHOCTU pajiOHa B BOJE: raMma-

CIEKTPOMETPHSI, SMAHAITMOHHBIH METOJ W JKUAKOCTHAS
CUMHTWUIIUOHHAs cnekTpoMerpus [7-10]. Otu meto-
IIBI OXBATHIBAIOT MIUPOKHUHN CTIEKTP TEXHUK — OT IPOCTHIX
1 SYKOHOMHYHBIX 110 00Jiee CIIOKHBIX M IOPOTOCTOAIINX,
YTO JIeNTaeT aHAIIN3 pafioHa JOCTYITHBIM ISl OOJIBIIIHCT-
Ba J1ab0paTopuii, 3aHUMAIOIIUXCS PATHOIKOIOTHUCCKHU-
MU HCCIIeIOBAaHUSMU. METOJ] KUAKOCTHOTO CIIUHTHILIS-
uuonHoro cyera (JKCC) sBnsercs Haumbosee pacmpo-
CTpaHEHHBIM METOJIOM JJIsl U3MEPEHUS pPaJOHa B TPYHTO-
BbIX Bojax. Mcnonp3oBanue JKCC umMeer pan nmpeumy-
IIECTB — BBICOKAash YyBCTBUTEIHLHOCTh, HU3KUU MpeEaeln
oOHapy>KeHHs, MaJblii 00bEeM HCCIeIyeMoro o0pasa,
MIPOCTOTA MOATOTOBKH P00 kK m3mepenunto. OxHako B Ka-
3aXCTaHe TOT METOJ He MOJIYYMI IMPaKTHIECKOTO IpH-
MEHECHHSI U3-3a MaJIOYHCICHHOCTH TOJAOOHOTO JOPOro-
CTOSIIETO CHEKTPOMETPUIECKOTO O0OPYIOBaHHSI B pa-
JIUOIKOJIOTHUECKHX Ta00paTOPHsIX U HAYYHBIX IIEHTpaX.
B atoii cBs3u, ucnonb3zoBanue Meroaa XXCC s usme-
peHust pajioHa B BOJIE TPEJCTABIISACT 3HAUUTEIbHBIA Ha-
YYHBII U IPUKIIAHOM UHTEPEC.

B nanHoit paboTte mpencTaBieHbl pe3yJbTaThl OTpa-
0OTKHM TPONEAYP MOJATOTOBKH M CHEKTPOMETPUUECKHX
M3MEpEeHUH paJioHa Ha KaTHOPOBOYHBIX CYETHBIX 00pa3-
max ¥ oowekrax Bomonoss3oBanus CHUII ¢ ncronp3oBa-
HUEeM 0JHO(hA3HOTO U ABYX(A3HOTO CHUHTHILIATOPOB, a
TaKKe WX BaJHUIAIHS IIyTeM CPaBHCHHUS C aJbTePHATHB-
HBIM raMMa-CIeKTPOMETPUUECKUM METOOM.

MATEPHAJBI U METO/IbI

TeopeTnyeckasi 0CHOBa MeTO/Ia H3MePEHUS

panona ¢ nomoubo KCC

IIpuHIn U3MepeHus: pajoHa B BOJE C IOMOIIBIO
JKCC ocHOBaH Ha CMENIMBaHWM BOJHOTO 00Opasma co
CUMHTHIUTSIIUOHHOM XKUJKOCThIO, KOTOpas Mpu pacnajae
panoHa MCIIyCKAaeT CBETOBBIE MMITYJILCHI, PETUCTPUPYE-
MBIE JIETEKTOpPOM. BBIcOKas pacTBOPHMMOCTH paJioHa B
OpPTaHUYECKUX PACTBOPHUTEISIX, TAKUX KaK TOIYOJI M KCH-
JIOJI, COCTABIIIIONINX OCHOBY CHHMHTHJUISIIMOHHBIX KOK-
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Teinelt, mo3BoseT 3P PEKTHBHO U3BICKATH PAIHOAKTHB-
HBII Ta3 U3 BOAHBIX P00 B OpraHUYecKyro ¢asy, Toraa
Kak Jpyrue paguoHyKIHAbI, oOnanaronme 0obiei ru-
IpoUILHOCTRIO, OcTatoTCs B Boje [11, 12].

Teopernueckast 3¢HeKTHBHOCTh M3MEPEHHsS PagoHa
MetogoM JKCC moxet nocturate 500%, mOCKONbKY OH
U €ro JouepHue NpoayKThl pacnana (Po-218, Pb-214, Bi-
214, Po-214) peructpupyrorcst npaktadecku ¢ 100% Be-
POSATHOCTBIO.

ITpn n3mepernn pagoHa MPEATOYTUTENBHO HUCTIONb-
30BaHME CYCTUNKOB ¢ (DyHKIMEH pa3zmeneHus anbda- u
6eTa-UMIyIIbCOB. D PEKTHBHOE pasfeiicHue anbha- u
OeTa-U3JIy4eHus! CoCOOCTBYET 3HAYUTEILHOMY CHIDKE-
HHUIO IIpejiesia 00OHapPY KeHN s, IIOCKOJIbKY OCHOBHAs 4acTh
(hOHOBOTO U3JTyYEHUSI OTHOCUTCS K OeTa-CIIeKTpYy.

HN3mepurtenbHas annapatypa, BbIOOp CUMHTHII-

JIITOPAa M MaTepHaJIa CYeTHBIX (IaKOHOB

W3mepenne pagoHa MpOBOANIOCH C HCHIONB30BAHUEM
XKCC ynbrpanuskoro ypoBus Quantulus 1220 (pucy-
HOK 1). CeKTphl perucTpupoBakch nporpammoit WinQ
W aHAJM3MPOBAIIMCH C TOMOLIBIO TPOTPAMMHOT0 0Oectie-
yenust Easy View. [Ipu6op ocHaien ¢pyHKIMeH aHamm3a
¢dopmbl ummysibcoB PSA (Pulse Shape Analysis), 4to mo-
3BOJIMJIO ONTHMATBHO Pa3JeisiTh CIIEKTPHI anbda- u Oe-
Ta-4acTHIl B o0pasmax okpyxaromeit cpenst [13]. Ana-
713 GOPMBI HMITYJIbCA YCTAHABIMBACT PA3ININ MEKIY
anb(a- 1 6eTa-UMITyJIbCaMHU, TEHEPHPYEMBIMH B KUIKOM
CIMHTHIUISILIMOHHOM KOKTEHJIe, IyTeM CPaBHEHUS IIJIO-
I XBOCTAa MMILYJIbCA MPOU3BOJMMOTO B (OTOYMHO-
KHUTEIBHBIX YCTPOMCTBAX C OOIIEH MIIOMAABI0 HMITYJIb-
ca. Ummynbe, 00yCIIOBIEHHBIH perucTpannei anbga-ya-
CTHIIBI, JUIMHHEE, YeM OT O0eTa-4acTHIl.

Pucynox 1. 2Kuoxocmmnoui cyunmuaiayuoHHblll Cyemyux
anvpa-6ema-usnyuenus Quantulus 1220

B paboTe ucIoabp30BaHbl JBa THIA CHUHTHILIATOPA:
CMEIMBAIOIIKECs ¢ BOIOH (0HO(a3HbIE) U HE CMEIIH-
BaroImuecs ¢ Bojoi (nByxdasusie). B kauecTBe ogHODa3-
HBIX KOKTeiell ucnonbzoBanuck Ultima Gold LLT wu
Ultima Gold AB. B kadectBe nByx(a3HOro KOKTEHIIs
MIPUMEHSUICS. CUMHTHIUIATOP Ha OCHOBE BBICOKO3((ek-
TUBHOTO MUHepanbHoro Macia Mineral Oil Scintillator.

B kxauecTBe Mareprana CYETHBIX (DITAKOHOB HCIIOIb-
30BaJIOCh CTEKJO. [IpumMeHeHne TedIOHOBBIX U MIACTH-
KOBBIX (DJIAKOHOB OBLIO UCKITIOYEHO, TaK Kak B psije HC-
cinenoBanuii [14, 15] BerBneno nuddynauposanue pa-
JIOHa 4epe3 3TU MaTepHabl.

Kanu0poBouHblii cTAaHAAPT

B nensix kKanuOpOBKH HCTIONIB30BAJICS PACTBOP paius,
TIOJTY4EHHBIH ITyTeM BBLAEIEHHS U3 00pasia Mo4BbI, HC-
MOJIb30BaHHOTO B MEXJIa0OPAaTOPHBIX  HCIIBITAaHMAX
IAEA-CU-2010 [16]. ATTecTanus moay4eHHOTO pacTBO-
pa npoBoJMIaCh raMMa-CIEKTPOMETPUIECKUM METOJIOM
C IpPHUMEHEHHEM IOJYNPOBOJAHUKOBOIO JETEKTOpa W3
oco6o gnctoro repmanus BE3830 ¢upmsr Mirion. U3-
MEpEeHHe CTaHAapTHOTO PacTBOpa MPOBOIMIOCH B TPOK-
HOM MOBTOPHOCTU TOCJE MPEABAPUTENBHON BBIACPKKU
(30 mHel) st yCTAaHOBJICHHS CEKYJISIPHOTO PABHOBECHS
MEXIY PaJlOHOM M €T0 POAUTENBCKUM PaJHOHYKINIOM
Ra-226. VYnenbHas akTUBHOCTh pacTBOpa COCTaBUIIA
7,7 bx/mn. KanubpoBounsie cueTHbIe 00pa3ipsl st JKCC
TOTOBUJIMCh aHAJIOTHYHO CYCTHBIM 06pa3uaM JJIA U3MC-
peHus pajoHa.

IIpoueaypa moAroToBKU U U3MePEHHS CHETHBIX

o0pa3uos

CuetHbIe 00pa3Nbl TOTOBIINCH ITyTEM CMEIIHBAHUS
10 MJI CHUHTHIIIAILIMOHHOIO KOKTEHIIS ¢ 10 MII ncxoaHo
po0Ob1. OOpasibl BCTPSXUBAIKUCH U OCTABJISIUCH B TEM-
HOTe MUHUMYM Ha TPH 4aca i JOCTHKECHHs paBHOBE-
CHUSl MEXJIy PaJJOHOM U €ro JOYEPHUMHU MPOJYKTaMH, a
TaKXKe I yCTpaHeHUs (POHOBBIX UCKaKCHHI Mepe] U3-
MepenueM. M3MepeHne mpoBoauioch B TeueHue 60 Mu-
HyT ¢ ucronbs3oanneM JKCC Quantulus 1220 ¢ 3agas-
HBIM TTapaMETPOM Pa3AeICHHUS YaCTHUI] B 3aBUCIMOCTH OT
THUIIA KOKTEHIIS.

I'amMa-cneKTpoMeTpUYecKoe onpe/ejeHne

AKTUBHOCTHU PajoHa

Bepuduxanus comepkaHus paioHa B BOIHBIX 00pas3-
[IaX BBIMOJHIACH TAMMa-CIIEKTPOMETPHIECKAM METO-
oM. [l mpoBeneHust U3MEPEHUI UCTIONB30BaICS TaM-
Ma-CIIEKTPOMETP C JIETEKTOPOM H3 0CO00 YHCTOTO Tep-
manus, monaeiab BE 3830 (MIRION), obnamaromuii oT-
HocHUTeNbHOH 3(h(heKTHBHOCTHIO He Xyxke 34% c aHepre-
TudeckuM paspemenueM 0,7 k3B Ha sHeprun 122 k3B u
1,7 xoB Ha sneprum 1332 x3B. KanubpoBka crekTpo-
METPHYECKOTo 000pyA0BaHUs 10 AP HEKTUBHOCTH PErH-
CTpalliy MPOBOJMIIACH C MOMOIIBI0 cTaHAapToB [AEA-
RGK, IAEA-RGTh, IAEA-RGU [17]. [Insa cHuxeHus
(hOHOBOTO M3IYUYCHHS HCIOIB30BAJIOCH SKPAHUPOBAHHE
JIETEKTOpa CBUHIIOBOM 3aIUTOM.

W3mepenne BogHOTO 00pa3iia MPOBOIIIOCH B ILIa-
CTHKOBOI Tape ¢ TeoOMeTpHel NIIEHTUYHOHN ¢ KaJTuOpOBO-
yHBIME 00Opa3namu. HamomHeHne U3MepUuTebHBIX KOH-
TEITHEPOB BOJIHBIM 00PAa3IIOM BHIIOJIHSIIOCH MAKCHMAITb-
HO BO3MOJKHBIM, MECTO COSAMHEHHSI KPBIIIKH KOHTEHHe-
pa IOMOJHHUTEIEHO TePMETHU3NPOBAINCH BO M30eKaHKE
YT€UKH pajoHa. BpeMs BBIIEPKKH IMOATOTOBICHHOTO
CYETHOTO 00pasia 1 Habopa CIIeKTpa COCTABIISIIO MOPSII-
Ka 3 Jacos.
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OnpeieNeHne aKTUBHOCTH PaJIOHa B BOJIE BBITOJHS-
JIOCh 1O €ro JIOYEPHHM pajuoHykimaam: 2“Bi
(609,3 ¥3B) u 2'“Pb (351,9 k3B). [Ipu pacuere aKTHBHO-
CTH PaJioHa y4uTHIBANIACh MONPABKA Ha PAcIiajl 3a BPEMS,
MpOIIEIIEe ¢ MOMEHTA OTGOpa NMPObbl 10 W3MEPEHHUS
CYETHOI0 00pasma.

PE3VJIBTATBI U OBCYXKJIEHUE

OnpeneneHue oNTHMAIBHOTO MapaMeTpa

pazaesenus ajibda-, 6eTa-yacTuil

Jnis1 HacTpOMKM pekuMa pasieseHus anbda-, Oera-ga-
CTHII HCTIONIF30BAJICS CTAHAAPT paaus. MI3mMepeHue nmposo-
IIAIIOCH CITyCTSl MECSI] TOCTe MPUTOTOBIICHHUS CUETHOTO
o0pasua J1sl yCTaHOBIICHUSI PAIMOAKTUBHOTO PABHOBECHS
MEXIy pagueM U PajioHOM C JOYEPHUMH NPOAYKTaMU
pacnana. Ilogcuer mpoBoamics A0 JOCTHXKEHUS CTaH-
JIApTHOM HeoTpeIeIeHHOCTH He 6oiee 1%, ¢ pa3muyHbIMU
YCTaHOBJIEHHBIMHM HACTPOUKaMU pazaeneHust yactul] PSA
(o120 mo 120). ITapameTp pazaeneHus B 3TOM cliydae moj-
OupaJcs TakuM 00pa3oM, YTOOBI COOTHOIICHHE CKOPOCTEH
cYeTa B MHOTOKaHAJBHOM aHaJIM3aTope Il anbga- u Oe-
Ta-u3IydeHs coctaBisuio 30.:2f. [To pesynpraTam mpose-
JICHHBIX U3MEPCHUI ONITHUMAITBLHBIN TapaMeTp pa3IeieHAs
yactui coctaBui g Ultima Gold AB; Ultima Gold LLT
— 45, mist Mineral Oil Scintillator — 60.

Omnpenenenue 3p(peKTUBHOCTH M ONITUMAJIBHBIX

OKOH PerucTpamuy NpH pasIndHbIX Pe;KuMax

U3MepeHust

Jast oneHKH 3P PEKTUBHOCTH PETUCTPALIMH TTOITOTO-
BJICHHBIE CUETHBIE 00pa3lbl U3 CTAaHJAPTHOTO PacTBOpa
panusi U3MEpsUINCh NPHU ONTHMATEHOM 3HAaYCHUH Tapa-
MeTpa pasaeneHus aibha- u 0eta-yactuiy uepes 30 aHei
Iocjie WX TMOATOTOBKH. B pe3ynbrate M3MepeHus cuer-
HBIX 00pa31oB ObUT OMIPEJIENIeH KAIMOPOBOYHEIN (akTop
(CF) wnu 3¢ heKTUBHOCTH pETUCTPAIIMK PAIOHA COTJIAC-
HO BBIPaXXEHUIO!

cr=5"% (1

A.s‘t
rne Cy — CKOpOCTh cueTa cTa"mapra, 1/c; Cp — hoHOBas
CKOpOCTE cueTa, 1/c; Ay, — akTHBHOCTH cTaHAapTa Ra-226
B Buane, bk [18].

B nporiecce 0TpaboTKK H3MEpEeHHH ONpeIesUINCh OIl-

CKOPOGTE CuaTa, OTH 00

100

TUMaJIbHBIE OKHA PETHCTPAlMU ISl KayKAOTO KOKTEHIISL.
OuenrBanack 3()(PEKTUBHOCTh PETHCTPALMH C YYETOM
anb(a-, Oera-u3myyarenei 1 TONbKO anbga-u3iydaTencii
(tabmuua 1). Ha pucyHke 2 npezcTaBieHbl CIIEKTPhI ajlb-
¢a-uznyuateneit (Rn-222 — 5,5 MaB, Po-218 — 6,0 M3B,
Po-214 — 7,7 M3B), 3apeructpupoBaHHbIE B CYETHBIX 00-
paslax ¢ MCHOJIb30BaHUEM OAHO(DA3HBIX U JBYX(a3HOTO
CLIMHTHJUIALIMOHHBIX KOKTEMNIEH. Bo Beex ciydasx crekr-
pHI pactionararorest B auanasone 500-800 kananos. [is
oHO(A3HBIX KOKTeiinei HabIromaeTcsi CMEeIeHHe CIIeKT-
pa B JIEBYIO 9acTh 110 CPAaBHEHUIO C IBYX(a3HBIM, 4TO 00y-
cioBJeHO 3(PdekToM rameHuns, BOSHUKAIOMINAM IIPH IO
HOM CMEIINBAHUH CLHHTHIIATOPA C BOAHBIM 00pa3LioM.

Tabruya 1. Dpghexmusnocmov pecucmpayuu padoHa
PAMUMHBIX CYUHMUWLIAYUOHHIX KOKMeUiel

[uanasoH Adpek- | ddcpek-
Tun ob6pa3ua Kokteinb Kananos e e
o U B okHa HOCTb HOCTb
pervctpaumm | (a+B),% | @ %
OpHodbasnblit | Ultima Gold LLT 525-725 351 270
OpHodhasnblit | Ultima Gold AB 500-715 325 242
[ByxchasHbii Mineral Qil 500-785 340 265

YcraHoBieHO, YTO 3((GEKTHBHOCTh PETHCTPAIMN pa-
JoHa oqHO(a3HBIX M NBYX(a3HBIX TUIIOB CLUHTHILIATO-
poB conoctaBuMa. Hanbomnbmas 3 heKkTHBHOCTh perucT-
panuu HaOromaercs y kokreitna Ultima Gold LLT, koto-
pBIii MOKa3bIBaeT cyMMmapHylo 3¢ dektuBHOCTE 351% u
3¢ GEKTUBHOCTD perucTpanuu abgha-gactuil 270%.

OnHako NpHUMEHEHHe IBYX()A3HOTO THIA KOKTSHIIS
NPEeIIIOYTHTEIEHO I H3MEPEeHHS PaIoHa B Boje, obec-
neyrBasi 6oJiee BEICOKYI TOYHOCTh M HaIE)KHOCTh U3Me-
PEHUI [0 CPaBHEHHIO ¢ OTHO(A3HBIMU cUcTeMaMu. Pa-
JI0H, 00J1aasi BEICOKOW PacTBOPUMOCTBIO B OpraHuyec-
Ko cpene u ruapooOHEIME cBOMcTBaMU, 3P PEKTHBHO
HEePEXOJUT U3 BOAHOU (ha3bl B CLUHTHILIATOP. JTO 00-
CTOSITEIbCTBO MUHMMHU3UPYET BIHMSHUE TalleHus, 00y-
CJIOBJICHHOTO MPUCYTCTBHEM COJIeH, OpPraHM4ecKuX CO-
€IMHEeHUH MM OKPalIMBAIOIINX BELIECTB, KOTOPHIE MO-
ryT cHWKath 3((GEKTHBHOCTh PETHCTpPALMU B Ciydyae
NPUMEHEHHS OTHO(PA3HOTO KOKTEHIISL.

w| = Ultima Gold A8

Mineral Oil

Ultima Gold LLT

R

214 |

e

\ 4
\ o

] E) 100 150 200 250 300 350 400 450 500

550 500 650 700 50 800 850 a0 950 1000
HOMEP KaKana

Pucynox 2. Cnexkmp anvgpa-uznyvameneii Rn-222, Po-214 Po-218 6 cuemnwix obpasyax ¢ 00Hoghazneimu
U 08YXPAZHBIM CYUHMUTTAYUOHHLIMU KOKMETAMU
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Kpowme Toro, mpumenenne AByx¢$a3Hoil CHCTEMBI 1103~
BOJISIET CYIIIECTBEHHO CHU3UTh UHTEP(EPEHIINIO CO CTOPO-
HBI IPYTUX PAJUOHYKINAOB, COIEpKAIIUXCA B BoAE. AJlb-
¢a- 1 Oera-n3Myyaromue HyKIU/Ibl, TAKHE KaK CTPOHIHHI-
90, Topuii-232 ¥ TpUTHH, IPEUMYIIECTBEHHO OCTAIOTCA B
BOJHOM (ha3e W He NepexoaiT B OPraHUYECKUH CIMHTUII-
JISTOp. DTO MO3BOJIET CENEKTHUBHO PETUCTPUPOBATh pa-
JIOH U €r0 KOPOTKOXKMBYILME JOYEPHUE MPOMYKTHI, CHH-
’Kasi BKJIaJl TIOCTOPOHHETO paanannoHHoro ¢oxa. B ciy-
Jae MPUMEHEHUSI OMHO(A3HOTO CUUMHTHIUIITOPA NP H3-
MEpeHHH pazioHa B BOJHOM Mpo0e, 3arpsa3HeHHOH ApyTH-
MH anb(a-u3IydaroliMi PAAUOHYKINAAMH, JOIOJIHH-
TENBHO MPOBOJUTCS OATOTOBKA (DOHOBOW MPOOBI U3 HUC-
XOJHOM, UCTIONB3Ys Jera3aluio A yJaJeHus pajoHa.
Taxas mpoueaypa Mo3BOJSIET OLEHUTh BKJIAJ MOCTOPOH-
Hero ajb(ha-u3IIydeHus OT APYTUX PaJUOHYKIIUIOB U BbI-
YeCTh €ro U3 00IIEro CeKTpa. ITO yCIOKHSIET MOATOTOB-
Ky Ipo0 K U3MEPEHHIO ¥ MOXKET BHECTH JIOTIOTHUTEIIBHY IO
HEOTIPEACIICHHOCTD IPH U3MEPEHUH PaJIoHa.

OTtpab6oTka npoueaypbl U3MepeHus1 HA 00pa3uax

OKpY KaKolIel cpeabl

OtpaboTka MeTo/la U3MEPEHUsl MPOBOAMIACH Ha 00-
pasliax TPyHTOBBIX BOJ, OTOOpPAaHHBIX ¢ OOBEKTOB BOJO-
nonp3oBanus Ha CUII (pucynok 3). MccnenoBanuch e-
BSATH ITOJI3EMHBIX HCTOYHUKOB IUTHEBHIX BOJ (KOJOALBI U
ckBakuHBI) ceBepHOi wactu CUIL, Tak kak comepkaHue
paloHa B BOJIE U3 3TUX MCTOYHUKOB BHIIIE, UM B BOJC U3
MTOBEPXHOCTHBIX HCTOYHHKOB BOIOCHaOXeHWs. Bribop
TOYeK 11 0TOOpa MpoO BOABI 00YCIIABINBAIICS PE3YIIbTa-
TaMH TPEIBIAYINX HCCICIOBAHUN BOIHBIX OOBEKTOB
[19], B KOTOpBIX BBISBICHBI CPABHUTEIIHLHO BBICOKHE CO-
JiepyKaHus ypaHa s odcienyemoit teppuropun. OT60p,
TPaHCIOPTHPOBKA M XpaHEHHE MPOO OCYIIECTBISUTUCH CO-

13164-4:2015. O6bem kax 0¥ mpoOBI cocTaBsI 1 J1, mpu
oTOope GPUKCHPOBAIOCH TOYHOE BPeMsl 0TOOPA, I y4eTa
pacmaza paJioHa IIpU pacyeTe aKTUBHOCTU.

Wzmepennst 00pa3LoB MPOBOIMINCE C HCIIOIB30Ba-
HUEM pa3JINYHbIX CUUHTWIIALMOHHBIX KOKTEWJIeH, He
no3Hee 48 yacoB nocine oTOopa. Pe3ynbrarsl conepixa-
HUSI PaZioHa, OTpeJIeNICHHBIE C IIOMOIIBIO Pa3IMYHbIX KO-
KTeHner oKasalnch HOCTaToyHO Onm3ku. OTKIIOHEHHE
pE3yIbTaTOB OT CPEAHETO 3HAUeHHA He mpeBbicuiio 10%
(Tabmuma 2).

JlononHNTENBHO, TPOOBI BOABI aHATM3UPOBAIIICE JPY-
THM METO/IOM — FaMMa-CIIEKTPOMETPHEH BEICOKOTO pa3pe-
LIIEHHS C MCIOJIb30BAHUEM IOJIYIIPOBOJAHUKOBOTO JICTEK-
Topa u3 0co60 uncroro repmanus BE3830 (Canberra). Pe-
3yJbTaThl Pa3JIMYHBIX METOJIOB CXOXKH, OJTHAKO OTKJIOHE-
HUE B €AMHUYHBIX CIydasx gocturano 36%, 4ro MoxeT
OBITh 00BACHEHO (MTyKTyaIMsIMH pajioHa B BO3AyXe IOMe-
LIEHHH TIPH POBE/ICHUH ['AMMa-CIIEKTPOMETPUUECKUX 13-
Mepennii (Tabmumna 3). CTaTUCTUIECKHUIA aHATN3 C HCIIOJb-
30BaHHEM t-KPHUTEPHUS TOATBEPIUI OTCYTCTBUE 3HAUUMBIX
pazmmuuii Mexay merogamu (p > 0,05) mpu ypoBHE HOBe-
PUTENBHON BEpOATHOCTU 95%, 4TO CBHAETENBCTBYET O CO-
MIOCTaBIMOCTH TTOTyYCHHBIX JTaHHBIX.

CpaBuuBas manable Metonsl, JKCC obmamaer psimoM
CYILECTBEHHBIX IPEUMYILECTB Iepe]] FaMMa-CIIeKTPOMET-
puel npu M3MepeHuu pajioHa. brarogaps peructpanuu
KakK COOCTBEHHOTrO anb(a-U3IydeHHs] paJoHa, TaK U ajb-
(a-M3mydeHuns ero JOYEPHUX NPOIYKTOB, 3P (HEeKTHBHOCTD
JKCC nocruraer 270-300%, uto ropasmo Bbiire 3ddek-
THBHOCTH TaMMa-CIIEKTPOMETPHUYECKOTO METO/1a, He Tpe-
Benmatomei 10%. XXCC tpeOyer MeHbIIero o0bemMa mpo-
ObI, YTO 3HAUMTEJIFHO YIPOIIAET MPOLECC aHaIn3a 1 Me-
Hee MO/IBEP KEH BIMSHHIO (POHOBOTO M3JTyYEHUs], YTO MO-
BBIIIAET TOYHOCTH M BOCTIPOM3BOIMMOCTD H3MEPEHHUH.

TJIaCHO Tpe6OBaHI/IﬂM MEKIAYHAPOIAHOTO CTaHagapTa
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Tabnuya 2. Pesynomamul usmepenus padona memooom KCC 6 epynmoswix 6ooax CHII npu ucnonv3osanuu paziuunsix
CYUHMUITISIYUOHHBIX KOKMelaell

Ne AKTMBHOCTb pafoHa, Bk/n
nin Mecto ot6opa Touka oToopa | ) ima Gold LLT Mineral Oil Ultima Gold AB |  CPeAHee 3Hauenwe £ cranaapTHoe
OTKIOHEHMe

1 | 3umoBKa AnTbIHKYAYyK xonogev 17+2 19+2 153 17+2

2 | JleTHuk XKamaHkyoyk konogev 17+2 22+3 18+2 193

3 | 3umoska XKapkbiH konogev 203 202 18+2 19+2

4 | 3umoska Caba konogev 373 43+4 40+4 4043

5 | 3umoska TopTkyayk KkornoaeL 3313 283 313 313

6 | NletHuk MnoxoTHukoBa konogew 3343 363 333 3412

7 | 3umoska Caprait Kopa konogev 1542 17+2 153 16+1

8 | 3umoska Apwarsl CKBaXMHa 5615 5815 48+5 5415

9 | 3umoska Aktac xonogev 8,7£2,0 11£2 13+2 11£2
MuHuUManbHO peTekTUpyemas akTUBHOCTb, Bk/n <0,54 <0,56 <0,65 <0,58

Tabauya 3. Cpasnenue JKCC u eamma-cnekmpomempuyuecko2o Memooa uzmeperusi padoHda 6 600e
Ne AKTMBHOCTb pagoHa, Bk/n
Mecro ot6opa Touka otbopa Pacxoxpenue, %

nin laMMa-crieKTpoMeTpUs Xcc

1 | 3umoBka ANTbIHKyAYyK konogev 17+4 17+2 0

2 | IleTHuk XKamaHkyayk kornogev 204 1943 5

3 | 3umoska XapkblH konogev 2515 19+2 24

4 | 3umoBka Caba konogey, 3547 40+3 -14

5 | 3umoska TopTKyayK kornogev 337 313 6

6 | NetHuk MnoxoTHukoBa konogev 305 3412 -13

7 | 3umoska Capraii Kopa kornogev 2515 16¢1 36

8 | 3umoska ApLuansl CKBaXXUHA 4548 5415 -20

9 | 3umoBka Aktac konogey, 1543 1142 27
MuHUManbHO JeTekTUpyemMas akTUBHOCTb, Bk/n <37 <0,58 —

ITo pesynbprataM uU3MepeHHH yAeNbHAs aKTUBHOCTH
pasoHa B IOA3EMHBIX NCTOYHUKAX MUTHEBBIX BOJBI B CE-
BepHoil yactu CUII naxoaurcst B auana3zoHe ot 11 go
54 Bx/n1. Bo Bcex mCCIieIOBaHHBIX TOYKaX COACPIKAaHUE
pasoHa He TPEBBICKIIO YPOBHS BMEIIATEIHCTBA B ITUTHE-
Boif Boze (60 Bx/im), ycTaHOBICHHOTO HOPMAaTHBAMH pa-
JIMAIMOHHON Oe3omacHocTH, AeicTByromuMu B Kazax-
crane [20].

3AKJIOYEHUE

B pamkax mccienoBaHUsS MPOBECHa OTPadOTKa Me-
toaa XKCC nyis uaMepeHusi akTUBHOCTH paZioHa B BOJE.
B paboTe npuMeHSUIHCH pa3InIHbIC BUABI CITUHTHILIATO-
POB, JUIS KaXKI0T0 U3 KOTOPBIX OBLIN SKCIIEPUMEHTAIBHO
YCTaHOBJIEHBI ONTHUMAIbHBIE U3MEPUTENbHBIE MapameT-
PBI, BKIIIO9ast pa3aesieHue anbda- U Oeta-u3mydeHui, 3¢-
(hEeKTUBHOCTH PETUCTPAIMH PAaJOHA U BEIOOP CIIEKTpaIb-
HBIX OKOH.

AHanmu3 3¢ (HEKTHBHOCTH PA3TUYHBIX CIIUHTHILISIH-
OHHBIX KOKTEHIICH BBISIBHJI, YTO OJHO(a3HBIC U IBYX (a3-
HbI€ Cpelbl IEMOHCTPUPYIOT COMOCTABUMBIE pe3yjbTa-
ThL. OTHAKO, IPUMEHEHUE CHUHTHLIATOPA IBYX(Pa3HOTO
TUTIA TPEANOYTUTEIbHEE, TAK KaK MPH 0JHO(A3HOM Me-
TOJIe U3MEPEHHS HA Pe3yJIbTaThl MOTYT BIUATH 3P (deKT
rameHus CYeTHOro o0pasna U MHTep(epeHInu OT pac-
TBOPEHHBIX B BOJIE PAAHOHYKIIHIIOB.

Amnpobartust MeTo1a Ha Ipo6ax rpyHTOBBIX BOJ, OTO-
OpannbIX Ha Tepputopun CUII, nokazana crabnibHOCTb
1 BOCIIPOM3BOINMOCTD H3MEpeHNH. Pe3ynbTaTs! n3mepe-
HUMH, BBINOJIHEHHBIX C HCIIOJIb30BAHHEM Pa3JINuHbIX TH-
OB CLIMHTWIIISITOPOB, UMEIOT pacxoxkaeHue MeHee 10%,
YTO CBHJETENBCTBYET O BBICOKOH TOYHOCTH METOJA.
JlanHBIe OBUTH JOTIOMHUTEIHHO MOATBEPKACHBI allbTep-
HATUBHBIM METOJIOM H3MEpPEHHs pajoHa, HCIOJIB3YIO-
MM TIOJIyTIPOBOJAHHUKOBBIE JIETEKTOPHI TaMMa-H3JIyde-
HHUSL.

Taxum o6paszom, JKCC mMoxkeT OBITH pEeKOMEHOBAaH
Kak 3¢ (heKTUBHBIN METO [T OIPECTICHUS COIePKAHUS
pasioHa B IPUPOIHBIX BOJAX B IEJISIX PAIHOIKOJIOTHIEC-
KOTO MOHUTOPHHI'A BOJHBIX OOBEKTOB.

Jannvie uccnedosanus 6bINOIHEHbI 8 PAMKAX NPO-
epammno-yeneoeo  gunancuposanus MBOH  PK
BR21882086 «Paspabomka ycmouuuo2o ynpasieHus
3eMeNbHLIMU PeCypCamt U BOOHLIMU O0ObEKMAMU HA
meppumopuu  6viguwezo CeMunanamuHcKo2o0 ucnbvima-
MeNbHO20 NOUSOHAY.
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CYJIAFBI PAJJOH/IbI AHBIKTAY YIIIH CYIBIK CHUHTULISILUS OAICIH KOJJAHY

K. T. Kamanaunosa“, ®. ®. Kamanaunos, M. T. liocembaena,
A. C. Mambip0aeBa, A. 7K. TamekoBa, K. A. [lontaxk

KP ¥A0 PMK «Paduayuanslk Kayincizoik jcone Ikonozus uncmumymouty gunuanst, Kypuamos, Kazaxcman
* Baunanvic ywin E-mail: kuralay@nnc.kz

JKympicTa cynarpl paJoH KOHIGHTPAIMSCHIH OJIIICY YIIIH CYHBIK CHUHTHJULIMSUIBIK €Cell 9iCiH KOIIaHy HOTIKeIepi
KeATipiIreH. DKCICPUMEHTTIK JKOJIMEH ab(a- koHe OeTa-coylieneHyJiep/i 0oy yIlliH OHTaHIbl TapaMeTpIiep MEH TYpJIi
CHMHTHIUISITOPJIAPIbIH PAJOH/IbI TIPKEY THIMILTIT aHbIKTa bl Oaic CeMel MOMUroHBIHAAFbI CY Tai1anany oO0beKTiie-
pinge texkcepinai. JKCC oficiHiH BATUAAIUSICH FraMMa-CIIEKTPOMETPUSIIBIK TalJayMEH CabICTHIPY apKBLIbI )KY3€re achl-
PBULIBL, OYJI 9[ICTEP/iH JKAKChl COUKEC KEJIETiHIH KOPCeTTi. AJIBIHFAaH HOTIIKENep CYy OOBEKTIIEPIH PaJHO3KOIOT HSIBIK
6akputay yurid XKXCC amiciH KoJaHy bl YChIHYFa MYMKIHIIK Oepenti.

Tyitin co30ep: paduonykiuomep, cyObly paouoaKxmusminiel, paooH, CYUblK CYUHMULIAYUSIbIK ecen, oey d0iCi.

APPLICATION OF LIQUID SCINTILLATION METHOD
FOR RADON DETERMINATION IN WATER

K. T. Zhamaldinova®, F. F. Zhamaldinov, M. T. Dyusembaeva,
A. S. Mamyrbaeva, A. J. Tashekova, K. A. Pontak

Branch “Institute of Radiation Safety and Ecology” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: kuralay@nnc.kz

The paper presents the results of using the method of liquid scintillation counting (LSC) for measurement of radon
concentration in water. The optimal settings of separation of alpha- and beta-radiation, as well as the efficiency of radon
registration for different types of scintillators have been determined experimentally. The method was tested on water
objects located on the territory of Semipalatinsk test site (STS). The comparison with gamma-spectrometric analysis was
carried out for validation of the LSC method, which showed their good agreement. The obtained results allow recommen-
ding the LSC method for radioecological monitoring of water objects.

Keywords: radionuclides, water radioactivity, radon, liquid scintillation counting, measurement method.
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OINTUYECKHUE CBOMICTBA MOHOKPUCTAJIIOB Y:AlsO12 (100)
OBJYYEHHBIX BBICOKOOHEPTETUYECKMMHM HOHAMM KCEHOHA

K. B. locmaram6eros!, P. H. Acbui6aes?, 7K. T. Kapunoaes!, JI. A. Jl:xxynucoexopa'”,
A. T. Akunbexos!, A. K. Jlayaeroexosa!, I'. B. Eprem6aii!, B. F. Cyiran’

! Eepazuiickuii nauuonanonotit ynueepcumem um. JIH. N'vmunesa, Acmana, Kazaxcman
2 [Tagnodapckuii nedazozuueckuii ynueepcumem um. 9. Mapzynan, Ilaenodap, Kazaxcman

* E-mail ons konmaxmos: diana911115@gmail.com

YAG (Y3Al5012) sBAseTCS OMHUM U3 BaXKHBIX ONTHYCCKUX MaTepuayioB. OH MIHPOKO UCHOIB3YETCS B TBEPAOTEIHHBIX
Ja3epax, OCBETHTEIBHBIX IIPUOOpax B KauecTBE MpeoOpaszoBartelisi OEIOro CBETOANOA, a TAKKE B CHUHTHILUIALMOHHON
TEXHHKE.

B macrosmeii pabore Mmorokpuctamisl YAG (100) o6aydanucs monamu Xe ¢ sHeprueii 230 MaB no ¢moencos 6-10!1°—
10'3 non/cM?, 4TO MO3BOJIAET U3YUUTH IOBEJEHUE MaTepUana B IOJIAX KeCTKoH paauanuu. [ aHanus3a 06IydeHHbBIX
kpuctaiuioB Y AG HCHOJIB30BAIKNCH CIIEAYIOIINE METOJIBI HCCIIEAO0BAHUS: CIIEKTPOCKONHS ONTHYECKOTO TOTJIOIEHUS 1
CHEKTPOCKONHSI KOMOMHAIIMOHHOTO pacCesiHuUSI.

AHanM3 CIIeKTPOB MOTJIOLICHUS TT0Ka3biBaeT 00pa3oBaHUE LIEHTPOB OKpacku B 00ay4eHHbIX oOpasuax YAG. KonneHT-
panus pa3jIMYHbIX TUIIOB TOYCUYHBIX I[e(beKTOB 3HAYUTCJIbHO YBCIIMYNUBACTCA C pOCTOM Q)nloeHca. PasHocTHBIC CIHEKTPhI
00Hapy KUBAIOT IIEPEKPHIBAIOIIMECS MOJIOCH B Tuarna3one 4,1-5,2 3B, KOTopble COOTBETCTBYIOT pa3IMyHBIM KOH(Urypa-
uusiM Fr-ieHTpoB.

C yBenuaeHuneM (irroeHca IPUITIOBEPXHOCTHBIN CII0M CTaHOBUTCS aMOP(HBIM, X MaTepHai aMmopdusyercs. Beicokosnep-
rETMYECKUE MOJIBI PAMAHOBCKUX CIIEKTPOB HAYMHAIOT PACIIMPATHCS yike mpu Qrmoence 10'° non/cm?. YuuteiBas BbICO-
KYIO CTENEHb BO3IEHCTBHUSA HOHOB X€, MOKHO YTBEPIKIATh, 4T0 HaunHast ¢ Qpimoerca 10'2 non/cm? Bce KATHOH-aHUOHHBIE
CBSI3U NIPAKTHUCCKH Pa3pyIIAIOTCS.

Knwuesvie cnosa: Y3A15012, onmu4eckKkoe nozioujernue, Pamanoscxue cnekmpbl, 6bzcmpbze msofceilble UOHDL, paduauuon-

Hble Oeghexkmbi.

BBEJIEHUE

MHOTOKOMIIOHEHTHBIE IIHPOKO30HHBIE KPHCTAIIIH-
YecKHe IPaHaThl BISIOTCS BAKHEHITIMHU (DyHKI[HOHAIb-
HBIMH MaTepHalaMy, UMEIOIINMHU ITHPOKHE TePCIeKTH-
BEI IPUMEHEHUS, K KOTOPBIM OTHOCHUTCS UTTPHIA-aIIFOMH-
HueBsli rpaHart (Y3AlsO12, YAG) — ouH U3 BaXKHESUIIHX
ONTHUYECKUX MaTEPHAIOB, AHAICKTPUK C OOINBIION IIH-
PpHUHOI1 3anpemneHHoit 3085 (okoio 7,8 3B [1-3]), 6maro-
Iaps 4eMy SIBJISIETCS WAeabHON MaTpHUICH A MOHOB
PEIKO3EMENFHBIX U TIEPEXOIHBIX METAIUIOB (HAIpUMep,
Nd, Er, Cr u Tm). Kpome Toro, BciieacTBHE 10CTaTOYHO
6onbIIOTO pa3Mepa HOHAa UTTpUA B pemietke YAQG, oH
JIETKO MOJKET OBITh 3aMEHEH B Pe3yJIbTaTe JETHPOBAHUS
6onpmMu nonamu Nd, Ce, Eu u 1.1. YpoBHH, CBsi3aH-
HBIE C PA3IMYHBIMHU JeeKTaMU U IPUMECSIMH B KPHUCTAI-
JUYECKOW CTPYKType UTTPHHA-ATIOMAHHUEBOTO TpaHarTa,
pacIionararTcs B Ipeieiax 3amnpenieHHo 3061 biaro-
napsa 5ToMy YAG HMHPOKO UCIOJIB3YETCs B TBEPAOTENb-
HBIX JIa3epax, OCBETUTEIBHBIX YCTPOUCTBAX B KAa4ECTBE
npeoOpa3zoBaTesst 6€I0ro CBETOMO0/1, a TAKXKE B CLIMH-
TUJUISILMOHHON TexHuke [4—10].

CornacHo [1] anemenTapHas siaeiika YAG comepxurt
BoceMb (QopMyJbHBIX enuHUIl co 160 aromamu. YAG
MIPUHAAJICIKUT K IPOCTPAHCTBEHHOH TPYIIIIe CHMMETPUHI
[a3d (230), ¢ Y B 24(c) 8-kpaTHO KOOPAMHUPOBAHHBIX y3-
nax, Al B 16(a) 6-kpatno u 24(d) 4-kpaTHO KOOPIUHHPO-
BaHHBIX y371ax, 1 O B 96(h) y3max. DnemeHTapHas sraeiika
cTpykTypsl YAG B MOJIUAAPUYECKON CUCTEME COCTOUT

U3 JIOJIEKa3POB, B KOTOPHIX JIOKAJM3UPYIOTCS HOHBI UT-
TpHs, a TaKXKe OKTa3IPOB U TETPA’IPOB, B KOTOPHIX pa3-
MeIeHbl HOHBI Al.

OO011en3BecTHO, YTO B MPOIECCE BBIPALIUBAHUA U3
pacruiaBa npu BeICOKOM TemmnepaTtype B YAG kpucrai-
J1ax MOTYT 00pa3oBaThCs Ae()eKTHl 3aMEIICHNS W aH-
TH-CalT neeKTsl. B KpHcTaIax UTTPHiA-aIFOMIHUECBO-
rO TrpaHaTa OHM BO3HHKAIOT B pe3yJbTaTe 3aMELICHUH
noHoB A" nonamu Y3* (Yay), T. €. noHoB Y>' B ozieka-
SIpHYECKHX c-y3ax noHamu AT (Aly) [12—-15]. Teope-
THUYECKUH pacdeT YHepruu oOpa30BaHUs pa3IHNYHBIX Je-
¢exToB B kpucraiuax YAG nokasal, 4To aHTH-CalT Jie-
(eKThI SBISIOTCS MPEOOJIAMAONIMMUA CPEId COOCTBEH-
HBIX JIe(EKTOB, MOCKOJIBKY JHEPrusi MX O00pa3oBaHUA
3HAYUTEIbHO MEHblIe, yeM aedekToB no PpeHkemdo u
ortku [16—18]. AHTH-CcaliT HedeKTH BeayT K 00pa3o-
BaHMIO 3JIEKTPOHHBIX M ABIPOYHBIX JIOBYIIEK W CyIIECT-
BEHHO BIHAIOT Ha PEKOMOWHAIMOHHBIE IIPOLECCHl B
CIMHTWIIITOPaX Ha OCHOBE IPAHATOB, B YACTHOCTH Ha
KMHETUKY 3aTyXaHWsl CHUHTHIUIAUHA M HaJIW4ue 3HAYHU-
TENPHOTO BKJIAJa MEJUIEHHBIX KOMIIOHEHTOB B OOIIEH
CBEeTOCYMMe CIMHTHILLsIIMA [ 19, 20].

Pagmanmonnsie nedextsl B rpaHate YAG, moryt
BO3HHUKATh I0] BO3IEHCTBHEM DPA3IMYHBIX BHUIOB H3IY-
yeHus. B pesynbTaTe pasinalmoOHHOIO BO3AEUCTBUS MO-
JKET MMPOUCXOIUTh H3MEHEHNE (I3MUECKUX CBOMCTB Ma-
Tepurana, BKII0Yas ero CTPYKTypHBIE, ONITHYECKUE U Me-
XaHW4eckue xapakrepuctuku [12-21]. Onnako cnegyer
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Pucynox 1. Cmpyxmypa YAG, uon ummpus pasmewjaemcs ¢ 000ekasope, a UOH aliOMUHUSA — OKMAdIope U mempasaope

OTMETHTD, UTO WICCICIOBAHUS PAJHAIMOHHBIX 1e()EKTOB
B YAG, 00mydeHHOM OBICTPBIMH TSDKEIBIMH HOHAMH
(BTH), umeet permaromiee 3HaYCHUE IS €r0 PUMEHE-
HUS B ONTHKE U AETEKTUPOBAHUU BBICOKUX SHEPTHH, Ja-
3epax M CUMHTWUIALMOHHBIX JAETEKTOPax, KOTOphIE pa-
0OTAIOT B KECTKUX PaJAMAllMOHHBIX yCIoBUsIX. Pagnanu-
OHHBIE JIeheKThl MOTYT BKJIIOYATh BaKaHCHHU, MEKAOY-
3eJIbHBIC aTOMBI, a TaKk)Ke 00Jiee CIO0XKHBIE CTPYKTYpHI,
TaKkue Kak, arperatbl Je(eKkToB, TPEKH M XHJUIOKH.
C mpyroii CTOPOHBI, HOHHBIMH MyYKaMH MOKHO MOJIH-
(¢unMpoBaTh CBOMCTBA Marepuajia M HCIOJIb30BaTh HX.
Hanpumep, ckpoiTeie Tpeku co3ganusie bTU MoxHO ce-
JIEKTUBHO BBITPABUTb B TPABSIIMX PacTBOpax, CO3AaBast
TakuM 00pa30oM MHUKPO- WIIM HAaHOMOPHCTHIE CIOU. DTOT
IpoIiecC SIBIISICTCS OCHOBOHM HCIIONB30BAaHUS OOJTy4eH-
HbIX MaTepHajOoB B KayecTBE JETEKTOPOB YacTHUIl U
¢mrpTpanuoHHEIX MeMOpaH [21, 22]. Kpome Toro, myy-
k1 bTU cTaHOBATCS MOLIHBIM UHCTPYMEHTOM CO3/IaHHUs
u MOJM(UKAIMU Pa3IMYHBIX HAHOCTPYKTYp OJjaromaps
YHHKaJIBHON CIIOCOOHOCTH NMPAaKTHYECKH MIHOBEHHO I1e-
penaBaTh YHEPTHUIO TBEPAOMY TEIy B JOKATM30BAHHOM
HaHOpa3MepHOM oObeMme [22].

IloaToMy wucciiejoBaHME TOBEACHUS KPUCTAILIOB
YAG nop neiictBueM mmyuka noHoB 230 M»aB Xe, neco-
MHCHHO, SBIIICTCS BaKHOW 3amavell (U3HKH BBICOKHX
SHEPrul, AJEPHOIO U TEPMOSIEPHOTO MaTepualoBee-
HUSL.

MATEPHAJIBI U METO/IbI

B pabore wuccnenoBanmuch kpuctauibl  Y3AlsOre
(YAG) xommannu ALINEASON (Germany) ¢ opueHra-
mueii (100). Ha pucynke 1 npuBeneHa cTpyKTypa MOHO-
kpucramioB YAG.

Mowuoxkpuctaiuisl Y3AlsO1, ObLTH 00ITydeHBI Ha YCKO-
putene [AL-60 nonamu Xe c 3neprueit 230 M>B B un-
TepBane ¢umroencos 6-10'°-10'3 non/cm?. Tlapamerpst
nonoB 230 MaB ¥2Xe??" npencraBiensl Ha pUCYHKE 2,
cormacHo koxy SRIM [23]: sJeKTpOHHBIE TOTEpH
S.=22,5k3B/pMm, S,=0,08 kaB/uM, nmamHa npobera
R =14,25 mxm.

25

-2 N
o o
T T

EEN

IToreps meprun (K3B/HM)
5]
T

x10

(4]
T

0 1 1 1 1 1 1
0 2 4 6 8 10 12 14

IIpober moHa (um)

Pucynox 2. Ilomepu suepeuu uona 230 M>B Xe 6 kpucmannax
YAG: 1 — yoenvnvie uonuzayuonnvie nomepu Se (31eKmpon-
Hble); 2 — ynpyeue nomepu dHepeuu (s10epHoie) Sp

Otromrenue S./S, = 25,2/0,08 =315, To ecTh yuemb-
HbI€ HOHU3AIIMOHHBIE NTOTEPU TOMUHUPYIOT.

CHexTpbl ONTHYECKOTO MOTJIOLICHUS U3MEPSUIH C T10-
MOIIBI0 YHHUBEPCAIBHOTO criekTpodoromerpa Agilent
Cary 7000 UMS (Agilent, Santa Clara, USA).

CnexTpbl KOMOMHAIMOHHOTO PAacCesHHsl PErHCTpH-
pOBallM C UCMONIb30BaHUEM Spectrometer ¢ TPOHHOU pe-
metkoit TriVista 777 (TELEDYNE, USA).

PE3VJIBTATBI U OBCYXJIEHUE

CHeKTpsl ONTHYECKOTO IOTJIOMEHUS MOHOKPHCTAI-
0B YAG, o6nyuennsix nonamu 230 MaB Xe, B 3aBucu-
MOCTH OT ()IIIOSHCA ¥ OPUEHTALIMH NIPEICTABICHBI HA PH-
cyHke 3. Bee cniekTpbl ObIIIM arpOKCHMHUPOBAHEI Tayc-
COBBIMH (YHKIMSAMH CO CIEAYIOIMMHU IapaMeTpamy,
TIpe/ICTaBICHHBIMH B Tabmue 1.
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Tabnuya 1. Ilapamempol deghexmos kpucmannos YAG

LleHTp Mogenb En, HM En, 3B E., 3B Es., 3B Ccbinku
F+ v3t+e 235; 370 5,23;3,35 3,095; 2,67 (10 K) 3,33, 5,37, 6,56, 7,3 [24-27]
F v3t+2e 195; 240 6,36; 5,17 2,67 (10K) 4,17 (cnabbin); 4,9; ~6,6; 6,95 | [24-27]
F- vat+3e 360; 480; 830 3,44;2,58; 1,49 [28]
F (Y3 BO3MYLLEHHbI F*okono Af] 370; 235; 200 3,35; 5,28; 6,2 400 Hm, 3,1 9B [29]
F+(Fe?*) F+okono npumecy Fe 310 4,0 [29]
F2 2(vE* +2e) 239; 221 5,19; 5,62 [30]
0~ 400 3,1 [31]
Fr vitte 3,1 49;537;6,57;6,93,7,30 [25]
F vat+2e 2,69 4,165;4.,9; 6,57; 6,93 [25]

lMpumeyarus: E, - MakCMyM NONOCbI NOrNOLLEeHNA B HM U 3B; Exn- MakChMyM Nosochl NIOMUHECLIEHLN B HM U 9B; Es - MakCumym BOSGy)Kﬂ,a}OIJ.leI'O ceeTa B 3B.

B Y;Al;0,, (100)
w 30
-
(3]
= — 6x10'° pon/cm?
=
5 101 won/cm? 4
g 102 won/cm?
E 20 102 won/cm?
=]
=
-
=
)
=
]
< 10
-4
]
S
=
0 1 1 1 1 .l

Jueprus dorona, 3B

Pucynok 3. Cnexmpbsi paouayuoHHO-uHOYYUPOBAHHO20

onmuyeckoeo noanoujenus monoxpucmanna YAG (100),

obayuennozo npu RT uonamu '3°Xe c snepaueii 230 M»>B
00 gmoenca 6-10'° (1), 10" (2), 107 (3) u 107 (4) uon/cm?

B Heobnyuennbix kpuctamiax YAG, BbIpalieHHBIX
U3 pacijaBa, MPUCYTCTBYIOT pa3iMYHbIC TOUYEUHBIE Jie-
(eKThI, CAMBIMH U3BECTHBIMH U3 KOTOPBIX SIBJISIFOTCS aH-
tu-cait nedpexrel (Al) Y, , U KUCIOPOIHBIE BAKAHCHH.
AJl Y., COrnacHo IMTepaTypHbIM JAHHBIM, SIBISETCS
CaMbIM PaclpOCTpPaHEHHBIM Je(eKkToM B pemerke YAG,
MIOCKONBKY SHEprus ero oOpa3oBaHMA SBISETCS Hau-
MEHBIIEH Uil BCEX BO3MOXKHBIX NE(DEKTOB CTPYKTYDBI
rpanata [32]. B HeoOnyuenHoMm kpucraiuie YAG KoH-
uentpanus AD Y/il* MOJKET JOXOAuTh gaxke g0 0,1—
0,2 at.% [27].

W3BecTHO, YTO KHCIIOPOJIHBIC BaKaHCHU SBISIOTCS
3¢ G EKTHBHBIME JIOBYIIKaAMH JJIs 3MeKTpoHOB. OHU MoO-
T'YT OBITH 3alIOJTHEHBI OJHUM MU JIBYMsSI 3JIEKTPOHAMH,
(bopmupyst 3apsokeHHbIH FY u HelitpansHbliit F 1ieHTpBI,
COOTBETCTBEHHO (cM. Tabmmiy 1). B xpuctamrax YAG
10 00Ty9eHUs] MOTYT TaK)kKe IMPUCYTCTBOBATH KOMILIEKC-
ueie nedexter FY (Y)), npencrasmronmii co6oit F*
uentp nobmmszoctu AJl (Y, )°, re noH uTTpHs 3ame-
HSIET MOH ATFOMHUHUS B OKTasaApe (pucyHok 1) [29].

AHanmu3 TaHHBIX, IPUBEACHHBIX HAa PUCYHKE 3, CBH-
JIETETBCTBYET O (POPMHUPOBAHHUH DIIEKTPOHHBIX IIEHTPOB

B MoHOKpHcTauiax YAG (100), monBepruyThix o0myue-
Huto noHOB Xe ¢ sHepruii 230 MaB. U3 tabmumbr 2
BHUJHO, YTO BCE IOJIOCHI MOIJIOIIEHHS M3BECTHBIX ILIEH-
TPOB MEPEKPBIBAIOTCS, YTO 3HAUUTEIIBHO 3aTPYyAHACT UX
aHanmu3. HecMoTpsa Ha 3TO, MOXKHO YTBEpXkAaTh, 4TO C
YBEIMUYECHNUEM J103bI OOITyYCHHSI KOJMYECTBO TOUCUHBIX
ne(exToB pa3nuIHON PUPOABI 3aMETHO YBEITNUUBACTCS
B 00JIy4eHHBIX 00pa3Iax.

20

Y,Al:0,, (100)

-h b
o (&)

(&)

Kos¢puunent noriomenns, cm!

Oueprus ¢porona, 5B

Pucynok 4. Yeenuuenue noznowenus mesxncoy ¢uroencamu
obayuenus (6-10'° — 10") Xe/em? (kpusas 1), (10" — 1012)
Xe/em? (kpusas 2), (1072 — 1073) Xe/em? (kpusas 3)
onst monokpucmannos YAG (100)

Pa3HOCTHBIE CHIEKTPHI MOTJIOUICHUS I Pa3IUIHbBIX
(II0EHCOB TO3BOJIMIIM BBISIBUTH Psiji 0cOOEHHOCTEH (pH-
cyHOoK 4). Hambosiee WHTEHCHBHOW SBISETCA II0JIOCA
4,95B mist Bcex ¢uiroercoB. HaOmromaeTcst cMenienne
MaKCHMyMa 3TOH ITOJIOCHI B CTOPOHY OOJIBIINX DHEPTUit
c yBenmyeHueM ¢uitoeHca. MOXHO MPEATON0KHUTb, YTO
9TO JIeeKT CBSA3aH C arperaTaMu 3JIEeKTPOHHBIX IIEHTPOB
oKpacku. BeposiTHee Bcero, 310 nepeKkphIBaroIuecs Mo-
nocsl oT 4,1 10 5,2 3B s paznnunoit koHdurypanuu F;
nentpos. [Tonoca 3,3 3B, BeposiTHEee Bcero — BTopasi mo-
noca noryorienus F nenrpa. M3BeCTHO, YTO KPUCTAILIBI
HUTTPHUI-aTIOMMHHEBOTO TpaHaTa aMop(hU3yIOTCd MOJ
nericteueM BTH-00mydeHust ¢ TOPOTOBBIM 3HAYCHUEM
S.=7,5 xoB/am [33].
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YHCTBIN

Y,Al0, (100)

——— 10'° gonos/cm?
10'2 yonos/cm?

L —— 10" uonos/cm?

Hur €HCHBHOCTDb, OTH. €/1.

1 " 1 M 1 L N n 1 " 1

200 400 600 800 1000

PamanoBckoe cMemnmenne, em!

1200 1400
Pucynoxk 5. Pamanosckue cnekmpul monokpucmania YAG
(100), obnyyennozo npu KoMHAmMHOU memnepamype

uonamu '3?Xe ¢ suepeueii 230 M»>B u ¢rioencamu
00 101°-10"3 uon/cm?

B namem ciyuae S = 25,2 k3B/HM, 4TO 3HAYUTENBEHO
MIPEBEIIACT MOPOTOBOE 3Ha4YeHHE. DPPeKkT amopdu3za-
IIMM XOPOLIO BUAEH Ha PUCYHKE 5, TJIe TIPeICTaBIIeHa 3a-
BUCHMOCTh PaMaHOBCKHX CIIEKTPOB MOHOKPHCTAJLIOB
YAG or ¢mroenca.

B Tabmume 2 mpenctaBieHB SKCHEPUMEHTAIBHBIC
4acTOThI aKTUBHOTO pexkuma Pamana [34, 35].

B nccnenopanuu [36] moka3zaHo, YTO MOJBI CUMMET-
puH Az IMEIOT MOJICKYJISIPHBIH XapakTep U MOTYT OBITh
KJIacCHU(UITUPOBAHBI KaK BHYTPECHHUEC U BHEIIHUE MOJIBI
terpasapudeckux cyowsenuauy AlO4. [lns HeoOmydeH-
HOTO KpHUCTalla M oOJydeHHOro 1o (uroeHca
10'° gon/cM?> MOXKHO YBHUIETh TPU HHTEHCHBHEIE SPKO
BBIPOKCHHBIE MOJIBI A1 ¥ HAOIOAETCS YIIMPEHUE MO~
noc B obmacte 1200-1500 cm ! mis oGiydeHHOrO 06-
pasiia.

CornacHo aHamu3y [34,36,37], HH3KOYacCTOTHBIC
MOJBI B OCHOBHOM COOTBETCTBYIOT TPaHCIISILIMOHHOMY
JBIDKCHUIO TSDKEIIBIX aTOMOB Y C HEOOJBIIUMH BKJIA-
JaMH OT BPAIIATEILHOIO U TPAHCIAIUOHHOTO JBIIKE-
HUS, @ TAKXKE V3 KOJICOATEIBHBIX MO TeTpadapoB AlO,.
CpenHesHepreTudeckne MoJbsl 00YCIOBJICHBI KBaIpy-
MOJIEHOM (V2) MOJIEKYJISIPHOM MOJI0#, @ BRICOKODHEPTeTH-
YECKHUE MOJIBI CO/IEPXKAT B OCHOBHOM JbIXaTelbHbIC (V1)
1 V4 MoJeKyILsIpHBIX Mo AlO4 [38]. [Ipu o0ay4erHun o
¢moenca 1-10'? cm ™2, B PaMaHOBCKOM CIIEKTpe HCUe-
3a10T MOJIOCHl 566, 715, 400, 545 v3 (AlOs), 689 vi+ vy
(AlO4), 715, 854cm!'. VYpenwuenwe ¢uroeHca [0
1-10"3 cM 2, mpHBOOMT K TOMy, 4TO B PamMaHOBCKOM
CIIEKTpe OCTaroTCs KonebarenbHbie Moabl (370, 162 Y,
401, u 260 translation + rotation + v3 (AlO4)) cM ™.

Tabauya 2. DxcnepumenmanbHble Yacmomsl aKMueHo20 pexcuma Pamana

Cummetpus JKCN. Wexp (CM™) JKCN. Wexp (CM™) JKeN. Wexp (CM~) ®nioeHc ®nioeHc ®nioeHc Kone6aHus
mopab| [34] [35] Virgin 6-1010 cm2 11012 cm2 1-10"3 cm2 [35]
Asq 370 373 370 370 370 370
Atq 559 556 567 566
Atq 783 784 780 780 780
Eq 163 164 162 162 162 162 Y
Eq 310 310 310 310
Eq 340 340 339 338 337
Eq 402 400 400 400 401
Eq 523
Eq 536
Eq 712 720 716.5 715
Eq 754
Tog 45
Tog 220 220 218 218 218 translation
Tog 243
translation +
Tog 261 263 259 259 260 260 rotation +
v3 (AlOs)
Tog 295
Tog 361
Tog 372
Tog 406 403 400 400
Tog 438
Tog 545 544 545 545 v3 (AlOs)
Tog 691 690 689 689 v+ v4 (AlO4)
Tog 718 720 716 715
Tog 857 857 854 854
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Cnemyer OTMETHTH, 4YTO BBICOKO’HEPIETHUECCKHE
MOJbl HAYMHAIOT YHIHUPATBCI Yyxke ¢  (oroeHca
10'"uon/cM?, T.e. OHM GOJIEE YyBCTBUTENBHBI K Hadaiy
amopdu3zanmu MaTeprana. Y YuThIBasi BHICOKHI YPOBEHb
BO3JIeHCTBUA cO cTOpOHBI BT, MOXXHO yTBEpKIaTh, 4YTO
HaumHas ¢ Qmoenca 10'2 non/cM? Bce cBA3M MpakTHye-
CKHU pa3pyLIEHbI BCIEICTBHE NEPEKPBITHS TPEKOB.

BBIBOIbI

MoHokpuctammnyeckue oopasusl YAG (100) obuy-
yanuck noHaMmu Xe ¢ 3Heprueit 230 MaB nHa yckopuTtene
JL-60 1o ¢mroencos ot 6-10'° 1o 103 nonos/cm?. Ot-
HomreHne Se/Sn, paBHoe 315, yka3piBaeT Ha npeobiaia-
HHUE HOHM3AIMOHHBIX OTEPh B tuamna3one 14,5 mxwm. Io-
CKOJIBKY B CIIEKTpax TIOTJIONICHUS Halironaercs
3HAYUTEIBHOE TIEPEKPBIBAHNE ITOJIOC TOTJIOMICHUS pa3-
JUYHBIX Oe(eKToB, AN aHAN3a MBI BOCIIONB30BAIUCH
Pa3HOCTHBIME CHEKTPaMH MEXIy Pa3TUIHBIMU (IIIOCH-
camu. Pa3HOCTHBIC CHEKTPHI MOTJIOMICHUS U pa3iInd-
HBIX (DIFOCHCOB MMO3BOJIUIIN BBIIBUTH PSIT OCOOCHHOCTEH.
Hawnbonee mHTEHCHBHON sBisieTcs mojoca 4,9 3B mis
Bcex (roeHcoB. Habmonaercs: cMenieHue MakcuMyma
9TOH TOJIOCHI B CTOPOHY OOJBIINX PHEPTHil ¢ yBeIHue-
Huem ¢uiroeHca. MOXHO MPEIION0KUTh, YTO ITOT Jie-
(eKT CBsI3aH ¢ arperaTaMu 3JICKTPOHHBIX IICHTPOB OKpa-
cKkd. BeposiTHee BCEro 3TO MEepeKpPHIBAIOIINECS MOJIOCHI
ot 4,1 1o 5,2 3B, ms paznumuHON KoHpUTYparun F, neH-
TPOB.

CornacHo aHaNM3y HU3KOYAaCTOTHBIC MOJBI B OCHOB-
HOM COOTBETCTBYIOT TPAHCIIIUOHHOMY IBIKCHHUIO TSI-
KEIBIX aTOMOB Y C HEOONBIIMMHU BKJIaIaM JBIXaTellb-
HOTO ¥ TPAHCIAIMOHHOIO [BIDKCHHS, a TaKKe V3
KoJsiebaTenbHbIX Mo TeTpadipoB AlO4. Cpenne sHepre-
TUYECKHE MOJIbI 00YCIOBIEHBI KBaPYMOIbHOM (V2) MO-
JICKYJISIPHOM MOJIO#, @ BRICOKOIHEPT€THUECKUE MOIBI CO-
JIep’KaT B OCHOBHOM JIbIXaTeJbHbBIC (Vi) MOJCKYJISIPHBIC
monnl AlOs. Veenuuenue puroenca 1o 1-10'3 cm 2, mpu-
BOJIUT K TOMY, YTO B PaMaHOBCKOM CITEKTpE OCTAarOTCS
kojneOarenpHple Mouel (370, 162 Y, 401, m 260
translation + rotation + v (AlO4)) cm™!). Bee 310 cBHE-
TEJNBCTBYET O ePEKPHIBAHUH TPEKOB.

bnazooapuocmo

Jlanunoe uccrnedoganue 6wi10 npogunancupogarno Ko-
mumemom Hayku Munucmepcmea HayKku u evlcuie2o 00-
paszosanusi  Pecnybnuxu  Kazaxcman — (epanm — Ne
AP19574768).
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7KOFAPBI DHEPI'US1JIbI KCEHOH HOHJAPBIMEH COVYJIEJIEHT'EH Y3Als012 (100)
MOHOKPHUCTAJIJAPBIHBIH OIITUKAJIBIK KACUETTEPI

K. B. locmaram6eros!, P. H. Acbui6aes?, K. T. Kapunoaes!, JI. A. Jl:xxynucoexopa'”,
A. T. Akuabexos!, A. K. Jlayaeroexosa!, I'. b. Eprem6aii!, b. F. Cyiaran!

JLH. Tymunee amvinoazvt Eypazua ynmmolx ynusepcumemi, Acmana, Kazaxcman
2 Onxeit Mapzynan amvinoazol Ilaenodap nedazozuxanvik ynueepcumemi, Ilasnooap, Kazaxcman

* Baunanvic ywin E-mail: diana911115@gmail.com

YAG (Y3Al5012) MaHBI3OBI ONTHKAIBIK MaTepHaIAapablH Oipi Oomnbinm TaObutazsl. OX KAaTTH JCHEINI Jiazepieple, ak
KapBIKIMOATEl TYPJCHTIPTill pPETiHAE JKAPHIKTAHIBIPY KYPBUIFBUIAPBIHAA, COHBIMEH Karap CLMHTHUIALMSIIBIK
TEXHOJIOTUs 1A KeHIHEH KOJITAaHbLIa bl

By xymeicta YAG (100) monokpuctanzapsl 230 MaB sueprusiven Xe nonmapeiven 6-10'°-10'° non/cm? dimroencke
IeiiH coyieneHaipinai, Oy MaTepuanibplH KaTaH paauaiis epicTepiHIeri opeKeTiH 3epTreyre MyMKIiHAIK Oepeni.
CoymeneareH YAG KpHUCTalIgapblH TajuAay YIIIH Keleci 3epTTey oNICTepi KOJMAHBUIABL: ONTHUKAIBIK KYTBLIY
CHEKTPOCKOIHSACH )KOHE KOMOMHAIIMSUIBIK, MIAIIBIPAY CHEKTPOCKOIHUSICHI.

Kyteuny criekTpiepin tangay coyienacHreH YAG ynrinepinae Oosuly OpTalbIKTapbIHBIH TY3UIyiH KepceTemi. OpTypii
TUNTETl HYKTENK aKayJiapblH KOHIIEHTPAUUsChl (IIIOCHCTIH KOFapbUIaybIMEH aTapibIKTall apTajibl. ANBIPHIMIBIK
cnekrpaep 4,1-5,2 3B nuanasonbiHna KabaTTacaThlH JKOJAKTapbl aHBIKTANIbI, ojap F2 OpTajbIKTapbIHBIH SPTYpIi
KOH(UTypauusiapbiHa coiikec Kenei.

dnroeHc yiraiiraH caiibiH OeTKi KadaThl aMop(dThI 00JIaabL, )KOHE MaTepHall amopdu3anusianaabl. PamaH criekTpiepiHiy
JKOFapbI SHEPrUsIIbIK Monanapsl 100 non/cm? Qrmoenc kesinne keneiie 6acTaiipl. Xe HOHIAPBIHBIH 9CEP ETYIHIH KOFApHI
nopexecin eckepe oTeIphmI, 10'%2 mon/cM? umroeHcTeH GacTam GapiblK KaTHOH-aHHOHABIK OallTaHBICTap ic Ky3iHme
YKOUBLIAIBI ICTI aifTyFa OOMaIbl.

Tyitin ce30ep: Y3Al50:, onmukanvix scymoiny, Paman cnekmpiepi, scolioam ayvlp UOHOAp, paouayuaibl akayiap.

OPTICAL PROPERTIES OF Y3Al5012 (100) SINGLE CRYSTALS
IRRADIATED WITH HIGH-ENERGY XENON IONS

Zh. B. Dosmagambetov!, R. N. Assylbayev?, Zh. T. Karipbayev!, D. A. Junisbekova!*,
A. T. Akilbekov', A. K. Dauletbekoval, G. B. Yergeshbay', B. G. Sultan'

I L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2 Margulan University, Pavlodar, Kazakhstan

* E-mail for contacts: diana911115@gmail.com

YAG (Y3Al50,,) is one of the important optical materials. It is widely used in solid-state lasers, lighting devices as a
white LED converter, and in scintillation technology.

In this work, YAG (100) single crystals were irradiated with 230 MeV Xe ions to fluences of 6-10'°-10'% ion/cm?, which
allows us to study the behavior of the material in hard radiation fields. The following research methods were used to
analyze the irradiated YAG crystals: optical absorption spectroscopy and Raman spectroscopy.

Analysis of the absorption spectra shows the formation of color centers in the irradiated YAG samples. The concentration
of various types of point defects increases significantly with increasing fluence. The difference spectra reveal overlapping
bands in the range of 4.1-5.2 eV, which correspond to different configurations of F, centers.

With increasing fluence, the surface layer becomes amorphous, and the material is amorphized. High-energy modes of
Raman spectra begin to expand already at a fluence of 10'° ion/cm?. Considering the high degree of influence of Xe ions,
it can be stated that starting from a fluence of 10'? ion/cm?, all cation-anion bonds are practically destroyed.

Keywords: Y3Al50;,, optical absorption, Raman spectra, fast heavy ions, radiation defects.
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PACUYETHOE UCCJIEJOBAHME B3AUMO/JIEACTBUS IPOTOHOB
C ®OJIb'AMM MUIIEHHOI'O YCTPOMCTBA IIUKJIOTPOHA

A. P. Xaxuaunosa'™ A. C. Xaxuaunos?, O. A. Crenanosa', M. B. Epmosenko!

! Hexommepueckoe akyuonepnoe oouecmeo «Illaxapim ynusepcumemy», Cemeii, Kazaxcman
2 Kommynanonoe zocyoapcmeennoe npednpusniue Ha npage xo3aicmeennozo éedenus «Lenmp adepnoii
MEOUUUHbL U OHKON0ZUWY) YRPAGIEHUA 30pasooxpanenusn oonacmu Aoaii, Cemeit, Kazaxcman

* E-mail ona konmaxmos: khazhidinoval991@mail.ru

B crartbe rccnenoBaH mpomnecc B3auMOJEHCTBHS IPOTOHOB ¢ (hosIbraMu JeprkaTerst MAIISHH NUKIoTpoHa. McenenoBanne
MIPOBOIMIIOCH C TIOMOIIBIO pacdeTHol mporpammsl SRIM, B KoTOpoii ObLIa co3maHa TPEXCIIOWHAS MOJIETh JepKaTemsd
(oTBT MUIICHH TUKIOTPOHA. MurieHs 6omMOapaupoBaiachk MpOTOHAMHE ¢ 3Heprueil 18 MaB npu HopManTsHOM IafeHuH,
KOJIMYECTBO NMPOTOHOB paBHsIoch 300102. B pacuere He yIUTHIBAINCh IACpHBIE peakunu. B pe3ynpTare mpoBeIeHHBIX
uccieNoBaHui ycTaHOBiIEeHO, 4yTo Ha 300100 mpoTOHOB, MPOJNETEBUIMX Yepe3 BCIO MOJEINb, MPUXOAUTCS 2 00paTHO
paccestHHbIX poToHA. [IpeacTaBieHbl pe3ynbTaThl pacnpeesieH s IPOTOHOB BJOJIb PACUETHON MOJIETN U B TIOTIEPEYHOM
CCUCHHUHN B KOHIEC MOJCIIH. PeSyHLTaTH IMPOBEACHHBIX HCCHeﬂOBaHI/Iﬁ TMO3BOJIAKOT OLCHUTL IMPOCTPAHCTBECHHOC M
SHEPreTUYECcKOe pacipeaeeHue MPOTOHOB B Jiepxkarelie (oJIbI MUIICHN HUKIOTPOHA, YTO MOXKHO HCIIOJB30BaTh IS
ONTHMU3AIMK TIpoliecca 00JTydeHus] 00oralieHHON BOJIbI OllepaTopaMy IMKIOTpoHA. [lomyueHHbIe pe3ynbTaThl MOTYT
CIIY’KUTDH OCHOBOM JUIA Z[&J'II)HGﬁIHI/IX I/ICCJ'IG[[OBaHI/II‘/II, HalpaBJICHHBIX Ha OLCHKY CTCIICHU YyCTaJIOCTU (1)0.]1])1" MUIICHHU U

pa3paboTKy pEKOMEHIAIMH 110 YaCTOTE UX 3aMEHBI MPH TEXHUYECKOM OOCTYKUBAHUH.

Knroueswie cnosa: YUKTIOMPOH, MUUL€Hb, NPOMOHbL, NYUOK, (])OJZbZM, pacnpe()eﬂeﬂue npomoHoe6, 6AKAHCUU.

BBEJEHUE

Jiist miccnemoBaHN OHKOJIOTHYECKUX 3a00IeBaHUH 1
IIPOM3BO/ICTBA JICKAPCTBEHHBIX IIPENapaToB HCIIOIb3Y-
I0TCA pa3iIM4HbIE TUIIBI ycKopuTenel yactull. B «Llentpe
SIIEPHONM MEIUIMHBI U OHKOJOTHM» ropona Cemeil nme-
€TCsl MEAUIIUHCKHUM NUKIOTPOH [1].

MeauIHCKUHA TUKIOTPOH MPECTaBIseT co00it cuc-
TeMy HapabOTKU PaJMOU30TOIIOB, COCTOANIYIO U3 YCKO-
puTens M cnekTtpa mumieHen. [uxnoTpon pazpaboTan
JUIsl TIPOM3BOACTBA M YCKOPEHHsS OTPHIATEIBHO 3aps-
KEHHBIX HOHOB, C (MKCHPOBAHHOH 3HEprueil myuka,
obecrieunBarONIi YCKOPEHHE OTPUIATENIbHO 3apsKeH-
HBIX HOHOB 10 18 M»B, KoTOpBIE IPU NPOXOKIACHUHU Ye-
PEe3 AKCTPAKTOP OTPHIBAIOTCS OT CBOMX JJICKTPOHOB, a 3a-
TEM y>K€ IPOTOHBI MONaJa0T B MUILEHB [1].

CraHZapTHOH MUIIEHBIO IS IMKIOTPOHA SIBISETCA
JKUJKOCTHAs MHIIEHb IJIS NPOM3BOACTBA u3oToma 'SF.
B mumiens 3arpysxaercst oboraiieHHas Boja 1o KUCJIOpo-
ny %0, my4ok mpoToHOB GoMOApAMpYET OGOraIIeHHYO
BOJY U B pe3yJbTare saepHoi peakuuu SO(p,n)'F o6pa-
3yercs uzoton '8F, KOTOPKIi M0 Kanuiuispam TPaHCTIOpTH-
pYyeTcst M3 MHIIEHH IUKJIOTPOHA B TOPSTUYIO Kamepy Jiabo-
paTopuu JuIs JalIbHEHIIero cuHTe3a 1 pac(acoBKH paauo-
(apmmpeniapara. MHIIEHE COCTOUT U3 CIEAYIOUIUX OC-
HOBHBIX Y3JI0B: KOJUINMATOP, AepKaTelb (OJIbI, BCTABKH
MHUIIEHH, Kopiyc mumieHd. [Ipu atom nepskarens (oibr
BKJIFOUAET B Ce0sl THTAHOBYIO (DONBTY, KOTOpasi OTAEISIET
MHIIEHb OT BakyyMa, U ¢oiery Havar, kotopas ynepxu-
BaeT 00ydaeMyto cpeay BHyTpH MutieHu [1].

AKTyaJTbHOCTh HACTOSIIET0 UCCIIETOBAaHUS 00YCIIOB-
JIeHa He00XOANMOCTBIO BCECTOPOHHETO TOHUMaHHA (hH-
3MYECKHUX MPOIECCOB, MPOUCXOAANINX MPU B3aHMMOIECH-
CTBUM NPOTOHHOTO ITyYKa ¢ KOHCTPYKTUBHBIMH JI€MEH-

TaM{ MHUIICHH MEIUIMHCKOTO IMKJIOTPOHHOTO YCKOPH-
TeNs, B YaCTHOCTH — ¢ (hompramu aepskarend. CTour or-
METHTh TAaKXK€ OCOOYI0 3HAUMMOCTh HCCIIC[IOBAaHUH Ta-
KHX TIPOLIECCOB, KaK MOHHM3aLUs, BO30YXKICHUE aTOMOB,
paanaIioHHbIC TOBPEXICHNUA U TETIJIOBBIICIEHUE, UTPa-
IOUIMX KITIOUEBYIO POJIb B HAJIEKHOCTH, 3()(HEKTHBHOCTH
1 0e30macHOCTH pabOTHl YCKOPUTEIIEH TP MPOU3BOACT-
BE PaJAHOHYKJIH/IOB.

lenpto maHHON pabOTHI SIBISETCS HWCCIEI0BaHHE
nporecca o0rydeHnst (oIbI MHIIEHH INKIOTPOHA HA OC-
HOBaHWH TPOBEICHUS PACUETHOrO aHaIN3a B3aMMOJEH-
CTBHSI IPOTOHOB C JiepXaresieM (posbI MHUIIEHH B MPO-
rpamme SRIM.

[puknagHas 3HAaYMMOCTH PabOTHI Ompenessercs eé
BKJIaJIOM B ONTHMH3ALMIO MIPOIIECCOB, CBSI3aHHBIX C TIO-
Jy4YeHHeM MEAMUIUHCKUX PAaTUOHYKINAOB, IpPUMEHSe-
MBIX B JIUAarHOCTHKE OHKOJOTHYECKHX 3a00JeBaHUil.
OcobenHo 310 akTyanbHO st Pecry6nuku KazaxcraH,
rae GyHKIMOHHUPYIOT IEHTPHI SIEPHOM MEeIULUHBI, OC-
HalIEHHbIE IUKIOTPOHHBIMU YCTaHOBKAaMH, a TaKXke
YUUTBIBasE UCTOPHUYECKOE HAclielne, CBSI3aHHOE C Jes-
TeNbHOCTHI0 CEeMMITAIATHHCKOTO HCIIBITATEFHOTO TI0-
JIMTOHA U €T0 MOCIECTBUSIMHU JJISI 3J0POBbsI HACEIICHHS.

Jis aHanmu3a MpOCTPaHCTBEHHOI'O U YHEPTeTUUECKO-
ro pacopefeneHuss NPOTOHOB B MOJENHU JepxKaTemst
(oI MUIIEHM NUKIOTPOHA HCIIOJIH30BANACh MOATPO-
rpamma TRIM. Iloanporpamma TRIM coxpepxurcs B
mporpammax nox HazBanueM SRIM-2013 (The Stopping
and Range of Tons in Matter) [2].

IIporpamma SRIM gocraTouHo nomynsipHa [3—6], uc-
MOJIB3yeTCs Il OBICTPOTO pacueTa NMPOW3BOJACTBA Ba-
KaHCHA, BO3JCUCTBUS MOHHOTO OOJIY4YEHHUS, MOJIEITHPO-
BaHMS [TOBPEXJICHNUH, BEI3BAaHHBIX HOHAMH U JIpyroe [7—
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8]. HecmoTps Ha G0bIIoe KOIMIECTBO padoOT B 3TOM Ha-
NpaBJICHUH, KpaifHe MaJIo pacyeToB paclpe/ielIeHUs] HO-
HOB IIPU MPOXOXJICHUU Yepe3 MUIIEHb JICHCTBYIOIIETO
LUKJIOTPOHA M aHajM3a KaueCTBEHHBIX XapaKTEPUCTHK
rapameTpoB IIPOTOHHOTO ITy4YKa, YTO IT0{Y€PKHBAET OCO-
Oy10 LIEHHOCTh HACTOAIIEH CTaThU.

METO/IBI

Hcnonp3yemas B HacTosel pabote noanporpamMmma
TRIM — 310 rpynna nporpaMmm, KOTOpbI€ BEIYUCIISIOT OC-
TaHOBKY ¥ npober noHoB (10 3B-2 ['3B/a.e.m.) B Bele-
CTBE, WCIIOJIb3Ys KBAaHTOBO-MEXaHMYECKYI0 00paboTKy
CTOJKHOBEHUI MOHOB C aTOMaMU (JIBHXKYIIUICS aToM
HMEHYETCA «HMOHOMY», a BCE LIEJIEBBIE aTOMBI — «aTOMa-
MH»). DTOT pacdeT CTAaHOBUTCS O4YCHb 3(PPEKTHBHBIM
Omaromapsi HCIIOJIb30BAaHMIO CTATUCTUYECKUX AITOPHT-
MOB, KOTOpBIE TMO3BOJISIIOT HOHY COBEPIIATh CKaYKU Me-
My PACCYMTAaHHBIMH CTOJIKHOBEHHSIMH, a 3aTEM yCpell-
HSIOT PE3yNbTAThl CTOIKHOBEHUI MO MPOMEKYTOUHOMY
3a30py [9—10]. Bo Bpems CTOJIKHOBEHHIl MOH M aTOM
HMEIOT SKPaHUPOBAaHHOE KYJIOHOBCKOE CTOJIKHOBEHHE,
BKJIFOUasi OOMEHHBIE M KOPPEISLHOHHBIE B3aUMO/IEHCT-
BUSI MEXK]Ty NTEPEKPHIBAIOLIMMUCS HIEKTPOHHBIMH 000710~
YKaMH.

Hon umeeT nalbHOAECHCTBYIOIUE B3aUMOJCHCTBUS,
CO3JAfOIINE 3JIEKTPOHHBIE BO30YXKICHUS W IIIIa3MOHBI
BHYTpH MulIeHU. OHU OMHCHIBAIOTCS ITyTEM BKIIOUEHHS
OMHCaHMs KOJJIEKTUBHOM 3NEKTPOHHON CTPYKTYpPHI MU-
LIEHU U CTPYKTYPbI MEXKaTOMHBIX CBSI3€1 TP HACTPOIKE
pacueta. CocTosiHHE 3apsiia HOHA BHYTPU MHUIIEHH OIH-
CBIBACTCS C TIOMOIIBIO KOHIETINH 3(HEKTUBHOTO 3apsi-
Jla, KOTOpasi BKIIIOYAeT B ceOsl 3aBUCALIEE OT CKOPOCTH
COCTOSTHHE 3apsiia U DKpaHMpOBaHWE Ha OOJIBIIKX pac-
CTOSIHUSIX U3-32 KOJUIEKTUBHOTO 3JIEKTPOHHOT'O MOPS MU-
menu [2].

IIporpamma SRIM mnpeamonaraer, 4T0 B KOHEYHOM
pacpeneneHu MOHOB €CTh LMINHAPHYECKass CHMMET-
pus. Ilpennonaraemas HUIMHIPUYECKAs OCh MEPHEH[IH-
KyJIsIpHA IOBEPXHOCTU MUILIEHH B TOYKE yJapa UOHOB [2].

Hayunas HoBU3Ha HCcIEeIOBaHMs 3aKIIIOYAETCsS B
IIPOBEACHUH PACUETHOrO aHAIN3a B3aUMOACHCTBHS IIPO-

TOHHOTO IMy4YKa C KOHCTPYKTUBHBIMHU JJIEMEHTAMHU MH-
IIEHU MEIUIUHCKOTO HUKIOTPOHHOI'O YCKOPUTEIS C UC-
M0JIb30BaHKEM INporpammHoro nakera SRIM npumeHu-
TEJIBHO K KOHKPETHBIM YCIIOBHAM JKCIuTyatanuu B Ka-
3axcrane. MccnenoBanue OpUueHTHPOBAHO HA ONTUMU3a-
LU0 paboThl IMKIOTPOHHOH YCTaHOBKH C Y4ETOM ee
creu(pUIecKuX MEJAUIMHCKUX U TEXHOJIOTHYECKHX T0-
TpeOHOCTEH.

PE3YJBLTATBI U OBCYKJIEHUE

Pacuer pacnipesejieHUsi HOHOB NIPH NPOXO0KACHUH

yepe3 TPEXCJIO0IHYI0 Mojeb AepskaTesisi Goybr

MMIIEHH HHKJIOTPOHA

Ha pucynke | npesacraBiieHa ynpolleHHas CXeMa MU-
LIeHU [IUKJIOTpOHA. [ MpoBeeHNs pacyeTa pacipese-
JeHus UoHOB B porpamMme SRIM cmonenupoBaHa Tpex-
clIoWiHasE MOJeNb Jiepokarens (oJibr, BKIIOYArOas TpH
CIIOS: MEpBBIM cioil — THTaHOBas (oJbra TOJIIMHON
12,5 MKM; BTOpOM CJIOH — TeNUeBBIN 3a30p MIMPUHOMN
8 MM; TpeTwHii cioit — ¢omera Havar Tommua0# 35 MKM.
CocraB omeru Havar: Co 42%; Cr 19,5%; Ni 12,7%;
W 2,7%; Mo 2,2%; Mn 1,6%; C 0,2%; Fe 19,1% [11].

®onbra Havar

renuii

TutaHosas Bcragka muLeHn

donbra

O6oraweHHan
Obnactb Boga

MpomexyToyHas
BCTaBKa

Aepxartens
$onbr

Pucynox 1. Ynpowennas cxema muwienu yuxiompona

BxojmHble gaHHBIE U pacueTa pacHpeiesieHus Ho-
HOB B mporpamme SRIM cBenens! B Tabmuiy 1. Crout
OTMETHTh, 4TO Iporpamma SRIM He y4uTBIBaeT siep-
HBI€ peakIy IPOTOHOB ¢ BemecTBoM. KonmuecTso pac-
YETHBIX HOHOB ObUTO MPHHATO paBHBIM 300102, sHeprus
HaJIETAIoILEro NpoToHa pasHa 18 MaB.

Tabauya 1. Bxoousie oannvie 015 pacuema pacnpeoenenus npomonos & npoepamme SRIM

. . Solid/

Ne | Haseawue | Lwupuua | MnotHocts | CoO Cr Ni w Mo Mn c Fe Ti |He| coo
cnos cnos (A) (rlem?) —
ATOMHBI Bec
1 |TumaHosas | 4 5 404 4519 0 0 0 0 0 0 0 0 1 0| Solid
conbra

2 | rasrenwit 8107 0,000268 0 0 0 0 0 0 0 0 0 1| Gas
3 ﬁgc;a 35-10¢ 83 04119 | 0217 | 01252 | 0,0085 | 0,0132 | 0,0168 | 0,0096 | 0,1977 0 |0/ Sold

OHeprusi cBA3u pewweTku (3B)

22 | 22 | 22 | 22 [ 22 | 22 [ 22 | 26 [ 22 |

MoBepxHocTHas aHeprus cBA3u (3B)

443 | 412 [ 446 | 31 [ 683 [ 298 | 741 | 75 | 489 |
OHeprus cMeLLeHus (3B)
2 [ 2 | 2 | 2 | 2 | 2 | 2 | 2 | 2 |
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PesyabTaTtsl pacuera

B pesymprare NpOBENEHHBIX PAcUCTOB IOIYUIECHO
pacnpeneneHye IpoTOHOB B TPEXCIOMHON MOJenu aep-
xateyst ¢ponsr. Ha prcyHke 2 mpeacTaBIeHO BEpOsSTHO-
CTHOE PacIpeie/ieHHe POTOHOB BAOJIb PACUCTHONH MO-
nenu. Ha pucynke 3 1moka3aHo BEPOATHOCTHOE pacipe-
JIeTICHUE MIPOTOHOB B MONIEPEYHOM CEYEHHHU B KOHIIE MO-
JeTH.

Depth vs. Z-Axis

— Target Depth —

Pucynok 2. Pacnpedenenue npomonog
600.1b pACUEMHOU MOOenU

Pucynox 3. Pacnpedenenue npomonog
6 NONEPEUHOM CeueHUU 68 KOHYe Mooeu

W3 ananuza puUCYHKOB 2 W 3 BHIHO, YTO OCHOBHAsl
4acTh MPOTOHOB JOCTUTAET Kpask MOJIEIH, TAKKE 3aMeT-
HO pacIIpeHre Iy4YKa BCICACTBUE B3aUMOICHUCTBUS
MIPOTOHOB C aTOMaMH BellecTBa. PacueTHoe pacmpenerne-
HHUE YaCTHUI[ B MOJICIH MIPEICTAaBICHO B TaOIHIIE 2.

Tabruya 2. Pacuemnoe pacnpedenenue vacmuy 8 Mooeau

Tun Konuuectso
VloHbI, npoLuesiine ckBO3b MOAENb 300100
/oHbl, paccesiHHble obpaTHO 2
BakaHcum / voHbl 52

Amnanu3 maHHbIX Ta0muIp! 2 mokasan, yro Ha 300100
[IPOTOHOB, IPOJIETEBIIUX YEPE3 BCIO MOAEIb, IPUXOIUT-
cs1 2 00paTHO pPacCesTHHBIX MPOTOHA.

Ecnm ydecTs AaMeTp MpOXOAHOTO CEUCHHUST BCTAaBKH
MUIIIEHH, paBHOH 1,4 MM, 1 TpeHeOpeyb MOTEPEd MPOTO-

HOB, KOTOpBIC HAJETAIOT Ha NMPOMEKYTOUYHYIO BCTABKY,
TO CYyIIECTBYET HeOOIbIasi 0 NMPOTOHOB, KOTOPHIE
pacceuBarOTCs U He MONafaroT B OOOTalleHHYIO BOIY,
KaK [T0OKa3aHO Ha PUCYHKeE 4.

-10
Z, MM

Pucynok 4. Pacnpedeienue npomonos 6 NONepeyHom CeueHuy
Ha 8blx00e Mooeu

W3 ananmusa pucyHka 4 cnegyer, 9ro 99,918% konuue-
CTBa IPOTOHOB, NPOJIETEBIINX Yepe3 BCIO MOIENb, HOTa-
JIAl0T B 30HY ¢ AMaMeTpoM 1,4 MM, B KOTOPOIl 3aKitoueHa
obOoramieHHas Boaa, a ocTaiabHoe KoimuecTtBo 0,082%
IPOTOHOB PACCEUBAIOTCS U BBUIETAIOT 3a MPEAEIIbL.

[pu 3TOM KONMMYECTBO 0OPA30BABIINXCS BAKAHCHH K
YUCJTy TPOTOHOB PaBHO 5,2, COTIacHO TabnuIle 2, TO €CTh
HNPOUCXOIUT MPOIECC NepeMeNeHHs aToMa OTAAYH CO
CBOET0 MCX0MHOTo MecTa. Korma aTom oTaum octaHas-
JMBAETCS ¥ HE SIBJISIETCS 3aMEIIAIOIINM aTOMOM, OH CTa-
HOBUTCS MEXAOY3IHEM. VX MOXXHO CyMMHpPOBATh Cile-
JYIOIIUM 00pa3oM: BaKaHCHH PABHO CyMME MEXI0y3JIHH
1 aTOMOB, KOTOPbIE IOKUAIOT [eNIEBOIT 00BEM.

o pesynbraTam pacuera ciemyeT, YTO YHCIO BaKaH-
CHH PaBHO YHMCIYy CMEIICHHH aTOMOB, a YHCJIO 3aMelle-
HUU aTOMOB MoJienu paBHO 0.

Ha pucynke 5 nmokaszaHo pacrnpejienieHue BaKaHCUU
BJI0JTb (DOJIBT PACYETHON MOJIEIH.

W3 pucynka 5 cnenyer, uto 88,46% BakaHCHU cocpe-
notoueHo B (onbre Havar, a ocranbhbie 11,54% npuxo-
JSITCSL Ha TUTaHOBYIO Qoubry. M3 pe3ynbTaToB BHIHO,
4TO MepBOH nerpaaupyer ¢osnbra Havar n pasrepmern-
3aI¥si MUIICHH ITPOMCXOINT UMEHHO C pa3pbiBa (OJIBIH
Havar, takxe 3TOMy CIIOCOOCTBYET BBICOKOE JIaBJICHHE,
TeMIlepaTypa 1 KOPpPO3usi CO CTOPOHBI 00OTaIIEHHON BO-
ne1. KonmaecTBO BakaHcHH, 00pa3yromuxcs B (oybrax,
HapsAMYIO 3aBUCUT OT UHTETPAJIBHOTO TOKA ITyYKa IIpo-
ToHOB. OOpa3yronuecs BAKAHCUN 00bETUHAIOTCS U TTPH-
BOJAT K MOSIBICHUIO MUKPOITYCTOT (MHUKPOTPEIINH), 9TO
CKa3bIBAETCS HA CPOKE HKCIUTyaTaItuu OJbT, U, COOTBET-
CTBEHHO, CYLIECTBYET NPEACIbHbIM MHTETPAJIbHBIN TOK
Iy4Ka, TP KOTOPOM BEPOSITHOCThH pa3pbiBa (OJIBT CTa-
HOBUTCS BBICOKOM.
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COLLISION EVENTS
E Target Displacements (1/Ton)
=} Target Vacancies (1/Ton)
T Replacement Collisions (0/Ion)
§ 20x10°6
.
-
n -6
=0 16x10
=
!
g 12x10°6
-
2 |= 8x10%
=g s X
g |2
; s 4x108
=
0
A - Target Depth - 12.5um
a) TUTaHOBas (oybra
COLLISION EVENTS
fE Target Displacements (5/Ton)
< Target Vacancies (5/Ton)
T Replacement Collisions (0/Ton)
§ 35x10°°
= 6
"; 30x10
=1
o i 255107
=T
g i . i M 20x10°0
Ay
& 1sx10°°
g 10x10°°
=
“ sx10°
0
8.01 mm - Target Depth - 8.04 mm

0) ¢pompra Havar

Pucynox 5. Pacnpedenenue éaxancuu 6 hoiveax pacuemuot
Mooenu

Pe3ynbTaThl pacueTa MoTepu SHEPTHH YaCTHIL TOKA3bI-
BAIOT, YTO IIOTEPH SHEPTHH NPOTOHOB M ATOMOB OT/JJa4YH Ha
MOHM3AIHMIO (3JIEKTPOHHBIE TIOTEPH YHEPTUH) COCTABIISIOT
99,96% u 0,01% coorsercTBeHHO. Ilpu 3TOM mOTEpH
SHEPTWU MOHOB M aTOMOB OTJa4yM Ha ()OHOHAX MUIICHH
(TIoTepu 3HEpruM, NepenaBacMol KPHCTAIIMYECKOH pe-
merke) pasHbl 0,01% u 0,02% cooTBeTcTBEHHO.

Ha pucynke 6 mpuBeIeHO paclpeleleHue IMOTepH
SHEPTHH TPOTOHOB M aTOMOB OTJAYM HAa HOHHU3AIHIO
BJIOJTH (OJBI pacdeTHOW Moaenarn. BUIHO, 94TO MTHOBEH-
Hasl BNIEKTPOHHAS TOTEPs] YPHEPTUH MPOTOHA HA aTOMax
TUTaHOBOW (honeru paBHa B cpemHeM 0,858 3B/A, a Ha
aTtomax ¢oxeru Havar paBHa B cpenaem 1,526 3B/A. Tlo-
TepH SHEPTHMH HA HOHHU3AIMIO Y TIPOTOHOB B 10* pas 6oub-
ie, 4eM y aTOMOB OTJauHu.

IONIZATION

in

(5}

Energy Loss (eV/Angstrom)

- Target Depth - 12.5um

a) TMTaHOBas (oJbra

IONIZATION

Energy Loss (eV/Angstrom)

- Target Depth - 8.04 mm

0) posapra Havar

Pucynox 6. Pacnpedenenue nomepb dnepauu RpOmoHos u
amomos omoayu Ha UOHU3AYUIO 6006 (PObE PACHEMHOU
Mooenu

Ha pucynke 7 mpuBeleHO paclpelelIeHHE IOTepU
9HEPruM NPOTOHOB M aTOMOB OT/Ia4u Ha ()OHOHAX BJIOJIb
¢osbr pacueTHoi mozenu. M3 pucyHka BUIHO, YTO I0-
TEpH SHEpruy Ha (POHOHAX MPEOoOIANAIOT Y aTOMOB OT-
Jlauyl 110 CPaBHEHMIO C MpoToHaMHu B 2,59 u 3,39 pa3a B
TUTAHOBOM M (osbre Havar cooTBETCTBEHHO.

Ha pucynke 8 mokaszaHo pachpefeneHue NOTepu
SHEPriM NPOTOHOB Ha aTOMax OT/IauH (oI pacueTHOM
MOJIENH.

W3 pucyHka 8 BUAHO, 4TO HOTEPU IHEPTHH IPOTOHOB
Ha aroMax otaaud B ¢oiabre Havar B 2,03 paza Gosbiue,
YeM B TUTAHOBOW (oJibre.

IIporpamma TRIM ucnons3yer 3HEpruro CBA3M IO-
BepxHocTt MmumeHn (SBE) mis ompeneneHust Toro,
HMMEeT JIN OTCKAKUBAIOIINH aTOM MHIIEHH JOCTaTOYHO
SHEPIHH, YTOOB! MOKUHYTH TBEPAOE TEJO, WK OYyAET JIH
OH YyIIEeP)KUBATHCSA DHEPTUeil CBS3H MOBEPXHOCTH MHU-
meHn. Ha pucynke 9 npuBeneH MHTETpalbHBIN rpaduk
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pacibuIeHHS aToMOB. M3 rpadmka BUAHO, YTO SHEPTHS
aTOMOB OTJIa4M HE JOCTUraeT I0pora SHEPruu CBs3U I0-
BEPXHOCTH, PaBHOE MpUMepHO 4,6 3B, uTo cBUAETENbCT-
BYET 00 OTCYTCTBUH PACIbUICHHBIX aTOMOB.

PesynbraTel pacuera nOTEpU 3HEPrUM IPOTOHA IIPU
MIPOXOXKJICHUH Yepe3 TUTAHOBYIO (OJIBTY, TeJIUeBbIH 3a-
30p u ponbry Havar B nporpamme SRIM npezacraBiieHs!
B Tabnmue 3.

PHONONS

IONS RECOILS

6x107*

sx107*

| \ 4x10™

| | 3x107*

L 2x107*

1x107*

Energy Loss (eV/Angstrom)

tan foil

0A - Target Depth - 12.5um

a) TUTaHOBas (oybra

PHONONS

IONS RECOILS

ox10™

sx10”!

7x10™

| 6x107*
i l | sx107

4x10™

3x107

2x107

Energy Loss {(eV/Angstrom)

1x107*

8.01 mm - Target Depth - 8.04 mm

6) ¢ospra Havar

Pucynox 7. Pacnpedenenue nomeps snepeuu npomoHos
U amomos omoayu Ha PoHOHAX 80016 PObe
pacuemuol mooenu

ENERGY TO RECOILS

30x10F

255107

20x10°F

1sx10°°

aV/{Angstrom-Ion)

10x10°%

sx10”

- Target Depth - 12.5um

a) TMTaHOBas (oJbra

ENERGY TO RECOILS

sx10™

4x10™

3x10™t

2x107

eV/{(Angstrom-lon)

1x107*

- Target Depth - 8.04 mm

0) pospra Havar

Pucynok 8. Pacnpedenenue nomepu sHepauu npomoHos
Ha amomax omoayu (oyve pacuemnol Mooeau

ATOMS REACHING SURFACE
(Energy Normal to Surface)

=

= | Not

“;-1\ Sputtered

I == C Atoms Fe Atoms

E I},U;X‘toln 9x10°5

= 8x10°°

= 7x10°°

= 6x10°°

&0 55107

= -6

g 410

= 3x10"

= 2x10°

(=9

@ 1x10°
| | 1 | | | 1 | Ll | | 1L | | - | u u
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Pucynox 9. Hnmezpanvnublii epaghux pacnwlieHus amomos
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Tabnuya 3. Pe3ynsmamsl pacuema nomepu sHepuy npomoHa

HanmeHoBahnve 3Hauenue
HayanbHas sHeprus npoToHa E,, MaB 18,00
TopMmo3Hast cnocoBHOCTb TUTAHOBOM Chombri Ans 8.55
NpOTOHa, K3B/MKM '
[NoTeps aHeprin NPOTOHa MPY MPOXOXAEHNN TUTAHOBO
106,94
onbru, kaB
OHeprus NpoTOHa MoCHne MPOXOXAEHNS TUTAHOBO 17893.06
onbri, k3B
Topmo3Hasi CnocoBHOCTb renust 4nst NpoToHa, kaB/m 755,35
[MoTeps 3Hepriv NPOTOHA NPV NPOXOXAEHNM renus, k3B 6,04
OHeprus NpoToHa Nocne npoxoxaeHns onbrm Havar n
17887,02
renueBsoro 3asopa, k3B
Topmo3Hast cnocobHOCTb thonbrv Havar ans npoToHa, 15.08
kaB/mkm '
loTeps aHeprvn NPOTOHa NpY NPOXOXAEHUM HOMbII
527,69
Havar, kaB
lMoTeps aHeprvM NPOTOHa MPY MPOXOXAEHNN Yepe3
. 640,67
TUTaHoBYO (POMbIY, renneBblit 3a3o0p 1 honbry Havar, k3B
OHeprus NpoTOHa NOCne NPOXOXAEHNS BCEX CIIOEB, kaB 17359,33

3AKJIOYEHUE

B pesyrnprare MpoBEeNCHHBIX HCCIECAOBAHUA CMOJIE-
JMPOBaHa TPEXCJIOHAs MOAENb AepkaTenst (Goybr Mu-
IIEHN NUKJIOTPOHA, KoTopas 0oMOapaupoBanach mpoTo-
HamH ¢ sHeprueit 18 MaB npu HopManbHOM NajeHHH,
KOJIM4YECTBO MPOTOHOB paBHsAnock 300102. B pacuete He
YUUTBIBAJIUCH SIAEPHBIE PEAKIINUU.

W3 ananmu3a pe3ynpTaToB pacueTa CledyeT, YTO Ha
300100 mpoTOHOB, MPOJIETEBUINX Yepe3 BCIO MOJEIb,
MPUXOJIUTCS 2 00pPaTHO pacCesiHHBIX MPOTOHA.

Habmonaercs pacmmpenne mydKa IPOTOHOB BCIE-
CTBHE MX B3aMMOJICHCTBHS C BEIIECTBOM MOJIEIH, TPH
koTopoM 99,918% konmuuecTBa NPOTOHOB, IPOJIETEBIINX
4epe3 BCIO MOJIeNb, IIONaaioT B 30Hy & 1,4 MM, B KOTO-
poii 3akioueHa oOOOTalleHHas BOJAA, & OCTaJIbHbBIE
0,082% mMpOTOHOB PAacCEHBAIOTCS U BBIIETAIOT 32 €€ Ipe-
JIETIBI, T. €. HE YYacTBYIOT B IbHEHIINX SACPHBIX Peak-
LUAX B 000TallleHHOHA BOJIE.

W3 aHanmm3a MOTepH SHEPTHM YacTHUI] CIEIyeT, 4To
MIOTEPH SHEPTUH IPOTOHOB M aTOMOB OT/Aa4M HA HOHHU3a-
muo coctaBiastioT 99,96% u 0,01% cooTBETCTBEHHO.
Taxxe MOTepH SHEPTUH MPOTOHOB U aTOMOB OTAAYH Ha
¢ononax moxenu pasHsl 0,01% u 0,02% cooTBeTcTBEH-
HO. MTrHOBEHHas 3JIEKTPOHHAsI OTEPs SHEPTHH IIPOTOHA
Ha aToMax THTAHOBOW (OJBIM paBHA B CpPEAHEM
0,858 3B/A, Ha aromax ¢omsru Havar paBHa B cpeHeM
1,526 3B/A. TloTepu Heprum Ha MOHM3AIMIO y TPOTO-
HOB Gonbie B 10* pas uem y aromMoB oT124M.

[Torepu sHeprum Ha HoHOHAX MPEodIATAIOT y aTo-
MOB OTJa4d TI0 CPAaBHEHHUIO ¢ MpoToHamu B 2,59 u 3,39
pasa B TuTaHOBOM U (ponbre Havar cooTBETCTBEHHO.

[Torepst »HEprMM TPOTOHOB HAa aTOMax OTJAYd B
¢omnere Havar B 2,03 paza Gombllie, 4eM B TUTaHOBOH
¢oubre.

IIpoTOH mpHU NPOXOXKIEHHH Yepe3 BCI PaCUETHYIO
Mozens TepserT B cpenHeM 640,67 kaB (B TUTaHOBOM
¢omere 106,94 k3B, B TenmmeBom 3a3zope 6,04 k3B, B

¢domere Havar 527,69 x3B) u sHeprus npoToHa Ha BHIXO-
Jie U3 MOJIeJIN cocTaBseT okoyio 17359,33 kaB.

OtHoLIeHNEe KOJIMYecTBa 00pa30BaBIINXCSl BAKAHCHU
B MaTepHase K YUCIy NPOTOHOB PaBHO 5,2, KOJIMYECTBO
pacIbUIEHHBIX aTOMOB paBHO (), KOJMYECTBO 3aMeEIEH-
HBIX aTOMOB Moienu paBHo 0. Uucno Bakancuu B oJbre
Havar cocraBisieT 88,46% 0T 00111€r0 KOJHUYECTBa, a Ha
TUTaHOBYIO (onery npuxoantes 11,54%. U3 pesynsTa-
TOB BHIHO, YTO TEpBOH Aerpamupyer ¢onbra Havar u
pasrepMeTH3aIys MHULICHH MPOUCXOIUT UMEHHO C pa3-
peiBa Qoneru Havar, Takxke 3TOMy CIIOCOOCTBYET BBICO-
KOE J[aBICHHE, TEMIIEpPaTypa W KOPPO3HUS CO CTOPOHEI
oborareHHo# Boabl. KonmmyecTBo BakaHcuu, 0Opasylo-
muxcs B osbrax, HarpsMyro 3aBUCHT OT HHTETPaJIbHO-
ro TOKa IydYka HpoToHOB. OOpasylomuecss BaKaHCUH
0O0BEANHSIOTCS ¥ IPUBOJIAT K MOSBICHUIO MUKPOITYCTOT
(MHMKpOTpEIINH), 4TO CKa3bIBAaeTCs Ha CPOKE IKCILTyaTa-
uuH QoJbr, U, COOTBETCTBEHHO, CYLIECTBYET Ipeelb-
HBII MHTETrpajbHBIA TOK IMydYKa, MPU KOTOPOM BEPOST-
HOCTbH Pa3pbIBa (POJIBI CTAHOBUTCS BHICOKHM.

OHeprust aTOMOB OT/a4X HE JOCTUTAET Iopora SHep-
THH CBSI3U IOBEPXHOCTH, PABHOTO MPUMEPHO 4,6 3B, 4to
CBHJETENIBCTBYET 00 OTCYTCTBHH PACTIBICHHBIX aTOMOB
Ha 300102 mpoTOHOB.

MonenupoBanue B mporpamMMe SRIM mo3Bomimio
JIy4llle MOHATE IPOLECCHI, MPOTEKAIOIINE BHYTPH JIeprKa-
Tesst oI BO BpeMsi OOJIydeHUs], OICHUTh HEO0O0XO0u-
MOCTb BHECEHHSI KOPPEKTUPOBOK B IIPOLIECCE OOIyUeHUS
MHUILEHU. Pe3ynbTaThl pacueTa Mo3BoISIOT IPOaHaIU3U-
POBaTh IPOCTPAHCTBEHHOE U YHEPIETUUECKOE pacipee-
JICHHE MIPOTOHOB B Jepxkarelsie (oI MHUIIEHH [UKIOT-
POHa, YTO MOXET OBITh HCIIOJIB30BAHO OTIEPAaTOPaMH M-
KJIOTPOHA JJIsl ONTHMH3aNUH TIpoliecca o0irydeHus: 00o-
ramieHHol Bopl. KpoMe Toro, noryueHHbIe Ka4eCTBEH-
HBIE XapaKTEPUCTHUKH MapaMeTPOB IMPOTOHHOTO IydYKa
Oy/lyT TOJIE3HBI JUISl OILIGHKU CTENEHH YCTaJOCTU (oJIbr
MUIIEHU, YTO BJIHACT HA YACTOTY 3aMCHBI (I)OJ'II)F IpH TCX-
HUYECKOM O0CITy>KHBaHUH.
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OUKJIOTPOHHBIH MUILIEHb K¥PBLIFBICHI ®OJIbI'AJIAPBIHBIH
IMPOTOHJAPMEH O3APA OPEKETTECYIH ECEIITIK 3EPTTEY
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JKyMBICTa IMKIOTPOHHBIH MHIIEHb YCTAyIIbl (oJIbranap/ sy MIPOTOHJAPMEH e3apa 9peKeTTecyi 3epTTeii. 3eprrey
SRIM ecentey OarmapiamMa KeMeETriMEH XYpri3iiai, OHIa LIUKJIOTPOHHBIH MHIIEHb YCTAayIIbl (OJIbranapbIHBIH YII
KabaTThl MoJieNi Kypblu1abl. Mumens 18 MaB KyaTbuibiFbl HOpMansl OaFbITTaIFaH IPOTOHAAPMEH aThUIIbBI, IPOTOHAAP
canbl 300102. Ecente sapoJibIK peakiusiap eckepimmeres. JXKyprisiiren 3eprreynep votmkecinae 300100 Oykin mozens
apKbUTBI YIIIKAH NPOTOHIApra 2 Kepi TapaThUIFaH MPOTOH Oap OOJiFaHbl aHBIKTANIBL. Ecentey Mojeis OOMBIMEH KoHE
MOJICTIbJIIH COHBIH/IA KOJJCHEH KHUMAachlHAa IMPOTOHAAPIbIH TapajFfaHblH HOTHOKeNepi YChIHbULABL JKypriziirex
3epTTeyJiep HOTIXKeJepl UHMKIOTPOHHBIH MHUIIEHb YCTaylibl (oJbrajapplHia IMPOTOHJAPABIH KEHICTIK IKOHE
SHEPreTUKANIBIK ~TapajyblH Oarajayra MyMKiHIIK Oepeni. On  LUKJIOTPOH oOmepaTropiapbiMeH OTKi3lIeTiH
KYHapJIaHABIPbUIFAaH CyIbl COYJIEJICHY INPOLECIH OHTAiJIaHIBIpy YIIIH Mainananyra Ooyiaibl. AJBIHFaH HOTHIKEJEp
(dompraapablH mapiiay AIPEeKeCciH Oaranay KoHE TEXHUKAIBIK KBI3MET KOpCEeTy Ke3iHAE ONapIbl ayBICTBHIPY KHLIITi
OOMBIHINIA YCBIHBICTAp 93ipiieyTre OaFBITTaNIFaH KEeJICIICK 3epTTEYJICp IiH Heri3il Ooa anabl.

Tyiiin co30ep: yuxkiompon, MuuieHb, NPOMOHOAp, NPOMOH CIYNeC, Poabeanap, NPOMOHHbIY MAPALYbl, 6OC OPLIHOAP.
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CALCULATED STUDY OF PROTON INTERACTION WITH FOILS
OF THE CYCLOTRON TARGET DEVICE

A. R. Khazhidinova® A. S. Khazhidinov2, O. A. Stepanova!, M. V. Yermolenko '

! Non-profit joint-stock company “Shakarim University”, Semey, Kazakhstan
2 “Center of Nuclear Medicine and Oncology” Department of Healthcare of Abai Region, Semey, Kazakhstan

* E-mail for contacts: khazhidinoval 991 @mail.ru

The article studies the process of interaction of protons with the foils of the cyclotron target holder. The study was
conducted using the SRIM calculation program, in which a three-layer model of the cyclotron target foil holder was
created. The target was bombarded with 18 MeV protons at normal incidence, the number of protons was 300102. Nuclear
reactions were not taken into account in the calculation. As a result of the conducted studies, it was found that for every
300100 protons that flew through the entire model, there were 2 backscattered protons. The results of the proton
distribution along the calculation model and in the cross section at the end of the model are presented. The results of the
conducted studies allow us to estimate the spatial and energy distribution of protons in the cyclotron target foil holder,
which can be used to optimize the enriched water irradiation process by cyclotron operators. The obtained results can
serve as a basis for further research aimed at assessing the fatigue level of target foils and developing recommendations
for their replacement frequency during maintenance.

Keywords: cyclotron, target, protons, beam, foils, proton distribution, vacancies.
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CuNiZ (Z = Al, Ga, Sb, Sn) JKAPTBLJIAI FENCJIEP KOPBITIIAJIAPBIHBIH
KYPBLIBIM/BIK, DJIEKTPOH/IbI 5)KOHE MEXAHUKAJIBIK CUITATTAMAJIAPBIH
AJIFAIIKBI IPUHIUOTEPTE HETI3JEJIIN 3EPTTEY

H. C. Coarantek!, H. A. Mepaai'®, ®. Y. AdyoBal, A. Y. A6yosal, K. E. 3okuena?, T. M. UnepGaen!
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By 3eprreyne CuNiZ (Z = Al, Ga, Sb, Sn) xapTteunaii ['eiiciep KopbITIaTapbIHBIH KYPBUIBIMIBIK, SJICKTPOHIBIK JKOHE
MEXaHHKAJBIK KacHeTTepi THIFbI3ABIK (QyHkunoHansl Teopusicsl (DFT) Herizinme xyiieni Typae 3eprTreii. AJBIHFaH
HOTWOKENEp OyJ1 KOpBITIANAP IbIH TUHAMHUKAJIBIK )KOHE MEXaHUKAJIBIK TYPAaKThIIBIFBIH KOPCETIIT, OJIapAbIH KYPBUIBIMABIK
CUMMETPHSCHl MEH OaillaHBIC CHNATHIH aHBIKTayFa MYMKIHIIK Oepai. DnekTpoHAblK Kacuerrepni Taimay CuNiZ
KOPBITIATaPbIHBIH METAJLI/IBIK CUITATKA e EKEHIH KOPCETTI, all cepriMIiIik Moaynbaepi MeH [lyaccon koadpuuuenTrepi
OJIap/IbIH MEeXaHMKaJbIK OepikTiriH cunatraabl. COHBIMEH KaTap, ecenrteysiep Oyl KopblTnanapja HOHIBIK OaiiaHbic
0achIM EKEHIH JKOHE OJIapJAblH CEpHIMAUIK CHUIaTTaMallapbl OeNrili MeXaHUKaJbIK TYPaKTBUIBIK KpHUTEpHIIEepiH
KaHaraTTaHOBIpaTHHEH KepceTTi. CuNiAl, CuNiSb sxone CuNiSn KOphITHazapsl MEXaHUKAIBIK TYPFBIIAH TYPAaKTHI
OOJIBIN TaOBUIBIT, OJIAPIBIH AHU30TPOITHS KO3 PUIIMESHTTEP XKoHe 0acKa 1a CepIiMIUTIK TapaMeTpiepi aHbIKTanabsl. by
3eprrey CuNiZ sxaprbutaii ['eficiep KOpBITHANApbIHBIH Oojamakra (yHKIHOHAIABI MaTepHaNl PETiHAE KOJAAHBLTY
MYMKIHIITiH KepceTemi. ATam aHTKaHIa, OJapAblH MEXaHHKAIBIK OCPIKTIri MEH KYpBUIBIMIBIK epeKIIeNikTepi Oy
MaTepranaapasl TEPMOIEKTPIIIK KOHE CHMHTPOHMKA KYPBUIFBUIAPBIHIA MaladaHyFa MEpCIEeKTHBAIbI KaHAWAATTAP
peTiHae KapacThIpyFa MYMKIHIIK Oepei.

Tyiiin co30ep: scapmuinaii I'eticiep Kopbimnaniapul, KYpulibIMObIK Kacuemmep, J1eKmpoHObIK KAdCUuemmep, MexanuKd-

JILLK MYPAKMbBLIbIK, CEPRIMOLLIK MOV, UOHOBIK OAILIAHBIC, AHU30MPONUSL, MbIELI30bIK (YHKYUOHAIBI MEOPUSCHI.

KIPICIIE

XKapreinaii Ieiicnep (OKI') KopeITnanapsl KYpbUIbIM-
JIBIK KapamnaibIMIbUIBIFBIMEH epeKiie (pU3nKaIbIK Kacu-
errepre ue OOJBIN, SPTYpJi MaTepHalTaHy caJala-
pBIHOA, OHBIH  IOIHAE  TEPMOSJCKTPIIK  JKOHE
CHMHTPOHABI TEXHOJIOTHsUIApAa KOJAaHy YIIIH YJIKeH
KBI3BIFYIIBUIBIK TyAbIpanbl. CuNiZ KopbITIIanapsl, MyH-
nmarel Z' Herisri Ton anemenTTepi Al, Ga, Sb, Sn perinne
YCHIHBUIFaH, ©3AEpiHiH KYPBUIBIMIBIK, 3JIEKTPOHJBIK
KOHE MEXaHUKAJIBIK KAaCHETTEpiHIH epeKile KOMOHHa-
IUSICBIMEH €PEKINEIICHII, 3ePTTEY YIIiH ©3€KTi KOPHITIA
TYpi Ooubin TadbuIa kL. Byl s)kaHa yHKIMOHAIBI MaTe-
pHangap/abl JaMBITY YIIiH Maiigansl 00Jybl MYMKIH.

KypaMbIHBIH KoHE KYPBUIBIMBIHBIH KapanaibIM/Ibl-
aeirbIMeH epekiienieHeTiH CuNiZ KopsITHazapsl, a9C-
typui JKI' KopbITanapblHaH aifibIpMaIIbUIBIFbL, )KaHa Ka-
cuerTepi 0ap MarepuangapAbl jKacay MYMKIHAIKTEpiH
amajapl. Anaina, onapAbiH (QyHIAMEHTAIIbl KacHueTTe-
PiH TepeHipeK TYCiHY XoHE KACHETTEPiH OHTAWIaHIBIPY
YIUiH aJFamiKel NPUHIUITEPTre HETI3AeIreH TEOPHUSUIBIK
MOJIETIbJIEP aPKBUIBI 3€PTTEY KYPri3y KaKer.

3epTTenin OThIPFaH KOPBITIANAP KOFAPbl CAMMETPHS
MEH TYPaKThUIBIKIIEH CUIIATTaIaThIH KYPBUIBIM/IAPFa He,
COHJIBIKT@H 0JIap YKOFapbl TeMIIepaTypalapMeH jKoHEe ap-
TYP3Ti GYHKIIHOHAIIBIK KACHETTEPMEH OailIaHBICTHI KOJI-
JaHOanap yuriH Tamama KaHauaaTTap O0bI TaObuia bl
[1].

XKI" KopbITHanapAblH HEri3ri epeKmeikTepiniy Oipi
— OJIapJIbIH )KOFapbl TEPMOBJIEKTPIIIK THIMAUIIKIIEH KaTap
KAKChl MEXaHHKAaJBIK KacHeTTepli kepceryi. Mplcasbl,

tutanasl Herizzeri JKI' kopsiTnanapsl, Mpicanbl TiNiSn
xoHe TiNiSb, >XOFapbl TEpPMO3JEKTPIIK KaCHUETTEPIH
KepceTTi, OYJI OJapIblH AJIEKTPOHMABIK KYPBUIBIMBI MEH
KBUTYOTKI3TIIITIK epeKIIeNlikTepiMeH OaillaHbIcThl [2—
6]. by KopeITHanap KypaMmaarsl 9pTYpIli 3JIeMEHTTepAiH
nalijanany apKbUIbI MaTepHaIbIH KaCHETTEpiHe eyeyIi
acep eTyi MYMKiH eKeHiH KOPCETETiH KapKbIH MbICaT 00-
nbin Tabbiagsl. COHFBI 25 KBUIAAFBl TEPMOIJIEKTPIIK
KT xopeITnanapbIHbIH JaMybl TanAaHbil, 220 FeUIBIMU
Mmakanana seprrenred 1100-men acram XKIT kommosu-
IIUSICHI Typalibl MOJIIMETTEp JKHHaIFaH [7]. ©nebu 3epT-
Teyaep HoTmkeci Ooiibrama MNiSn (M = Ti, Zr, Hf),
MCoSb (M =Ti, Zr, Hf), MFeSb (M =V, Nb, Ta)
epeKIle AIEKTPOH/IBIK )KOHE MEXaHUKAIIBIK KaCHETTepre
ue OosraH. n-tunTi JKI' KOpBITHATAapBIHBIH apachiHAa
XNiSn (X = Ti, Zr, Hf), an p-tunTi (X = V, Nb, Ta) xoHe
ZrCoBi KopbITnamapsl YIKEH KbI3BIFYIIBUIBIK TYIbIpa-
TBIHBIH aTan oTTi [§]. By KopeITIanxap TepMOANIEeKTPIIiK
reHepaTopIap/a naiaanaHyablH TYPaKTbUIBIFBI MEH dJIe-
yeri kepcerTi [9]. XK' KopbITIanapsIHbIH CIUHTPOHIBIK
KacHeTTepi XoHe OJIap/IbIH MarHUTTIK KYPBUIFbIIapAaFbl
MEepPCIEeKTHUBAIAPhl TaJKbUIAHAJbl. TBUIBIMH JKYMBICTA
NiMnSb  cuakTel  QeppoMarHUTTIK  KOpBITIANapFa
epeKlIlie Ha3ap ayaapbuiajipl, ojap xorapsl Kiopu temrie-
paTypachiHa XoHE CyOCTpATIIeH XKAaKChl YHIECIMITIKKE
ue.

Herenmen, XKI' kopweITnanapasiH Ken OeJiri oii jae
KETKUTIKTI 3epTTeMereH. MyHzaail a3 3epTTeNreH Tom-
TapabIH 0ipi — CuNiZ tunti KopsiTnanap. byn kopsrTna-
JIap 9JIi TOJIBIK TEOPHUSUIBIK KHE TIKIPUOEIK TYpFbIIaH
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CuNiZ (Z = Al, Ga, Sh, Sn) XAPTbINIA TENCNEP KOPLITNANAPbIHbIH K¥PbINbIMABIK, ANEKTPOHAbI
XOHE MEXAHUKANbBIK CUMATTAMANAPbIH ANTFALLKbI MPUHLUWUNTEPTE HEM3AENIN 3EPTTEY

3epTTEIMETeH JKOHE OJapAbIH MYMKiH OOJATBIH 3JIeK-
TPOHJBIK JKOHE MEXaHUKAJIBIK KaCHETTEpi dJli aHBIKTaJI-
MaraH. ByJ1 onapbIH KYpbUIBIM/IBIK, 3JIEKTPOH/IBIK JKOHE
MeXaHHKaJBIK CHIIaTTaMajIapblH Oaranayra OarbITTaIFaH
KaHa TEOPHSIIBIK JKOHE OSKCIICPUMEHTTIK 3epTTeyliep
YIIiH MYMKIHIK aIiajibl.

Conppixran, CuNiZ KopbITHANapblH 3€pTTeY ©3€KTi
Macerne 0oxbIn TabkIIanel, cebedi Oy MaTepuanap i
TOJIBIK, 3epTTEIMETeH KapTheuiaid ['eficiep xykenepinae
epeKie Kacherrepre me OOiMybl MYMKiH. byn 3eprrey
Kanmbl KapTeutail [eficiep KopwITmaizapsl Typaysl Oi-
MMl KeHEUTyTe )KOHe Ka3ipri 3aMaHFBl TEXHOJIOTHSIIAP
YILIH )aHa MaTepHalap/ibl YChIHYFa KOMEKTECe 1.

KT xopeitnanapst anerre XYZ ¢opmyacbiHa Coi-
kec kenin, Cib KypbUIBIMBIHIA KapacTbIpy MIiHIETTEN-
reH.. OnapaplH KYpbUIBIMBI KPHCTAJULABIK (OPMYJIachl
XYZ typinge 6onaael, MyHaarsl X aToMbl MEH Y aToM-
JTapbl — aybICHANBl METANIAP, a1 Z aTOMBI — HETI3r1 TOI
AJIeMEHTI OO TaOBIIaabl. Byil KophITIanapasr onedu
wosnyiapaa F43m (216) keHicTiKTiK ToObIHA COMKeC A€
Kapacteipanbl. JKI' KypBUIBIMBIHBIH IPOTOTHIN ZnS KY-
pBUIBIMBIHA Herizzaemnin xacanraH. JKI' KOpBITIIACHIHBIH
Baiikopd mosmmmstiapst 4A (0, 0, 0), 4B (1/2, 1/2, 1/2)
xone 4C (1/4, 1/4, 1/4) ayxrenepine coiikec kenemi [10].

3EPTTEY 9JICTEMECI

Byn 3eprreyzmeri OapibIK ecenTeyiep THIFBI3IBIK
¢ynkunonansl Teopusicel (DFT) ascerama Vienna Ab-
initio Simulation Package (VASP) 0armapiamaibIk ma-
KeTi keMeriMeH xyprizinmi [11]. A#eipbacray-koppens-
Ul e3apa OpeKeTTecyliepiH cumarray ymiH Perdew-
Burke-Ernzerhof (PAW) oxiciHaeri »anmsl rpaIueHTTi
ammpoxcuMarust (GGA) xonmaneasl [12]. Bapisik
ecenteynepae 700 5B neHreitinme ma3bIK TOTKBIHAAPIBI
KeCy PHEepTUsICHI OeNriieH 1i. BpuiutiosH aitMarbIHbIH HH-
Terpanusicel yurH 6x 6x6 emmemnii k-Hykrenep TOpbI
naiananeuel. bys napamerpiiep jkaimnbl SHEPTUSHBIH
JIOJJIINIH KaMTaMachl3 eTeTiHAeH JeHreiae TaHaaubl.
Ecenteynepneri KOHBEpreHLUs] KpUTEpHii op aTromra
IIaKKaHIAFbI JKaNIBl SHeprus e3repicinin 1077 3B/atom
IIETiH/Ie caKTaIyhlH KaMTaMachl3 eTTi. Peanubl KeHiCTiK-
Teri KYIITIK TYPaKThUIAp CYNEPYSIIBIK >XOHE IIEeKTi
BIFBICY S71icTepi apKblIbI ecenTeni. KapacTelpsurran Ko-
CBUIBICTap/ABIH CEPIIMJIUTIK KaTThUIBIK TeH30phl Cjj Kep-
Hey (o) MeH gedopmarms (g) apachlHAarbl OaiIaHbIC
o; = Cjj & TeHICyl HETi3iHIe aHBIKTANAbl. AJIBIHFAH JIe-
peKTepIeH OapiblK KAKETTI MEXaHUKAJIBIK KaCcHETTep
ecenTenai. byn omic (OHOHIBIK TOMTHIK JKBUIAAMIIBIK
XKOHE Mojara Toyenni ['proHaii3eH mapameTpi CHSKTHI
raMaiapabl Kipic peTiHie maiaanaHblin, KeJIeM K KpPHC-
TAJUT MaTepHaNIap YIIIH epeKIle JIIAIKIIEH KOJaniIbl
€KEeHIH KOPCETTi.

HOTHXEJEP

1. KypblibIMABIK KacueTTepi

XKL CuNiZ (Z = Al,Ga, Sb, Sn) KOpBITIIaTapBIHBIH
xanmsl popmyrnacel XYZ, ar KypeUIBIMABIK Kepinici Cip
KapacTBIPbUIFaH JKOHE KEHICTIKTIH Tom peringe F43m
(Ne216) rammamgsl. CuNiZ XKI' xypeisIMBIHBEIH X, Y

XKoHE Z aTtomuaphl colikeciHmie Baiikodd mozumusina-
peiHAa opHanackas: 4a (0, 0, 0), 4b (0,5, 0,5, 0,5), 4c
(0,25, 0,25, 0,25). 1-cyperte JKI' CuNiZ KypbUIBIMBIHBIH
KPHUCTAJUIABIK KYPBUIBIMBIHBIH KOpiHici OeHHeJIeHTeH.
KapacTbIpbuibin oTbIpFaH KypbUTbIM YiiH Cu aToMaapsl,
HETI3ri TOI aroMaaphl peTinae X Mmo3uuusachiHaa, an Ni
aToMJapbl COUMKeCiHIIe Y MO3MLUACH OpHBIHA JKoHE Z
aTOMAAPHI COUKeCiHIIe Z MO3UIUIIaphl OPHBIH/IA.

Cypem 1. CuNiZ (Z=Al,Ga,Sb,Sn) JKI" KypvLivimblHbly
KpUCManiobly KYpbliblmbl

1-kecrene 3epTTenreH xaprbutaid ['eiiciep KopeiTna-
JIApBIHBIH €CENTENITeH dHEeprus MOHAEPI MeH Top mapa-
MeTpiiepi kepceTireH. KopbITianblH Z aToMIapbIHBIH
e3repici OHBIH JKalllbl KPHUCTAUABIK OJIIeMiHEe acep
eTefll. Z aTOMJapbIHBIH MOH/BIK PaJNyChIHBIH apTybIHA
kapaii, CuNiZ JXI' KOpBITHACHIHBIH JJICKTPOH/IBIK JKOHE
MEXaHUKaJIBIK KacHeTTepl Kajail e3repeTiHiH KapacThl-
pambI3.

1 xecme. CuNiZ' (Z = Al,Ga, Sb, Sn) JKI" Kopuimnanapwlusly
mop napamempiepi Men IHep2usi MOHOepI.

Kopbitna | Top napamerpi (A) | Oweprus (3B) | Kenem (A3)
CuNiAl 5,580 -52,703 173,79
CuNiGa 5,593 -48,749 174,99
CuNiSb 5,838 -54,633 199,02
CuNiSn 5,854 -52,609 200,68

2. DJIeKTPOHABIK KacuerTepi

3eprrenin oteiprad JKI' KOpBITHANAPBIHBIH 3JIEK-
TPOH/BIK KaCHETTEpiH CUMIATTay MaKCaThIHAA 2 — CypeT-
T€ KOPCETLIreH JICKTPOH/BIK KYHIED THIFBI3IBIFBI Tall-
nauael. Tanmay O6apeiceinga CuNiZ (Z = Al,Ga, Sb, Sn)
JKYHECIHIH OapibIK KOPBITIANIAPHl METAJUIABIK KACHET
KepceTkeHiH Oaiikayra Oomanpl. JXKI' KopbITHANAPBIHBIH
BaJICHTTIK 30HAa aiiMarbIHBIH —6 3B xoHe —4 3B apanbi-
FBIH/Ia KOPBITIIAHBIH OapIIBIK AJIEMEHTTEPI JKANITBI JJICK-
TPOHJBIK KYH THIFBI3JIBIFBIHA a3 KeyieMze OipJieit yiec Ko-
caThbIHBIH, al —4 3B jxoHe —2,2 5B apanblFblHAa 2J€K-
TPOHJBIK THIFBI3ABIK KOPCETKIIIIHE HETi3ri yiecTiH Oa-
ceiM Oemirin Cu aTOMIapbIHBIH d-3JIEKTPOHIAPHI KOCcCa,
—2,2 3B xoHe —1,3 3B apansiFbIHIA HETI3Ti yiec Kepi-
cinme Ni aTOMIapbIHBIH d-dJEKTPOHAAPBIHA THECII
eKeHiH OaiKkaiiMbI3. —1,3 3B kepcetkinrinen ®epmu
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Cypem 2. CuNiZ (Z=Al,Ga,Sb,Sn) XTI kopeimnanapei yuiin Kyiunepoiy 31eKmpoHObIK Mblebl30bIKMapbl

9HEPTHsICHl JACHreiliHe NeiiHri apanblkTa 0apJblK aToM-
JTApJIBIH AIIEKTPOABIK THIFBI3ABIK KYHiHE yiieci maMaac.
®depmu HEPTUACH eHreiinmeri Z' atomaapsl MeH Ni
aTOMJIAPBIHBIH d-3JICKTPOHIAPBIHBIH YJIeci KOpCeTKili,
JKOHE aTaJMBIII aliMaKTa IICeBIOCAHBLIAYIApIBIH O0I-
May#lI 3epTTenin oTbipraH JKI' KopsITianap TOOBIHBIH Me-
TAUABIK KaCHeT KOpPCeTeTiHIH Ourmipemi. OTKI3rimTik
aliMaKTarbl aTOMIAP/IBIH JKAIBI YJIeCi mamaiac 0oJra-
HBIMEH, €H XKOFaprbl MoH Cu aTOMJAPBIHBIH d-3JIEKTPOH-
JapbIHa THECLIl eKeHiH OaiikaiMbi3. Jlemek, Z aTommaa-
PBIHBIH ©3TepiCi 3JEeKTPOHIBIK KYPBUIBIMHBIH KacHEeT-
TepiHe acep eTNEHTIHIH TYXKbIPbIMAAN anambl3.

CuNiZ (Al,Ga,Sb,Sn) I KOpBITHATAPBIHIAFEI JICK-
TPOHAAPIBIH HIOFBIPIAHYBIH TaNIay MaKCaThIHIA JICK-
TpoHABIK Jokanm3amus Qyskmusicel (ELF) skacammsr.
DNEKTPOBIK Jokamu3amnus GpyHKousace yiria 110 xa-
3BIKTBIFBI TAHIAIBI, 3epTTEy HOTHKECI 3-CyperTe Kep-
ceTireH. Opoip cypeTTeri TYCTIK MIKajIa KbI3bUT (MaKCH-
MaJIJIBl JIOKATU3aIHsi) MCH KOK (MUHAMAIIIBI JIOKAH-
3ausi) apachlHAa aybIChI OTBIpaasl. KbI3bUT TYC 3J€K-
TPOHAAPIBIH KEHICTIKTE THIFbI3 OPHATACKAHBIH JKOHE KO-
BaJICHTTI OailylaHbIC HE SJEKTPOHIBIK KYIITHIH KYIITi JO-
KalTM3alusChIH OUTIipesni, al KoK TYC dJIEKTPOHAAPIbIH,
CHPEK OpHAJACKAHBIH, SFHH OJICI3 HEMECE METaJIbIK

cumarTarsl  OailmaneicTel  KepceTemi. CuNiAl kone
CuNiGa xytienepiage (III Tom amementrepi Al, Ga)
ANEKTPOHABIK OallaHbICKa aWTapibIKTail yiec Koca-
TBIH S-p OPOUTANIBAAPABIH BIKITAIEI JKOFapheIpaK. by xky-
Herepie KOBaJCHTTLUIIK yJieci OipmamMa ecyi MyMKiH, ce-
06e6i Al w™men Ga-HBIH CBIPTKBI KabaTTapbIHIA-
FBI p OpOUTANIBAAD METAJUI-METAILT ©3apa dPEKETTeCyiHe
kocbutaabl. CuNiSb sxone CuNiSn xyitenepinge (Sb— V
ToII 37IeMeHTI, Sn — [V Tom 3/1eMeHT1) 311eKTPOHABIK OYJI-
TTHIH JIOKQJIM3aIUACH Oipa3 e3relie cumar ajagsl. Sb
aTOMAAPBI 5 p-3JCKTPOHIAPHI aPKbUIbI KOBAJCHTTLTIKTI
apTThIpajsl, anm Sn — 5 .s3koHE 5 p opOutanpaapel ap-
KbUJIBI KOCBUIBII, METaJbIK-KOBAIECHTTIK CHUIIaT apa-
CBIHJIa apalblK OaiIaHbIC Ty3yl BIKTHMaI. bipiHmi cy-
perTe KbI3bUI TycKe OosurraH aiimakrap Oip-Oipine
JKaKBIH OPHAACKAH «JI0Fa» HEMECE «KapThUIai CaKiHa)
TypiHze kepineni. by afimakrap aToMaap apachIHIAFbI
AJIEKTPOH THIFBI3/IBIFBIHBIH JKOFAphl €KEHIH, SFHH KOBa-
JICHTTLTIK/JIOKaITB1 OalTaHbICTap IBIH Oap eKeHIH Kopce-
Teni. EKiHII jkoHe YIIiHII CypeTTepie KbI3bUI TYCTi aif-
MakTapIbplH (opmackl anJbIHFBIFA KaparaHla aHaryp-
JIBIM «JOHTENIeK» He «IIeHOepre YKcacy OOJBIN KeJemi.
By meTanaplk cunar meH KOBaJICeHTTUTIKTIH apaChIHIaFbl
TeMNe-TeHIIKTIH OPTYpJi €KeHiH, COHAai-aK KOCIaHBIH
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XUMHSUIBIK KYPaMBbl ©3TepreH CaiblH JIEKTPOHIBIK OYIIT-
TBIH Tapalybl na esrepeTiHiH anrapTanbl. CuNiAl xo-
PBITIIACHI YIIIH 3JIEKTPOH/IBIK JIOKATIH3AHs (YHKIHUSCHI-
HBIH «OKIIayJaHFaH» KbI3bLI aiiMakTapsl Oipiiama a3nay
OOouBII, JKalmbl MeTaAblK cunat cakranaabl. CuNiAl,
CuNiSb sxene CuNiSn KopbITHaJIaph! YIIiH KOBAJIEHTTI-
JIK YJECiHIH apTybl HOTIDKECiHAe KeHOip alimMakrapia
ELF moHi sxorapsl. Ocipece Sb aTOMBIHBIH KaTBICYBIMEH
KOBQJICHTTi OalTaHBICTHIH KapKbIHABUIBIFEI ocemi. Ockl-
Jaiima, 3JIeKTPOHIBIK JIOKanu3auus (QYHKIUSACHIH Tall-
nmay apkputel CuNi Heri3zi criaBTapaa KocIa 3IIeMEeHT-
TEpiHiH 9cepiHeH METaNIBIK KOHE KOBAJICHTTI OaiilaHbIC
CHUINATTapbIHBIH Kalal e3repeTiHiH kepyre Ooxanpl. by
HOTWOKEJIEp MaTepHalIblH (QU3HUKaJIbIK KacueTTepiH (Oe-
PIKTIK, OTKI3rIITIK, T.0.) O0/DKay/ja MaHbI3IbI POl aTKa-
paznsl.

CuNiAl CuNiGa

0.0

Cypem 3. CuNiZ (Z=Al,Ga, Sb, Sn) srwcapmvinaii I eticrep
xopvimnanapsl ywin ELF

3. Cepnimainik Kacuerrepi

KatTsl neHeHiH KeNTereH HeTi3ri KacHeTTepl MaTepH-
AJIIBIH CePIIMILUTIK KACHETTEPIMEH THIFBI3 OAalTaHBICTHI
[13]. Cepmimainik TYpaKTBUIBIKTAPABI 3€PTTEY apKBLIBI
MaTepUANABIH TYPaKTBUIBIFBI, KATTBUIBIFBI, CHIHFBIII-
TBIFBI, MKEMJIIIT, aHWU30TPONHUSHBIH TaOWUFATHl >KOHE
0acka MeXaHMKaJbIK KyObuibicTap cumartamazns! [14].
CepriMaimik TypakThuiap ['yKTBIH AedopmMarius 3aHbIH
KOJIIaHy apKpUIbl aHbIKTanajel. 2-kectene CuNiZ XKI
KOpBITIIANap KaTapBIHBIH CEePIIMAUIIK TYPaKThUIAP.IBI
3epTTey HOTWXKeNepi KenTipinren. KapacTeIpbuibim
oteipraH K[ KopBITIanapsl KyOTHIK KpHCTaIDT OOJIFaH-
JIBIKTaH, CEPIIMAUIIK TYpaKThUIaphl apKBUIBI aHBIKTAJIA-
THIH MEXaHUKAJIBIK TYPaKTHUIBIK BOpH KpuTepwuiiiepine
coliKec Kellyi Kepek:

C,>0,C,>0,C,-C,>0,C,+2C,>0

2-xecrene kepcetinreH Cjj cepIiMAiTIK TYpaKThLIAP-
abiH ecenTik MoHAepi CuNiAl, CuNiSb xsHe CuNiSn
XKD xopbITnanapel YUOIiH OH €KEHIH JKOHE CoHMKeciHiIe
KyOTBIK KPUCTAJLI KOPBITIAJIaPBIHBIH MEXaHUKAJIBIK TY-
PaKThl EKEHIH KOPCETETIH JKOFaphlla KOPCETIIreH IIeK-
TeyJl KaHaFaTTaHABIPaThIHBIH KepeMi3. Anaiina CuNiGa
XTI xopeitnacel bopH kpuTepuiiiHe colikec KeJIMereHiH
OarikalimMp3. JleMek Oysl KOpBITIA MEXaHUKAIBIK TY-
PakTHI eMec, JkKoHe OYJI KOPBITIAHBIH CepIiMAITIK Kacu-
eTTepiH KapacTHIPMaMBbI3.

2 xkecme. CrNiZ (Z=Al, Ga, Sb, Sn) 2KI” kopsimnanapbeiroiy
Cij cepnimoinix mypaxmoliapol

KopbiTna Cn Cn Cu C12=Cas
CuNiAl 1154 110,4 6,6 103,8
CuNiGa 105,6 11,7 -5,6 17,3
CuNiSh 1241 105,7 26,1 79,6
CuNiSn 130,5 91,3 20,1 712

2-KecTe MOHAEPIH Tannai oreipbin, Cii TypakTblIa-
poiHbIH MoHI C44 MOHJIEPIHEH YIIKEH €KEeHiH Kepyre 0o-
nansl. Bys KopbITia Tasa bIFbICY JedopManuscbiHa Kapa-
raHga Oip OarpITTH IedopManusFa TO3IMILUIIT KOFaphI
eKeHiH Ourmipeni. MatepuanmapIslH CHIHFBIIITHIFBIH He-
Mece HMKEeMIUNTiH OaFanay YIIiH MaHBI3IBI KPUTEPHMA
Komm xpiceiMbl Gombin Tabbmanel, o Cip—Cas peTinge
aHbIKTaNIaabl. KOy KRICBIMBI MaTEPHANIBIH COMKECIHIIIe
METalI J)kKoHe OeiMeTalll eKeHIH FaHa eMec FaHa eMec
[15], consimen katap KomumiH Tepic KbICHIMBI ChIHFBIIII-
TBIKTBI, aJ1 OH KBICBIMbI MaTEPHAIIIBIH UKEMIITITIH KOp-
cereni. 3epTrey OapbichiHaa Kol KbICHIMBIHBIH OH CKe-
HIH aHBIKTAIBIK, IEMECK 3€PTTEIII OTHIPFaH KOPBITIIATIAP
TOOBIHBIH TAOMFATEl HKEMJII €KEHIH OOJDKAM aJaMbl3.

MartepuanmapIslH MEXaHUKAIBIK KAaCHETTEPiH TY-
CiHY YIIiH MOJUKPUCTAIIAPIBIH CEPIIMALIIK TapamMeTp-
JIepi ©Te MaHBI3ABI TapaMeTpiep OO TaObIIa Ik, MBI-
caJIbl, KeJeMli CepIiMIuTiK Moayii B, srreicy moayii G,
FOHT Monyni E xone [TyaccoH koaddunuenTi v, aHH30T-
pormst koapunreHTi A. COHIBIKTaH 013 OCHI TapaMeTp-
nepaid XK' kopeITHanapbIHbIH Z aTOMbI ©3repyiHe Kapail
e3repyiciH 3eprreiiMis. By mapamerpiepai Oaranay
yurie 0i3 Beiirr-Polic—Xum1 cxemachblH KOJAAHIBIK,
KyOTbIK KpHCTaUIap YLIH CepIiMIUIIK OHE BIFBICY
Moybaepi [16]:

B,-B, _G, +2C,
3
G. = (Cu _CIZ +3'C44)
=2
5
5C44 (Cll _CIZ)

" T[40, +3(Cy-Cp)]

Xumigaiy Manimertepi OoitpiHa B sxone G opramra
MOHJIEPiH KepceTyTe OoaIbl:

1
B:E(BP+BB)

G:%(GB+GP)

121



CuNiZ (Z = Al, Ga, Sh, Sn) XAPTbINIA TENCNEP KOPLITNANAPbIHbIH K¥PbINbIMABIK, ANEKTPOHAbI
XOHE MEXAHUKANbBIK CUMATTAMANAPbIH ANTFALLKbI MPUHLUWUNTEPTE HEM3AENIN 3EPTTEY

IOHT Monyni (E) xone Ilyaccon ko3 dummenti (V)
KeJleci KaThIHACTap apKbUIbl aHBIKTATYBl MYMKIH:

_ 9BG
3B+G
3B-2G

Ve — 040
2(3B+G)

Ecenrenren cepmiMIinik MOAYIbIACP 3-KecTene Kop-
cerinreH. MexaHukainslK TypakTsl JK[T KopbITIamapsl-
HBIH Z aTOMIAapBIHBIH ©3repici 0aphICHIHAA, OJIAPIBIH KO-
JMeMIi CepHmiMIIK MOAYJI TOMEHICHI, all BIFBICY
MOy KepiciHmie xorapeutaiiabl. [lyaccon koaddumm-
SHTIHIH XOFaphUIAyBIMEH MaTepHaIIBIH HKEMILTIri ap-
tazgpl. [Tyaccon ko3 durmenti X KopsITHaNapbIHEIH Z
aTOMIApbIHBIH MOHJBIK paJnyChl YJIFAlObIHA Kapai xko-
rapbutaiiasl. [Ieto xoadduumenti, B/G, ke3-kenren ma-
TEPHUAIBIH UKEMIUIIT1/CHIHFBIIITHIFBI TYPajbl akKmapaT
oepeni. Erep B/G> 1,75 TeHCI3airi OpbIHAAIATHIH
OoJica, OHJa MaTepuaia UKeMmauTikke ue, an B/G < 1,75
TEHCI3/Ir1 OpBIHAAJICA, OJ CHIHFBIII OOJBIN TAaOBLIA/IBI.
Ecenrey HoTIKeNepiHe coiikec, B/G monmepi 1,75-teH
JKOFApbl €KeHIH aHbIKTANIbI. KaTThl MaTEepHaiaa aHu30T-
porms mopexeci 3eHep aHM30TponHs KoddduimeHTiMmeH
aHBIKTAJA]Ibl, H30TPONTHl MAaTepUal YIIiH aHU30TPOIHS
kodpdunuenHTi 1-re TeH Ooxamsl, an 1-IeH Kimi HeMece
YJIKeH MOHJACP CEpHiMIUTIK aHU30TPONHUSA IOPESIKECIH
kepcereni [17]. Anuzorporust kodpQUIHMEHTI MOHIH
aHBIKTAy YIIIiH KeJiecl TeHAeY KOJITaHbUIIbI:

2C,,
(Cn _CIZ)
3eprrenreH aHuzoTponus koddduuuentrepi 1-nex

e3rele OOJIFaHIBIKTaH, CEPIIM/IUTIK aHU30TPOIIHS ope-
JKECIH KOPCETETiHI aHBIKTAJIIbI.

A=

3 kecme. CrNiZ (Z=Sb, Sn) occapmoinaii I'eiicnep
KOPbIMNAnapulibly CepRiMoiniK Kacuemmepi

KopbiTna B G v A B/G
CuNiAl 112,066 4472 | 0,480 | 1,222 25,055
CuNiGa 109,666 -4,388 0,520 0,456 -24,990
CuNiSb 111,833 17,192 | 0427 | 1427 6,504
CuNiSn 104,366 19,898 0,410 0,007 5,244

KOPBITBIH/IbI

Koperregemaii xene, CuNiZ (Z = Al, Ga, Sb, Sn)
xapTeiiaid ['eficiep KOpBITIIANAPBIHBIH KYPBUIBIM/BIK,
AIIEKTPOHJIBIK KOHE CEPIIMAUTIK KACHETTEP1 KaH-KAKTHI
3epTTeNi. AJBIHFAH €CenTey HOTIDKENepi Oyi1 KophITIa-
JIap/IbIH KPUCTAI/IBIK KYPBUIBIMBI TYPaKThl €KSHIH KoHE
oJIap/BIH JKYHeNepiHJae HOHABIK OalmaHbICTapIbIH Oa-
CBIM peJl aTKapaThlHbIH KepceTTi. COHBIMEH KaTap,
CrNiZ (Z=Al, Ga, Sb, Sn) KopbITIIaapsl METAUIIBIK
KacHeTKe Me €KEHI aHBIKTAIIbl. MeXaHNKaJIbIK KacHeT-
Tepin Ttangay OapeiceiHna CuNiAl, CuNiSb xone
CuNiSn KopbITHanapbIHBIH CEPIIMIUIIK TYPaKThIIBIFbI
pacrainbl. Onap/ e KeJeMIIK CEPIIMALIIK KIHE BIFbICY
Monynbaepi, Ilyaccon koad¢uumenti, aHM30TpONHS

¢daxTopsl xoue [Ipto KorpduImenTi ecenrrenyi. by na-
pamMeTpIiep oJap/blH MEXaHHUKaJbIK OEpiKTIri MEH HKeM-
JUIITIH CUTATTAlIbl JKOHE OCBhl MaTepHajlapblH KO-
JlaHy MYMKIHAIKTepiH aHbIKTayFa Kemekrecendi. JKypri-
3inreH 3eprrey Hotmxkenepi CuNiZ xaprteunaid [eficiep
KOPBITHAJIAPBIHBIH IEPCIIEKTUBANIBI (DYHKIIMOHAIIB Ma-
Tepuajap peTiHie naiiaanaHyra xapam/bl eKeHiH Kop-
cereni. Ocipece, OJTapAbIH MEXaHUKAJBIK TYPAKTHUIBIFBI
MEH KYPBUIBIMIBIK €peKIIeNiKTepi OyJ1 KOpbITIIanapbl
TEPMODJICKTPIIIK, CITHTPOHUKA JKOHE OacKa Ja TeXHOJIO-
THSUTBIK, cajlajiapja KOJMIaHy MYMKIHZITIH KapacTeIpyFa
Heri3 Ooma amansl. byman opi Oynm MaTepmanmapablH
MIPaKTHKAJIBIK KOJIIAHy asChlH KEHEUTY MaKcaThIHIa KO-
CBHIMIIIA JKCIEPUMEHTTIK JKOHE TEOPHUSUIBIK 3EpTTeyJiep
KYPri3y Kaer.

Kasaxcman Pecnybauxacel Folnvim oicone dco2apbol
Oinim munucmpnieiniy AP22683528 « I eticnep xopvimna-
JapuiHa He2i30el2eH MePMOINEKMPIIK HCIHE CHUHMPOH-
ObIK Mamepuanioapobly KOMAbIOMEPIIK OU3AUHbLY SPAH-
MbIHBIH KAPHCHLILIK KOAOAYbIMEH OPbIHOANObL.
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HCCIEJOBAHUE CTPYKTYPHBIX, QJIEKTPOHHBIX 1 MEXAHUYECKHUX
XAPAKTEPUCTHUK NOJYT'EUCIEPOBCKUX CIIJIABOB CuNiZ (Z = Al, Ga, Sb, Sn)
HA OCHOBE IIEPBBIX TPUHIIUIIOB

H. C. Coarandek', H. A. Mepoaai'”, A. Y. AGyosal!, ®@. Y. Adyosa', K. E. 3okuena?, T. M. Unepoaen'

! Eepazuiickuii nauuonanovuotit ynueepcumem um. JI.H. I'vmuneea, Acmana, Kazaxcman
2 Mexcoynapoonuiit ynusepcumem Acmana, Acmana, Kazaxcman
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B nanHO# pa®oTe MPOBEACHO CUCTEMATHUYSCKOE UCCIIC0BAHUE CTPYKTYPHBIX, JCKTPOHHBIX U MEXaHUYCCKUX CBOWCTB
nonyxeiiciaepoBckux cmiaBoB CuNiZ (Z = Al, Ga, Sb, Sn) Ha ocHoBe Teopuu pyHkunonana mwiotaoctd (DFT). [Tomy-
YCHHBIC PE3YJIbTAThI OATBEPIKIAOT THHAMHYCCKYIO M MEXaHHYECKYIO CTAOMIBHOCTD 3THX CIIABOB, & TAKXKE MO3BOJISIOT
OXapaKkTepu30BaTh UX CTPYKTYPHYIO CHMMETPHIO U MIPUPOJY XUMHUYECKUX CBSI3CH. AHAIIU3 2IEKTPOHHBIX CBONCTB MOKa-
3a11, uto cruiaBel CuNiZ 061a1al0T METAIITHYECKAM XapaKTepoM, a pacdeT YIpyrux Moayiei u koaddunuenra [Tyaccona
JIall TIpe/ICTaBIeHHe 00 MX MEXaHUYECKON MPOYHOCTH. J[OTIOIHUTENFHO POBEACHHbIE PACYETHI OATBEPAMIN Mpeodiia-
JlaHUEe MOHHOM CBS3U B JaHHBIX CILIABAX, 4 TAK)KE UX COOTBETCTBUE OCHOBHBIM KPUTEPHUSIM MEXaHHUYECKOH YCTOMIMBOCTH.
Crmnaeel CuNiAl, CuNiSb u CuNiSn oka3annch MEXaHHYECKH CTaOMIEHBIMU, TIPH 3TOM JJIST HUX OBLTH ONpeIeNICHBI KO-
3¢ GUIMEHTHI aHU30TPONUU U APYTUE YIPYTHe napameTpsl. JJaHHOe HCClieIOBaHHE AEMOHCTPUPYET, YTO MOJyXeHce-
poBckue crtaBbl CuNiZ SBISIOTCS NEPCICKTUBHBIME KaHIUAATaMH JIJIsl UCTIOJIb30BaHMs B KaueCTBE (DYHKI[HOHAIBHBIX
MaTepuasioB. B 4aCcTHOCTH, MX MeXaHHUUYECKas! POYHOCTh M CTPYKTYPHbIE OCOOCHHOCTH MO3BOJISIIOT PACCMATPUBATE 3TH
MaTepHalibl KaK MOTCHIMAIbHBIC KAHUIATHI IJIsl IPUMEHCHHS B TEPMOIJICKTPHYCCKUX M CIUHTPOHHBIX YCTPOUCTBAX.

Knwouesvie cnoea: cnnasvt nony-Ieiiciepa, cmpykmypHvie COUCMBA, INEKMPOHHbIE CBOUCMEd, MeXaHUudecKdsl
YCmouyug8ocmo, ynpyaue MoOyau, UOHHAS C85A3b, AHU3OMPONUS, MeopUs. PYHKYUOHANA NIOMHOCIU.
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CuNiZ (Z = Al, Ga, Sh, Sn) XAPTbINIA TENCNEP KOPLITNANAPbIHbIH K¥PbINbIMABIK, ANEKTPOHAbI
XOHE MEXAHUKANbBIK CUMATTAMANAPbIH ANTFALLKbI MPUHLUWUNTEPTE HEM3AENIN 3EPTTEY

FIRST-PRINCIPLES STUDY OF THE STRUCTURAL, ELECTRONIC, AND MECHANICAL
PROPERTIES OF CuNiZ (Z = Al, Ga, Sb, Sn) HALF-HEUSLER ALLOYS

N. S. Soltanbek!, N. A. Merali'*, A. U. Abuoval, F. U. Abuoval, Z. Y. Zakiyeva?, T. M. Inerbaev!

! L. N. Gumilyov Eurasian National University, Astana, Kazakhstan
2 Astana International University, Astana, Kazakhstan

* E-mail for contacts: Nurpeis.93@mail.ru

In this study, a systematic investigation of the structural, electronic, and mechanical properties of CuNiZ (Z = Al, Ga, Sb,
Sn) half-Heusler alloys was carried out based on density functional theory (DFT). The obtained results confirm the
dynamical and mechanical stability of these alloys and provide insights into their structural symmetry and bonding nature.
The electronic structure analysis revealed that CuNiZ alloys exhibit metallic behavior, while the calculated elastic moduli
and Poisson's ratio characterize their mechanical strength. Furthermore, the calculations indicated the dominance of ionic
bonding in these alloys and confirmed their compliance with fundamental mechanical stability criteria. The CuNiAl,
CuNiSb, and CuNiSn alloys were found to be mechanically stable, with their anisotropy coefficients and other elastic
parameters determined. This study demonstrates that CuNiZ half-Heusler alloys are promising candidates for functional
materials. In particular, their mechanical robustness and structural properties make them potential candidates for
applications in thermoelectric and spintronic devices.

Keywords: half-Heusler alloys, structural properties, electronic properties, mechanical stability, elastic moduli, ionic
bonding, anisotropy, density functional theory.
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MN3YYEHUE CTAHIAPTHBIX OBPA3IIOB, ATTECTOBAHHBIX HA COJAEPXKAHUE Au U Ag, VIS
INPUMEHEHWS B HEUTPOHHO-AKTUBAIIUOHHOM AHAJIU3E OTHOCHUTEJBHBIM METOJOM

C.TI. Jlennuk", . 0. Cunaues, K. A. Begeanéexona, E. K. Cokonenxo, C. K. blabipbimena
PI'Il «Hucmumym aoepuoii puzuxun M3 PK, Anmamui, Kazaxcman
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B craTpe mpencTaBiieHbl pe3yIbTaThl HCCIEAOBAHIS COACPIKAHMUS M pacpeelicHns Au u Ag B CTAaHIApTHBIX 00pa3iax
(CO) psina npousBoaureneit (Asctpanus, Pecniyonmka Kazaxcran, Poccuiickas @enepanus, p.). McciaemoBanus BBITON-
HEHBI METOJJOM MHCTPYMEHTAJIHOIO HEUTPOHHO-akTHBalMoHHOro aHanu3a (MHAA) Ha Au u Ag o MHO>KECTBEHHBIM
napauleNbHBIM MalibiM HaBeckaM (Macca 100 mr). Kpome Toro, metonom pentrenodiyopecienTHoro ananuza (POA) na
9HEPrOAUCIICPCUOHHOM CIIEKTPOMETPE U3YUYCHO couepkanue Ag B 6onbmmx (7—10 1) HaBeckax.

[TpuBeneHb! pe3ynbTaThl CTATUCTHYECKOH 00pab0TKY MapaiebHbIX H3MEPEHHH, H3yUeHa CXOJUMOCTh PE3YJIbTaTOB 10
100 Mr HaBeckaM OTIENBHO MO KaXKIAOMY OIMpeNeIsieMOMY 3JIeMEHTY. BBINONIHEHO cpaBHEHUE HCTIONb3YEeMbBIX HUHCTPY-

MEHTAJBHBIX METOAOB I onpeaencHus Ag. [IpuBeieH KOHTPOIb Ka4ecTBa I KXKI0TO METO/a.
Ornpenenensl rpaHullbl npuMeHenus ganHbix CO nis ucnonb3zoBanus B meroge MHAA.

Knrouesvie cnosa: HeﬁmpOHHO-aKmuGaquHHblﬁ ananus, cmaHOapmeze 06pa3l4bl JIEMEHMHO020 cocmaesd, 30710Mmo,

cepebpo, 0epHblil peakmop.

BBEJEHUE

Omnpenenenne 0IarOpoOIHBIX METAIIOB Au U Ag sB-
JIIETCS BAXKHOM Hay4HO-IIPAKTUYECKOM 3ajauell B IeoJIo-
rudeckoit otpaciu [1-4]. Ogaum u3 Hanbosiee HaIEXK-
HBIX METO/IOB SIBSIETCS HHCTPYMEHTAIbHBII HEUTPOHHO-
akTuBanMOHHBIN aHanu3 (MHAA), no3Bosstironiuii onpe-
JIENIATh MUKPOCOJEpKAaHUA AU C IpeaesoM oOHapyxe-
Hus Ha ypoBHe 0,001 Mkr/T [5-7].

ITpn mpoBeneHNN WHCTPYMEHTAIBHOTO HEHTPOHHO-
akTuBanoHHOoro aHanmu3a (MHAA) OTHOCHTEIBHBIM Me-
TOJIOM HCCIlelyeMble 00pa3nbl 00JIy4aroTCsl OJIHOBpE-
MEHHO cO cTaHAapTHBEIME oOpasnamu (CO) u pacuer co-
Jiep >KaHUH 3JIEMEHTOB B MCCIEyeMbIX 00pa3Iax MpoBo-
JUTCA TyTeM CPaBHEHHsS HABEJCHHOM aKTHBHOCTH pa-
JTUOHYKJIUAOB B HCCIIEAyeMBIX 00pa3Iax ¢ akTMBHOCTS-
MU 3THX X paguonykinaoB B CO. Maccel HaBecoK Hc-
clenyeMbIX Ipo0 MOYBBI (PyAbI) OOBIYHO COCTaBISIOT
100 mr. IIpm Takux MajbIX MaccaX HAaBECOK BO3HUKAET
BOIIPOC MpeAcTaBUTEIbHOCTH. [IpeacTaBuTenbHOM, HHA-
Ye TOBOPSI, aHAINTHYECKON HABECKOW Ha3bIBAETCS KOJIU-
YECTBO BEIECTBA, B3ATOE I IPOBE/ICHNS aHAJIN3a, AeH-
CTBHUTENILHO OTpaXKarolllee CPEAHNI cocTaB aHAU3Upye-
MBIX MarepuaioB. Takum 00pa3oM, K HCIIOJIb3YEMbIM
CTaHAAPTHBIM 00paslaM NPeIbsSBISIOTCS CTPOTHE Tpe-
60BaHUS 10 MIPEJCTABUTEIBHOCTH HAaBECKH O BCEM OII-
peneIsieMbIM HJIEMEHTaM.

B mociennee BpeMs Ha pPhIHKE CTaHAAPTHBIX 00pas3-
oB nosiBuiics mupokuii ciektp CO OREAS, arrtecto-
BaHHBIX, B TOM YHCJIE, Ha COACPIKaHUS OJIaTOPOTHBIX Me-
tamos. [IpomsBomurenem Ore Research & Exploration
Pty Ltd (ORE), ABcTpanust yka3zaHo, 4yTo «JTaJIOHHbIE
Matepuansl OREAS npennasHadeHsl Ui oOecrieueHus
HEJIOpPOroro MeToJla OLEHKH M IOBBIIICHUS KauecTBa
aHaJIM3a reoJIOrMYecKnX Npod. AHAJIMTUKY OHH TIpeJoc-
TaBIISAIOT 3 PEKTUBHBIE CPEICTBA KATNOPOBKY aHAIUTH-
4ecKoro 000pyJ0BaHus, OLIEHKN HOBBIX METO/IOB U Pery-

JIIPHOIO MOHUTOPUHIA BHYTPEHHUX Ipouenyp» [8—9]. B
nacrioptax 3tux CO yka3aHbl cepTH(UINPOBaHHBIC (pe-
KOMEH/IOBaHHbIE) 3HAYEHUs COACPIKAHUM s OTHEINb-
HBIX METOZOB IPEBAPUTEIBHON XMMUUECKOH TOATOTOB-
K4 1Ipo0, ucrnonb3yronux HaBecku oT 10 10 50 r. Pe3yins-
TaThl ONpeaeNcHus] Au U Ag IPUBOAATCS Uil TAKHX Me-
TOJIOB NPOOOMOATOTOBKU Kak THrenabHas ruiaBka (Fire
Assay), pasiokeHHe Napckoil Bomkoir (Aqua Regia
Digestion),  BbIIeTaYNMBaHWE  I[HAHUIOM  HATPHAL
(Cyanide Leach), MynpTHKHCIOTHOE pa3iiokeHHE (4-
Acid Digestion). I Ag B kauecTBe HHPOPMAITMOHHBIX
sHadeHn# (Indicative Values) 6e3 ykazaHus morpenrHo-
creil npuBosaTcs pedynbrarel MeTogamu MCII-MC ¢ na-
3epHoii abmsiuent (Laser Ablation ICP-MS), Gopar-
Has / mepokcuaHas TuiaBka ¢ okoHuanueM MCII-MC
(Borate / Peroxide Fusion ICP). B nmacnoprax mpeaympe-
HKIIACTCS, YTO «IIPEJIEIIbl AOIyCKay, yKa3aHHbIe B TalOIu-
e cepTuUINPOBAHHBIX 3HAYEHU, OTHOCSATCS TOJIBKO K
onHopoanocty CO U He JOJKHBI UCTIONB30BaTHCS B Ka-
YeCcTBE KOHTPOJIBHBIX MPEJENIOB JUIsl J1aO0paTOPHBIX HO-
KazaTtenei». 1 HoATBepKICHNS BBICOKOTO YPOBHS O]
HOPOZHOCTH Au B 30JI0TOCOJEpXKAIIMX oOpa3max
OREAS Tlpou3Boautens NpUBOIUT JaHHBIE ITOIBEIOOP-
ku 20 HaBecoK Maccoi 85 Mr, MpoaHaIU3UPOBAHHBIX Me-
tonom MHAA, nmepecuntsiBas pe3yibTaT Ha HAaBECKY B
30 r. Ilo congepxannto Ag Takue JaHHBIE HE TPUBOJISATCS.
Paznuyre B METPOJIOTHYECKUX MOAX0AaX K MacnopTHu3a-
mun CO B Ore Research & Exploration Pty Ltd. u mpu-
HSTOM Ha [TOCTCOBETCKOM MPOCTPAHCTBE, a TAK)KE CII0CO-
6ax MpoOOMOATOTOBKH, OTINYHBIX OT WHCTPYMEHTAIIb-
HBIX, SIBUJIOCH IOBOJIOM JIJIsI TIATEIILHOTO MCCIIEIOBAHHS
CXOJIMIMOCTH PE3YJIbTaTOB ONpPEAEICHHS MaCCOBBIX J0-
JIel 3JIEeMEHTOB B IaHHBIX 00pa3nax.

Jnst 3050TOCONEPKAIIMX CTAaHIAPTHHIX 00pa3loB
(KaK OTEYEeCTBEHHOT0, TaK M U3 OJIMXKHETO 3apyOexhs) B
IacropTax yKa3aHbl 3HAUCHHMS IPEJICTaBUTEIbHON HaBe-
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CKM Ui ompeneneHus Au u Ag, COCTaBISIOLIUE He-
ckosipko rpaMM. Ha HekoTopele u3 ucnonbszyembx CO
OpUrHMHAJIbHBIE MacmopTa yTepsaHbl. JlaHHbIE WX 3Jie-
MEHTHOT'O COCTaBa W3BECTHBI U3 MEPHONUYECKH OOHOB-
nstromerocst OTpacieBoro peecTpa CTaHIapTHBIX 00pas-
oB denepanbHOro rocyAapCTBEHHOTO OI0KETHOTO Y-
pexnenus «Bcepocculickuii Hay4yHO-HCCIEI0OBATENb-
CKMM MHCTUTYT MUHEpaJIbHOro chipbsd uMeHu H.M. De-
nmoposckoro» (PI'BY «BUMCy») [10], rme mpuBoasarcs
3HAYCHUS ATTECTOBAHHBIX COAEp)KaHUHA Oe3 yKazaHH
MOTPEIIHOCTEN U MacC MPEACTABUTEIbHON HABECKH.

Takum oOpa3om, OBUTH OmpeeNIeHBl UMEIOIINECs B
Hanmunu CO, Ui KOTOPBIX HEOOXOIUMO TPOBECTHU HC-
cJeIOBaHUE CXOJUMOCTH Pe3yJbTaTOB aHajIu3a MaJbIX
HaBECOK M OMpPENeTUTh T'PAaHUIIbl MPUMEHUMOCTHU C IIe-
JIBIO UX JajbHeHero ucroiab3oBanus B MTHAA ¢ oTHO-
CUTCJIbHBIM METOAOM CTaHAapTU3alHHU.

IKCNEPUMEHTAJIBHBIE UCCJAEJIOBAHUSA

B xauecTBe 00BEKTOB HCCIIEJOBaHHS BHIOPAHBI CTAH-
JTapTHBIE 00pa3Lbl Pa3INYHOTO NMPOUCXOXKICHUSA U CPO-
KOB H3TOTOBJICHHSA C ATTECTOBAHHBIMHU COJEPIKAHUSIMHU
Au u Ag: pyaa 30J0TocoeprKalas u3 Y4epHOCIaHIIEBbIX
o OCO 165-89 (I'ockomuret, Kuprusus); pyna 3o-
notoconepxkamias ['CO 6585-93, pyna noiaumeraminye-
ckasg I'CO 8079-94, pyna ckapHoBas megHas MCO
1699:2010 n nonumerannuueckas pyaa MCO 2088:2017
(TOO Hentpreoanamutr PK); KOHIEHTpaT HUKEIEBHIH
KH-1T'CO 1702-86 (ML MTuC OAO «CuO1BeTMETHH-
unpoekt», P®); pyma KomrdemaHHO-MEIHO-IITHKOBAS
PAC-5 (IIJT TI'O «Bocrt.-Kazaxcranckoe»); OREAS
255b, OREAS 505, OREAS 506, OREAS 600b, OREAS
607b, OREAS 630b; ropnas macca 30J0TOPY/IHOTO Teja
Cnl'-1 I'CO 8550-14 u 30moTtoconepxamias pyna C3P-4
I'CO 8816-2006 (MuctutyT reoxumuu uM. A.I1. Buro-
rpagoBa, Mpkytck, P®); MenHO-IIMHKOBas CY/Ib(uIHas
pyna PYC-4 T'CO 794-76 (JI III'O «VYpan-reomorus,
nioc. [Tonesckuit, CCCP).

Omnpenenenne Au u Ag BeinoiaHeno merogom MHAA
C WCTIOJIb30BAHMEM HCCIIEIOBATEIHCKOTO SIEPHOTO pea-
kropa BBP-K (Ammartsr, PK). O6myuenne mpoBoIniioch
B BEPTHKAIBLHOM NepudepudeckoM kanaue 10-6 ¢ miort-
HOCTBIO MIOTOKA TEIUIOBBIX HEWTPOHOB
8,09-10"3 m-cm2-¢™! [11-12]. U3 KaXkI0ro UCCIemyeEMO-
ro cTaHmapTHOro oopasiia oroupanucsk 100 Mr HaBeckH,
3aMauBaJINCh B IBOMHBIE MOJMATHIICHOBEIE TAKETHI, pac-
NpeAeIsINCh MapTUsIMH 10 (pacoBKaM TakuM 00paszom,
9TOOBI B KaXKI0H (hacoBKe OBIIO IO HECKOJBKY HaBECOK
13 pa3HbIX 00pa3noB. Bpems o0myuenns pacoBok cocra-
B0 90 MUHYT, BpeMsl «OXJIXKICHUS» JUIs ONpeere-
Hus Au — 8 cyToK, U1 onpenenenust Ag — 21cyrku. Jns
perucTpaiyu ClieKTpoB HaBeIEHHOW aKTUBHOCTH IIpHMe-
HSUICSI TaMMa-CIEKTPOMETP C TOJYTIPOBOAHUKOBEIM Jie-
TEKTOPOM KOAaKCHAJIBFHOTO THIA U3 0c000 YHUCTOTO rep-
manust Ortec GEM40P4-83 (paspenienne aJist raMMa-Jin-
auu ®Co ¢ sneprueii 1332,5 k3B cocrasnser 1,85 k3B,
oTHOcHTeNbHas 3 heKTHBHOCTH 40% ), OCHAIIICHHBIN yC-
TPOHCTBOM aBTOMAaTHYECKOH CMEHBI 00pa3noB. XpaHH-
nutie (bapabaH Juisl yCTaHOBKHM KOHTEHHEPOB ¢ 00TyUeH-

HBIMH 00pa3aMu) JaHHOTO yCTPOHCTBA pacCCUUTAHO Ha
45 00pa31oB, 3TO ONpeeisieT KOJIMYECTBO HABECOK, 00-
Jy4yaeMbIX B OJJHOH (pacoBke. OOpaboOTKa CIIEKTPOB TPO-
BOJIMJIACh C HCIIOJIb30BaHHEM MPOrpaMMHOr0 obecrieye-
Hust Genie-2000. JIns TOCTPOCHUS TpalyMPOBOYHBIX 3a-
BUCHMOCTEH 110 SHEPruu M 3(PPEKTUBHOCTU PETHCTpa-
uuu ucnosb3oBaics Habop OCI'U (mpousBoaurtens AO
Putsepn, C.-IlerepOypr, Poccust). Pacuer comepxanuit
BBINOJIHEH OTHOCHTEIBHBIM METOMOM. [lyist pacuera co-
JepKaHus AU NCTIOJIB30BaH CTaHAAapTHHIN oOpa3zer; C3P-
4, 171 KOTOPOTO aTTECTOBAHHOE 3HAUEHHE MAacCOBOH I0-
m Au coctapmnser 2,13 + 0,05 MKr/T; yka3aHHas B Hac-
MopTe Macca npejcTaBuTensHoi HaBeck — 0,1 . Ompe-
nenenue Au B 3toM CO 1o napanensHbIM MaJIbIM HaBe-
ckaM (konuuecTBo 12 mTyk, Macca o 100 Mr) nokasano,
YTO OTHOCHUTEIBHOE CTaHJApTHOE OTKIOHEHHE OT Cpell-
HEro 3Ha4eHus cocTaBisieT 6,7%. [ns pacuera comepxa-
HUsE Ag HCHONB30BaH CTaHAAPTHBIA 0Opaseln MOYBBI
2710A (NIST) arrectoBannsrii MeTogoM UHAA ¢ nipu-
BJICYCHUEM Psiia MEXIYHAPOJHBIX J1a00paTOpHii: 3HAUe-
HUEe Ag yka3zaHo 40 MKT/T, Macca IIpeACcTaBUTEIbHOI Ha-
Becku 0,25 r. HccnenoBanus Ha CXOOUMOCTh pe3yJiibTa-
TOB ompeneneHus cepedpa merogqom MHAA mpoBeneHbt
B /IBa 3Tamna: 1) mpoBepKa Ha TOYHOCTH 10 OTHOUICHHUIO K
stanony 2710A NIST, 3necs uccnegyemsie CO oGiryua-
JICH 110 TPH MapaJUIEIbHBIX HABECKHU B OJIHOM (hacoBKe C
2710A; 2) mpoBepka Ha BOCIIPOU3BOAUMOCTE T10 MHOJKe-
CTBEHHBIM IapaJieIbHBIM HaBeCKaM B Pa3HbIX (hacoBKax.
Ha sTom 3Tamne 3TajoHOM 11 pacuera MacCOBBIX JOJEH
cepeOpa BeICTymaeT odpaser], Hanbosee OJIU3KHiA 1Mo TO-
yHOCTU K 2710A.

Kpome MHAA, onpenenenue Ag BBINOJIHEHO METO-
noM PDA Ha peHTreHO(ITyOpecieHTHOM SHEPTOoIHCIIep-
CHOHHOM CIIEKTPOMETpE C MOTYHPOBOJIHUKOBBIM JETEK-
topom PJIII-21 (TOO «Acmanl eo», Anmatsl), IpeIHa-
3HAYEHHOM [T OTIPE/IEICHUS DJIEMEHTHOTO COCTaBa IMo-
POLIKOBBIX P00 FOPHBIX MOPOJ, Py, MOYBHI U T.1A. W3-
MEpEeHHUs] IPOBOJMINCH B COOTBETCTBHHU C pa3zpaboTaH-
HOM NPOU3BOJAUTEIEM METOAUKON BBIIIOJIHEHUS U3MEPE-
Huit (MBW), BHecenHoit B peectp ['CU PK nox Homepom
KZ.06.01.00421-2022, xotopasi obecrieunBaeT omnpee-
JieHue MaccoBbIX nosied Ag B auanazone ot 0,0002 mo
70%. Macca HaBeCKH I HCcliefoBaHus MeTogoM PDA
cocraiseT 7—10 1, B 3aBHCUMOCTH OT IUIOTHOCTH HCCIIe-
Jayemoro obpasia.

OBCYXJIEHUE PE3YJIbTATOB

Hccnedosanue na cooepircanue 301oma

Pesynbprarel onpepenenuss Au merogom MHAA
MpeJCTaBIcHB B Tabmuie 1: yka3aHo N-KOJIHYECTBO
MIPOaHATN3UPOBAHHBIX HABECOK, JMANa30H pa3dpoca oT
HauMeHbIIEr0 Cpmin 10 HAUOOJBIIET0 Cmax 3HAYCHHS,
pa3dpoc 1o 3HAYCHUSAM B HaBECKaxX B % OT CpeHEro 3Ha-
geHust paccuutad 1Mo opmyne: (Cmax-Cmin)/C-100%.
Js kaxxgoro obpasiia, HCCIeA0BaHHOTO 1O MHOMXKECT-
BEHHBIM HaBeckaMm 100 Mr BBITIOJHEH pacdeT CPeaHero
3HAUEHUsl CojiepKaHUs djeMeHTa B obpazne C, cTas-
JApTHOTO OTKJIOHEHUS (CpeaHeH KBaIpaTHIHOH ITOoTpet-
Hoct CKO mo N m3MepeHusM) — G, TOBEPUTEITHHOTO
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MHTEpBaNa I JOBEPUTENBbHON BeposiTHOCTH 95%. s
HCCJIEJOBAaHHBIX 00pa3loB 3HAYEHUE JIOBEPUTEIHHOTO
uHTepBasia coctaBiieT oT 38% no 55 % oT BenMYUHBI
CTaHAapPTHOTO OTKJIOHEHHSI.

PacueTHO€ 3HaueHUE MACCOBBIX [0JIEH, HAUIEHHOE
IyTEM MHOTOKPATHBIX W3MEpPEHUI BEJIMYHMHBI, PaBHO
Cpaca = C = A(C). TlorpemiHoCTh onpenesieHust CpeaHero
apu(MeTHIECKOTo psiia I3MEPEHNH paccunTana 1o ¢op-
myne:  A(C) = 36N [13]. CpaBHEeHHE 3HAYCHUA
Cpacu = C = A(C) ¢ macnopTHEIMH 3HAYCHUSAMH BEITIOJTHE-
HO IyTeM pacueTa HOPMHpPOBaHHOTO Kpurepus E, [14].
3nauenne E,, yIOBIETBOpSIONIEe HEPABEHCTRY |Ey | < 1,
obecrieunBacT OOBEKTUBHOE CBHAETEIBCTBO TOTO, YTO
OIIEHKA HEONPEIEIEHHOCTH COOTBETCTBYET YCTaHOBIICH-
HOM pacmiupeHHoi HeomnpenenennocT no JCGM GUM-
1:2023 [15]. Ans oopasuoB OREAS ucnonb3oBaHs nac-
MOPTHBIE 3HAYEHUS, MOJy4YeHHbIE CIIOCOO0OM NMPOoOOMo-
TOTOBKH — MPOOUPHON IUIABKM Ha CBHHIIOBBIN KOPOJEK
(Pb Fire Assay). B xauecTBe MOTpenIHOCTH U3 MacropTa
HCIONIb30BaHO 3HaueHue 2SD, cooTBETCTBYIONIEE JOBE-
PUTEIBHOHN BEpOATHOCTH 95%.

Hst 'CO 165-89, Bcex CO OREAS, I'CO 6585-93
C3P-4 (I'CO 8816-2006) 3HaueHWs HOPMHUPOBAHHOTO
KPHUTEpUsI HAXOIATCA B PEKOMEHIYEMOM JHaIla3oHe
—1 < E, <1, a OTHOCUTENBHOE PACXOXKIECHUE MEXY pac-
CUUTAHHBIM CPCIHUM 3HAYCHUEM U aTTCCTOBAHHBIM (Ha-
CIIOPTHBIM) 3HaUEHHEM He IpeBbIaeT 5%.

PaccmarpuBas auana3oH HaOJIIOAaeMbIX COJeEpKa-
HUI Au B UCCJICJOBAaHHBIX HaBECKaX, 3aMETHUM, 4YTO pas-
Hu1a (pa3zdpoc, Kak KpUTEPUH CXOTUMOCTH MEXIy HaBe-
CKaMI/I) MCKIY HanOOJIBIINM U HAUMEHBIIINM 3HAUYCHHEM
st 'CO 165-89, OREAS 255b, OREAS506, OREAS
600b, OREAS 607b, OREAS 630b HaxomguTcs B auamna-

30He oT 16 10 21% oT cpemHero 3HaUCHUS B 00pasIie; st
OREAS 505, I'CO 8816-2006, OREAS 907, OREAS
908 — B nuana3one ot 25 10 31%; msg I'CO 6585-93 mo-
cturaet 46%.Taxum o0Opa3oM, 1o pe3ynbTaTaM BBINOJ-
HeHHBIX HccaenoBanuii, 'CO 165-89, OREAS 600b oka-
3aJKch HanboJjiee MOAXOAAIIMMY Ha ONpeelieHHe Mac-
coBoil fomu Au Metonom NHAA.

Hast MCO 2088:2017 CO-90, PAC-5 OCO 209-91,
I'CO 8550-2004 u PYC-4 I'CO 794-76 3HaueHHUs HOPMU-
poBaHHOTO Kputepus E, HE HAXOAATCS B PEKOMEHIye-
MOM anana3oHe. PaccunTaHHbBIE 3HAYCHUS COJCPIKAHHS
Au HIKe macnopTHBIX 3HaueHHd Ha 13% u Goxee, 4TO
MOJKET OBITh CB3aHO C OCOOCHHOCTSIMU aTTECTALIUH, HC-
TEKIIUM CPOKOM T'OJIHOCTH, HapyILICHUSIMU YCIIOBHI Xpa-
HeHusi. PazOpoc Mexay HaMMEHBIIMM W HauOOJIBIIUM
3Ha4eHHeM @0 HccleayeMbiM HaBeckam amst MCO
2088:2017 CO-90, PAC-5 OCO 209-91 u I'CO 8550-
2004 cBUIETENBCTBYET O HEPABHOMEPHOCTH pacmpee-
neHnsT Au B 3THX 00pa3ax M HEMPHUTOJHOCTH JaHHBIX
CO mns UHAA. B o6pasuax KH-1 'CO 1702-86, PAC-
5 0CO 209-91, I'CO 8550-2004 0THOCUTENBLHOE PacCXo-
KICHAE MEXKTY PAaCCUMTaHHBIM CPEIHUM 3HAYCHHUEM H
aTTECTOBAaHHBIM (IACTIOPTHBIM) 3HAYEHHEM NPEBBIIIACT
20%, pa3bpoc 3HaueHHi 10 HaBeckaM IpeBbimraeT 70%,
YTO CBUJETENBCTBYET O HEPAaBHOMEPHOCTHU pacIpeserie-
HUSI AU B 3THX 00pa3nax U HempurogHoctu aaHHeix CO
it MTHAA. VHTepecHsIit pe3yasTat nonydeH i PYC-
4 T'CO 794-76: pacueTHOE cpefiHEE 3HAUCHUE HIKE Tac-
MOPTHOTO Ha 25%, HO IIpH 3TOM HaAOIIOAAETCS XOpOoIas
CXOAMMOCTh II0 HaBECKaM: pa3HHUIA MeXay HauOoIb-
M ¥ HAMMEHBIINM 3Ha4EHHEM JNara30Ha COCTaBIICT
20%, OTHOCUTENBLHO CTaHIAPTHOE OTKJIOHEHUE 6%. [laH-
HbIit CO MO>XeT OBITh MCIOJIB30BaH s J1aOOpaToOpHOTO
KOHTPOJISI CTaOMIIBHOCTH Pe3yJIbTaTOB.

Tabruya 1/ Pesynomamut onpedenerus Au memodom MHAA (macca nasecox 100 me)

CraHnapTHBIiA o6pazel N AvanasoH, mkr/r Pasoﬁpoc, MacnopTHoe 3Have- PacueTHoe 3Ha4eHue E, OtHocUTENbHOE
oT ao % Hue, MKr/r C £ A(C), mkrir pacxoxpeHnue, %

I'CO 165-89 16 5,6 6,6 16 6,0+0,5 6,25+ 0,23 -0,46 -4,2
MCO 1699:2010 OCO 48-85 10 0,07 0,35 155 He aTT. 0,18+ 0,14 — —
KH-1TCO 1702-86 16 0,44 1,2 115 0,84 +0,09 0,67 0,15 1,0 21
MCO 2088: 2017 C0O-90 13 1,6 2,2 32 2,09+0,13 1,82+0,13 1,5 13
PAC-5 0CO 209-91 15 0,51 0,98 67 0,98 +0,18 0,70+ 0,10 14 29
OREAS 255b 11 4,0 48 19 4,16 £0,22 4,30 £ 0,21 -0,47 -34
OREAS 505 10 0,48 0,65 31 0,555 + 0,005 0,545 + 0,056 0,18 0,91
OREAS 506 19 0,33 0,41 20 0,364 + 0,004 0,365 0,018 -0,05 -0,27
OREAS 600b 18 0,19 0,22 15 0,204 + 0,003 0,204 £ 0,016 0,00 0,00
OREAS 607b 19 0,66 0,79 18 0,696 + 0,050 0,719 £0,023 -0,42 -33
OREAS 630b 13 0,34 0,42 21 0,358 £ 0,27 0,367 £ 0,018 -0,03 -2,5
I'CO 6585-93 11 0,25 0,37 46 0,28 + 0,04 0,277 £ 0,021 0,07 1,1
'CO 8550-2004 9 0,33 38 285 25+0,3 1,22+£1,19 1,0 51
C3P-4 (FCO 8816-2006) 12 2,0 26 25 2,13+0,05 2,18+0,15 -0,31 -2,4
OREAS 907 10 0,09 0,12 25 0,100 + 0,001 0,105 £ 0,013 -0,38 -4,0
OREAS 908 19 0,16 0,20 26 0,187 £ 0,002 0,179£0,010 0,78 43
PYC-4 TCO 794-76 13 1,1 14 20 1,7+0,2 1,28 £ 0,06 2,0 25
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Hccneoosanue na cooeprrcanue cepeopa

Ha nepBoM 3Tamne ucciegoBaHus, UCIONb3Ys B Kaue-
ctBe 3tanoHa CO 2710A, nosyueHsl MaccoBBI€ 1OJH Ce-
pebpa B nccnenyembix odpasuax u paccuuraHo C* — cpe-
JIHee Mo TpeM HaBeckaM. B kauecTBe 3TanoHa UCIONB30-
Bad CO NIST 2710A. B Tabnune 2 npuBeaeHsl pacyer-
Hele 3HaueHusd, CKO (BblpakeHHOE B MPOIIEHTHOM OTHO-
IIEHNH K CPEAHEMY 3HAUEHHIO) U OTHOCUTEIBHOE Pacxo-
KIACHUE MEXKIY aTTECTOBAHHOM U pacCUUTAHHOU Macco-
BOI1 moreit cepebpa B oOpasmax (TouHocts). s obpas-
oB OREAS ncnonp30BaHbI MaCIOPTHBIC 3HAYCHUS, T10-
Jy4eHHBIE CIOCOOOM MPOOOIIOATOTOBKH — MYJIBTHKHC-
noTHOe pasnoxeHue (4-Acid Digestion). B kauecTse no-
IPEIIHOCTH U3 MAacHOPTa UCIOIB30BaHo 2SD, cooTBeTCT-
BYIOIIlee TOBEPUTEIHHOMN BEpOSITHOCTH 95%.

W3 tabauusl 2 cnemyer, YTO HaMMEHbIIEE OTHOCH-
TenpHOe pacxoxaeHue 0,2% cooreerctByer OREAS
908; 1,9% — OREAS 506; "o orHocutensHo CKO mis
Hux cocrtasiseT 9% u 4,3%, coorBeTcTBEHHO. [Ipu 3TOM,
s CO OREAS 607b TO4HOCTS BOCTIPOM3BEICHUS aTTe-
CTOBAHHBIX 3Ha4YeHUHU cocTaBisaet 2,7%, Ho CKO — 1,3%
(manmenpee 3HadeHue). [1o atoit npuumae CO OREAS
607b OymeT WCIONB30BATHCSA B KAadeCTBE JTANOHA IIPH
JATbHEHIIINX HCCIICTOBAHMUIX.

Ha BTOpoM 3Tane nccinenoBaHa BOCIPOM3BOANMOCTD
(cxomuMOCTb) 3HaUeHUH MaccoBbIX goneit Ag mo N ma-
pannensHBIM HaBeckaM HccaenyeMblx CO B yCIOBHSX
BHYTPHJIA00PaTOPHOM NPEIIM3UOHHOCTH (pa3HbIE MEPHO-
JIbl MCCIIEIOBAHUS, Pa3HbIE ONEPaTOPBhl, Pa3HbIEe HABECKU
onHOTo 00pasia). B kauecTBe sTanona ucnonb3zoBad CO
OREAS 607b. Pe3aynbraTsl npeacTaBieHsl B TadIHLE 3.

[omydeHo, 4To 3HaYEHUS] HOPMHUPOBAHHOTO KPHTE-
pus gist KH-1 T'CO 1702-86, MCO 2088:2017 (CO-90),
I'CO 8079-94 e maxomsarcst B auamasone —1 < E, <1;
OTHOCHTEIIFHOE PACXOXKACHHE IJIs 3TUX 00pa31ioB cocTa-
BisgeT 21%, 12% u 13%, coorBeTcTBeHHO. [lajee 3Th 00-
paslbl He pacCMaTPUBAIOTCS IS IPUMEHEHUS B KauecT-
Be 3TajloHOB NpH nposeaeHud MHAA oTHOCUTETbHBIM
meroaoM. Ilockoneky mnas MCO 2088:2017 (CO-90)
pa3dpoc B auana3oHe HaOMIOJaeMbIX COJEpKaHUH Ag
cocraBiseT 13% (yumuit pesynbTaT), TO JOIyCTHMO
ucmnonb3oBath JaHHbIA CO ams 1a060paTOpHOTO KOHTPO-
1151 crabmibHOCTH pe3ynbTaToB. OctansHble CO ynoBite-
TBOpsAOT TpeboBaHusIM —1 < E; <1 W OTHOCHTEIBHOE
pacxoxaenue st Hux menee 10%. IIpu aTom, paszdpoc
3HAYCHUH MAaCCOBHIX Hojell cepebpa mo N HaBeckaMm B
YCIOBUSIX BHYTPHIa00PAaTOPHON MTPEM3HOHHOCTH TOJb-
ko mast PAC-5 OCO 209-91, OREAS 600b, OREAS
660b u PYC-4 I'CO 794-76 ue npessimiaet 20%.

Tabruya 2. Pezynbmamol onpedenenus maccosulx ooneti Ag memooom MHAA no mpem 100 me naseckam
(amanon 27104, oounaxogvle ycnogus 0bryuenus)

CraHgapTHbIN o6pasel MacnopTHoe 3Ha4YeHue, MKr/r C*, MKr/r OtHocutensHoe CKO, % OTHocuTenbLHOE pacxoxaeHue, %

MCO 1699:2010 (OCO 48-85) 73+04 6,81 14 6,7

KH-1TCO 1702-86 234+22 20,3 36 13

MCO 2088:2017 (CO-90) 41+£13 485 6,5 99

PAC-5 OCO 209-91 88,2 8,1 79,5 35 9,8

OREAS 506 1,88+ 0,03 1,84 43 19

OREAS 600b 251+0,5 264 5,1 5,2

OREAS 908 2,40 £0,04 2,40 9,0 0,2

OREAS 607b 6,11 £0,51 6,28 1,3 2,7

OREAS 630b 19,0 +1,1 204 2,0 75

PYC-4 FCO 794-76 17,0+ 0,34 15,9 1,6 6,3

Tabruya 3. Pe3ynomamul onpedenenus 60CHpOU3800UMOCIU Maccoguix oonetl Ag memoodom MHAA
(amanown 607b, ycnosus enympunabopamopHol npeyusuoHHOCmu)
CraHnapTHBIiA o6pazel N Avana3oH, Mkr/r Pasoﬁpoc, MacnopTHoe 3Haue- PacyeTHoe 3HayeHue E, OTHocuTenbHoe
oT no % Hue, MK/ C + A(C), mkr/r pacxoxgenue, %

MCO 1699:2010 OCO 48-85 11 6,05 9,35 46 7304 7,14 +£0,91 0,16 22
KH-1TCO 1702-86 20 12,3 21,2 48 234+22 184+15 19 21

MCO 2088:2017 (CO-90) 13 46,4 52,6 13 41+£13 492 +17 -24 -12
PAC-5 OCO 209-91 11 76,3 87,5 14 88,2 8,1 81,3+4,0 0,77 79
OREAS 505 10 1,31 1,80 34 1,53 £ 0,04 143+0,16 0,62 6,6
OREAS 506 22 1,61 2,25 34 1,88 0,03 1,86 0,12 0,13 0,9
OREAS 600b 18 232 27,2 16 251+0,5 253+0,8 -0,22 -0,8
OREAS 630b 13 18,3 21,6 17 19,0 +1,1 20,0+0,9 -0,69 -5,2
I'CO 6585-93 17 9,5 13,3 34 116+06 11,3+0,84 0,30 27

r'CO 8079-94 13 2,62 3,73 34 37402 3,23+0,30 1,3 13
OREAS 908 18 2,11 3,00 36 2,40 £0,04 247+0,20 -0,34 -29
PYC-4 FCO 794-76 15 12,7 159 20 172 158+14 0,51 72
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Tabruya 4. Konmponv kauecmea onsa memooa PDA

CraHaapTHbIN ob6pasel MacnopTHoe 3Ha4eHue, MKr/r PacueTHoe 3Ha4eHue, MKT/T Ex OtHocuTenbHoe pacxoxaeHue, %
I'CO 165-89 0,69 £ 0,07 <2 — —
MCO 1699:2010 (OCO 48-85) 73104 8,3+2,7 -0,37 -14
KH-1TCO 1702-86 234+22 196+83 0,44 16
MCO 2088:2017 (CO-90) 441+13 429+83 0,14 2,7
PAC-5 OCO 209-91 88,2 +8,1 7713 0,72 13
OREAS 255b 0,924 +0,115 <2 — —
OREAS 505 1,53 £ 0,04 <2 — —
OREAS 506 1,88 £ 0,03 <2 — —
OREAS 600b 251+0,5 26,6+8,3 -0,19 -6,4
OREAS 607b 6,11 £0,51 71127 -0,40 -18
OREAS 630b 19,0 +1,1 209+8,3 -0,18 -7.9
I'CO 6585-93 11606 11,3444 0,07 2,6
['CO 8079-94 3702 3114 0,42 16
I'CO 8550-2004 0,47 £ 0,08 <2 — —
C3P-4rC0O 8816-2006 0,360 +0,003 <2 — —
OREAS 907 1,35 0,05 <2 — —
OREAS 908 2,40 £0,04 2814 -0,29 -17
PYC-4 FCO 794-76 170120 149+44 0,43 12

B kauecTBe KOHTPOJIBHOTO METOAA BHIITOIHEHO OIIpe-
nenenue Ag meronoM PDA. M3mepenus npoBOAUIKMCH
oHOKpaTHO. PacueT cojepkaHUi BBIIOIHEH C HCIIOJb-
30BaHMEM BCTPOEHHOTO IPOrPaMMHOTO OOECIedYeHHs.
B kauecTBe NOTPEIIHOCTEM OAHOKPATHBIX U3MEPEHUH
HCII0JIb30BaHbl yKa3anHele B MBU 3HaueHus paciiupes-
HOW HEoTpeIeNeHHOCTH (TIPH A0BEPUTEIHHON BEpOsATHO-
ctH 95%) s TaHHOTO JIeMEHTa U AMana3oHa coaepika-
Huit [16]. PesynpraTel npencrasineHsl B Tabmmme 4. Co-
nepxaane Ag B 'CO 165-89, OREAS 255b, OREAS
550, I'CO 8550-2004, C3P-4I'CO 8816-2006 oxa3anoch
HIDKE 2 MKT/T. [I7151 OCTaNbHBIX U3y4aeMbIX CTaHIAPTHBIX
00pasIoB MOJy4YeHBl KOJMYECTBEHHBIE PE3YNbTaThl H
BBINIOJTHEHO CPAaBHEHHUE C MTACTIOPTHHIMH 3HAYEHHUSMH I1y-
TEeM pacdyeTa HOPMHPOBAHHOTO KpHUTepHs E, U OTHOCH-
TENBHOTO PACXOXKICHUS MEXIY PACCUMTAHHBIM U aTTe-
CTOBaHHBIM (HAcTIOPTHBIM) 3HaueHusMH [14—15]. Hop-
MHUPOBAHHBIM KPUTEPH A1 BCceX 00pa3noB (C comeprka-
HHEeM Ag BbIllle 2 MKI/T) HAXOAUTCS B PEKOMEHIyEeMOM
nuana3zone —1 < E, < 1. OTHOCUTENbHOE DPACXOXKICHHE
st PAC-5 OCO 209-91, OREAS 600b u OREAS 630b
cocraBuiio 13, 6 u 10%, cCOOTBETCTBEHHO.

B npenenax norpeurtHoctu metonos POA u HAA pe-
3ynbTaThl coBHanaroT. [IpenMymecTBo HCHOIb3yeEMOro
MeToga POA 3aximogaercs: B O0IbIIEH, 0 CPAaBHEHUIO C
NHAA, macce HaBeCKH, aBTOMAaTHYECKOM pacdere Co-
nepkaHnid Ag mo pa3paboTaHHOMY MPOHM3BOJIUTEIEM
nporpaMMmHOMY obecriedennio. Meronx MHAA mo3Bons-
€T TOJTy4YaTh 3HAYeHUS Ag ¢ MEHBIINMH HOTPEITHOCTS-
MH, HO M3-32 MaJbIX HAaBECOK BO3HUKAET BOIPOC IIPe.-
CTaBUTEIBHOCTH MACCHI.

3AKJIIOYEHUE

BI)I]'IOJ'[HCHHOC HUCCIICAOBAHUC I10 CyTI/I SABJIACTCA aT-
TecTanueil cocraBa ykazaHHBIX CO MHCTPYMEHTAJIBHBI-
mu Metogamu POA u HAA Ha comepkanue Au u Ag.

AHaM3 TMOJyYeHHBIX COIEPKAaHWN IO3BOJSIECT YTBEp-
KJIaTh CIIeIyToIIee:

— Jlns ompenieneHusl MacCoOBBIX J0JIel Au ITpHU OTHO-
curenbHoM MeTozie THAA pexoMeHyeTcst HCTIONIb30Ba-
HHUe craHnapTHeix obpasuoB ['CO 165-89, 'CO 8816-
2006, OREAS 255b, OREAS 506, OREAS 600b,
OREAS 607b, OREAS 630b, OREAS 630b, OREAS
907, OREAS 908. Pexomenganus cejlaHa HUCXOAS U3
aHaM3a MOJyYSHHBIX Pe3yNbTaToOB (IPEACTABICHHBIX B
Tabmuie 1: HOpMUPOBAHHEIA pacUETHBIA KPUTEPUHA Ha-
XOJIUTCS B peKOMEHAyeMoM nuana3zone —1 < E, <1 [14—
15]; oTHOCHTENBHASI TIOTPEIIHOCTH MEXIy aTTeCTOBaH-
HBIM ¥ PacCYUTAHHBIM CpeIHHUM (TI0 MapajiebHBIM Ha-
BECKaM) 3HaueHHeM He Oonee 5%; MakcHMalbHBINA pa3-
O6poc 1o mapaiieNbHBIM HaBECKaM M Pa3sHBIM MapTHsIM
00Iy4eHusIM (B YCIIOBHAX BHYTPHUIa00OpPaTOpHON Mpenu-
3HMOHHOCTH) He IpeBbImaet 25%.

— HccnenoBannblii cranmapTHeiii oOpazenr PYC-4
I'CO 794-76 moxeT ObITh UCTIONB30BaH I TabopaTop-
HOT'O KOHTPOJSI CTaOMIBHOCTH PE3yJIhTaTOB MacCCOBBIX
Joen Au (CKOppeKTHpOBaHHOE 3HaYCHUE
1,279+£0,072 MKI/T) And  OTHOCHTEIHHOTO  METOJa
HNHAA. [Ins nanHOTO 00pasia OTHOCHTENbHAS TOTpel-
HOCTb cocTaBisieT 5,6%. PexomeHpmauuss OTHOCHTCS
TOJIBKO K HccliegoBaHHOMY sk3emiusipy PYC-4 T'CO
794-76.

— ns ompenieneHUst MacCOBBIX J0NeH Ag Ipu OTHO-
curensHOM MeTosie UHAA pexoMeHtyeTcst HCTI0Ib30Ba-
HHE CTaHgapTHeIX obOpasmoB PAC-5 OCO 209-91,
OREAS 600b, OREAS 607b, OREAS 630b u PYC-4
T'CO 794-76. Pexomenmanus caelaHa UCXOIs U3 aHaJIHU-
3a IMOJTyYEHHBIX Pe3yIbTaTOB (TIPEICTaBICHHBIX B TA0JH-
1e 3): HOpMHPOBAHHBIN PACYETHBIA KPUTEPUH HAXOAUT-
cs B pekoMeHayemMoMm auamnazone —1 < E, <1; oTHoCH-
TelbHasi MOTPEeIIHOCTh MEX]y aTTECTOBaHHBIM M pac-
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CUHTAaHHBIM CpeIHUM (IO TMapauIebHBEIM HAaBECKaM)
3HAYCHUEM COJIepKaHus He Ooiee 8%; MaKCHUMAaJIbHBII
pa30Opoc 1o napauieabHbBIM HaBECKaM U Pa3HbIM HapTH-
sIM 00JTydeHHSIM (B YCJIOBUSIX BHY TPHIa00paTOPHOH Ipe-
LIM3HOHHOCTH) He peBblimaet 20%.

— B xaxnom nccnenosannom CO HabmrogaeTcs CTaH-
JlapTHOE OTKJIOHeHHE (pa3bpoc), npesblmatoniee 5% oT
CPemHETo 3HA4YEHHI. B CBS3M C 3THM, IpH peann3aiin
NHAA OTHOCUTENBHBIM METOIOM HAJIM4YUE€ YKa3aHHOU
«IOUCHEPCUN» HE TI03BOJHUT IPOBOIUTH TOCTOBEPHOE OII-
penenenne Au u Ag B acoBKe TOIBKO MO OJHON HaBeC-
ke CO. Pekomenmyercs mpuMeHeHHe Habopa W3 He-
ckonbkux CO, 3arnaHUPOBaHHBIX B KAUECTBE 3TAJIOHA HA
KaX[Ibli onpenaenseMblil a1ement — oqud CO Oyner uc-
MOJIb30BaH JUIs pacyeTa MacCOBBIX JI0JIEH, OCTalIbHbIE —
JUIs TIPOBEICHHST KOHTPOJIS KauecTBa. YKa3aHHOe 00CTo-
ATCJIBCTBO MPUBOAUT K YBCIIUYCHUIO AOPOTOCTOAIIMNX
pacXodHBIX MAaTCpUaIOB, KOTOPBIMH ABJIAIOTCA CTaH-
JapTHBIE 00pa3Ibl, YBEJINYMBAECT BpeMsi Ha 00paboTKy
nmapTun 0OpasLoB, HO MO3BOJISIET MOJYYHUTh HaJC)KHbBIC
PE3YIBTaThI IO ONPEACIAEMBIM COCPIKAHHIM.

Jlannas paboma 8vInoaHeHA 8 pamKax OrOHCemHO20
¢unancuposanus Munucmepcmea Hayku u Beicuwezo

obpaszosanusi  Pecnyonuxu  Kazaxcmanw — (MUPH:
BR20280986).
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CAJIBICTBIPMAJIBI 9JICHEH HEATPOHIbI BEJICEHIIPY TAJJAYBIHJIA KOJJIAHY YIIIH
Au )KOHE Ag MOJIIIEPIHE ATTECTATTAJIFAH CTAHJAAPTTHI YJII'VIEPAI 3EPTTEY

C.TI. Jlennuk", U. 0. Cunaues, K. A. Begeanoexona, E. K. Cokoaenko, C. K. blabipsimesa
KP 9M «Aoponwik pusuxa uncmumymury PMK, Anmamut, Kazaxkcman
* Baunanvic ywin Email: lennik_s@inp.kz

Makanana konpa Oap cranmapttel yariiepaeri (CY) Au MeH Ag Meniiepi MEH TapalyblH 3€pTTey HOTHIKeJepi
KeNnTipiireH. AcnanTtbelKk HeWTpoHabl-Oencennipy Ttangay (AHBT) omiciMen OipHelle mnapamienb LIAFbIH YJTLIEp
(canmarsr 100 Mr) OoiipiHIa Au MeH Ag 3eprreyiep xypriziami. COHBIMEH KaTap, YHEPreTHKAJBIK TUCTICPCHSIIBIK
criekTpomeTp/eri pentren-guyopecueHtti tangay (P®) axici yaken (7-10 r) yarinepaeri Ag Mejmepid 3epTTei.
[Mapannens eamemMaeperi CTaTUCTHKAIBIK OHJIEY HOTIKeNepl KenTipiireH, apoip aHblKTanraH 3iaeMeHT yurH 100 mr
yJIrizep OOWBIHIIA HOTHXKENEP/IiH >KaKbIHABIFBI 3€PTTENreH. Ag aHBIKTAy YIIIH KOJJAHBUIATHIH aCHaNThIK SMiCTEpAiH
CANBICTBIPYHI KYPTi3uiai. OpOip ofic YIIiH camaHbl OaKplIay OepiireH.

AHBT onicinne maiinanany yuriH kapactelpsutrad CY KoJIaHy mIeKapanapbl aHBIKTaIIbL.

Tyitin ce30ep: netimponObl beaceHoipy 20ici, CManOapmmblK, YAinepoiy 2NeMeHMmMIK KYpambl, aimbvlH, KyMIC, IOPOIbIK,
peaxmop.

STUDY OF STANDART SAMPLES TESTED FOR Au AND Ag CONTENT
FOR USE IN NEUTRON-ACTIVATION ANALYSES BY THE RELATIVE METHOD

S. G. Lennik”, I. Yu. Silachev, K. A. Bedelbekova, E. K. Sokolenko, S. K. Ydyrysheva
RSE “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan
* Email for contacts: lennik_s@inp.kz

The article presents the results of the study of the content and distribution of Au and Ag in the available standard samples
(CRMs.). The studies were carried out by the method of instrumental neutron activation analysis (INAA) for Au and Ag
by multiple parallel small samples (mass 100 mg). In addition, by X-ray fluorescence analysis (XRF) on energy dispersive
spectrometer the Ag content in large (7-10 g) samples was studied.

The results of statistical processing of parallel measurements are given, the convergence of the results for 100 mg
suspensions separately for each defined element is studied. Comparison of used instrumental methods for determination
of Ag is carried out. Quality control for each method is given.

The limits of application of these CRMs for use in the INAA method are determined.

Keywords: neutron activation analysis, standard samples of elemental composition, gold, silver, nuclear reactor.
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PASPABOTKA ®YHKIIMOHAJIBHBIX MATEPUAJIOB HA OCHOBE MIL-101(Cr)
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MIL-101(Cr) — oguH 13 HamboJiee XOPOIIo H3YIeHHBIX MeTaiutoopranndecknux kapkacos (MOK) Ha ocHOBe xpoma, co-
CTOAIINN M3 HOHA METAJUTMIECKOTO XpOMa M JIUTaHa Tepe(TaneBOH KACIOTH. Y HUKAIbHBIE (PH3UKO-XUMHUYECKUE CBOM-
ctBa nanHoro MOK (cBepxBbICOKas yenbHas IUIOMa b HOBEPXHOCTH, pa3Mep Hop, TepMHUYecKas, XHMHYECKasi CTa0HIIb-
HOCTb H T.JI.) 00ECIIEUHBAIOT eMY IIUPOKHH CIEKTP MPUMEHEHUs B PA3JIMYHBIX 00JaCTAX COBPEMEHHOTO MaTepHajIoBe-
nenusi. buarogaps conep)kaHtio B CTPYKType HEHACBIIIEHHBIX KUCIOTHBIX LeHTpoB JIptonca, MIL-101(Cr) MoxeT ObITh
JIETKO MOAU(UIIMPOBAH, IPUYEM B OOJIBIINHCTBE CIIy4YacB, IPOU3BOIHbIC IEMOHCTPUPYIOT YJIy4LICHHbBIC XapaKTepUCTH-
KU 10 cpaBHeHHIO ¢ ucxoaHbiM MOK. B 0030pe mpuBoasTcsi CBeJJeHUsI 00 OCHOBHBIX HANPaBICHUSIX NPAKTHYECKOTO
npumeHeHus MIL-101(Cr) B agcopOiiun pa3nu4HbIX KJIAaCCOB COEIMHEHUN U3 BOJHBIX PACTBOPOB, XPaHEHUH U pa3iese-

HHHU I'a30B, a TAK)XXC B KaTaJIU3€C.

Knruesvie cnosa: memann-opeanuueckue kapkacwt, MIL-101(Cr), xumuuecxasn moouguxayus, copoyus, Kamaius.

BBEJEHUE

Mertamr-opranmdeckue kapkacel (MOK) mpencras-
JSFOT COO0M YHUKAJIBHBIM KIIacC MOPHUCTHIX MATEPHATIOB,
COYETAIONMX B ceOe OpraHN4YecKHe W HEOPTaHWYECKHE
KOMIIOHEHTBI, CBSI3aHHbIE CHJIBHBIMU METaJUI-IUT aHTHbI-
MU cBsi3siMu. Cpean 3TOro Kjacca MaTepHalioB 0coboe
Mmecto 3anuMaeT MOK tuna MIL-101 6naronaps nocra-
TOYHO IIPOCTOH CTPAaTEruy CHUHTE3a, YHUBEPCAJIBHOU U
CTaOMJIBHO CTPYKTYpE M IIUPOKOMY CIEKTPY MpHUMEHe-
nuii [1]. Hanbonee n3ydeHHBIMU SIBJISIOTCSI TPU pa3HO-
BugHOocTH MIL-101, MomudumpoBaHHbIe pa3THIHBIMU
metaamu: MIL-101(Al), MIL-101(Fe) u MIL-101(Cr).
Bce tpu tuna MIL-101 ocHOBaHbBI Ha OAHOM M TOM K€
o01mem Kapkace, KOTOPBIH COCTOHT U3 CyIpaTeTpa’ipH-
YECKUX CTPOUTEIBHBIX OJIOKOB, C(HOPMHPOBAHHBIX H3
TPUTOHAIBHBIX OKTa3PUYECKHUX KJIACTEPOB METAJUIOB U
TepedranaTHpIX TUTaHa0B (pUCYHOK 1a). OCHOBHOE pa3-
JUYNe MEXAY 3TUMH MaTepHallaMH 3aKJII0YaeTcsl B TUIIE
METAJUINYECKOTO IeHTpa (aJIOMHHHUHN, >KeJIe30 HIH
XpOM), KOTODBIi BIMSIET HA XUMHUYECKHE U (pu3ndecKue
cBoiicTBa kaxkaoi Bepcuu MIL-101 (pucynok 16-r). He-
CMOTpS Ha OOIIYIO CTPYKTYpPHYIO CXOKECTh, 3TH Pa3iv-
yus B MetauimueckoM nentpe MOK npuBoasT k pasziu-
YHBIM (YHKIIHOHAJIBHBIM XapaKTePHCTHUKaM M Pa3HBIM
NpUMEHEeHUsIM i Kaxxpgoro tuma MIL-101. MIL-
101(Cr) — ato xpomconepsxamuii MOK, otianyaromuiics
BBICOKOH yJIeNIbHOM TOBEPXHOCTHIO M CTaOMIBHOCTHIO
[2]. OToT Marepman, BKIIOYAIOIINMK MOHBI XpOMa U Te-
pedraneByr0 KHCIOTY, OONaNaeT HEHACHIIIEHHBIMHI
JIBIOMCOBBIMHU KHCIOTHBIMH IIEHTPAMHU U UCTIOIB3YETCS B
agcopOmu, XxpaHeHuy ra3os u karanmse. MIL-101(Cr),
KaK M JIpyTue npeacTaBuTenu 3Toro knacca MOK, sBis-
eTcsl 0OBEKTOM MPHUCTAIFHOIO BHUMAHMS YUYEHBIX II0
BCEMY MHpY: IPOBOJSATCS MHOTOCTOPOHHHUE UCCIIEA0BA-
HUsI, HalpaBJICHHbIE HAa ONTHMH3ALHUIO €ro (hyHKIHO-
HaJIbHBIX CBOWCTB M pacIIMpeHue odyiacTeil nmpakTHiec-

koro npumeHeHus [2—4]. MIL-101(Cr) Taxxe npuBieka-
€T BHUMaHHE HCCIeoBaTeNel CBOSH yCTOWYNBOCTBIO K
Pa3MYHBIM YCIOBUSM SKCIUIyaTallH, YTO JENACT €ro
MIEPCIIEKTUBHBIM MaTEPUalioM ISl IPOMBIIIIIEHHOTO HC-
MoJIb30BaHus [5].

MIL-101(Al) o6:1agaeT BEICOKOIT XUMHYECKOM U TEp-
MHYECKOIl CTaOMIBHOCTBIO, Aejast €ro MAealIbHBIM I
HCIOJNB30BaHUS B YCIOBUSAX BBICOKOH TeMIepaTypsl U
arpecCUBHBIX XUMHUYECKUX Cped. ITOT MaTepHal IoKa-
3aJ1 IIPEBOCXOHbIE CBOMCTBA JJIsl CEJIEKTUBHOM cenapa-
mun CO; U3 cMecel ¢ MeTaHOM M a30TOM [6], a Takxke 00-
JalaeT OTIIMYHBIMH KaTaINTHYECKUMH CBOWCTBAMH 3a
cuer Hammumsa amuHorpymm. MIL-101(Fe) mposiBuser
BBICOKYIO 3()()EKTUBHOCTh B YAAJICHHH TOKCHYHBIX CO-
€IMHEHUH MBIIIbSIKA U3 OKPY)KAIOIIEH Cpezbl, BKIIOYast
KaKk HEOpraHMYecKue, TaK U OpraHuyeckue (HOpMEI
MBIIIbsIKa [7]. 3Ta CHOCOOHOCTH AETAaeT ero IEHHBIM I
9KOJIOTHUECKUX IPHUIIOKEHUH, T1e TpeOyeTcss BBICOKas
CEJIEKTMBHOCTb UM BO3MOXHOCTb pereHepanuu. MIL-
101(Cr) BeIENIACTCS CBOEH CIIOCOOHOCTHIO K XPAaHEHHIO
BOJIOPOJIa U BBICOKOH yJeNbHON MMOBEPXHOCTHIO, TOCTHU-
raromeit 3200 M/t [8]. Ota Bepcus MOK ncnonb3yercs
B IIpolieccax, TpeOyIONMX BBICOKOM IOPUCTOCTH | CIIe-
muduIeckod XUMUYECKOH aKTMBHOCTH, TaKUX KakK ajl-
copOmus ra30B U reTeporeHHbId katamms [9—12]. Kaxnas
n3 ¢popm MIL-101 HaxoauT cBOE yHUKaJILHOE IPUMEHE-
HHE B 3aBUCHMOCTH OT cBoux cBoiictB. MIL-101(Al)
MIPEIIOYTHUTENICH B NMPOMBIIUICHHBIX KaTaJlH3aToOpax M
cucremax ouncTky razoB [13], MIL-101(Fe) aktuBHO nc-
MTOJIB3YETCS AJIST OYMCTKH CTOYHBIX BOJ M TIOYB OT TSDKE-
neix MetaiioB [14], a MIL-101(Cr) npumensieTcs B TeX-
HOJIOTHSIX, CBA3aHHBIX C YHEPTETUKONW M XpaHEHHWEM ra-
30B. MIL-101 ¢ pa3nuyHBIMH METaIIMYECKUMHU [IEHTpa-
MU JEMOHCTPHUPYET BIEUATJIAIOUIYI0 aJalTUBHOCTb U
(YHKIIMOHAJIBHOCTD, JIeNasi 3TH MaTepHalbl Ba)KHBIMU
JUISL pelIeHUs] COBPEMEHHBIX TEXHOJIOTMYECKHX 3aj]au.
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Bri6op MeTaita BIuseT Kak Ha XUMHUYECKYTO U TepMHIUe-
CKYI0 CTa0MJIBHOCTh MaTEpHAJIOB, TaK U Ha UX CHOCO0-
HOCTb K aJICOPOIIMHU ¥ KaTalIu3y, YTO MO3BOJISCT CICIUa-
nuzupoBath Kaxapld tun MIL-101 11 KOHKpeTHBIX
MpUMEHEHUH. DJTa KiIaccH(UKAUs MOTICPKUBACT HE
TOJIBKO pa3HooOpazue Bo3MmokHocTe MOF-cTpykryp,
HO Y WX MOTCHIMAJ B MHHOBAIIMOHHBIX TPOMBIIIICHHBIX
1 DKOJOTHIECKHIX IIPUMECHEHUSX.

B manHOM MHHH-0030p€ MBI paccMaTpUBAEcM IIOCIIE-
HHUE JOCTHXCHHS B O0JIaCTH CHHTE3a, MOAU(DUKAIINN 1
npaktraeckoro npumeHernss MIL-101(Cr). Beictpoe 00-
HOBJICHHE SKCIIEPUMEHTAIBHBIX TaHHBIX B 3TOH 00J1acTH,
0COOCHHO B OTHOIIICHHH METOJIOB CHHTE3a, TpeOyeT Iie-
PHUOMYECKUX OOHOBJICHUH U Pa3pabOTKU HOBBIX MOJXO0-
noB (yHkimoHamu3armu aanHoro tuma MOK. Otnens-
Has TJIaBa MOCBsIICHA 0030py HanboJIee MePCIEKTUBHBIX
HanpasieHuil npumenenus MIL-101(Cr) B coBpemeH-
HOM MaTepHUaIOBEICHUU.

B) MIL-101(Fe)

1. METOJBI CHHTE3A MIL-101(CR)

BapuaTuBHOCTh METOAMK CHHTE3a U IOCIETYHOIIUX
00pabOTOK OKa3hIBACT 3HAYMTEIHHOE BO3JCHCTBHE Ha
MOpQOIOTHYECKHE XapaKTEPUCTUKH, (PyHKIMOHAIBHbIE
CBOMCTBA IMOBEPXHOCTH, CTAOMIBHOCTh U KPHCTAJUINYEC-
KyI0 CTPYKTypy Kommo3utoB Ha ocHoBe MIL-101(Cr).
Bri60op MeTona cuHTE3a SBISIETCS KIIOYEBBIM (PaKTOPOM,
BIMSIOIINM Ha (PMHAIBHBIE CBOWCTBA JAHHOTO MaTepHa-
ma. CoBpemeHHBIe Tomxoxbl kK cuHTe’y MIL-101(Cr)
BKJIIOYAIOT TUAPOTEPMAJIbHBINA, COJIbBOTEPMAIBHBIA H
MHUKPOBOJIHOBOI MeTOABI cHHTe3a. B Tabmmme 1 mpen-
CTaBJICHBI JAHHBIC HAYYHBIX HCCIICAOBAHUM, IEMOHCTPH-
pylolye NpuMeHeHne pasHo00pa3HBIX METOIOB CHHTE3a
MIL-101(Cr). danee mpuBoJUTCsI KpaTKOE ONMCAHUE OC-
HOBHBIX CTpaTeruii CHHTE3A.

Ho

r) MIL-101(Cr)

Pucynoxk 1. CmpyxkmypHvle cxembl mpueoHaibHo2o okmasopuyeckozo kiacmepog MOK MIL-101

Tabauya 1. O630p uccaredosanuii no cunmesy MIL-101(Cr) ¢ ucnonvzoganuem pasuvix Memooos curnmesa

MeTtog Cpepa T,u T,°C Mnowapab noBepxHocTH, M?T 06bem nop, cm’lr Pa3amep yacTtuu, HM Nur.
H20, CHsCOOH 8 220 3326 1,86 — [15]
H20, HNO; 8 220 3841 1,72 720-1490 [16]
'mapoTepManbHbIi H20, HF 8 200 2946 1,53 216 [17
H20, CeHsPO(OH). 8 220 2329 1,49 — [4]
H20, HF 2 220 3751 1,8 400 [18]
H20 2284.7 1,76 400 [19]
H20 220 2789 1,39 — [20]
MuKpOBONTHOBOM H20, HF 3054 2,01 70-100 [21]
H20, HF 23 210 3900 2,3 70-90 22
H20 3071 1,51 200
.| H:0, CrClsx6 H:0 3 175 3860 3,54 40 [23]
ConbBoTepMarbHbIi
H20, HF 96 220 3780 1,74 — [24]
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I'maporepmanbHbIii MeTO

T'uopomepmanvheili Memoo — 3TO TEXHUKA CUHTE3a
MaTepuainos, B yactHoctd MOK, B ycioBusix BOZHOTO
BBICOKOT'O JaBJICHUS U BBICOKOH TeMIIepaTypsbl, KOTOpas
CHOCOOCTBYET KPHUCTAIM3aLUM MaTepualioB, HecTa-
OWIBHBIX TIPH TeMIlepaType IulaBieHus. B uccienosa-
Huu [15] aBropel Qokycupyrorcs Ha cuHTeze MIL-
101(Cr) 6e3 ucronp30BaHus GTOPUCTOBOAOPOTHON KHUC-
notel (HF), mpuMeHsiss YKCyCHYIO KHCIIOTYy B KadecTBE
MOJYJUPYIOIIETO areHTa B THAPOTEPMAIbHBIX YCIOBH-
six. CHHTE3 BKITIOUAET HCIIOTIB30BAHNE TepeTaIeBON KH-
CIIOTHI, HUTpaTa XpoMa ¥ BOJbI, HArpeBaeMbIX B Tedio-
HOBOM aBTOKJIaBe mpu 220 °C B TeueHue 8 4 (PUCYHOK
2). CuntesupoBanubliit MOK nemoHCTpupyeT yayylleH-
HYIO aJICOPOIIHIO BOJOpo/ia Giiaroiapsi BBICOKOH TUIOIIA-
IV yJIeNIbHOM MOBEPXHOCTH, paBHOM 3326 M*T 1 00beMy
nop 1,86 cM3/r, mocturaembiM Onaromapsi THApOTEp-
ManbHOMY MeToxy. B paGote [17] onuceiBaercst ruapo-
TepManbHbli cuHTe3 MIL-101, BKiIroyaronuii peakuuto
autpata xpoma (III) ¢ 1,4-06en3onankapOOHOBON KHCIIO-
TOH. DTOT METOJ IPOU3BOJUT BBICOKOKPUCTAIIIMIECCKUH
Marepuan ¢ OonpHION  IUTOMIANBI0O  TOBEPXHOCTH
2946 M?/T, KOTOPBI cTaOWJICH B Pa3IMYHBIX OpTaHUIeC-
KHX PAaCTBOPHUTEIAX NPH TEMIIEpaType KUIICHUS. JTO HC-
CleJJOBaHUE IMOJYEPKUBAECT 3HAYUMOCTh ONTHMHU3ALUU
YCIOBUI CHHTE3a JUIS TOCTHKEHUS JTy4IINX XapaKTepu-
ctuk MOK. OTu uccrnenoBaHus IEMOHCTPUPYIOT YHHU-
BEPCAIBHOCTH U 3P PEKTUBHOCTH I'HIPOTEPMATLHOTO Me-
Toza B npou3BoacTtBe MOK ¢ KOHKpPETHBIMU CBOMCTBa-
MH, TAKMMH KaK BBICOKas IJIOIIA b TIOBEPXHOCTH U CTa-
OMIBHOCTD B PA3NMYHBIX cpexax. [IpuMeHeHue rumpo-
TEpPMaJILHOTO METOJa T03BOJISET 3((PEKTUBHO KOHTPO-
JUPOBaTh KPHCTAUIM3ALMIO W (YHKIMOHAIHM3ALUIO
MOK, 4T0 OTKpBIBa€T MIMPOKHE BO3MOXKHOCTH IS UX
UCTIONIb30BAHMS B Pa3JIMUHBIX 00IACTAX HAYKH U TEXHO-
JIOTHH.
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Pucynox 2. Cxema nonyuenuss MIL-101(Cr)
2UOPOMEPMATLHBIM MEMOOOM

MuKpOBOJTHOBOM METO/

Muxkpoeonnosulii memoo cunmesa JIE€MOHCTPUPYET
psan npeumyiecTs s npousBoactBa MOK, Takux kak
MIL-101(Cr), 6maromapsi cBoei CIIOCOOHOCTH YCKOPSTH
KPHUCTAJUTU3AIMIO U YMEHBIIATh pa3Mep yactuil. B pado-
Te [19] mpemtokeH ABYXSTAaIHBIA MPOILECC, BKIIOYAI0-
LI MUKPOBOJIHOBBIN U 3JIEKTPUYECKHUI HAIPEB, UTO I0-
3BOJISIET KOHTPOJIMPOBATh MOP(OJIOTHIO KPUCTAIIIOB
MIL-101(Cr) 1 yIy4miTs uX CHoCOOHOCTH K aICOPOIIUHI

CO,. B pabore [20] npoBeneHbI UCCIEAOBAaHMA, B KOTO-
PBIX BBINOJHEH aHaIN3 KHHETHKU KpucTaui3anni MIL-
101(Cr) ¢ ucnonap30BaHUEM PA3IMIHBIX METOJOB CHHTE-
3a, BKJIIOUasi MUKPOBOIHOBBIN. [Ioka3zaHO, YTO MUKpPOBO-
JTHOBBIM METOJT MOKET 3HAYUTEIBHO YCKOPUTh KPHUCTal-
JIM3aLMI0 32 CYET YBEJIMYEHUS YacTOTHI SApooOpazoBa-
HUS U CKOPOCTHU POCTa KPUCTAIIIOB. ABTOpaMHM Moayep-
KHUBaeTCs, 9T0 pu3myeckre d((eKTrl, Takue KaKk TOIKH
HarpeBa, UrparoT Oosee 3HAYUTEIBHYIO POJIb B yCKOpe-
HUM KPHUCTAJUIN3AIMU TI0 CPABHEHHIO C XUMHUYECKUMHU
s¢¢dexTaMH, TaKUMH KaK KHCIOTHOCTh PEaKIIMOHHOM
Cpenpbl.

CoabBOTpEMaJIbHBINH METO]

ConveomepmanvHelti Memoo cunmesd TOIb3YeTCs
3HAUUTENBHON MOMYJISIPHOCTBIO Y MCCIEA0BATENEH, TaK
KaK ToJly4aeMble B pesynbrare kpucrammisl MOK o6ua-
JIAl0T BBICOKOH KPHUCTAJUIMYHOCTBIO, (Pa30BOI 4nCTOTOM
1 OOJIBIINMH TUTOIIAIIMH TTOBEPXHOCTH. MccnenoBanue
[24] moxa3bIBaeT, YTO CONBBOTEPMAIIBHBIN METO]T MOXKET
OBITH MCIIOJIB30BaH JUIsl co3anus Me3onopucteix MOK,
takux kak MIL-100 u MIL-101, koTopbIe AeMOHCTpUPY-
10T BBICOKYIO criocoOHOcTh ancopounu CO, nu CHy Ona-
rojapsi UX yHUKaJIbHOMN MOPUCTOH CTPYKType. DTH MaTe-
pHaibl CO3AaI0TCS MyTeM TEPMHUUECKOH 00pabOTKH Hc-
XOIHBIX PEAareHTOB IO/ BBICOKNM IaBJICHHEM B aBTOKIIA-
BE€, YTO IMO3BOJISIET MOJXYyYUTh KPUCTAIIIBI C OOJBIINMHU
nopaMu. Mcronp3oBaHHE COJNBBOTEPMAIBHOTO METOJA
MI03BOJISIET TOYHO KOHTPOJIMPOBATH pa3Mep Mop u GopMy
KPHCTAJUIOB 32 CUET BHIOOpA YCIOBUI CHHTE3a, BKIIOYAs
TEMIIEpaTypy U JaBJICHUE, a TAKKE COCTAB PEaKIIMOHHOMN
cmecu. B mpomecce cunteza MIL-100 u MIL-101, kak
YKa3bIBAETCS B CTaThe, UCIOIB3YIOTCS TaKHE MCXOJHbIE
MaTepHajbl, KaKk COJIM XpOMa U OPTaHUYECKHE JINTaH/IbI,
B PEAKIMOHHON cMecH ¢ J00aBJICHHEM KHCIOTHI s
YIIyUIIeHUS] PacCTBOPUMOCTH KOMIIOHEHTOB. DTH YCJIO-
BHUSI CIIOCOOCTBYIOT (POPMHPOBAHUIO XOPOIIO OPraHHU30-
BaHHBIX M YCTOHYUBBIX KPHCTAJUIMUECKHX CTPYKTYP.
Hpyroe uccnenoBanue [23], npeanaraeT HOBbIN MOAXO0/
K COJIbBOTEPMAJILHOMY CHHTE3Y C UCTIOJIb30BaHUEM LIUP-
KyJIUPYIOLIEro TpyO4aToro peakropa, KOTOpPBIH MO3BO-
JISET IBIKCHHUE PEaKIMOHHOM cMecH. B maHHO# pabore
MOKa3aHO, YTO KOHTPOJIb 32 IepEeMEIINBAaHIEM PeaKIu-
OHHOW CMECH B NPOLIECCE CHHTE3a MOKET 3HAUUTEIHHO
yIIy4dIInTh KadecTBO cuHTesupyemoro MIL-101(Cr), B
TOM YHCJIe YBEJINYHMBATH IIJIOMIAh TOBEPXHOCTH U 00B-
€M Iop. ITO OTKPHIBAET HOBBIE BO3MOXKHOCTH JJIsI Mac-
mTabupoBanus npousBoacTBa MOK ¢ MHUHHMaIHHBIM
BO3JICHCTBUEM HA OKPYKAIOIIYyI CPeAy U CHUKEHUEM
3arpar.

2. IMOJYYEHME HOBBIX TPOM3BOJTHBIX

MIL-101(CR) METOJIAMU IOCTCUHTETUYECKOM

MOJIUOUKAIINHT

[ocrcunrernueckas moaudpukamus (IICM) MIL-
101(Cr) no3BossieT 3HAUYMTENBHO YIIyUYIINTh UX XapakTe-
PUCTHKHU U aJJaITUPOBATh JJIs1 KOHKPETHBIX 3a/1a4, TAKHX
KaK KaTaJlu3, aJicopOIHs ra30B U OYMCTKA CTOYHBIX BOJ
[25-29].
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UccrenoBanns no monuduranuu cTpykrypsl MIL-
101(Cr) noareepxkaarot, yto [ICM ¢ HUCHOIB30BaHUEM
pa3inuHbIX (QyHKIMOHAIBHBIX TPy U Mopdororuyec-
Kasi MoanGUKanus ¢ 100aBIeHHEeM MOAN(DHUKATOPOB MO-
I'YT 3HAYUTENILHO YIYYLIUTh aJICOPOIIMOHHBIC M KaTalu-
THYECKHE CBOMCTBA 3TOro Marepuaia. B padore [30] aB-
TOpHl TPEAJOKUIN HOBYIO TaHAEMHYIO CTpPaTEeTHIO
[ICM, BKITIOYAIOIIYIO THA30THPOBAHHUE HA TIEPBOM 3Ta-
TI€, YTO ITO3BOJIMIIO BBECTH TAJIOTCHHBIE U a30KPACHTEIb-
HBle (yHKIHOHATNBHBIE Tpynnsl B mopsl MIL-101(Cr).
OTOT MOAXOA OTKPBIBACT MEPCHIEKTUBHI IS JalbHEHIICH
¢yskunonammsanuun MOF-cTpyKTyp 3a c4eT MCIoIb30-
BaHUSI aMUHOTPYTII, YK€ NMPHUCYTCTBYIOIUX B MaTepua-
ne. B pamkax uccnenoBaHusi ObUT CHHTE3UPOBaH (yHK-
uroHanmzupoBanusli MOK MIL-101(Cr)-NH,, conep-
Kaluii 2-aMUHOOEH3011- 1,4-TMKapOOKCUIIAT B Ka4eCTBE
nuHKepa. PazpaboTaHHas MeTOJMKa IO3BOJISET Ipeolpa-
30BBIBaTh AMUHOTPYMIBI JUHKEpa Yepe3 Aua3oTHpOBa-
HHE, YTO NPOJEMOHCTPHPOBAHO Ha TPHMEPE BBEACHHSA
Hoauna-, GTopua- U A30KPacUTETbHBIX (QYHKIIMOHAIBHBIX
rpymn. B pa6ore [31] mpomeMoHCTpHUpOBaHa BO3MOXK-
HOCTh BBEACHHUS a30-(QyHKIHOHATIBHBIX Tpymi B MIL-
101-NH; uepe3 peaknuro ¢ p-(peHHIa300eH30MIXIOPH-
oM u 4-(permnazo) dpermmuzonuaHarom, momydns Cr-
MIL-101 amide u Cr-MIL-101_urea. YcnemHocTbs Mo-
nmudukarmu noareepxkacHa UK- u SIMP-cniekrpockomnu-
€, MOKa3aBIIEH MOSABJIEHHWE HOBBIX XapaKTepUCTHUYEC-
KHX CUTHAJIOB.

Meron, pazpaboTaHHblil B [26], TO3BOJISET CO3/1aBaTh
KaTaJn3aTopsl I «3€JICHON XUMUI», UCIIOIb3yeMBbIE B
CHHTE3€ TOJIMTUAPOXUHOINHOB C BO3MOKHOCTBIO MHO-
TOKPAaTHOTO HCIOJIb30BaHUSI 0€3 MOTepH aKTUBHOCTH.
Awmmnorpymsl B MIL-101(Cr)-NH: ncrions3yrorest aist
MpUBS3KH rekcanenTaTHoro auranga EDTA, kotopslil B
kommuiekce ¢ nonamu mmHka (EDTA-Zn(Il)) obpasyer
CTaOMIIBHBIA U CEJICKTUBHBIA KaTanu3aTop. PucyHok 3
JIEMOHCTPHUPYET MOIIAroBbIi CUHTE3 KaTtainu3zatopa MIL-
101(Cr)@EDTA—Zn(1l), ot cunteza MIL-101(Cr)—NH:
1o ero mogudukanmu ¢ EDTA n xommuiekcoobpa3oBa-
HHUEM C IIHTHKOM.

AHanmn3 CKaHUPYIOIIEH 3JIeKTPOHHON MUKPOCKOIIHH
(COM) mokazam  MOP(OJIOTHIECKHEe  H3MEHEHHS
MIL-101(Cr)-NH: nmocie xummdeckoir 00pabOTKH, MOJI-
TBEpXK/Jasi YCIHENIHOE IMOJydeHHe MOANPHIUPOBAHHOTO
Katanuzatopa (pUCyHOK 30).

Hpyrum noaxoxom k Momudukammu MOK sBnsercs
BBe/IeHNE (DyHKIMOHAIBHBIX TPYIII Yepe3 KOBaJICHTHBIE
peakuuu. B padore [32] ommcana TICM MIL-101(Cr),
Brumrouatomas autpoanre (HNOs u H2SO.), BoccraHo-
BIieHUE HUTporpynn g0 amuHorpymm (SnClz B aTanone)
1 UX MOCTEIYIONIYI0 PEaKIUIO C ATHIN30IIHAHATOM JUIS
MOy YeHHS IPOU3BOIHBIX MOUYEBHHEL. MeToIrKa 03B0-
JS€T M3MEHATh XMMHYECKYI0 aKTUBHOCTb MaTepualna
IIPU COXPAHEHUU €ro CTPYKTYpBl, UTO MOATBEPKACHO
HK-cniekTpockomnuel 1 peHTreHoBCcKo# andpakiuy. [1o-
nyuenHoe HutpocoeaunHenue Cr-MIL-101-NO: moxer
ObITh cHHTE3MpoBaHO npu nomoinu [ICM, Tak u oaHO-
CTaauiHO THAPOTEpMalbHBIM METOAOM. BoccTaHosie-

HHUE HUTPOTPYTI AaeT aMuHonpou3BoaHoe Cr-MIL-101-
NH: ¢ BBICOKO# y/eNbHOH IUIOMIaAbl0 MOBEPXHOCTH, a
ero (yHKIMOHAIN3AIMS STHIN301[HaHATOM TIPUBOJIUT K
o0Opa3zoBaHui0 Tpou3BoAHOro MoueBuHb Cr-MIL-101—
UR,.

Oy, OH

" Mo
+ Cr{NO3)y 9hz0

3aTA
—_——

3ranon, o6paTHE
XOROAMALHUK
244

120°C, 244
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9rawon, o6paThbi
XOMOAMNBHIK
244

MIL-101-(Cr)@EDTA

0)

Pucynox 3. Hosmanmwlii cunmes (a) u 31eKmpoHHbIe MUKPOU30-
opasicenus (6) komnaexca MIL-101(Cr)@EDTA-Zn(1l) [26]

HonHBIC KHUIKOCTH, TPEICTABILIIONINE co00M Kiacc
COJICH B JKUJIKOM COCTOSIHUH IPH OTHOCUTEIHHO HU3KUX
TeMIepaTypax, BBIICISTIOTCS YHUKAIGHBIMHA CBOHCTBa-
MU, TAKIMH KaK HU3KOE JaBIICHHE MTapa, BEICOKAs TEPMHU-
yeckas CTaOMILHOCTD M OTJIMYHAS pacTBOpArOIIas Cro-
cOOHOCTH. braromapst BO3MOXHOCTH TOHKOW HACTPOWKH
XUMHUYECKOI'0 COCTaBa, MOHHBIC )KUAKOCTH HAXOIAT IPH-
MCHCHHE B CaMbIX Pa3HBIX 06nacmx, OT XMMHYECKOH T1e-
pepaboTKu 10 STIEKTPOHUKHU U dHepTeTHKH. OTHAKO 0CO-
OEHHO TIEPCIICKTUBHBIM HAIIPABJICHUCM ABJIACTCA HC-
MTOJTb30BAHNE MOHHBIX JKUIKOCTCU IUTS YIyYIICHHS aj-
copbuuu yriekucioro raza (CO,) ¥ MOBBIIIEHHUS TPO-
TOHHOHM TPOBOJUMOCTH, YTO aKTYaJIbHO I OOPBOBI C
KIIUMAaTHYeCKAMU H3MCHEHUSMH W Pa3BUTHUS TEXHOJO-
THA B 00JIACTH TOTUIMBHBIX 3JICMEHTOB.

Pabora [3] meMOHCTpUpPYET 3HAYUTEIBHOE YIIydIlie-
HUE CEJIEKTUBHOCTH M eMKOCTH ancopouuu CO; 3a cuer
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moudukammn MOK MIL-101 ¢ ncnonp3oBaHHEM HOH-
HBIX kuJKocTell. [IpuMeHeHne AUATHICHTpUAMUH-alle-
tata (DETA-AcC) He TONBKO YBeIWYMBAET AKTUBHBIE
ueHTpsl At 3axBata COz, HO ¥ ONTUMU3UPYET MOPdo-
JIOTHIO M CTPYKTYPHYIO CTaOMJIBHOCTh MaTepuana. Pe-
3ylbTaThl PEHTT€HOCTPYKTYPHOTO aHaJIu3a U JJIEeKTPOH-
HOW MHKPOCKOIHU MOATBEPKIAIOT, YTO KpUCTAJIINYEC-
kas crpykrypa MIL-101(Cr) coxpansiercs mocie MoIu-
¢uxanun. Ha peHTreHOorpaMmax BHIHBI XapaKTEpHBIC
nuku pu 2,80°, 3,28°,3,96°, 5,14°, 5,82°, 8,44° n 9,04°,
KOTOpBIE YKa3bIBAIOT Ha (OPMHUPOBAHHE CTPYKTYPHI
MIL-101(Cr). Tlocie BBemeHWS HOHHBIX >KHUIKOCTEH,
0COOCHHO 3aMETHO YMEHBIIEHHE MHTCHCHUBHOCTH ITHKa
npu 3,28°, 4TO CBUAETENBCTBYET O YACTUYHOM 3aHATUHU
IIOp MOHHBIMU KXUAKOCTSIMU. COM-aHanu3 NoKa3bIBaeT,
4yro (opMa M pazMep KPHCTAJUIOB COXPAHSIOTCS, 4TO
CBUJETENBCTBYET 0 ToM, uTo cTpykrypa MIL-101(Cr)
xopo1o coxpanuiack B xone [ICM. B pabore [33] oc-
HOBHOE BHIMaHHe yaemstercst Moaudukanna MOK MIL-
101 ¢ ucnonb30BaHUEM HOHHBIX XUAKOCTEH AJIS yIIyd-
IIEHHS MIPOBOANMOCTH HMPOTOHOB IIPH HHU3KOH BIIA’KHO-
cti. OHM HCTIONB3YIOT MeTo «ship-in-bottle» (SIB) mms
BKJIFOUEHUSI HIOHHOM )uakocTy B nopsl MIL-101, 9yto no-
3BOJISIET COXPAHUTh BBICOKYIO BOAOYAEPKHBAIOIIYIO
CHOCOOHOCTh. DTO KPUTHYECKU BAXKHO VISl IPOBOANMO-
CTH IPOTOHOB, MOCKOJIBKY pa3pabOTaHHBIE KOMIIO3HUTEHI
IL@MIL-101 neMOHCTPHUPYIOT 3HAUUTEIBHO YJIy4IICH-
HbIE CBOMCTBA yJlep:kaHus BoAbl. IIpoToHHas mpoBoau-
mocth IL@MIL-101 (SIB-3) nocturaer 4.4-1072 S cm™!
IIPU OTHOCHUTEJILHON BIaXKHOCTH 0K0JI0 23% U Temmepa-
Type 323 K, 4T0 Ha NATh MOPSIKOB BBILIE, YEM Y HE MO-
nmudunupoanHoro MIL-101.

Hannast paboTa MO4EepKUBAET BaXXKHOCTh MOP(OII0-
TMYECKUX U CTPYKTYPHBIX H3MEHEHHUI B MaTepHaax Jurs
JIOCTHKEHUSI 3HAUNTEIBHBIX YIYYIIeHUH B UX (PyHKIHO-
HaJIbHBIX CBOMCTBaX. BBeleHHe HMOHHBIX KUIAKOCTEH B
MIOPUCTBIE MaTEpHaIbl TAKUM 00pa3oM AEMOHCTPUPYET
3HAYUTENbHBIA MOTEHIMAJ AJS CO3JaHUs HOBBIX BBICO-
K03(D(heKTHBHBIX aJICOPOCHTOB U MaTEpHAJIOB JJIsl SHEP-
TeTUKH, YTO JIeJIaeT X OJHUM U3 Hanbosee nepcreKTUB-
HBIX HalpaBJIeHHH B COBPEMEHHON MaTepHasoBeqdec-
kol Hayke. Momudukanus crpykrypsr MIL-101(Cr) ¢
UCTIONIb30BAHMEM MOJIMMEPOB M JPYTuX (pyHKIHOHAIIb-
HBIX MaTepHaJIOB AEMOHCTPHPYET 3HAYUTENIBHOE YIIyd-
LIEHHE €ro a/ICOPOIIMOHHBIX 1 KaTaIUTHYECKUX CBOMCTB,
YTO PacIIUPsieT BO3MOXHOCTH €ro IPUMEHEHNUS B pa3Jin-
YHBIX 00J1aCTsIX, BKIIOYas acOpOLHUIO Ia30B U KaTalH3
[27,34-36]. B pabote [27] kt0o4eBOEC BHUMAHUE yaele-
Ho Momudukarmu MOK MIL-101(Cr) ¢ nucnons3oBaHu-
em nonmanmwimHa (PANI). IIpumenenue MeTomOIOTHI
SIB mo3BoaMIIO BHECTH 3HAYUTENBHBIC YITyUIIEHNUS B a1-
CcOpOLIMOHHBIE CBOMCTBAa MaTepHaja 10 OTHOIICHHIO K
CO;. PANI, BBeneHHsIN B NOpHUCTyIO CTpyKTypy MIL-
101(Cr), ycunuBaet 0a30BbIe B3aMMOJICHCTBHS C MoOJIe-
kynamu CO;, 4TO CIIOCOOCTBYET NMOBBIIIEHUIO, KaK aJl-
COpOIIMOHHON €MKOCTH, TaK U CEJICKTUBHOCTH MaTepHa-
J1a, 0COOCHHO MpH HU3KKX JaBiieHusx COo.

Meton SIB rapaHTHpyeT paBHOMEpPHOE BBEICHHE
PANI B nopst MIL-101(Cr), 4To BasKHO JUIsi COXpaHEHUS
€ro a/ICOPOIMOHHBIX Ka4eCTB U CTPYKTYPHOH LIEJIOCTHO-
ctu. IIponecc cuHTe3a BKIIIOYAET HACBHIIEHUE HOP T'HJI-
POXJIOPUAOM aHWIMHA U €ro MOJUMEPHU3alMI0 C Mep-
cynb(haToM aMMOHUSI, KaK [MOKa3aHO Ha pUCYHKe 4. DTH
MIPUMEPBI ITOKa3bIBaIOT, uTo Moaudukanus MIL-101(Cr)
C MICTIOJIb30BaHNEM MTOJITMMEPOB, (PyHKIIMOHAIBHBIX MaTe-
pHAJOB WM KIACTEPOB IOJMOKCOMETAIIIATOB MOXKET
3HAYUTEIBHO YIYYIINTh €ro (JyHKIHMOHAIbHBIE CBOICT-
Ba, Aenas ero Oosiee MOAXOMANIMM JUI MPUMEHEHHH,
TpeOyIOmuUX BEICOKOH 23 PEKTHBHOCTH U CEJICKTHBHOCTH
B a/IcOpOIMU 1 KaTaJH3e.

P Ay % Mepcynsdar

aMMOHUA
Aniline@MIL-101(Cr)
MIL-101: Cr;O(F/OH)(H;0),[C¢H,(CO,),]

PANI@MIL-101(Cr)
PANI: ([CeH,NH];[CHN],),

Pucynox 4. Cxema nonyuenuss PANI@ MIL 101(Cr). 3enenviii,
uepnwlil u cunuil ysema osnavarom Cr, C (uz MIL-101(Cr))
u anunun unu PANI coomeemcmeenno [27]

3. OBJACTH MIPUMEHEHUSA MIL-101(CR)

IIpumenenune MOK B kayecTBe copOeHTa

Bonopoxn siBiseTcs onTHManbHBIM, OC30MAcHBIM H
9KOJIOTMYECKH YUCTHIM UCTOYHHKOM SHEPTUH, HO €r0 XHU-
MHUYECKas aKTHBHOCTb M HH3Kas IUIOTHOCTb CO3/AI0T
IpoOJIeMBI ITPH XpaHEHUH U TPAHCIIOPTUPOBKE MPH 0ObI-
YHBIX YCIOBHUAX TeMIIEpaTypsl U aAaBieHus [37-39]. Uc-
HOJIb30BaHUE aJICOPOSHTOB JUIs yiaBiuBaHus H, sBisier-
cs1 3 PEeKTUBHBIM CIIOCOO0M 00ECTIEYEeHHUS €r0 CTa0MIIb-
HOT'O XpaHEeHHUs U 0€30MaCHOCTH TPAHCIIOPTHPOBKH [40—
42]. Iokazauo, uto uucrtas popma MIL-101(Cr) obnana-
€T 3HAYUTEIbHOH CIIOCOOHOCTBIO K moriomeHnio Ho.
[pu temneparype 77 K u masnenmu 100 6ap eMKxocTh
cocrasisgeT nopsiaka 41,1 mons/kr (8,2% 1o Becy). OTa
CHOCOOHOCTh 00yCIIOBIICHAa OONBIION IIIOMIABI0 II0-
BEPXHOCTH M 00BEMOM II0p KapKaca, 4To o0rerdaer aj-
copbumto H,. BBenenne akruBupoBanaoro yris (AC) B
MIL-101(Cr) mst popMupoBaHus THOPUIHBIX MaTepHa-
JIOB 3HAYUTEIHHO YBEJIMYMBAET EMKOCTh XpaHeHus: Ho.
I'ubpuanstii ancopoert AC-MOF moxer gocTndp Max-
CHMAaJIbHOTO MOTJIOHICHHS H30BITOYHOTO H,
67,4 monp/kr (13,5 Mac.%) mpu Tex ke YCIOBHSAX, Jie-
MOHCTPHPYS TOJIE3HbIH 3 ekt nodasienns AC.

CO: sBnsieTCs OJHUM U3 KIFOYEBBIX MApPHUKOBBIX T'a-
30B, M €ro U30BITOYHAsI KOHIIEHTPALXs 3HAUYUTEIBHO yCH-
JIMBAET MApPHUKOBBIN 3P (EKT, UTO JIeNIaeT ero yIaBinBa-
HHUE Ba)XHOHU 3a/laueil /Ul CHW)KEHHS HETaTUBHOTO BO3-
JeUCTBHS Ha OKpy»xatomryto cpeny [19] MOK, 6xarona-
Ps1 BBICOKOH YJIETIbHOM TUTOIIA M TOBEPXHOCTH M 3HAYH-
TEJIEHOMY 00BeMy TOp, 00J1a1al0T BEICOKMM IOTEHIIHNA-
JIOM B TIpolleccax aacopOuuu u xpaHeHus razoB [27].
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MIL-101(Cr), pa3pabotannsiii komargoir Chong K.C. u
coaBT. [12], meMOHCTPUPYET BBIAAIOIIYIOCS CHOCO0-
HocTb afgcopounu CO,, nocturas 18,8 MMOJIB/T IpH KOM-
HaTHOH TemmepaType. OTO 3HAUUTEIBHOE JTOCTI)KEHUE
00yCIIOBIIEHO €ro OOJIBIION yJNENbHOM IIIOIAAbI0 MO-
BEPXHOCTH U 00BEMOM T0p, KOTOPBIE TOCTUraroTcs OJa-
rojaps MeToJly CHHTe3a 0e3 HCIIOJb30BaHUs PACTBOPHU-
TeJel, MOISPKUBAIOIIEMY SKOIOTUIHOCTD U 3 peKTnB-
HOCcTh mporiecca. Ilpm momudukammu amuHamu, MIL-
101(Cr) eme Gompme ycunuBaer ancopbmmio CO; 3a
CYET XMMHYECKUX B3aWMOAEHCTBUIL, JOCTUrasi EMKOCTH
3,81 mmomns/T ipu 75 °C [9]. OxgHako, He TOIBKO ATH (a-
KTOpHI onpenenstor npusiekarenbHocTs MIL-101(Cr).
Kak ormeuarot Liu Q. u coast. [11], 3TOoT MaTepuai co-
XpaHseT aJCcOpOLMOHHBIE CBOMCTBA Ja)Xe B YCIIOBMSX
BO3JICHCTBUS Pa3IMYHBIX 3aTPSA3HAIONINX BEIIECTB OTXO-
nmsmux ra3os, Takux kak HyO, NO u SO,, a Taxxke mocie
MHOTOKPATHBIX IIUKJIOB aJICOPOIMH U pereHepanu. 1o
JIEMOHCTPHUPYET €r0 yCTOHYINBOCTH M BO3MOXKHOCTD JUTH-
TEJIFHOTO MCIOJIb30BaHMS B IPOMBIIUICHHBIX YCIOBHUSX.
Pereneparus MIL-101(Cr) npu temmnepatypax 328 K u
348 K mo3Bomser coxpasars 6oiuee 95% ero amcopOuu-
OHHOH CITIOCOOHOCTH IOCHE TSATH HUKIOB. Taknm oOpa-
30M, MIL-101(Cr) obecreurnBaeT HE TOJIBKO BBICOKYIO
a¢dextuBHOCTh anacopoiu CO,, HO U IEMOHCTPUPYET
YCTOMYUBOCTH K arPECCUBHBIM YCIOBHUSIM 3KCIITyaTallly,
YTO MOATBEPXKIAeT €ro MOTeHLHal Ui IIHpOKOMAac-
HITaOHOTO HCIIOJIB30BaHUS B TEXHOJIOTHSX YJIaBINBAHUSL
CO;. ABTops! uccnenoBanus [43] pazpaboTaau KOMIO-
3uT Ha ocHoBe yriepogHoro MOK, MIL-101(Cr), ans
xpanenns Metana (CHs) n 3axBata CO», nconb3ys Me-
TOJI THIPOTEPMANIbHOM peakiun 6e3 ¢propa. B 3ToT KOM-
MO3UT OBIJI MHTETPUPOBAH aKTHBUPOBAHHBIA YToJb (THII
Maxsorb-III), 4To yIyd4ImImmo ero mopuUcThIie CBOWCTBA U
3HAYUTEIHHO YBEJMYWIO €T0 aJCcOpOIMOHHBIE CIIOc00-
Hoct 11t CHy u CO; 1o CpaBHEHHUIO ¢ OPUTHHAIBHBIM
MIL-101(Cr). BxmtoyeHue HEOONBIIOTO KOJIMYECTBA
Maxsorb-11I 3HaunTEeNbHO YJNYYIIWIO Kak OOBEMHBIE,
TaKk ¥ TpaBUMETPHUYECKHE IOKa3aTelIH aJcopOouuu, 4To
JleNiaeT ATOT KOMIIO3UT HMEPCHEKTHBHBIM ISl MPOMBIIII-
JICHHOTO TIpUMEHEeHus B mporieccax xpaneHus CHsu 3a-
xBara CO,.B nanpHeliniem, B padore 1. [44] uccienosa-
1 npouecc nornomenusa CHa npu temnepatypax 125—
303 K u naBnenusx go 10 6ap. Ycranosieno, uto MIL-
101(Cr), nerupoBannblii noHamu Hatpus (Na*), mpose-
MOHCTPHPOBAJI BBICOKYIO aJICOPOIIMOHHYIO CIIOCO0-
HOCTB, MocTuTHYB 295 cm®/cm® mpu 10 6ap u 160 K u
95 cm*/em® ipu 10 6ap u 298 K. JlerupoBanue mienod-
HBIMH METaJUTaMH, TAKUMH Kak Na*, TI03BOJIMIIO ONTHMHU-
3upoBaTh nporecc ancopouu CHa, oGecrieuns ero 3Ha-
YUTEIHHOE TOTJIONICHNE TIPH PA3INYHBIX TEMIIepaTypax
1 gaBieHWsX. [lodxydeHHBIE pe3yIbTaThl MOATBEPIVIIN
nepcrektiuBHocTh MIL-101(Cr) kxak a¢pdexTrBHOTO Ma-
Tepuaa s XpaHeH!s IPUPOJHOTO ra3a U ero MOoTeHIIH-
aNpHOE TIPUMEHEHHE B CHCTEMax aJcopOMpOBAaHHOTO
npupoHoro raza (AIll') B coyetaHun ¢ TEXHOJIOTUSIMH
CXKImKeHHOTOo mpupoaaoro raza (CIII). B a3ToM xoHTek-
cre MIL-101(Cr) Gmaromapsi cBoeid MpeBOCXOIHOH CIIO-

COOHOCTH K afcopOmmu Takux ra3os, kak CO,, Hou CH,
SIBJISIETCSI MEPCTIEKTUBHBIM MAaTEepHaIoM JJIs UCIIOJIb30-
BaHMS B TEXHOJIOT'MAX 3aXBaTa M XpaHEHHs Ia3oB, CIO-
COOCTBYIOIINX YCTOHYMBOMY Pa3BUTHIO U MUHUMH3ALUH
Bo3jcicTBUs Ha kiuMmart [9, 11, 12, 27, 40, 43, 44].

C pa3BHUTHEM NPOMBIIUICHHBIX TEXHOJOTHI Ipo0Jie-
Ma 3arpsi3HEHHs TSDKENBIMU METaJlIIaMH CTAaHOBHUTCS BCE
Ooiee aKkTyampHOW. DTH 3arpsA3HUTEIH NPEACTABISIIOT
CepBEIHYI0 YTPO3Y [UIS OKPYIKAIOIIEH CpeIbl M 310POBhS
YeloBeKa, 0OCOOCHHO YUUTHIBAS, YTO METAJUIBI, TAKHE KaK
ypar (U(V])), namnagwmii (Pd(Il)) n mmatuna (Pt(IV)), a
TaKXKe PEIKO3EMENbHBIC AIIEMEHTHI, HE TOJIBKO TOKCHY-
HBI, HO U MOTYT HaKaIIMBATHCS B JKUBBIX OpPraHU3MaXx,
YTO JIeJaeT UX KpaitHe omacHbIMU. DddexTuBHOE yaae-
HHUE 3THX MOHOB M3 CTOYHBIX BOJ — KPUTHYECKU Ba)KHAs
3amaya B cepe skonormueckoit pemenuarmu. MOK 6ia-
rojaps CBOUM YHHMKAaJIbHBIM IOPUCTBIM CTPYKTYpaM H
BO3MOXKHOCTH MOJU(UKAIMNA OPraHMYECKUX JIMTaHIOB,
MPEICTAaBIAIOT cOo00H TEpPCHEKTHBHOE pEUICHHUE It
aTo#t 3amaun. OHH JEMOHCTPUPYIOT BBICOKYIO 3((ek-
TUBHOCTH B aJCOPOINH TDKENBIX METAJUIOB Olaromaps
HAMMYAIO (YHKINOHAIBHBIX TPYIHII, KOTOPBIE MOTYT Ce-
JICKTUBHO CBSI3BIBATH HOHBI METAJLIIOB.

Oynukmuonammzamus MIL-101(Cr) ¢ mpuMeHneHneM
Pa3NIMYHBIX OPraHUYECKUX TPYII CYIIECTBEHHO IOBBI-
11aeT ero aJcopOIIMOHHBIC CBOMCTBA, KaK 3TO MPOJAEMOH-
cTpupoBaHo B pabote [45], mpousBomHoe MIL-101-
PMIDA, monudunuposannoe N-(hochonomeTr)umu-
HOJIMAIIETHON KHCJIOTOH, KOTOpOE 00JalacT BBICOKOI
aJICOPOIIMOHHON I(PPEKTUBHOCTHIO IS PEIKO3EMEIb-
HBIX 3JIeMeHTOB, Hanpumep Gd>'. MccnenoBanus moka-
3aTH, YTO PAaBHOBECHE aICOPOIMU PEIKO3EMENbHBIX dIIe-
MeHTOB (P39) xoporo onmckiBaeTcss MoeNbio JIeHrMio-
pa, AOCTHTast MaKCUMAaJIbHOM aIcCOPOIIMOHHOM €MKOCTH B
90 mr/r ms Gd3* npu pH 5,5. CenexkTuBHOCTh JaHHOTO
ancopbenta B otHomenun Gd** cocrasnser npubmM3M-
TestbHO 90% 10 CpaBHEHHIO C APYTHMH MeTajulaMu. Pas-
HOBECHOE COCTOSTHHE aJICOPOIIUH JOCTUTAETCS B TCUCHHE
MEHee 4eM JBYX YacOB M XapaKTepHU3yeTcsd KHHETHUKOU
TICEBJIOBTOPOTO MOPSIKA.

Takxe, kak ormeuarot B [46], heHonbHO-MOAU(UIIN-
posannbiii MIL-101(Cr) neMOHCTpHPYET BBICOKYIO aji-
COpOLMOHHYI0 aKTUBHOCTH 110 OTHOIIICHHIO K HOHAM pYy-
ounusa (Rb*), uTo 0OBACHAETCA OOMEHOM KHMCIOTHBIX
MIPOTOHOB MEXAY (PEHOIBFHBIMU IPYIIIIaMHU U HOHAMH PY-
ounus. HoBerit koMmmo3utHeId afgcopbent gperon@MIL-
101(Cr), mory4eHHBI METOIOM TPOTIUTKH, TIOKAa3hIBAaCT
BBIZIAIOIIMECS] PE3yJIBTaThl B TOTJIONIEHUHA HOHOB RbY,
MIPEBOCXO/Is JIaHHbIE, 3aPETHCTPUPOBAHHbBIE B NIPE/IbITY-
IIUX HCCJIEAOBAHMIX. JTOT KOMIIO3UT O0JIaZaeT BHICO-
KOH CTENEeHBIO pereHepanyy ¢ UCIOIb30BaHUEM PAaCTBO-
pa NH4NO3, coxpanss 6onee 90% agcopOmmoHHOM cro-
COOHOCTH T0CcyIe perenepanuu. Takue cBOWCTBaA JeNaroT
MIL-101(Cr), momudurnmpoBanublii pernoroM, 3¢ dek-
THUBHBIM a7ICOPOEHTOM /IS M3BJICUCHUSI HOHOB PYOHIHS
U3 CONSHBIX 03ep. B pabote [47] cunresupoBamu MIL-
101(Cr)-NH; u3 HuTpodyHKIIMOHAIM3UpOBaHHOTO MIL-
101(Cr) (MIL-101(Cr)-NO;) myTemM BOoCCTaHOBHTEJILHO-
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TO TIpoLEcca U UCTIONb30BAIN €TO IS aJCOPOINHU aHHO-
HOB TuaTHHOBBIX MeTtaiuioB Pd(Il) u Pt(IV) u3 xucmbix
BOJIHBIX pacTBOpOB. CorlacHO JaHHBIM aCOPOIMOHHOI
KUHETUKH U n3otepm, noraomenue Pd(1l) u Pt(IV) MIL-
101(Cr)-NH; 3nauurensHo BbIIIE, yeM y MIL-101(Cr)-
NO,, ¢ mokaszatensimu ancopouuu 277,6 u 140,7 mr/t
npotuB 119,5 u 104,5 Mr/r coOOTBETCTBEHHO. DTH TIpyII-
IIBI ICMOHCTPUPYIOT BBICOKYIO a)(UHHOCTD M SHEPTHIO
cesspiBanus 11 PACly> m PtCle> 3a c4eT aeKTpocTaTn-
YECKOro MPUTSKEHNUS, 00ecTedrnBasi 3HAUNTEIbHO BBIC-
mme aacopOIMOHHBIE CIIOCOOHOCTH MO CPaBHEHHIO C
MIL-101(Cr)-NO>. Kpome Toro, MIL-101(Cr)-NH; 06-
JaflaeT OTIMYHON pereHeparueil U moBTOpIeMOCThIO HC-
I0JIb30BaHUS, IPOSIBIISS MOTEHIIUAI JIIS IPAKTHYECKOTO
npumenenus B ycrpanernnu Pd(I1) u Pt(IV) u3 crounsix
BOJ HA MPOTSHKEHUM MSATH LIUKIOB acopOIHMH-Iecopo-
L.

B uccnenosanun [48] noarorosuwniu MOK MIL-101
U €r0 aMHHOIIPOM3BOHBIC T HCCICAOBAHUS UX TIOTEH-
IMaja B OTJAEICHNH, YAAJICHUH WIH BOCCTAHOBIICHUH Pa-
JMOHYKJIMAOB M3 BOAHBIX paCTBOPOB. AMUHOMOAN(HIIN-
posarasle MOK mokazanu BRICOKYIO 3QQEKTHBHOCTH B
nornomeHnu U(VI) mo cpaBHeHHIO ¢ mcxoqapM MIL-
101. Copbmmonnas cnocooHocTh 3THX MOFs mrs U(VI)
ciaenyer mnopsaaky MIL-101-DETA > MIL-101-ED >
MIL-101-NH, > MIL-101, npuuem y MIL-101-DETA
camasi BBICOKasi COPOLMOHHAs COCOOHOCTh — 350 Mr/T
npu pH 5,5. U(VI) nerko gecopbupyercs Ipu CHUKEHUN
pH o 3,0, a pa3zpaboTaHHbIe MaTepHaIbl TAKXKE JEMOH-
CTPUPYIOT KEJAaeMYyI0 CEJIEKTUBHOCTh IO OTHOIICHUIO K
U(VI]) B pacTBOpax ¢ KOHKYPHUPYIOIIMMH HOHAMH. DTO
HCCcIeI0BaHNE MPEOCTABISET MOAX0/ K pa3padoTKe K-
cinotoycroiunBeix MOK ans 3¢ dexTuBHOTO U Cenek-
TUBHOTO HM3BJICUYEHHS PaJMOHYKIMJOB M3 BOJHBIX pac-
TBOPOB.

IIpumenenne MOK B kayecTBe KaTaJ1u3aTOPOB

Beicokas ruromians yAeiabHOH HMOBEPXHOCTH, 3HAYH-
TEJIbHBIE pa3Mephl 1MOp M BBICOKas cTadmiabHOCTH MIL-
101(Cr) obecrieunBarOT €My MHUPOKOE MPUMEHEHHUE B Psi-
Jle MHHOBAI[MOHHBIX MCCJIEO0BaHMH, HAIIPABICHHBIX Ha
OYHUCTKY CTOYHBIX BOJ. Tak, B pabdotax [10, 49] 6t nc-
CJIEJIOBAHBI PA3IMYHBIE MOAXOABI K HCIOJIB30BaHUIO Ka-
tanu3atopoB Ha ocHoBe MIL-101(Cr) myis muHepanusa-
UM aHWIMHA W Jerpajalliyd KPacHuTeNls METHIIOPaHXK
(MO) uepes npouecc okucneHust eHToHa, a TakKe IS
(oTOKaTaNTUTUUECKOTO  pa3liokeHus  OuceHosna A
(B®A) mon Y®-uznyuenuem. B [49] nemoHCcTpUpyeTcs
ucrionp3oBaHne  KartanusaropoB  Fe/MIL-100(Cr) wu
Fe/MIL-101(Cr) nmns sddexTuBHON MUHEpaIU3aLUH
aHWJIMHA U Jlerpafganun kpacutenst MO B CTOUHBIX BOAaX
yepe3 nporecc okuciaeHust GeHTona, 4To npeacTaBiseT
MHTEpEC Ul TEKCTHILHOW npoMbinuieHHocTH. Karanu-
3arop Fe/MIL-100(Cr) moka3an BBICOKYIO 3¢ ¢deKTuB-
HOCTB, nocturas 69% ynaneHus oOmuil OpraHMYecKUit
yraepon (TOC) 3a 180 MunyT U1 anmmHa U 55% yna-
JIeHU XMMHYecKoro moTpebnenus kucnopoxa (XIIK)
st MO. MexaHuCTHYEeCKUi aHaliu3 PEeaKIuy, Mpearnno-
Jlaraet HaJIMuue TpeX KOHKYPUPYIOUIMX MyTel peakiunu

H>0: ¢ aHIIHHOM, YTO MTO3BOJISIET OOBIACHUTD Pa3IHIUsL
B 3¢ ¢exTuBHOCTH yaanenus TOC Mex 1y NByMs THIIAMH
KaTalu3aTopoB. Pe3ynbTaTsl 3TOro Hcciel0BaHUS MOJ-
YEpPKUBAIOT 3HAYUMOCTh MPABHIBHOTO BBIOOpa M HC-
TI0JIb30BaHMS KaTaIU3aTOPOB JUIsl ONITUMH3ALIMH ITPOLIec-
COB YJaJICHUs] OIACHBIX OPraHMYEeCKUX 3arps3HUTENCH
U3 CTOYHBIX BOJI, ITOJ/IEPKHUBas SKOJIOIHYECKyto Oe3orma-
CHOCTb M YCTOHYMBOCTH BOJHBIX 3KOCHCTEM.

B uccnenoBannu [10] ObU1 CHHTE3UPOBAaH HAHOKOM-
mo3ut aHataza TiO,@MIL-101(Cr) (TMCr), koTOpBIit
MIPOAEMOHCTPHUPOBAI BEICOKYIO 3()(heKTHBHOCTH B (HOTO-
KaTaJIMTUYECKOM pasniokeHnn BOA non Bo3neiicTtBueM
Y®-m3nyqenus. Karammzarop TMCr Ha 59% obecnieunn
nerpaganuio 90% BDA n munepamuzanuto 80% B Tede-
Hue 240 MuH, JOCTUTasl B ONTUMHU3UPOBAHHBIX YCIIOBHAX
nerpaganuu bOA Ha ypoHe 99% ¢ KOHCTaHTOI cKOpO-
cru 0,0138 Mun . DYPEKTUBHOCTL KaTamM3aTtopa Mmos-
TBEPKJACHA HE TOJILKO OTUMU pE3yJibTaTaMH, HO U OKCIIC-
PUMEHTaMH C TIPOMEKYTOYHBIMU NTPOIYKTaMH, 0OHapy-
skeHHbIMU ¢ nomoupio HPLC-MS, kotopble noka3zanu,
4ro pagukan *O;. UrpaeT JOMUHUPYIOUIYIO POJIb B CHC-
TeMe. DTH TPOIECCH CIOCOOCTBYIOT THAPOKCHINPOBA-
HUIO U pacuiemienuto BPA, Benyiemy kK ero MuHepaiu-
samun 10 CO, u H,O. Breimaromasics cTaOMIBHOCTDE U
BO3MOKHOCTh MHOTOKPAaTHOTO HCIIOJIb30BaHMS JENAl0T
TMCr uneanbHbIM KaTadu3aTOPOM Ul OYHCTKHU CTOY-
HbIX BOJ OT TOKCUYHBIX OPraHUYCCKUX SanﬂSHHTeﬂeﬁ,
npeaiiarasgd 3HAYUTCIIbHBIC MPEUMYIIECTBA JId MPaKTH-
YCCKOT'O MPUMEHCHHS B OKOJOTUYCCKUX TCXHOJIOTUAX.

3AKJIOYEHUE

[IpencraBneHHbI MUHU-0030p HATJISAHO JIEMOHCT-
pHUpYeT BBICOKHI MOTeHIMAN (PyHKIMOHAIBHBIX MaTEPH-
anoB Ha ocHoBe MOK Trma MIL-101(Cr). IIpocTtoTa Mme-
TOJIOB CHHTE3a, BBICOKAs PEAaKIHOHHAs CIOCOOHOCTH
00yCIaBIUBAIOT BEICOKHI HHTEPEC CO CTOPOHBI HAYYIHO-
ro coodmecTsa. B pamMkax 0630pa nmokasaHo, 4To IpumMe-
HEHHE PA3JIMYHBIX METOJI0B IMOCTCUHTETUYECKON MOIHU-
(UKanuy MO3BOJIICT 3HAYUTEIHHO YIYUIINTh (U3HKO-
xumudeckue cBorictea MIL-101(Cr). Haym4re BeIcOKOM
MIOPUCTOCTH ¥ HEHACBHIIEHHBIX METANIMYECKUX Yy4acT-
k0B B cTpykrype MIL-101(Cr) o0ycnaBnuBaroT ero mpe-
BOCXOJHBIE aJCOPOIIMOHHBIE CBOWCTBA IJIS ra3oB, pac-
TBOPOB KpacuTeled W JNeTy4ux coeauHeHH. OmHaKo,
MHUKponopuctas ctpykrypa MOK, MakcumanbHOE OKHO
3axBaTa KOTOPOTO COCTaBIsAeT Beero ~16 A, He obecre-
yuBaeT ObIcTpol TUddy3ur U TPAHCIIOPTUPOBKH MOJIe-
KYyJI, 9TO BIHSIET HA aJCOPOIIMOHHBIE W KaTaIUTHYECKUE
ckopoctu MIL-101(Cr) 1 3HauUTENBEHO 3aTPYAHSET €T0
MIPaKTHYECKOE MIPUMEHEHHE B aJCOpOLMH M KaTanu3e B
MIPOMBIIUICHHBIX MacmTabax. Jpyrum rnepcrnekTHBHBIM
HalpaBJICHUEM MOXKHO CYMTATh CO3/IaHHE THMOPHIHBIX
MaTepuanoB Ha ocHoBe MOK, ¢ BO3MOYKHOCTBIO UX HM-
MOOMIH3aIMN Ha aKTHUBHBIX MOJIOKKAX, ITOMCKA OITH-
MaJIbHBIX TEXHOJIOTHH MMMOOMIN3AINH PAa3TUIHBIX TH-
oB HaHO4YAacTHIl B cTpykType MOK. Pemenue Bcex aTHx
3a/a4, HECOMHEHHO, OTKpoeT Oojee OoOmmMpHBIE TOpH-
30HTB B mpakTtndeckoM npumeHeHnn MOK cocraBa
MIL-101(Cr).
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Paboma evinonnena 6 pamxax npoexkma 1D

AP19676626, dunancupyemozco Komumemom Hayku
Munucmepcmea nayxku u gvicuie2o obpazosanus Pecny6-
auxu Kazaxcman.
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MIL-101(Cr) METAJIABIK-OPI'TAHUKAJIBIK KAHKAJIAP HETT3IHAEI'T ®YHKIUAJBIK
MATEPUAJLJAPABI 93IPJIEY: IIATBIH IIOJTY

A. H. Anumxanosal?, C. P. Pakumesa'?, A. A. Mamennesal*", ®. Y. Adyosa, /I. T. Hypneiicopa'?

T KP M «Aoponvix pusuxa uncmumymor» PMK, Anmamot, Kazaxcman
2 JI. H. Tymunes amvinoazol Eypasusa ynmmuix ynusepcumemi, Acmana, Kazaxcman

* Baunanvic ywin E-mail: a.mashentseva@inp.kz

MIL-101(Cr) — xpoM Herizinzaeri Merani-opraHukaiblk Kankaitap (MOK) eH kakchl 3epTTeNreH yiriiepitin 0ipi, o
METaJlI XpOM HOHBI JKoHe Tepe(Tai KbIIIKbUIbI JUranabiHal Typansl. byn MOK-TeiH Oipereit Gpu3nKkamblK-XUMHSIBIK
KacueTTepi (eTe >xoFapbl OCTTIK ayAaHbl, HOPIAPIBIH OJIIIEMi, TEPMUSUIBIK, XUMHSIIBIK TYPaKTBUIBIFEI KaHE T.0.) oFaH
3aMaHayd MaTepHajlTaHy CajachlHAArbl op TYpPJ KOJJaHbICTap/Abl Kamramachel3 ereni. Kypbuisimuparsr Jlstouc
KBIIIKBUIABIK OPTATBIKTAPIBIH KaHbIKITaraH 001ybIHbIH apkackiHaa MIL-101(Cr) oHait MomuduKanusiaHaabl )KOHE KOTT
xKarmanma, TysiHabuap 6actankel MOK canbicThIpranaa jkakcapThUIFaH cunatrramanapisl kepcereni. omyna MIL-
101(Cr) mpakTukadblK KOJIAHBICTHIH HETi3ri OarpITTapbl KENTIPIITEH, OJlapFa CyJbl EpITIHAUIEpACH op Typii
KJIACCTAP IbIH KOCBUIBICTAPBIH aJcopOnusiiay, ra3napabl cakTay MeH 0oy jkoHe KaTaiau3 Kipei.

Tyiiin co30ep: memann-opeanukanvik Kayxaiap, MIL-101(Cr), xumusivix moougurayus, copoyus, Kamauus.
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DEVELOPMENT OF FUNCTIONAL MATERIALS BASED ON MIL-101(Cr) METAL-ORGANIC
FRAMEWORKS: A MINI REVIEW

A. N. Alimkhanova'?, S. R. Rakisheval%, A. A. Mashentseva ¥, F. U. Abuova?, D. T. Nurpeisova'?

! RSE “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan
2 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
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MIL-101(Cr) is one of the most well-studied chromium-based metal-organic frameworks (MOF) consisting of a metallic
chromium ion and a terephthalic acid ligand. The unique physicochemical properties of this MOF (ultra-high specific
surface area, pore size, thermal and chemical stability, etc.) provide it with a wide range of applications in various fields
of advanced materials science. Due to unsaturated Lewis acid sites in the structure, MIL-101(Cr) can be easily modified.
In most cases, its derivatives demonstrate significantly improved characteristics compared to the pristine MOF. The
review provides information on the practical application of MIL-101(Cr) in the adsorption of various compounds from
aqueous solutions, gas storage and separation, and catalysis.

Keywords: metal-organic frameworks, MIL-101(Cr), chemical modification, sorption, catalysis.
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HVOF 9JICIMEH AJIBIHFAH Ale¢sCuz0Feis KBASUKPUCTAJIAbI Z/KABBIH/IAPBIHBIH
TPUBOJIOTUAJIBIK KACUETTEPIH 3EPTTEY
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Koowca Axmem HAcayu amvinoazel Xanvikapanvlx Kazak-mypik ynueepcumemi, Typkicman, Kazakcman
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By xyMmBICcTa JKOFaphl JKBUIAaMIBIKTEL OTTeKTi oTeIHMeH O0ypky HVOF omicimen Y8I' kypanasik OonaTbIHA albIHFaH
AlgsCupoFe s kBa3ukpucTan bl ’kaObIHapbIHBIH TPUOOJIOTHAIIBIK KACHETTEPI MEH MUKPOKATTBUIBIFBI 3epTTEN . Aya Oepy
pexxuminig (1,9 6ap; 2,1 Gap; 2,3 6ap) >xaObIHAAPABIH TO3YFa TO3IMALIIIIHE acepi epeKIlie Hazapra alblHIbL. 3epTTey
«map-IucK» 9ICIMEH JKYPTi3iIiN, MHUKPOCTPYKTYPAChl CKAHEPJICHTIH 3JEKTPOHIBI MUKPOCKOI KOMETIMEH TaJJlaH/bl.
[Tpomnan — 2 6ap, otreri — 2,1 6ap, aya — 2,1 6ap pexxuMiH/Ie albIHFaH YJIrl €H TOMEHT1 To3y i3iHiH eHiH (902 MKM) jxoHe
TYpaKTHl YiKelic kKo3((UINEHTIH KopceTTi, Oy OHBIH TO3YyFa TO3IMIUIriH fanenneini. Bukkepc amiciMeH enmeHreH
aOBIHHBIH MUKPOKATThUIBIFBI 800 HV Kypar, oHBIH jKOFapbl OEpIKTIiriH kepceTeni.. byl HoTHxXenep KBa3uKPUCTAIIbI
»aOBIHIApABIH aBUALHSI, aBTOMOOMIIB KOHE MaIlIMHA JKacay eHepKICiOiHIeT] JKOFaphl TO3YFa TO3IMI1 OpTaaa KOJIJaHBLTY
MYMKIHIITiH aifKbIHTaH b

Tyitin co3oep: HVOF, AlssCuzoFe;s, Y8, mopgonocus, Mukpokammulivlx, yikeaic Kodg@uyuenmi uHOyCmpusianosipy,

UHHOBAYUANAD IHCIHE UHPPAKYDBLIbIM.

KIPICIIE

OHEPKICINTIH KONTETeH cajallapblHaa OOJIaTTaH XkKa-
caJIFaH MaTepHaIap JKOFaphl XKYKTEMeEIep )KOHE TeMIIe-
parypa ocepiHeH TO3yFa, )KOFaphl YHKEICKe kKoHEe Kop-
po3usifa yiibIpaiabl. byn MarepuangapabliH OeTTik
KabaTTapblH KOpFay MakcaTbhlH/Ia KATTBUIBIFBI MEH TO-
3yra Te3iMaiiri xorapel WC-Co xone Cr3Cr-NiCr cu-
SIKTBI KepaMHKa-MeTalll KOMIO3UTTIK >KaObIHAAp KeHi-
HEH KoJjmaHbUIamsl [1-6]. Anaiima Oy skaOBIHAAPABIH
OipHemne mekTeyaepi 6ap: oJap MOPT CHIHFBIII Kelesi,
TEPMISUIBIK TYPAKTBUIBIFBl IIEKTEYJ JKOHE BOIb(pam
MeH KOOaIbTTHIH KYHBI JKOFaphl OONybIHA OaiIaHBICTHI
OHEpKACiNTe KEH ayKbIMIBl KOJIAHBUIYBIH TEeXKEHIi
[7, 8]. XKorapsl )xyKTeMe MeH TeMIlepaTrypaja y3akK Ky-
MBIC JKACANTBIH KBa3WKPHUCTAJ/IbI J)KaObIHAAp MaTepua-
JIap/AbIH KapaMIbLIBIK MEP3IMiH apTTHIPYAbIH OHTAWJIbI
mrenrimi 60JbIn TadbbuTazbR! [9].

KBasukpucranasl xaObIHIAp KPUCTAIJBIK TOpJap-
JIBIH, I9CTYPJI 3aHIBUIBIKTapbIHA OarbIHOANTHIH TIEPHO/I-
THI €MeC aTOMIBIK KYPBUIBIMBIMEH €peKIIeNICHe Il JKoHe
HMKOCa’APIIK CHMMETPHSACHI apKACBHIH/IA JKOFaphl Oepik-
TiK, TOMEH BTy OTKI3TIilITIK MIEH TOTHIFYFa TOIIMILTIKTI
KamTtamach3 eremi [10]. MyHnaii skaObIHIap TOMEH Y-
kemic ko3¢ dunuenti [11], xorapsl To3yFa TO3IMIIIIK
[12] xacuerTepi MeH MEXaHUKAIBIK JXYKTEMeJepre To-
3iM/1i GOJFaHBI YIIiH SKCTPEMAaIIIBI XKaFaaiiIapaa sKyMbIC
ICTeWTIH YHKeTic TYHiHAepiHae THIMIII KOIJaHyFa MyM-
kiHmik Oepeni. Ocipece, AlgsCuxFes Herizinmeri uko-
Cad/IpJIiK KBa3UKPUCTANIbI XKaObIHIAP KOFaphl TEMIIepa-
Typana Ja ©3 KAacHeTTepiH cakTail OTBIPBIN, MKOFaphl
KaTTBUIBIK, BICTBIKKA TO3IMIUIIK XXOHE KOPPO3HSFa KAPChI
TYpakThUIBIK KepceTeni [13—15]. KBasukpucranmapasig
OyJl epeKklle KYpBUIBIMBI OJIapFa DHEPTHs IIBIFBIHBIH
a3aiiTaTbIH KoHE KYMBIC OETTEepiHiH TO3ybIH Oasynara-
THIH TOMEH YiKenic ko3dduiuentin Oepemi, conmpan-ak
arpeccuBTi OpTaja MaijalaHyra MYMKIHIIK OepeTiH

JKOFapBl KOPPO3WSIIBIK Te3iMAimikke ue eremi [16-20].
Ochl KacueTTePAiH KHUBIHTHIFBI OJIAPIBIH TO3YFa TO3IMIi-
JITIH apTTHIPHIIN, KbIMOAT MaTepUalIAap/ibl aIMacThIpyFa
o amazsl [21, 22]. CoHABIKTaH KBa3UKPHUCTAN/IBI JKa-
ObIHIAp aBHMAlMAA, aBTOMOOWIIb JKOHE MalllMHA Kacay
calanapbiHia OajlamMa KOpFaHbIC KaOaThl peTiHIOE Ta-
OBICTBl KOJIAAHBUIBIN, OOJIIEKTepaiH THIMALII MEH
KBI3MET €Ty MEep3iMiH alTapibIKTail apTThIpaast [23].

JKaObrHmapas! airy YIMiH OpTYPIIi TOCiIAep KOIAaHbI-
nansl, GU3UKAIBIK KOHE XUMUSJIBIK OICTEP COJIAPIBIH
iImHAEe eH KeH TapayFaHbl Ooibin kenemi. OuU3nKabIk
ozicTepre KOFapbl JKBIIIAMIBIKTBHI T'a3/bl KaJIBIHMEH
oypky (HVOF), Bakyymasik 0ynaaaeipy (PVD), mna3zma-
JIBIK LIaLIbIpay, ra3-AMHaMUKaNIbIK OypKy [24], mna3ma-
JBIK OYPKY, JKOFapbl 3HEPTHUSUIBI TEPMUSIIBIK OYpKY [25]
JKOHE MarHEeTPOHJBIK TO3aHJATy jkaTajabl. byn axmictep
TBIFBI3 J)KOHE KOFapPhl are3usIbl )KaObIHIAp allyFa MYM-
KiHIIK Oepei. Ocipece, MArHETPOH/IBIK TO3aHIATY JKYKa,
OIpTEKTIi JKOHE camajbl XaOblHIap aly YIIiH XHi KOJIa-
HBUTaZpBl. ByTiHTi TaH#a eH nepcrnekTHBaibl, HAHOKYPHI-
JBIMIBI J)KAOBIHIIAP AITyFa MYMKIHAIK OepeTiH omicTep iy
6ipi — HVOF [26-29]. HotmxeciHme, KEyeKTiITi TOMEH,
cyOcTpaTKa JKOFaphl aJire3usulbl THIFBI3 XKaHE Oepik Ka-
osbrH Ty3ineni [30-32]. HVOF agici AlgsCuxoFe;s Herizin-
JIeT1 KBa3UKPUCTANIbI )KaObIHIap/ibl OYPKY YILIH epeKiie
KOJIafIbI, OUTKEHI OJ OJIapAbIH Oipereil KypbUIBIMBIH
caKTail OTBIPBIM, JKOFAPhI KATTBUIBIKTHI, TOMEH YHKesic
ko3¢ (DUIIMEHTIH )KOHEe Tamarla To3yFa TO3IMIITIKTI KaM-
tamacskI3 erexi [33—37]. benmekTep i xKoFapsl KHHETH-
KaJIbIK DHEPrHsCHl LIaHIbl Ka0aTTapblH MEXaHUKAIIbIK
KacHeTTepiH JakcapTajabl, Oyn amicTi Oepik koHE Te-
31MJTi KBa3UKPHUCTAIIBI )KaOBIHIAP/IBI JKacay YIIiH €H TH-
imai Tocimaepain Oipi eremi [38—41].
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HVOF S[ICIMEH ANbIHFAH AlssCuzoFe1s KBASUKPUCTANABI XABbIHOAPbLIHbIH TPUBEONOrUANbIK KACUETTEPIH 3EPTTEY

3EPTTEY SIICTEPI

3eprreynep Y8I' Kypanabik KOMipTEKTiI OOJNATHIHBIH
CBIPTKBI OCTiHE aTbIHFaH Ka0bIH YIT1JIEpIHe KYPri3uii.
Byn 6omar F'OCT 1435-99 cranpaprthiHa colikec Kejei,
KaJBIHABIFBL 5—10 MM, aJl eHi MeH Y3bIHIBIFBI 20%20 MM.
HVOF onicimen (Peceit ®enepanusicel, Cankr-Iletep-
Oypr kamacel) Termika-3 KOHIBIPFBICBIHBIH a0JbIKTa-
PBIH Maifnanana oTeIpsin aelHABL. AlgsCuxoFers kBa3uk-
pHUCTaIIBI MaTepUaNbl YCaK TUCIIEPCTi YHTaKKa JeHiH
MaliTaaHsIl, KeI3ABIPBUIBIN, HETi3re OarbITTaNaibl, co-
HBIH HOTIKECIHZE *KaOBIH TY3i1eni. AJBIHFaH YHTaKTap-
IBIH aucreperimiri 25-40 MkM Kypazsl, OyJ1 omapIsiH
TUIMJII [IAIBIPAYBIH KAMTaMachl3 eTefi (cypet 1).

- - i —— .
| % ;1 7, * \ 3 e ,"f [

1-cypem. AlssCuzoFers ynmazeinviyy COM cypemmepi

AlgsCuzoFeis KYpaMbIHJaFbl KBa3UKPHUCTAJIbI
yarakrap Y8 Oomar merizine HVOF ogmicimen kemeci
mapameTpIiep OOUBIHIIIA )KaOBIH PETiH/E aTbIHABL: OYPKY
KeurgaMaeirel - 700 M/c-Ka  meiliH, Tra3  arbIHBIHBIH
temneparypacel 3000 °C -xa neitin xerrti. Illamrkerm
canTtaMa MEH HETI3 apachlHAAFbl KAIIBIKTHIK 350 MM
JIeHreliH/Ie OpPHATBUI/IbI, OyJ1 OOJIIEeKTep/IiH aFbIH ilIiH-
JIe TYPBI KaIyblH OOJIBIpMAii, ONapabl KETKITIKTI
TYpA€ KBI3IBIPHIN, JKbUIIAMAATyFa MYMKIHIIK Oepii.
BesnmiekTepaiH OHTAMIbI OJIIIEMI MEH KAIIBIKTHIKTHIH
JIYPBIC TAHAATYbI HOTHXKECIH/IC YHTAKTBIH a3 aFbIHBIH/IA
00J1y YaKbIThI JKETKITIKTI OOJIBII, OHBIH TOJIBIK KbI3YbIHA
JKOHE KaXKETTI DHEPTUSAMEH HeTisre JKeTyiHe >Kariai
xKacainel. Byn KaOBIHHBIH JKOFaphl alre3wschl MEH
OIpKeNKUITiH KaMTamachl3 eTTi. MaTepHanablH KBa3u-
KPHUCTAJIBI KYPBUIBIMBIH CaKTay TEMIIEpaTypa MEeH JKbLI-
JAMIBIKTEI KaTaH OakplIay apKbUIBI XKY3€Tre achIPBLIIEI,
OyJT YHTAKTHIH IIaMaJiaH THIC KBI3YBIH )KOHE OHBIH Oipe-
reil KacueTTepiHiH Oy3blIybIH OONBIpMayFa MYMKIH/IIK
oepi.

Kecme 1. HVOF 20icimen kanman2an Ka3ukpucmaiobix
21cabbIHOapOblly napamempiepi

Yari KawbIKThIK, la3 (npo- Aya, Orreri,
nri

MM nan), 6apr 6ap 6ap
Ynria 350 2 1,9 2,1
Yrrib 350 2 2,1 21
Ynric 350 2 2,3 2,1

YIriHi )KOFaphl TONIIIKIEH 3epTTey JKOHE OHBIH OeTi-
HiH erKeW-Ter keI KECKIHIEPiH aly YIITiH TePMO3MHUC-
cusnblK Bodb(hpam katonmel O6ap Tescan Vega (bpHo,
UYexust) ckaHepIieyIli 3JeKTpoH bl MUKpockonbl (COM)

KONOaHpUIAel. bynm  omicTiH 0acTel  apTHIKIIBLIBIK-
TapBIHBIH Oipi-’KaObIH aAre3MsCHIH 3ePTTCY JKOHE aKay-
napabl aHblkTay MYMKIHIIT. AlssCuxoFeis yHTarbIHBIH
XUMUSUTBIK KYpPaMbIH aHbIKTay yiniH COM-HiH XKyMbIC
KaIbIKTBIFBl 10—15 MM OOJBIT OpHATHUIABI, YACTKIMI
KepHey 25 kB-ka neiiiH keTepiii, aXXKbIpaThIMABUIBIFEI
275 HM Oonapl. YN KypaMbIHAAFbl SJIEMEHTTEP MEH
OJIapAbIH KOHIICHTPAIMACHIH aHbIKTay yiiH EDS xochii-
Ipl. Matepuan KypaMbIHAAFbl aWbIpMAaIIbUIBIKTaP/Ib]
BU3yaIHM3aIsIIay YINiH Kepi IaIIbIpaHabl JIEKTPOHAAP
nerektopsl (BSE) xonmmaHBIIAbI, anm 0€TKi KYPBUIBIMIBL
JKOFapBl camajbl KEeCKiHMEH KOpPCeTy YIIiH eKIiHIIUTK
anekTpoHaap aerektopsl (SE) maiinananeuiabl. Yikeit-
TYIiH eH xorapbl fgeHredi 1000%, eny tepenniri 0,5—
3 MM Oomabl. Conpaii-ak, amsiaFan COM keckinzaepi
penTtrennik audpakuus (X-ray) MomimMerTepiMeH Oipik-
Tipi.

Toszyra Te3iMALNIKTI, YiKeTic KOAQ(UIHEHTIH KoHe
MaTepHaNapAbIH Y3aK MEp3IMIOUTriH Oaramay VINiH
TpHOONOTHSITHIK, 3epTTeyiep Tribometer TRB3 (Anton-
Paar, Buchs, Switzerland) KyppUIFBICEIHIOA KYPTi3iimi.
Yiikenic KO3QQUIUCHTIH aHBIKTAY YIIiH THaMeTpi 3 MM
mrap TOpi3di chlHaMa yirire Oachurgpl. YWKeIic i3iHIH
mametpi 90 MM, xykreme 5 H, pagmycer 3 MM, ycran
TYpY YakbIThl 30 MUHYT 00J1/1b1. CHI3BIKTHIK KBLUTIAMIBIK
5 cM/cek,  KO3FamTKbIII  SKbUIAAMABIFEI  159,1549
aitH/MuH. TpUOOJIOTHANBIK KAaCHETTEpAIH HOTHXKeNepi
Origin 6araapiamMachIHIa OHICTI.

KBasukpuctanapl  kaObIHAApIBIH  KATTBUIBIFBIH
3epTTey BUKKEpC MHKPOKATTBUIBIFBIH €IIIIey dici
OofipIHIIA KYprizingi. Bukkepc omici MaTepuangapabH
KATTBUIBIFBIH JKOFAphl AJIIKIECH aHBIKTayFa MYMKIHJIK
OepetiH ceHiMIi Tacinmepaiy Oipi. CplHAy Ke3iHae YITi
OeTiHe anMa3 MupaMUAa bl HHASHTOp Oenrim Oip Kym-
el GachlIaibl, ColdaH KeWiH Iaiga OOoJiraH 131iH JUaro-
HaJIb/Iaphl OJIIIEHII, MUKPOKATTBUIBIK MOHI €CeITeNeIl.

HVOF onicimen ansiaran AlgsCuzoFe s Herizinmeri
KBa3WKPHUCTAJJbl  KaOBIHIAPABIH  MHKPOKATTHUIBIFBI
ceHcopiabIK dKkpaHel O6ap HLV-1DT Bukkepc Mmuxpo-
KarThUIblK  emmerini  (Shanghai  Hualong  Test
Instruments Corporation, I[llanxaii, Kpitait) apxbuibl
seprrenmi. CerHak xykremeci 0,2 H, am ycram typy
yakpIThl 10 cekyH O0pl. Oniey HOTHXKECIH/E allbIH-
FaH MHKPOKATTHUIHIK MoHIEpi 730-800 HV apansireana
e3repai. byn 3eprrey anbiHFaH kaObIHIAPABIH MEXaHH-
KaJIbIK KaCHETTEPiH TEPEHIpeK TajayFa >KoHE OJIapIbIH
KYMBIC KaOUICTTUTITiH Oaranayra MYMKIHAIK Oepemi.
JKorapbl MHKPOKATTBUIBIK MOHJAEPI KBa3HKPHCTAJIbI
JKaOBIHAAPBIH KATTBUIBIFEI MEH OEpPIKTITiHIH >KOFaphl
€KEHIH KepceTeli, Oy oJapIbIH TO3yFa TO3IMALIITT MeH
y3aK Mep3iMJli KbI3MET eTyiHe oH acep erei. CoHbIMEH
xarap, HVOF oxiciMen anbsiHFaH KaOBIHAAPABIH KYpPbI-
JIBIMJIBIK TYPAKTBUIBIFBI MEH OEpIKTITi OJlapAbIH OHEPKa-
CINTIK KOJNJAaHBICKA KEHIHEH eHTi3UIyiHIH oJeyerTi
JKOFapbl EKeHIH JIQJIeN eIl
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HOTUKEJEP )KOHE OJIAPJbI TAJIKBLIAY

Kyprisinren 3eprreynep notmkeciae Al-Cu-Fe xa-
ObIHIApAbIH  (PU3HKA-MEXaHUKAIBIK —YKaKcapybl —aHBIK-
tanpl. CoHpaii-ak, KepceTiireH OypKy peXxuMIepiH KoJi-
JIaHy TBIFBI3 JKOHE OIPTEKTI »KaOBIHHBIH KAJIBIITACYbIHA
BIKIA eTeTiHi Oenrim Gomapl. bynan Oenek, jxaObIH MeH
Oonar apachIHAAFbl KabaTTap/blH aXbIpaybl TipKeIMel,
OyJT MaTepHaJIIBIH KaKCHI AT e3MUTHIK KACHETTePiH Kopce-
teni. 2-cyperte AlssCuxFeis Heri3iHaeri KBa3uKpHUCTAIIIBI
’KaOBIHMEH KalTaJIFaH YITiHiH JIEKTPOHIBI-MAKPOCKOITHS-
JIBIK CypeTi KOpCeTUIreH. AJbIHFAH KaObIHAAPIBIH KaJIbIH-
IIBIFBI OYPKY pexumepine OainanbicTel 13-TeH 34 MKkM-Te
Jieitin 6onsl (2 cyper).

TpuOONOTHSIBIK ChIHAKTApFa JCHIH KaOBIHIAPIBIH
0eTki MOP(HOIIOTHACH CKaHEePIIEYIi SIEKTPOH/IBI MUKPOC-
KOIIHSL 9JIICIMEH 3€pTTeJIil, OJapAblH KYPBUIBIMABIK €peK-
HIelntikTepi 3-cyperte KepceTuIreHIel cunarranisl. 3a cy-
perTeH OCTiHIH CaJbICTRIpMAbl TYpAe OipKenki, Oipak
aliKpIH TYHIPIIIKTI KYPBUIGIMFA Ue eKeHiH Kepyre OOMabl.
CoHBIMEH KaTap, ycak KeyeKTep MeH KapaHFbulay aiiMak-
Tap Oaiikanampl, OYJT THIFBI3ABIKTHIH ©3TrepyiH KepceTyi
MYMKiH. 30 cypeT OipKeIKipeK MUKPOCTPYKTYpaHBI Kepce-
Teni, Oy 1a YKOFaphl THIFBI3ABIKTHI OUTIipyi MYMKiH, COH-
Jaif-aKk MaTepHalIblH THIFbI3 OPHAIACKAH aiiMaKTapbl Kepi-
Heqt, Oy To3yFa Te3IMIUTIKTI apTThIpyFa BIKMAT eTel. 3-
CypeTTe B MEH a YIITUJIepiH CalbICThIPFaHIa KYPhLIbIM ThI-
FhI3/1ay OOJIFaH.

[apaeiH xaOBIHMEH JKaHACYBI Ke3iHOE JKYpri3iuireH
TPHOOJIOTHSIIBIK, ChIHAKTapAaH Kelinri To3y i3aepi COM
ApKBUIBI 3ePTTENI, HITIKENEpi 4-CypeTTe KopceTireH. 4a
cyperte OipiHII YAriHIH To3y i3iHIH eHi 906-927 MkM
6ol [311H imiHae Teric OeTTiH OOTyHI IIACTHKANBIK Je-
(dopmanus Genriyiepin kepceTeni. ¥cakK Chl3aTTap MEH i3
OOWBIHIAFEl OWBIKTAp aOpa3MBTIK TO3yIbIH Oeiriiepi Oo-
T TaOBUTaAbl, OYIT KaOBIHHBIH TO3yFa TO3IMALIITIH J1o-
nenneiini, Oipak map KyKTeMeci acepiHeH imrinapa nedop-
ManusFa YIIbIparaHelH Kepceremi. 40 cyperre 2,1 6ap
KBICBIM/IA aJIGIHFAH I KOPCETUIreH, MyHIa TO3Y i3iHiH eHi
932-952 mxm-ai Kypaiinpsl. byt xkaObIHHBIH XYKTeMe dce-
piHe TypakThl exeHiH manenzeiini. CoHbIMEH Karap, KeH
TO3Yy 13iHiH OOJybIHa KapamacTaH, >kaObIH KypbUIBIMBI TY-
TAaCTBIFBIH CaKTal/ibl, ’KaObIH MEH HETI3 apachIHIarbl KO-
Faphl aJire3us JICHIeliH, KaObIH OOJIIICKTEePiHIH apFa a3
JKaOBICYbI OHBIH OCPIKTITIH KOHE KaHACY JKYKTEMeEJIepiHe
TeTel Oepe anaThIHBIH KepceTei. 4¢ cyperTe, 2,3 6ap Kbi-
chIMIa OYpKeNreH YITire coiikec, To3y i3iHIH eHi 853—
902 MxM-ai Kypaiinel. COHBIMEH KaTap, TO3YIbIH OlpKeIKi
0omMaybl KAaOBIHHBIH KYPBUIBIMABIK OipKeJKi eMeCTIiTiH
Ourmipyi MymkiH. bipHemne aiiMakTa >KepriTikTi KyphUTBIM-
TIBIK OY3BLTY Oenriyiepi Galikana b, OyI1 MaTepHaIIbIH maii-
JlaJlaHy KacHeTTePiH TOMEHICTE]II.

3-cypem. AlssCuzoFers scabvinoapoviy 6em mopgonoecuscei: (a), (0) scaue (c) yreinepine 1-kecmede kopcemineen OypKy
napamempiepi caiikec Keneoi

4-cypem. AlssCuzoFers ocabvinoapuinsiy mo3y izoepiniy COM cypemmepi: (a), (6) scane (c) yreinepine 1-kecmede kopcemineen
6ypKy napamempiepi caiikec Keneoi
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Yiikemic koapdunueHTiHIH ([1) YHKETic KOJIbIHA (M)
GaiylaHbICTBl ©3repici YII TYpJi YIri YLIH CajibICThIP-
MaJibl TYpA€ TalJaHIbl, OJapIbIH HOTHXEJEpl S-cyperTe
kenripinred. bacranker kesenne (0—20 M) OapnbIK yiri-
nepae yikenic koadQuIMeHTiHIH XbulaaM ecyi Oalka-
Jazel, OYJI )KYMBIC OSTTEpiHiH e3apa OeHiMaeny mpoiie-
ciMeH OaiyIaHBICTHI a Yarici 0acTankplia TOMEH MOHHEH
Oacramazpl, Oipak Te3 TypakTaHazisl, ai (0) skoHe (¢) Y-
rinepi mamMamer Oipaei JeHreire KeTeTi.
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Y HKeIic 5KomIBl, M
S-cypem. Y ynei ywin yiixenic sconvina (m) 6atiianvicmol
ylirenic ko3ghpuyuenminiy (1) 032epyi: (a), (6) srcane (c)

yaeinepine 1-xkecmede kopcemineen OypKy napamempiepi
catixec Keneoi.

900

200

20-60 M mmamazonsiHAa (0) yirici eH TypakTsl (W)
MOHIH KepceTeai, Oyy1 alTapiblKTail cekipicrepci3 Oip-
KeJKI yHKenicTi 0inaipeni. (¢) yariciHue eH YJIKeH aybIT-
Kynap Oaiikananuel, OYJT )KaObIHHBIH TYPaKChI3/IbIFbI MCH
MYMKiH Oy3bUTYBIH KepceTe ananbl. COHbIMEH Katap, (a)
YJITiCi ie TYpaKThl OOJIBIN KaJabl, Oipak (0) yiriciHe Ka-
paraHja coll TeMeH MaH kepceteni. 60—100 M ke3eHiHIe
(6) yurici TypakTH yiikemic K03()(OUIHEeHTIH caKTaiiabl,
OyJ1 OHBIH XYKTEMEHIH >KaKCHIpaK TapalyblH XOHE TO-
3yFa Te3IMAUIITIH KepceTyi MyMKiH. A (¢) yiriciHae yi-
KeJric Ko PUIMEHTIHIH alTapIBIKTal ayBITKYJIaphl MCH
TeMeH/Ieyi OaiiKanaapl, Oy )KaOBIHHBIH TYPAKCHI3IBIFBIH
Kepceresi. 2,1 6ap KbICHIMAA IIALIBIPATHIIN AJIbIHFAH YIIT
(56-cyper) OYKix CBIPFY ChIHAaFBI OApBICHIHAA YHKEIIC KO-
3¢ GUIMEHTIHIH OipKAIBINTHUIBIFEIH CAKTaabl, OYJI JKa-
OBIHHBIH TYTACTBIFBl MEH TO3yFa TO3IMALTITIHIH )KOFapbl
ekeHiH kepceteni. by notmkenep HVOF oniciHiy ThI-
FBI3 Opi Oepik KaObICKAH KBa3MKPHUCTAIIBIK KaOBIH-
Jap/ibl KAIBINTACTHIPYAAFbl APTHIKIIBUIBIKTAPBIH, COH-
Jaii-ak ~ ONapAblH  IMKIJIK  JKaHacy  IKyKTemeci
YKaFTalbIHA )KOFaphl MEXaHUKAIBIK CEHIMIIUTITI MEH KY-
PBUIBIMABIK OCPIKTITiH aWKBIH KOPCETEIi.

6-me1 cyperre HVOF omicimen Y8I" acnantsik 6oa-
ThIHA anbiHFaH AlesCuxoFers Heri3inaeri KBa3uKpucTa-
Jbl yKaObIHIapAbIH Bukkepc Ooiibrama (HV) mukpokart-
TBUIBIK MOHIEpi kepceriireH. JKaOwbiHmap Oypkinep
anabiaaa Y8IT GonaThlHaH XKacaiFaH Heri3/iH 0acTamKsl
MHUKPOKATTBUIBIK MOHI mamameHn 380 HV Gosran. bi-
piHIi a ynriHig (aya KbICkIMBI 1,9 6ap) MUKPOKATTBLIBIK
MoHi mamamed 734 HV Gomapl. YiniHmi ¢ yiri (aya Kbl-
CBIMBI 2,3 6ap) mamameHn 728,5 HV kepcerri, sran Oi-
PIHIII YATITe XKaKbIH HOTIKE Oepai. A exinmi (0) yiri
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6-cypem. HVOF aoicimen anvinzan AlssCuzoFeis keazuxpucmanowl scabvinoapuinwiyy Bukkepc 60ubinua MUKPOKAMMblIblebL:
(a), (6) ycane (c) yneinepine 1-xecmede kopcemineen 6ypKy napamempiepi caiikec Keaeoi
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(aya xpIcBIMEI 2,1 Gap) eH KOFaphl MUKPOKATTBIIBIK MO-
HiH KepcerTi, ox1 mamameH 800 HV-ka ten 6onupl. byn
HoTmkenep 2,1 Gap aya Oepy peKHUMiH/AE aJIbIHFaH jKa-
OBIHHBIH €H THIFBI3 9pi OEpiK KYpPhUIBIMFA He EKEHIH Kop-
cereni. OHBIH >KOFapbl MHKPOKATTBUIBIFBI KaOBIHHBIH
MEXaHUKAIBIK JKYKTEMEIep MEH TO3yFa TO3IMIIIITiH
apTTHIpa/bl, OYJI OHBI YHKeJic KYLITepi KOFapbl opTaja
KOJIJaHy YIIiH eH THiMai HycKa eteni. COHBIMEH KaTap,
eKiHII YJATiHIH MHKPOKATTBUIBIK MOHIEPIiHIH IIamibl-
paysI a3 O0JIFaHIBIKTaH, OHBIH KYPBUIBIMBIHBIH OipTEKTi-
JIT1 )KOFaphI eKeHIH KepceTe i, Oy OHBIH Maiiiaiany Ka-
CHETTEpiH OJaH dpi KaKCAPTAaIBL.

KOPBITBIH/IbI

By 3eprrey Gapriceiana HVOF onici apkpsuter Y8TT
GonateiHblH OctiHe anbiHFaH AlesCu20Fe;s Herizinmeri
KBa3WKPHCTAJIBI )KaOBIHAAP IBIH KYPBUIBIMIIBIK EpEKIIIe-
JKTepi, TPHOOOTHSITBIK KACHETTEPi )KOHE MUKPOKATTHI-
TMBIFBL KemeHal Typae 3eprrennmi. COM  HoTmkenepi
aJbIHFaH jKaObIHAAP/IBIH TOMOTEH/II KYPBUIbIMFa He eKe-
HiH, KaJBIHIBIFBI OYPKY pexxuMaepine OaiiinaHbICThl 13-
TeH 34 MKM-Te JieliiH OOJIFaHbl aHBIKTAJ/IbI.

3epTTey HOTHIKEIepl KOpCEeTKeHIeH, OypKy apaMeT-
pJiepiH OHTAWJIBI TaHIAY XKaOBIHHBIH MOP(OJIOTHSICHIHA,
MHUKPOKATTBUIBIFbIHA, TPUOOJIOTHUSCHIHA 3Cep eTETIHIT
monenneHai. ATam aWTKaHAa, MPOMAHHBIH, OTTETiHIH
JKOHE ayaHBIH KbICBIMIApHI colikecinme 1,9 6ap; 2,1 6ap
xoHe 2,3 Oap OonFaH JKarmaiibIHIA aNIBIHFAH JKaOBIHAAp
€H TOMeHTi To3y i3iHiH eHiH (902 MKM) >KOHE TYpaKTHI
yiikenic Ko GUIMEHTIH KopceTTi, OYII OapIbIH JKOFa-
PBI TO3yFa TOIIMALIITIH XKoHE YHKETiC Ke3iHAe TYPaKThl
MeXaHHUKAJIBIK KaCUEeTTepiH nanenaeiai. bipinui a yiri-
HiH To3y i3iHiH eHi 906—927 MKkM Gonzbl. Al MUKPOKAT-
TBUIBIK MOHI mamamer 734 HV Gosapl. YuriHon ¢ yiuri
mramamed 728,5 HV kepcerrti, sfau OipiHII yirire xa-
KbIH HOTIXKE Oepai. ExiHiii b yiri eH »xorapbl MUKpOKAT-
TBUTBIK MOHIH KepcerTi, on mamamern 800 HV-ka TeH
6ongel. bynm Hotmkenep 2,1 Oap aya Oepy pexuMiHIC
aJBIHFaH KaOBIHHBIH €H TBHIFBI3 9pi Oepik KYPBIIBIMFa e
E€KEHIH/IIT1 aHBIKTAJIIbL.
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RESEARCH OF TRIBOLOGICAL PROPERTIES OF AlesCuz20Feis QUASICRYSTALLINE COATINGS
OBTAINED BY HYOF METHOD

S. R. Kurbanbekov, A. N. Abdimutalip®, D. E. Baltabayeva

Khoja Ahmed Yasawi International Kazakh-Turkish University, Turkestan, Kazakhstan
* E-mail for contacts: aray.abdimutalip@bk.ru

This research investigates the tribological properties and microhardness of AlssCuxoFeis quasicrystalline coatings
deposited on U8G tool steel using the high-velocity oxy-fuel (HVOF) method. Special attention is given to the effect of
air supply pressure (1.9 bar, 2.1 bar, 2.3 bar) on the wear resistance of the coatings. The research was conducted using
the ball-on-disk method, while the microstructure was analyzed with a scanning electron microscope (SEM). The coating
deposited at a propane pressure of 2 bar, oxygen pressure of 2.1 bar, and air pressure of 2.1 bar exhibited the smallest
wear track width (902 um) and a stable friction coefficient (u~0.4), confirming its wear resistance. The Vickers
microhardness of the coating reached 800 HV, indicating high strength. These findings highlight the potential of
quasicrystalline coatings for use in high-wear environments, particularly in the aerospace, automotive, and mechanical
engineering industries. The research aligns with the Sustainable Development Goals, specifically the “Industry,
Innovation, and Infrastructure” initiative, by contributing to the development of wear-resistant coatings with enhanced
performance characteristics.

Keywords: HVOF method, AlssCuzFe;s, USG, industrialization, innovation, and infrastructure.
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UCCJIEJOBAHME TPUBOJOT MUYECKAX CBOMCTB KBASUKPUCTAJUVIMYECKNX MOKPBITHAM
AlesCuzoFeis, IOJTYYEHHBIX METOJOM HVOF

II. P. Kyp6au6ekos, A. H. A6qumyranun’, JI, J. Baaraaesa

Meosrcoynapoonulii Kazaxcko-mypeykuii yuugepcumem um. Xooxcu Axmeoa HAcasu, Typkecman, Kazaxcman

* E-mail ons konmaxmos: aray.abdimutalip@bk.ru

B nanHO# paboTe mccinenoBaHBI TPUOOIOTHYECKHAE CBOHCTBA W MHKPOTBEPIOCTh KBAa3WKPHUCTALTMUECKUX MOKPBITHI
AlgsCuzoFe s, HaHECEHHBIX METOIOM BBICOKOCKOPOCTHOTO razoruiamenHoro HampuieHns (HVOF) Ha nHCTpyMeHTaTbHY IO
cramp Y8I. Ocoboe BHHMaHHE YIENEHO BIMSHUIO peknMma momaun Bo3myxa (1,9 6ap, 2,1 6Gap, 2,3 6ap) Ha
N3HOCOCTOMKOCTB MOKPBITHH. ViccienoBanye MpoBOANIOCHE METOIOM KIIAP-IHCK», @ MUKPOCTPYKTYpa aHAIM3UpOBajlach
C UCIIOJIb30BaHUEM CKaHHUPYIOLIEro 3JeKTpoHHOro Mukpockorna (COM). Ob6pasew, HablIEHHBIH Mpu nponaHe 2 Oap,
kuciopoze 2,1 6ap u Bo3nyxe 2,1 6ap, mokasaja HaMMEHBUIYIO IIMPHHY M3HOCHOW NOPOXKKH (902 MKM) M CTaOMIBHBIN
ko3(¢punnent tpenus (u~0,4), 94T0 NOATBEPKIAET €r0 M3HOCOCTOMKOCTH. MHKPOTBEPIOCTh MOKPBITHS, U3MEPEHHAS
MeTtozoM Bukkepca, coctaBuna 800 HV, 4ro cBHAeTenbcTBYeT O €ro BBICOKOW NHPOUYHOCTH. JlaHHBIE DPE3yNbTaThI
NMOAYCPKUBAIOT MEPCIICKTUBHOCTL NPUMCHCHUA KBA3SUKPUCTATITIMYCCKUX l'[OKprTI/Iﬁ B YCJIOBUAX MHTCHCHUBHOI'O M3HOCA,
0COOCHHO B aBHALIMOHHOI, aBTOMOOMIBHON ¥ MAIIMHOCTPOUTEIBHON MPOMBIIUICHHOCTH. VccietoBaHne COOTBETCTBYET
LENSIM YCTOWYHMBOTO Pa3BHUTHS, B YaCTHOCTH HampaBieHHIO «VHAycTpmanmusanus, WHHOBaIWM W HWH(PacTPyKTypay,
Croco0OCTBYS pa3paboTKe M3HOCOCTOMKNX MOKPBITHH C YITydIIEHHBIMH 9KCILTYaTallHOHHBIMU XapaKTePUCTHKAMH.

Knruesvie cnosa: memoo HVOF, AlssCuzoFe;s, Y8I', unoycmpuanusayus, unnosayuu u uHgppacmpykmypa.
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JKcIepuMeHTaIbHOE HCCIeOBaHNE TIpoIIecca pa3pyIeHns TolumBa Ha peakrope UI'P mo3Bossier momydyaTs TaHHBIE O
nporeccax, MPOUCXOSIIUX B TEIUIOBBIACISIONINX COOpPKax Pa3iIM4HBIX BHIOB SJCPHBIX PEAKTOPOB BO BPEMS TSDKEIIBIX
aBapuii. OJJHAIM M3 3TaroB TSDKENBIX aBapuil sSBISETCS IUIaBJICHHUE SIEPHOTO TOIUIMBA U €ro nepemenieHne. B nanHoi
paboTe paccMOTpeHO KoMIUiekcHOe npuMeHeHue ¢usnueckux moneneid B ANSYS FLUENT mis mocTHXKEHHUs SIBHOTO
JUHAMHYECKOTO TUIaBJICHUSI DJIEMEHTOB TEIUIOBBIIACISIOMEH cOopku. PacueTHble wuccienoBaHUs NPOBOIATCS Ha
JIBYXMEPHOH MOJEJIH AKCIIEPUMEHTAIBHOTO PEaKTOPHOIO yCTpoWcTBa. [IpuMeHstoTcst pacyeTHble MoJienu «volume of
fluidy wn «solidification melting» KOTOpbIC TO3BOJISIOT MOJCIHPOBATh [BH)KCHHUE PACIUIABICHHBIX 3JIEMCHTOB
TEIUIOBBIACTsIOMmEeH cOopku. [l 3amaHUs CIOXKHOTO MPOQIIS HESPTOBBIACICHAS HCIONF30BaHA IIONB30BATEIBCKAST
¢ynkuus (User defined function — UDF). B pe3ynprare monmydena kapTHHA, TEMOHCTPUPYIOIIAS BCE CTAAHH PAa3BUTH
KOHTPOJMPYEMOH aBapHWHOW CHUTyallMH B SKCIEPUMCHTAIEHOM YCTPOWCTBE BO BPEMs PEaKTOPHOTO ITycKa OT Hadaja
IUTaBJICHUST HanOoJIee Pa30rPeThIX AIEMEHTOB IO AMHAMUYHOTO MepeMeNIeHIs MHOTOKOMIIOHEHTHOT'O pacIliaBa.

Kniouegvie cnoea: sxcnepumenmanbHoe ycmpoucmeo, 6e30nacHoCmy, pacnias, Memoo 00bema HCUOKocmu, Gazosnlii

nepexoo, nonv3osamenvckasn Qyuxyus, snepeosvioenenue, ANSYS FLUENT.

BBEJIEHUE

Pazpabotka u cTpouTeabcTBO peakTopoB [lokoneHus
1V sBnsieTcst OCHOBHBIM HalpaBICHUEM PA3BUTHSI COBpE-
MEHHOU aTOMHOM sHepreTuku. OnHON U3 Hauboee nep-
CHEKTHBHBIX Pa3pabOTOK JaHHOTO HANpaBiCHUS SBIIS-
FOTCSI PEaKTOphI Ha OBICTPBIX HeWTpoHax. K pa3zpabaTol-
BaeMBIM PEaKTOPaM IMPEIbSBISIOTCS MOBEIICHHEIE Tpe-
O0oBaHus Oe3onacHocTH [1]. B aT0it cBsi3H, OoJbIIOE KO-
JUYECTBO HCCIICIOBAHMIA HAIPaBICHO HAa pPaCHIMpPCHUE
3HaHUI U HAKOIUICHUE OTBITa B cepe M3yUCHHS TsDKe-
JMBIX aBapuil sAmepHOTO peakropa. McciemoBarenbckuit
UMIYJIbCHBIA TpaduroBslii peaktop (MI'P) Gmaromaps
YHHUKAJIbHBIM HEUTPOHHO-(PH3NUECKUM XapaKTepUCTHU-
KaM ¥ KOHCTPYKIIMU 3KCIIEPUMEHTAIBHOTO KaHaja 1o3-
BOJIIET MPOBOJUTH TOJOOHBIE MCCIEIOBAHUSA Ha BHICO-
KOM YpOBHE, TEM CaMbIM BHOCUT OOJIBIIOI BKJIAJ B pac-
IIMPEHUE SKCIEPUMEHTAIbHBIX JaHHBIX IO TSDKEIbIM
aBapusIM SIIEPHBIX peakTopos [2].

B nacrosimee Bpems Ha peaktope UI'P peanusyrorest
HCCIICIOBaHMS, HAIpaBJIICHHBIC Ha HM3YYCHHE (U3UIeC-
KHX IIPOIECCOB MPOUCXOIANINX BO BPEMs Pa3BUTHS TH-
JKEIBIX aBapHil SACPHBIX PEaKTOPOB B MacmiTadax IToJ-
HOpa3MepHbIX TemnoBbAesommx cobopok (TBC). Ha
JTAHHOM PEaKTOpe HWMEeTCS BO3MOXHOCTH IPOBOAHTH
9KCHEPUMEHTANbHBIE Pa0OTHI, B KOTOPBIX MPOUCXOIUT
noJsiHOe TiaBsieHue TorumBa TBC 1 nmocienyroniee B3an-
MOJIefiCTBHE paciuiaBa ¢ KOHCTPYKTUBHBIMH 3JIEMEHTaMHU
JKCIepUMeHTanbHOro ycrpoiicTa (V). [Ipomecc obpa-
3oBaHMs paciuiaBa TBC Bo BpeMs 3KCIIEPUMEHTA COIPO-
BOXKJACTCs IEpEMEIIICHIEM paciiiaBa B 00beMe DY U ero
B3aMMOJICHICTBHEM C Pa3IUYHBIMU KOHCTPYKI[OHHBIMHU
aneMeHTamMu. Ui MccaenoBareNeil 04eHb BaXKHO MpO-
THO3MPOBATh MPOLIECC epeMEIeHHs paciuiaBa B 00beMe
OV u pacnpocTpaHeHuUs! TEMIEPATYPHOTO MOJIS HA dTale

MOJrOTOBKM DKcIepuMeHTa. HeoOXoanMocTh Takoro
MIPOTHO3UPOBAHUsI 00YCIIOBJICHA KaK TpeOOBaHUIMH Oe3-
OTIaCHOCTH, MPEIbSBIAEMBIMU K PEaKTOPHOMY 3KCIIEpHU-
MEHTY, TaK M HEOOXOJMMOCThIO coOII0eHUsT Tpebye-
MBIX PeXHMOB HCIBITAHUA SACPHOT0 TOIUIMBA [2—9].

Jnst 3THX nenei mpuUMEHseTcs BBICOKOIPOW3BOAM-
TEIBHOE BHIYMCIIUTENBEHOE 000pyIOBaHUE U COBPEMECHHBIE
JIMLIEH3UPOBaHHBIE TIPOTPAMMHBIE TPOIYKTHI, TaKHe KaK
kox MCNP st pemieHrst HEUTPOHHO-(PH3HIECKUX 3324
u nporpaMmMmHublii kommuieke ANSYS [10-11], B koropom
peann3oBaH METO/ KOHEUHBIX 3JIEMEHTOB JJIsl MOAEINPO-
BaHUs CIIOXHEHIMX (u3nueckux mponeccoB. C nomo-
mpio nporpammaoro Moxyiast FLUENT [12], xoTopsrif
BXOJIUT B cocTaB koMmiuiekca ANSY'S, cienmanuctel PI'TI
HIALT PK y>xe He 07HO NECSITUIIETHE YCTIETHO UCCIETYIOT
Terno(U3NYecKUe apaMeTpbl SKCIIEPUMEHTATBHBIX YCT-
POMCTB B yCIOBUSIX peakTOpHOro obmydenus [13], B Tom
YHCIIe TIPU UX YaCTUYHOM WJIM HOJIHOM IUIaBJICHUH U Pas-
pymeHny. [IpaBMIIbHOCTD TOTyYaeMBbIX Pe3yJIbTaTOB Ta-
KHX HCCIEOBaHUN Oblila HEOAHOKPATHO ITOJTBEpPIKICHA
SKCIEPUMEHTAIbHBIMU JaHHBIMHU [ 14—-15].

Mo cux rmop MoJieIMpoBaHKe MpoLecca IIIABJICHHUS Ma-
TepHaja 1 ero JajbHEHIIero nepeMenieHus B oobeme pac-
YeTHOH 00J1aCTH MPOBOAMIIOCH YIPOIIEHHO ITyTeM paszie-
JICHUS TIEPEeXO0THOTO MpoIlecca Ha J[Ba OTACIBHBIX JTala,
MUHYSI CTaINI0 THHAMHYECKOTO IIJIaBJICHUS U IIepeMeltie-
HUSI pacIUIaBIeHHBIX MaTepuanoB. Ha mepBoM atarme, Mo-
JETTMPOBAaHNUE MPOBOAUTCS IO MOMEHTA IUIABJICHUS, IIPH
xoTopoM TBC sBmsieTcs] HEMOABMKHON M COXpaHSET U3-
HayaJbHO 33/IaHHYI0 KOH¢Hrypanuto. Ha Bropom stame
MO/JIETMPOBAHMS TEMIIEPATypa TOILUIMBA CTAHOBUTCSI BBIILIE
TOYKH IUIaBJIeHHs 1 KoHpuryparms nenoir TBC mensiercs
JI0 COCTOSIHUSI ¢ 00pa3oBaBIIMMCs OacceiiHOM pacIuiaBsa.
B nannom nozixonie mosyyaercst, uro koHpurypamus TBC
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MEHSETCSI MTHOBEHHO B MOMEHT JIOCTIKCHHH TEMIIEpaTy-
pBl TOYKU IUIABJICHMS, YTO SIBISETCS HE KOPPEKTHBIM.
Ha camoMm fene 4acTh TOIUIMBA HE JOCTHTHET TeMIIepaTy-
PBI TUIABJICHHS M COXPAHUT CBOIO (hopMy, a y paciuiaBiieH-
HOT'0 KOpHyMa OyJieT IpaiueHT TeMIIepaTyphl.

Taroke, U1 KaXJI0ro U3 3TAIOB BBINOJIHAETCA Iepe-
CTpPOEHUE T'€OMETPUU DPAcUeTHOH o0JacTH, NOCTpOeHue
CETOYHON MOJIEIH U IIepejata BEIXOAHBIX JAHHBIX IIPE/IbI-
JIYILETO pacdeTa B Ka4eCTBE BXOJHBIX JAHHBIX JUIA CIICILy-
tormero pacuera. Ha pucynke | mpencrasien npumMep me-
pectpoenus moaenu TBC mocie miiaBieHns TOTIINBA.

a) monenis TBC 710 MOMEHTA TUTABJICHUS

6) mogens TBC mocre miaBieHus

Pucynox 1. Ipumep pyunozo nepecmpoenust mooenu
ons mooenuposanus niasnenus TBC

IIpumeHeHne MeTO1a IO3TANHOIO IEPECTPOEHUS MO-
JIeIM He MO03BOJISIET MOAEIUPOBATh MPOLECC NEpeMelle-
HUS pacIulaBa TOIUIMBA, IIPU 3TOM PE3yJIbTaT pacuera Mo-
JKET 3aBHCETD OT CyObEKTUBHOI'O MHEHHUS HH)KEHEPa, KO-
TOpBIH NpoBoAUT pacueTsl. [lo3ToMy HccnenoBanue HTa-
OB Pa3BUTUS TSKEJBIX aBAPUH BBINOIHIETCS TOIBKO
IIyTEM IPOBEIEHUS COOTBETCTBYIOIUX DPEAKTOPHBIX H
BHEPEAKTOPHBIX UCTIBITaHNH, 2 000CHOBaHHE OE30T1acHO-
CTH 3KCIIEPUMEHTA OTPAHUYUBAETCS OIPEIEIICHUEM TEM-
MepaTypHBIX HArpy30K Ha 3JIEMEHTHI KOHCTPYKIUH DY.
IIpu sTOM BCcerga B TaKMX pacyeTax INPUMEHSETCS Hau-

0oJ1ee KOHCEPBAaTUBHBIH ITOIX 0], NCKITIOYAIOIINI BO3HHU-
KHOBCHHE JIFOOBIX BHEIIITATHBIX CUTYAI[HH.

B 570i1 cBs3U B mocneHUE TOABI aKTyallbHOM CTaHO-
BUTCA 3aJ]a4ya BHEJPEHUS HOBBIX METOAMYECKUX TOAXO-
JIOB K MOJICJTMPOBAHUIO TIEPEXOIHBIX MPOLECCOB, COMPO-
BOX/IAIOIIUXCSI M3MEHEHUEM arperaTHoOro COCTOSHHUS
Marepuala ¢ BO3MOXKHOCTBIO SIBHOTO MPEICTaBICHUS 1~
HAMHKH €ro InepeMernieHuns. Hammane BBICOKOIPOU3BO-
JTUTEIHHOTO KOMITBIOTEPHOTO 000pyHOBaHMSA B (puiHae
HAD PI'TI HAL] PK no3BossieT mpOBOAUTE MOJEITHPOBA-
HHUE TTOTOOHBIX PECYPCOEMKHX IIPOLIECCOB.

METO/ibl MOJAEJUPOBAHUS

B mporpamme ANSYS FLUENT wucnonssyiotcs 2
Tuma MarepuanoB: «fluid» u «solidy. MaTepuamnsl THIa
«solidy» WCTIONB3YIOTCS [UIT MOJETMPOBAHUS TBEPIBIX
TeJl, B KOTOPBIX YpPaBHEHHUS CKOPOCTH He pematoTces. Ma-
Tepuainsl THIA «fluidy IpeHa3HaueHbI AT MOJIEINPOBa-
HUSI TIOBEICHHS JKHIKOCTEH M Ta30B, MOJ AEHCTBHEM
BHYTPEHHUX U BHEUIHHX CHJI, HalpuUMep, TPaBUTAIMH.
Pemrenne 3amaun miasiaenus TBC ocioxHAETCS TEM, UTO
HEOOX0AMMO MOJEIUPOBATH JIBa MOCIEA0BATEILHBIX CO-
CTOSIHHSI MaTepHalla — IIepBOE COCTOSIHUE COOTBETCTBYET
HETOABIKHOMY TBEpPJIOMY Telly 0 TeMIepaTypsl ILIaB-
JICHUSI, BTOPOE XapaKTepu3yeTcsi U3MEHEHHEM (a3oBOro
COCTOSIHUS B OTJICNIBHBIX SUCHKaX MaTepHaia, KOTOpbIe
JOCTUTIIM TEMIIEPaTyphl IUIABICHUS U MOTYT CBOOOIHO
nepeMenIaThes B pejiesiax pacdeTHoil obmactu. Peann-
3alMs TaKoM 3a7adyd BO3MOKHa B mporpamMme ANSYS
FLUENT npu ucnons3oBanuu monenu « VOLUME OF
FLUID».

B nanHoii paboTe B OCHOBE METOANKU MOJIEIHPOBa-
Hus npotiecca wiasieHus TBC u nepemenienus pacruia-
Ba 0 00BEMY IKCIIEPUMEHTAJIBHOTO YCTPOICTBA JISKUT
KOMOMHAaIMs MOJielieil pacueTa MHOTO(a3HbIX TEeUSHHUH:
Mozenu «obbema xunkoct» (volume of fluid, nanee
VOF) u MOJIETN «3aTBEpACBaHU/TIABICHUS
(solidification/melting, nanee SM), KoTopbIe peaan30Ba-
Hbl B nporpaMmMHoM koMimiekce ANSYS FLUENT. Mo-
nenb VOF mpennazHaueHa uis MOJEIMPOBAHUS JIBYX
i 6oJiee HECMEIINBAIOIIMXCSI )KUAKOCTEH, OHa pelIaeT
OJIMH HA0Op ypaBHEHUH MMITyJIbCa M OTCIEKHBAET 00b-
€MHYI0 JIOJIFO KaXKIO0W U3 KUJKOCTEH IO BCEMY pacder-
HOMY JIOMEHY.

Mogens VOF MoxkeT MOJIenupoBaTh JIBe WK 0ojee
HECMEIIUBAIOLIMECS JKUIIKOCTH, pellas eIUHbIi Habop
ypaBHEHHI UMITYJIbCA U OTCIIEKUBAsi OObEMHOM JJOJIN Ka-
JKJIOM M3 )KUIKOCTEH 10 BCell 001acTH.

Jnst ka0l JTOTIOTHUTENbHOM (a3bl, KOTOPYIO BBI
Jno6aBiseTe B CBOIO MOJENb, BBOAMTCS II€PEMEHHAs:
oObeMHast 101151 as3bl B BHIUUCIUTENLHOH siueiike. B ka-
KJIOM KOHTPOJILHOM 00beMe 101 00beMa BeeX (a3 cym-
MHUpYIOTCs B enuHMLy. Ecim oo o6bema g-oii ppak-
UM B sSYelike 00O3HAYHTH KaK ¢y, TO MPH pacdere BO3-
MOJKHBI TPH COCTOSTHHSL:

1) a, = 0— B amemeHTe g-ast HpaKnus OTCYTCTBYET;

2) a4 = I —3neMeHT 3alloJIHeH ¢-0i (paxumei;

3) 0<ay <—KOHEYHBIN HIEMEHT YaCTUYHO 3a110JI-
HEH XUIKOCTBIO ¢-0H (ppakium.
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Vcnonp30BaHHBIE B YpaBHEHUSIX HEPa3pPHIBHOCTH H
JIBMDKEHUS TETIO(U3MYECKHE CBOWCTBA KUIKOCTH OIIpe-
JIEISIIOTCSL ¢ ydeToM 00BbEeMHOM oM Kakaoi u3 ¢pax-
Uil B pacueTHOM 3j1eMeHTe. Hampumep, MiIOTHOCTH B
9JIEMEHTE BBIYHCIISIETCS TI0 popMmyIie:

pP=20,P, )
i=l1

rae: p,— IIOTHOCTh ¢-OH (pakumum; n —
¢bpakouii.

OcTanbHble TEIUIOQU3NUECKHE CBOICTBA BBIYHCIIA-
I0TCSl aHAJIOTHYHO.

Kaxnmas u3 ¢ppaxunii sxugakoctu B VOF MoOeny omu-
CBIBAETCS CBOMM YPaBHEHUEM Hepa3pbIBHOCTH. J[is g-o0ii
(pakiuy 3T0 ypaBHEHHE UMEET clienytonyto Gopmy:

oo, S,

L1 Vigo, =2, %)
ot ' op,

KOJINYCCTBO

rae: S, — MaccoBas m0o0aBKa g -0H (Gpakiuy; T — Bpe-
q
Msl; W — BEKTOp CKOPOCTH; P, — INIOTHOCTb g-OH hpak-

IUH.
V'w — nuBepreHuus BEKTopa CKOPOCTU AJIS AeKap-
TOBOMW CHUCTEMBI KOOPJIMHAT, KOTOPAasi ONpeaeiseTcs Kak:

ow
Vo= M (| OW, 3)
ox oy Oz

VYpaBHenue aBmxeHus B VOF-Monenu npuMeHsieTcst
U OTIFICAaHUS BCeX (DpaKIiii )KUAKOCTH OTHOBPEMEHHO

U UMEET BHI;
o(pw) . o
T-I—V(pww) :—Vp+V[u(w+wT)]+p‘g+S, “)

Iie: g — BEKTOp I'PaBUTALlUU; |l — JUHAMHUYECKas BS3-
KOCTh CpPE/bl; p — TMAPOCTATHUYECKOE JaBJICHUE; S —

MIOPHUCTOCTH WJIM J00aBKa UMITYJIbCA.

VYpaBHenue sHeprun B VOF Mopenu aHaJIOTMYHO
YPaBHEHHIO COXPAaHEHHS KOJMYECTBA ABIKCHHUS, IPHMeE-
HSIETCS JJIsl ONHMCaHHUs BceX (Ppakiuil KUIAKOCTH OJIHO-
BPEMEHHO:

o(pw _
%+V(w(pE+p)):V(keﬁ.VT)+qv, (5)

rae: g, — o0beMHOE dHEproBuuaenenue; k,, — sddek-
TUBHBIH KO3((UINECHT TEIUIONPOBOIHOCTH.

BuyTtpennss sueprust £ u temneparypa I’ B ypaBHe-
HUM 3Heprun anst VOF mojenu onpenesstores Kak cpe-
JTHEMACCOBBIE 3HAYECHUSI.

Panee B pabotax [16—17] npeanpuHUMaInCh MOMBIT-
KM puMeHeHns Mojienu VOF naHHbIX Mojeneil Ha mpo-
CTBIX TeOMEeTpHUYecKrX Gopmax U OblIa TIOKa3aHa MPUH-
UNHUaIbHAsS BO3MOXKHOCTh MX IpHMeHeHHd. B HacTos-
meld paboTe TOKa3aHBI Pe3ybTaThl MPUMEHEHHS ITHX
METOJIMK Il MOJEITMPOBAHUS IpoIiecca MIaBIeHHUS TO-
IUTMBHBIX M KOHCTPYKITMOHHBIX MaTepHAJIOB TETIJIOBBIIE-
Jstronel cOOpKH, paHee MCIBITAHHOH Ha peakrope UI'P
[18-19].

OBBEKT UCCJEJOBAHUS

Jns npoBepku pabOTOCIOCOOHOCTH TpellaraeMoi
pacuyeTHOH METOAUKM MOJENUPOBAHUS IIpoliecca odpa-
30BaHUsS paciulaBa HEOOXOJUMO IPOBECTH CpPaBHEHUE
pe3yJIbTaTOB PacueToOB ¢ pPe3yJIbTaTaMU 3KCIIEPUMEHTOB.
OOBeKTOM HcCleloBaHUs B JaHHOH paboTe BhIOpaHa
TBC skcnepumenrtansHoro ycrpoiictsa FD [18-19].

Okcnepument FD sBisercs nepBbIM OTHOMACIITA0-
HBIM 3KCIEPHMEHTOM, MO3BOJISIONINM HCCIEI0BaTh (he-
HOMEH BBIBEJICHHS PACIUIaBa TOIUIMBA U3 aKTUBHOM 30HBI
peakropa. B pesympTare mpoBEeJEHHOTO 3KCIEPHMEHTA
MOTy4eHbl JaHHbIE, KOTOpPBIC IOAPOOHO OMHCHIBAIOT
nporecc 00pa3oBaHus paciliaBa TOILIHBA. Bo Bpems sxc-
NIePUMEHTA MIPOBEICHBI U3MEPEHUS U PETUCTPALUs CBbI-
mie 70 mapaMeTpoB, B KOTOPbIE BXOJAT U OKAa3aHUS TEM-
nepatypsl. [logpobHoe omucanue ycrpoiictea FD npen-
cTaBieHo B paborax [18—19].

MonensHas TBC 3kcniepiMeHTaIBHOTO yCTPOHCTBA
FD npencraBnseT co0oit cOOpKy U3 75 IKCIepIMEHTAIb-
HBIX TB3JIOB, Pa3MEILICHHBIX B TPH PsAAa MO 25 TB3JIOB B
KaxaoM psaay (pucyHok 2). Ilpu mpoBeneHnu sKkcrepu-
MEHTa BBICOTHas1 OTMeTKa cepeaunsl TBC ycraHoBIeHa
o ypoBHIO IeHTpa akTuBHOH 30HHEI (IIA3) peakropa
UI'P. Insg nosydyeHus: JaHHBIX O TEMIIEPATYpHOM I0JIE
BO BpeMs PEaKTOPHOIO dKCIIEpUMEHTA B ycTporicTse FD
YCTaHOBJICHBI TEPMOIapHI.

Pucynok 2. Komnonoska meanos ¢ TBC [9]

Kaxap1it TB3:1 COCTOMT U3 HErepMETUYHOM CTaIbHOMN
000JI0YKH, 3aTOJTHEHHOW TOIUTMBHBIMH TaOJIETKAMK THITA
BH-350 ¢ o6oramenuem tomnusa 17% mo 23°U B BepxHeii
yacTH TBI1a u ¢ oboramenuem 0,27 % B HiDKHEN (OaH-
KeTHoi1) yacTu TB31a. O0Imas Macca TOIUIMBA ¢ o0orare-
HueM 17% B coctaBe TBC cocraBisieT ~8 Kr, Ipy 3TOM:

— B TB3Jax BHyTpeHHero psjaa TBC BbIicoTa aKTHB-
HOH 4acTH, ¢ oboramenuem 17% mo 23U, cocraBiseT
385 MM, TOTr/]a KaK BhICOTA OJJAHKETHOW YacTH, ¢ 00ora-
menueM 0,27% 1o 23U, cocTapaseT 65 MM.

— B TBIJIaX CPEIHETO U HapyskHOro psioB TBC BeI-
coTa aKTUBHOI1 yacTH, ¢ oboramenuem 17% mo 2*3U, co-
ctaBisieT 415 MM, Tora Kak BeICOTa OJTaHKETHOM YacTH,
¢ oboramennem 0,27% 1o 23U, cocTapnseT 15 MM.

B skcriepuMeHTaIbHOM YCTPOHCTBE pa3MEIIeHBI Tep-
MOTIaphl, HEOOXOMMBbIE IS [TOJYUYCHHS JaHHBIX TeMIIC-
paTypsl Bo BpeMs dKcniepuMenTa. B tabmume | mpencra-
BJICHBI 00JIACTH pPa3MEIIEHHUS TEPMOIIAp, U UX YPOBEHb OT
ITA3 peakropa UT'P.
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Tabruya 1. Obracmu pazmeweHusi mepmonapul

Tun nepBuy- 0O6nacts BbicoTa o1
Tepmonapa HOro npeob6- pasMeweHMs ypoBHs LIA3,
pasoBatensi MM
obonouyka
m BP BHYTPEHHETO -192
psifia TB3roB
obonouka
TT6 BP BHELUHEro psiga 153
TBANOB
KA YA LieHTpanbHas 847
Tpy6a
K2 YA LieHTpanbHast 847
Tpyba
K3 XA LieHTpanbHas 647
' Tpy6a
KA YA LieHTpanbHas 497
Tpyba
TCK4 XK Cunosoi 0
Kopnyc
TY4, TY5, TY8 XA yexon TBC 0
T YA BHYTPEHHWNA 043
Kopnyc
& XA BHYTPeHHU 207
kopnyc
5 YA BHYTPEHHWA 0
kopnyc

B nmaHHOM 3KCHepHMEHTE MPUMEHSUIUCh TePMOTaphl
TpeX pazINYHBIX BUIOB:

1) BP — Boxbdpam-peHneBble TepMoNaphl, CIO-
coOHBI m3MepsATh Temnepatypsl 10 3100 K.

2) XA — XpoMenb-alloMeNIeBbIe TepPMOMAphI, CIIO-
coOHBI M3MepATh Temneparypsl 1o 1500 K.

3) XK — XpoMmenb-KOIleleBbIe TEePMOIIaphl, CIIO-
coOHBI M3MepsATh TeMmepaTypsl 1o 900 K.

227 MM

ONMCAHME PACYETHOM MOJEJA

[TocTpoeHue TpexMepHOW pacyeTHON MOJENH, B KO-
TOpYI0 BXOJAT Bce aeMeHThl DY FD, He sBngercs uene-
c000pa3HbIM, TaK KaK 3TO IPHUBEIET K OONBIIOMY KOJIH-
YeCTBY KOHEYHBIX 3JIEMEHTOB (HECKOJIBKO MHJUTMOHOB),
CJIe/IOBATENLHO, BPEMs, 3aTpauuBaeMoOe Ha pacyer ¢ Uc-
noyib3oBanueM mojenu VOF, Bo3pacTeT B AECATKH pas.
[TosToMy HEOOXOIMMO TIOCTPOUTE MOZIENb DY, KOTOpas
OyzeT BKIIOYaTh OCHOBHEIE 311eMeHTsl TBC, 1 mo3BouT
CMOJIENIMPOBATh MpoLecc 00pa30BaHMS pacIaBa TOI-
JIMBAa U KOHCTPYKLHOHHBIX 3JIEMEHTOB M OTCIEAUTH HX
nepemenieHne mo ooremy TBC 3a pasyMHOE KOJTHIECTBO
BPEMEHH, COXPaHsIs 33/IaHHyI0 TOYHOCTh pacyera.

[ocTpoeHa nByxMepHas OCeCUMMETPUYHAsi MOJEIb
DY FD. Monens Brimouaet B cebsi: TBC, rpaduroBbii
CTakaH, rpa)MTOBYIO TEIUIOM30JISIHIO, BHYTPEHHIOW U
BHelHOI obOeuaiiky TBC, BHyTpeHHHII M BHEIIHUI
kopnyc OV, KpbIIIKY, BHYTPEHHIOIO CIHMBHYIO TpPYyOy
(pucynok 3). 'eomerpuueckue pasmMepsl KOHCTPYKITHOH-
HBIX 3JIEMEHTOB coxpaHeHsl. Ilpu 3Tom, cremyer obpa-
TUTH BHUMaHHUE Ha TO, YTO IPH IIOCTPOSHUH MOJIEIIH CJie-
JIAHO CIEAyIOIlee YIPOMICHHE: TOIUIMBO, OOOJOYKH
TBAJIOB U MEXXTBAJIBHBIC MOJOCTH TIOCTPOCHBI B BUJIE KO-
Jie, YTO MPOJUKTOBAHO OCEBOW CUMMETpUEH MOJENH,
KOTOpYI0 peaiibHasi Mosiesib DY He umeer. [Ipu noctpoe-
HUH JITAaHHBIX DJIEMEHTOB COXPaHEHBI UX T€OMETPUYECKHUE
00beMbI ¥ BBICOTHI DY. YPOBHHU BBICOT PAaCIHOJIOKEHHUS
TepMoIIap peACTaBICHbI Ha PUCYHKE 3.

Azor
Aprou
U0: 0,27 %

["pacpurorslii
BOIMOK

I"'padmr

Crans

UO: 17 %

Pucynox 3. Pacuemnas mooens OV FD

154



COBEPLUEHCTBOBAHWE METOQJOB MOJENIMPOBAHWUS NNABIIEHWA TBC
B YCNOBUAX 3KCNEPUMEHTAIBbHbIX UCCIIENOBAHUN HA PEAKTOPE UI'P

[TocTpoeHnue AByXMEPHON MOJENN NIPUBOAUT K IOSB-
JICHUIO HEKOTOPBIX HIOAHCOB, KOTOPBIE BIMAIOT HA TeEll-
soBoe coctosiHre DY FD 1 yCloXHSIOT Npolecc Bepu-
¢duxanun Monenu: (1) BHyTpEeHHHUE PsIIIbI TBIJIOB U, OCO-
OeHHO, OJaHKEeTHas 4acTb, BBICTYIAIOT B POJIM Oapbepa,
NPENSITCTBYSl CBOOOJJHOMY TEUEHMIO paciilaBa K BHYT-
peHHeili TpyOe, (2) pazorpeB BHyTpeHHEH TpyObl B MOie-
JIM IPOMCXOJTUT TO3XKE, YeM B 3KCIIEPUMEHTE, YTO OTO-
JIBUTAcT BpeMs Hadajla €e pa3pyIICHHs U BBIXOAA pac-
IUTaBa B MOJIOCTH TPYOHI, (3) OTCYTCTBYET BIMSHHUE II0-
BBILICHUS IABJICHUS B IOJIOCTSIX DY, UTO TaKKe BIMACT
Ha KapTUHY NEPEMEIICHUS PacIIaBa.

B nporpammuom mMonyiie ANSYS Meshing noctpoe-
Ha KOHEYHO-3JeMeHTHast ceTka Moaenu DY FD. Koneu-
HO-2JIEMEHTHAs MOJeb cocTOUT U3 520 368 aneMeHTOB.

HACTPOIKA YCJIOBUM PACYETA

Hacrpolika HayaibHBIX U T'PaHUYHBIX YCJIOBHM pac-
YyeTa BKIIFOUAeT B ceOs:

— HACTPOMKY MOJENH pacueTa;

— HACTpPOMKY CBONCTB MAaT€pUAJIOB;

— HAaCTPOMKY HayaJIbHBIX 3HAYEHUU TEMIIEPaTyphl;

— 3a/laHue BHYTPEHHETO YHEPTOBBIIEICHUS C TOMO-
mpto UDF.

IIpu pacuetre B mporpamme ANSYS FLUENT wuc-
MIOJTb30BaHbl CIEAYIONINE (HU3MIECKHE MOJEIN: MOJEIb
sueprun (Energy), Monenb miiaBieHus/3aTBEpACBaHIA
(solidification and melting), Monens MHOTO(DA3HOM KU~
kocta (volume of fluid). B mogenn VOF 3aganst 4 dassl,
KOTOpBIE BKIIIOUAIOT B ce0s a3y aproHa, JHOKCHAA ypa-
Ha ¢ oboramenneM 17% 1o uzotomy 233U, muokcuma ypa-
Ha ¢ oboramenuem 0,27% no uzorony 23°U (GnaHkeT) U
KOHCTPYKIMOHHON cTanu. CBoiicTBa MaTepHajoB 3aja-
HBI COTJIACHO JINTEPaTyPHBIM JaHHBIM [20-22].

HauansHas Temnepatypa Bcex anemenToB TBC 3ana-
Ha paBHo# 693 K, nanHast TeMieparypa Oblia MojTy4eHa
B 3kcnepuMente FD Ha sTane npenBapurensHOro paso-
rpeBa [18]. 3HaueHUs1 HEPrOBLIACIEHUSI B TOIUIUBE U
KOHCTPYKIIMOHHBIX JIEMEHTaX, a TakXkKe MpoQHib SHep-

600

wn
<
=

B
&
S

MoIHOCTE,

100

o A

22 24 26 28 30

: /
300
200
/“ ¥

TOBBIIENEHUS. TOIYYEeHBl O Pe3yJbTaTaM HEUTPOHHO-
(U3MYECKUX pPACYETOB, IPOBEACHHBIX B IPOTpaMme
MCNP6 ¢ nomompio Bepu(pUIUPOBAHHONW MOJIETN aK-
TUBHOM 30HbI peakTopa WI'P. JlaHHbIe 3HaueHUs Npea-
CTaBJIAIOT cOO0W MHOTOMEPHBIH MAacCHB JAaHHBIX, KOTO-
pBIf MOXKHO 3aJaTh B KadecTBE I'PAHUYHOIO YCIOBHUS
TOJBKO ¢ momMouisio crenuaibioll UDF-dynkuunu. [lpu
pacueTax yYMTHIBAETCS SKCIIEPUMEHTANIbHAS JUarpaMMa
HU3MEHEHHs MolHocTu peakropa UI'P, Ha ocHOBE KOTO-
poii pa3pabaTsIBaeTCsA pacdeTHas TuarpaMma, coomroas
MIPUHINI COXPaHEHUs SHepropoineneHus. Ha pucynke 4
MIPEJCTaBIeHa DKCIIEPUMEHTANIbHAS AUarpaMMa U3MeHe-
Hus MoutHocTH peakropa UI'P, 3apeructpupoBanHas Bo
BpeMsI pEaKTOPHOTO IIyCKa, U pacueTHas AuarpaMmma, uc-
MOJIb3yeMasi A1l MOAEIUPOBAHUS.

Ha BHemHero cTeHky DY 3ajaH KOHBEKTUBHBIN TeTl-
1000MeH ¢ Ko>(QQUIHEHTOM TemIooTaaun 5 Br/m2.
BepxHss rpaHuiia BHyTpeHHEH CIMBHOW TpyOBI 3a1aHa
OTKpBITOH (THI TpaHMIBI pressure-outlet) ¢ TaBIeHUEM
101325 [Ta. OctaBuivecs BHEUIHHE TPAHMLBI 3adaHbI
annabaTHRIMU (TUT TpaHULBEI wall), KpoMe OCH CUMMET-
puH (THII TPAHHUIBL AXiS).

[ockonbKy akTHBHAs (ha3a peakTOPHOTO ITycKa Ha-
YUHAeTCs Tmocie 23 CeKyHABI Ienecoo0pa3HO HYJIEBYIO
TOYKY PacUeTHOH JuarpaMMbl CIBUHYTh TAKUM 00pa3oM,
4YTOOBI HE IPOBOIUTH PACYETOB ITPU HYJIEBOI MOLITHOCTH.
BribpanHoe Hadano pacuyeTHON JuarpamMMbl COOTBETCT-
ByeT 23,7 cekyH/e IKCIEepUMEHTAIbHONW THarpaMMBl, C
KOTOPOH HAYMHAETCS YBEJIWYEHHE MOIIHOCTH PeaKkTopa
Urpe.

Ha pucyske 5 npeacraBiaeHo pacpeeIeHUE SHEPTo-
BbIAENIEHUS 110 BeicoTe TB3JI0B DY FD, nomyyeHHsle no
pe3yibTaTaM HEHTPOHHO-(DPU3NYECKHX PacueToB. DHEp-
TOBBIJICJICHUE B TOIUIMBE BHEIIHETO Psiia TBIJIOB MMEET
OoJsiee BBICOKOE 3HAYCHHWE OTHOCHUTEIBHO CPEIHEr0 |
BHYTPEHHETO PAJI0B TB3JIOB, TOT/1a KaK Ha TOPIIaX TB3JIOB
SHEProBBIJC/ICHHE BBIIIE OTHOCHTEIBHO IICHTPAJIbHOM
4acTH, YTO CIIPABEINBO IS BCEX PSIOB.

\

\‘-’—-——-_
32 34 36 38 40 42

Bpewms, ¢

— JlnarpaMma npH sKCrnepUMenTe Jlnarpamma npu pacuere

Pucynox 4. /luacpamma nycka peaxmopa UI'P
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PaccTosiHue OT LEHTPA aKTHBHOM 30HBI, MM

—— BuyTpeHmmii paa (pacaer)

® Brytpenmmii pan (JKCIIEpIMEnT)

~—CpeaHuii paa (pacuer)

® Cpemmmii psi (IKCIIEPUMENT)

~— Buenmnii pan (pacuet)

® Bremmmuit pamx (ykcrmepuMenT)

Pucynok 5. Pacnpedenenue s1ep2o8blOeneHs 8 MOnauge mesnos
npu MAKCUMAnbHoU mowHocmu peaxmopa UI'P 500 MBm

PaananbHplii K03QQUIHEHT HEPABHOMEPHOCTH YHEP-
TOBBIJICJICHUS. B TOILIMBE (OTHOIICHHE MaKCHMAJIbHOTO
3HAYEHHS SHEPTOBbBIICICHIS K MUHUMAILHOMY) [IPU Ma-
KCUMAJIbHOU MOIIHOCTH PEAKTOPa COCTABIISAET 3HAUYCHHUS
1,6, Tor/Ia Kak 1mo BBICOTE paBeH 3HaYeHuio 1,3.

Ilpumenenue UDF ¢pynxyuu

Jns 3amaHus SHEProBBIIEICHHUS B dJIeMeHTax OY
NIPUMEHSCTCS TIONIb30BaTeNnbekass ¢GyHKus — User
Defined Function (UDF) [23].

[omp3oBarensckas pyukius UDF — 3o mporpammu-
pyemas ToJib30BaTeseM (QYHKIHS, KOTOPYIO MOXHO HC-
monb3oBathk B pematene ANSYS FLUENT mns pacmu-
penust BoamoxkHocTed nporpammbl. UDF dyHkuuu pas-
pabatsiBatoTcs Ha s3bIke CH U 3aNHCBIBAIOTCS B (aifi ¢
COOTBETCTBYIOIUM PACHIMPEHHEM, TIOCIIE Yero OHU MO-
T'YT OBITh HHTEPIPETHPOBAHBI WIIM CKOMIIIIUPOBAHEI Ca-
MOH NPOTPaMMOM.

B paborax [24-26] momb3oBaTenbCKue (OYHKITHH
MIPUMEHSIOTCS U1 3aJaHNs SHEPTOBBLACIEHUS B «solid»
aneMeHTax. B cioydae «solid» anemenToB sHeprus 3axa-
eTcs B CTPOTO OMNpPEETICHHYIO pacyeTHYI0 00J1acTh (Jo-
MEH), TPaHHUIIBl KOTOPOI HEe N3MEHSIOTCSI BO BpeMs pac-
4yeTa ¥ IMEIOT CTPOTO ONpeeIeHHble KoOpAuHaThL. [Tpo-
rpaMMa CYHTBHIBAET 3HAUYCHHUS KOOPAWHAT PacyeTHON 00-
JIACTH M 3aJ1aeT COOTBETCTBYIOIIYIO €if SHEPTHI0, TPOUIH-
tannyo u3 UDF ¢aiina. [Ipu mogenupoBanuu pacruiaBa
TBC 3aaaBaTh SHEPTOBBIJICIICHHE HA CTPOTO OMPEICIICH-
HYIO PacYeTHYIO 00JIacTh HE KOPPEKTHO, OCKOJIBKY Ipa-
HUIB! TOIUTUBHBIX U KOHCTPYKLIMOHHBIX 3JIEMEHTOB MO-
T'YT MEHSTb CBOE IPOCTPAHCTBEHHOE MOJIOKEHUE BO Bpe-
M3 pacuera. [ToaToMy HE0OXOIMMO 3a1aTh SHEPTOBbIIE-
JIEHUE TaKUM 00pa3oM, 4ToObI 00J1aCTh, B KOTOPYIO 33/1a-
€TCsI SHEProBbIICTICHNE, MEHATIACh BMECTE C IepeMelle-
HUEM OTcIexuBaecMoi (paknuu. C 3TOH IEeNbI0 B JaH-
HO pabote mpumeHneHa UDF ¢yHkmms, koTopast oTcie-
JKUBAeT IBWKECHHE O0BbeMHOW (pakuuu B pacueTHOU

siaeiike W 3a7aeT e COOTBETCTBYIOMIYIO PHEPTHUIO, YIH-
TEIBasi OOBEMHYIO IIONI0 KaXKHOi (a3el B pacdeTHOU
STYCHKe:

E=q,-g+a,-¢,,

(6)

rae: o — goins 1-# ¢pakumu, o — nomust 2-it Gppakmum, & —
sHeprust 1 1-i ppakuunu, & —dHeprus i 2-i ppax-
LK.

Ilapamempui pewwamens

[Ipn MonenpoBaHUK IPUMEHSETCS pemaTenb Ha OC-
HOBE JIaBJCHUs (pressure based solver). JlaHHbIi pema-
Tenb yctaHaBiuBaercs B nporpamme ANSYS FLUENT
10 YMOJYaHUIO M HCHOJB3YeTCS NPH pEeIIeHUH O0JIb-
IIMHCTBA 3aJlad TEINIOMaccooOMeHa W THAPOIMHAMUKH.
[Ipu naHHOM pelarene AJsl ypaBHEHUS JaBJICHHS-CKO-
pocTu npuMeHseTcs cxema auckperusanuu PISO. Benu-
YMHA [I1ara Mo BPEMEHH 3a1ana pasHoii 107° c.

PE3VJBTATHI PACYETA

Pe3ynomamur no mooenuposanuio

Ha pucynke 6 mpejactaBieHbl IpapUKH W3MEHCHHS
MaKCHMaJIbHOI TeMIlepaTyphl TOIUIMBA JUIS TPEX Ps/IOB
TBDJIOB.

CorylacHO pe3yJsibTaTaM pacueTa TeMIeparypa TOI-
JIMBA BHEIIHETO Psijia TBAJIOB JIOCTHI'Ae€T TOYKH ILIABIIE-
Hus Ha 26,3 ¢, Torja Kak CpeAHUM 1 BHyTPEHHUH psij TO-
IUIMBA JOCTUTAlOT TOYKM IaBieHus Ha 26,4 c u 27,0 ¢
cootBeTcTBeHHO. Ha pucyHke 7 mpejicTaBieHbl pacipe-
JeneHnst 00beMHOM (PpakIny TUOKCHIA ypaHa W CTalu
JUTSL Pa3TUYHBIX IPOMEXYTKOB BpeMeHn. OOpaboTka pe-
3yJIbTaTOB pacueTa npoBoguiack B mporpamme CFD-
Post.

B tabnuue 2 npencraBieHa XpOHOJIOTHS OCHOBHBIX
coObITHi, MporcxoauBIInX B 3kcriepumente FD. [Ipuse-
JIEHO CPaBHEHME PACUETHBIX U HIKCIIEPUMEHTAIIbHBIX J1aH-
HBIX.
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PuCyHOK 6. Pacuemuvie 3nauenuss MaxcumaibHo memnepamypusl monjiuea

Tabruya 2. Xpononozus cobvimuil ¢ sxcnepumernme FD

CoBuiTue OnemeHTbl JY | PacuetHoe | Bpems no akc-
¢ TBCCK BPEMA, C | MepUMEHTy, C
[locTuxeHue Temne- | BHEWHA A 254 211
patypbl nnasnexus cpeaHui psa 256 —
000roYKM TONNKBa BHyTpeHHI/Il7| psn 25‘7 27,8
[locTuxeHue Temne- | BHEWHA A 26,3 284
patypbl nnasnexus cpeaHui psa 26,4 —
Tonnvsa BHYTPEHHWUA g 27,0 28,6
BHELUHMI psig 26,4 —
Havano obpyLuexus - —
TonnMBHOro ctonba CPEAHAA PAR 267
BHYTPEHHWUA pPSg 274 —
Hayano nocTynnexus pacnnasa 293 979
B CNUBHYI0 TpyOy ’ ’
Havano noctynnenums pacnnasa 302 289
B JTOBYLLKY ’ ’
[MonHbIA CnnB pacnnasa B NOBYLLKY 32,7 314

PacueTHOE M 3KCIIEpUMEHTAIBHOE BPEMsI JOCTIIKE-
HUSI TEMIIEpaTyphl TOIIMBA M 000JIOUEK TOUYKH IUIABIIE-
HUSI pa3sIngaroTest Ha ~2 ¢. DTo 0OBsACHACTCS TEM, UTO B
nporpamme ANSYS FLUENT umeercss BO3MOXKHOCTb
OTCJIEINTh MAKCHMAJIBHYIO TEMIIEpaTypy B PacdeTHOH
00J1acTH ¥ OMpEeNeNUTh TOYHOE BpeMs, 32 KOTOpoe JI0C-
TUTaeTCsl TeMIlepaTypa IUIaBJIeHHA. B 3KcHepuMeHTe
BpeMsI TOCTHKEHHUS TOYKH IUIaBJICHUS OIpeAessieTcs 1Mo
MIOKa3aHUAM TEPMOIIap, YTO HE BCETJa COOTBETCTBYET
MaKCHMallbHOH TeMIepaType 31eMeHTa JY.

OKcreprMeHTaIbHbIC JaHHBIC TI0 HaYaly MOMa aHus
paciuiaBa BO BHyTPEHHEIO CIMBHYIO TPYOY, 110 MOMEHTY
Hayvaja MOCTYIUIEHHs pacIulaBa B JIOBYHIKY W IOJHOTO
CMBa pacIulaBa B JIOBYIIKY MOIYYEHbI COTJIACHO JaH-
HBIM [0 AKyCTHYECKOMY AAaTYMKy U KOMIITOHOBCKOMY
SMHCCHOHHOMY JETEKTOPY HEHTPOHOB, KOTOpPbIE OBbLIH
PAacIoIOKEeHBbI B 3KCIIEPUMEHTAIBHOM ycTpoiicTee FD.

Bce TorumBo 1 ero 060I09KH PACHONIOKEHBI B MOJIE-
m1 B Buzae Kousen. IToCKOIbKY 3HEPrOBBIIEICHHE BO
BHEIITHEM U CPEIHEM DSy TB3JIOB OOJBIIE OTHOCHUTEIb-

HO BHYTPEHHETO Ps/ia, B JAHHBIX pAIax pacIulaB TBAJIOB
obpa3zyercs panpiie. OTHAKO KOJbLAa CPEAHETO M BHYT-
PCHHETO psJa TBAJIOB CO3JAI0T «Oapbep» Ul ABHKCHUS
pacIuiaBa BHEIIHETO psiJia TBAJIOB, IPETATCTBYSI €TO ABH-
KCHUIO B HAIIPABJICHUH LICHTPAILHOI CIIMBHOMN TPYOBI.

Jlo mocTiKeHns TeMIepaTyphl IIaBICHUS, QPaKIUH
Matepuano TBC ocratorcss HemoABIKHBIMU (25,3 c).
PacruiaB ToruiMBa M CTaJIM BHEIIHETO psiia TB3JIOB HauU-
HAeT 3al0JHATh IPOCTPAHCTBO MEXKAY BHEIIHUM U CpeJl-
HUM PAIOM TB3JI0B 1pu 27,3 ¢, Toraa Kak, pacIuiaB ToIl-
JIMBa ¥ CTAJM BHELIHETO U CPEeIHEro psja TB3JIOB HAUM-
HAeT 3aloJIHATh MPOCTPAHCTBO MEXIY CPETHUM U BHYT-
peHHuM psgom npu 28,2 c.

PacminaB Beex Tpex psiioB TBAJIOB BCTYHAET B KOHTAKT
C BHYTpEHHEH TpyOoii ipu 28,7 ¢. M KIIPOKUATACT €€ IPH
29,3 ¢ Ha ypoBHE BBICOTHI —158 MM OT LIeHTpa aKTUBHOM
30HbI peakTopa UI'P. Ilocne «npoxuranush» BHYy TpEeHHEH
LEHTPaIBHON TPYObI paciuiaB TOIUIMBA U CTAJIN IIepeMe-
IIaeTCs B HUYKHIOKO YacTh IIEHTPaJbHON TpyOBI B Hampa-
BiieHnH obnacty joByiuku DY FD. [Tox nelictBuem pac-
TUIaBa IeHTpaibHas ciuBHas TpyOa Ha ypoBHe TBC mo-
JTHOCTBIO pa3pyIIaeTcs.

Pacnipenenenue TtemmepaTyphl IO3BOJISET HaOIIIO-
JaTh TerioBoe coctosiHue DY npu miasnennn TBC. Co-
rIacHo pucyHky 7 (27,3 ¢, 28,2 ¢), Temriepatypa BHEII-
HEro W CPEJHEero psijia TBIJIOB yBEIMUHMBACTCS ObICTpee
OTHOCHTEJIFHO TBAJIOB BHYTPEHHETO psijia 3a CUeT 00JIb-
II0T0 YHEProBhIeneHns. HIDKHSA 9acTb TB3JIOB SIBISIET-
csi obmacTeio C Hamboliee BBICOKOHW TeMIepaTypou
(28,2 ¢), uTO cormacyeTcs ¢ pacrpeaeaeHIeM dYHEPTOBBI-
JIEJICHUS TI0 BBICOTE TB3JI0B (prcyHOK 5). [Tocne monazaa-
Hus pacmiaBa TBC Bo BHYTPEHHIOIO MOJOCTH CIMBHOM
TpyOBbI, TEMIIEpaTypa B ITOJIOCTH BHYTPEHHEH TpyOBI yBe-
JUYMBAETCA 3a CUET MOCTYIUICHHs B Hee pacmiasa TBC
(30 c). TemmepaTypa TOJOCTH BHYTPEHHEHW CIMBHON
TpyOBI yBeNIUUMBAETCsI B 00JIACTH, TJi€ MPOUCXOIUT TO-
cTyIuleHHe pacmiaBa. Ilocne temmneparypa yke yBelu-
YHBAETCs B BEpXHel yactu noxoctu Tpyos! (31 ¢).
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Pucynox 7. Pacnpedenenue 06veMHoil ¢ppakyuu cmanu u OUOKCUOAQ ypana
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Bepugpukauua pezynomamos pacuemos

¢ pesynomamamu Ikcnepumenma FD

Jns mony4yeHuss OUEHKA METOAUKH MOJEIUPOBAHUS
npouecca miasnenus TBC nposenena Bepudukaus pe-
3y/lbTaTOB pacyeTa ¢ MOoKa3zaTensMu TepMmonapsl. Bepu-
(uKaIys MPOBOAMIACK MO Moka3aTensaMm Tepmornap TT1,
TTe6, TK1, TK2, TK3, TK4, T41, TCK4. Ha pucynke 8
[IPEACTABIEHBl PE3YJIbTAThl CPAaBHEHUS IOKa3aTelen
tepmoniap TT1 u TT6 ¢ pesynpTaramu pacdeToB.

Pe3ynbTarsl pacuera u 3KCIEpUMEHTa AJIs1 TEPMOIIap
TT1 u TT6 moka3pIBaIOT COBIIACHHE 10 MOMEHTA TIJIaB-
nenwns. [Tocie Hawana mpouecca miasierust TBC pesynb-
TaThl pacyeTa pacXoJsaTcs ¢ IKCIEepUMEHTAIbHBIMU 3Ha-
YeHUsIMU TepMmonap. PacxokaeHus o0yciaaBiIMBarOTCs
CIeAYIOUIUMH IPUYUHAMU:

— TOIUIMBO M 000JIOYKA TBAJIOB 00BEKTA HCTIBITAHUS
MIOCTPOCHA B BUJIE KOJIEII, TOTAA KaK peaJlbHOe SKCIepu-
MeHTanbHOe ycTpoitcTBO TBC COCTOUT M3 OTIENbHBIX
TB3JI0B. Pa3nuuue B reoMeTpun pacyeTHON MOIEIH U
00BEKTa WCIBITAaHUS CYIIECTBEHHO BIHUSACT HA IIPOLIECC
JIBUKEHUS pacilaBa, a MIMEHHO: TOIUIMBO BHYTPEHHETO U
CPEIHEro psiia TBAJIOB, KOTOPOE PACIIOIOKEHO B BHIE

4800
4400
4000
. 3600
< 3200
22800
<
2400
Z 2000
5]
& 1600
1200

KOJIETI, IOCTUTACT TEMIIEPATYPhI ITABICHUS IT03)KE OTHO-
CHUTEJBHO TOILIMBA BHEIIHETO psAa TBAJIOB, TEM CAMBIM
o0pa3zyeT MpernsATCTBUE Ha IyTH JABWKEHHS PaciljiaBa To-
IUIMBA BHEIIHETo pPsijia TBAJIOB, TOI/A Kak B PeaJbHOM
SKCHEpUMEHTE pacIllaB TOIUIMBA MEepeMellaeTcs B Mpo-
CTPaHCTBE MEXy TBAJIaMH, 1OCTUTas BHYTPEHHEH ClIuB-
HOU TpyOBI paHbIIIe.

— TepMmomnapsl DY HUMEIOT OTpaHUUYCHHE 110 THara-
30HY U3MEpEHHH, B KOTOpoM pabdotatoT. Vcmonszyembie
tepmonapsl TT1 u TT6 sBisitorcst BoibdpamM-peHnEBEI-
MH TepMoOIlapaMH, ¢ MaKCHMalbHOW paboueil Temmepa-
Typoii 3100 K.

Taroke crenyer y4uThIBaTh, YTO HMXKHSIS, OJIAHKET-
Hasl, YacTh TOIUIMBA MMeeT 0oJiee HU3KOE SHEPTOBbLIeIIe-
HUE, OTHOCUTEJBHO €€ BepXHel, akTUBHOM, 4acTH U IIPo-
1ecc 00pa3oBaHUs paciulaBa B 3TOW YacTH MPOUCXOIUT
MCHCC MHTCHCHBHO.

Ha pucynxax 9-10 mpuBeneHoO cpaBHEHHE pacyer-
HBIX 3HaYCHUH 1 SKCIICpUMEHTAIBHBIX MTOKa3aTesel Tep-
monap TK1, TK2, TK3, TK4, koTopble pacmnoyarajiuch B
LEHTPAILHOW CIIUBHOU TpyOe.
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Pucynoxk 8. Cpasnenus nokazameneii mepmonap TT1 u TT6 ¢ pesynomamamu pacuema
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Pucynox 11. Cpasuenue noxkazamenei mepmonap TCK4, T44, T4S5, THS ¢ pesyromamamu pacuema

TK1, TK2, TK3, TK4 sBisitoTcst XpoMenb-alltoMere-
BBIMM TepMOIIapaMH, ¢ MAKCUMaJIbHOW pabodel TemIie-
patypoit 1800 K. PacueTHbie M SKCIepUMEHTAILHBIE
3Ha4YeHus Temreparypsl s tepmonap TK1, TK2, TK3,
TK4 coBnamaroT TOIBKO 10 MOMEHTa MiasieHus. Cora-
CHO 3KCTIEPHUMEHTAIBHBIM 3HaueHsIM Tepmomnap TK?2 u
TK1 B3aunmopeiictBue pacmiaBa TBC c¢ meHTpangbpHOI
cUBHOM TpyOoii mpoucxoaut npu 29,0 ¢ u 29,3 ¢, Torna
KaK pacueTHble 3HaueHMsI oka3biBatoT 29,8 c. s Tep-
monap TK4 u TK3 mpu skcnepumente pacmuias TBC
BCTYIIA€T BO B3aUMOJICHCTBUE C LIEHTPAIbHON CIMBHON
TpyOoii ipu 28,87 ¢ u 28,98 ¢, Toraa Kak pacyeTHbIC 3HA-
4yeHus oka3biBatoT Bpems 29,8 ¢ u 30,0 c.

Ha pucynkax 11-12 mpuBeneHo cpaBHEHHE pacueT-
HBIX 3HAYCHUH JKCIEPUMEHTAIBHBIX IOKa3aTeled Tep-
momap TU4, TUS5, TUS, TCK4 (pucynok 11) u T2, T3,
T4 (pucynoxk 12).

CornmacHo pucyHkam 11-12 pacyeTHble 3HAYCHUS
TeMIepaTypbl COMIACYIOTCS C IKCIIEPUMEHTAIbHBIMU MO-

kazatenamu tepmomnap T2, T3, T4, TCK4, TU4, TUS,
TUS. Pa3uuna B pac4eTHBIX U 3KCIIEPUMEHTAIBHBIX 3HA-
YeHHAX TEeMIepaTyphl IS JaHHBIX TepMoOIap pacroia-
raercs B npenenax 3 K. PacueTHsle u 3KCIepIMEHTAIb-
HBI€ 3HAYEHUS TEeMIIEpaTypsl TepMolap, MpeacTaBiIeH-
HBIE Ha pucyHKax 11-12, pacronoxens! B o0mactsax JY,
B KOTOPHIX HE HaOMI0aeTcs mpoliecc 00pa3oBaHus U Tie-
peMenienus pacmiaBa — yexon TBC, BHyTpeHHMHA M
BHeIHUH (cuioBoif) kopmyc JY. TemmepaTtypa B OaH-
HBIX KOHCTPYKIMOHHBIX 3J€MEHTaX yBEIUYMBAeTCA 3a
CUeT BHYTPEHHET 0 SHEPTOBBLJIEIEHUS COTJIACHO U TEILIO-
oomena ¢ TBC. YBenuueHus 3HaUYCHHS YHEPTOBBIICIIC-
HUS COIJIACHO AMarpamMMme MOIHOCTH peakTopa MpHBO-
JIUT K KBaJpaTHYHOMY YBEIMYCHHIO TEMIEpaTyphl, Ja-
Jiee BBIXOAWT MOIIHOCTH PEaKTopa Ha CTalMOHapHOe
3HaYCHHE [IPUBOANT YK€ K THHEHHOMY POCTY SHEPTOBBI-
JIETICHUSI U TEMIIEPaTyPHI.
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Pucynox 12. Cpasuenue noxkasameneu mepmonap 12, T3, T4 ¢ pesynemamamu pacuema

3AKJIIOYEHUE

Pe3ynbTarsl, mojiydeHHbIE B XOJ€ MOJEIUPOBAHUS
IUTABJICHUS M TICPEMEIICHHS paciuiaBa B 00beMe TEIIo-
BBIJICIISIONICH COOPKH 3KCIEPUMEHTAILHOTO YCTPOMCT-
Ba, IOKA3bIBAIOT PaOOTOCIIOCOOHOCTD MpearacMoii Me-
tonuku. [IpoBenena BepuuKanus pe3yIbTaTOB MOJE-
JIMPOBaHUs, KOTOpas MOKa3ajla UX COTJaCOBAHUE C DKC-
NEpUMEHTAJIbHBIMA JaHHBIMU O MOMEHTa Hayajla ak-
TUBHOTO IUIABJIECHUS MaTepuasioB. [lanpHeliee cpaBHe-
HUE PACUYETHBIX U HKCIIEPUMEHTAIBHBIX JaHHBIX B 3TOU
o0yacTé 3aTPyIHEHO OCOOCHHOCTSMH PACIIONIOKEHUS
TepMOIlap B JKCIEPUMEHTE M HIOAHCAMU MOJEIUPOBA-
Hus. [Ipu 3TOM, pacueTHble 3HaUeHUs MoKa3arenel Tep-
MoOTIap, PACIONIOKEHHBIX B 00JIACTAX, KOTOPHIE HE TMOJI-
BEPIKEHbI NIPOLIECCy IJIAaBJIEHHUS, XOPOIIO COTIACyIOTCs C
pe3yJibTaTaMy 3KCIIEPUMEHTA.

ITonyuena yeTkas KapTUHA, AEMOHCTPUPYIOLIAs BCE
CTaJUM Pa3BUTUSL KOHTPOJIMPYEMOM aBapuUHHON cuTya-
LMY B 3KCIIEPUMEHTAIILHOM yCTPOMCTBE BO BpEMsl peak-
TOPHOTO ITyCKa OT HavaJja IIaBICHU HanOoJee pa3orpe-
TBIX JIEMEHTOB JJO TMHAMUYHOIO NEPEMEIIEHUSI MHOTO-
KOMIIOHEHTHOTO paciuiaBa. llpenmMyiiecTBoM Takoro
MOAX0/1a K MOJICJIMPOBAHUIO SABJISIETCS HAWIy4Ylllee MpHU-
OJIDKEHHUE K peaibHON KapTHHE IIABJICHHUS SIIEPHBIX Ma-
TEpUaJIOB, AK€ B JIBYXMEpPHOI MOCTaHOBKE 3a/1ayu. B
cilydyae TMpOBEJEHUS IOJHOPA3MEPHOTO TPEXMEPHOTO
MOJICIMPOBAHUs, 10 JAHHOW METOIUKE, OYAyT YUTCHBI
BCE OCOOEHHOCTH TEOMETPUH IKCIIEPUMEHTAIBHOTO yCT-
POWCTBA, YTO TIO3BOJIUT MIPOAEMOHCTPUPOBATH I3 (EKTHI,
CBSI3aHHBIE C paJualbHON HEPAaBHOMEPHOCTHIO SHEPro-
BBIJICJIEHUS U IPUHATH BO BHUMAaHHE HECUMMETPUYHOCTh
PAaCIOJIOKEHUS OTJENbHBIX AJIEMEHTOB YCTPOUCTBA.

Paboma svinonnena 6 pamxax npoekma epanmosoco
Gunancuposanus AP19577709 «Pazeumue memo0os
CFD modenuposanus 015 ONUCAHUSL NPOYECCO8, CONPO-
B0JICOAIOWUX  PA3BUINUE MANCENOU ABAPUU LOEPHO2O
IHep2emu4ecKo20 peaKmopa.
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KbLTYBOJITTHI JIEMEHTTEP KUBIHTBIFBIHBIH UT'P PEAKTOPBIHJIAT'BI DKCIIEPUMEHTI
KE3IHJEI'T BAJIKY NPOLECCIH MOAEJBAEY 9AICTEPIH XKETIJIAIPY

E. A. KadoapLikakos”, A. C. Cypaes, O. M. ’Kan6o.uatos, I'. A. Butiok, P. A. Upkum6exon
KP ¥40 PMK «Amom suepzuacel uncmumymsty punuansi, Kypuamos, Kazaxcman

* Baunanvic ywin E-mail: kabdylkakov@nnc.kz
SApONBIK OTBHIHABI OANKBITY — SAPOJIBIK PEaKTOPABIH ayblp amaThl Ke3eHIepiHiH Oipi. By skymbIcTa sxpuTy Oeierim
AJIEMEHTTED KUBIHBITHIFEIHBIH alKbIH JHHAMHUKAIBIK OankybiHa Koi keTki3y ymid ANSYS FLUENT Garmapiamaisik
MOJIyJiHIH (PU3UKAIBIK MOJESIBICPIH KEIICH I KOJIIaHy KapacTeIphuFaH. JKpUTy OeleTiH KypacThIpy JJIEMEHTTEpPiHIH
CYWBIK (ppaKIUSCHIHBIH KO3FAIBICBIH MOJIEIBACYTEe MYMKIHIIK OepeTin «volume of fluid» xone «solidification melting»
ecenTik MoJenpaepi Konnansansl. Kyat 6emyni opraty ymia FLUENT monyniniH maiinanaHymisl GyHKOUSACH (user
defined function — UDF) koamaHbL1abI.

Tyiiin co30ep: 6anKbiMa, IKCHEPUMEHMATLIObIK KYPLLIEbL, (Dpakyus, hasa, mymyypivlk.
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IMPROVEMENT OF METHODS FOR MODELING THE MELTING OF FUEL ASSEMBLIES
IN THE CONDITIONS OF AN EXPERIMENT ON IGR RECTOR

E. A. Kabdylkakov”, A. S. Suraev, O. M. Zhanbolatov, G. A. Vityuk, R. A. Irkimbekov

Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: kabdylkakov@nnc.kz

Experimental studies of the process of fuel destruction at the IGRY reactor make it possible to obtain data on the processes
occurring in the fuel assemblies of various types of nuclear reactors during severe accidents. One of the stages of severe
accidents is the melting of nuclear fuel. One of the stages of severe accidents is the melting of nuclear fuel. In this paper,
we consider the complex application of physical models of the ANSYS FLUENT software module to achieve explicit
dynamic melting of elements of a fuel assembly. Computational studies are carried out on a two-dimensional model of
an experimental reactor device. The calculation models «volume of fluid» and «solidification melting» are used, which
allow modeling the movements of the liquid fraction of the elements of the fuel assembly. To set the energy release, a
user defined function (UDF) of the Fluent module is used.

Keywords: experimental device, safety, melt, volume of fluid, phase transition, user defined function, energy release.
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B craTthe paccmarpuBaeTcss HaCTpOHKa M ONTHMHU3AINS pexiMa padoTsl ukinoTporna A11-60 mis oO6mydeHns moInITH-
nerrepedranatapix ([I9TP) mreHOK TSHKETHIMI HOHAMH KPUITOHA C LENBI0 CO3MaHMS TPEKOBBIX MeMOpaH. OMUCaHbI
3TaIbl HACTPOWKH YCKOPUTENS], BKIIIOYAsl PACcUYEThl TapaMETPOB YCKOPHUTEIBHOTO TPOIECcca, a TAKKE HACTPOHKY CBEpX-
BeIcoKo4acToTHOH (CBY) cuctemsl 11 reHepanuy a3Mbl KpUITOHA. PaccMOTPEHBI KIIFOYEBBIE TTAPAMETPHI, TAKHE KakK
TOK MarHuTa, HAaNpsDKEHUS! HHPIIEKTOPOB U e(IIeKTOpa, a TaKXKe XapaKTePUCTUKH MydKa Ha BBIXOZE M3 YCKOPUTEII.
Oco0oe BHUMaHHUE Y/AEICHO CUCTEME TPAHCIIOPTHPOBKU M (JOKYCHUPOBKH ITy4Ka, a TAK)Ke ONTHMHU3AIMU YCIOBHH 00IIy-
YCHHUA AJIs1 JOCTHXKCHUA H€O6XOI[I/IM0171 TOYHOCTHU W BOCHPOMU3BOJAUMOCTU IKCIICPUMEHTOB. HonyquHme pE3yIbTaThL
HUMCIOT BaXXHOC 3HAYCHUC JJIA ,uanLHeﬁmero Ppa3BUTUA METOAUK HOHHO-TpeKOBOﬁ MO[[I/Iq)I/IKaHI/II/I TOJIMMEPHBIX MaTCPU-

aJIOB 1 UX MPUMCEHCHUA B PA3JIMYHBIX TCXHOJIOT'MYECKUX U KOMMEPUCCKUX C(l)ean.

Knrouegvie cnosa: msicenvie uoHbl, KpUNMoH, yckopumein, oonyyenue nienku, [19T.

BBEJEHUE

Huknorpon JL-60, npenHazHadeH sl yCKOPEHUS U
BEIBOJIA ITYYKOB MOJIOKHUTEIHHO 3apsDKCHHBIX HOHOB C
oTHomeHHeM A/Z or 6 mo 12 w DdHeprusMu
0,3+1,75 MsB/aykinon. OCHOBHOH 3afadeii TaHHOTO yc-
KOPUTEJILHOTO KOMIUIEKCa ABISETCS IPOU3BOACTBO Tpe-
koBbIX MeMOpaH (TM) nmyTéM oOJIydeHUs MOTMMEPHBIX
IUIGHOYHBIX MaTEPUaJIOB B MPOMBIIIJICHHBIX WU TOY-
MIPOMBINIICHHBIX 00BbEMax, a TakKe MpoBeAeHHEe (U3N-
YecKHX ucciaenoBanuii [1].

Hacrpoiika xapaktepuctuk yckoputens JL[-60 mis
o0ny4eHus monudTwieHTepedTanaTpx ([I9TD) me-
HOK TsDKeNbIMH nmoHamu KpuntoHa (Kr) sensercs Baxk-
Helmeit 3agaveii mpu pa3paboTKe TPEKOBBIX MEMOpaH U
W3yYEHUHM BO3JICHCTBHS Ha NOJMMEPHBIC MAaTepHAabL.
CoBpeMeHHBIE TEXHOJOTHYECKHE MPOIECcChl TPeOyIOT
BBICOKOTOYHOTO KOHTPOJIS IMapamMeTpoB MOHHOTO ITyYKa
1 YCIOBHUH 00IydeHHs I MOTy9IEeHUS MaTepHaoB ¢ 3a-
JaHHBIMH CBOMCTBaMHU.

TpexoBele MEMOpPaHBI IMUPOKO UCTIONB3YIOTCS B TIPO-
Heccax MUKPOQIIBTPAINH, BKIII0OYas pa3zeiieHne BUpY-
cOB, (PpaKIOHUPOBAHUE KOJIOUIHBIX PACTBOPOB M Me-
TUIMHCKAE TPOIENYPHI, TAKHE KaK reMouibTpanus u
mwrazmadepe3 (OoTHeNeHHe KIETOK KPOBH OT IUIA3MBI).
Kpowme Toro, 3Tu MeMOpaHbI HCTIOJIB3YIOTCS IPU U3TOTO-
BJICHUY XUMHYCCKUX U OMOXMMHYCCKHX CEHCOPOB [2—6].
3HAYUTENBHOE KOJUYECTBO MCCIEJOBAHUI MOCBSAIIEHO
IIPUMEHEHHIO TPEKOBBIX MEMOpaH MpH CO31aHNH MEeTall-
JMYEeCKUX HaHOCTPYKTYyp [7, 8]. HemaBHme ucciemosa-
HUS TaKXe INPOJEMOHCTPHPOBATIN WX IOTEHITHAN I
pa3paboTKM HAHOKOMIIO3UTOB Ha OCHOBE MOJHMEPOB,
BKJTIOYast ()yHKIIMOHAJIBHBIE MOKPBITHS AT a9POKOCMU-
YecKux npuMeHeHui [9—-11].

Jus sddexktuBHOTO o0MyueHus [N1ITD-mn€Hok no-
namu Kr Ha yckopurene IL[-60 TpeGyeTcst komIiekcHas

ONITHMU3AINS BCEX JTAallOB HACTPOMKH YCKOPHTEIHHOM
cucteMbl. Ha iepBoM 3Tamne pacCYMTHIBAIOTCS ITapaMeT-
PBI YCKOPHTEIBHOTO MPOIiEcca B 3aBUCUMOCTH OT TpeOy-
€MOIl sHepruM HOHOB. BrinmonHsercs Hactpoiika CBY-
CHCTEMBI HOHHOTO MCTOYHHKA JUIsl CTaOMIIBHOM reHepa-
LY TUIA3MBI KPUIITOHA, OT Y€ro 3aBUCUT HHTEHCUBHOCTh
U YCTOMYHUBOCTD IIyUKa.

Janee npou3BOIUTCA pEryIMpoBKa MarHUTHOI cucC-
TEMBI, BKJIF0Uasi TOKH Ha IIOBOPOTHBIX MarHUTax, a TakKe
HACTpOMKa HANMpsDKECHUI Ha WHGIIEKTOpe U AedaekTope
JUts1 3¢ GEKTUBHON MHKEKI[MH HOHOB B YCKOPSIIOIINIT Ka-
Hail. Ha BbIXOZie M3 YCKOPHTEISI KOHTPOIMPYIOTCS Xapa-
KTEPUCTUKH IydKa: JHEPTHs, TOK, POPMa, YTO KPUTHIHO
JUISL pABHOMEPHOTO 00JTy4eHHs 00pa3IioB.

3aBeplLarolUil 3Tal BKIIOYAET HACTPOUKY CHCTEMBI
TPaHCIIOPTHPOBKH U (POKYCHPOBKH ITy4Ka C UCIIOJIH30Ba-
HHEM MarHUTHBIX JIMH3 ¥ KOPPEKTUPYIOLINX JIEMEHTOB,
00eCTeYnBaOINX JOCTaBKY HOHOB K MHILIEHH C MUHU-
MaJIbHBIMU TIOTEPSIMH U BBICOKOH CTaOMIIBHOCTBIO.

AKTyanbHOCTh HACTOSAIIEH pabOTHI 3aKJIFOYAETCS B
HEOOXOIMMOCTH PALMOHAIBHOTO MOA00pa MapaMeTpoB
yckopurens J{1[-60 anst obecnieueHus cTaduabHOro Gop-
MHPOBAHHS TPEKOB C 337]aHHOH IUIOTHOCTBIO.

OCHOBHOM 1IEJIbI0 JAHHOTO WCCIIEOBAHMS SIBIISETCS
MOBBIIIEHUE TOYHOCTU U BOCTIPOU3BOJUMOCTHU JKCHEPU-
MEHTOB 10 HOHHOH Moau¢ukamuu mwieHok [I19TO, tem
CaMbIM pacIIMpsisi UX NMPAKTUYECKOE NMPUMEHEHHE B IIe-
PEeAOBBIX TEXHOJIOTUSIX.

JUis TOCTIDKEHHS 3TOU [Ieny B paboTe pemaroTcs cie-
TYIOITHE 3a7aui: ONpeAeTeHIe ONTUMAIBHOTO THamna30-
Ha 3Hepruid, obecrieunBamuX (GopMHUpOBAHUE HEIpe-
PBIBHBIX TPEKOB MO BCEH TOJIIMHE IUICHKH; aHAJIHU3 JI0-
IMyCTUMBIX pabounx pexumMoB yckopurens AI1-60 mms
peayn3aIy 3aJaHHBIX TapaMeTPOB HOHHOTO ITyYKa.
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Hayunas HOBU3Ha pabOTHI 3aKITFOYAETCS B IOATAITHOM
HAacTpoHKe BCeX KOMIIOHEHTOB YCKOPHUTENs ISl 1OCTHU-
XKEHUsI TpeOyeMbIX MapaMeTpoB IIy4Ka, YTO MPeJOCTaB-
JISIeT BBICOKYIO CTENEHb KOHTPOJIS HaJ MPOCTPAHCTBEH-
HBIM pacIipe/ieIeHHeM 1op MpH UX (GOPMHUPOBAHHH.

PACYET SHEPTETUYECKNX TOTEPH

1 OBJIACTU NPUMEHEHUS UKJOTPOHA JI11-60

B ITPOU3BOACTBE TPEKOBBIX MEMBPAH

Huknotpon JL[-60 sBIsieTcss yCKOpUTETIEM 3apsHKeH-
HBIX YACTHII, KOTOPBIH yCKOPAET HOHBI oT 'Li 1o '32Xe B
nmuanaszone 3Hepruii ot 0,35 mo 1,75 MaB/mykion. O0-
JyueHHE MOJIMMEPHBIX IJIEHOK OCYIECTBISAETCA B KaHa-
ne T1 yckopureins. B 0cHOBHOM Ha IUKJIOTPOHE MPOU3-
Boautcs obmyderne [I19T® un momukapoonaTHEIX (I1K)
oJIMMeEpoB. B KadecTBe HaJIETAONIMX YACTHIL JUIA IIPO-
n3BoacTBa TM OOBIYHO MCTIONIB3YIOT HOHBI aproHa, KpH-
NITOHA ¥ KCeHOHA. BBIOOp JaHHBIX YaCTHIl OCHOBBIBACTCS
Ha TOM, YTO JUIA 3THX YACTHUI] yCIbHbIC HOHU3AINOHHbIE
notepu B [I9T® u IIK nneHkax HaxoAATCs B Mpejenax
5—-15 MbB/MKM, 4TO CIOCOOCTBYET pABHOMEPHOMY pas-
PYLICHHUIO XUMHUYECKUX CBA3EH B IOJIUMEDE.

Jlnst BBIOOpa ONTUMAJIBHBIX YCIOBHH HOHHOTO 00ITy-
YEHUsI TIOJIMMEPHBIX IUIEHOK He0OXOIUM pacuér mpoek-
TUBHOTO Tpobera u TuHeHHOH nepenauu sHepruu (JIIJ)
noHoB Ar, Kr u Xe B [IDT®. IIpoexTuBHEII mpober O1-
penenser rIyOMHY 3ajeraHus 00JacTH MaKCHMAalIbHBIX
MOBPEXIICHUH, KPUTUYHYIO A (POPMHUPOBAHHUSA TIOp C
3anaHHol reometpuel. JIIID xapakTepusyeT IIOTHOCTh
SHEPrOBBIJCICHUS BOJIb TPACKTOPHU HOHA M, COOTBET-
CTBEHHO, CTEIEHb pa3pyLICHUsS MOJMMEPHOH CTPYKTY-
PBI, HEOOXOAMMYIO It 0Opa3oBaHus TpekoB. Koppekt-
HBI BBIOOD MapaMeTpoB MOHHOT'O Iy4Ka IM03BOJISIET KOH-
TPOJIMPOBATH TIIyOMHY, HHTEHCHUBHOCTh U MPOQUIb MO-
mudukanuu Matepuana. PacuéTHele JaHHBIE, MOJyYeH-
HbIE, ¢ Mcnojib3oBanueM nakera SRIM/TRIM, obGecmie-
YUBAIOT HAAEKHOE 0OOCHOBAHME TEXHOJOTMYECKUX pe-
KMMOB M MOJIETMPOBaHNHE (OPMHUPOBAHHS TPEKOBBIX
CTPYKTYP € BHICOKOW M30MPATEIbHOCTHIO TPABICHHUS.

[Tpn npoxoxaeHnH yepe3 BEIeCTBO YCKOPEHHbIE HO-
HBI TEPSAIOT SHEPTUIO MOCPEICTBOM B3aMMOJCHCTBHS C
JIEKTPOHAMH (3JIEKTPOHHBIE TIOTEPH SHEPTUH) U SAPaMHU
(simepHBIe TOTEPH SHEPTUH).

OJEeKTPOHHBIE IOTEPU YHEPTUN IPUBOIAT K BO3OYXK-
JICHHUIO 3NEKTPOHHBIX 000JI0UYeK aTOMOB MUILIIEHH U HO-
HHU3alWU. SInepHble [OTepU SHEPrUU 00YCIIOBJICHBI YII-
PYTUMH CTOJKHOBEHHMSIMH C aTOMaMHU MHMIIeHHU. [[pyrue
MOTEPH JSHEPTHH, HANpUMEp, TOPMO3HOE H3IIyUCHHE,
OUYeHb MaJIbl 1 IMH MOKHO NpeHeopeds [12].

Ha pucynkax la, 1B u 11 moka3zaHbl 3aBUCUMOCTH
9NEKTPOHHBIX U AJEPHBIX MOTEPb OT SHEPTUU YACTUIBL.
KpuBbIe IOCTPOSHBI TPH TOMOIIIHM NPOTrpaMMBbl Stopping
and Range of lons in Matter (SRIM-2013) [13] m1s wo-
HOB Ar, Kr n Xe c sneprueit ot 0,1 mo 3 M»>B/HyKI0H.
W3 mpuBeneHHBIX rpaduKOB BUIHO, YTO MPH SHEPTHAX

Beime 0,1 MaB/HykiI0H peobmagaroT 3MeKTpOHHBIE TT0-
Tepu Heprun. Ha pucynkax 10, 1t u 1e noka3aHsl dJiek-
TPOHHBIE, SIAEPHBIE U MOJHBIE MOTEPH IHEPTUU IS BbI-
HienepeyrcIeHHbIX HOHOB 3Heprueit ot 0 1o 5 M»aB ne-
pen HemOoCPeACTBEHHON OCTAHOBKOM MOHA B TONHUMEpE.
W3 naHHBIX KPUBBIX BHJHO, YTO NPH MaJIbIX SHEPIHUAX
siIepHbIC MOTepU SHepruu mnpeobmanator. Ha kpusoit
MIOJTHBIX TIOTEPh SHEPTUH BHUJCH MUK bparra mepen mon-
HOW OCTAHOBKOH MOHA.

Ha pucynke 2 n300paskeHBI IPOEKTUBHBIE MpOOern
Ui ciay4aeB B3aumonencTBus MoHoOB Ar, Kr u Xe ¢
[I3T® mnenkoii, paccurTaHHBIE IPH TOMOIIX IPOTPaAM-
Mbl SRIM-2013. Ha rpadwuke obnacty, BbIIEICHHBIE 3€-
JICHBIM 1IBETOM — OOJIACTH SHEPTUI MOHOB, B Mpeieax
KOTOPBIX BO3MOKHO ITPOU3BOINTH 00JIydeHUE HA IIUKJIIO-
tpoHe [11-60. HmwxHroro rpanuily mpobera Bceraa BO3-
MOJKHO YMEHBIIIUTH [IPU HCIIOJIB30BaHUU COOTBETCTBYIO-
[IUX «TOPMO3SIIUX» (DOJIBT.

B peanpHOM cifydae HHTEHCHBHOCTB ITy4YKa HE SIBIIS-
eTcsl IOCTOSTHHOW BEJIMIMHOMN, U KoJieOeTes Kak 1o Be-
JIMYMHE, TaK U B MPOCTPAHCTBE OKOJIO OJHOTO IOJIOXKe-
Hust. [laHHbIe QIyKTyaIuy U IPUBOIAT K pa3dpocy MIoT-
HOCTH TIOp TIO0 AJIMHE W IIMPHHE 00IydaeMOW IIICHKH.
Kak mokasama mpaxTuka, IIpH MPaBWIBHOM HacTpoiKe
pexuma oO0IyueHUsT MOXKHO OOJYyYUTHh MOJUMEPHYIO
IUIEHKY ¢ pa30pocoM Mo oTHocTH He Bhimie 10%, 4to
YAOBIETBOPSET TPeOOBaHUAM OOJLITMHCTBA 3aKa3UNKOB
T™.

[Ipu 00ydeHnH MOTUMEPHBIX INIEHOK HOHAMU C BbI-
COKO¥ MHHelHoU nepenaueit suepruu (JIIID) B matepua-
1€ OPMUPYIOTCSI TPEKH C BBICOKOH INIOTHOCTHIO HOHH-
3aIliM, 9TO MPUBOJNUT K JIOKAJIBHOHN NECTPYKIMN HOJIH-
MEpHBIX IeTled ¥ N3MEHEHHIO XMMHUUYECKOH CTPYKTYPBHI.
[NoBpexnénnple 001aCTH CTAaHOBSTCS] 3HAYUTENBHO 0O-
Jiee MOJBEpP)KEHHBIMH XHMHYECKOMY TpPaBJICHHIO, B OT-
JIMYHE OT HEeMOBPEXKAEHHOHN MaTpHUIlEl. DTO 0OecrednBa-
€T BBICOKYIO M30MpaTeNbHOCTh TPAaBJICHUS, HEOOXOIU-
MYI0 JUisi (JOPMUPOBAHUSI HAHOKAHAJIOB WK T0p. OnTu-
ManbHblid guanazon JIIIOD (5-15 MaB/MkMm) nosBossier
JOCTHYB OajlaHca MeXIy TTyOUHON MOBPEXICHHUS U KOH-
TPAaCTHOCTHIO TPABICHHUS.

HACTPOMKA PEKUMA OBJIYUYEHUS [TDTP-

IUIEHOK TSIKEJIBIMA MOHAMM KPUIITOHA

Ilepen HayanoMm TpPOBEJCHHS IKCIEPUMEHTOB, CBS-
3aHHBIX C (POPMUPOBAHUEM, YCKOPEHUEM, U TPAHCTIOPTH-
POBKOH TYYKOB HMOHOB KPHUITOHA HAa YCKOPUTEIHLHOM
komimiekce JI11-60, ObuTH BBITIOTHEHBI JeTalbHbIE pacyé-
TBI ONITUMAJIBHOTO PEKUMA PAOOTHI YCTaHOBKH. J{J1s1 3TO-
r'0 UCIMOJIb30BAIOCH CIIEUATM3UPOBAHHOE IPOTPAMMHOE
obecmieuenne «DC-60 calcy, mpenHazHaueHHOE I MO-
JIeUPOBaHMs M pacyé€Ta MapaMeTpoB YCKOPUTEIHHOIO
Mpolecca ¢ y4€TOM XapaKTEPUCTHK YCKOPSIEMbIX YaCTHIL
1 33JJaHHBIX YCJIOBHHA SKCIIEPUMEHTA.
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Pucynox 1. Dnepeemuueckue nomepu uonog nanemaiowgux uacmuy Ar, Kr u Xe 6 [I9T® nnénuxe,
paccuumannsle npu nomowgu npoepammol SRIM: Ar (a), Kr (8) u Xe (0) — npu gvicoxux snepeusx,
Ar (6), Kr (2) u Xe (e) — npu nuzxkux sHepeusix (3e1eHHbiM yKazana ob6aacmes 00CmynHou suepeuu yvacmuy na J{1J-60)
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Pucynok 2. [Ipoexmugnwiii npodez uonos: (a) Ar, (6) Kr u (8) Xe 6 niénuxe [19TD, paccuumannwiii npu nomowu
npoepammel SRIM-2013 (3enenuvim ykasanvl oonracmu npumerumocmu yuxkiompoua J1-60)

Pacu€Tbl MO3BONIMIIN OTIPENIENTUTh ONTHMAIbHbIE 3Ha-
YEeHUsl KIIIOYEBBIX MapaMeTpoB, TAKMX KaK HaNpsHKEH-
HOCTB EKTPUUECKOTO (Uinjection, Enndexrop) 1 MAarHUTHO-
ro (Bo, Bc) noneii, yacrora yckopstomero BbrIcOKOYac-
totHoro (BY) mosnsi, TpaekTOpust ABMIKEHHSI HOHOB BHYT-
P YCKOPHTEIA, TapaMeTphl TyYka Ha BBIXOAE M3 YCKO-
PHUTETBHOTO TpakTa U 3()(HEeKTUBHOCTH €ro TPAHCHIOPTH-
POBKH K SKCIIEPUMEHTAIHLHON yCTaHOBKE [14].

Ha ocHoBe mosy4eHHBIX JaHHBIX OBUT C(OPMHUPOBAH
pabounii pexxuM yCKOPEHHS IIyYKOB MOHOB KPHUITOHA C
3aJJaHHOM JHEepruer, 00eCIeYNBANINN HEOOXOAUMYIO
CTaOMJIBHOCT MOHHOTO Iy4Ka, MMUHHMH3ALMIO HOTEPh

YacTHIl B TIPOLECCe YCKOPEHUS W TPAHCIIOPTHPOBKH, a
TaKKe COOTBETCTBHE IApaMETPOB ITydKa TPeOOBaHUSIM
9KCIIEPUMEHTANILHOTO 3agaHusl. OCHOBHBIE ITapaMeTphI
JAHHOTO pe’KMMa paboThl IPUBECHBI B TabIHLE 1.

B pamkax mccnenoBaHus ObUIM TPOBEIEHBI pabOTHI
10 HACTPOIKe MapaMeTpOB CBEPXBBHICOKOYACTOTHOTO
(CBY) pa3psna ans reHepanuy ia3Mel KpUnToHa. B xo-
Je skcriepuMeHTa MommHocTe CBU-m3nyyenns Obina yc-
TaHOBJIeHAa Ha ypoBHe 280 BT, uro obecneunsno ontu-
MaJIbHbIC YCJIOBHS Ul MOHW3AIMK KPUIITOHA U (HOpMHU-
POBaHMs CTAOMIIBHOTO IJIa3MEHHOTO pa3psija.
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Tabnuya 1. Pacuem napamempog pexcuma Gopmuposanus u
yekopenus nyuka uonoe Kr'>* ¢ onepeueii 1,75 MaB/uyxnon
ona yuknompona J[1-60

WoH A/Z 5,6 BY, My 16,620
Mone Bo, Tn 1,5152 | BY FapmoHuka 4
Mone Be, Tn 1,5180 | Uinjection, kB 16,6
OHeprus, MaB/Hykn 1,75 Tun nHdnekTopa «A»
Tok marHuTa, A 2479 Euncprexrop, KB +6,7
553
50 4 @‘.
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Tok NnoBopoTHOro MarHuTa, A
Pucynoxk 3. Cnexmp uonog kpunmona

CnexTp MOHOB KPHIITOHA, MPEJCTABICHHBIA Ha pH-
CYHKe 3, OTpakaeT OTHOCHTENIBHOE PACIpeeNICHNE pa3-
JMYHBIX 3apAJOBBIX COCTOSHHH HMOHOB KPHITOHA, YTO
MIO3BOJISIET OLICHUTH 3 (HEKTUBHOCTD PAOOTHI HCTOUYHHKA
IUIa3MBbl M €T0 COOTBETCTBUE TPEOOBAHUSIM DKCIIEPUMEH-
Ta.

Jnst 5 PeKTUBHOM IKCTPAKIMK MOHOB KPHUITOHA C
3apsiIOBBIM cocTosiHMEM 15+ n sHeprueii 1,75 MaB/Hyk-

192
3.8e7 Torr
134
2 " 27eTorr
ﬂrk B %
[

JIOH Ha BRICOKOBOJIBTHEIH anekTpox (HV ECR) 65110 mo-
JaHo HampsokeHue 16,6 kB. 3naueHune paccuutaHo ¢ uc-
noss3oBanueM 110 «DC-60 calcy, MonemupyroImero omn-
THUMaJIbHBIE PEXHUMBI pabOThl YCKOPUTEILHOTO KOMILIE-
kca. Takke B X071 SKCIIepUMEHTa OBbLIO OTIPEesIeHO OIl-
THUMaJIbHOE JaBJICHNE MoJa4u pabouero raza (KpUnToHa)
B HMOHHM3allMOHHYI0 KaMepy HCTOYHHUKA, COCTaBHBIICE
2,7-1077 Topp. laHHBIH ypOBEHB JaBICHUS 00eCTIeIHBAT
CTaOMIIbHYIO TEHEPALUIO TIA3MBI.

B xo7e HacTpoHKK OCHOBHOTO MarHuTa OBLI YCTaHO-
BJICH TOK 243.4 A, 4T0 obecreunio HeoOX0IUMYIO KOH-
(urypanio MarHUTHOTO MOJS ISt CTAOMIBHOTO yIEp-
YaHMS U TPAHCIIOPTUPOBKM HOHHOTO ITyuka [15]. Hanps-
xenust Ha uHpekropax CINF+ u CINF— 6butn ycraHo-
BJIEHBI Ha ypoBH:X 6,71 kB u 6,38 kB cooTBeTCTBEHHO,
YTO CIIOCOOCTBOBAIO KOPPEKTHOMY BBO/IY HOHOB B YCKO-
PAIONIYI0 00J1aCTh ITUKIOTPOHA.

His neduexktopa CESD, oTBevarmiero 3a BBIBOJ
HMOHHOTO Ty4Ka, ObUTO BEIOpaHO HampshkeHue 59,69 kB.
OnruManbHbIE 3HAUEHHS 3THX MapaMeTpoB OBIIH Ompe-
JICTICHBl Ha OCHOBE O3KCIICPUMEHTAIBHBIX PAacueToB H
IIPUBE/ICHBI Ha pUCYHKE 5. BIomHeHHas HaCTpoiiKa Ho-
3BoJTIIIA 00ECTICUNTh CTAOMIBHYIO paboTy CHCTEMBI, MU-
HUMH3UPOBATH TOTEPH HOHOB M IOCTHYb TPEOYEMBIX yC-
JIOBUH JAJIS IPOBEJICHUS IKCIIEPUMEHTA.

Hactpoiika cucTeM MUKIOTPOHA JJIs BRBIOPaHHOTO pe-
)KMMa YCKOpEHUsI Oblla BBINIOJHEHAa Ha OCHOBE pacyér-
HBIX JJaHHBIX, YKa3aHHBIX B Tabmuue 1.

B mpouecce HacTpoiiku BU-cuctemsl, IpeacTaBieH-
HOI Ha pUCYHKe 6, ObLIa MPOBEICHA JAeTAbHAS ONTHMU-
3aIHs MapaMeTPOB C IETBIO0 TOCTIKEHNS MAKCUMaIIbHOH
3¢ PEKTUBHOCTH yCKOPUTEIEHOTO KoMILTekca. OIHUM 13
KIIFOUEBBIX MTAPAMETPOB, MOUISKAIIUX PETYIHPOBKE, SIB-
Jsu1ach MoIHOCTh BU-renepanyn, koTopas B pe3yJsibTare
HacTpoek ObuIa ycTaHOBJIEHA Ha ypoBeHb 80%.
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Pucynox 4. Cucmema unsicexyuu kpunmona na yckopumene JJL[-60
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CYCLOTRON

§

Pucynox 5. Pedicum uoHHO-onmu4eckux 21eMeHmos 1eKmpoMacHUma u cucmembvl 8b1600d
npu ycKopeHuu U 8b1600€ NY4Ka UOHO8 KPUNMOHA

Pucynox 6. Ilapamempor BY-cucmemut yuxrompona /JL[-60

Amnanmu3 koaddurpenTa Oerymeil BOJIHbBI, KOTOPBIi
XapaKTepHU3yeT COOTHOLIEHHE MeX Ty Oerymiei (manato-
1ieit) 1 oTpakEHHOMN BOJIHOM B pe3oHaTope [16], mokasan
€ro 3HaueHus B mpejenax 86—88.

JlononHUTENbHO ObLIa BBINOJIHEHA HACTpoiKka OaH-
yepa — yCTpOICTBa, 0OECIEUMBAIOLIETO IMPOAOILHYIO
(hOKyCHPOBKY MOHOB IIe€pe/l MX BBOJOM B OCHOBHYIO YC-
Kopsronryo cTpykrypy [17]. OntumansHOe 3HaueHHe
HaTpsDKCHUs OaHdepa ObUIO BEIOPAHO HAa yPOBHE 2,7, 9TO
CHOCOOCTBOBAJIO YBEINYEHHIO TNIOTHOCTH HOHHOTO ITyY-
Ka B 2-3 pa3sa.

BbIBOIT MOHHOTO ITydYka M3 YCKOPHTEINS OCYIIECTB-
JISUICS C MCTIOJIB30BaHUEM DJIEKTPOCTaTHIECKOro aedure-

KTOpa, KOTOPBIA 00ecreuynBal OTKIOHEHNE 3aPsKEHHBIX
YaCTHIl M MX HaIpaBJICHHE B TPAaHCHOPTUPOBOYHBIN Ka-
Han. J{ns nansHeiimero gpopmupoBaHus U HOKYCHPOBKH
Iy4Ka IPUMEHSUINCh CTaHJApPTHbIE HOHHO-OITHYECKUE
9JIEMEHTBI, 00ECIIeUNBAIONINE €r0 KOPPEKTHOE MIPOX0XK-
JIeHHEe Yepe3 CHCTeMY TPaHCIIOPTHUPOBKH [ 18].

OCHOBHBIMU 3JI€MEHTAaMH HaHHOW CHCTEMBI SBIIS-
JIMCh BEPTHKAJIbHBIE M TOPU3OHTAIBHBIE KOPPEKTOPH,
UCTIONIB3YEMBbIE ISl KOMITEHCAIIH OTKJIOHEHUH TPaeKTo-
pHuHM Iyuka, TyOJieT KBaapymoJjel, oTBevaromuii 3a ¢o-
KyCHPOBKY YacTHI], & TAK)Ke CHCTEMa CKaHUPOBAHHUS ITy-
YKa, HO3BOJIAIOIIAs PABHOMEPHO PACIIPEAENIATh HOHBI 110
3a7aHHOI 00J1aCTH IKCIIEPHMEHTA.
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Pucynox 8. IIpoghunsv nyuxa na mmozonamensHom npobHuUKe u e2o pachpeoeierue @ cedeHul Kanaud

Jymner KBaJIpyNoJbHBIX JIMH3 MIPAcT KIOYEBYIO
poib B ()OPMHPOBAaHMU W YINPaBICHUH IapaMeTpaMu
MOHHOTO IMy4YKa TP €ro TPaHCHOPTHUPOBKE. DTH JIMH3BI
obecrieunBarOT (OKYCHPOBKY IIy4Ka B JBYX B3aHMHO
MEPHEHANKYIISIPHBIX TUIOCKOCTSIX, ITO3BOJISISI COXPAaHSThH
€ro KOMIIAaKTHOCTb M HAIpPaBJICHHOCTh Ha MPOTSKEHUH
BCEro IyTH JI0 MHUIICHHW. B TaHHOM »KCIEpHUMEHTE Ha-
CTPOMKHM TOKAa Ha KBaAPYHOJIBHBIX JHH3aX COCTaBHIIN
+6,94 A n —3,62 A COOTBETCTBEHHO, YTO OOECIICUMIIO
HEOOXOANMYIO CTeleHb (POKYCHPOBKH U MUHHMAJIbHbIE
OTKJIOHEHUS TIy4YKa OT 3aJlaHHO# TpaekTopuu [19].

Ha 3aBepmatoriem srare moAroToBKH ITy4Ka K o0Iry-
YEHHIO, HETIOCPEICTBEHHO MEPEe] MUIICHbBIO, TIPUMEHSLII-
cs1 BJIEKTPOMArHUTHEIHM ckaHep. Ero 3aja4a 3akimodanach
B PaBHOMEPHOM pacIpeieJIeHUH HOHOB I10 TIOBEPXHOCTH
o0yuaemoro Matepraia. Tok ckaHepa 10 TOPH30HTaIb-
HOMY KaHaity coctaisii 12,07 A, yto no3soamio chop-
MHpPOBaTh TPeOyeMyI0 T€OMETPHIO IyYKa M JOOWUTHCS
PaBHOMEPHOCTH DACHpENeNeHHs IUIOTHOCTH HOHHOTO
ITy4Ka 110 BCEeH IUTOIMAAN TUIEHKH.

Ha pucynke 8 npencrasiieH mpo¢us HOHHOTO TIyd-
Ka, U3MEPEHHBII ¢ MMOMOIIBI0 MHOTOJIAMEIBHOTO TPOO-
Huka T1PM2. DTOT THUIT JUArHOCTHYECKOTO 000py10Ba-
HUS O3BOJISIET MOJYYHTh IETAIbHOE PACIpeIeICHUE HH-
TEHCHBHOCTH IydKa 10 C€UYEHUIO KaHaja, a TaKXkKe olle-
HUTb €r0 NPOCTPAHCTBEHHOE MOJIOKEHHE U CUMMETPHIO.

B mpomecce HacTpoiiku, mapameTpsl Iydka ObUIH
CKOPPEKTHPOBAaHBl TAaKUM 00pa3oM, 4TOOBI ero ¢opma,
pasMep | I0JI0)KEHHE COOTBETCTBOBAIN TPEOYyEeMBIM yc-
noBusiM oOusrydenusi. IlomyueHHoe pacripenesneHue je-
MOHCTPHPYET paBHOMEPHOCTh U CTAOMIILHOCTD ITy4YKa B
paboueii 30He, YTO HMOATBEPKIAET KOPPEKTHYIO paboTy
CHCTEMbI TPAHCIIOPTHPOBKUA W MOHHO-ONTHYECKHX dJie-
MEHTOB.

[epBeIii KaHal, NMpeAHA3HAYCHHBIH Ui OOJIy4eHHs
MOJMMEPHBIX MJIEHOK, JOMOJIHUTEIBHO OCHAIIEH Npodu-
nometrpamu FPM 2, FPM 3, FPM 4 — ciermmanu3upoBas-
HBIMH JAWarHOCTHYECKUMH IpHOOpaMu, NpeaHa3Ha4YeH-
HBIMH JJI51 MOHHUTOPHHIA TIApaMeTPOB MOHHOTO ITydKa.
PacnonoxeHHBIE BOJHM3M 30HBI OONydeHHs, MPOGUIO-
METpBl 00ECIIeUNBaIOT BBICOKOTOYHBIH KOHTPOJb IIPO-
CTPAHCTBEHHOT'O TIOJIOXKEHUs, (POPMBI M HaIIpaBICHUS
Iy4Ka, KaKk MOKa3aHO Ha PHCYHKE 9, HEMoCpeICTBEHHO
nepes NoNaJaHueM Ha MIEHKY.

[Mocne oNTHUMHU3AIMKM BCEX CHCTEM YCKOPUTEINS
[IOT®-nnéHka moaBeprayiach OOMYUEHUIO TSHKETBIMH
HMOHAaMH KPUNTOHA, B pe3ynbTaTe 4ero B e€ 00séme dop-
MHUPOBAINCH MOBpexnEHHbIe Tpeku. [locneayoee xu-
MHUECKOE TpaBJICHHE B BOJIHOM pacTBOPE TMAPOKCHIA
narpus (NaOH) npuBoanio k n30uparenbHOMY pacTBO-
PEHUIO 3THX YYacTKOB.
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Pucynox 9. IIpogpunu nyuxa na FPM 2, FPM 3, FPM 4

K

Pucynox 10. POM-uzo6padicenus 6 paznuunvix mouxax nosepxnocmu IITD-nnénxu nocie uonnoeo obnyuenus
U MpagneHuss, NOOMEEPIHCOawue paeHOMEPHOCIb MOp@onocuyeckoll kapmunbl (veeruuenue x4000)

C nenpio obecniedyeHns] TOYHOCTH U BOCHPOHU3BOJIH-
MOCTH HU3MEPEHHH, a TaKXKe OIEHKH OIHOPOJHOCTH
IUIOTHOCTH IJIEHKH, BBIOOpPKa ocyIecTisack B 10 pas-
HOMEpHO pacrpeei€HHbIX Toukax. Huxe mnpencras-
JICHbI N300paKEHHS MOJTY4YEHHBIX 00pa3I0B, BBIOIHEH-
HblE C HCIOJb30BAHUEM PACTPOBOM DIIEKTPOHHOM
Mukpockonuu (POM).

3AKJIIOYEHUE

B xo0/1¢ BBINIONIHEHHOW PabOThI OBbLT YCIIEIIHO peal-
30BaH M HACTPOCH PEXUM (YHKIIHOHUPOBAHUS yCKOPH-
tesnibHOrO KoMmruiekca JII1-60 must mpoBeneHus oOiy4e-
Hust  mommdTHiIeHTepedTanatapix  ([IDTD)  miéHok
TSDKENIBIMU MOHaMM KpUINTOHA. B mporecce noaroTroBKu

SKCIEpUMEHTa ObllIa MPOBEJCHA ONTHUMU3ANNS KIFoUe-
BBIX IIapaMETPOB YCKOPUTEIbHOW YCTaHOBKH, BKIIIOYAs
cucreMy uHxekuuu, BYU-cuctemy, MOHHO-ONTHUYECKHE
9JIEMEHTHl OCHOBHOTO JJIEKTPOMArHWTa, CHCTEMY BBI-
BOJIa IyYKa, a TaK)Ke TPAHCIOPTHYIO JTMHHIO KaHana T1.

Biaromapst TOUHOM HACTPOWKE BCEX MOJACHCTEM 00eC-
reyeHa BbICOKask CTA0MIIBHOCTh HOHHOTO IMy4Ka, paBHO-
MEPHOCTb €r0 pacnpeesieHus] Ha MUIIEHH U COOTBETCT-
BHE napameTpoB o0y4eHust TpeOOBaHUAM
MOCTABJIEHHBIX HCCJIEIOBaTeNIbCKUX 3a1ad. HactpoeH-
HBI PEKUM ITO3BOJISET BOCIIPOU3BOIUMO MOTUPHIIAPO-
BaTh IJIEHOYHBIE MAaTE€pPHUAJIbl, YTO UMEET MPUHIUIHAIIb-
HOE 3HaueHue HJs [OCIeNyIOIIero aHaiau3a HX
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CTPYKTYPHBIX, (PyHKIMOHAIBHBIX W PaAUAIMOHHO-XH-
MHYECKUX CBOMCTB.

B pesynbrare mpoBEIEHHBIX SKCIIEPUMEHTOB OBLIO
JIOCTUTHYTO YCTOMYUBOE YCKOPEHUE MOHOB KPUIITOHA C
3apsiIOBBIM cocTosiHMeM 15+ no sneprum 1,75 MaB/Hy-
KJI0H. Bee cucteMsl yckopuTtess ObUIM TOHOCTBIO MPO-
TECTUPOBAHBI, a METOJ IIOJNy4eHUs] U (OPMHUPOBAHUS
IMyYKa KPUITOHA — yCHENTHO OTPabOTaH.

ITomydeHnsle pe3ynbTaTel MOTYT OBITH HCHONB30-
BaHBbI Ul COBEPIICHCTBOBAHUA METOJUK MOHHO-TPEKO-
BOW Moan(UKAanUM MOJIMMEPHBIX MAaTEpHATIOB KaK B
(yHIaMEHTaNbHBIX MCCICJOBAHMAX, TAK W B MPUKIAM-
HBIX 33/la4aX, CBA3aHHBIX C CO3JaHHEM (pyHKIMOHAIb-
HBIX MHKPOCTPYKTYp, (HIBTPOB, CEHCOPOB M APYIUX
9JIEMEHTOB Ha OCHOBE HOHHO-MOJU(UIIMPOBAHHBIX IUIE-
HOK.

QDunancuposanue

Hannoe uccnedosanue gunancuposanrocy Munu-
cmepemeom suepeemuxu Pecnyonuku Kaszaxcman (Ilpo-
epamma BR23891530 «Pazeumue KOMHIEKCHBIX HAYU-
HbIX UCCIe008aHUU 8 001ACMU A0ePHOU U PAOUAYUOHHOU
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IIIT® IIVIEHKAJIAPBIH AYBIP KR HOHJAPBIMEH COVYJIEJEHAIPY
YIITH JI-60 YETKIII ITAPAMETPJIEPTH OHTAUJIAHBIPY

A. M. Tewmip', U. A. UBanos'2, M. B Kosio6epaun!, A. JI. Canap'?, 1I. A. Mycragun', E. O. Yurapoaes',
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Makanazia Tpek MeMOpaHaIapblH jKacay YIIH ayblp KPHUIITOH HOHIapbiMeH nosimdTuieHTepedranar (II9TD) mienka-
JapbIH coyneneHaipy yurH JI1-60 MUKIOTPOHBIHBIH JKYMBIC PEXHUMIH PETTEy XKOHE OHTAMIAHIBIPY KapacThIPhUIa bl
YnetkimTig OanTay KagaMaaphl, COHBIH INIiHAE YACTKIII MPOLECIHIH MapaMeTpiepiH ecenTey, COHmaii-aKk KPHIITOH
IUTa3MAachlH JKacay YIIIH acKbIH KOFApBl KHUUIIKTI (MHUKPOTONKBIHIBI) XYHEHI OpHATY CHIIATTadFaH. MarHWT TOTHI,
HHQIEKTOp KoHE Ae(ICKTOp KEepHEYIepi, COHMaii-aK YISTKIIITSH IIBIFATHIH COYJICHIH CHITaTTaMalaphl CHAKTHI HETi3T1
napaMeTpIiep KapacTelpbuiaabl. CoylieHi TackIManaay skoHe (poKycTay KyieciHe, COHIal-aK SKCIIEPUMEHTTEP IIH KaKeT-
Ti JQJIIITI MEH KaHFBIPTHUTYBIHA KOJI JKETKI3Y YIIIH CoyJIeNeHy JKaFJaiapblH OHTaHIaHABIPYFa epeKIIe Ha3ap ayaaphl-
Jabl. AJIBIHFAH HOTHIKEJIEp MOJIMMEpIli MaTepHalliap bl HOHABIK-TPEK MOAU(UKAIUsLIIAY d/1iCTeMeNepiH O/1aH dpi 1aMbl-
Ty KSHE OJIap/ibl OPTY Pl TEXHOIOTHSIIBIK )KOHE KOMMEPIMSIIBIK cajlanap/a KOJIaHy YIIiH MaHbI3/bL.

Tyitin co30ep: ayvip uonoap, Kpunmou, yoemxiui, nienka cayneienyi, [1I9TO.

OPTIMIZATION OF THE DC-60 ACCELERATOR PARAMETERS FOR IRRADIATION OF PET FILMS
WITH HEAVY Kr IONS

A. M. Temir!", I. A. Ivanov?, M. V Koloberdin!, A. D. Sapar!?2, D. A. Mustafin!, E. O. Ungarbaev’,
E. V. Bikhert!, B. S. Amanzhulov!, A. S. Seytbaev':2, S. S. Sembaev'? 1. K. Tleubay'-?

! RSE “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan
2 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

* E-mail for contacts: adilet.temir@mail.ru, adilettemir.kz@gmail.com

This paper discusses the setup and optimization of the DC-60 cyclotron operating mode for irradiating polyethylene
terephthalate (PET) films with heavy krypton ions to create track membranes. The stages of accelerator tuning are
described, including calculations of acceleration parameters and the adjustment of the radio frequency (RF) system for
krypton plasma generation. Key parameters are considered, such as magnet current, inflector and deflector voltages, and
beam characteristics at the accelerator output. Special attention is given to the beam transport and focusing system, and
the optimization of irradiation conditions to ensure the required accuracy and reproducibility of experiments. The results
obtained are important for the further development of ion-track modification methods for polymer materials and their
application in various technological and commercial fields.

Keywords: heavy ions, krypton, accelerator, film irradiation, PET.
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MOHTE-KAPJIO MOJEJIMPOBAHUE YCTPOMCTBA ®OPMUPOBAHUS ITYUKA HEUTPOHOB
JIJISI BOP-HEMTPOH 3AXBATHOM TEPAITUU HA BA3E PEAKTOPA BBP-K
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B craThe npencTaBieHsl KOHCTPYKIHSA YCTPOWCTBA (POPMHUPOBAHNUS MTydKa HEHTPOHOB, MpeIHA3HAUYCHHAS IS TOPU30H-
TanpHOro kaHana peakropa BBP-K, u ee ommcanue. IlpuBeneHsl pe3ynbTaThl pacUeTHOTO MOJENUPOBAHHS METOAOM
Momre-Kapio yctpolictBa ¢popMupoBanus myuka HeUTpoHOB. [loka3aHa 3(EeKTUBHOCTD YCTPONHCTBA C TOUKU 3PEHHMS
HEHTPOHHBIX XapaKTEePUCTHK U AAaH CPAaBHUTEIbHBIM aHAJIN3 COOTBETCTBUS MOJyUYEHHBIX XapaKTEPUCTUK PEKOMEHIye-

MeIM MAT'ATD.

Knroueswie cnosa: nywok neimponos, bH3T, ycmpoiicmeo ghopmuposanus nyurxa neimpornos, peakmop BBP-K, Monme-

Kapno.

BBEJIEHUE

Bop-neitrpon 3axBatHas tepamnust (BH3T) npencras-
JsieT co0O0i MEepPCTIEeKTHBHBIA METO]| JICUCHUS! PaKOBBIX
3aboJieBaHN, OCHOBAHHBIM Ha CTIEI(UIECKOM 3aXBaTe
HEWTPOHOB OOPOM B OITyXOJIEBBIX TKaHSIX. DTOT METOX
SIBIISIETCSA Pa3HOBUIHOCTHIO HEUTPOHHO-AKTUBAIUOHHON
Tepanuu, B KOTOpoii 60p, MpeIBapUTEILHO BBEAEHHBIH B
OpraHu3M MAaIMeHTa, OTJoIIaeT HEHTPOHBI U B pe3yib-
TaTe BBI3BIBACT JIOKAJIHHOE H3IIydeHHE, KOTOpoe paspy-
I1aeT paKkoBbIe KJIETKH, MUHUMU3UPYSI IPU 3TOM BO3/€H-
CTBHE Ha 370pOBBIE TKaHH [1, 2].

Opuoit u3 Baxkuenmux ocooennocret bBH3T sBiser-
cs1 €€ BBICOKAs TOYHOCTh M 3((PEKTUBHOCTH B JICUCHUH
OIyXOJIEH, KOTOpble TPYJHBI AJISl J€UEHHs TpaJuLHOH-
HBIMU METOJaMU, TAKUMHU KaK XUPYprHs, paJuoTepanus
wm xuMuoTepanus. Ha 6a3e smepHoro peakropa mpowuc-
XOJUT CO3/IaHUE MOTOKA HEMTPOHOB, KOTOPBIN HCIIOJIb-
3yeTcs JUIS aKTHBALlUU OOPHBIX COSAMHEHHUH B OPTaHU3-
Me. JTO codeTaHHe SACPHBIX TEXHOJOTMH M MEIUIIMH-
CKOM MpPaKTHKH OTKPBIBAE€T HOBBIE BO3MOXKHOCTH IS
00pBOBI ¢ pa3IMYHBIMKU BUAaMu paka [1, 2].

KiroueBbiM acriekToM 3()()eKTHBHOTO NMPUMEHEHHS
BH3T saBnsiercs pa3paboTka U COBEPIIEHCTBOBAHHE YCT-
poiictBa ¢dopmupoBanus mydka HedTpoHoB (YODIIH).
HeiiTpoHHBII My4OK, co3daBaeMblii Ha 0a3e sSACPHOTO
peakTopa, T0JDKEH 001a1aTh BHICOKOH HHTEHCHBHOCTBIO
U ONTUMAIIbHOW SHEpruel Uil MaKCUMAaJIbHOTO IOTJIOo-
meHnst 60poM ¥ MUHUMAJIBHOTO BO3JEHCTBHS HA OKpPY-
JKalolIKe 3J0poBble TKaHu. J[J1st 3TOr0 pa3padaThIBatOTCs
CHenHanbHbIe YCTPOWCTBA (OPMHUPOBAHUS ITydKa HEH-
TPOHOB, KOTOPBIE MOTYT O0ECTIEUNTh HEOOXOAUMBIE Xa-
PaKTepUCTHKH ITyYKa HEHTPOHOB, HANpaBiIIeMbIE Ha
omyxounb [3—11].

B cratee nokaszana koHctpykuusa Y®DIIH, npenna-
3Ha4YeHHas JUId TOPU30HTAJIbHOTO KaHala peakTopa
BBP-K. IlpuBeneHsl pe3ynabTaThl PacyeTHOTO MOJENHU-
pOBaHMs YCTpOHCTBA GOPMUPOBAHUS ITyYKa HEHTPOHOB.

MATEPHAJIBI 1 METOAbI
OOBEKTOM HCCIEAOBAHUS SBJSETCS TOPU3OHTAIb-
HbIN HEeWTpoHHBIA KaHan peakTtopa BBP-K c yctpoiict-

BOM (hopMHpOBaHMS TEPANEBTHIECKOTO MydKa HEHTpO-
HOB (pucyHOK 1) [12]. Topu3oHTaNBHEIN KaHAT IpeacTa-
BISICT COOOH amoOMUHHIEBYIO TpyOy amamerpom 100 Mm
u JuHo# 3300 MM, 3a0MHEHHYI0 BO3TyXoM. LleHnTpans-
Hast OCh KaHaJIa COOTBETCTBYET IEHTPAIBHON TNIOCKOCTH
akTUBHOH 30HBI peakropa BBP-K. Kanan cHaGxen 3a-
LIUTHOW 3aCJIOHKO#, KOTOpas MpeCTaBisieT co00 auc-
KH, 3aII0JHCHHBIC OETOHOM C Jj00aBkaMu kapOuaa Oopa,
KOTOpBIE OOYEPETHO CABUTAIOTCS B MACCHB 3aIIUTHI pe-
aKTOpa, OTKPBIBAs AOCTYI B TOPU3OHTAIBHBIN KaHAI.
|

Pucynox 1. I'opusonmanvhuiii kanan peakmopa BBP-K
U yCmpoucmeo QopMuposanus nyuKka HeumpoHos

PaccmoTpeH BapmaHT nu3aifHa yCTpOHCTBa (OpMU-
pOBaHUs ITydyKa HEUTPOHOB, KOTOPBIN pacroaraercs 3a
3aIUTHON 3aCIIOHKOW TOPU30HTAIBHOIO KaHajla peaKkTo-
pa BBP-K (BHemiHee pacnonoxkenue). Y cTpoiictBo dop-
MHUPOBaHMS Iy4Ka HEHTPOHOB NpeiCTaBisieT coOoi ma-
pajutesienuiie 1 BBICOTOH M mupuHOoH 1o 300 mm, riyou-
Ho#t 600 MM (prcyHOK 2). BHyTpH ycTpoiicTBa ycTaHOB-
JISH 3aMeJJIUTeNb (paccenBaTeNb) OBICTPHIX HEUTPOHOB,
KOTOPBIM PAaCIONIOKEH cpa3zy 3a 3allUTHOM 3aCIOHKOM
TOPH30HTAIIFHOTO KaHaa ¥ IpeAHa3HAYeH JUIA TabHeH-
IIeTO CHWKCHUS SHEPTHH HEHTPOHOB JI0 TepareBTHIec-
KOTo Auamna3oHa. Jlanee pacronaraercs 3aMe/JIUTENb Te-
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MOHTE-KAPJIO MOLENIMPOBAHUE VCTPQVICTBA ®OPMUPOBAHUSA MYYKA HEATPOHOB
OnA 6OP-HEUTPOH 3AXBATHOWU TEPAMWKU HA BA3E PEAKTOPA BBP-K

IUIOBBIX HEHTPOHOB, W (PMIBTP TaMMa-H3IydeHUS, I
COOTBETCTBEHHO TEPMAJIHM3ALMH OBICTPHIX HEHTPOHOB H
OTCEUYECHUSI TaMMa-KBAaHTOB. 3aTeéM YCTaHABIMBAETCS
KOJITUMAaTOp, KOTOPBIN NpeiHa3HauEeH IS CyKeHHs Ana-
MeTpa ITyuka HeiiTpoHoB ¢ auametpa 100 MM 10 10 Mm.
Bce nepeuncieHHbIe KOMIIOHEHTHI YCTPOMCTBA OKpYIKa-
I0TCSI OMOJIOTHYECKOH 3auTOl M3 OOPHPOBAHHOTO MO-
mmaTIieHa mapku [16-3.

Pucynok 2. Tpexmepras mooenv ycmpolcmea ¢opmuposanst
mepanesmu4ecko20 nyuKda HelmpoHog

B nanHnoi1 cratee paccmatpusaerca Y ®IIH, ycrano-
BJICHHBIHM Ha BBIXOJI€ U3 TOPU3OHTAIILHOIO KaHaja peak-
topa BBP-K u conepxamuit rpagurosiii ¢punbtp TOI-
muHOM 75 MM 1 auamerpom 100 MM, a Taxke 60p-nou-
STWJICHOBBIN KoJuIMMaTop JuinHOM 400 MM U AMaMeTpoM
10 MM.

HefirporHo-(u3ndeckne pacdeTsl MPOBEACHBI C TIPH-
MEHeHueM nporpammHoro cpenctsa MCNP6 [13], rae
OBLTH BOCIIPOM3BEACHBI B AETAJSIX TEOMETPHS M MaTepH-
anpl BCEX DJIEMEHTOB aKTUBHOW 30HEL. [Iporpammuoe
cpenctBo MCNP (Monte Carlo N-Particle transport
code) HIMPOKO MCIHOJIB3YETCs YISl MOJICTUPOBAHUS TIPO-
LIECCOB MEPEHOCA PA3IMYHBIX YAaCTHUI[ B CIOXKHBIX Cpe-
nax. Pemenne ypaBHeHHs IepeHOCa HEUHTPOHOB OCHOBA-
HO Ha MeToze MoHTe-Kapio, 4To mo3BojsieT ocyIiecTs-
JSATHh TMPEIM3UOHHBIE pacdeTsl. MeToa KpaifHe IMmoe3eH
IIPU PEUICHUH CIIOKHBIX 3a]la4, KOTOPbIE HEBO3MOXHO
CMOJICITUPOBATh MPOrPaMMO, OCHOBAaHHOH Ha JIeTEpMHU-
HUCTCKOM MeTtoe. s KaXI0i 4acTUIBI MOIEIHPYIOT-
cs ciayvaiiabple coObITHs. COBOKYITHOCTD OTHEIBHBIX CO-
OBITHI, HOCSIINX CTATHCTUYCCKUN XapaKTep, COCTABIIs-
€T TOJHYI0 KapTHHY NPOUCXOASIIEro mpouecca. Tou-
HOCTB pacdeToB MeTooM Monre-Kapio 3aBucur ot To-
YHOCTHM OIMCAHHOW MOJenu (reoMeTpHus M MaTepHallb-
HBIN COCTaB), a TAK)KE OT KOJIMUECTBA CMOICTTMPOBAHHBIX
HCTOPUH B3aMMOJECUCTBHS YaCTHI] ¢ BemecTBoM. CTaTh-
CTHUYECKas MOrpenHocTs MeTo1a Monte-Kapio nponop-
nuoHanbHa 1/N'2, rne N — KOJIM4YecTBO paccMaTpHBac-
MBIX UCTOPHIL.

B pacuerax ucronb3oBasiach OMOIHOTEKA SIIEPHBIX
koHctaHT ENDF/B-VIIL.1 [14]. Kaxxaprit BxogHOH daiin
coaepxain 400 uukioB, cocTosamux U3 40 HEAKTUBHBIX U
360 axtuBHBIX HUKI0B, 1o 100 000 3ammceii B KaKI0M
ke, CTaTucTHYecKast MOTPEIIHOCTh pacueToB He Tpe-
Beimmana 5%. [T70THOCTh MOTOKOB HEHWTPOHOB M MOIII-
HOCTB J103BI Y-H3Iy4eHHS PACCUUTHIBAIINCH 32 YCTPOUCT-
BOM (OPMHUPOBAHUS MTyyKa HEHTPOHOB AJIS MEPBOTO Ba-
pHUaHTa U 3a 3aLIUTHOM 3aCJIOHKOM Il BTOPOI'O BapUaH-

Ta. B cooTBeTCcTBMY C [2] INIOTHOCTH MOTOKOB HEUTPOHOB
OMpeNesiach B TPEX JHEPreTHICCKUX HHTepBaiax: ot ()
1o 0,5 3B (ternoseie), ot 0,5 3B no 10 k3B (3nuremno-
BhIe), oT 10 k3B 10 20 M»3B (6sicTpHIe). [Tormoniaromas
J103a Y-U3TYYCHHUS PACCUUTHIBATIACH C TOMOIIBIO MOJICYE-
Ta DHEPTOBBIJCICHHUS M WCIOJh30BaHUSA (DYyHKIMOHAA
F6, HOpMHpOBaHHOTO Ha MOIIHOCTh peakTopa 6 MBT
(4,34-10' /c). 3aTeM MOTydYEHHOE 3HAYECHHE YMHOMXKA-
nock Ha koHctanty (1,602:1071%) mma xomBeprarmm
MbB/r B I'p.

Pexomenmarmmn MAI'ATO mns My9dKkoB HEHTPOHOB,
ucnone3yemsix ans BH3T, npusenens! B [2], 1 kK HUM
MPEIBSBIAIOTCS CIACIYIOIUEe TpeOOBaHUs (IS SMHUTEII-
JIOBBIX ITYYKOB HEHTPOHOB):

— Querma(cM 2-c7): >10°

(pepithennal/ Qthermal: >20
Dfast/ Pepithermal (rp'CMz): <2 10713
Dgamma/ Pepithermal (Fp'CMz): <2-10°13

PE3VJBTATBI U OBCYXJIEHUE

Hns onpenenenus Bo3MoxHOCTH BHeapeHust bH3T
Ha peaktope BBP-K paccMmoTpen oaun u3 nsitu paguanb-
HBIX TOPW3OHTAJBHBIX OKCIIEPHMEHTAIBHBIX KaHAJIOB
(I'SK). B mepByto ouepens 11 MOHUMAaHHS BIMSTHAS YC-
TpoiicTBa (OpMHUpPOBaHMSA ITydyKa HEHTPOHOB Ha IIPO-
CTPaHCTBEHHO-IHEPTEeTHUYECKOE pacipeiesieHue HeUTpo-
HOB OBLIM OIIpE/IeNICHBI PaAUAllIOHHBIC XapaKTePUCTHKU
I'DK 0e3 ycTpoiicTBa. DHEPreTHYSCKUE CIEKTPhI HEl-
TPOHOB U (POTOHOB O€3 YCTPONCTBA MMOKA3aHBI HA PUCYH-
ke 3. PacmpeneneHue IUIOTHOCTH TNOTOKAa HEHTPOHOB
BHyTpH ['OK mokaszano Ha pucyHke 4. MakcumaibHas
IUIOTHOCTH MOTOKA TEIUIOBBIX, SMHUTEIUIOBBIX U OBICTPBIX
HeTpoHoB cocrasuser 6,0-108, 1,7-10%, 2,8-10% cm ¢,
COOTBETCTBEHHO. /13 pUCYHKOB BHHO, 4TO JIOJIS TETJIO-
BBIX HEHTPOHOB B HHTETPAIbHOM CIIEKTPE HEHTPOHOB CO-
craisier 0,57, noiyist 3OMUTENIOBBIX HEHTpoHOB — 0,16,
JI0J1s1 OBICTPBIX HEUTPOHOB — 0,27. NHTEHCUBHOCTD TIIOT-
HOCTH TIOTOKa HEUTpoHOB 110 jiuHe I'OK ymensmaeTcs
Ha J[Ba MOPSIKA.

[IpenBapuTenpHble pe3yNbTaThl 10 BIUSHHUIO MaTe-
pHATBHOTO cOCTaBa (DMUIBTPOB Ha IPOCTPAHCTBEHHO-
SHEpPreTHUecKoe pacipesesieHrne HeHTPOHOB Ha BBIXOJE
TOPHU30HTAILHOTO 3KCIEPHUMEHTAJIBHOTO KaHalla Hcclle-
noBarenbsckoro peakropa BBP-K npusenens! B [15].

B Tabnuue 1 mpuBeaeHs! pe3ynbTaThl PACUETOB C I10-
CTENEeHHBIM (pOpMHpOBaHHEM pa3pabOTaHHOTO AM3aiHa
YOIIH npu ero BHenrHeM pacronoxeHun. Kongurypa-
st 1 COOTBETCTBYET PAaCcHpeeNCHHUIO MIOTHOCTH MOTO-
Ka HEUTPOHOB Cpa3y 3a 3allUTHOM 3aCIOHKOW IOPU30H-
TabHOTO KaHama peaktopa BBP-K 06e3 ycrpoiicTsa.
Konduryparms 2 ananornyHa npeApIAyIieMy BapuaHTy,
TOJIBKO 3HAYEHHUS NMPHUBEACHBI I paccTosHUS 600 MM
oT 3amuTHOI 3acnoHkH (nmuHa Y @ITH). Kondurypamms
3 COOTBETCTBYET BapuaHTy, koraa ycraHosineHo Y OITH
C KOJUITMMAaTOpOM, HO B KOTOPOM OTCYTCTBYET (HIBTD.
Konduryparus 4 — 3T0 KOHEUHBI BapUaHT, COOTBETCT-
Bytomuil ycraHosineHHoMy Y ®IIH ¢ xommumaropom u
¢unbTpoM. PacyeTs! mokasanu, 4To UCIIOJIL30BAHHIE CIH-
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IIBUI-3KPaHOB ((PHUIBTPOB) UIS MOTyYEHHs OJM3KOTO K
PEKOMEHAYEMOMY JHEPreTHUECKOMY paclpeeleHUI0
HEHTPOHOB U HaJIMUUE KOJJIUMATOpa NPUBOIUT K 3HAUU-
TENbHOMY CHUKEHUIO MHTCHCUBHOCTU HEHUTPOHOB, YTO
siBisieTcst HegoctaTouHbiM Juist BH3T.
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Pucynok 4. Pacnpedenenue niomocmu nomoxka HetimpoHos
enympu I OK

Pa3paboTtanHoe ycTpoHCTBO (HOPMHPOBAHUS MydKa
HEWTPOHOB CHM)KACT JIOJIO TEIUIOBBIX HEHTPOHOB JI0
21%, STUTEIDIOBBIX — MOBHIMIACT 10 73%, OBICTPBIX —
cHmxkaeT 1o 6% (Ipu cpaBHEHHH ¢ KOH(UTypanueit 2).
W3 Tabmuubl BUAHO, YTO YCTPOWCTBO, KOTOpoe (hopMH-
pyeT HanboJee mpruemMiIeMoe SHepreTUIecKoe pacipesae-
JIeHWe HEHTPOHOB B 30HE OOJyYeHWsI, CHIDKAeT IUIOT-
HOCTB TIOTOKA HEHTPOHOB Ha MOPSIOK, TaK KaK OHO JOC-
TAaTOYHO OONBIIMX pazMepoB (mmuHa 600 MM) U UMeeT
COHBANY-(OUITBTPEL.

MOIIHOCTh MOIJIOIIEHHON [103bI raMMa-U3I1y4eHUs
6e3 YO®IIH cocraBnser 10,4 mI'p/c, a ¢ YOIIH —
1,8 mI'p/c. Ha pucyHke 5 npuBeCHO BIUSHHUE TOIUHEI
CBUHIIOBOTO (pUIIbTPAa HA raMMa-KOMIIOHCHTY PeaKTop-
HOT0 U3ilydeHus Ha Beixone u3 Y ®IIH. U3 pucyHka Bua-
HO, 4uTO 50 MM CBHHIIOBOTO (DMIIBTpa SIBJISETCS OINTHU-
MaJIbHOM TOJIIIMHOM, MO3BOJSIOIIEA CHHU3UTh ramMma-
KOMIOHEHTy 10 7-107!! I'p-em?.

1,2x107°
Pb

10710
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X

et
<
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Pucynok 5. 3asucumocms mowgHocmu no2noweHHo 003vl
2AMMA-U3YYeHUs O MOJWUHBL CBUHY 08020 (DUTLMPA

Taxum 06pazom, IOTy4YeHHbIC pajuallMOHHbIE Xapa-
KTEPUCTUKHU ITyyKa SMUTENIOBBIX HEHTPOHOB IOPH30H-
TanbHOTO KaHaia peakropa BBP-K sBistrorcs Gnuzkumu
K pexkoMeHryeMbiM MAT'ATD 3HaueHusIM 11 IpUMEHe-
wus B BH3T. Oxnako, B ganpHeiieM TpeOyeTcsl OnTH-
MU3aIMs KOHCTPYKIUU yCTPOHCTBA (DOPMHUPOBAHHUS IIy-
yKa HEUTpoHOB. OJHUM M3 BAPHAHTOB ONTHUMHU3ALUH MO-
ket ObITh mepemernneHre Y ®ITH BHyTph ropH30HTAIB-
HOTO KaHaJa, OJIM)Ke K aKTUBHOH 30HE, 4TO ITO3BOJINT HHU-
BEIMPOBATh CHIDKEHHE HHTEHCUBHOCTH HEWTPOHHOIO
MIOTOKA MPH MCTIOJIB30BaHUH CIHABUY-AKPAHOB (KaK BUII-
HO W3 pUCYHKa 4 MHTEHCHBHOCTH ITOTOKa HEUTPOHOB B
Hayaye TOPU30HTAIBHOTO KaHala ¥ B KOHIIE Pa3IHYaloT-
cs Ha mopsikn). Emre ogHMM BapuaHTOM ONTHMHU3AINH
MOJET OBITh U3MEHEHHH KOMIIOHOBKH aKTHBHOW 30HBI
peaxkTopa U Co3/laHie BHYTPHPEAKTOPHOTO HEHTPOHOBO-
Jla C OTCEYCHHEM T'aMMa-COCTABISIOMIEH PEaKTOPHOTO
m3nydenus. Kpome atoro, ciaegyer paccMOTpeTh BO3MO-
JKHOCTb CO3JJaHUS ITy4Ka HEUTPOHOB C IMIPEUMYIIECTBEH-
HO TEIUIOBBIM crieKkTpoM Juist npuMmenenus bH3T B mpu-
MIOBEPXHOCTHBIX ClIydasx Tepanuu. Takoll BapHaHT BbI-
TISANT Ooiee TOCTHXKMMBIM C TOYKH 3PEHUs BBITIOTHE-
Hus pexomennauuii MATATO [2].

Tabruya 1. Duepeemuueckoe pacnpedenenue RIOMHOCMU NOMOKA HellmpoHo8 Ha evixode Y DITH

MNOTHOCTbL NOTOKA HEUTPOHOB, CM2-C"!
Ne kotcp. Koncpurypauias YOIH <058 053B-10 koB >10 kB
1 6e3 ycTpoicTaa (3a Wwnbepom) 7,7-108 1,6-108 3,3:108
2 6e3 ycTpoicTsa (Ha paccTosiHim 600 Mm) 6,0-108 6,0-107 2,6-108
3 C YCTPOWCTBOM (TOFbKO KONAMMATOP) 4,7-108 1,2:108 2,9-108
4 C YCTPOMCTBOM (KONAMMATOp 1 ounbTp) 2,1-107 7,0-107 5,2:108
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3AK/IIOYEHUE

Pa3paboTan au3aiin ycrpoiictBa (OpMUPOBAHUS ITy-
YKa HEUTPOHOB JJIsI FTOPU30HTAIBHOTIO KCIIEPHUMEHTAIIb-
Horo kaHana peaktopa BBP-K ¢ BHemHum pacnonosxe-
HHUeM (3a 3alUTHOM 3acioHKoil). [IpoBeneHo pacueTHOE
MOJIeNIMpOBaHKe ycTpoicTBa MeTonoM Mounre-Kapno u
OTIpE/IeIeHbl €r0 OCHOBHBIE PaJMAIlIOHHBIE XapaKTepu-
CTUKHU. B pe3ynbrare noiayyeH ny4ok HEUTPOHOB CO Clie-
JTYFOIUMH XapaKTEPUCTUKAMHU:

— TIUIOTHOCTb TNOTOKA OSMUTEIIOBBIX HEWTPOHOB —
0,7-108 cm2-c7;

— OTHOLICHWE IUIOTHOCTH MOTOKAa OBIIHTEIUIOBBIX
HEHUTPOHOB K TETUIOBBIM — 3,5;

— JI0JIs OTIUTETUIOBBIX HeHTpoHOB — (,73;

— OTHOIIEHUE MOIIHOCTHU MOTJIOIEHHOHN 03Bl ram-
Ma-M3JIyuyeHHs K INIOTHOCTHU NMOTOKA 3MUTEIJIOBBIX HEH-
tponos — 0,7-10712 I'p-cm?.

ITony4eHHbIE XapaKTEPUCTUKU IIy4Ka HEUTPOHOB HE
MOJHOCTBIO COOTBETCTBYIOT PEKOMEHIYEMBIM, OJHAKO,
OHU ABJIAIOTCS OM3KUMU. B manpHeiiniem tpedyercs or-
TUMM3AIMS W/WIN JOpaOOTKa KOHCTPYKIMH yCTpOiicTBa
(hopMupOBaHUs Myyka HEUTPOHOB. ONITUMU3AIIAS MOXKET
3akntouatbes B nepemenienun Y @ITH BHyTpb ropu3oH-
TAJILHOTO KaHaia, OJMKe K aKTHBHOM 30HE, a TaKXkKe U3-
MEHEHUU KOMIIOHOBKM CaMO# aKTHBHOW 30HBbL. Ilouck
onTuManbHOU KOHCTpyKuuu Y PIIH u TexHuueckux pe-
LIEHUH [TPOJOJIKACTCSL.

QDunancuposanue

Hacmoswas paboma 6viia evinonnena npu QuHan-
coeotl nodoepaicke MO PK 6 pamxax HTII «Pazeumue
HOBbIX HAYYHBIX UCCLEO08aHUTL 8 0OIACTU PAOUAYUOHHO-
20 Mamepuano8edeHusl, KOHCMPYKYUOHHbIX Mamepuad-
J108, HAHOMAMEPUATLO8 HA UCCTIe008AMENbCKOM PEaKmo-
pe BBP-K» (UPH NeBR20081011).
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CCP-K PEAKTOPBIHA HEI'T3/IEJIF'EH BOP-HEMTPOH/IBI TYCIPY TEPAITASACHI
YIIIH HEUTPOH/ABIK COYJIEHI IINIITHAEY KYPBIJIF bBICBIHBIH
MOHTE-KAPJIO CUMYJAIUACHI

9. K. Hecinbaii, 1. C. Caiipanbaes, III. X. T'nzatyaun, O. A. lllaiimepaenos”

KP 9M «Aoponvik pusuxa uncmumymury PMK, Anmamut, Kazaxcman

* Baunanvic ywin E-mail: aashaimerdenov@gmail.com

Maxkanana CCP-K peakTOpbIHBIH KOJIICHSH apHachIHA apHAJIFaH HEHTPOHAAP MIOFBIPEIH KAJIBIITACTBIPY KYPBUIFBICBIHBIH
ITU3aiHEI )KoHE OHBIH CHITATTaMachl KenTipinreH. HeliTpoHIap mOFEIPEIH KaJIbIITACTHIPY KYPBUTFBICEIHBEIH MoHTe-Kapio
oNliCIMEH ecenTeNreH MOJENbJeY HOTIKeNIepl KenTipiareH. KypbUIFBIHBIH THIMIUIINT HEWTPOHABIK CHUIIATTamMaap
TYPFBICBIHAH KOPCETUITeH XOHE ajlbIHFaH CHUIaTTaMajapAblH YChIHBUIFaH ADXA-HBIH COHKECTITiHE CalbICTHIPMAIIbI
Tanaay oepijireH.

Tyuinoi ce30ep: netimponoap uwozeipst, BH¥T, neiimponoap woevipuvin Kanvinmacmoipy Kypwiazvicol, CCP-K peaxmopei,
Monme-Kapno.

MONTE CARLO SIMULATION OF A NEUTRON BEAM SHAPING ASSEMBLY
FOR BORON-NEUTRON CAPTURE THERAPY BASED ON THE WWR-K REACTOR

A. Z. Nessipbay, D. S. Sairanbayev, Sh. Kh. Gizatulin, A. A. Shaimerdenov”
RSE “Institute of Nuclear Physics” ME RK, Almaty, Kazakhstan
* E-mail for contacts: aashaimerdenov@gmail.com

The article presents the design of a neutron beam shaping assembly designed for the horizontal beam of the WWR-K
reactor and its description. The results of computational modeling by the Monte Carlo method of a neutron beam shaping
assembly are presented. The effectiveness of the assembly in terms of neutron characteristics is shown and a comparative
analysis of the compliance of the obtained characteristics with the recommended IAEA is given.

Keywords: neutron beam, BNCT, beam shaping assembly, WWR-K reactor, Monte Carlo
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OIIEHKA COAEPXAHUSA ECTECTBEHHBIX PA/ITMUOHYKJINJIOB B CUCTEME
«BOJA — TOHHBIE OTJIOKEHUSA - PACTEHUSA» MAJIBIX PEK BOCTOYHOI'O KABAXCTAHA

M. T. lrocembaea, ®@. ®. Kamangunos, A. ). Tamexosa®, H. B. Jlapuonosa, K. T. Kamangunosa,
E. 3. lllakenos, B. B. Konoun, C. JI. CmupHos, H. K. Hypraiicunosa

Qunuan «Mncmumym paouayuonnoit 6ezonacnocmu u sxonozuuy PI'TI HAI] PK, Kypuamoe, Kazaxcman
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B cTaThe npencraBieHsl pe3yiIbTaThl HCCIIIOBAHUS COACPKaHUs €CTECTBCHHBIX PAJAUOHYKIIUIOB B PA3INYHBIX 00BEKTaxX
OKpY>Karomieil cpenbl (Boa, JOHHbIE OTIIOKEHHS, PACTCHUS), 0TOOPAHHBIX B 9KOCHCTEMAaX JIEBATH MaJIBIX Pek I. Pumiepa.
BbIsiBII€HO, YTO B OOJIBIIMHCTBE CIIy4aeB COJEpKaHUE PaJANOHYKIMIOB HE MPEBBIIIAET HOPMATHBHBIX MOKa3aTelel 1o
panuanoHHoOH Oe3omacHocTH. Paccunrana yaenbHast 2QdekTHBHAS aKTHBHOCTH JJIsL JIOHHBIX OTJIOXKEHUH M pacTeHHH.
Cpennee 3HaueHHE YAETHHOW 3(P(QEKTUBHON AaKTUBHOCTH E€CTECTBEHHBIX DAJMOHKYJHJOB B JOHHBIX OTJIOXEHHIX
coctaBmio 107 Bx/kr, a B pactenusix — 73 BK/Kr, 4TO HIDKE BEJIMYMHBI PETJIAMEHTHPOBAHHOW HOPMaMH paJialluOHHOM
0€30MacHOCTH, IPH MPEBBIIICHINH KOTOPOI BO3MOXKHO HEraTHBHOE BIMSHHE HA )KUBBIC OPTaHU3MBI.

Knioueswvie cnoea: ecmecmaennvie paououykiuodsl, Maivle peKi, 600d, OOHHbLE OMIONCEHUSL, MPOCMHUK I0JCHDIL, YOeib-

Has 3hexmusHas akmuerHocmo.

BBEJEHUE

Pupmnepckwuii pernon Bocrouno-Kazaxcranckoii o6ma-
CTH M3BECTEH CBOCH Pa3BUTONW TOPHONOOBIBAIOIIEH MPO-
MBIIUICHHOCTBIO, @ TAKXKE CBSI3aHHBIMHU C HEH OTpacisaMu
METaJULypIrui U MalIMHOCTpOeHHs. IIpu 3TOM aKkTHBHas
MIPOMBIIIUICHHAS JIESITEIbHOCTh IPEANPUATHII MOXKET OKa-
3bIBATh 3HAYUTENIFHOE BIHUSHHE Ha SKOJIOTHUECKOE COCTO-
SIHUE peTHOHA, B YACTHOCTH Ha MaJble PEeKH, MOABEpraro-
IIMeCs BBICOKOI aHTPOIOT€HHOI! Harpyske.

ITo nanHBIM exxerogHoro MoHuTopusra Kasrumapome-
Ta [1-3], mansle pexu 1. Punmepa (p. bpexca, p. Tuxas,
p. Yip0a) xapakTepu3yroTcsi BEICOKHM YPOBHEM 3arpsi3-
HeHus. Tak, conepkaHie HOHOB LIMHKA B p. bpekca mno-
BCEMECTHO MPEBBIIMIACT NPEAENBHO JOMyCTHMbIE KOH-
neHTpanuy. OXHAKO CYIIECTBYOMIAs CHCTEMA KOHTPOJIS
OTpaHUYMBACTCS JIMIIb ONPE/IEIEHNEM HECKOJIBKUX TH-
KENBIX METAJUIOB, & MOHHTOPUHI BEIETCS TOJBKO Ha
Tpex peKax, 4YTO He MO3BOJIIET MOIYYUTh TOIHYIO KapTH-
Hy 3arpsi3HEHUs BOIHBIX 00bekToB. Bonee Toro, B ycio-
BUSIX JIOOBIYH U MEPEePadOTKH MOJIMMETAUINYECKUX U 30-
JIOTOCOAEPKAIINX PYA CYIIECTBYET BBICOKAs BEpOST-
HOCTh IPUCYTCTBHSI B BOJHBIX SKOCHCTEMax HE TOJIBKO
TSDKEJBIX METaJUIOB, HO ¥ IOBBIIICHHOTO CO/EPXAaHUS
ecTecTBeHHBIX paguonykimaos (EPH).

HecmoTpst Ha HanW4ne nccine0BaHNui, HOCBAIIEHHBIX
XAMHYECKOMY COCTaBY BOJIBI [4—7] M OHOJIOTHYECKHM ac-
nekTam [8], Bonmpoc paJuoHyKIUIHOTO 3arpsI3HEHUsSI OCTa-
eTcsl MPaKTHYECKH He u3yueHHbIM. [Ipenslaynme padoTsl
ONMPANTNCH HA aHAIN3 OTPAHIMYCHHOTO TIEPEUHS TSHKEIBIX
METaJJIOB, IPENMYIIECTBEHHO C TPUMEHEHHEM aTOMHO-
a0COpOITMOHHON CTIEKTPOMETPHUH, 0€3 yueTa BOZMOKHOTO
panuanuoHHOTO 3arps3HeHus. IIpu 3ToM B paMKax MecT-
HOT'0 KOJIOTHYECKOTO MOHUTOPHHTA, BBITTONHsIeMoro Kas-
THIPOMETOM, OIIEHHUBAIOTCS TOJIBKO 15 XUMHYECKHX 3Ie-
MEHTOB, U3 KOTOPBIX JIUIIL § OTHOCATCS K TSDKEJBIM Me-
tayptaM (Mn, Ni, Cr, Fe, Cu, Zn, Cd, Pb), a ganssIe 110 co-
JIEp2KaHUIO PAJUOHYKIUA0B BOBCE OTCYTCTBYIOT.

VY4uThIBasA, YTO TOPHBIE MOPOABI SBISIOTCA €CTECT-
BEHHBIM HCTOYHHKOM PAJNOHYKIHJIOB, 8 TOPHOAOOBIBA-
I0Iast AeSITEAbHOCTh MOYKET 3HAYUTENBHO M3MEHATh HX
pacmpenieieHue B OKpPY>KaloLed cpene, UCCIEIOBaHHE
PaIHOHYKIMIHOTO COCTaBa BOJHBIX YKOCHCTEM IPHOO-
peTaer ocoOyI0 aKTyaJbHOCTh. B CBSI3M ¢ 3THM IEJBIO
JAaHHOM paboThI SIBJIETCS PaJAMOHYKIMIHBIN aHAIMU3 B
CUCTEME «BOJA — JOHHBIE OTJIOKECHMS — PACTEHUS» Ma-
JIbIX pek . Punnepa.

MATEPHAJIBI U METO/IbI

Oobvexmul uccnedo6anus

HccrnenoBanus MPOBOANUIIOCH Ha CIEAYIOIINX MAaJIbIX
pekax Pungnepckoro pernona Bocrouno-Kazaxcranckoit
obmactu: bpekca, @ununmnoska, beicTpyxa, XXypasmnuxa,
Manas XKypasnuxa, 'pomoTyxa, Xapuy3oBka, Tuxas u
VYnpba. [laHHBIE peKH MOABEPraroTCsA pa3sHON CTETEHU
aHTPOIIOTEHHOTO BO3JeHCTBUS. Tak, 3a MHOrOJETHee
(YHKIIMOHMPOBaHNE TOPHOMPOMBIIIUICHHOTO KOMIIJIEKCa
cOpOC OUYMIIEHHBIX CTOYHBIX BOJI MPEANPHUATHH B T. Pun-
Jep ocymectsisiacsa B pekn dunmnmnoska, beicTpyxa,
Xapuy3oBka, Tuxas u Yun0a [9]. I3BeCTHBI Takxke CIy-
Yau aBapHHHBIX cOPOCOB MPOMBIIUICHHBIX BOJ B MaJble
pexu 1. Punnep n3 KpynHBIX TOPHOIOOBIBAIONTNX TPE-
npustail perroHa [10]. Pexu Bpekca, Xypasnuxa, Ma-
nast XKypasnuxa u I'poMoTyxa BEIOpaHBI B KaueCTBE 00b-
€KTOB, XapaKTEePH3YIOMINXCS YMEPEHHBIM YPOBHEM aH-
TPOIIOT€HHOM HArpy3Kd U HU3KOW CTENEHbIO BO3JECHCT-
BHS BHEIIHHX (PaKTOPOB KaK MPUPOIHOTO, TaK M TEXHO-
TEHHOT'0 MPOUCXOXKACHUS.

Omoop npoo

OT60p po6 BO/IbI, JOHHBIX OTJIOKEHHUH ¥ IOMUHAHT-
HOTO BUJIa PACTEHUI MPOU3BOAUICA B JETHIOI MEXKEHb
¢ 11 mo 22 nronst 2023. [1po6s1 0TOMpaick paBHOMEPHO
0 AJUHE BOJOTOKOB NPEUMYIIECTBEHHO C ILIArOM Ipo-
6oot16opa 2 kM, a Ha p. Yasba ¢ marom npodoordopa 2,
5 u 15 KM, OXBaTHIBas BEPXOBBS PEK, CPEAHUE UX YIACT-
KM U yCThs. Beero Op110 00ciieoBaHo 39 cTBOpOB.
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s Touek oTOopa BEIOMPAINCH MECTA TIPOMBIIILICH-
HBIX BEIOPOCOB U CTOKOB, @ TaK)K€ OTHOCHTEJILHO YHCTHIE
YYacTKM Uil TPOBEACHHSI CPAaBHUTEIBHOIO aHaJIM3a.
Kapra-cxema orbopa npob npescTaBieHa Ha pUCyHKe 1.

IIpo6s1 Boabl oToupanuck B cootBercTBuu ¢ CT PK
I'OCT P 51592-2003 [11], periiaMeHTUPYIOIIUMHU 00-
mye TpeOoBaHust K 0TOOpPY, TPAHCIIOPTHPOBKE U XpaHe-
HUIO IpoO Boasl. O0BeM 0TOOpPaHHOH MPOOBI BOIBI CO-
crasisut 10 .

[IpoObI JOHHBIX OTIOKEHUH OTOMPAINCH B COOTBET-
ctBun ¢ ['OCT 17.1.5.01-80 [12]. Macca kaxmoit mpoObt
cocTaBisijia He MeHee | Kr. JJoHHbIE OTIOXKEHUS yIaKO-
BBIBAIMCH B IMOJMATHICHOBBIC MAKETHI JJIsI IPeIOTBpa-
LIEHUS 3arPsI3HEHHS U T0Teph MaTepHaa.

OT0Op TOMHHAHTHOTO BW/A PACTEHHH — TPOCTHHKA
10KHOTO (Phragmites australis) Npou3BOIUICS 0TOOPOM
HaJ3€MHO 4aCTHU pacTeHUs B IEPBUYHOM CHIPOM Macce
nopsiaka 500 r.

Iloozomoeka npo6

[epen mpoBeneHreM H3MepeHU TPOOBI JOHHBIX OT-
JIOXKCHUH W PACTCHUH BBICYIIMBAINCH, M3MEIHUAIHCH,
MIPOCEHMBAJIHCH M 030JIUTHACH JUISI TOMOTCHU3AINH U obec-
MeYCHUS] TOYHOCTH W3MEPEHHH CUeTHOro olOpasia, a
mpoObl BOABI KOHIIGHTPHUPOBAINCH METOJOM YIapHBa-
HHA.

JIOTIOJTHHUTEIBHO, TOATOTOBICHHBIC MPOOBI BBIACP-
XKHUBAJIUCh B T€PMETUYHBIX KOHTEHHEpax B TedeHue 21
JHS 19 JOCTHKCHUA PAJUOAKTUBHOI'O PABHOBECUSA ME-
Ky PaZiveM U €ro TOYSPHUMH MPOIYyKTaMH pacraja.

Ananu3z paduoakmugenocmu

OmnpeneneHne paIHOaKTHBHOCTH B UCCIIEAYEMBIX 00-
pasiax BBITOIHSIOCH TAMMAa-CIIEKTPOMETPHUECKUAM Me-
TomoM. J{J1s MpoBeeHUST N3MEPEHHI UCTIOBE30BAICS JIe-
TEKTOp Ha OCHOBE 0CO00 YHCTOTO TEPMaHUs, MOICIhb
BE 3830 (MIRION), obnmamaromuii OTHOCUTEIBHOH -
(eKTUBHOCTHIO HE XyxKe 34% ¢ SHEPreTHUECKUM paspe-
menueMm 0,7 k3B Ha sneprun 122 k3B u 1,7 k3B Ha 3Hep-
run 1332 k3B (pucyHok 2).

10

\1.%
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{1208 P 3
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34"

YcnoeHbie 0603HaueHus
Toukn orBopa npob Boabl —— peku ropoaa Puaaep
®  HaCeNEHHLIM NYHKT > OTKpBITBIE, O

Pucynox 1. Kapma-cxema ombopa npob 600bl, 0OHHbIX
OMIOJCEHUL U MPOCMHUKA 102icH020 (Phragmites australis)
6 pexax 2. Puooep

Pucynox 2. I'amma-cnexmpomempuuieckuti KOMIIEKC ¢ 0emeKmopom u3 0cob6o-uucmoezo 2epmanus BE3830
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KannbpoBka CHeKTpOMETpHUIecKOTo 000pyHZOBaHUS
1m0 3 (HEKTUBHOCTH PErHCTPAIUK MPOBOAMIACE C TIOMO-
upto  crangaptoB IAEA-RGK, TAEA-RGTh, IAEA-
RGU [13]. [dns cHmkeHus (OHOBOTO U3IYyYCHHUS HUC-
[I0JIb30BAJIOCh JKPAHUPOBAHUE JETEKTOpa CBUHIIOBOM
3aIIUTOM.

Omnpenenenre aKTUBHOCTH T'aMMa-U3IIydaloluxX pa-
TUOHYKIIAAOB B PsiiaX ypaHa M TOPHUS BBIIIOIHSIIOCH HC-
XOJISl U3 TIPEIIONIOKECHAS O TOCTIKEHUHN BEKOBOTO paB-
HOBECHS MEKAY TOUYSPHUMH U MAaTEPHHCKUMH PaIHOHY-
xkmupamu: 23U — nmo 2**Th (63,3 x3B), 2*Ra — mo 2'“Bi
(609,3 k3B),%?Th — mo %Ac (911,2 x3B). [lpyrue EPH
OIIEHMBAINCh TI0 COOCTBEHHBIM TaMMa-THHUSAM: 23U
(185,7, 143,8 u 163,4 x3B) ,*K (1460,8 k3B).

PE3YJBTATHI M1 OGCYXKJIEHUE

Cpennee conepxanrie EPH B Bogie MasbIx pek Haxo-
JIUTCST HUKE TIpesiesia 0OHAPYKEHHUS UCITOJIb3YyEMOTO all-
apaTypHO-METOIUIECKOTO 00CCIICYCHUS U Ha TIOPIIOK

HIDKE YPOBHS BMEIIATEIHCTBA COTIIACHO TUTHCHHYECKUM
HOpPMATHBaM IO 00ECIICUCHUIO PaHAIMOHHON Oe3omac-
HocTH, neiicTByromuM B Pecny6nuke Kaszaxcran [14].
HckiroueHueM sSBISIOTCSA TOUKU 8 Ha peke XKypasnuxa u
Touku 16 u 18 Ha peke Ynn0a, Tc aKTUBHOCTH pajusi-
226 coctasuna 0,9; 0,9 u 0,7 BK/KT COOTBETCTBEHHO. DTH
JTAHHBIC TPEOYIOT OTACIHHOIO PACCMOTPECHUSA. JTO MO-
JKeT OBITh CJICACTBUEM BO3JICHCTBUS TEXHOTCHHOTO (haK-
TOpa, 00YCIIOBICHHOTO TOPHOIOOBIBAIOIICH JeATEIILHO-
CTBIO, TIEpepabOTKON MOTMMETATUTMIECKAX H 30JI0TOCO-
JepKaImx pya — it p. Yib6a. A mis p. XKypasnuxa 3a-
(bukcHpoBaHHOE 3HAUYECHUE MOXKET OBITH CBS3aHO C €CTe-
CTBCHHBIM UCTOYHHUKOM PaTUOHYKIIUIOB — TOPHBIMU 10~
poaaMu.

Pe3ynbTaThl CHEKTPOMETPUYECKOTO aHaIN3a BOJIbI
MaJbIX PeK MpeCTaBJICHbI B Tabmuie 1.

B tabnurie 2 npeacTaBiIeH paluOHYKIUIHBIN COCTaB
JIOHHBIX OTJIOXKEHUHN MaJlbIX pek r. Pugaep.

Tabruya 1. Cpednee codeparcaHue 2amMma-usnyuarouux paouoHyKIuo08 8 600e Mawix pek 2. Puodep, br/ke

Ha3BaHue peku YK 22Th 226Ra 28y 25y
dununnoeka (n=6) <0,42 <0,04 <0,04 <0,27 <0,07
BbicTpyxa (n=5) <0,34 <0,04 <0,04 <0,36 <0,08
Xapuysoska (n=2) <0,60 <0,08 <0,07 <0,70 <0,20
Bpekca (n=2) <0,30 <0,04 <0,04 <0,30 <0,10
Xypasnuxa (n=6) <0,53 <0,06 <0,20 <0,47 <0,07
Manas Xypaenuxa (n=3) <0,77 <0,09 <0,06 <0,67 <0,06
['pomatyxa (n=2) <0,50 <0,07 <0,05 <0,45 <0,04
Tuxas (n=4) <0,55 <0,07 <0,05 <0,53 <0,05
Ynbba (n=9) <0,56 <0,06 <0,21 <0,43 <0,07
CpepHee cogepxaHue B pekax r. Punaepa <0,51 <0,06 <0,08 <0,46 <0,08
YposeHb BMeLLaTenscTsa [14] — 0,2 0,49 3 29

Tabauya 2. Codepoicanue 2amMma-usnydarouux paouoHyKIuO008 8 OOHHBIX OMI0NHCEHUAX MATbIX pek 2. Pudoep, bx/ke

Ha3BaHue peku YK 22Th 226Ra 28y 25y Aspp
onnumnosa (1=6) 541* 34 23 32 2 113
430-630 22-45 17-29 23-54 1,0-4,0 84-129
_ 454 32 18 32 5,1 98
BeicTpyxa (n=5) 340-540 17-61 10-31 18-51 24-18,0 70-157
_ 633 46 28 37 42 141
Xapuysoeka (n=2) 600-660 40-50 24-31 27-48 26-58 133151
Bperca (1=2) 460 31 19 29 3,0 99
P 370-550 25-43 15-24 20-37 2,0-4,6 83-113
Wypasnxa (1=6) 525 23 18 23 29 93
P 330-740 14-41 13-22 15-39 18-4.2 76-121
Manas Xypasnuxa (n=3) 471 21 23 28 32 o
yp B 370-650 15-32 18-34 19-37 2,8-3,84 77-103
Fpowanyxa (1=2) 603 35 25 30 29 121
pomary 430-710 31-39 21-29 26-34 2,3-32 103-132
Tuxas (n=4) 536 28 19 33 33 102
420-630 10-47 8-28 15-72 1,8-71 71-141
Yns6a (1=0) 570 32 24 33 29 115
450-680 14-56 13-51 12-60 1,6-3.9 83-169
CpefiHee cogepxaHue 532 3 22 31 33 107
CpepHee no PK [15] 300 60 — 37 — 140
MegawaHHoe 3HayeHue no mupy [16] 400 30 35 30 — 108

* I'IpUMeanue: vucnuTens — cpegHee cogepxaHne, 3HameHatelb — min-max.
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Tabruya 3. Codeporcanue 2amma-usny4arouux paouoHyKIu008 8 mpoCMHUKE I0HCHOM, NPOUSPACMAIOWUM 8 HOUMAX MALbIX PEK

2. Puooep, Br/xe

HasBaHue peku WK 22Th 226Ra 28y 25y Aspp
onnmonea (=6 900" 31 17 31 33 82
590-1200 1943 11-23 15-4,0 19-60 56-107
j 748 26 9,1 21 23 76
BeicTpyxa (n=5) 640-960 1446 20-21,0 1426 14230 59-90
] 725 22 15 2,0 22 66
Xapnysoska (n=2) 650-800 20224 1515 1822 21223 59-73
Bperca (122) 570 23 3,15 28 23 55
P 520-620 18-28 2.2-4,1 2,0-35 18-28 50-59
Xypasnuxa (n=6) 675 2,7 15 3,0 1,7 63
P 530-1100 18-38 1,0-2,0 1,4-6,0 11-2,1 54-97
_ 557 25 14 19 2,0 64
Marias Xypasnxa (n=3) 330-720 1930 12-16 17221 1724 43-81
_ 970 43 20 2,35 2,35 108
powaryxa (n=2) 740-1200 3947 14-26 21-26 21-26 95-121
T (14) 733 40 15 24 21 69
550-1000 15-72 10-1,7 13-35 14-25 55-96
Y () 806 33 18 29 24 75
500-1300 16-7,0 11-25 2,0-472 15-36 47-117
CpepnHee copepxanue 758 31 46 2,6 2,3 73

* MpumeyaHue: YucnuTenb — cpegHee cogepxaHne, 3HameHaTenb — min-max.

Copepxanust EPH B TOHHBIX OTJIOXKEHHSX paziny-
HBIX PEK COMOCTaBUMEI MEXIY COOOH B Mpeenax cTaH-
APTHOTO OTKJIOHeHWs. KOHIIeHTpau MpUPOIHEIX pa-
TUOHYKIIAOB B JOHHBIX OTJIOKEHHSX BapbHUPYIOTCS B
cnemyromux auanasonax: ‘K — or 330 no 740 Bx/kr,
22Th — ot 10 o 61 Br/kr, **°Ra — ot 8 1o 51 Br/kr, 233U
— ot 12 1o 72 Br/kr, 2°U — ot 1,0 no 18,0 Bx/kr. Conep-
sxkanue 22Th u 2?°Ra coOTBETCTBYeT CpeIHEMY 3HAYECHHUIO
0 peciyOnKke ¥ MeANaHHOMY 3HAYCHHUIO 110 MUPY, TOT-
na kak conep:xanue ‘K npesblmaer ero.

HononuurensHo no coaepxannio EPH onenuBanacey
yaenbpHas 3QQEeKTHBHAS aKTHBHOCTB, COTIIACHO BEIpaXke-
HHIO:

Aspp = Ara + 1,31Am + 0,085Ak

r71€ ARa, ATh, Ak — YJIJIbHBIE aKTUBHOCTH PAIMOHYKITH]IOB
226Ra, 22Th u *°K coOTBETCTBEHHO, BLIpAKEHHEIE B BK/KT.

CpenHee 3HaueHHE YAETHHOH (P(PEKTHBHON aKTHB-
Hocth EPH B MOHHBIX OTJIOXEHUSX, ONpENesieMOn ¢
Y4eTOM HX OHOJIOTHYECKOTO BO3JCHCTBHS HA OPTaHHU3M,
cocraBmio 107 Br/kr, uro B 3,5 pa3a HHXKE BETUYWHEL,
perIaMeHTHPOBAHHOW HOPMAaMH paJHalIOHHON Oe301ma-
cHoctH (<370 Br/Kr), py npeBbILIEHUH KOTOPOi BO3MO-
JKHO HETaTUBHOE BJIMSIHUE Ha )KUBOW opraHusm [14].

B kauecTBe OnoMHIUKATOPA 3arpsI3HEHUS B UCCIIEIO0-
BaHUM MCIIOJIB30BAJICS JOMHUHAHTHBIM BHUJ pacTeHUH,
[IPOU3PACTAIOLINX B IIOWME PEK — TPOCTHMK FOXKHBIN. Pe-
3yJbTaThl TAMMAa-CIIEKTPOMETPUIECKUX N3MEPEHUI CO-
nepxxanus EPH B mpo6ax TpocTHHKA F0XKHOTO TIPEJICTaB-
JIeHBI B Tabmule 3.

B GonbmuHCcTBE 06pa3ioB pacTenmii Haiigen ‘UK,
MIPEBBIIAIONINN YeIbHOE COAEPKaHUE B JOHHBIX OTJIO-
wenmsix. Comepikanue 2°Ra u 2Th B cpemnem B 5-10
pa3 HUKe, YeM B [TOYBAX, YTO CBUICTEIILCTBYET O CIIA00M
HaKOIUICHUH 3TUX PAAUOHYKINI0B. KOHIIEHTpaIuu mpu-
POMHBIX PaJMOHYKIIUJOB B PACTEHUSX BApbUPYIOTCS B

CIEYIOIIMX JUana3oHax: 40K — or 330 mo 1300 Bx/kr,
222Th—-or 1,4 no 7,2 Br/kr, 2°Ra—or | mo 26 Bx/kr, 228U
—or 1,3 mo 6,0 Bx/kr, 2°U — ot 1,1 o 6,0 Brx/kr. B me-
JIOM MOXHO COCTABHTH PSIbI IO YACTHHON aKTHBHOCTHU
paZMOHYKINI0B B BereTaTUBHOM Macce pacTenuii: 4K >
2261{a > 232Th.

CpenHee 3HaueHUE yACIBHON (D (EKTHBHON aKTHBHO-
cru EPH B pacrenusix cocrasisier 73 Br/kr, 4To cymect-
BEHHO HIDKE YCTaHOBJIEHHOTO HOPMATUBHOTO Tpeea.

3AKJTIOYEHUE

B pamkax npoBeJeHHOTO HCCIIEI0BAHUS ONIPEICIICHBI
YPOBHH COJIEpXAaHUSA €CTECTBEHHBIX PAIHOHYKIHIOB B
CHCTEME «BOJIa — JIOHHBIE OTJIOXKEHUS — PACTCHUD)» Ma-
JIBIX pek . Punnepa.

PesynbraThl aHanmM3a IMOKa3aldM, YTO COJAEpKaHHE
EPH B Bojie HaxoauTCs HIKE Tpesiesia 00Hapy KeHUS HC-
M0JIb3YEMBIX METOJOB M CYILIECTBEHHO HMXKE YPOBHS
BMEILATENIbCTBA, YCTAHOBJIEHHOTO HOpMaMu paJHallioH-
Holi 6e3omacHocTH Pecryonmku Kazaxcras.

B nouHbIx oTnoxenusix cogepxxkanne EPH naxonur-
csl Ha ypoBHe (HhOHOBBIX 3HaueHH s KazaxcraHa. Pa-
JUOHYKJIMIHBIA COCTaB JOMUHAHTHOT'O BH/Ia PAaCTEHHUH B
U3y4aeMOM pETHOHE COJACPKUT YHCICHHbIE 3HAYCHHS
MIPUPOJHBIX PAJNOHYKIHIOB, CPEIN KOTOPHIX Hauboee
3HAYUMBIM sBIIsOTCs YK

[TomyueHHbIE JaHHBIE CBHAETENBCTBYIOT 00 OTCYTCT-
BHH 3HAYMMOTO PaTHOHYKJIUAHOTO 3aTPA3HEHHS BOTHBIX
00BEKTOB pETrHMOHa, OIHAKO BBISABJICHHBIC JIOKAJIbHbIC
AQHOMAJIMHU YKa3bIBaIOT Ha HEOOXOJUMOCTh OoJIee AeTallb-
HOT'O MOHUTOPHHTA C yYETOM CE30HHBIX U3MEHEeHUH. Jlo-
MTOJTHUTEIBHBIC UCCIICOBAHMS TOJDKHBI OBITH HalpaBlie-
HbI Ha BBISIBJIEHUE MOTEHIIMAJIBHBIX HCTOYHUKOB MOCTYII-
JIEHUs PaAUOHYKIIHIOB B BOJAHBIE IKOCUCTEMBI, a TAKXKE
Ha OIIEHKY WX BO3MOJKHOTO BIIUSIHHS HA )KUBBIE OPTaHU3-
MBI U OMOTEOXMMUYECKHE IPOIECCH B PETHOHE.
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Jannvie uccaedosanus @urancuposanucs Munu-

cmepcmeom snepeemuku Pecnybnuxu Kazaxcman 6 pam-

Kax HayllHO—meXHUIWCKOIZ npozcpammul

«Paszeumue

amomuou 3nepeemuxu 6 Pecnybnuxe Kazaxcmany (MPH
— BR24792713), a maxoice epanmogoeo (BuHaHcuposa-
nusa AP19576259 «Dkonocuueckas oyeHka Mavlx pex
Kax nokazameib mpaHcoopmayuu 2eocucmem 20pHoo0o-
bvisarowux pationog Bocmounoeo Kazaxcmanay.

10.

JIUTEPATYPA
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HMBIFBIC KABAKCTAHHBIH KIIIT O3EHAEPIHIH «CY — TYBIHAEI'T IOTTHAIVIEP — OCIMAIKTEP»
KYUECIHAEI'I TABUT'U PAAMOHYK/IMATEPAIH KYPAMBIH BAFAJIAY

M. T. liocembaeBa, @. @. Kamanaunos, A. XK. Tamekosa”, H. B. Jlapuonosa, K. T. JKamanaunosa,
E. 3. lllakenos, B. B. Koaoun, C. /1. Cmupnos, H. K. Hypraiicunosa

KP Y40 PMK «Paduayuanslk Kayincizoik jcone Ikonozus uncmumymuly gunuanst, Kypuamos, Kazaxcman
* Bavnanvic ywin E-mail: esenzholova@nnc.kz

Makanana Punnep KajacelHAarbl TOFBI3 Killli ©3€HHIH 3KO0XKYHECIHIE IpIKTENill ajblHFaH KOpIIaFaH OPTaHBIH TYpIi
oObekTinepinzaeri (cy, TYNTIK IMIOTiHIIEp, 6CIMAIKTep) TaOWUFU PaJAMOHYKIMITEPIiH KYpPaMbIH 3€pTTEy HOTHXKEIepi
kenripiaren. Kem jkarjaiina paguoHyKIMATEPAIH KYpaMbl paJualysuIbIK Kayilci3fik OOMbIHIIIA HOPMATHBTIK KOpPCET-
KILITep/IeH aclaiThIHbI aHBIKTAIIBL. TYNTIK MOTiH/Iep MEH OCIMIIKTEp YIIiH HAKTHI THIMJII OEJICEHIIIK eCenTeNreH.
TaOuru paAHOHKYIHATSPAIH MEHITIKTI THIMII OSICEHALTITIHIH opTala MoHI TYNTik merinainepae — 107 Bbx/kr, an ecim-
nikrepae — 73 B/Kr Kypapl, Oy1 pagualysuIblK KayilncizAik HopMaltapbIMEH PerjJaMeHTTENIeH aMagaH TOMEH, OJlaH
achIIl KETKEH Ke3JIe Tipi OpraHm3MIepre Tepic acep eTyi MyMKiH.

Tyitin ce30ep: mabusu paduonykiuomep, cy, myoi weinoiiep, OHMYCMIK Kamvic, Kiwi e3eHoep, muimoi MeHuwiKmi
bencendinix.

ASSESSMENT OF THE NATURAL RADIONUCLIDE COMPOSITION IN THE
“WATER — SEDIMENTS — PLANTS|” SYSTEM OF SMALL RIVERS OF EASTERN KAZAKHSTAN

M. T. Dyusembayeva, F. F. Zhamaldinov, A. Zh. Tashekova®, N. V. Larionova, K. T. Zhamaldinova,
Ye. Z. Shakenov, V. V. Kolbin, S. D. Smirnov, N. K. Nurgaisinova

Branch “Institute of Radiation Safety and Ecology” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: esenzholova@nnc.kz

The article presents the results on content of natural radionuclides in various environmental objects (water, sediments,
plants) collected from the ecosystem of nine small rivers in Ridder city. It has been revealed that in most cases the content
of radionuclides does not exceed the standard values for radiation safety. The activity effective concentration for
sediments and plants is calculated. The average value of the activity effective concentration of natural radionuclides in
sediments was 107 Bq/kg, and in plants — 73 Bq/kg, which is lower than the value regulated by radiation safety standards,
exceeding which may have a negative impact on living organisms.

Keywords: natural radionuclides, water, bottom sediments, southern reed, small rivers, activity effective concentration.
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PA3PABOTKA U BHEJPEHME BA3bI JAHHBIX CUJIBHBIX IBUKEHUM, 3AOUKCUPOBAHHBIX
CTAHIUSAMM CETH HAIIMOHAJIBHOT'O AAEPHOT'O IEHTPA PECITYBJIMKHN KA3AXCTAH

E. I. buxkanos®, /1. 1. Fopauenko, O. A. Ucarann, H. H. Muxaiisosa
Dunuan «Mncmumym 2eousuueckux uccneooganuity PI'TI HAIl PK, Anmamul, Kazaxcman
* E-mail ons konmaxmos:byerz100@mail.ru

B craTtbe nmpencraBineHsl pe3yabTaThl pa3padoTKU U BHEAPEHHs 0a3bl TaHHBIX CHIBHBIX ABW)KCHUH Ha TeppuTopun Ka-
3axCTaHa, 3aperuCTPUPOBAHHBIX CTaHIMAMHU ceTH HannonansHoTo sinepHoro nentpa Pecriy6nuku Kazaxcran. Ha ocnose
aHaJIM3a KJII0YEBBIX TPeOOBAHUH K XpaHEHHUIO U 00pabOoTKe CEHCMUYECKUX JaHHBIX IPEIUIoKeHa apXUTEKTypa 0a3bl laH-
HBIX, peajn3oBaHHas ¢ ucroib3oBaHueM CYBJ] PostgreSQL u comyTCTBYONIEro KIMEHTCKOTO MPUIIOKEHHUS Ha SI3bIKE
nporpamMmmupoBanus Python, ¢ mpuMeHeHHEM JOTOJHUTENIBHBIX OHMOIMOTEK 00pabOTKH U BU3yalnu3auuu JaHHbIX. [Toa-
poOHO onucaHbl (GyHKIMOHAIBHBIE BO3MOXKHOCTH, obOecrieunBaroniie 3¢ dexTrBHy0 padoTy ¢ nanHeiMi. OO0CcHOBaHa
3HAYUMOCTh ¥ aKTYaJbHOCTh pa3paboTaHHOW 0a3bl JaHHBIX JJIsl PELICHUS 3a/lad OLEHKH CEHCMHYECKOH ONMacHOCTH U
celicMOCTOMKOro poekTupoBanus. OnpeneneHbl NepcleKTUBHEIC HaPaBJICHHS PAa3BUTHs 0a3bl JaHHBIX, BKIIIOYAs pac-

mupeHne GyHKIMOHANA KINSCHTCKOTO IPUI0KEHH M HHTETPalHio ¢ ApyTUMH Iu1aTopMaMu.

Knrueswvte cnosa: Python, Streamlit, PostgreSQL, 6asa 0anmublx, 6a3a OAHHBIX CUTbHBIX O8UNCEHUL.

BBEJEHUE

i celicMOCTOMKOIO CTPOUTENILCTBA IMEPBOCTETICH-
HOE 3HaUeHHE NMeeT HHPOpMAIHs O CCHCMHYIECKUX KOJIe-
0aHMAX TIPH CHJIBHBIX 3emueTpsiceHusix. Wupopmarms,
MoJydaeMasi CTAaHIMSAMHU CUJIBHBIX JBMKEHHUH, SBIIAETCH,
IO CYILIECTBY, «MOCTOM» MEXy CEHCMOJIOTMEN U CEICMO-
CTOMKHM CTPOHUTENILCTBOM. 3allUCH CUJIBHBIX 3eMIIeTpsice-
HUM CIIy’KaT OCHOBOM JJIs1 IPaBWJIBHOTO 3aJjaHUs CEUCMHU-
YECKHMX BO3JECUCTBUI NpU pacueTe CEUCMUYECKUX Harpy-
30K Ha 3/1aHusl U coopykeHHs. CTaTUCTHKA HAKOIUIEHHBIX
JIAaHHBIX 10 CHJIbBHBIM JIBXKEHHSM I03BOJIET CO3/1aBaTh
ceMeicTBa BO3IEeHCTBHH B (hopMe BPEMEHHBIX IT(PPOBBIX
PSAAOB Ui CO3/IaHUSI CIIELMAIBHBIX CTPOUTENILHBIX KOJIOB
(cTpoUTENBPHBIX HOPM W TIPABWIJ JJISI CTPOUTEIHCTBA B
CceCMUUYECKHX paioHax), M0 KOTOPHIM IIPOU3BOANTCS 3a-
JlaHME CEHCMUYECKHUX HAarpy30K B KOHKPETHOM pailoHe
ceficMOakTHBHOW TeppuTopnH. Kak mpaBmiio, CHIbHBIE
JIBIDKEHHS PETUCTPUPYIOTCS B (hopme akcenmeporpaMm
celicMUuecKHX KosieOaHuii, HanboJiee MOJIHOM U YZI00HOM
JUIsl CTPOUTENEH BUJIE YUeTa BO3ICHCTBUM.

B 0aze maHHBIX cOOpaHBI 1 CHCTEMAaTH3UPOBAHBI Pe-
3yJbTaThl ONPEJCIICHUS MapaMeTPOB 3alUCce CHIIbHBIX
IBIOKCHUH, HanboJiee BayKHBIC U CTPOUTENEH. DTO Ma-
KCHMaJIbHBIE YCKOPEHUS KOJIeOaHWH M MaKCHMaJbHEIC
KoJie0aTenbHbIe CKOPOCTH C COOTBETCTBYIOIINMH 3HAUE-
HUSIMH JTOMHHAHTHBIX NepHoAoB. [laHo omucaHue xapa-
KTEPHUCTHK 3EMJICTPSACCHHUH, NPH KOTOPBIX MOJYUYCHBI
JTaHHBIe TapaMeTpbl. [IpuBeneHs! MOJTHBIE CBEICHHUS O
CTaHIUAX PETUCTPAINH CHIIBHBIX JBWXKCHHWH Ha TeppH-
topun Pecrrybnuku Kazaxcran. J[omoJHUTENbHYIO WH-
(dhopmanutio o ctaHIusIx cericMuyeckont cetn HALL mox-
HO TIOJYYHTH Ha BeO-caiite [1].

Hayunas HOBH3HA HCCIEJOBaHUS COCTOMT B CIETYIO-
meM. Co3ziaHa 6a3a JaHHBIX, cOYeTaromas B ceoe:

—  VHUKATbHYIO UH@OpMayuto, TIOTYYCHHYIO B pe-
3yJibTaTe yrayOI€HHON 00paOOTKH 3amuceld CHIBHBIX
JIBYDKCHUI,

— W npozpammHoe obecneuenue, TO3BOIIIOMNIEE -
(exTUBHOE XpaHCHHE, PCIAKTHPOBAHNE, BU3YaTH3AIIIIO
Y aHAJIU3 JTAaHHBIX.

Takoe coueraHue OOCCICYMBACT MPUHIIUITHAILHO
HOBBIE BO3MOXHOCTH IIPHU paboTe ¢ 00bEMHBIMU MacCH-
BaMM CEHCMOJIOTUYECKUX NAHHBIX U TMO3BOJISET BBIMOJ-
HATH KOJMYECTBEHHYIO OLIEHKY MapaMeTpoB celicMuyec-
KUX BO3JIEUCTBUI C BBICOKOM CTENEHBIO JOCTOBEPHOCTH
1 omepaTuBHOCTH. Pa3paboTka opueHTHpOBaHA Ha TPH-
KJIAJTHOE HCIIOJIb30BAHME INPHU PELICHUHU 3aJad OLEHKH
CEHCMHUYECKON OMAaCHOCTU U CEHCMOCTOMKOro MPOeKTH-
poBaHuUsL.

MATEPHAJIBI M CPEJICTBA

OOBEKTOM HCCIIeIOBAHUS B HACTOSIIEH paboTe SBIS-
ercst 0a3a MaHHBIX CHJIBHBIX IBIXXEHUH. ba3a naHHBIX,
BKJIIOYAIONIasi MHTEPAKTUBHOE KIMEHTCKOE IIPHIIOXKe-
HHe, TIpe/IHa3HaueHa JUIsl 3arpy3Ku, XpaHEeHHs, CHCTEMa-
TH3alMU ¥ aHaJHM3a JaHHBIX O CHIIBHBIX 3eMJIETPSCCHH-
SIX, TIOBJICKIINX 3a CO0OH CHIIbHBIC BIKCHUS IPYHTa U
3aperuCTPUPOBAaHHBIX Ha TeppuTopun Kasaxcrana B re-
puon ¢ 2006 o 2024 roasl. DTOT MaTepuall COAEPKUT
cBenenust o 411 ceificMuueckux coOBITHAX, 3aUKCUPO-
BaHHBIX Ha 47 cTaHUMAX HaOmofeHusa. B 6a3zy maHHBIX
BKJIFOYEHBI TapaMeTpbl MaKCHMAJIbHBIX YCKOPEHHH H
cKopocTeil kKojiebaHuil, JOMUHAHTHBIE MEPUOJbI, METa-
JIaHHBIE O 3eMJICTPSICEHUSX U CTAHLMIX, a TaKke 679 ak-
celleporpaMM B Pa3JIMYHbIX (TEKCTOBBIX, IpaguiecKux u
celicMnuecknx) Qopmarax oOIMM 0OBEMOM MOpsKa
700 M6. Best 00paboTka 3amuceid CHIIBHBIX JIBHKCHUH,
OIpeZieJIeHNe MapaMeTPOB aKCEeNeporpaMM MHpPOBEIECHO
no nporpamme [2]. Ilpumep aHanmm3a KOJUYECTBEHHBIX
rapameTpoB CUIIbHBIX JBIKSHUIT ISl OTHOTO U3 CeliCMO-
aKTHUBHBIX pailoHoB — Boctounoro Kasaxcrana — npen-
cTamiieH B pabote [3].

Co3nanune 6a3pl TaHHBIX BKIIOYAET B CE0SI HECKOIBKO
9TaIOB:
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—  Ananuz npedmemmuoti obnacmu.: N3y4eHUE Mpe-
METHOU 00yacTH, cOop TpeOOBaHMI OT MOJH30BATENEH,
orpejeneHue 00bEMOB M THIIOB JITaHHBIX, OINpEeICHUE
OrpaHUYCHUH U YCIOBUI NCIIOJIb30BaHMS 0a3bl JaHHBIX;

— Konyenmyanvroe npoekmuposanue: TIOCTPOCHUE
ER-nuarpaMMsl  (CyIIHOCTB-CBSI3b), OIpeAeNeHHE OcC-
HOBHBIX CYIIHOCTEH, olpeesieHHe CBA3eH Mexay Cyll-
HOCTSIMH, BBIIBJICHHE aTPHOYTOB CYIIHOCTEH;

— Jlozuueckoe npoexmupoganue: TIpeoOpa3oBaHUE
KOHIIENTYyaJIbHOW MOJEIH B JIOTHYECKYIO MOAENb (pers-
IIHOHHYI0), TPOSKTUPOBAHNE TAOJIUIL: MO, THITB JaH-
HBIX, IEPBIUYHbIE M BHEIITHHUE KIFOUH, HOpMaIH3aIus (yc-
TpaHeHHe U30BITOYHOCTH U aHOMAJTHii), yCTaHOBKa Orpa-
HUYECHUN;

—  Qusuueckoe npoekmupoganue: pealnu3alus Jo-
ruaeckoit mogenu B CYB/] PostgreSQL Ha mpakTuke, 3a-
MIOJTHEHHE PeaIbHBIMU TaHHBIMUY;

— Paspabomka nonv3osamenvckozo zpaguueckozo
unmepdgheiica 11 B3aUMOJICHCTBUA ¢ 0a30# TaHHBIX, pe-
aIN30BaHHOTO B BHJIE BeO-UHTEp(eiica;

— Tecmuposanue KOPPEKTHOCTH PAOOTHI BCEX MOITb-
30BaTEJILCKUX 3aIPOCOB, IPOBEPKA OTPAHUICHUH, IIeII0-
CTHOCTH JJaHHBIX M aHAJH3 MPOU3BOANTEIHHOCTH;

— Pazsepmuviganue B pabodell cpene, CO3AaHHE
I10JIb30BATEIbCKOM JOKYMEHTALIUN.

B pamkax nmpoeKTHpoBaHUs U peau3aluuy 0a3bl JaH-
HBIX CHJIBHBIX JIBUOKEHH OBLIH ONpEeIIeHbl U peaii30-
BaHbI CJIEYIOIIUE KIIOUeBbIE TPEOOBAHUS:

—  Koneepmayus ucxoouvix OaHHbIX U UX 3a2PY3KA 8
06a3y 0anHbIX cunbHbIX 0gudcenuti. Ha HagampHOM 3Tare
HCXOJHBIC JaHHBIE OBUIM TPEACTaBICHH B (hopMmate
.docx. C menpro aBTOMAaTH3AIMH M ONTHMHU3AINH TIPO-
[IECCOB 3arpy3KH UCXOMHBIX JTAHHBIX B 0a3y JaHHBIX OHU
OBLTH KOHBEPTHPOBAHBI B ()OpMAT .CSV, YTO ITO3BOIUIIO
HHTETPUPOBATh MX C HCIOJB30BAaHHEM COOTBETCTBYIO-
mux OMOIMOTEK s3bIKa porpamMmupoBanust Python.

— ObHosnenue 3anucetl. baza TaHHBIX TOAIEPKUBA-
€T BO3MOXHOCTb MOJAU(HUKALNK YK€ BHECEHHBIX 3alld-
ceil. DTO MO3BOJNSET CBOEBPEMEHHO AaKTyaJM3WPOBAThH
nHpopmanuio B 6a3e aHHBIX, OTpaXkasi IPOUCXOSIINE
M3MEHEHHs U 00eCTIeYrnBasi BBICOKYIO CTETIEHb JI0CTOBEP-
HOCTH TIPE/ICTABICHHBIX CBEICHUH.

— Bcmaeka 3anuceii. PeannzoBan MmexaHu3M a¢de-
KTUBHOW BCTaBKH HOBBIX JAaHHBIX, HATIPABICHHBIA Ha
pacmuperue HHOOPMAIIMOHHOTO COJepKaHU 0a3bl JaH-
HBIX. JlaHHBIA (QYHKIHOHAN OoOecIeYnBaeT MOCIeA0Ba-
TEJIbHOE HAKOIICHHE CBEJICHUH O COOBITHSAX M CIIOCOOCT-
BYET MOJIEP>KaHUIO €€ aKTyaTbHOCTH.

— U3zeneuenue 3anuceii. OGectieueHoO ABYCTOPOHHEE
MpeICTaBIeHNE TAHHBIX: B TAOMIUIHON (hOpME B MOJTB30-
BaTEIbCKOM BeO-uHTEpdEiice 1 B BUIE IKCIIOPTUPYEMO-
ro (aitna popmara .csv, IpeAHA3HAYEHHOTO JUIS ITOCIIe-
JIYIOIIETro aHajn3a U 00pabOTKH.

—  Yoanenue 3anucei. [Ins nopaepxanus NEIOCTHO-
CTH ¥ CTPYKTYPHOH YHOPSJO4EHHOCTH 0a3bl TaHHBIX pe-
anu3oBaHa (QYHKIMS YAAJICHHS HEPEIEBAaHTHBIX WM
OMMOOYHBIX 3amuceil. DTO MO3BOJISIET YCTPAHUTH HH-

(OpPMAIOHHBIN IIIYM U MOBBICHTH KAYECTBO MOCIEAYIO-
IIIEr0o aHau3a.

—  Quuvmpayus 3anuceti. B 6a3y NTaHHBIX BHEAPEH
GbyHKUHOHAT QUITBTPALIMH 3AMUCEH IO PA3THYHBIM apa-
MeTpaM. /laHHast BO3MOKHOCTb CYIIIECTBEHHO YIIPOIIAeT
HaBHUTalWIO N0 0a3e JaHHBIX U CIIOCOOCTBYET BBITIOJTHE-
HHIO [ICJICHATIPABICHHOTO aHaIKu3a HH)OpMAIIHH.

— Touck 3anucei. Pazpabotan MOIyh BEBIOOPOYIHO-
ro MOWCKa, OPHEHTUPOBAHHBIN Ha W3BJICYCHHE TAHHBIX
0 3aJaHHBIM CTOJIOIAM TaOJHIBL. DTO 00ECIIEUMBAET
OTIEPaTUBHBIN AOCTYI K HHPOPMAIIMU O KOHKPETHBIX CO-
OBITHSIX M TI03BOJISIET MCIIOJIb30BATh CUCTEMY B KOHTEK-
CT€ MPHKJIAIHBIX UCCIIEA0BATENBCKUX 3a/1au.

— Tonvzosamenvckuti unmepgetic. Ocodoe BHUMA-
HHE y/eleHO pa3paboTKe MHTYUTHBHO IMOHSTHOTO rpa-
¢uueckoro uHTEpdelica, obecreunBaroUIero yno0cTBO
paboThI KOHEYHBIX TOJb30BaTeNeil. HTepdeiic crocod-
cTByeT 3((PEKTHUBHOMY B3aHUMOJCHCTBHIO C (YHKIHO-
HAITbHBIMU MOJTYJISIMU 0a3bl IAHHBIX U 00eCIIeunBaeT J0-
CTYIl K OCHOBHBIM OTEPAIMSM YIPABICHUS TaHHBIMHU.

baza naHHBIX COCTOHMT M3 CIEIYIOIUX CYIIHOCTEH,
KaXJast U3 KOTOPBIX IPEICTABIAET COOOH OTACIBbHYIO
KaTETOPHIO JAHHBIX, BAKHYIO IS €0 (DyHKIIMOHHPOBA-
HUSL:

— Bemnempsacenus (sm_earthquake). CyuHOCTb
sm_earthquake npezacrasisier co0oi HEHTpaIBHYIO Ta0-
JUIly 6a3sl TaHHBIX, COJICPIKAIILYIO KIFOUEBYIO HH(pOpMa-
LU0 O 3aPErUCTPUPOBAHHBIX CEUCMHYECKUX COOBITHSIX.
B nmaHHO# CYIIHOCTH XPaHATCS CICAYIOIIUE aTPUOYTHI:
YHUKQJIBHBIA HMICHTU(QHUKATOP 3alucH, YHUKaJIbHBIH
UACHTH(UKATOP COOBITHS, 1aTa U BPEMs €ro BOSHUKHO-
BEHUS, reorpaduieckne KOOpIUHATHI (IIMPOTa U JONITO-
Ta), IyOWHa ovara, 3Ha4€HHs! MarHUTY 110 Pa3IMIHBIM
mkanam (mb, mpv, Mw), sHepreTH4ecKnii Kiiacc, Ha3Ba-
HUSL CEMCMOCTAHIMH, 3a()MKCHPOBABIINX COOBITHE, a
TaK)Ke MapameTpbl MHTEHCHBHOCTH, NMHUKOBBIX YyCKOpe-
HHM, CKOpOCTEH 1 MeprooB KonebaHuil. ITH xapakre-
PHUCTHKH SIBJISIFOTCSI OCHOBOM JJIsl TAJIbHEWIIIEro aHain3a
Y OLIEHKH BO3JICHCTBUS 3€MIIETPSCEHUI.

— Xowwu aiinos  (sm_hashdfile). CyuiHoctsb
sm_hashdfile npennasnauena asst XxpaHeHHsT KOHTPOJIb-
HOW mH(pOopMAaIH, 00ecreuynBaromell HACHTU(HUKAIIIO
1 LEJIOCTHOCTh (hailyIoB, CBSA3aHHBIX C CEHCMHYECKUMHU
coObITusiMu. OCHOBHBIMH aTpHOyTaMH JQHHOM CYITHO-
CTH SBISIIOTCS: YHUKAJIbHBIM HMICHTH()HUKATOP 3alncH
(id), Xo1I-CyMMBI, BEIYHCIICHHBIC TI0 COACPKUMOMY (haii-
JIOB C UCTIOJIb30BAHHEM KPHITOrpauIecKoro ajaropur-
Ma, a TaK)Ke HAMMEHOBaHHUS COOTBETCTBYIOMINX (HaliIoB.
Hcnonp3oBanue Xm-(GyHKINI TO3BOJISIET KOHTPOINUPO-
BaTh IOJJIMHHOCTh M HEM3MEHHOCTH JIAHHBIX HA JTame
XpaHeHHs U 00paboTKH.

Ces3p  Mexny cymHocTssMu sm_earthquake u
sm_hashdfile peanmuszyercst mocpeacTBOM BHEIIHETO
kiroya sm_hashdfile id B Tabaune sm_earthquake, ccol-
JIAFOLIETOCsl HA COOTBETCTBYIOIIYIO 3aIMCh U3 TaOJINIIBI
sm_hashdfile. /lannplii MexaHn3m oOecrieynuBaeT KOHT-
pOJb KOPPEKTHOCTH 3arpy3ku (aiyioB, HEOOXOIUMBIX

186



PA3PABOTKA W BHE[IPEHUE BA3bl JAHHbIX CUNbHbIX ABWXEHUIA, 3AOUKCUPOBAHHBIX CTAHLIMAMM
CETU HALMOHANBHOI O AOEPHOIO LIEHTPA PECNYBJINKWA KASAXCTAH

Uil HAlNONHEHWS W OOHOBJIEHHWS  TaOJUIEI
sm_earthquake. MIMnopt naHHbIX M3 (ail;ioB B OCHOB-
HYIO TaOJIUIy CEHCMHUYECKUX COOBITHIT OCYIECTBISCTCS
IPY OTIPEJIENICHHBIX YCIIOBHSX MOCIIE TPOBEPKH ABYX I1a-
paMeTpoB — MMeHH (aiiyia U ero X3I-CyMMBI, IIpe/Ba-
PHUTENIHO BBIYMCICHHOW M COXpaHEHHOM B Taliwmie
sm_hashdfile. OTo o6ecneurBaeT BepUPpHKaIHIO U 1IEI0-
CTHOCTb NOCTYMAIONINX JaHHBIX.

B cooTBeTCTBHN € KIIFOYEBBIMHU TPEOOBAHUSIMU T10JTh-
30BaTeNeil OpUIH pa3paboTaHBI MEXaHU3MBI 00PaOOTKH
JTAHHBIX, PEaM30BaHHbIC B BUIE OTACIBHBIX (DYyHKIHO-
HaJIbHBIX MOJYJEH, KOTOPBIE PEACTAaBICHBI B (hopMaTe
(¢aiinoB ¢ pacmupenueM .py. Kaxplit Moxysip oTBedaeT
3a BBINIOJHEHHE Crenu(HUIecKnX 3aaad, 4To oOecredu-
BaeT MOJYJIBHOCTb, PACIIUPSAEMOCTh U YA00CTBO COMpPO-
BOK/ICHHS IPOTPaMMHOT0 obecredeHus. BHyTpeHHss
CTPYKTYypa KaXXJJOro MOJyJIsI IpeJicTaBieHa GYHKIUIMHY,
o0ecreunBarONIMHU MTO3TANHYI0 PEANN3aINI0 3aJI0KEH-
HOW JIOTHKHA 00pabOTKH.

baza manHBIX peann3oBaHa B BHIE BeO-MHTep(eiica ¢
HCTIOIB30BaHUEM CIIEAYIOIINX OCHOBHBIX HHCTPYMEHTOB:

— Python (ver. 3.12) — OCHOBHO S3BIK IIPOTPaMMHU-
poBaHnus) [4];

— Streamlit (ver. 1.36) — ¢peliMBOpK IJIsI BU3yaITH-
3allUM ¥ B3aMMOJICHUCTBUS;

— PostgreSQL (ver. 16.2) — cuctema XpaHeHHs JaH-
HBIX.

Obocnosanue 8bl00pa UHCMPYMEHHO6.

1. Streamlit (Python-gpeiimsopk ons unmepdhetica).
Streamlit ObL1 BBIOpaH ISl CO3/IaHMS MOJIB30BATEIBCKO-
ro uHTepdeiica Onaromaps CIEAYIONNM ITPEUMYIIECT-
BaM:

— Ilpocrora pa3paboTkM — IMO3BOJIAET CO3/1aBaTh
HHTEepaKTHBHEIC BeO-uHTEepQeiicel Ha Python 6e3 HeoO-
xogumoctr 3HaHust HTML/CSS/JavaScript;

— bBbicTpoe NpOTOTHUIIHPOBAHUE — FOTOBBIE KOMIIO-
HeHThl (rpaduky, TaOnuipl, QUIBTPEI) MOXHO 100aB-
JISITh B KOJ OYKBAJIbHO HECKOJIBKMMH CTPOKAMHU;

— VHTerpanus ¢ HayYHbBIMH OMOINOTEKaMH — OTITH-
4yHO pabotaer ¢ Pandas, Matplotlib u npyrumu uncrpy-
MEHTaMH aHaJIn3a JaHHbBIX;

— ABTOMarmueckoe OOHOBIEHHWE — UHTepdeiic
MTHOBEHHO pearupyeT Ha U3MEHEHHs B KOJIe WJIH JaH-
HBIX.

AnprepHatuBbl (Django, Flask) tpeOyror Ooimbrre
BpPEMEHH Ha HACTPOMKY M JIOTIOJTHUTENbHBIX 3HAHHUH, YTO
M30BITOYHO IS 3371a4 IaHHOTO MPOEKTa, I'/ie KIoueBas
1enb — yanoOHast BU3yanu3amus JaHHbIX [6].

2. PostgreSQL (cucmema ynpaenenus oazamu 0am-
noix). Beibop PostgreSQL oOycnoBieH e€ xapakrepu-
CTHKaMH:

— HapnéxHocTs — noaaepxkKa TpaH3aKIUil U pe3epB-
HOT'O KOTIMPOBAHUS TapaHTHPYET COXPAHHOCTD JaHHBIX;

— IIpousBoautenbpHOCTh — 3 hexTHBHO 0OpadaThHI-
BaeT CJIOXHBIC 3aMPOCHI U OOJbIIAE 00BEMBI JaHHBIX;

— T'mOKoCTh — moepKUBaET Pa3sHOOOPA3HBIE THITHI
JAHHBIX (TEKCT, Yncia, reopanssie, JSON) u mo3BossieT
CO3/71aBaTh MOJIb30BATENbCKUE (DYHKIUH;

— MHOTrononabp30BaTeIbCKUNl PEKUM — KOPPEKTHO
paboTaeT HpH OJHOBPEMEHHOM JIOCTYIIEé MHOTHX IOJIb-
30BaTeeH.

AJBTEepHATHUBHIL:

— SQLite — ciumkom mpoct a1 BeO-uHTepdeiica,
HE TIOICPKIBAET MHOTOTI0Ib30BATEIbCKAN TOCTYTL.

— MySQL — ycrymaer PostgreSQL B BO3MOKHO-
CTSIX aHAJHUTUKA U paboTe CO CII0KHBIMU TaHHBIMHU.

— MongoDB (NoSQL) — He moaxoauT, Tak Kak Ipo-
eKT TpeOyeT YETKOM CTPYKTYPBI JAHHBIX U CIIOKHBIX CBSI-
3¢l MEXKIY TaOJIUI[aMH.

PostgreSQL obecrieunBaeT ONTHUMANIBHBIN OalaHC
MEXAY MOIIHOCTBIO, YI00CTBOM M COBMECTHMOCTBIO C
Python-akocucremoii [5].

PE3YJIbTATHI U OBCYKJIEHUE

B pesynbrate mpoBeleHHBIX pabOT OBUIN BBITIOJIHE-
HBI KJIFOUeBble TpeOOBaHMS K 0a3e JaHHBIX CHIIbHBIX JBHU-
JKeHHH. Bpla co3maHa moHO(PYHKIMOHAIBHAS CUCTEMa
JUIS XpaHeHHs U aHaJIU3a CECMUYECKUX JaHHBIX, OXBa-
TBIBAIOIIAs] KJIFOUEBBIC aCTIeKThI paboThl ¢ HHpOpManueit
O CWJIBHBIX IBUXKCHHUSAX, 3apPETUCTPUPOBAHHBIX HA TePPU-
topuu Pecrryommku Kazaxcran. Huke npencraBieHs! oc-
HOBHBIC JOCTIDKCHHS, a TAaK)Ke aHAIIN3 ITOJyICHHBIX pe-
3yJIBTaTOB.

Apxumexmypa 06a3vl OaHHbIX

Bes mornka B3aMMOACHUCTBUS IMOJB30BATENS C JaH-
HBIMU (PHCYHOK 1) peann3oBaHa depes rpaguaecKuii HH-
Tepdeiic, MO3BOJAIOUIMNA TPOBOAUTH WHTEPAKTUBHYIO
(bUIbTpaLKIO, TIOUCK, SKCIIOPT U BU3YAIN3AIHIO CEHCMU-
YecKoi HH(OpPMAIIHH.

Mone30BaTent

Web uHTepdeic Streamlit

- KOHBEpPTaUMA Qaiinos U 3arpy3ka AaHHblx B B
- BCTABKA 3anucen
- 0BHOBNEHHE 3anucen
- M3BMEYEHME 3anuced
- yaaneHue sanuced
- PUNETPaLMA 3anucel
- NOWCK 3anucei

BHYTpEHHAA Noruka (Python-mogynu)

- Obpabotka CSV, DOCX
- X3lwmnpoBaHue (annos
- Bsaumopeiicteue ¢ B u dhainamu

Cyb[ PostgreSQL:

sm_earthquake
sm_hashdfile

Pucynok 1. Apxumexmypa 6a3svl 0auHbix
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Jlormueckas Monens 6a3pl JAHHBIX TpEICTaBICHA HA Onucanue unmepdeiica 6azvt OaGHHBIX:

pHUCYHKe 2.

°©
& strong_motion

£ sm_hashdfile

@ bigserial ——

Pucynok 2. Jloeuueckas mooens 6a3zvl OaHHbIX

Lod

> strong_motion

sm_earthquake

CUTIHBIX OBUINCEHULL

OcosHan CTpanmua

B Kousepraunnm 3arpyava dadnos

B Kovseqmannn n 2arfyana dhainos o Bl cunsieix Apusesnd

1. OcHnosnas cmpanuya. 31ech JaKOHUYHO OTMHCHIBA-
10TCs Bce (DYHKIIMK 0a3bl TaHHBIX (PUCYHOK 3).

2. 3aepyska u Konsepmayus OanHuiX. [IpUIoKeHUE
MOJIZICPIKUBACT 3arpy3ky QainoB B ¢opmare .docx’ ¢
nocyeayomel KouBepranueit B .csv . s npeaoTspa-
LICHUS JTyOJNUPOBAHMS JAHHBIX PEaTM30BaH MEXaHH3M
MIPOBEPKH YHUKAJIHHOCTH Ha OCHOBE XAIII-CYMM H Ha3Ba-
HUll (aitmoB. AnroputM 00pabOTKH BKJIIOYAET YETHIPE
BO3MOJKHBIX CIICHAPHS:

1) Hogvle danubie — 3aTpyKaroOTCS B CUCTEMY (PHCY-

HOK 4).

2) [Aybauxamer — MCKII0Ya0TCs U3 00paboTku (pu-
CYHOK 5).

3) Ob6nogrennvie atinbl — 3aMEHSIOT MPEIBITYIIHE
BEPCHH.

4) Ilepeumenosannvie gaiiivl — UACHTUGUIUPYIOT-
Cs 10 X3ILI-CyMME U HE 3arpyKaroTcs OBTOPHO.

O web-npunoxeHun SMQuakeTrack

SMQuakeTrack - MHCTPYMENT AN YIPABNEHNA AdK

sV ANs nochegylouweR 3arpy
+  O6noBnenke 3anucei. Of
«  Bcraexa sanucei. /I
© M3sneuenwe 3anwce;
*  Yaanewne sanuceii

«  unsTpauuA sanwce

Momck 3Hauenmit. Wy

Web-npunoxenme SMQuakeTrack cTane

Pucynox 3. Ocnosnas cmpanuya 6a3vl 0aHHbIX

KoHeepTauus daiinos us opmara .docx B popmMar .cSv 1 X 3arpyska B
6a3y faHHBIX CUNbHBIX BUXEHUN

Pucynox 4. 3acpyska nogoco ¢haiina é 6a3y 0aHHLIX CUTbHBIX OBUIHCEHULL
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CUNbHBIX ABM)KEHMﬁ

Pucynoxk 5. @aiin, komopulii Ovin panee 3azpysicet 6 63y OAHHBIX CUTBHBIX OBUHNCEHULI

v @ Conoseme st x o+

g 2. 06HOBNEHME 3aNKUCEi

Pucynok 6. ObHosnenue 3anuceil 8 6a3e OAQHHbIX CUTbHBIX OBUNCEHUTI

3. Vnpaenenue sanucamu. Jns monuduKanuy 1aH-
HBIX B 0a3e pean30BaHbl cletyronme GyHKINN:

— OOHOBINEHHE 3amKceil — N3MEHEHNEe TapaMeTpoB
cOOBITHII C IPOBEPKO TUIIOB JaHHBIX (PHCYHOK 0).

— JloGaBieHue 3amuceii — BCTaBKa HOBBIX COOBITHI
C IPOBEPKOI1 TUTIOB JAHHBIX U 00sI3aTEIILHBIM YKa3aHHEM
KITFOUeBEIX notelt “evid', ‘datatime’, ‘sta’, “dist km" ms
obecrieueHNs YHUKAJIbHOCTH 3aITUCH (PUCYHOK 7).

— VYjaneHue 3anuceidl — MoAEpKUBAETCA KakK yJia-
JICHWE BCETO COOBITHSA, TaK M OTHACIBHBIX CTaHIMHA C
IIpeaBapUTEN-HON MPOBEPKON Ha HANWYHE TIepesT yaalie-
HUeM (pUCYHOK 8 1 9).

4. Quabmpayusa u euszyarusayus. Ilpunoxenue npe-
JIOCTABJISIET HHCTPYMEHTHI JJIsl TUHAMU4YeCKO! (uibTpa-
LUH JAHHBIX C BO3MOXHOCTBIO HACTPONKHU yCIIOBUH OT-
6opa. Pe3ynbpTaTsl 0TOOpaXkaloTcs B BHIE WHTEPAKTHUB-
HOM KapTbl, TJie COOBITHS NPEJCTABICHBI TOUKAMH C BO3-

MO’KHOCTBIO ITPOCMOTpA JIeTajiel Ipu HaBEJCHNUH KypCco-
pa (pucyHok 10).

5. Houck u sxcnopm Oannvix. TIOMCK BBHIIOTHIETCS
110 TOYHOMY COOTBETCTBHIO B 33IaHHBIX cTONONax (pu-
cyHOK 11), a n3BiedeHHbIe JaHHbIE MOTYT OBITH COXpa-
HEeHBI B (hopMaTe '.CcSV' AJS JAIBHEHINEro aHan3a HiTu
0TOOpaKeHBI B CAMOM MPHIIOKEHUH (PUCYHOK 12).

Cama 6aza JaHHBIX JIEMOHCTPUPYET BBICOKYIO 3 de-
KTHBHOCTB NP paboTe ¢ OOIBIIMMH MaCCUBAMH CEHCMU-
YecKHx JaHHbIX. KiroueBsle mpenmyIecTna:

— Tubkocms — MOAIEPKKA PA3NUIHBIX OIEPAINA C
JIAHHBIMH.

— Haensaonocms — WHTEPAKTHUBHAS BU3yalH3alis
Ha Kapre.

—  Asemomamusayusi — IPOBEpKa THUIIOB JAHHBIX U
YHUKQJIbHOCTH 3aIlCeH.
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2. Bcraska 3anucen

Pucynox 7. [lobasnenue 3anucu 6 6a3y OaGHHbIX CUTbHBIX OBUNCEHUT

1. Tekyume AanHbie

2. Ypanewue 3anucen

Pucynox 8. Yoanenue sanuceii no codvimuio (cmoabyy evid)

L. Tekylume AaHHble

2. YpaneHue 3anucei

Pucynox 9. Yoanenue 3anucu no cmanyuu (no cmonoyy sta)
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P Nowck 3anmceit

Naw O &

DunbTpayus A no B ci 7

Wrorossie pesynsrars

Pucynox 10. Pezynbmamol nocie npumenenus: puibmpos

Be O &
Mouck 3HaYeHuil B BJ] CUNbHBIX ABUXEHUN

CID CTD0 30 055 5T £ o

Pucynox 11. Ilouck sHavenuil 6 6aze OQHHBIX CUTLHBIX OBUHCEHULL

M3BneyeHue 3anuceni U3 B/} CUNbHBIX JBUKEHUIA

Pucynoxk 12. H3zeneuenue 3anuceii uz 6a3vl OAHHbIX CUTLHBIX 0BUIICEHULL 8 O8YX 8APUAYUAX
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OrpaHn4eHHEM CHUCTEMBI SIBISIETCS HEOOXOAMMOCTH
Npe/IBapUTEIbHON TOATOTOBKM JaHHBIX B OIpE/eIICH-
HOM (hopmarte, 4TO TPeOyeT JONOIHUTENBHBIX YCHIUN OT
nosp3oBarenst. HecMoTps Ha HE0OXOIMMOCTB MpeIBapH-
TEJILHOM TIOATOTOBKM JAHHBIX B 3aJaHHOM (QopmMare,
(YHKIIMOHAIBHOCTH 0a3bl IaHHBIX B ITOJHOM Mepe OTBe-
4aeT MOTPEOHOCTSM MOJb30BaTeNiciH. ITO 0COOCHHO Ba-
JKHO C y4€TOM Kpyra JIiLl, HEIOCPEACTBEHHO B3aUMOEH-
CTBYIOIINX C 0a30i JaHHBIX.

B Texymel xoHpurypamun 6a3sl TaHHBIX IIPaBAMH
MIOJIB30BATENSI 00IAIAI0T BCE HAYYHBIE COTPYTHUKH L{eH-
Tpa cOopa 1 00pabOTKH CIIeIaIFHON CeHCMUYecKOH HH-
¢dopmarmu (IJCOCCH). B pamkax mpeaocTaBICHHBIX
MOJTHOMOYHH OHHM MMEIOT JOCTYII K CJIETyIOLIUM OTepa-
LUsIM: KOHBepTauus (aiaoB, BBOA HOBOH HHpOpMAIHH,
O0OHOBIIEHHE U YJIaJIeHUE JAHHBIX, & TAK)KE BBITOJIHEHUE
onepanuil yTeHus, GpUIbTpaluy U Moucka no 0ase aaH-
HbIX. [IonHBIA aIMUHUCTPATUBHBIN OCTYI 3ape3€pBU-
pOBaH 3a pa3padoTINKOM 0a3bl JaHHBIX — BIKaHOBBHIM
ET.. AnmuauctpaTop oONagaeT HCKIIOYHUTEIHHBIMHU
IpaBaMH Ha BHECEHHEC W3MCHCHUH B apXUTEKTypy H
CTPYKTYpy 0a3bl JaHHBIX, IPOBEICHHE TEXHUYCCKHUX
KOPPEKTHPOBOK, 00ECIICUNBAIOMINX €€ YCTOWIHUBYIO pa-
00Ty, a TaK)Ke Ha OKa3aHHE METOI0JIOTHICCKOI U TeXHHU-
YECKOM TOJACPKKU TMOJIb30BaTeNsiM 0a3bl JaHHBIX.
Ha texymiem srtame 0aza JaHHBIX HE peaiu3yeT Mexa-
HUA3M pa3rpaHUYEHUs POJIEH, JIOTUPOBAHUS JEUCTBUI
moJib30BatTesiei. YKa3aHHbIC YHKIIUH MOTYT OBITh 100a-
BJICHBI B TOCJICAYIOINX BEPCUAX 10 MEPE PA3BUTHA ITPO-
IrpaMMHOTO OOecCIIeeHHsI.

3AKJIIOYEHUE

baza nanHbIX TpencraBiseT coOoi 3P QeKTUBHBIH
MHCTPYMEHT Il XPaHEHUs U IOCIEAYIOLIETO aHalu3a
CUJIbHBIX CEHUCMHUYECKUX JBMXEHUH. DyHKIHMOHaJb-
HOCTH 0a3bl JaHHBIX U KJIMEHTCKOTO MPHMIIOKEHHS TI03BO-
JISIET 3HAYUTENHFHO YIPOCTUTH IIpoIiece 00paboTKH JaH-
HBIX, YTO JIeJIaeT €ro MOJIE3HbIM Ul HAYYHBIX HUCCIIE0-
BaHUI1 B 00JIACTH CEHCMOJIOTHU U IPOCKTHPOBAHUH Celic-
MOCTOWKHX 00BeKTOB. JlapHeIIee pa3BUTHE CUCTEMEI
MOJKET BKIFOYAaTh HHTETPALUIO C APYTUMH 0a3aMu JaH-
HBIX U pacUIMPEHUE BO3MOKHOCTENW BU3YyaIH3aLUU.

Hcceneoosanus svinoanenst npu puHancosotl noodep-
aicke MHBO PK (BR21881915 «llpumenenue si0epHuix,
ceticMU4ecKux u UHppazeyKoevix mMemooos O OyeHKU
KAUMAMUYECKUX USMEHEHUL U CMALYeHUs NOCAe0CmEUl
UBMEHeHUs KIUMAAy).
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PA3PABOTKA W BHE[IPEHUE BA3bl JAHHbIX CUNbHbIX ABWXEHUIA, 3AOUKCUPOBAHHBIX CTAHLIMAMM
CETW HALUMOHANBHOI O AEPHOIO LIEHTPA PECNYBJIUKN KASAXCTAH

KA3AKCTAH PECITYBJINKACBHI YJTTBIK AAPOJIBIK OPTAJIBIF bIHBIH CTAHIIUSJIAP KEJICI
TIPKETEH KYIITI KO3FAJIBICTAPJbIH JEPEKKOPBIH 93IPJIEY )KOHE EHI'I3Y

E.I. buxkanos®, /1. 1. Fopauenko, O. A. Ucaraan, H. H. Muxaiiiosa
KP ¥40 PMK «I eopuzukanvix 3epmmeynep uncmumymoly gunuanvt, Anmamet, Kazaxcman
* baitnanvic ywin E-mail: byerz1 00@mail.ru

Maxkamaga Kasakcran PecrmyOmmkacel ¥JITTBIK SIIPOJIBIK OPTANBIFBIHBIH CTaHOWSUIAp Jkemici TipkereH Kasakcran
ayMarblHIAFBl KYIITI JKep CIUIKIiHICTepiHIH HAepekTtep 0a3achlH d3ipiiey JKOHE €HTI3y HOTIDKENepl YCHIHBUIFaH.
CeliCMUKaIIBIK JEPEeKTEepAl caKTay J>KoHE OHAEYyre KONBUIATBIH HETi3Ti TamanTapAbl TalAay HeTi3iHAEe IEepPEeKKop
apxurektypachl ycbHbULAEL PostgreSQL MBBX nepexkopsiH Oackapy »KyiHeciH jKoHE JepeKTepll eHJey MeH
BU3yalnM3alysiIayFa apHaJFaH KOCHIMIIA KiTamxaHajapisl MaiinanaHa oTeIpein, Python Oarmapnamanay TinmiHge
93ipJIeHTeH KJIMEHTTIK KOChIMINIA KOMETIMEH 1CKe achIpbUIIbL. JlepekTepMeH THIML )KYMBIC iCTEYy Il KaMTaMachl3 €TeTiH
(YHKIMOHAJBIK MYMKIHIIKTEp KaH-)KaKThl CHIIATTAJFaH. O3IPJICHICH JCPEKKOPIBIH CCHCMUKANBIK KayiNTiTiKTI
Oarayay >KOHE CEHCMOTYpaKkThl jko0ajlay MIHAETTEPIH WICHIyJeri MaHBI3IBUIBIFBI MEH ©3€KTUNIr Heri3JelreH.
JlepeKKopIbl AaMBITyIaFbl MEPCIEKTUBTI OAFBITTAp aHBIKTANbI, OFAH KIMEHTTIK KOCHIMIIAHBIH ()yHKIMOHAIABIFBIH
KEHEHTY jxoHe OacKa miatdopMaiapMeH HHTErpalusiay Kipei.

Tyiiin ce30ep: Python, Streamlit, PostgreSQOL, Oepexkkop, Kyuwimi KO32a1blcmap 0epeKKopbl.

THE DEVELOPMENT AND IMPLEMENTATION OF A DATABASE OF STRONG MOTIONS
RECORDED BY NETWORK STATIONS OPERATED BY THE NATIONAL NUCLEAR CENTER
OF THE REPUBLIC OF KAZAKHSTAN

Ye. G. Bizhanov’, D. D. Gordiyenko, A. A. Isagali, N. N. Mikhailova
Branch “Institute of Geophysical Research” RSE NNC RK, Almaty, Kazakhstan
* E-mail for contacts: byerz100@mail.ru

This paper presents the results of the development and implementation of a database of strong motions recorded by the
network stations operated by the National Nuclear Center of the Republic of Kazakhstan. Based on an analysis of the key
requirements for storing and processing seismic data, the paper describes an architecture for the database implemented
using the PostgreSQL, along with an accompanying client application written with the Python programming language,
and using additional libraries for processing and visualizing data. The functionalities that provide effective data
management are described in detail. The significance and relevance of the developed database for solving seismic hazard
assessment and earthquake engineering design tasks are substantiated. The paper also describes the future development
of the database, including the expansion of the client application's functionality and its integration with other platforms.

Keywords: Python, Streamlit, PostgreSQL, database, strong motion database.
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ATOMJIBIK JKYKa KOMIpPTEriHe HETi3/IeJITeH jKoHe rpad)eH Topi3Zl €Ki Hemece OfaH Ja Kell MaTepHallgaplbl aybICIalbl
OKCHITI TEPOBCKUTTEPMEH OipiKTipy apKbUIBI >KacajlFaH KYpBUIBIMIAp OacTamksl MaTepHaTAapAblH KacHeTTepiH
e3repTei XKoHe KaHa THOPUATIK KacueTTepi Oap MaTepuan naina 6omaabl, Oy o3 Ke3erinae (QyHKIHOHAIIH MaTepHa-
Jap MEH HAaHOKYPBUIFBIIApbl sxo0anayFa anreiuapT oonaasl. KymnTi KoBaneHTTIK GainanbicTap 2D KpHCTaIIapbIHBIH
OCT TYPaKTBUIBIFBIH KaMTaMachl3 eTeli jKOHe opTypii KabaTTap apachlHAarsl Oainaneic BaH-mep-Baambctik e3apa
OpeKeTTeCy apKbUIBI iCKe acalbl.

KemiprekTi MaTtepuaimap MeH HAHOKYPBUIBIMIBI (PepPOdICKTPIIIK HEPOBCKUTTEPi, OHBIH imliHAe Oapuil THTaHATHIH,
¢deppomarauttik (LaysSrisMnOs, STRuO3), aysiciianbl MeTa1 OKCHATEPI HETI31HeTi reTepoKYPbUIBIMAAp Kaj YIIbIK-
Tapbl, KBAHTTHIK KOMITBIOTEP 3JIeMeHTTepi, Li-noHIbI OaTapest aHoATaphl, (POTOKAaTaIU3aToOpIIap, CynepKoHIeHcaTopIap,
TpaH3UCTOpJIap, CEHCOPJIBIK MaTepualiaap, KYH OaTapesuiapbl, OTBIH 3JIEMEHTTEpI, 3JCKTPOXPOM/IbI KYPBUIFbUIAP YINiH
KaHa MYJIbTU(QYHKIIMOHAIIBI MaTepHaap bl 93ipiey YIIiH NepCIeKTHBTI 00BN TaObUIaIbL.

JKyMbIcTa THIFBI3IBIK (DYHKIIMOHATBI TCOPHUSICHI 91iCI JKa3bIK TOJKBIHIAAP OA3UCHHIC MCEBIOMOTCHIIHA dIiCIMEH OipiK-
TipiJie OTBHIPBIN TEOPHWSIIBIK TYpreigan BaTiO3; OeriHmeri KeMipTeri KOCIACHIHBIH KaTATUTHKAIBIK MaKCaTTa MaHBI3IbI
OO0JBIN TaOBUIATHIH KYPBUIBIMIBIK KOHE SHEPreTHKAIBIK KaCHETTEpiHe BIKIAIBI 3epTTeireH. ThIFbI3ABIK (YHKIHOHAIEL
TEOPHACH HEeTi31He OapHii THTAaHATHIHBIH Ta3a JKOHE KOMipTeTi aToMaapeiMeH Kocrananrad Ti0, — tepmunanusitet (001)
OeTiHAe KOHICHTPAUMACHIH OipTIiHACN apTThIpa OTHIPBHIT KOMIPTEri aToMAapbIMEH MOAWGUKAIIIAY HOTHXKECIHIC
ancopommsmany mpoueci 3eprrenmi. TiO, — repmuHamsuiet (001) Getinae eq TuiMai opeiHmap «Ti yCTi» OpBIHIAPEI
OOJIIBI JKOHE KOMIPTETiHIH KOHIEHTpaIus mamMacsiH apoip TiO,-re ynecriprenne 0,125—ren 0,75 mamara geiiid rpadeH
KYPBUIBIMBIHBIH OpHAJIacy PETIMEH apTThIPFaHAaFbl KYH THIFBI3/IBIFBI aHBIKTAIIBII, THIMBIM CAJIbIHFAaH aiiMak eHi Kapac-
TBIPBUIFaH KYPBUIBIMAAP YIIiH Ta3a OerneH canbicThipranaa 0,27-2 3B mamaceina azasjibl. Taza Getrre kemipreri yiuiH
aHBIKTAJIFaH SHEPTreTHKAJIBIK THIM/I OPBIHHBIH MaHbIH/A aJCOPOLMSIIAaHFaH aTOM/IBIK OTTET YIIIiH aIcCOPOIHs SHEPTUSCH
—0,5 3B, an monekyanbik yurid —2,12 3B 6omasr. KeMipTeriMen Kocnaianran 0eTTe ajcopOiusIanFralH aTOMIBIK OTTET1
yiuiH agcopOuus suepruscel —0,2 3B, an monekyianbik yiid —0,4 9B mamara kemisi.

Tyiiinoi cozoep: BaTiOs, ommezei adcopoyuscol, ar2auikvl Kaguoaiapoan ecenmeyiep, KoMipmezimen KOCnauay.

KIPICIIE

BaTiOs — KyH cIieKkTpiHIe TeK yIbTPaKYITiH COyIIeHI
KYTaTBIH THIHBIM CAJIBIHFAH aliMarbl YJIKEH >KapTblUIai
oTKi3rint. KansIHABIFE Oip aTOM KaJIbIHJIBIFBI IIIAMACHIH-
JIaFbl YSUIBI TOP TYPIHZE OpaliFaH KeMipTeK aToMIapbl-
HBIH Oip KabaThl OOJBIT TAOBLTATHIH TpadeH, epekie (hu-
3MKaJIbIK, XUMUSIIBIK, ONTHKAJBIK KOHE MEXaHUKaJIbIK
kacuertepi kepcerei [ 1]. COHFBI OHKBUIABIKTA TpadeH
HETi31HJeTi HAHOKOMITO3UTTIK MaTepHalAap JacTayIIbl
3aTTap/AblH BIIBIPAYBIH KOHE CYIBIH OOJiHYiH, COHmaM-
aK JkacaHmpl (DOTOCHHTE3Zl 3epTTeyne aWTapibIKTai
aprThl [2, 3]. I'paden oxcnai MeH XapThlald ©TKI3TilI
HaHOO®JIIIEKTep apachIH/IaFbl THIFBI3 OaiylaHbIC HeMece
KOBQJICHTTIK OaillaHbIC (POTOKATAITUTHKAIBIK OHIMIITIK-
Ti )KaKcapTy YLIiH eTe MaHbI3/bl. bip >karbiHaH, opTYpaIi
XKapTeliai eTkisrimrep, Meicansl, CdS, ZnO xaHe T.0.
KaTaJMTUKAJIBIK THIMAUINIH apTTRIpy YIIiH rpadeHMeH
KoMOnHanmsIanags! [4-6]. Tasyna s>kakCsl IUAIIEKTPIIIK,
(heppOodNIEKTPITIK XKOHE MBHE30JICKTPIIK KAaCHETTEPiHiH

apKachIHIa 0ApHil TUTAHATHI ONTO3JICKTPOHIBIK KYPBLI-
FBUTApa KOJIAHBUIATHIH THIMII MaTepHanl eKeHIITi
aHpIKTaIIBl [7]. DepposnekTpiik Oapuili THUTaHATHIH-
JIaFbl O3MITiHeH MoJsIpr3anus (pOTOXUMUSIAFEl epeKIIe
KAaCHETTep/li amaThlH KPHUCTAIIBIK TOPJAFbl aCHMMET-
PUSHBIH HOTIXKECiHIe TYBIHAAH b [§, 9]. [Tomspisik mo-
JICKYJIAaHBIH JHIOJIBIIK MOMEHTI (PepPOICKTPIIIK J0-
MEHJIeP/IiH MOJISIPU3ALUSICHIMEH ©3apa dpeKeTTece i Jer
OoJpKaHabl, OChLIaia, OaWNaHBICTBIH Y3iUMyiHE Ka-
xetTi sHeprus azasasl [10]. BaTiOs-HbIH TycipinreH xa-
PBIKKa QJICI3 peaKIHsIChl OHBIH (POTOKATAIN3/IE KOJIAAHbI-
mybIH Texelni. COHABIKTaH OCTTI CCHCHOMIH3aNusIaYy,
MOPQOIOTHSIIBIK 0aKbUIaY, HOHIBIK KOCTIaNay, achll Me-
Tasibl KOMOMHAIMAIAY KHE TeTepOKYPBIIBIM/IBI JKacay
CHSKTBI 9JiCTep YCHIHBIIIBI. ATaifaH MakcaTTap YILIiH
rpagenmen BaTiOs mepoBckuTiH KOMOMHALMsIAy 3K-
CIIEPUMEHTTIK OipHeIe FaHa )KYMBICTa iCKe achIPbUILBL.
Amnaiiia MyHbI TEOPHUSUIBIK TYPFbIIaH aJIFalllKbl Karuaa-
JapJaH jkacay 6apuil THTaHATHI MEH TpadeHHIH KpUCTa-
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IBIK TOP TYPaKTBUIAPBIHBIH SPTYPJi OOJyBIHAH KHBIH-
IbIKTap TyFbi3aasl. COHABIKTaH rpadeHMeH KoMOHMHa-
UsUIAy 6l OIPTIHJCT iCKE aChIPy MAKCATBhIHAA YCHIHBLI-
FaH JKYMBICTa KOMIpTETi aTOMAApbIHbIH KOHIIEHTpAlUs-
coiH Ti0,-re ynecriprenne 0,125-ten 0,75 mamara aeiin
rpadeH KypblIbIMBIHA KETIPill apTThIPa OTHIPHII a1CcOp-
OLusIay MPOIECiHIH (POTOKATANMU3IIK MaKCATTaFbl KY-
PBUIBIMJIBIK CHITATTaMalapbl MEH SHEPreTHUKAJIbIK KacH-
TeTTepiHe BIKMANBl 3epTTeNAl. MyHBIMEH Koca, Oapuid
TUTAHATBIH KOMIpTeri aToMAapsIMeH MOTU(PHUKAIAAIAY
©3 Ke3eTiH/Ie YJIKeH KeJIeMJICTi akmapaTTsl Oepy YIIiH Ka-
KETTI MUKPOTOJIKBIHABI CAyJIeJIEeHYAIH opTamia KyaTbl-
HBIH apTybl a/laM JIeHCAyYJIBIFbIHA KayilTi O0JaThIHABIK-
TaH, YJKCH >KUUIIKTETi 3JeKTPOMarHUTTIK TOJKBIHIAP-
JIaH Kayilci3MiK IaMachlH apTTHIPYa MaHbI3AbI OOJBITT
TabbiTagsl. OchIFaH colikec Kas3ipri yakplTTa MUKPOTOJI-
KBIHIIBI COYJIENICHY 11 JKYTY JKOHE KOpFay TEXHOJIOTHUsIa-
PBIH 93IpJey JKOHE JKETULAIpy OOMBIHINA 3epTTeyJiep
KYprizinyne. DNEeKTPOMAarHUTTIK TOJKBIHIAPIAH KOp-
FaHy YILIIH coifKec SJIEKTpIiK KacuerTepre ue OoJraH-
IBIKTAH, XUMUSIUIBIK HHEPTTLIT )KOHE CalIMaFhl a3, KYHbI
ap3aH OOJFaHIBIKTAH KOMIpTETi Heri3iHAeri MaTepHhal-
Iap, COHBIH IMIiHAEC KeMipTekTi HaHOTyTikmenep [11],
TEXHUKAJIBIK KOMIPTEK, KOMIPTEKTi (HaHO) IIaCTHHATIAP,
KOMIPTEKTI (HaHO) TAILIBIKTap MeH rpadur, COHAan-aK
OCBIH/Iai TONTHIPFBIILTAPHI 0ap MOJUMEPITi KOMITO3HLIUS-
Jlap KeHiHeH KojmaHbutaasl. Kelbip keMipTekTep ojap-
JIBIH 1MIKi 3JICKTP OTKI3TIMITI] )KOFaphl aJUTIOTPOITAP pe-
TiH/IE OJIap/bl TOJIMMEP MaTPULAChIHA EHTi3yre MYMKIiH-
nik 6epeni [12—-16].

KomnosuTTepaiH Kypaeni JU3JISKTPIiK OTIMIUTIriH
THIMI ©3repTy, O 3JIEKTPOMArHUTTIK TOJKBIHIAPIABIH
KYTy KAaCHETTepiH perreyre MyMKiHmik Oepemi. IlIbI-
HBIHJA [1a, MYHJIai JICKTPOMarHUTTiK KaCHETTEep MOJH-
Mepiiepie OailKaa bl MEPKOJISLMS MIEeTiHeH )KOFaphl dp-
TYpJIi KOMIPTEKTI KOCBIHABLIAPHI 0ap KOMIO3UTTED.

KemipTtek HeriziHzeri Marepuaiiapabl opTypii mar-
HUTOAKTHBTI KOCHaJapMeH Moaudukanusuiay TAIMIIL
ontic 6oJbIn TabbuIaAbl. KernrereH sxxymbicTapia MarHuT-
TIK MaTE€pHAaJIAP/Ibl CHI13y KOMIPTEKTI IebICpP/IiH dJICK-
TPOMArHUTTIK KacHETTepiH alTapJbIKTall KakcapTajbl
JIeTeH KOPBITBIHABI XKacajabl. AJlaiiia, OCbl yaKbITKa Je-
HiH QepposNeKTPIiK KOCKIHABIIAPH! Oap KOMipTeri Heri-
3iHAeri Marepuanjgapra ayKbIMIObl SJICKTPOMArHHUTTIK
3epTTEeyJIep XKYpri3iireH koK. 3D npuHTepae OackI 1wbl-
FApBUIFAH OPTYPJI KOMIPTEKTI KYpBUIBIMIApra Oapwii

TUTaHATHl HAHOOGJIIEKTEPiH KOCIaNay OJapIblH dJIeK-
TPOMAarHUTTIK COYJICJIEHI XYMy KacUeTTepiHe ocepiH
seprrenmni [17].

ECENTEY KYPI'I3Y HEI'I3JIEPI

Kazpik TONKeIHABI TOT (TBIFBBABIK (yHKIHMOHAIHI
Teopusichl) ecenreyiepi VASP 5.3.3 [18, 19] 6armapma-
MAacCBIHBIH KOMETIMEH MpPOCKIIsUIaHFaH KeHEUTINreH
tonkeiH (PAW — Projector Augmented Wave) nceBmono-
TeHuMannapel xxoHe GGA TypiHZEri anmacy-Koppes-
musuiblk PBE dynkumonanaeirsl [20] apKbUIBI KYpri-
3inni. Herypneim non PAW nceBmonoTeHimaniap pe-
tinge Ba, Ti_pv, O xone C moTeHIHanaapbl KOJIaHbLI-
nel. Ecenrrey mompirin KaMTaMachI3 €TeTiH IICeBIOMOTEH-
OUangap SKABIHTHIFBIH KOJAAHABIK. BeTTik ecemreynep
ymris 2x2x1 Mouxopct-ITak (Monkhorst-Pack) cxemacsr
apKpUIbl bpriiosH aliMmarsl Tannanael [21-22]. XKazbik
TOJIKBIH 0a3WCTi JKUBIHTHIK YIIiH KHHETHKAIBIK YHEPT U -
HBIH 1IekTi MoHI 520 3B Oommer. Terparonammi GeTTik
OipITiK YAIIBIKTHIH ayJaHbl TEKIeNmiK (KyOTBHIK) Oipiik
YIMIBIKTaH €Ki ece ylkeH. Ecenreyne monmap yIiH KO-
JIAHBLUTFaH MOTCHIHAAAP CUITATTAMACKI | KeCTe1e KelTi-
piires.

Kecme 1. PAW nomenyuandap cunammamacwl

OnemeHT | E.y, 3B | BaneHtTik anekTpoHgap caHbl | KoHdmrypaums
Ba 187,210 10 55%65%5p°
Ti_pv 222,335 12 3p%s'3a8
0 400 6 2s%p*

3EPTTEY HOTUKEJEPI MEH TAJIKBLJIAY

BaTiOs KypbUIbIMIAPBIH MOJIEJI/IEY KIHE 3epTTey

2 xectene apTypili QyHKIUSIAPIbI KOJIAAHY apKbLIbI
anbiaran kesiemaik BTO kacuerrepi kepcerinren. Ecen-
TEJITeH MOH/IEP COHBIMEH KaTap KOJIJaHbICTAFbI SKCIIEPH-
MEHTTIK >KOHE TEOPHSUIBIK JEPEKTEPMEH CaJbICTHIPHI-
nmanel. [wbpunri PBE  QyHKOMOHANbIH —maiganaHy
optypri PBEO, LDA ¢yHKIUsITaphIMEH abIHFaH YKCIIC-
PUMEHTTIK AepeKTepre coiikec KapacTelpbuiaTeiH BTO-
HBIH KacHETTEpiH OoipKayra MyMKiHIIK Oepemi. basucti
©3repTy HOTIIKEre alTapiiblKTail ocep eTneiTiHi kepce-
Tinred. Artan aitkanaa, PBE jxoHe SKCIIEpUMEHTTIK HO-
THDKEIIep apachIHIAFbl JKaKChl COUKECTIKTI C @ TOPBIHBIH
TypakThichl, Ti, O aTomaapbIHbIH O6JIIEKTIK BIFBICY-
JIapbI ZTi, Xo, Zo (MACATIBI KyO OpBIHIAAPHIHA KATHICTHI) KO-
pyre Oomaner (2 kecte).

Kecme 2. Opmypai basucmi ¢ynkyuonandapouvt Koroana ecenmenzer bapuii mumanamulivly mop napamempiepi

Napawerprep Ocbl XyMbIC | Backa TeopusnbIK XymbicTap | KcnepuMeHT
17 17 17 (8 [8r° (9]

Kpuctann ysiwwbig

a(A) 4,074 4,073 4,029 3,966 4,073 4,001 4,004

a (rpagyc) 89,754 89,710 89,727 89,958 89,74 89,87 89,8

Z7i -0,0070 -0,0150 -0,0151 -0,0080 -0,0150 -0,011 -0,01128

Xo 0,0116 0,0143 0,0129 0,0069 0,0141 0,0133 0,0109

Z, 0,0071 0,0249 0,0242 0,0109 0,0245 0,0192 0,0193
ToiiibIM canblHFaH aitMak, Eq.p(3B) 2,5 2,7 49 2,2 — 2,3 —
OHeprus, AEy (3B) -0,005 -0,061 -0,061 -0,005 -0,060 -0,040 —

195



BAPUIA TUTAHATbIH KBMIPTEFIMEH MOBUOUKALIMANAYAbI ANFALLKLI KAFUOANAPOAH TEOPUANBIK 3EPTTEY

BaTiOs (001) GeTinmeri KeMipTeri aTOMBIHBIH aICcop-
OIMSACHIH KBAHTTHIK MEXaHHKAJIBIK MOJCIBICY HOTHIKE-
Jiepi, aTar aiTKaH/aa afcopOIHsl SHSPTUIIAPEI aBTOpIIap-
IBIH [23] )KYMBICBIH/IA OasHIaIFaH.

AncoporusinanFad C aTOMBIHBIH SHEPT€THKAIBIK TY-
PaKThl OpHBIH aHBIKTay OapbichiHaa «Ti — ycTi» mo3m-
LUSICBI aHBIKTAIBI [23].

Ancop6rmsnanrad C aTOMBIHBIH YHEPTEeTHKAIIBIK TY-
paxTsl opHBI Ti — YCTi HO3UITUACHIHA COlKec KeIeTiH (-
(EeKTUBTI aTOMIBIK 3apsAaTap aBTOPJAPIBIHAKOFaphIa
aTayFaH KYMBICHIHAa Kenripimmi. «Ti ycTi» mo3umus
SHEPTUsACH OOMBIHIIA Oacka amcOpOIMSIBIK TO3HITUS-
napra xakpH. Tuimai 3apsiarap C aacopOnusianFaHHAH
KEHiH 3apsIThIH TaChIMAJIaHybl OOJIATHIHBIH KOPCETE/I],
o1 0,53e kypaiisl, Oy onap by OaiaHbICTapBIHBIH Ma-
HBI3JIbI KOBAJICHTTITIH KOPCETEI.

C ancop6uusiceinbig TiO, (001) 37eKTpOHIBIK KYPbI-
JIBIMBIHA SCEPiH TePEHIpeK TYCIHYy YILiH 0i3 COHBIMEH Ka-
Tap Tasa (agcopOIsIaHFaH KOMIPTETi aTOMEI JKOK) OeT-
TiH DJIEKTPOHIBIK KYWJIEPIHIH THIFBI3OBIKTAPBIH (2—Cy-
peT) xoHe con Oerreri, Oipak amcopOIMsIIaHFaH KOMip-
Teri aToMaapsl 0ap MEKTPOHIBIK KYHISPIiH THIFBI3IBI-
FBIH ecenTelik (3 —cypeT). AJBIHFaH HOTIKEIEP alcop-
ommsnmanran kemipreriniH «Ti ycri» (l—cyper) koHe
«UHTEPCTHUIMATIBDY MO3UIIUSACH YIIIIH 1 —CyperTe Kepce-
TLIreH.

6)

Cypem 1. Aocopbyusnanean xemipmeeiniy «Ti ycmiy
NO3UYUACHIHBIY YCIMIHEH a) Jicane O) OyilipineH KOpIHici

Ancopormsmmanrad C aTOMIApBIHBIH CYOCTPaTTHIH
AIEKTPOH/IBIK KYPBUIBIMBIHA OCEPiH 3epTTEy YIIIH Ta3a
BaTiO; xone C KocmanaHFaH OeTTepi YIIiH KyimepiH
AJIEKTPOH/IBI THIFBI3IBIFEI ecenreni. Kemipreri xocma-
JaHFaH OCT YIIiH THIABIM CallbIHFaH aiiMak eHi 2,42 5B
mamanaan 0,25 5B mamara TeMenzeiai. Taza skoHe KOC-
MaJlaHFaH OCTTepJiH 3JCKTPOHIBI THIFBI3IBIKTAPBIH Ca-
TBICTBIPY (3—CypeT), eKi KeMipTeri aTOMEBI, SFHU KeMip-
TeriHiH KoHIeHTpanusice 0,25 mamackiHIa OOIFaHAaFbl
(3—cypeT) KypbUTBIM aTOMAAPHIHBIH NPOCKIHSIAHFaH
KYH TBIFBI3ABIKTApBI CYpEeTTEH KOPIiN OTHIPFaHBIMBI3NA
KOMIpTeri aTOMBIHBIH KYH TBIFBI3/IBIFBIHBIH MEPOBCKUT
ATOMJAPBIHBIH KYU THIFBI3IBIKTAPBIMEH KATThI KabaTTa-
CATBIHJIBIFBI KOPIHE i, OyJ1 OaliKaaFraH 3apsAThIH aJCcop-
OuusUIaHFaH KeMIpTeri aTOMAApBIHBIH OpOHMTalIbAapbl-
HaH OTTETiHIH 2p KyiiHE TachIMaIaHATHIHIBIFBIH KOp-
cereni. AxcopOuusianrad kemipreri BTO Oeri yuuin
€CeNTEeNreH AIEKTPOH/IbI KYH THIFBI3/IBIFBI XKYHEHIH Me-
TaJUABIK KACHETTePiH KOPCETETIHAITIH TYCIHAIpe .
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Cypem 2. TiO2 —mepmunayusinanean 6emmeei BTO amom-
0apuIHblY OPOUMANOAPBIHA NPOEKYUAIAHEAH KYUAePOiH
91EeKMPOHObL MbI2bl30bIbl. Depmu SHEp2UsCHL HO2e
menecmipineoi
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Cypem 3. TiO2 —mepmunayusinanean 6emmeei BTO amom-
0apbwiHbll JcaHe a0COPOYUSNAH2AH KOMIPMESi AMOMOapbIHbLY
opouUMandapviHa npoeKYUsNIAH2AN Kyuaepoiy dI1eKmpoHObl
moiebi30blebl: nosuyus « Ti yemiy. @epmu sHepausicul Hoee
menecmipineoi
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Kewmipreri aToMaapbsIHBIH KOHIIEHTPAIUACHH OipTiH-
JIeT apTThIPa OTHIPHIT KOHIIEHTpaIus mamackid 0,75 ma-
Mara eTKi3reHae KeMipTeri atomuapsl rpadeH Kypbl-
JBIMBIHA He Oonajpl. bymaH OeT aToMIapbIMEH CalibiC-
THIPFaHAa KOMIPTEri aTOMIApBIHBIH ©3apa ocepiecyi
KYIITipeK ekeHiri 6arikanaasl. BaTiO3-Teri BaICHTTLUTIK
aliMaFbIHBIH JKOFapFBl Oeuiri HerisiHeH Ti MOHIApBIH-
nmarel d xyinepiner tysireni. EH jkakelH OeTTik HOHIAp-
JIaH acopOUMsIIaHFaH OTTETi aTOMBIHA OepiireH 3aps-
ThIH mamacsel 0,65 e (eH xakeiH Ti-man 0,18 e xoHE eH
KaKbIH TOPT oTTeri noHbiHaH 0,16 e, kanran 0,28 e Oacka
CyTIepYSIIBIK HOHMapaaH). AncopOmms HoTmkecinme Ti
MOHBIHBIH CITUH]IIK MOMEHTI alTapJbIKTail TOMEHICH/TI.
OrtreriHiH agcopOIusch )KypeTiH T1 HOHBI 63 OpPHBIH ©3-
repTelli JKOHE aJICOpPOUUsUIaHFaH OTTEri OaFbITHIHIA
0,24 A-re aybicannl (3 —cyper), an GETTiK OTTETi aTOM-
napsl miacTuHara asaan (0,03—0,06 A) eneni. XKorapsiga
KepceTureH 3apsiaThiH Ti OSTKI MOHBIHAH aacopOIus-
narFad O aTOMBIHA ayBICYHI TONBIK KOHE aifbIpMaIIBLTBIK
AIEKTPOH/IBI THIFBI3IBIK KAPTACHIHIA KOPCETIITCH.

Bynan apel kemipreri aTOMIapBIHBIH OCTKI MUTpa-
OUSCHIH CHTIATTAy VIIiH aJcopOUMsUTaHFaH aToMaap
YIIiH MOTEHIHAJIBIK SHSPTUSHBIH )KePTUTIKTI MUHUMYM-
JapbIHA COoMKec KeJeTiH OapiblK KOHpUrypammsiap Ka-
pacteipbuLbl. berreri muddys3us npoueci aTomuapabH
0ip TYpaKThl MO3UIMSAIAH CKIHIIICIHE KapamaibiM CeKi-
PYJIepiHIH KUBIHTBIFBI 00JIbIN TabbL1aabI. Kepirinec mo-
TEHIUAJIBIK DHEPTHSHBIH KEPrilikTi MUHUMYMAApHI
SHEPIeTUKAIBIK KeJepriiepMeH OelliHe i, oap/ by Ou-
IKTIr afcopOIsUIaHFaH aTOMIAp/IbIH Oip MO3HIUAIaH
SKiHIII MMO3UIHAFa 6Ty BIKTUMAIIIBIFBIH aHBIKTAHIbI. aJl-
CcOpOUMsUTaHFaH aTOMIAPABIH OapiblK CHMMETPHSUIBI
—OKBHBAJCHTTI €MeC MHTPAlHUsUIaHy >KOJIAaphl VIIiH
SHEPrus KeAepTiiepiHiH maManapsl eCenTel .

KemipTek aTOMIapBIHBIH OTTET1 MOJICKYJIACHIHBIH a]l-
COPOIHUACHI, OHBIH AUCCOIHAIUSACKHI )KOHE aTOMJIBIK OTTE-
TiHIH TOTBIKChI3IaHy MPOIIECIHE KATaTUTHKAIBIK dCEPiH
anbikTay yurid BaTiO; 6erinae TiO; 3eprrenmi — keMip-
TEKTiH KaThICYbIMEH OTTETiHIH aJICOPOLHUSICH MEH JICCO-
[UAIHSCHIH MOJIEIIbICY TePMUHALIMAFA OYPBIH XKacalraH
Mojenb maigananeuiasl, oHaa O, Monekynanapsl TiOs
TepmuHaImschiHaa «O ycrinaey» agcopOmusimanrad. Ke-
MIPTEK aTOMBI YIIIiH, KOFaphlaa allbIHFaH MAJTiMETTepre
coiikec, TiO, TepMuHanmsACcHHAAFB «O HOHBI YCTiHIE)
Mo3MNUs OOJNBIN TaOBUTATHIH €H YHEPTeTHKANBIK THIMII
opbiHAap Tanaanael[17—-18].

Berinne ancopOusiiaHFaH KOMIpTeri aTOMBI OOIIFaH
Ke3Jle MOJIEKYJIAJIBIK OTTETi aJcopOuus SHEPTHACHIHBIH
abcomoT mamacel —2,5 3B-gen —2,82 sB-re neiiin ap-
Taael, Oy Ti OeTTiK MOHIAPBIHAAFHI 3apsij] MOJIIIEPiHiH
esrepyiMeH TycCiHAipinemi. ATan alTkaHma, Kemipreri
aTOMBI 3apsaTelH Oip Oesirin Ti GeTTik HMOHAApHIHAH
anajpl, 01 Tepic 3apsaTanFaH ajcopouusutanrad Qs Mo-
JICKyJIackl MEH OH 3apsiarairaH Ti HOHIapBl apachIHIAFbI
KYJIOHIIBIK ©3apa OpeKeTTECYiH MKOFapbUIayblHA OKe-
neni. Tepic 3apsnranran ancop6umsiianran O, meH Ti
apacheiHIarsl uTepy acepi Or—T1 KalIBIKTHIFBIMEH CaJIbIC-
THIPFaHAA OJIAPJBIH apachIHAAFbl YJIKCH KAIIBIKTHIKKA

OalIaHBICTBI OJICI3 KOpiHeHi. 2 —KEeCTEICH KOCHIMIIA
Oerre ancopOLMsIIAaHFaH OTTETi MOJIEKYJIAChIHIAFbI
aToMJIap apachlHIarsl GailnaHbIC y3bIHABIFE 1,28 A-nen
1,30 A-re neitin eceTinin kepyre 601abl, 6YI OHBIH 3a-
psii KYHiHIH e3repyiHe OaliIaHBICTHI.

AncopOuysianFaH OTTeri MoJyieKysacsl MeH T10eTTik
MOHBI apachiHIarkl KambIKThIK 1,89 A-nen 1,92 A-re ne-
iiH a3man aptagsl. KemipTerinig katsicysiMer O, Moire-
KYJachIHBIH aJCcOPOIs TpOIECiHAe 3apsANThIH OeTiHeH
oraH Oepinren mama 0,38 e Kypaiigsl, Oy Ta3a Oer xar-
JabIHIA YKcac MOHHEH endyip acamsl, on 0,24 e Oy
acep KoHE JKoFapblna kepcetinren O, amcopOius sHep-
TMSCBHIHBIH YIIFAIObIHA oKeJleli. 4—KecTele KeNTipireH
MOJIIMETTEP/ICH aACcOPOLMsIIaHFaH OTTErl MEH KOChIMIIIa
KeMIpTeriHiH apacbsiHaa 2,47 A KampIKTHIKTA ANICi3 HOH-
JbIK OaiiaHbIc maiina 00JaThIHABIFBIH KOpyTre 00JIa bl

KOPBITBIHIbI

By 3eprreyne THIFBI3ABIK (DYHKIMOHAIBI TEOPHACHI
oflici JKa3blK TOJKBIHAAP OA3UCIHIE IMCEBIAOMOTCHIIAAT
omiciMeH Oipre KoiaaHbuianel. [IceBmoOMOTeHIIMANT dMic
KOIl aToMJapAaH TYpaThlH KOI 3JEeKTPOHIbl >KYHeHi
3epTTey/i TEeK aToMapalblK e3apa dpeKeTTecyre anrap-
JIBIKTal YJIeC KOCAThIH JJIEKTPOHAAP/bI, aTall aTKaHaa
CBIPTKBI DJICKTPOHIBI KaOBIKIIajdap/ia OpHallaCKaH Ba-
JICHTTIK 3JICKTPOHAAPIBI KapacThIpy apKbLIbl KeHinme-
Tyre MYMKiHAIK Oepeni. Kanran snexTpoHmap omapabl
SIIPOMEH OipIKTIpYy apKbBUIBI KapacTHIPBIIAbI, HOTIKE-
ciage simponarsl KynoH opTanbIFbIHBIH OpHBIHA BaJICHT-
TIK 3JIEKTPOHAAP YIIiH CaJbICTRIPMANb TYpAE a3 HOTEH-
LIMAJIIBI IIYHKBIP OEPEeTiH «IICeBI0aTOM» KapacThIpbLIa-
b1, OYJT TONIKBIHABIK (QyHKIMSHBI Kypy YIIIH Herisri ska-
3bIK TOJIKbIH/IAP/IbIH CaHbIH Al Tap/IbIKTal a3aiiTyra MyM-
KiHZIK Oepe/i.

TiO, — tepmunanusiibel Terporosanai (001) BaTiOs
OetiHgeri KeMipTeri aTOMBIHBIH aJCOpPOLMSICH YLIIH
SHEPreTUKAIIBIK TYPFBIJaH €H THIMAI MO3ULUsIIAp aacop-
ouwst saeprusicel —1,8 3B 6omateiH «O — yCTi» mo3unus-
CBI kKoHE anmcopbums sHeprusce O6ap TiO, — TepmmuHa-
nusutanFaH  Oeti Oonpim TaOputanel. KapacTeipsuiraH
KeMipTeriMeH MOTU(pHUKAIMSIAHFaH KYPBUTBIMIAD YIIiH
TBHIABIM CaJIBIHFaH aiiMak eHi Eg Taza GeTrneH cambICThIp-
ranga 0,27—2 5B mamaceiHa a3asijbl.

Kymvic Kazaxcman Pecnyonuxacel Folivim dwcone
JHc02apol OLLIM MUHUCMPIIZIHIY KAPICHLIBIK KOAOAYMEH
OpLIHOANObL  KAPIICHLILIK — KOJLOAYMEH  OPbIHOANObL
AP23489103 «Cymexmi ghomozenepayusnay yuiin euo-
puomi  neposcKuUmmi  HAHOKYPbIIbIMOApObl  d3Ipaecy»
epanm.
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CTpyKTypBl, OCHOBaHHBIE HAa aTOMapHO TOHKOM YTJIEPOJIC U CO3aHHbIE ITyTeM 00bEeIMHEHHUs IBYX WM Oosee rpadeHo-
MOJIOOHBIX MaTEPHAIOB C YEPEAYIOIMMUCS OKCUIHBIMH NIEPOBCKUTAMU, U3MEHSIOT CBOWCTBA NCXOJHBIX MaTepUaioB 1
CO3JIaf0T MaTepHaj C HOBBIMU THOPUIHBIMY CBOMCTBAMH, KOTOPBIE, B CBOIO OYEPEIb, CIIYXKAT MPEATIOCHIIKOMN IS TPOEK-
THUPOBaHUS (PYHKIIMOHAIBHBIX MATEpPHANIOB M HAHOCTPYKTYp. IIpodHBIE KOBAaJCHTHBIE CBA3M OOECIICUMBAIOT CTAOMIIb-
HOCTH MOBEPXHOCTH 2D-KpHCTAIIIOB, a CBSI3b MEX/Y Pa3IMIHBIMU CIOSIMH ortocpenyercst Ban-nep-BaanbscoBbiMu B3an-
MOJIEHCTBUSIMU.

VYrnepoaHble MaTepHalibl © HAHOCTPYKTYpPHPOBaHHbIE (DeppO3ICKTPHUECKHE IEPOBCKUTEL, BKITIOUasi THTAHAT Oapus, Gep-
pomarauTHbIH (LaysSrisMnOs, StRuO3), reTepocTpyKTypsl Ha OCHOBE OKCHIOB IIEPEXOIHBIX METAJUIOB, SBISIOTCS HO-
BBIMHU MYJIbTU(YHKIHOHAIBHBIMY IJIS1 T4€EK MaMsITH, KBAHTOBBIX KOMITBIOTEPHBIX JIEMEHTOB, aHOJIOB Li-MOHHBIX OaTa-
peii, GOTOKaTaIM3aTOPOB, CYNEPKOHIEHCATOPOB, TPAH3UCTOPOB, CEHCOPHBIX MaTEPHAJIOB, COJTHEYHBIX 3JIEMEHTOB, TOI-
JIMBHBIX AJIEMEHTOB, JJIEKTPOXPOMHBIX YCTPOWCTB SIBJISIETCS EPCIIEKTHBHBIM JUIsl pa3padOTKH MaTepUasoB.

B pabore uccienoBaHo BIMsSHEE METO/1a TEOPUH (QYHKIMOHANA IVIOTHOCTH Ha CTPYKTYPHBIE M SHEPIeTHYECKHE CBONCTBA
yraepoHoi cMecu Ha moBepxHocTH BaTi03, KOTOphIe TEOPETHYCSCKH 3HAUUMBI [T KATATUTHUCCKHUX 11EJICH, B COUCTAaHUN
C METO/IOM IICEBIOTIOTEHIINAIA HAa OCHOBE IUIOCKUX BOJIH. Ha ocHOBE Teopuu hyHKIIMOHAA IUIOTHOCTH OBLT U3Y4EH MpO-
necc agcopOruu TuTaHaTa 0apust Ha YUCTOU U JISTHPOBAHHOW aTOMaMHU yriepona nosepxHocT TiO, — kormeBoit (001)
B pe3yibTaTe MOAU(UKAIIMK aTOMaMH yTJIepo/ia C IOCTEIIEHHBIM YBeINUeHHEeM KoHeHTpay. Hanbomnee s dexTuBHbI-
MU MecTamu Ha rmoBepxHocTH Ti0; — koH1eBo#t (001) ObuTH MecTa «1moBepXHOCTH Ti», M IPH pacpeIeIeHUH BETNINHBI
KOHIICHTPALNHK yTiepoaa Ha Kaxasiil TiO; onpenensnach IIIOTHOCT COCTOSIHUS B IOPSIIKE PacIioioXeHus rpadeHoBor
ctpykrypsl ot 0,125 no 0,75, a mupuHa 3anperieHHoN 30HbI yMeHbluanach Ha 0,27-2 3B 1o cpaBHEHHIO ¢ YUCTOU MO-
BEPXHOCTHIO [T pacCMaTPUBAaEMBIX CTPYKTyp. Ha uncroii moBepxHOCTH 3HEeprus ancopouuu Osia —0,5 3B mams atomap-
HOT'O KHCJIOpOJia, aJIcOPOUPOBAHHOTO BOJIM3HM SHEPreTndecku 3 (HEeKTUBHOTO MECTa, ONPE/ISIEHHOro sl yriepoja, u
—2,12 3B ans MonekynsipHOTO. [[jst aToMapHOTO KUCIOPO/1a, aIcCOPOUPOBAHHOTO HA MMOBEPXHOCTH, JISTUPOBAHHOM yTJie-
pozom, sHeprus aacopbunu ymenbimmwiack Ha —0,2 3B, a st MonexkymsipHoro — Ha —0,4 3B.

Knioueswie cnosa: BaTiOs, aocopbyus kuciopooa, paciemul U3z nepevlx NPUHYUNOB, 1e2Upo8anue yeiepooom.
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OF THE MODIFICATION OF BARIUM TITANATE BY CARBON

B. M. Satanova', F. U.Abuova'’, E. A. Kotomin?, A. U.Abuova’,
S. A.Nurkenov?, A. S.Kopenbayeva“, A. Dalelkhankyzy*

! L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2 Latvia University, Institute of solid state physics, Riga, Latvia
3 Astana International University, Astana, Kazakhstan
4 Kazakh National Women's Pedagogical University, Astana, Kazakhstan

* E-mail for contacts: abuova_fu@enu.kz

Structures based on atomic thin carbon and created by combining two or more graphene-like materials with alternating
oxide perovskites change the properties of the source materials and a material with new hybrid properties is formed,
which in turn will be a prerequisite for the design of Functional Materials and nanostructures. Strong covalent bonds
provide the surface stability of 2D crystals, and the connection between the different layers is mediated by Van der Waalst
interaction.

Heterostructures based on carbon materials and nanostructured ferroelectric perovskites, including barium titanate,
ferromagnetic (La,3Sri3MnOs, StRuQ3), alternating metal oxides are promising for the development of new multifunctio-
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nal materials for memory cells, quantum computer elements, Li-ion battery anodes, photocatalysts, supercapacitors, tran-
sistors, sensor materials, solar cells, fuel cells, electrochromic devices.

The paper examines the influence of the density functional theory method on the structural and energy properties of the
carbon mixture on the surface of BaTiO3, which is theoretically important for catalytic purposes, in combination with the
pseudopotential method of plane-waves in basis. Based on the theory of density functionality, the process of adsorption
of barium titanate as a result of modification with carbon atoms with a gradual increase in concentration on a TiO, —
terminating (001) surface, pure and doped with carbon atoms, was studied. The most effective locations on the TiO, —
terminating (001) surface were the “top Ti” locations, and the state density was determined when the concentration of
carbon was increased in the order of the graphene structure from 0.125 to 0.75 in the distribution of each TiO», and the
width of the Forbidden Zone was reduced by 0.27—2 eV compared to the pure surface for the considered structures. The
adsorption energy was —0.5 eV for atomic oxygen adsorbed near the energy efficient location defined for carbon on a
clean surface, and —2.12 eV for Molecular. For atomic oxygen adsorbed on a carbon —doped surface, the adsorption
energy was reduced by —0.2 eV, and for Molecular — by —0.4 eV.

Keywords: BaTiOs, oxygen adsorption, first-principle calculations, carbon doping.

200



Bectuni Hsid PK

BbINYCK 2, NtoHb 2025

https://doi.org/10.52676/1729-7885-2025-2-201-205
YOK 538.958

JIOMMUHECUHEHTHBIE CBOMCTBA KPUCTAJLJIOB BaFBr OBJIYUEHHBIX MIOHAMM KCEHOHA

. X. Ken6aes!", A. K. JlayaeroexopaZ, A. T. Akninéexos?, C. C. Maycoimbaes!, A.-/I. b. Bazap6ex?

! loxapim ynueepcumem, Cemeii, Kazaxcman
2 Eepasuiickuil nayuonansustii ynusepcumem um. JILH. I'vmunesa, Acmana, Kazaxcman

* E-mail ons konmaxmos: daurzhankenbayev@gmail.com

HccmenoBansl (GOTOIOMUHECIICHTHBIE CBOMCTBA MOHOKpHcTaiwioB BaFBr, 00ryu€éHHBIX HOHAMH KCEHOHA C YICITBHON
sHeprueit 1,75 MaB/aykion npu Temmeparype 300 K. Kpucrammsr 6b1umn Beipamensr MetogoM Ll tebepa, mo3Bostommum
CHHM3HTh COZAEPKaHUE KUCIOPOAHBIX NpHMEcEH. YCTaHOBIEHO, YTO C YBEJIMYCHHEM (DIIOCHCAa MOHHOTO OOIydeHHs
(®=1-10'"-1-10"? non/cM?) MHTEHCHBHOCTEL (OTOTIOMHUHECIIEHIIMH BO3PACTAET. B CIEKTpax BBIABJIEHBI MOJOCH, 00y-
CJIOBJIEHHBIE PA3JIMUHBIMU KUCIIOPOJHO-BAaKaHCUOHHBIMU LIEHTPaMHM, IPUCYTCTBHE KUCIOPOAA TaKKe MOATBEPIKIAeTCSA
JTAaHHBIMM 3JIEMEHTHOTO aHaJlu3a MPOBEAEHHOro Haja kpuctauiamu BaFBr. PaznoxeHue criekTpoB Ha rayccoBbl KOMIIO-
HEHTBHI ITO3BOJIMIO WACHTH(UIMPOBATH BKJIAJIBI OTACIBHBIX TUIIOB KHCIOPOIHBIX Ne(ekToB. [loydyeHHble pe3ysibTaThl
yKa3bIBAIOT HA TeHEPAIHIO IIEHTPOB OKPACKH, CBSI3aHHBIX C BAKaHCHUSMH OpOMa, M CIIBUT MAKCUMYMOB JIFOMUHECIICHIIUH.
JlanHas paboTa BHOCHUT BKJIaJl B IOHMMaHHE MEXaHU3MOB HAKOIUICHHS U pelaKcalliy SHepTHH B KpucTaniax BaFBr.

Knrwouesvie cnoesa: BaFBr, qbomomwwunecuem;uﬂ, MOHOKpuUucmaiu, ecayccoebl KOMNOHEHMbl, UOHblL KCEHOHA.

BBEJIEHUE

HanbGonee n3BeCTHBIM Ha CETOAHAIIHUN J€Hb PEHT-
TCHOBCKUM HaKOMHUTEJIBHBIM JFOMUHO(OPOM SBISIETCS
BaFBr ¢ mpumeckio Eu?' B kauecTse aktuBatopa [1]. He-
CMOTpSI Ha MHOTOYHCIICHHBIC MOMBITKH HOHSTH MPOIIEC-
CBl XpaHEHUS U CUUTHIBAHUS HH(POPMAIIHMH, IOJTHOTO MO-
HUMAaHUS TIOKa BCE K€ He AOCTUTHYTO [2—-5]. Bonee Hu3-
KO€ MPOCTPAHCTBEHHOE pa3pelleHHe KOMMEPUECKH HC-
NoJb3yeMbIX 3anoMuHaromux miactuH (IP — imaging
plate) Ha ocnoBe BaFBr yactiuno 00ycnoBieHO MaTio-
KUTOBOH CTPYKTYypO! KpPUCTAJUIMTOB B HAKOIIMTEIbHOM
cioe momuHO(popa. B mporecce cunThIBaHUS CTUMYIH-
pyIoIuii CBET paccenBaeTcs He TOJIBKO U3-3a PA3IMIHBIX
MOKazaTeJiel MPEeIOMIICHHUS OPTaHUUECKOTO CBSI3YIOIIETO
U KPUCTAJUTUTOB JIIOMHHO(Opa, HO TaKKe M3-3a CTaTH-
CTHYECKOTO paclpele]IeHNs] KPUCTAJUINTOB Ha JKpaHe
(cM. pucyHok 1). OnTUYecKHn M30TPOIHBIE KPUCTAILIHI,
Takue Kak, HalpuMep, KyOudecKue MIeJIOYHbIe rajore-
HHJIbI, BO3MOKHO, MUHHUMHU3UPYIOT 3 EKThI paccesHusl
B HaKOIIUTEJIBbHOM ciioe JitoMuHOpopa. Takum oOpazom,
TPYJHO HAaHTH ONTHYECKU M30TPOIHBIE MaTepHAIIbl IS
XpaHeHHs IIOMHHO(Opa, KOTOPBIE UMEIOT T€ KE Xapak-
TepucTHKH, yTo U BaFBr ¢ npumecsio eBponusi.
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Pucynoxk 1. Cxema pabomvl cKanupyrouje2o 1a3epHozo ayia
6 X00e cuumvl@aHus ¢ 3anomuraiowell niacmunsl (IP)
Ha ocHoge kpucmaana BaFBr

Kpucrann BaFBr, uMeeT MaTnoKUTOBYIO CTPYKTYpY,
KOTOpast CX0XKa M0 (U3UIECKUM CBOWCTBAM CO CTPYKTY-
poii tuna PbFCI, k naHHOMY THITy CTPYKTYpPbI OTHOCSITCS

takke kpuctaiuiel: BaFCl, BaFI, StFCl u T.1. @Top6po-
MU 6apusi COCTOUT U3 CIIOEB B MTOCIEAOBATENFHOCTH F -
Ba*-Br-Br-Ba’’-F~ mepnenmukyispro ocu c. Kpn-
CTaJlJI UMEET TeTParOHAIBHYIO IPOCTPAHCTBEHHYIO CUM-
METPHIO, rpymsl P4/nmm ¢ miotrocTIo 4,9 T/eM3. Co-
riacHo [6] noH Gapust B kpuctaimax BaFBr ceszan c ne-
BSITHIO aHMOHAMH, 110 YEThIPE HOHA IPUXOJSITCS Ha PTop
1 OpoM, a Tak)Ke Ha OJJMH aHHOH OpoMa HaX O SIIMMCS Ha
BEpILIMHE, PacIIOI0KEHHBIH 110 OCH CUMMeTpuH ¢. bornee
JleTalbHO CTPYKTypa kpucTtaiia BaFBr npencrasiena Ha
pHUCYHKe 2.

Pucynox 2. Cmpyxkmypa kpucmanna BaFBr

B nanHoif pabote paccmarpuBaeTcst (pOTOITIOMHUHEC-
neH1us kpuctauoB BaFBr 061ydeHHBIX HOHAMY KCEHO-
Ha ¢ sHepruel 1,75 MaB/Hykion 10 ¢uroencos: 10—
10'? non/cm? Npu KOMHATHOM TEMIEPAType.

IKCHEPUMEHTAJBHAS YACTh

Momnokpuctamsl BaFBr Obutn monmydeHsl Ha ycTa-
HoBke OKB-8093 (Peamer-8). B kadectBe marepuana
JUTST W3TOTOBJICHHSI HArpeBaTelIbHBIX Y3JIOB W THIJICH
npuMeHsuIcs rpaduT. PaboTH 1Mo MOIy9eHUI0 MOHOKPH-
crauioB BaFBr Benuce meromom Illrtebepa [7, 8], uro
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MpearoIaraeT Haimdue Ooyiee OJAroONPHSTHBIX TEIUIO-
BhIX ycnoBuil. Metop IllTeGepa 3HAUUTETHHO YIIPOIIACT
MPOLIECC BBIPAIIUBAHUS 10 CPAaBHEHHIO ¢ MeTOioM bpun-
xmeHa - Crokbaprepa. Illuxra, cocrosimas u3 HeoOXo-
JIMMOM cMecu (TOpUIOB M OPOMHUIIOB Oapwus, 3arpysa-
jack B rpadMTOBbIA THresdb. MICXOAHBIME peakTHBaMHU
obutn: BaF, u BaBr, 2H,0. HcxonHblii peakTuB mome-
mancsi B rpa)UTOBOM THUTJE B yCTaHOBKY. IIpomsBoan-
Jlach oTKauka kamepsl 10 1,3 klla u conepxumoe niaaBHO
HarpeBayocsk a0 temmepatypsl 500 °C B HIDKHEH 4acTH
TUIJIA TOCJIE Yero Kamepa 3amonHsuiachk remuem. Ocy-
IICHHBIA OpoMup Oapus pacIuIaBIBUICS, MMOCIE OCTHIBA-
HUSI IPOU3BOIMIIOCH B3BEIIMBAHKE U JOOABIAIOCH HE0O-
XoanMoe KoimdecTBo (ropuna Gapus ¢ TeM, 4TOOBI CO-
CTaB COOTBETCTBOBAJI PEaKIUU:

BaF; + BaBr, — 2BaFBr

Uepes HEKOTOpOE BpeMst 100aBIsUICs PTOpuUs, U Mpo-
Leaypa OCYIIKHA B BaKyyMe MOBTOPSIIACH, TIPH ITOM Iie-
PHOJ HCKITFOYCHUS OCTaTKOB BOIBI COKpaImaics ao 3—4
gacoB. [locne ommcaHHBIX BBIIIE OTepanuii, kKaMepa 3a-
noJiHAzach reaueM 1o pasnaeHus 111,5 klla u conepxu-
MO€ IJIaBHO HarpeBasioch 10 TeMmnepatypst 500 °C.

[oxroToBieHHBIE IS JKCIEPUMEHTa OOpas3mbl B
(hopMe TIACTHHOK OBLTH H3TOTOBIICHBI B BHJIE TUIOCKOTIA-
paIeNbHBIX TUTACTUHOK U3 BBHIPAIIEHHBIX KPUCTAIJIOB
momuHodopa BaFBr myTem ckajbiBaHus TI0 IIOCKOCTH
CHAHOCTU MEPICHANKYJIAPHO KpHUCTauorpaduieckoit
ocu ¢. O0Iy4YeHHEe MPOBOJMIOCH HA YCKOPUTEIE TsDKE-
neix noHoB JI1-60 (Hyp-Cynran, Kazaxctan) nonamu
130Xe ¢ ynensHoii sneprueii 1,75 MaB/uyknon. O6m1yye-
HUEC TPOBOAWIN TIPH KOMHATHOH TeMIleparype, NpH
¢moencax ot 10'° 1o 10'? mon/cm>.

ONeMEHTHBIN aHaIN3 C MOMOIIBIO 3HEPTOAUCIIEPCH-
OHHOM peHTreHoBckoil cnektpockonuu (3/C) ObLI BbHI-
MIOJTHEH C HCIOJIb30BaHUEM CKaHHPYIOLIETO 3IEeKTPOH-
Horo mukpockona Hitachi TM3030 ¢ Hacazakoii u mpo-
rpaMMHBIM obecrieueHreM Quantax 70 ot Bruker.

CrexTpbl JIIOMUHECHEHIIMH OOJyYeHHBIX KpHUCTal-
JIOB M3MEPSUIHCH C IIOMOIIBIO crieKTpodyopumerpa CM
2203 (SOLAR, benapycp). CnexrpodiryopumeTp wuc-
MOJIBb3YETCS AT yNbTPahHOoICTOBON M BUIUMOM 001acTH
CIIEKTpa, 00ECIICYNBAET BEICOKOTYBCTBUTEIBHBIC U CTa-
OUIBbHBIC M3MEPEHUSI CIIEKTPOB BO3OYKACHHSA W JIOMH-
HECLICHIIUH.

PE3VJIBTATBI U OBCYXJIEHUE

Monokpuctamnel BaFBr, nosydyeHHble METOIOM
[ITebepa, TeopeTHUECKH NOIKHBI XapaKTEPHU30BATHCS
HU3KUM COZAEp’KaHWEeM KHCIOPOAHBIX mpumecei. OmHa-
KO ITOJIHOE NCKJIFOYEHHE KUCIIOPOAA B ITPOIIECCE CHHTE3a
HEBO3MOXHO, YTO TPUBOJIUT K IOSIBICHUIO B CIIEKTPax
OIITUYECKOT0 TOTJIOIIEHUS XapaKTEepHbIX IOJOC, 00Y-
CIJIOBJICHHBIX IIPUCYTCTBUEM KHUCIOPOACOIEpKALIUX Je-
¢dexToB [9]. YcTaHOBIEHO, YTO KOMIUIEKCHI KHCIOPOI—
BaKaHCHUS TUIIA Oj’ UHIYLUPYIOT P II0JIOC IIOTJIOLIE-

HUSI B yJIbTPaMOIETOBOW 0OJIACTH, MPOCTHUPAFOLIMXCS
10 Kpasi QyHIaMEeHTaIbHOTO SKCUTOHHOT'O TTOTJIOIICHHUSI.
BnusiHMe KaTHOHHBIX IPUMeEceH B HU3KUX KOHIIEHTpallu-
SIX TaKke OBbLJIO MCCIIEIOBAHO, YTO MO3BOJMIO BBISIBUTH
JOTIOJTHUTENbHBIC MYTH MOBBIMEHUS 3()()EKTHBHOCTH
XpaHeHus YHepruM B kpucramwiax BaFBr [10].

OHeproaucIepCHOHHBI PEHTTEHOBCKHH CIIEKTPallb-
s aranm3 (3/1C) moaTBepAwI MPUCYTCTBUE B HCCIIE-
nyeMbIx oOpasmax anmemenToB Ba, Br, F u O (cMm. pucy-
HOK 3).

Pucynox 3. Kapmer pacnpedenenust snemenmos 8 ucxoonom kpucmanne BaFBr, nonyyennvie ¢ nomowgvio I/C.
Paszmep uzobpascenusn:480x360. YVeenuuenue:2000x. Hanpsicenue: 15,0 kB
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Ha rpaduxkax (pucynku 4, 5) moka3zaHbl CIEKTPHI BO3-
Oy>XAeHHs W JIOMUHeCHeHIun KpuctauioB BaFBr, 06-
JydeHHbIX noHamu 'Xe 10 paznMuHBIX (QIIFOEHCOB MU
T =300 K. CnpaBei1BO OTMETUTH, UTO C YBEINYEHUEM
¢umoenca ¢ 10'" 0 10'2 non/cM? yBenMuMBaETCA HHTEH-
CHUBHOCTH (DOTOJIFOMHHECIICHIIHY.

—— ®=1x10"° nown/cm?
—— ®=1x10"" nown/cm?
—— ®=1x10"? nown/cm?

MHTeHcuBHOCTL chboTonoMUHecLeHUmK (y.e.)

3,0 2,5 2,0 1,5
OHeprusi poToHa (3B)

Pucynox 4. Cnexmp nomunecyenyuu 6 kpucmannax BaFBr,
ob6ayuennvix uonamu 3°Xe, npu memnepamype 300 K

[lpu onTHyeckoM BO30YKACHUHM KPUCTAUIOB CHAJ M
ME/IJICHHOE yBEJIMYEHNE HHTEHCUBHOCTH JTIOMHHECLICHIIMI
MOXHO OOBSCHUTH peabcopOnuell B 00Iy4eHHOM CIIOe U
paccesiHieM Ha 00pa3yIoLIUXCsl TPEKax, a TAKKe arperara-
MH, 00pa30BaHHBIMH B KpUCTAIIAX TIPU OOTyYEHUH HOHa-
vu *%Xe. ITomoca JMOMHHECIIEHIIAY ¢ MHKOM HpH 2,62 5B
Tipu BO30YKICHIH CBETOM JUTMHHOU BONHEI 4,43 3B B kpH-
craiax BaFBr, o0ycrnosiena uentpamu O; .

—— ®=1x10"° non/cm?
—— ®=1x10"" non/cm?
—— ®=1x10"2 non/cm?

VHTeHcHBHOCTL dhoToNoMUHecLeHLUmm (y.e.)

T T
55 5,0 4,5 4,0 3,5
OHeprusi poToHa (3B)

Pucynox 5. Cnexmput 6030yoicoenus kpucmannos BaFBr,
oonyuennvix uonamu 3°Xe, 1,75 MaB/uyxaon, T=300 K

BI1P-uccnenosanus B padote [11] ma O-nermposan-
HOM B Kpuctaiu1 BaFBr nokazanu, 4yTo cyiiecTByroT pasiu-
YHBIE TIPUMECH KHUCJIOPOJIA, KOTOpble OTHECEHHl K O,
0; ,aTake O Ha HEONPEIEIEHHOM YYaCTKE PEIETKH.

OTMeTuM, 4TO JUIsl KOMIIEHCAIMH 3apsiaa Heo0X0Iu-
Ma aHMOHHAas BakaHcus. M3ydeHue reHepanyuu LEHTPOB
okpacku: F nentpoB, O™ 1IeHTPOB U V IEHTPOB NPH HU-

3KHX TEMIIEPATYPaX C UCIOIb30BAHNEM MAarHUTOOIITHYC-
ckux 1 D[P MeTOIOB MOKa3a10, YTO ITH BAKaAHCHH SIBJISI-
forcs Br Bakancusamu [ 12—14]. Morusupyromee o0ryde-
HUe 1pu TeMnepaTypax Hmwke T=120 K co3gaer neHTphI
Vi (Brz’ ) u F(Br), npudem 6poMHbIC LEHTPBI OKPACKH
Haxomsrcs BOMM3u uentpos O . Ilpu Temmepatype
cebimie T =120 K nenTpnr Vi (Brz’ ) CTAHOBSATCS TIOJI-
BHJKHBIMH M BCTYTAIOT B PEAKIMIO C neHtpamMu O; |
00pa3yroT IeIpouHbIe JOBYMKH O .

Pucynok 6. Mooens depexmos: O} —Vy.; O; — O —Vy

IIpu temnepatypax Beime 200 K nentpsr F (Br'
MOTYT pacceuBaThcs U M30JupoBathes [15, 16]. Maraut-
HbIA n30TON KUCnopoaa 'O umeer saepubtii crun [ = 5/2
U, CJIEOBATEIbHO, PACIICIUIAETCS Ha IEeCThb JIMHUM. 130~
tonHoe 3amemenue 'O Ha '°0 pokasano, urto gedext-
HBII LEHTp, 00Pa3YIOIIUICS TPU PEHTIEHOBCKOM 00JIy-
yennn BaFBr, 00ycioBneH 3arps3HeHHEM KUCIOPOJOM
[15]. I'enepupoBanue 1eHTpoB F (Br') CTaHOBUTCS IIO-
HSATHBIM M3 IIPOIECCOB!

VK (Bl‘;) + Oi: wonuz. usnyu. F(Br* ) +
+Vi (Bry )+ 0 —=2€ 5 F(Br )+ 0,

Taxum 006pa3om, reHepaisi OpOMHBIX LIEHTPOB OKpa-
cku F(Br') B 3arps3HEHHBIX KHCIOPOJOM KpHCTaJUIax
BaFBr nonsitHa, Torma Kak MEXaHU3M, ITOJTHOCTHIO 00b-
sicestronmii rerepanuto F(FT) eHTpoB, ocTaercs Bee eme
HEHCYEPITBIBAIOIIUM.

W3navanbHO KpUCTAIIBI UMEIOT JOBOJBHO TECHYIO
KOPPEJALHUI0O MEXIy IIEHTpaMu, HO OOydeHHne HMpHBO-
JIT K OoJtee 3 PEeKTHBHOMY CO3JJaHUI0 BaKaHCHIT OpoMa,
TaK KaK KOJIMYECTBO BaKaHCHI OpoMa B 3THX JIBYX LIEHT-
pax I1o OTHOIIECHHMIO K BaKaHCUsM (Topa cocrasiuser 3:1.
OTO COOTHOUIEHHE MOXKET M3MEHUTHCS MPU CO3JaHHU
TPETHEr0 TUMA KUCIOPOJHO-BAKAHCHOHHOTO THIIA LIEHT-
pa O} —V; . Cornacho [17], TFOMHHECHEHIMS JTOTO
LEHTpa JOKHA HaXOIUThCA MEXKAY JTHOMHHECLEHLUEH
nenTpa tuna 1 u tuma 2. Ckopee BCero, TOT MPOLECC
MIPUBOAUT K CMELIEHUIO MTHKA M0JIOCH! TIOMUHECLEHIIHH.
310T 3 dPeKT nomKeH ObITh Oosiee BBIpaXKeH Mpu 00IIy-
veHun MoHamu asora. O6nyuenne 24,5 MaB '“N npuso-
JUT K 00pa3oBaHnio 1e(PEKTOB 3a CUET CO3JaHUs IJIEKT-
poHHBIX BO30OYyxknenuit (e, h, e~-h, €). Pacnan agromno-
KaJTM30BaHHBIX YKCUTOHOB, To00HO III'K, mpuBoaut k
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obpazoanuto map ®penkerns (F-H, a-I), arperaros u T.11.
B pabotax [18, 14] paccmarpuBaeTcs, Kak CO3IAIOTCS
pamnanuonnsie aedektsl 8 BaFBr:Eu?’, ucmons3ys ana-
noruto ¢ HII'K.

PaznoxeHne Ha rayccuaHbl KPUBBIX (POTOIIOMHHEC-
LEHLUH, COOTBETCTBYIOIIMX HAaUOOJbIIEMY CIBUTY, TO-
Ka3aHO Ha PUCYHKE 7.

—— ©=1x10"2mon/cm?
[aycc komnoHeHTa 1
[aycc komMnoHeHTa 2

—— laycc komnoHeHTa 3

=+ + CymMMa KOMMOHEHT

WHTeHCMBHOCTb (hoTonoMUHecUeHumun (y.e.)

3,0 25 2,0 1,5
OHeprusa oToHa (3B)

Pucynox 7. I'ayccoswl komnonenmut cnekmpog OJ1
kpucmannos BaFBr, o6ayuennvix uonamu 3'Xe, T=300 K

[Ipennonaraercsi, 4TO TPETHH THIT KHUCIOPOTHOTO
LIEHTpa Oﬁ‘ —V; [9] coOTBETCTBYET JTFOMHHECLCHIIMH C
MakcumyMoM 2,31-2.29 5B. CoOTBETCTBEHHO HOJOCa
®JI mepBoro 1eHTpa cMeniaerces Ao 2,7 3B, a nonoca OJI
BTOPOro LIEHTpa — B nosoxenue 1,95-1,99 3B. Kpome
TOTO, CIEAYET OTMETUTh, YTO PA3IUIHBIC APYTHE THUIIBI
KHCJIOPOAHO-BaKAHCHOHHBIX Je(PEKTOB, Takke OyAyT
OKa3bIBaTh BIIUSHUE.

3AKJIIOYEHUE

B uccnenyemsbix kpuctamiax BaFBr, nonseprimmxcs
00Jy4eHUI0 MOHAMM KCEHOHa ¢ »Heprueit 227 M»1B u
JUINTEJIPHOMY XPaHEHHIO B TEMHOTE, ObUIM BBISBIICHBI
IpuMecH Kuciiopoaa. B criekrpax GoToaroMuHeCeHINH
3a()MKCHpOBaHa MIMPOKas 1oJI0ca B Ananasone ot 1,5 1o
3,5 3B, Taxke MPHUCYTCTBYIOIAs B HEOOTYYEHHBIX 00-
pasnax, HO C 3aMETHO MEHbIIEH HMHTEHCUBHOCTBIO, YTO
YKa3bIBaeT Ha €€ CBsI3b C KHCIOPOJICOAEpKaMH nede-
KTaMH. YCTaHOBJIEHO, YTO JaHHAs I0J0oca BKIIOYAET
BKJIaJl IO MEHBIIIEH Mepe ABYX Pa3JIMYHBIX KHCIOPOIHO-
BAaKaHCHOHHBIX IIEHTPOB. B HEOOIyueHHBIX KpUCTAJLIaX
JIOMUHHUPYET JIOMHUHECHEHINS ¢ MakCUMyMoM 2,5 3B.
370 yKa3bIBaeT Ha TO, YTO KUCIOPOJ B OCHOBHOM IIpH-
CYTCTBYET B PETYJSIpHOM y3i1e Opoma. Bo3HUKHOBeHHE
JIOTIOJIHUTEIBHOT 0, TPETHETO TUIIA KHCIOPOAHOIO IEHT-
Pa OKPACKU BBI3BIBAET JHEPIrETUUECKOE CMEIIEHUE MaK-
CUMYMOB paHee JIOMUHUPYIONNX HeHTpoB. [lonooHo pe-
3yJIbTaTaM, HOJyYeHHBIM IPH OOJIy4EeHHH MEHee TSDKE-
JIBIMU HOHaMHU, YCTaHOBJIEHO, YTO KUCJIOPOIHO-BaKaHCH-
OHHBIE Je(PEeKThl (POPMUPYIOTCS KaK B MPOIECCE POCTa
KpPHUCTAJIIOB, TaK U IO/ BO3AECHCTBHEM BRICOKOIHEPTE€TH-
YecKOro MOHHOTO o0myuerns. Obpasyronecs TpeKku 1
arperaTtsl OKa3bIBalOT CYIIECTBEHHOE BIUSHHE HA (DOTO-

JIIOMUHECLICHTHBIE XapaKTEPUCTHKH KUCIOPOIHO-Je-
(PEKTHBIX COCTOSTHHH.

bnazooapnocmo

Hccneoosanue evinonneno npu @uHancosol noo-
Oepaicke Komumema no nayxe Munucmepcmea Hayxku u
svicuteco obpaszosanusi Pecnybnuxu Kazaxcman (epanm
Ne AP19178510).
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KCEHOH NOHJAPBIMEH COVYJIEJIEHTEH BaFBr KPUCTAJIJJAPBIHBIH
JJIOMUHECHEHTTIK KACUETTEPI

1. X. Ken6aes'", A. K. Jlayneréexona?, A. T. Akuibexos?, C. C. Maycoimbaes!, A. B. bazapoex?

! IIlokapim ynusepcumemi, Cemeit, Kazaxcman
2 JL.H. I'ymunee amvinoazer Eypazus yimmolx ynusepcumemi, Acmana, Kazaxcman

* Baunanvic ywin E-mail: daurzhankenbayev@gmail.com

300 K Temneparypaga 1,75 MaB/HykioH MEHIIIKTI SHeprusicbl 0ap KCEHOH HOHIApbIMEH coyieneHreH BaFBr
MOHOKPHCTaJIaPbIHBIH (POTONIOMUHECIIEHTTIK KacueTTepi 3eprrenai. Kpucranmap oTreri KocmanapblH a3aiTy yIIiH
Iltebep omicimen eocipinai. MoHAblk coyneneny ¢uroeHciHiH skorapbuiaybiMeH (@ = 1-10'°-1-10'2 non/cm?)
(hOTOMIOMUHECHCHINSA KapKBIHABUIBIFEL  apTaabl. CHEeKTpiepae OpTypli OTTEri-BaKaHCHIAp OpTaJbIKTapbIHAH
TYBIHIAFaH JKOJAKTap AaHBIKTAJABl, OTTEriHiH Oonyel BaFBr kpucrammapra >Kypri3iireH O3JEMEHTTIK Tangay
nepektepiMer nxe pactanansl. ChnekTpiepliH ['aycc KOMIOHEHTTepiHe BIIbIpaybl OTTErl aKayJapbIHBIH JKEKEJeTeH
TYpJCPIiHIH YJECTepiH aHBIKTAyFa MYMKIHAIK Oepmi. AJBIHFaH HOTHKeNep OpoMIa OpBIH anfaH BaKaHCH HETi3iHze
TyBIHIaFaH OOsy OpTaJbIFBIHBIH Maiiia 00JIybl MEH JIFOMUHECICHIMIAFbl MAKCUMYMIApIbIH BIFBICYBIH KopceTei. by
xyMbic BaFBr kpucTainapbIHIaFbl SHEPTUSHBI CAKTay JKOHE pellakcals MEXaHH3MAEPIH TYCIHyTre BIKIaT eTe/i.

Tyiiin co30ep: BaFBr, pomonomunecyenyust, monokpucmani, I aycc komnonenmmepi, KCeHOH UOHOAPDL.

LUMINESCENT PROPERTIES OF BaFBr CRYSTALS IRRADIATED WITH XENON IONS

D. Kh. Kenbayev!", A. K. Dauletbekova?, A. T. Akilbekov?, S. S. Mausymbayev!, A. B. Bazarbek?

! Shakarim University, Semey, Kazakhstan
2 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

* E-mail for contacts: daurzhankenbayev@gmail.com

The photoluminescent properties of BaFBr single crystals irradiated with xenon ions at a specific energy of
1.75 MeV/nucleon at a temperature of 300 K have been investigated. The crystals were grown using the Steber method,
which allows for reduced oxygen impurity content. It was found that with an increase in ion irradiation fluence
(F=1-10"-1-10" ions/cm?), the photoluminescence intensity increases. The spectra revealed bands associated with
various oxygen-vacancy centers, the presence of oxygen was also confirmed by elemental analysis performed on the
BaFBr crystals. Decomposition of the spectra into Gaussian components enabled the identification of the contributions
from specific types of oxygen-related defects. The results indicate the formation of color centers associated with bromine
vacancies and a shift in luminescence maxima. This study contributes to the understanding of energy accumulation and
relaxation mechanisms in BaFBr crystals.

Keywords: BaFBr, photoluminescence, single crystal, Gaussian components, xenon ions.
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TPEBOBAHUS K ODOPMJIEHUIO CTATEN

Cratbu A7 MyONuKauK B XKypHaje OTIPABISIOTCS aBTOpaMU IOCJIE PETUCTPAIUU Ha BeO-caiiTe xKypHaia B SJIEKTPOHHOM BHJIE B
¢dopmare MS WORD (.docx), a mocie npuHATHS pEIIeHUs O MyOIMKAIlMK CTaThU PeaKuuei (M0 OKOHYaHUM Mpoliecca IPOBEPKH U
PELeH3NPOBaHMs1) — U B BHJIE IIEYaTHOH KOITMH OKOHYATENBHOH PENaKIMU CTaThH C COITTACKEM aBTOPOB Ha ITyOJIMKAIIHIO ¥ UX TT0](ITH-
csiMH (TI0 TT0YTe, KyphepoM H TIp. B aApec peIaKIin).

Texcr newyaraercs Ha aucrax Gopmara A4 (210% 297 mm) ¢ momssmu: cBepxy 30 Mm; cHE3y 30 MM; caeBa 20 Mm; cripaBa 20 MM, Ha
IIpUHTEpe ¢ BEICOKUM pazpemerneM (600-2400 dpi). ['opu3oHTaIbHOE PacoIoKEHHE JINCTOB HE JOITYyCKACTCSL.

HUcnonp3yiite uipudt Times New Roman Beicotoit 10 mynkroB. [loxanyiicTa, HCIONb3yiiTe BCTPOSHHBIE CTHIIM 3ar0JIOBKOB (3a-
TOJIOBOK 1, 2...) TONBKO JUIS Ha3BaHHA CTaThH U 3arOJIOBKOB IOJPA3/ENOB, U HE UCHONB3yHTe UX IJIsI OOBIYHOTO TEKCTa, TAOIMI[ U
MOAPHUCYHOUHBIX TOJIIHCEH.

B neBoM BepxHEM YTy NEpBOH CTpaHHILBI JOJDKEH ObITh ykazaH uHAekc Y JIK. HazBaHue cTaThy meyataeTcsi HIDKE 3arJIaBHBIMHU
OykBaMmu, B oqHOM a63arte. [Tocie sToro neyaraercst TeKCT KpaTkoi aHHOTanuy Ha si3b1ke ctaTtbi (100-3000 cuMBOJIOB), M OTAETBHOM
cTpokoii (mocie dpassl Kirouersle cioa:) — kiroueBsie citoBa (5—10). lanee, co cnenyromniero ab3amna — OCHOBHOM TEKCT, COICpKAIIHIA
paznensl: Beenenne, OcHOBHYI0 4acTh U Pe3ynbTaThl (BO3MOXKHO, C OApa3aeamMu), 3akiaodeHue. [Tocie TekcTa craTbil MPUBOAUTCS
CIIMCOK JINTEPaTypHI (Ha I3bIKaX OPUTHHAIOB) U OJIOKH «HA3BaHUE CTAThH, aHHOTALIHS, KIIIOUEBBIE CIIOBA) HA JABYX OCTABILIMXCS S3bIKAX.

O6parure BuuManue, uto GHO aBTOpOB U NMpeCTaBIsAeMble OPTaHU3AIIH B CTAaThE YKa3bIBATh HE HYXKHO, T.K. CTATbH NMPOXOIAT
JIBOMHOE «CJIETIOe» peleH3upoBaHue. DTy HHQOopManuio HeoOXoauMo OyeT 3alodHUTh Ha TPeX SA3bIKaX (PYCCKOM, Ka3aXCKOM, aHT-
nmiickoM) B opme Ha BeO-caiiTe IIpH Mojave CTaThi. PekoMeHnayeM 3apaHee MOATOTOBUTH €€ B BUAE OTACIBHOTO JOKYMEHTA C Tald-
numamiu o o6pasiy (cm. OBPA3EL] Ha cinenyroreil cTpaHuie) U IPUIOKUTD K CTaThe.

JUist TeKcTa CTaTbU MCIIONB3YIHTE OANHAPHBIN MEKXCTPOUHBIH HHTEPBAII, MEXKAY a03aI[aMH He HyKHO BCTaBILITh ITyCThIe a03albl 1
CTPOKH.

He ucnione3yiiTe TaOIHIBI Ul pacHONOKESHHUS WUTIOCTPAXil U MOJPUCYHOYHBIX HMOAIMCEH, a Takke CpeAcTBa prucoBaHus MS
Word moBepx WLTIOCTpAIIHi.

MakcHMaJIbHO JTOIYyCTHMBIN 00beM cTaThi — 10 cTpaHwmI.

[pu Hanucanuu craTeil HEOOXOAUMO MPHIEPKUBATHCS CJIEAYIOIMX TPeOOBAHMIA:

e  OxoHUaTenbHas peJaKkuus CTaThH, MPOIIEANIas PEEH3UPOBAaHNE U JOMYyIIeHHAas K IyONUKaIiy, JOJDKHA COJAepKaTh OJOKH Ha
Tpex SA3bIKaX — Ka3aXCKOM, aHTJIMHCKOM M PyCCKOM, C yKa3aHHEM Ha3BaHUS CTAaThH, (paMHINI, UIMEH, OTUYECTB aBTOPOB, ITOJTHOTO
Ha3BaHMs OpPraHU3alUil, TOPOJOB M CTPaH MECTOHAXOXKACHHS, KOTOPhIe OHM NPEICTABISIOT, aHHOTAmK (o0beMoM 100-3000
CHMBOJIOB, BKJIFOUYasl 3HAKU MPETIMHAHUS B IPOOEITBI), U KIIFOYEBHIX 0B (5—10).

e  CcbUIKM Ha JUTEpaTYpHbIC HCTOYHHUKU TAIOTCSA B TEKCTE CTAThU IH(paMu B KBaAPATHBIX [...] CKOOKax 1Mo Mepe YHOMHHAHHSA.
Crncok smteparypst npuBogutes mo 'OCT 7.1-2003.

e  [loxauyiicTa, HE UCTIONB3YHTE MEXaHU3M aBTOMAaTH4eCKON HyMeparmu (rosst) MS Word 1utst Hymeparuu cChUIOK Ha JTIUTEpaTypy,
CIIMCKOB, PUCYHKOB 1 TAaOJIUI] — UCTIONB3yHTe OOBITHBIH TEKCT;

e  Ummoctpanun (rpaguku, CXeMBl, TUarpaMMbl) JOJDKHBI OBITH BBITIONHEHBI Ha KOMITbIOTEpe (IIMpUHA pUCyHKA 8§ wim 14 cwm).
Ocoboe BHIMaHHE 00paTHTe Ha HAAIIICH HAa PUCYHKE — OHH JIOJDKHBI OBITh Pa3IMIMMBI IPH YMEHBIICHNH /10 YKAa3aHHBIX BBIIIE
pa3mepoB. DaifTbl pUCYHKOB TOIDKHEI OBITH MPEJCTaBICHBI OTAEIHHO B OJHOM U3 PAacTPOBHIX — .tif, .png (U1 cXeM M PUCYHKOB
¢ Hagmucsamu), .jpg (1t goto) ¢ paspemeHreM 300 dpi (~1000 px mns pucyHKOB mupHHON 8 cM 1 ~1800 pX Ui pUCYHKOB
mUpHHON 14 cM) miaH BeKTOpHBIX — .svg, .wmf, .emf ¢popmartax. HazBanus (ailyioB JOJKHBI COOTBETCTBOBATH MOJIOKEHUIO B
cratbe (Hamp. Pucynok 1-a.tiff). [{ns Haamuceli Ha prcyHKax MPeANOYTUTENHHO HCIIONIb30BaTh WpH(T Arial Narrow wimm aHao-
THYHBIHN (Y3Kuit mpu@t 6e3 3aceyex).

e  Maremarnueckue HOpMyJIbl B TEKCTE TOJDKHBI OBITH HaOpaHbl kak ypaBHeHus MS Word wim ¢popmyner MathType. Crienyer
HYMEpOBAaTh JIMIIB Te GOpMyIIBI, Ha KOTOPbIE MMEIOTCS CCBUIKU B TEKCTE.

e  Tekct noymkeH OBITH TIIATENFHBIM 00pa30M BBIBEPEH U OTPEJaKTHPOBaH. bymaxkHast Bepcuu cTaThs JOJDKHA OBITH B KOHIE MOJI-
MYCaHa aBTOPaMH.

K craTthe npuiiaraiorcs cienyonie T0KyMeHThI:

1) Conposodumenvhoe nucbmo om asmopos, B KOTOPOM JOJIKHBI COJIEPKATHCS CBEACHHS O TOM, YTO CTAThS MOXKET OBITh OMyOJIH-
KOBaHa B OTKPBITOH MeYaTH, paHee He ObUIa OIMyOJMKOBaHAa, HE HAXOAMUTCS HAa paCCMOTPEHHUHM Ha IpeAMeT My OJIMKaluy B APYTHX
W3JIAHUSX, CTAThs HE COJIEPKUT HHPOPMAINH, CITIOCOOHOH MPHUBECTH K KOHQIUKTY HHTEPECOB.

2)  Daiinsl pucyHKos.

HazBaHue craThu, aHHOTAIU, KIIFOUEBBIE CIIOBA, & TAKXKE CBEJCHHS 000 BCEX aBTOpax CTAThH 3aIOJHSIIOTCS Ha 3-X sA3bIKax (pyc-
CKOM, Ka3aXCKOM, aHIJIHiickoM) B ()opMe Ha caiiTe MpH mojaye cTathi (3Ty HHOHOPMALHIO TaKXKe JKeIaTeIbHO IPHIOKUTD K CTaThe B
BHJE oTenbHOro daitna — cMm. OBPA3EL] Ha crnienyroreit cTpaHuie).

JIOTIOTHUTENBHYIO aKTyalbHYI0 HH(MOPMALHIO [0 0GOPMIICHHUIO, TIOATOTOBKE CTaTel, aBTOPCKUM IIPaBaM, PETUCTPALUH MOXKHO
TNIOJIy4HUTh Ha BeO-calite sxypHana B pazaene [lpaBuia pis aBropos (https:/journals.nnc.kz/jour/about/submissions).
CraTbH, 0()OpMIIeHHE KOTOPBIX He COOTBETCTBYET YKA3aHHBIM TPeGOBAHMSIM, K IyOJINKALMA He JOMYCKAIOTCS.
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Ha3Banue cTaTbH (Ha PyCCKOM SI3BIKE)

Tabauua 1. ABTOpBI (Ha pYCCKOM SI3bIKE)

OBPA3EI

Topsiako- Tenedon HOMeP a opraru-
o OtuecTBO 3aI|ii, KOTOpbIe
BEII HOMEp Wmst VYuenast (6e3 cxoboK,
Damunus MOJHOCTBIO | JloiKHOCTB DJIeKTPOHHAS 1OYTa MPEeCTaBIseT
aBTOpa MIOJTHOCTBIO CTeleHb pooesIoB
craton (eciu umeeTcs) i nedicon) aBTOp
(13 TabmuuE! 2)
1 HBanos HBan HBanoBu4 JIOLEHT PhD +57771114455 | my mail@mail.ru 1,2
2 Tletpos Ietp IerpoBuu 3aB. 110. K.¢.-M.H. | +69992223366 |my_ mail@google.com 1
Tabauna 2. Opranu3zanuu (Ha pycCKOM sI3BIKe)
Iops axoBslit HaumenoBanue IonHbIit OYTOBBIH agpec OdunnansHbli BeO-
HOMEp (uHzEeKC, CTpaHa, ropoj, yJIULA, 10M) caiir (ecau umeercs)
OpraHU3aIUU
EBpasuiickuii HaMOHAIBHBIH YHUBEPCUTET 010008, Pecniy6nuka Kazaxcrawn, r. Hyp-CynraH,
: www.enu.kz
nm. JI. H. 'ymunesa yi. CarnaeBa, 2
5 Acranunckuii hunman Uacturyra sineproit ou- | 010008, Pecniy6nuka Kaszaxcran, r. Hyp-Cynran, www.inp kz
3uku M3 PK rp. AGbutaii xana, 2/1 -0p-

Ha3Banue cTaTbH (Ha Ka3aXCKOM S3bIKE)

Tabauua 1. ABTOpBI (Ha Ka3aXCKOM SI3bIKE)

Makana aB- .. Tenedonbt .
OKeCiHiH To- Agrop yilbIM/ia-
TOPBIHBIH . FrutpiMu | (Kakmacel3, 60c | DIEKTPOHIBIK MOII- . .
. Teri TonbIK aTbl JIBIK aThbl Jlaya3bimMbl . PBIHBIH HOMIpIIEpI
perTiK He- JIOPEIKECI | OPBIHCHI3 KIHE Tachl
. (6osca) . (2-kecteneH)
Mipi neduccis)
1 MBanos HBan VBanoBu4 JIOLEHT PhD +57771114455 | my mail@mail.ru 1,2
3epTXaHa
2 Tletpos Metp TlerpoBuu MEHrepy- ¢b.-mF.K. | 169992223366 |my mail@google.com 1
rici

Tabauua 2. Opraun3anuu (Ha Ka3axCKOM SI3bIKe)

Y#BIMHBIH PETTIK Araybl ToJIBIK OIITANIBIK MEKEHIKAMBI PecMmu BeO-caiiT
HOMipi (uHzeKC, eI, Kana, Kele, Yii) (6omnca)
1 JI. H. I'ymunes atemapars! Eypasust ynrteik | 010008, Kaszakcran Pecriy6mmkacsr, Hyp-CyoraH K., www.enukz
YHHUBEPCHUTETI Carnaes ketieci, 2 R
KP DM S aponbik hu3nKa HHCTHTY THIHBIH 010008, Kazakcran Pecriyonukacsl, Hyp-Cynras K., .
2 M www.inp.kz
ActaHa (hurais AOBbLIail XaH TaHFBUTBL, 2/1

Ha3BaHue cTaThbH (Ha aHTIIMHACKOM SI3BIKE)

Ta6auna 1. ABTOpHI (Ha aHIIMHCKOM SI3BIKE)

Order Telephone Numbers of organi-
number of Full Middle o, Academic P . zations represent-
s Surname | Full Name . Position (free of brackets, E-mail .
author’s Name (if any) degree aps and hyphens) ing by author
article £ap yP (from Table 2)
1 Ivanov Ivan Ivanovich Associate PhD +57771114455 my_mail@mail.ru 1,2
professor
Chief of la- | S2nd- Of
2 Petrov Peter Petrovich b Phys. and | +69992223366 my_mail@google.com 1
oratory
Math. Sc.
Tabanua 2. Oprauu3anum (Ha aHTIMHCKOM SI3bIKE)
Order number Title Full post address Official web-site
of organization (zip code, country, city, street, house) (if any)
1 L.N. Eurasian National University 010008, Republic of Kazakhstan, Nur-Sultan, Satpa- | www.enu.kz
yev st. 2
5 Astana Branch of the Institute of Nuclear 010008, Republic of Kazakhstan, Nur-Sultan, www.inp.kz
Physics ME RK ave. Abylai Khan, 2/1

IIpumeuanue: ecay HHPOPMALUS OTCYTCTBYET — OCTABILINTE COOTBETCTBYIOIINE TUCHKU TaONUIIBI Ty CTHIMH.
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